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“To me, there are three things we all should do every day. We should do this every 

day of our lives. Number one is laugh. You should laugh every day. Number two is 

think. You should spend some time in thought. And number three is, you should have 

your emotions moved to tears, could be happiness or joy. But think about it. If you 

laugh, you think, and you cry, that's a full day. That's a heck of a day. You do that 

seven days a week, you're going to have something special.” 

Jimmy Valvano, bone cancer 
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INTRODUCTION 

 

  

  

 
 

“I don’t feel that this is unfair. That’s the thing about cancer. I’m not 

the only one, it happens all the time to people. I’m not special. This 

just intensifies what I did. It gives it more meaning. It’ll inspire more 

people. I just wish people would realize that anything’s possible if 

you try; dreams are made possible if you try.” 

Terry Fox, osteosarcoma 
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1. Cancer 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Upon hearing the frightening words, “You have cancer”, questions of identity and meaning 

come to the fore. Cancer is a buzz word. Not so long ago it was taboo (and at times still is). It strikes 

fear in every life. A cancer diagnosis just shoves death right in the face, and what you think about 

death is completely intertwined with what you think about life. Physical and emotional challenges 

ensue for patients and their families, as they navigate the limitations of their illness and the effects of 

their treatment - the long and painful road, the battle for survival against the slow killer. 

 

For scientists, cancer is a clinical entity that fuses a plethora of malignant conditions affecting 

any part of the body (Figure 1). It can be described as a disease of growth, due to unscheduled and 

uncontrolled accumulation of cells, of differentiation, with changes in cell structure and function, and of 

tissue organization, leading to invasion of and survival in distinct tissues (Hanahan, 2000).  

 
 
 

Na Mão de Deus 

Na mão de Deus, na sua mão direita, 
Descansou afinal meu coração. 
Do palácio encantado da Ilusão 
Desci a passo e passo a escada estreita. 

Como as flores mortais, com que se enfeita 
A ignorância infantil, despojo vão, 
Depus do Ideal e da Paixão 
A forma transitória e imperfeita. 

Como criança, em lôbrega jornada, 
Que a mãe leva ao colo agasalhada 
E atravessa, sorrindo vagamente, 

Selvas, mares, areias do deserto... 
Dorme o teu sono, coração liberto, 
Dorme na mão de Deus eternamente! 

 

Anthero de Quental 
in Sonetos 
 
 

In the Hand of God 

Within God’s hand, in His right hand, for aye, 
My wearied heart has found a rest from care. 
I´ve gone down, step by step the narrow stair 
Of the charmed Palace ‘neath Illusion’s sway. 

And like the flowers, fading in a day, 
That childish ignorance will vainly wear, 

The transient forms imperfect (yet so fair!) 
Of Passion and the Ideal I´ve put away. 

E’en as a child that dismal journey goes, 
Borne at its mother’s breast secure from foes, 

And passes, ever smiling through and o’er, 

Forests and desert sands, and oceans deep, 
My liberated heart, now take thy sleep   
Within the hand of God for evermore! 

 

englished by Edgar Prestage  
in Anthero de Quental sixty four Sonets 
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                     Figure 1 - Cancer incidence and mortality rates presented by tumour site (Globocan, 2002) 
 
 
 

According to the World Health Organization (WHO), cancer is one of the leading causes of 

death worldwide (Figure 2), responsible for 7.4 million victims or about 13% of all deaths, in 2004 

(WHO, 2009). Projections for 2030 indicate that cancer will continue to rise, with an estimated 12 

million deaths (WHO, 2009). 

 

 

Figure 2 - World distribution of cancer mortality rates (Globocan, 2002) 
  

The causes of most types of cancers are largely unknown. Cancer was proposed to be a 

disease of civilization by anthropologists, a consequence of new lifestyles and an altered environment 

(Stefansson, 1960). Since James Watson and Francis Crick discovered the chemical structure of 
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DNA, we have learned that it is the damage to DNA by chemicals, radiations or viruses that results in 

the development of cancer (Bradlow, 1997; Watson, 1953; Wilson, 2002). The modern cancer etiology 

theory claims that genetic predisposition, environmental influences and the interaction between them 

cause the development of cancer (Bradlow, 1997; Doll, 1981; Wilson, 2002). However, the partition of 

each risk factor in different cancer types is still a mystery. Despite America’s President Richard Nixon 

declaration of War on Cancer in 1971 and the promise of a cure by the USA’s bicentennial in 1976, we 

are still looking, assured it may be found any day now (National Cancer Act, 1971). 

 

Major cornerstones to understanding cancer are the principles that cancer is a disease of the 

genes, mutations are the fundamental lesions driving neoplasia and tumourigenesis is a multistep 

process (Armitage, 1954; Doll, 2004; Michor, 2004; Vogelstein, 1998). A clone of cancerous cells is 

unlikely to be the result of a single mutation in a cell but rather a series of accumulated genetic and 

epigenetic events at different loci, induced or inhibited by DNA and environment interplay (Armitage, 

1954; Doll, 2004; Michor, 2004; Shields, 2000; Vogelstein, 1998). It has been estimated that in most 

cases tumour progression requires four to six stochastic genetic changes in the lineage of one cell 

(Armitage, 1954; Nowell, 1976; Renan, 1993). As mammalian cells have multiple safeguards to 

protect them against the potentially lethal effects of mutations to genes, only when several genes are 

defective does cancer develop. It can even be considered that mutated genes contribute to, rather 

than cause, cancer. Thus, tumour development constitutes a form of somatic Darwinian evolution in 

which accumulating alterations confer progressive selective growth advantage and drive the 

transformation of normal human cells into highly malignant derivatives (Cahill, 1999; Foulds, 1954; 

Nowell, 1976). 

Ultimately, the vast catalog of resulting cancer cell genotypes culminate in the manifestation of 

six essential alterations in cell physiology that collectively dictate malignant growth: self-sufficiency in 

growth signals, limitless replicative potential, disregard of signals to differentiate and stop proliferating, 

resistance to cell death, capacity to promote and sustain blood supply and acquisition of tissue 

invasion and metastization capacities (Figure 3) (Hanahan, 2000). Each of these changes represents 

the successful breaching of a part of the anticancer safeguards working in cells and tissues. Most, if 

not all, types of human cancers share these novel properties, independently of the chronologic 
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sequence in which they were acquired. Importantly, assembly of such manifestations separates 

malignant from benign tumours. 

 

 

                                          Figure 3 - Acquired capacities of tumour cells (Hanahan, 2000)  

 

Benign tumours grow more rapidly than normal tissues, but more slowly than malignant ones. 

The production of new well differentiated tissue proceeds in an orderly pattern of expansion, and the 

presence of a fibrous connective tissue capsule surrounding the tumour mass provides a distinct line 

of separation between the tumour and the adjacent normal tissue (Nowak, 2004; Weber, 2007). 

Malignant tumours range from well differentiated to anaplastic and have a more rapid rate of 

growth that can produce larger tumour masses (Nowak, 2004; Weber, 2007). However, it is the 

aggressively invasive pattern of growth that is most significant. Tumour growth is accompanied by 

progressive infiltration and invasion of surrounding tissues, causing disruption of their structure and 

function. In the end, the original tumour mass at the primary site is able to shed cells that spread and 

become established as tumours at distant points in the body (secondary sites) in a process termed 

metastization. There is no physical continuity between primary and secondary sites; however, the 

secondary tumour is almost the same tissue as that growing at the primary site and is a consequence 

of the latter’s ability to access into the body’s circulatory system, escape the immune system and set 

up proliferation in distinct, often distant tissues (Mareel, 2003; Nowak, 2004). Nowadays, invasion and 

metastization are the major causes of cancer-related mortality. 
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1.1. Cancer Genes 

Changes to genes lie at the heart of tumourigenesis (Vogelstein, 1998). Gene mapping 

studies of inherited cancer syndromes have resulted in the identification of altered genes, and 

significantly, alterations of the same genes were also found to play a role in the development of 

sporadic, non-familial tumours (Pearson, 1998). The characterization of the cellular functions of these 

often called “cancer genes” promoted their clustering into three classes: gatekeepers, caretakers and 

landscapers (Kinzler, 1997; Michor, 2004; Vogelstein, 2004). 

Gatekeepers are regulators of cell adhesion, proliferation, programmed cell death or 

differentiation and comprise oncogenes and tumour-suppressor genes (TSGs) (Vogelstein, 2004). 

Oncogene and TSG mutations all operate similarly at the physiologic level: they drive the neoplastic 

process by increasing tumour cell number through the stimulation of cell birth or the inhibition of cell 

death or cell-cycle arrest. Although alterations to both contribute to cancer, the underlining genetic 

events are opposite.  

Oncogenes are gain-of-function forms of normal cellular growth-promoting genes, called proto-

oncogenes (Bishop, 1991). Their mutation, amplification, translocation and overexpression render 

genes constitutively active or active under conditions in which the wild-type gene is not.  

TSGs regulate cell proliferation in a negative way as they inhibit cell division and survival. 

Therefore, cancer-associated mutations must reduce the activity of the gene product. These loss-of-

function alterations may arise from missense mutations at residues essential to protein activity, 

mutations that result in a truncated protein, gross chromosomal events spanning from deletions or 

insertions of various sizes to losses of chromosomal arms, or epigenetic silencing such as promoter 

hypermethylation or overexpression of transcriptional repressors. Some TSGs have been 

hypothesized to exert a selective advantage on a cell when only one allele is inactivated and the other 

remains functional (that is, haploinsufficiency) (Santarosa, 2004). However, mutations in both the 

maternal and paternal alleles of a TSG are generally required to cause a phenotypic change. In 

contrast, oncogene activation only needs one affected allele.  

Another class of cancer genes promotes tumourigenesis in a completely different way - 

caretakers (Vogelstein, 2004). Genetic instability is a defining characteristic of most human cancers. In 

the end, although only a relatively small subset of mutations is crucial for neoplastic development, 

tumour cells often exhibit a large number of mutations (Barrett, 1993; Kinzler, 1996; Knudson, 2001; 
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Loeb, 2000; Luebeck, 2002; Sjoblom, 2006). The variety of genetic alterations observed in tumours 

suggests that genetic instability is a characteristic of many cancers, with accumulating alterations 

initially a cause but eventually a consequence of cancer (Duesberg, 2000; Vessey, 1999). Two key 

types of genetic instability have been identified (Lengauer, 1998). It can be observed at the nucleotide 

level and result in base substitutions or deletions or insertions of a few nucleotides, affecting in 

particular regions of simple sequence repeats or tandem repeats called microsatellites (microsatellite 

instability - MSI) (Lengauer, 1998). Or it can be observed at the chromosome level, resulting in losses 

and gains of large portions of even whole chromosomes (chromosomal instability - CIN) (Lenguaer, 

1998; Sen, 2000). 

Caretakers are the stability genes that function to maintain the genomic integrity of the cell, 

working to ensure that genetic alterations are kept to a minimum. They include the mismatch repair 

(MMR), nucleotide-excision repair (NER) and base-excision repair (BER) genes that are responsible 

for repairing subtle mistakes made during normal DNA replication or induced by exposure to 

mutagens (alterations at the nucleotide level). Caretakers also include the genes that control mitotic 

recombination and chromosomal segregation and prevent changes involving portions of chromosomes 

(alterations at the chromosomal level). Inactivation of any group of caretakers can lead to genetic 

instability as DNA mutation rates increase or mitotic abnormalities are more frequent (Friedberg, 2003; 

Michor, 2004). Thus, genes from this class promote tumourigenesis indirectly as this process will 

depend on the genes eventually altered by the resultant genomic instability, in particular affected 

gatekeepers. 

The final class of cancer genes corresponds to the landscapers. The complexity of cancer 

cannot be understood by considering individual mutations independent of their interactions. Rather, 

the effect of a mutation depends on other mutations within the same cell, on other mutant cells within 

the tumour, and on the tumour microenvironment (Spencer, 2006). Landscapers influence the 

interaction between the cell and the surrounding microenvironment, through the regulation of adhesion 

proteins, cell surface markers, stromal proteins and secreted growth or survival factors. Their defects 

do not directly affect cellular growth, but generate an abnormal stromal environment that contributes to 

the neoplastic transformation of cells (Michor, 2004). 
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2. Gastric cancer 

 

2.1. Stomach anatomy 

The human stomach is a dilated segment of the digestive tract that secretes hormones and 

functions as both food reservoir and digestive organ. It is a mixed exocrine-endocrine organ 

composed of a wall made of several layers (Figure 4) (Junqueira, 2005): 

- Mucosa – the inner layer. It consists of a surface epithelium that invaginates to various 

extents, the lamina propria composed of loose connective tissue interspersed with smooth 

muscle and lymphoid cells, and the muscularis mucosae, which separates the mucosa from 

the underlying submucosa. 

- Submucosa – dense connective tissue containing blood and lymph vessels and infiltrated by 

lymphoid cells, macrophages and mast cells.  

- Muscularis (externa) – smooth muscle fibres oriented in three main directions, responsible for 

mixing and moving food.  

- Serosa – the outer layer of connective tissue that covers the stomach, continuous with the 

peritoneum. 

 

 

    Figure 4 - Stomach anatomy and microscopic view of stomach layers (Encyclopaedia Britannica) 

 



  Introduction 

 26 

For proper stomach function, the gastric mucosa and its several types of cells play an 

essential role not only in tissue protection but also in the required secretion of mucus, digestive 

enzymes and acid. 

The mucosa is lined by a simple, tall columnar surface epithelium of cells that secrete an 

alkaline mucus, and does not change in structure and cellular composition throughout the stomach 

(Junqueira, 2005). On it, almost occupying the entire surface, there are small, funnel-shaped 

depressions designated as gastric pits (or foveolae) that represent openings of the gastric glands that 

are deeper in the mucosa. Each one of these glandular invaginations that lie within the lamina propria 

is known as a gastric unit and can be organized into several regions (Figure 5). 

 

 

Figure 5 - Schematic representation of a gastric unit and the cell types that compose it (University of Colorado) 

 

As referred above, the pit zone is the nearest to the gastric lumen and is lined by mucus-

secreting pit cells (Figure 5). Close to the gastric pit, the isthmus is the estimated proliferation zone 

(Figure 5). It is populated by difficult-to-identify stem cells (“undifferentiated granule-free cells”), and 

their committed daughters that spawn the various cell lineages, which embark on bipolar migrations 

toward the pit or base regions. In addition, differentiating mucous cells that will migrate and replace 

superficial mucous cells are also observed in the isthmus. The neck zone is composed of mucus-

secreting neck cells located among acid-secreting parietal (oxyntic) cells (Figure 5). These parietal 

cells are among the most dramatically differentiated cells in the body, due to their functional 

specialization, and are more abundant in the neck region, although they can be found in the isthmus, 
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or more scarcely in the base. Finally, the base of the gland consists primarily of digestive enzyme-

secreting zymogenic (chief) cells and dispersed enteroendocrine cells, which can also be observed in 

the neck region (Figure 5) (Karam, 1995; Ramsey, 2007). 

In contrast to the surface epithelium, cellular composition and function of gastric glands is 

unevenly distributed throughout the stomach. As a result, the stomach can be anatomically divided 

into several continuous regions (Figures 4, 6) (Junqueira, 2005). 

 

         Figure 6 - Representation of the different gland types and their distribution in the stomach (Junqueira, 2005) 

 

The cardia is a narrow circular band at the transition between the esophagus and the 

stomach. It contains cardiac glands, simple or branched tubular glands, frequently coiled in the 

terminal portions, with large lumens. They mostly produce mucus and lysozyme, and present few 

parietal cells (Figure 6). The fundus is the rounded part of the upper stomach that allows for the 

accumulation of gases produced by chemical digestion, while the larger central portion of stomach 

corresponds to the body or corpus (Figures 4, 6). Fundic glands can be found in both fundus and body 

regions and are responsible for the production of some mucus and nearly all gastric enzymes and 

hydrochloric acid secreted into the stomach. They consist of branched, tubular glands with relatively 

long necks and shorter, wider bases (Figure 6). Gastric pits are shorter and can function as the 
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opening of from three to seven glands at the same time. Finally, the lower part of the stomach that 

connects to the duodenum is the pylorus (Figures 4, 6). This region can be further divided into the 

pyloric antrum, where the food is mixed with gastric juices, and the pyloric canal that acts as a valve to 

control emptying of the stomach. Pyloric glands are short and coiled, with a wide lumen and very deep 

gastric pits. They secrete mucus as well as appreciable amounts of lysozyme (Figure 6) (Junqueira, 

2005). 

 

2.2. Stomach malignancies 

Descriptions of gastric cancer were first reported in ancient Ebers papyrus dating to around 

1550 BC, and further consolidated by Galen (131-202) in the Hippocrates reports, the medieval 

Islamic medical philosopher Ibn Sina (980-1037), “father of modern medicine” Vesalius (1514-1564) 

and 18th century anatomist Morgagni (1682-1771) (Lochhead, 2008; Santoro, 2005). Nowadays, and 

despite the accumulated knowledge, gastric cancer still constitutes a major public health issue. 

 

Epidemiology 

Gastric cancer is the fourth most common cancer, with an estimated 934.000 new cases 

diagnosed per year (or 8,6% of all new cancer cases), but ranks second only to lung cancer in leading 

causes of cancer-related death in the world (Figure 1) (Ferlay, 2004; Parkin, 2005). As symptoms are 

often absent or non-specific in patients with early stage disease, gastric cancer is usually diagnosed at 

an advanced stage, when curative options are limited (Bowles, 2001; Crew, 2006; Forman, 2006). 

Consequently, the disease carries a poor prognosis, with overall 5-year survival rates lower than 20%. 

Survival is remarkably low in sub-Saharan Africa (6%), while it ranges from 24-27% in Europe and is 

slightly better in North America (Parkin, 2005). Japan is a clear exception to the rest of the world with 

survival greater than 50%, a consequence of the population-based endoscopic screening introduced 

in the 1960s (Parkin, 2005). These screening plans were introduced as the country has the highest 

incidence rates of gastric cancer in the world for both men (62.1 cases per 100.000 individuals) and 

women (26.1 per 100.000), and the disease remains the most common cancer in the country for both 

genders (Figure 7) (Parkin, 2004). 
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                Figure 7 - Gastric cancer incidence rates in several countries and world regions (Parkin, 2005) 

 

The worldwide distribution of gastric cancer is characterized by marked geographical 

variations, with up to ten-fold differences (Figures 7, 8) (Crew, 2006). Incidence rates of men and 

women follow a similar pattern of distribution, although there is a male-to-female ratio of 2:1 in 

incidence and mortality (Figures 7, 8) (Parkin, 2005). Eastern Asia (Japan and China), Central and 

South America and Eastern Europe correspond to high (>20 per 100.000) incidence areas while low 

incidence rates (<10 per 100.000) are found in Western Europe, North America, Australia/New 

Zealand and Africa (Parkin, 2005). 

 

Although the incidence rate of gastric cancer has been steadily declining over the last 70 

years, the absolute number of new cases per year continues to rise, a result of worldwide ageing and 

population expansion in developing countries (Parkin, 2005). Even though their age-standardized 

incidence figures are in fact comparable to those of developed countries, two-thirds of the total cases 

occur in developing countries, with 42% in China alone (Forman, 2006; Parkin, 2005; Stewart, 2003). 
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                         Figure 8 - Global incidence of gastric cancer (Adapted from IARC, 2000) 

 

In Portugal, gastric cancer is the fourth most incident malignancy and represents a sixth of all 

cancer related deaths. It is the second leading cause of cancer mortality in men (25 per 100.000) and 

the third among women (12 per 100.000) (Figure 9) (WHO Global Infobase, 2008). Despite the steady 

decline in incidence (a reduction of around 30%) that has occurred in particular over the last two 

decades, Portugal still presents twice the average mortality of European Union countries and the 

highest among Western European countries (Black, 1997; Levi, 1995; WHO Global Infobase, 2008). 

 

 

                                  Figure 9 - Leading causes of cancer deaths in Portugal (WHO, 2008) 
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Environmental risk factors 

The marked incidence variation observed according to geographic location, socio-economic 

status and race, even within the same country, and the time trends demonstrate the multifactorial 

nature of gastric cancer and suggest strong contributions from genetic and environmental factors to 

disease development. The significance of environmental factors is further evidenced by the 

progressive reduction in risk verified in migrant populations that move from high incidence to low 

incidence areas. With following generations, the risk within them falls to assume the background risk 

of the host population (Crew, 2006). 

Diet is certainly among the most important environmental factors. Consumption of fresh 

vegetables and fruit, with high intake of antioxidants, such as vitamins C and E, ascorbic acid, or anti-

nitrosating agents seems to have a protective effect (O’Connor, 1989; Palli, 2000). In contrast, there is 

increased risk associated with diets rich on salt-preserved, pickled or smoked foods as well as high 

dietary salt and nitrate intake (O’Connor, 1989). Other factors moderately associated with gastric 

cancer development are obesity, tobacco smoking and exposure to ionizing radiation (Chow, 1998; 

Koizumi, 2004; Thompson, 1994; Vaughan, 1995). However, the most relevant environmental risk 

factor for gastric cancer development is Helicobacter pylori, and its discovery in the early 1980s has 

proven a turning point in understanding the disease pathogenesis (Marshall, 1984). 

 

Helicobacter pylori 

H. pylori is a spiral-shaped Gram-negative bacillus capable of living in the harsh conditions of 

the stomach (Blaser, 2004). It is one of the most common pathogenic bacterial infections, colonizing 

the gastric mucosa of an estimated half of all humans (Correa, 2008; Marshall, 1984). As the 

geographic distribution of H. pylori infection resembled the distribution of gastric cancer incidence 

(Figure 10) and since the decline in gastric cancer incidence observed in developed countries 

coincided with a decrease in H. pylori prevalence, a link between H. pylori infection and gastric cancer 

development was established (Howson, 1986; Parsonnet, 1995). Research on the pathogenic 

potential of the micro-organism led to the recognition of H. pylori as a Class I human carcinogen by 

the International Agency for Research on Cancer (IARC) and the WHO, in 1994 (IARC, 1994). At the 

time, such designation was based entirely on the epidemiological studies available demonstrating an 

association between serological evidence of H. pylori infection and risk for gastric cancer (Eslick, 
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2006; Lochhead, 2007). Numerous other epidemiological studies have now been published confirming 

the association, with the most compelling evidence coming from a prospective study of a large series 

of Japanese patients. The authors found that none of the uninfected individuals developed gastric 

cancer while 36 gastric cancer cases (or 2.9%) were diagnosed in the infected group, over a mean 

follow-up of 7.8 years (Uemura, 2001). 

 

 

Figure 10 - Worldwide incidence of stomach cancer in males (A) and worldwide prevalence of H. pylori infection 

(B) (Crew, 2006) 

 

The 1994 IARC report clearly stated that in addition to epidemiological data, experimental 

evidence was needed to sustain H. pylori designation as human carcinogen (IARC, 1994). 

Consequently, over the last few years significant effort has been invested into understanding the 

interaction between H. pylori and epithelial cells and its contribution to malignant transformation, with 

fruitful results. 

Virtually all people colonized by H. pylori develop gastritis, a signature feature that may persist 

for decades. However, colonization is usually asymptomatic and only a small percentage of individuals 

develop gastric cancer as result of the long-term gastric inflammation. Risk for developing cancer is 

related to the physiologic and histologic changes that H. pylori infection induces in the stomach, which 

in turn are dependent on strain-specific bacterial factors and inflammatory responses influenced by 

host genetic diversity. H. pylori virulence proteins CagA, VacA, BabA, SAbA, and genes OipA and 

iceA, host proteins such as cytokines, responsible for the recruitment and activation of immune 

response cells, and polymorphisms within the genes that encode them, are the major determinants of 

the level and pattern of inflammation and consequently of gastric cancer risk (Atherton, 2006; El-

Omar, 2000; Figueiredo, 2002; Machado, 2001a; Machado, 2003). 
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The molecular insults that lead to epithelial cell transformation, arising from the chronic 

inflammatory process, seem to be originated from two different but blending propositions. There is 

increasing evidence that H. pylori may cause cancer through both. The first proposition claims that the 

neoplastic outcome is related to the intragastric environment brought about by the infection. The 

release of pro-inflammatory cytokines and reactive oxygen species (oxidative stress) is conducive of 

neoplastic transformation as many of the mediators and byproducts of inflammation are mitogenic and 

mutagenic. In addition, chronic infection and the subsequent healing response promote the rapid 

turnover of the gastric mucosa and activate signaling pathways that affect proliferation, adhesion and 

cellular transformation (Lochhead, 2007). 

The second proposition states that the micro-organism or its products have a direct oncogenic 

potential. It has been suggested that, through some of its virulence proteins, H. pylori is capable of 

subverting cell physiology towards several pro-neoplastic processes such as activation of growth 

factor receptors, increased proliferation, evasion of apoptosis, sustained angiogenesis, cell 

dissociation and tissue invasion (Malfertheiner, 2005). This is best demonstrated for CagA, although 

novel insight into similar effects of other bacterial proteins is being generated. Once injected into 

gastric epithelial cells, CagA can associate and activate, in phosphorylation-dependent and -

independent manners, different host molecules that can act as human oncoproteins and transmit 

positive signals for cell growth, motility and invasion (Hatakeyama, 2004; Oliveira MJ, 2006). 

 

With H. pylori as the single most important aetiological agent in gastric cancer development 

and the increasing descriptions of the oncologic implications derived from infection, the impact of H. 

pylori eradication on tumour development is now questioned. Although most accept the logical 

assumption that removing H. pylori could prevent gastric cancer, there is still minimal supporting 

clinical evidence from controlled trials (Malfertheiner, 2006; Trautmann, 2006). The most relevant 

results reported thus far suggest that eradication may lead to a significant halt in the progress of 

atrophic gastritis, and, to a lesser extent, intestinal metaplasia, with regression observed in some 

cases (Malfertheiner, 2006; Wong BC, 2004). But progression of atrophic gastritis and intestinal 

metaplasia into cancer has also been demonstrated in patients after H. pylori eradication, an 

observation that has led to the proposal of the “point of no return”, beyond which genetic alterations 

are already set and are irreversible, even with the elimination of the triggering carcinogen (H. pylori) 



  Introduction 

 34 

(Malfertheiner, 2006).  Regardless, the long-term effects of removing such a prevalent chronic 

infection from large sections of the population are still to be determined and constitute a major topic. 

 

Gastric tumour types 

The majority of the malignant tumours of the stomach are carcinomas (about 90% to 95%), 

cancers that develop from the epithelial mucosa cells. Among carcinomas, the most common are 

adenocarcinomas derived from glandular cells, but occasionally adenosquamous carcinomas or 

squamous cell carcinomas are observed. The expressions “stomach cancer” and “gastric cancer” 

almost always refer to adenocarcinoma (Cohen, 1986). 

There are several other, less common or even very rare, types of cancer that arise in stromal 

or vascular compartments of the stomach. Soft tissue sarcomas usually start from the cells of the 

muscle layer. The most common sarcomas to affect the stomach are leiomyosarcomas. These are 

tumours derived from smooth muscle tissue and can occur anywhere in the body, although they are 

more frequent in the stomach.  

Gastrointestinal stromal tumours (GIST) are another type of sarcoma. These rare tumours 

originate in mesenchymal precursor cells of the gut wall called interstitial cells of Cajal. They are slow-

growing, and malignant potential varies from minimal to significant. Although these tumours can be 

found anywhere in the digestive tract, most occur in the stomach (about 60% to 70%).  

Lymphomas are cancers of the immune system tissue that are sometimes found in the wall of 

the stomach. In the stomach, they account for about 4% of cancers, with the most common form 

involving the mucosa-associated lymphoid tissue (MALT lymphoma). Gastric MALT lymphoma is 

generally a slow-growing tumour that is associated with chronic H. pylori infection (Parsonnet, 1994). If 

the disease is limited to the stomach, a complete regression in most patients will occur upon H. pylori 

eradication (Bayerdorffer, 1995).  

Finally, carcinoid tumours develop from hormone-producing neuroendocrine cells. They do not 

usually spread to other organs and account for about 3% of all stomach cancers. 

 

Histopathological classification 

The heterogeneous nature and complex pathogenesis of gastric adenocarcinoma has led to 

the proposal of several histopathological classifications (Carneiro, 1995; Fiocca, 1987; IARC, 2000; 
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Lauren, 1965; Ming, 1977; Tatematsu, 1990). The most commonly used classification categorizes 

adenocarcinomas of the stomach into two main types that differ in their epidemiology, pathogenesis, 

genetic profile, and clinical outcome: intestinal (Lauren, 1965) or glandular type (Carneiro, 1995) and 

diffuse (Lauren, 1965) or isolated-cell (Carneiro, 1995) type (Figure 11). A third type, the mixed gastric 

carcinoma is often used when tumours present both major histological types (Carneiro, 1995). 

 

 

     Figure 11 - Intestinal (left) and diffuse (right) type gastric cancer 

 

The intestinal or glandular type is comprised of well-differentiated malignant cells that are 

united to form solid structures resembling functional glands and present markers (CDX2, TFF3, 

MUC2) and structures (goblet cells) of intestinal differentiation (Smith, 2006). Intestinal tumours occur 

more commonly in the distal stomach, have a late onset, affect mostly males and predominate in high 

risk areas, where exogenous risk factors play an important role in gastric carcinogenesis (Carneiro, 

1997; Correa, 1992; Lauren, 1965). The demonstration that these tumours arise in a background of 

inflammation and associate with intestinal metaplasia development prompted Correa to propose a 

multistep process of carcinogenesis (Figure 12) (Correa, 1992).  

In this model, longstanding H. pylori-induced chronic gastritis eventually leads progressive 

changes of the gastric mucosa through a series of premalignant stages, from atrophic gastritis to 

intestinal metaplasia and dysplasia, culminating in (an invasive) gastric carcinoma. Progression 

through the model is determined by the combination of bacterial virulence factors, host genetic factors, 

particularly those inflammation-related, and other environmental factors such as dietary salt or 

antioxidants, co-infections, tobacco and alcohol (Fox, 2007). 
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Figure 12 - Model proposed by Correa for the development of intestinal type gastric cancer (Adapted after Correa, 

1992) 

 

The diffuse or isolated-cell type carcinoma is characterized by isolated or poorly cohesive 

clusters of cells dispersed in the stroma, no longer capable of gastric function and diffusely infiltrating 

the gastric wall leading to thickening and rigidity of the stomach (linitis plastica) (Ming, 1977; Smith, 

2006). These are poorly-differentiated small, round cells distinguishable for the hallmark peripheral 

nucleus and expanded globoid mucin-containing cytoplasm – a 

characteristic signet-ring cell morphology (Figure 13).  

 

 
 
Figure 13 - Signet-ring cells in diffuse gastric carcinoma (Carneiro, 2004) 
 

 

Diffuse tumours show an increased prevalence in low risk areas, have a more uniform 

geographic distribution, develop throughout the stomach and are associated with worse prognosis. 

They are more common among females, often occur in younger patients with a positive family history 

and present hereditary conditioning and familial or blood group association (Carneiro, 1997; Correa, 

1992; Lauren, 1965). 
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Although H. pylori infection is considered an important trigger in the carcinogenic process of 

diffuse carcinomas, these tumours can arise in the absence of atrophic gastritis and are not 

associated with the progressive premalignant lesions mentioned in the Correa model (Correa, 1992). 

Instead, evidences suggest that hyperplastic changes and non-metaplastic dysplasia may serve as 

precursor lesions of diffuse gastric tumours (Carneiro, 1993; Carneiro, 1997; Zea-Iriarte, 1995).  

It has become apparent over recent years that gastric adenocarcinomas can also be divided 

according to the anatomical location of the tumours. Tumours can be proximal, if arising in the cardia 

region of the stomach, or distal if arising from non-cardia regions. They are presumably different 

biologic entities, with partly dissimilar pathogenesis, in which proximal carcinomas probably share their 

pathogenesis with distal esophageal carcinomas. Distal tumours are associated with low acid 

production and H. pylori infection, while proximal tumours are not associated with either. The global 

trend of falling gastric cancer incidence reflects non-cardia cancer incidence. Until recently, 

adenocarcinoma of the gastric cardia represented a small proportion of total gastric cancers, but while 

distal tumours are decreasing, the incidence of proximal adenocarcinoma of the stomach and distal 

esophagus has increased more than any other cancer (Crew, 2006; Forman, 2006; McColl, 2006). 
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3. A “cross-walk” through cell signaling, gastric c ancer, genetic 

and molecular alterations  

 

Histopathological classifications consider the morphologic heterogeneity presented by tumours 

at the cellular and tissue organization level. These are manifestations of the unequivocal link between 

cancer development and changed cell biology arising due to the multistep accumulation of inheritable 

genetic alterations. At the molecular level, such alterations can be of varied types (mutation, 

recombination, promoter methylation, loss of heterozygosity - LOH, ploidy) and give rise from 

differential expression or repression of genes to altered balance of transcription factors or repressors, 

abnormal activity of proteins or deregulated cell signaling crosstalk, contributing to the establishment 

of a specific “tumour environment” that not only drives neoplastic transformation but increases 

mutation rates and induces genomic instability.  

It is very important to understand that, in unraveling the genetic basis of a cancer, even when 

genetic events are identified, care must be taken before considering such events transforming forces 

rather than consequence of instability. Moreover, the identification and localization of genes 

associated with tumourigenesis can be considered as the “easy” part.  Determination of the normal 

physiological function of these genes and encoded proteins and their precise role in tumourigenesis 

has proven to be much more difficult. This is the reasoning behind the absence of a sound molecular 

model for gastric carcinogenesis, despite the abundance of abnormalities affecting structure or 

expression of a vast number of genes reported in gastric tumours.   

The age of genomic signatures is now being replaced by an era of post-genomic, translational 

molecular biology, cellular regulation and microenvironmental context, as cancer is appreciated as not 

only a highly heterogenous pathology with respect to cell type and tissue origin but also as a disease 

involving deregulation of multiple pathways governing fundamental cell processes (Kreeger, 2010; 

Pearson, 1998). Activities of molecular networks that execute biological processes or regulate these 

by signal transduction are altered in a complex manner by diverse genetic mutations in concert with 

the environmental context. Therefore, a major challenge is how to develop actionable understanding 

of this multivariate deregulation, with respect both to how it arises from diverse genetic mutations and 

to how it may be ameliorated by prospective treatments. Hopefully, the continued rise of molecular 
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oncology will dramatically improve the ways in which human cancers are detected, classified, 

monitored and, especially, treated. 

In gastric tumours, these multivariate systems are even harder to decode, particularly due to 

the role of H. pylori. The influence of infection on gastric tumour development excedes and extends 

beyond the current models of inflammation-associated tumours, as the bacteria has the power to 

change and modulate intracellular signaling. Therefore, some of the targets of genetic and/or 

molecular alterations may be affected not by intrinsic factors caused by mutations or epigenetic 

alterations, but by signaling interferences and altered cross-signaling networks, due to bacterial 

virulence factors or inflammatory molecules that have the power to influence cell signaling, 

morphogenesis, tissue organization and the microenvironment. 

An overview of the genetic and molecular alterations associated with gastric cancer to date 

follows. For most of the below mentioned genes only future work will determine the extent they 

contribute to carcinogenesis, the precise origin of their alterations, possible association to a specific 

sequence of events or if they constitute optimum targets for therapy. 

The majority of the mentioned genes encode proteins involved in cell cycle regulation, growth, 

death, adhesion, metabolism/hormonal control, signal transduction, longevity/telomerase activation 

and DNA repair/genome integrity. While some are associated with a wide variety of human 

neoplasias, others appear to have roles restricted to tumour development in the gastrointestinal tract. 

Significantly, most of them can be fit within cancer gene classes. 

 

The TP53 gene is probably the most famous tumour suppressor and one of the most 

implicated genes in cancer. Stabilization of the p53 protein upon DNA damage initiates cell cycle 

arrest at either G1-S or G2-M transitions that in case of severe damage proceeds to apoptosis 

induction (Figures 14, 16) (Waldman, 1996; Wang, 1999). 

 

 

 

 

 

 
Figure 14 - p53 at the center of cellular 

responses to damage 
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Alterations to the “guardian of the genome” have been found in more than 60% of gastric 

carcinomas and consist of missense mutations, frameshift deletions or LOH, in a classical form of 

inactivation of tumour suppressor genes implying mutation of one allele preceding allelic loss of the 

remaining wild-type form (Ochiai, 1996; Sano, 1991; Tamura, 1991; Tolbert, 1999). There are 

conflicting results with respect to the prevalence of TP53 mutations according to histological tumour 

type. Some studies showed that mutations tend to affect intestinal type tumours, while others found 

that the incidence of mutations is similar in intestinal and diffuse type tumours, ranging between 25% 

and 40%. It was also reported that TP53 abnormalities occur early in intestinal type cancers, as they 

were found in preneoplastic lesions such as intestinal metaplasia and dysplasia. In line with this, other 

studies showed the frequency of TP53 mutations in early and advanced intestinal type gastric cancer 

was consistent at around 40% each, similar to that observed in advanced diffuse carcinomas, while 

TP53 mutations rarely occurred in early diffuse gastric cancers (Fenoglio-Preiser, 2003; Gomyo, 1996; 

Maesawa, 1995; Seruca, 1992; Seruca, 1994; Seruca, 1997; Uchino, 1993a; Yokozaki, 1992). 

LOH and abnormal expression of another p53 family member, p73 was detected in 38% of 

gastric cancers. P73 maps at 1p36, a minimal region frequently mutated in gastric cancer, and its loss 

occurred preferentially as a predominant feature of gastric cancers with expression of TFF1, a gene 

addressed below (Tahara, 2004; Yokozaki, 1999;). 

 

As part of its tumour suppressive function, p53 can ultimately induce programmed cell death 

(apoptosis) in cells that have sustained severe DNA damage or suffered oncogenic lesions that 

deregulate cell cycle control (Levine, 1997). 

Apoptosis is a fundamental natural process that removes unwanted cells such as those with 

potentially harmful mutations, aberrant substratum attachment, or alterations in cell-cycle, contributing 

to the maintenance of the delicate balance between cell proliferation and cell death (Danial, 2004; 

Thompson, 1995). Its importance was recognized by the designation of evasion of programmed cell 

death as one of the six essential alterations in cell physiology that dictate malignant growth (Hanahan, 

2000). Apoptosis is a tightly, genetically regulated multistep biological process characterized 

(morphologically and biochemically) by blebbing of the plasma membrane, cell shrinkage, chromatin 

condensation, and nuclear and cell fragmentation, culminating in the formation of apoptotic bodies. 

The resulting internucleosomal DNA cleavage yields a typical ladder pattern in electrophoretic gels 
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and constitutes a biochemical hallmark of apoptosis (Kerr, 1972; Savill, 2000). Movement of the 

membrane lipid phosphatidylserine from the inner to the outer side of the plasma membrane functions 

as surface recognition and “eat me signals” for phagocytic cells to engulf apoptotic cells. 

These cell changes occur after a cascade of cell signaling events that regulate pro-apoptotic 

and anti-apoptotic proteins, and are triggered by two major pathways: the death-receptor-induced 

extrinsic pathway and the mitochondria-mediated intrinsic pathway (Figure 15). Both of these 

pathways depend on a family of aspartate-specific cysteine proteases (caspases) that cleave vital 

structural proteins and proteolytically activate latent enzymes (such as nucleases) that contribute to 

cell demolition (Thornberry, 1998). Caspases are present in healthy cells as zymogens that can be 

activated through interaction with specific adaptor proteins that promote conformational changes and 

autocatalytic processing or through proteolysis by already active caspases (Thornberry, 1998). 

 

                        

                                     Figure 15 - Signaling pathways of apoptotic cell death (Cotter, 2009) 

 

The extrinsic cell death pathway is mediated by death receptors. Ligands such as tumour-

necrosis factor (TNF), FAS ligand (also known as CD95L), or TNF-related apoptosis-inducing ligand 

(TRAIL) interact with their respective cell membrane death receptors TNF receptor 1 (TNFR1), FAS 

(also known as CD95) and death receptor 4 (DR4 or TRAIL receptor 1) or DR5 (TRAILR2), 

respectively. These interactions lead to the binding of FAS with the adaptor protein, FAS associated 

death domain (FADD). FADD then binds to the death effector domain (DED) of caspase-8 and 
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caspase-10, leading to the activation of caspase-3 and other downstream caspases, which results in a 

proteolytic cascade that gives rise to the cell death phenotype (Ashkenazi, 1998; Nagata, 1997). 

The intrinsic pathway is activated by apoptotic stimuli induced by radiation therapy or 

chemotherapy and involves the release of cytochrome c from the intermembrane space of the 

mitochondria. Cytochrome c interacts with apoptotic protease-activating factor 1 (APAF1) and, 

together with dATP (2′-deoxyadenosine 5′-triphosphate), forms a multimeric complex that recruits and 

activates caspase-9, leading to the activation of downstream caspases and the death response 

(Figure 15) (Budihardjo, 1999). In addition to the proteins that are directly involved in cell death 

signaling, Bcl2 family members that localize to the mitochondria can regulate programmed cell death 

by either preventing or causing the release of cytochrome c from the mitochondria (Baell, 2002). Anti-

apoptotic Bcl2 family members such as Bcl-2 and Bcl-XL inhibit programmed cell death by preventing 

the release of cytochrome c, whereas pro-apoptotic molecules like Bak, Bax, Bad and Bid promote the 

release of cytochrome c (Cory, 2002; Wong, 2008). The ratio between Bcl-2/Bax or Bcl-XL/Bax 

heterodimers and Bax/Bax homodimers is the determinant of the susceptibility to death, with several 

other Bcl2 family proteins capable of influencing such dimers (Gogvadze, 2008). 

 

Activated p53 can positively regulate apoptotis by promoting the expression of Bax, PUMA 

(p53 upregulated modulator of apoptosis) and Noxa (Latin for damage), leading to outer mitochondrial 

membrane permeabilization, cytochrome c release and apoptosis (Nakano, 2001; Schuler, 2001; 

Selvakumaran, 1994; Yu, 2001). Although the cellular repertoire of p53 deficiency is wider, and much 

more potently oncogenic, alterations to apoptotic proteins are expected to mimic some of those 

effects. Indeed, apoptosis induction by p53 can be inhibited by overexpression of Bcl-2 or loss of pro-

apoptotic Bcl2 proteins, such as Bax or Bim (Bouillet, 1999; McDonnell, 1991; Strasser, 1993).  

Alterations to some apoptosis genes and proteins have been reported in gastric cancer. 

Suppression of Bax was reported in a gastric carcinogenic model and mutations in the repetitive 

segments of the coding regions of BAX, leading to reading frame mutations (15-68%), were described 

in a subset of microsatellite instable (MSI) tumours (Ashktorab, 2004; Olivares, 2005; Oliveira, 1998). 

Caspase-10, an initiator caspase that mediates signaling from death receptors to effector caspases, 

was affected by inactivating mutations (15%) or LOH (3%) in sporadic gastric tumours (Park, 2002).  
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Recently, a potential role for Survivin in gastric carcinogenesis was suggested. Survivin levels 

are very low to absent in normal adult cells but are increased in a wide variety of tumours. Frequent 

Survivin expression (68%) was observed in tissues of gastric cancer patients and, albeit at lower 

frequency (27%), in the gastric mucosa of their first-degree relatives. Its expression was also found in 

22% of the non-cancerous tissues adjacent to gastric cancer tissues, but was not detectable in all of 

the normal, non-adjacent gastric mucosal tissues (Yu, 2002). Survivin expression associated with 

tumour size, depth of invasion, lymph node metastases, tumour stage and decreased overall survival 

(Lee GH, 2006). 

Bcl-2 was first described in B cell lymphomas due to a very common translocation resulting in 

overexpression of Bcl-2 (Gaulard, 1992; Tsujimoto, 1984; Tsujimoto, 1985). Since, it has been 

associated with many cancers and identified as an oncogenic protein. In gastric tumours, significant 

deregulation of the Bax/Bcl-2 system has been observed. This was predominantly characterized by a 

marked overexpression of BCL-2 in tumours of the diffuse type (Klein, 1994; Konturek, 2001). 

However, LOH of BCL-2 was also reported in some intestinal type cancers (Ayhan, 1994). Overall, 

alterations to BCL-2 were described in approximately 12–35% of cases. Although BCL-2 

overexpression increases cell survival and can thus contribute to tumourigenesis, the protein is 

capable of enhancing G0 and delay G0-S transitions, if survival factors are limited (Zinkel, 2006). This 

can explain why overexpression of Bcl-2 suppressed the cellular proliferative activity and correlated 

with less aggressive biological tumour behaviour (Aizawa, 1999; Lee, 2003; Zafirellis, 2005). Patients 

with Bcl-2 positive tumours showed a rather better survival than those with Bcl-2 negative tumours and 

significantly best survival was seen in patients with p53+/Bcl-2+ tumours (Lee, 2003). 

 

Senescence is another form of cell death characterized by cell growth deceleration and 

entrance in a form of permanent cell-cycle arrest (replicative senescence) (Okada, 2004). A senescent 

cell typically shows morphological changes such as a flattened cytoplasm and increased granularity as 

well as changes at the biochemical and genetic level. Senescence can be induced by various cellular 

stresses including tumourigenic ones like DNA damage and oncogene activation, or by agents that 

induce telomere shortening (Okada, 2004). Dysfunctional telomeres activate a DNA damage response 

that, in the setting of a competent p53 pathway, initiates senescence and apoptotic programs (Deng, 

2008). 
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Therefore, in order to become immortalized, tumour cells may have to acquire the ability to 

overcome cellular senescence which, under physiological conditions, limits the number of cell 

generations due to the progressive shortening of telomeres that occurs in somatic cells with each cell 

division. The end-replication problem can be circumvented by telomerase. This enzyme contains a 

catalytic protein component (telomerase reverse transcriptase, TERT) and a template RNA 

component, and adds telomeric DNA repeats directly to chromosome ends. Most normal cells do not 

express TERT, or express it at levels that are too low to prevent telomere shortening. By contrast, 

germline cells and many cancer cells express TERT (Campisi, 2007). 

In gastric tumours, activation of telomerase was found in 85% cases, mediated by 

overexpression of human TERT. Telomerase activity was associated with poor prognosis and tumours 

without telomerase were predominantly in early stages (Hiyama, 1995; Yasui, 1998). Expression of 

TERT was also found in over 50% of intestinal metaplasias, albeit with low levels of telomerase 

activity, and was upregulated at an early stage in gastric tumours (Yasui, 1998; Yasui, 1999a). 

 

Intimately related to the function of p53 proteins, the primary control of the eukaryotic cell 

cycle is provided by a family of serine/threonine protein kinases known as Cyclin-Dependent Kinases 

(CDKs), responsible for activating Cyclins (Figure 16). The enzymatic activity of a CDK is regulated at 

different levels, with one being its inhibition by a number of small proteins that physically associate 

with Cyclins, CDKs, or their complexes. These are the CDK inhibitors. p16 is a member of the p16 

family of CDK inhibitors that specifically interacts 

with D-type CDK4 and CDK6 (Hall, 1995). 

Mutations of CDKN2A (p16 gene) seem rare in 

gastric carcinomas, however gene silencing due 

to allelic loss and high frequency of promoter 

hypermethylation were reported for both 

histotypes (8-33% for intestinal and 11-67% 

diffuse) (Gunther, 1998; Kang, 2008; Oue, 2003; 

Shim, 2000; Wu MS, 1998). 

 

 
Figure 16 - p53 and cell cycle progression (Zuckerman, 2009) 
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Other CDK inhibitors altered in gastric cancer are p27 and p21. These are members of a 

family capable of binding to a wide variety of Cyclins, affecting almost all Cyclin/CDK complexes and 

inhibiting kinase activity and cell cycle progression. Expression of p27 was reduced in approximately 

40–50% of the gastric cancer cases and correlated with advanced tumour stage, depth of invasion 

and nodal metastases (Kim DH, 2000; Yasui, 1997). This reduction in p27 took place at a post-

translational level, and resulted not from genetic abnormalities but rather from ubiquitin-mediated 

proteosomal degradation (Yasui, 1999b). A different mechanism was responsible for the inactivation of 

p53-target p21. Hypoacetylation in the CDKN1A (p21 gene) promoter region occurred in more than 

half of gastric cancers regardless of TP53 status (Liu, 2001; Mitani, 2005). 

Alterations to positive cell cycle regulators can constitute alternative events to CDK 

inactivation with a similar effect on cycle progression. Gene amplification of Cyclin E was present in 

15-20% of gastric cancer samples and correlated with tumour aggressiveness and lymph node 

metastases (Akama, 1995). Overexpression of E2F, a transcription factor target of Cyclin/CDKs at the 

G1/S transition, due to gene amplification and abnormal expression was observed in 40% of primary 

gastric cancers and associated with co-expression of Cyclin E (Suzuki T, 1999). In addition, 

overexpression of DNA damage-activated kinases involved at the G2/M checkpoint Checkpoint kinase 

1 (Chk1) and Chk2 was observed in more than 70% of gastric cancers, associated with TP53 

mutations (Yasui, 2006). 

 

While TP53 can be considered the archetypal tumour suppressor gene, MYC is without doubt 

its oncogene equivalent. Changes in the levels of Myc family transcription factors profoundly influence 

cell growth, proliferation, differentiation, apoptosis and can transform cells (Amati 1993a; Amati 1993b; 

Cole, 1986; Coller, 2000; Evan, 1992). Overexpression of MYC or Myc activation by growth factors 

results in an increase in the activity of CDKs operating in G1 phase and cell cycle progression. This is 

achieved through transactivation of the Cdc25a-phosphatase gene and decreased expression of p27, 

overruling the negative effect of p21 on Cyclin D/CDK4 and Cyclin E/CDK2 complexes and abolishing 

arrest at G1 induced by p53 activation (Figure 17) (Alevizopoulos, 1997; Galaktionov, 1996). 

Overexpression of c-Myc was described in approximately 40–45% of gastric cancer cases, 

and associated with cell proliferation and poor clinical outcome (Han, 1999; Panani, 2008). C-MYC 

amplification and gains of chromosome 8 in which C-MYC is located have also been reported, 
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although studies failed to detect concordance with c-Myc overexpression. However, these 

amplifications may be a predictor of aggressiveness in intestinal type gastric cancer (Burbano, 2006). 

 

 

                  Figure 17 - Influence of c-Myc on the cell cycle (Alison, 2001) 

 

In addition to genetic alterations, changes to c-Myc regulators have also been observed. 

Mutations to FBW7, a mediator of ubiquitin-dependent proteolysis of several key regulatory proteins 

involved in cell division and cell fate determination, including c-Myc, Cyclin E, c-Jun and Notch were 

reported in 6% of gastric tumours (Lee JW, 2006; Minella, 2005). Fbw7 is a p53-dependent 

haploinsufficient tumour suppressor. However, analyses of FBW7 and TP53 mutations failed to detect 

cooperation between these proteins (Akhoondi, 2007). 

 

At the transcriptional level, C-MYC can be affected by the Wnt signaling pathway. The Wnt 

family genes encode a group of secretory glycoproteins that play important roles in embryogenesis, 

cell proliferation, and specification of cell fate (Cadigan, 1997; Huelsken, 2001; Nusse, 1992; Peifer, 

2000). Aberrant activation of Wnt is associated with a variety of human cancers, and can correlate 

with C-MYC overexpression or amplification (Bienz, 2000; He, 1998; Peifer, 2000; Polakis, 2000). 

Wnt signaling is transduced through β-catenin, a protein that can translocate to the nucleus 

upon forming complexes with TCF (T cell factor) to stimulate the expression of Wnt-responsive genes 

(Figure 18) (Behrens, 1996; Hecht, 2000; Korinek, 1997; Morin, 1997; Riese, 1997; Takemaru, 2000). 

In colorectal cancer cells, c-Myc was identified as a transcriptional target of the β-catenin/Tcf pathway, 

suggesting that one way Wnt signaling functions in oncogenesis is through the growth promoting 

activity of c-Myc (de la Coste, 1998; He, 1998). Development of colon cancer is triggered by loss of 
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the tumour suppressor Adenomatous Polyposis Coli (APC) gene. APC is an element of the 

APC/Axin/glycogen synthase kinase (GSK) 3β complex responsible for the constitutive 

phosphorylation and degradation of β-catenin, in the absence of Wnt signaling (Figure 18A) (Behrens, 

1998; Bienz, 2000; Polakis, 2000; Rubinfeld, 1993). Upon Wnt stimulation, the destruction complex is 

inhibited and a pool of cytoplasmic β-catenin can stabilize, interact with TCF transcription factors and 

promote specific gene expression (Figure 18B). Thus, normal APC prevents the transcriptional activity 

of β-catenin while inactivation of APC can lead to β-catenin-driven expression of c-Myc, resulting in 

the proceeding of the G1 phase, entrance into the S phase and cell growth promotion.  

 

 

Figure 18 - The Wnt pathway, in the absence (A) or presence (B) of Wnt signals (McDonald, 2006) 

 

Underlining the loss of function of APC in colorectal tumours, inactivating mutations in the 

APC gene were found in the hundreds of polyps that populate the colons of patients with the Familial 

Adenomatous Polyposis (FAP) syndrome, and in about 85% of all sporadic colon cancer cases 

(Kinzler, 1996). Because FAP families of Japanese and Korean descent carrying germline APC 

mutations occasionally developed gastric cancer, a possible role for APC in gastric cancer was 

proposed.  

The search for evidence that APC/β-catenin signaling is involved in the development of gastric 

cancer has yielded conflicting results. APC knockout mice developed gastric tumours; however, the 

value of these findings was undermined once it was demonstrated that those tumours developed 

exclusively in the antral portion of mice stomachs, a region close to the duodenum where Wnt 

signaling plays a major role in differentiation. Initial genetic screening studies reported missense 
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mutations of APC in over 50% of cases of intestinal type gastric cancer, but not in diffuse type. 

Somatic mutations were also found in 20%-40% of gastric adenomas and 6% of intestinal 

metaplasias, and an adenoma to carcinoma sequence was observed in around 20% of gastric 

adenomas with APC mutations (Nakatsuru, 1992; Nakatsuru, 1993; Smith, 2006). Abraham and 

colleagues identified somatic mutations in APC in 51% of fundic gland polyps from FAP patients 

compared to 8% of sporadic fundic gland polyps, suggesting that the fundic gland polyps may be 

neoplastic in FAP patients (Abraham, 2000). These polyps were found in 27–73% of FAP family 

members and in 0.8–1.4% of the general population, while gastric adenomas were observed in 60% of 

Japanese FAP families but only 2% of FAP family members in Western countries (Hofgartner, 1999). 

Despite these concerns about fundic gland polyps, there appears to be no appreciable increased risk 

of gastric adenocarcinoma in FAP patients in Western countries (Wallace, 1998). Studies over the last 

few years have now demonstrated that APC mutations are rare in extracolonic cancers, including 

gastric carcinomas, with less than 10% of both differentiated and undifferentiated gastric carcinomas 

containing such mutations (Nakatsura, 1992; Smith, 2006; Tamura, 2006). 

 

Some authors claim that the Wnt pathway may in part regulate the cell cycle in dependence 

on the conditions of the membrane and submembranous structures that are frequently altered in 

various human tumours (Bullions, 1998). Adherens junctions are fundamental membrane structures 

that mediate cell-cell adhesion and ensure epithelial stability and cohesiveness. Assembly of the cell-

adhesion complex involves E-cadherin (a molecule that will be addressed in more detail later) that 

interacts through its cytoplasmic tail with p120-catenin and β-catenin that in turn bind to the 

cytoskeleton through α-catenin (Jamora, 2002). Interest in E-cadherin-interacting proteins arose due 

to the description of E-cadherin germline mutations in families with excess of diffuse gastric cancer, 

the recognition of the causal role of such mutations in tumour development and the definition of the 

Hereditary Diffuse Gastric Cancer (HDGC) syndrome (Guilford, 1998). Therefore, a number of 

candidate genes was proposed due to their relation with E-cadherin. β-catenin constituted a logical 

candidate gene not only because of its relation with E-cadherin, as E-cadherin impairment could 

increase unbound β-catenin, thus releasing it to function as a transcription factor, but also because 

mutations in β-catenin sites phosphorylated by GSK-3β increasing its stability in the cytoplasm had 

already been recognized as alternative events in patients with familial polyposis and without APC 
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mutations (Morin, 1997; Tetsu, 1999). Interestingly, in gastric cancer, CTNNB1 (β-catenin gene) 

mutations were described predominantly in intestinal type tumours (Clements 2002; Lee JH, 2002; 

Lynch, 2005; Park, 1999). In addition, CTNNB1 gene amplification and overexpression was recently 

reported in a mixed-type gastric cancer but the incidence seems very low (Suriano, 2005). Analyses of 

the mutational status of β-catenin, α-catenin, γ-catenin and p120-catenin in 29 E-cadherin germline 

mutation-negative HDGC families failed to identify mutations in these genes, indicating that catenins 

do not appear to be major alternative diffuse gastric cancer susceptibility genes in E-cadherin-negative 

families (Lynch, 2005). Moreover, even in diffuse E-cadherin-impaired cases, increased nuclear 

staining of β-catenin or expression of β-catenin-target genes has not been observed. 

 

Within a tissue, multiple signals operate to guarantee homeostasis. Some of the most 

significant are growth factors, usually proteins or steroid hormones that act as signaling molecules 

between cells (Ferretti, 2007; Weber, 2007). Although they are more associated with growth 

stimulation and proliferation, constituting a requirement for the proliferation of normal cells, some 

growth factors function as growth inhibitors by influencing differentiation and maturation (anti-growth 

factors) while others act as chemotactic agents, stimulate or inhibit cell migration, inhibit invasion of 

tumor cells or are involved in apoptosis, angiogenesis and survival of cells (Weber, 2007). In cancer, 

deregulation of growth signaling constitutes a major contribution to oncogenic transformation and is 

suspected to occur in all human tumours (Hanahan, 2000). 

 

Growth signals are transmitted into the cell by transmembrane receptors that bind distinctive 

classes of signaling molecules: diffusible growth factors, extracellular matrix components, and cell-to-

cell adhesion/interaction molecules (Caers, 2008; Hanahan, 2000). This process of signal transduction 

is often initiated by receptor tyrosine kinases (RTKs), which function as entry points for many 

extracellular cues and play a critical role in modulating the intracellular signaling cascades that 

orchestrate a particular response (Blume-Jensen, 2001; Katz, 2007; McKay, 2007). Upon ligand 

binding, cytoplasmic tyrosine residues of the RTKs become autophosphorylated and thus provide 

docking sites for a variety of phosphotyrosine-binding proteins (Bache, 2004). The specific recruitment 

of these proteins, which harbour various catalytic and/or scaffolding domains, determines the signaling 

output.  
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                     Figure 19 - EGFR signal transduction (Valverde, 2006) 

 

Essential for most RTK-mediated signaling is the engagement and activation of the Mitogen-

activated protein kinase (MAPK) cascade comprised of the Ras, Raf, MEK and extracellular signal-

regulated kinase (ERK) kinases (Figure 19) (McKay, 2007). In most cell types, MAPK signaling 

eventually leads to activation of tubuli reorganization, cell morphological and actin filament changes, 

and to accelerated proliferation (Katz, 2007; Zhang, 2002). Ultimately, signaling by RTKs will shift the 

balance of some of the above mentioned proteins involved in cell cycle regulation towards cell cycle 

progression. 

Over the last few years, interest on characterizing the expression and/or activity of these 

molecules in tumours has increased mainly due to the development of several novel specific and 

multi-targeted kinase inhibitors that target act on a select set of RTKs involved in tumour growth for 

oncology treatment (Bennasroune, 2004; Valverde, 2006).  

A number of growth factors, their receptors and downstream targets are deregulated in 

connection with gastric cancer. Evaluation of ERBB2 that encodes a RTK showed overexpression 

ranging from 8-23% and amplification in 4-15% of gastric tumours (Oda, 1990; Shun 1997; Varis, 

2004; Yonemura, 1991). Overall, activation of c-erbB-2 was reported in 10–15% of cases, selectively 

in tumours of the intestinal type, was most frequent in advanced carcinomas and suggested a poorer 

prognosis, although views differ regarding the use of c-erbB-2 as a prognostic factor for tumour 

invasion and lymph node metastases (Panani, 2008; Uchino, 1993b; Yonemura, 1991; Ushijima, 

2004). 
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Another growth factor signaling pathway commonly altered in gastric cancer is the Hepatocyte 

Growth Factor (HGF) and its receptor c-Met pathway. Both c-Met and HGF were overexpressed in 

gastric cancer cases (34%-74%) and MET amplification was observed in gastric cancer cell lines, 20% 

of intestinal tumours and 40% of diffuse tumours (Inoue, 2004; Hasegawa, 2002; Ponzetto, 1991). 

Abnormal expression of c-Met correlated with prognostic factors, such as tumour stage, depth of 

invasion and lymph node metastases. Thus, c-Met expression indicates a poor prognosis (Kuniyasu, 

1992; Kuniyasu, 1993). 

The Epidermal Growth Factor (EGF), purified and characterized by Stanley Cohen in 1980, in 

a work that later received the Nobel Prize in Physiology and Medicine, is a member of another 

frequently affected RTK pathway (Cohen, 1993; Valverde, 2006). EGF expression was detected in 

50–60% of advanced gastric carcinomas, while overexpression of its receptor EGFR was detected in 

34% of advanced cases (Friess, 1999; Onda, 1990; Tahara, 1986; Yasui, 1988). Moreover, some 

authors reported EGFR highly expressed in gastric cancer while others described overexpression of 

EGFR and the ligand Transforming Growth Factor-α (TGF-α) in intestinal type carcinomas that 

negatively correlated with overall survival (Moutinho, 2008; Tahara, 2004). Conversely, Takehana and 

colleagues reported overexpression of EGFR as a rare event, occurring predominantly due to EGFR 

amplification and confirming results from previous studies (Hirono, 1995; Takehana, 2003; Tokunaga, 

1995; Tsugawa, 1998; Yoshida, 1989). In addition, a recent report identified EGFR mutations in 3% of 

cases and demonstrated that EGFR activating gene alterations were not a frequent event in gastric 

carcinogenesis, preferentially appeared in gastric carcinomas of the diffuse subtype and were 

associated to tumour size (Moutinho, 2008). 

The K-sam/FGFR2 (KATO-III cell-derived stomach cancer amplified) gene, that encodes a 

RTK belonging to the Fibroblast Growth Factor receptor family, was also frequently activated in gastric 

carcinoma. K-SAM was preferentially amplified in 33% of advanced diffuse type gastric carcinomas 

but not in intestinal type cancers and associated with a poorer prognosis (Hattori, 1990; Smith 2006). 

 

Like RTKs, some of their downstream signal transducers possess strong oncogenic potential 

and are deregulated in several tumour types. Mutations of KRAS were identified in intestinal type 

tumours and precursor lesions, intestinal metaplasia and adenoma, but had a low incidence overall in 

stomach cancer (Isogaki, 1999; Lee, 1995). However, a significant association was described between 
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KRAS and a particular subset of gastric tumours. Mutations were found in 28% of carcinomas 

presenting MSI, but not in MSS cases, suggesting that KRAS mutations might contribute to the 

tumourigenesis of MSI gastric cancer (Brennetot, 2003). 

Signal transduction from RTKs can also be mediated by Phosphoinositide 3-Kinases (PI3K), a 

family of lipid kinases that can be a direct target of K-Ras (Figure 19) (Downward, 1998). Although 

PI3K are recognized as survival molecules, they have been linked to an extraordinarily diverse group 

of cellular functions, including cell growth, proliferation, differentiation, motility, cytoskeleton 

rearrangements and intracellular trafficking (Alberts, 2002; Osaki, 2004). For the most part, signal 

transduction relates to the ability of PI3K to activate Akt (also known as protein kinase B or PKB) that 

then proceeds to phosphorylate a variety of substrates involved in key cellular functions, while 

negative regulation of PI3K-Akt signaling is mainly accomplished by the function of tumour suppressor 

PTEN (phosphatase and tensin homologue deleted on chromosome 10) (Figure 19) (Maheama, 1999; 

Osaki, 2004). 

In gastric cancer, activated or overexpressed Akt was reported in 29% of cases and correlated 

with tumour differentiation and staging (Han, 2008). Mutations of PIK3CA, the gene that encodes the 

catalytic subunit of PI3K, were identified in 4 to 11% of cases (Lee, 2005; Li V, 2005; Velho, 2005). 

Like KRAS, these mutations were present only in MSI tumours (19.2%) (Velho, 2005). Additionally, 

genomic amplification of PIK3CA was detected in 36% of gastric tumours and strongly associated with 

increased expression of PIK3CA and elevated levels of phospho-Akt (Byun, 2003). Gene amplification 

was also observed in 60% of gastric cell lines, some of which are MSS, suggesting a possible role for 

the activation of PI3K pathway through PIK3CA amplification in MSS gastric cancer (Byun, 2003; Yao 

Y, 2004). However, mutations seem an event restricted to MSI gastric cancer.  

Stimulation of PI3K activity can be indirectly achieved through reduced or abnormal PTEN 

expression. PTEN LOH was observed in precancerous lesions but abnormal expression of PTEN was 

uncommon in gastric cancer (11%) and PTEN mutations were restricted to advanced gastric tumours. 

These events were closely related to infiltrating and metastatic cancer and associated with tumour 

differentiation, infiltrating depth, lymph node metastases and chemo-resistance (Li YL, 2005; Oki, 

2005). 
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Even though they have completely opposite effects to “growth proliferative” factors, anti-

growth signals are also essential, as they maintain cellular quiescence and ensure that only small 

groups of cells in particular niches are sensitive to proliferative signals and capable of proliferating 

(Hanahan, 2000). Anti-growth factors can block proliferation by two distinct mechanisms. Cells may be 

forced out of the active proliferative cycle into the quiescent (G0) state from which they may re-emerge 

on some future occasion when extracellular signals permit, or alternatively, cells may be induced to 

permanently relinquish their proliferative potential by being induced to enter into postmitotic states, 

usually in relation with the acquisition of specific differentiation-associated traits (Hanahan, 2000). 

Much of the circuitry that enables normal cells to respond to anti-growth signals is associated 

with the cell cycle, specifically the components governing the transit of the cell through the G1 phase. 

At the molecular level, many and perhaps all anti-proliferative signals are funneled through the 

retinoblastoma protein (pRb). pRb blocks proliferation by sequestering and altering the function of E2F 

transcription factors that control the expression of banks of genes essential for progression from G1 

into S phase (Weinberg, 1995).  

The TGF-beta superfamily includes some of the most important anti-growth signals (Herpin, 

2004; Padua, 2009). In particular, TGF-β signaling can suppress the expression of c-Myc and promote 

the synthesis of p15 and p21 proteins that block the Cyclin/CDK complexes responsible for pRB 

phosphorylation and inactivation (Datto, 1997; Hannon, 1994; Moses, 1990). 

TGF-β biological activities include, in addition to inhibition of epithelial cell proliferation, control 

of cell differentiation, adhesion and interaction with extracellular matrix (Padua, 2009). TGF-β ligands 

signal via specific serine/threonine kinase receptors, the TGF-β receptor type I (TbRI) and type II 

(TbRII), that phosphorylate and activate intracellular SMAD effectors as well as other signaling 

proteins (Figure 20). Oligomeric SMAD complexes associate with chromatin and regulate 

transcription, defining the biological response of a cell to TGF-beta family members. In contrast, 

inhibitory SMADs modulate signaling via negative-feedback regulation (Kim SJ, 2000). 

In non-transformed epithelial cells TGF-β acts as a potent growth inhibitor, and numerous 

studies have now demonstrated that the TGF-β receptor complex and its downstream signaling 

intermediates constitute a tumour suppressor pathway (Kim SJ, 2000). However, in transformed cells 

TGF-β can have bifunctional effects on cell growth, either stimulating or inhibiting growth of the same 

cells, depending on the conditions. Hypo-responsiveness to TGF-β is important in early stages of 
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carcinogenesis, “lifting” the proliferative repression (Wakefield, 2002). Yet, later on TGF-β may 

contribute to cancer progression by acting in both tumour cells and tumour stroma (Derynck, 2008). 

This might be mediated by TGF-β-dependent production of extracellular matrix, suppression of 

immune system function, promotion of angiogenesis, or the induction of epithelial cells to undergo the 

Epithelial-Mesenchymal Transition (EMT) (Derynck, 2008; Han, 2004; Moustakas, 2007). Inhibition of 

TGF-β has been reported to prevent progression and metastases of certain advanced tumours 

(Muraoka, 2002; Yang, 2002; Yin, 1999). 

 

 

                  Figure 20 - TGF-β superfamily signaling (Adapted from Selman, 2008) 

 

In the stomach, TGF-β signaling is fundamental to maintain homeostasis, as evidenced by 

several animal models, while disruption of TGF-β seems to be involved in gastric cancer. Knockout 

mice for TGF-β presented marked gastric hyperplasia, while knockout mice for BMPRI, another 

receptor of the TGF-beta superfamily, presented neoplastic lesions (Bleuming, 2007; Crawford, 1998). 

Further evidence was provided by studies with SMAD4 KO mice which developed gastric and 

duodenal polyps and signet ring cell carcinoma of the stomach (Takaku, 1999). Moreover, mice 

lacking RunX3, a transcriptional factor that cooperates with TGF-activated SMADs, showed gastric 

hyperplasia and some mice gastric epithelial cells were found to differentiate into intestinal type cells, 

with expression of the homeobox transcription factor CDX2, a master gene in intestinal differentiation 

(Chi, 2005; Fukamachi, 2004; Hanai, 1999; Li, 2002). 

In gastric cancer, reduced expression of TGF-β type I receptor (TGF-β RI) was observed in 

advanced tumours of the intestinal type (Tahara, 2004). In addition, loss of TGF-β RII expression was 
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observed in various types of cancer including gastric cancer (Hahm, 1999; Markowitz, 1995; Park, 

1994). Repression of proper TGF-β signaling was achieved by hypermethylation of a CpG island in the 

TGF-β RI gene or by mutations in the case of TGF-β RII (Kang, 1999; Yang, 1999). Both events were 

particularly frequent in sporadic MSI gastric carcinomas (Pinto, 2003).  

Alternatively to receptor inactivation, molecules acting downstream of TGF-β are commonly 

affected. SMAD3 was frequently altered, with a large percentage of tumour samples (37.5%) showing 

low or undetectable levels of SMAD3 expression (Han, 2004). However, no SMAD3 mutations were 

identified and the mechanism of SMAD3 inactivation in gastric cancer is thus far unsolved (Stock, 

2005). SMAD4 expression was found in 87.5% of gastric tumor samples and appeared to correlate 

with a more favourable clinical outcome (Kim YH, 2004). Xiangming and collaborators found that 

tumours with reduced SMAD4 expression associated with poor prognosis (Xiangming, 2001). Similar 

to SMAD3, SMAD4 mutations were not identified (Oliveira, 2004a).  

The negative regulator of SMAD-dependent signaling, SMAD7 was observed in about one 

third of the analyzed tumours and constituted a poor prognosis marker, while loss or significant 

decrease in RunX3 expression was a frequent event observed in gastric tumours, correlated with 

hypermethylation of the RUNX3 promoter or hemizygous deletion (Kim YH, 2004; Li, 2002). 

Inactivation by hypermethylation was observed in about 45-65% of gastric cancer cases (Kim TY, 

2004; Sakakura, 2005). 

 

Although most initial efforts on cancer research focused primarily on more direct effects, 

positive or negative, to growth and proliferation (addressed above), the significance of differentiation to 

tissue homeostasis as well as tumour development has been steadily rising. It is increasingly evident 

that such role in cancer is not limited to the return to a partial or full de-differentiation state, a cell 

primitiveness resembling an embryonic state in structure, function and potential, intimately related to 

proliferative capacity and possibly achieved by a decrease of anti-growth factors (Hanahan, 2000; 

Sell, 1993).  

It was considered that in the course of normal development cells differentiated into their 

specified, terminal state and ultimately exited the cell cycle, for good. However, differentiated cells, 

while “apparently” dormant components determined to perform specialized tasks in a relatively short 

life-span, constitute an active source of signals that influence the proper development of the different 
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cell types within a tissue and even the maintenance of stem cells (Vernoux, 2005). This is still a poorly 

understood subject, and will possibly get more complicated in the future if we consider that not only 

different cell types, but even different degrees of maturation within the same cell type, may play a role 

in these processes.  

As an example of the importance of differentiated cells in tissue regulation, in the stomach of 

transgenic mice it was demonstrated that ablation of parietal cells by targeting the H+/K+-ATPase gene 

can lead to a dissolution of the glandular structure with loss of chief and mucus-producing cells, while 

termination of ablation treatment leads to the re-emergence of all major gastric epithelial cell types 

(Canfield, 1996). Furthermore, loss of mature parietal cells associated with a four to five-fold increase 

in the number of granule-free cell precursors in the isthmus and neck (Li, 1996). Parietal cells in the 

luminal compartment of the rat gastric mucosa were also determined to express a protein, Musashi-1, 

required for local maintenance of stem cells in a resting state (Nagata, 2006). These findings indicated 

that parietal cells are in a strategic position to influence decision-making among gastric epithelial cell 

precursors, and may be involved in proliferation and differentiation of isthmus-lineage precursors and 

their differentiated descendants (Nagata, 2006). Moreover, parietal cells may contribute to a rapid re-

epithelization and mucosal restitution upon injury, as a subpopulation of parietal cells acted as 

Musashi-1 source and was involved in restoration of stem cells and regulation of cell differentiation 

(Nagata, 2006). 

In accordance with the above descriptions, not only does differentiation restrict the number of 

cells sensitive to mitogenic signals, but it also participates in cell fate determination, regeneration of 

injured tissues and modulation of the microenvironment, with a more than likely influence on 

landscaper genes. Therefore, deregulation of tissue-specific gene expression, failure of specialized 

tissue functions (even if not complete), changes in local microenvironment and loss of epithelial 

morphology are characteristic features of the progression of carcinomas as important as the poorly-

differentiated progenitor state that is considered a prerequisite to tumour formation (Abelev, 2000).  

Several proteins and pathways that comprise differentiation signals or are involved in stomach 

morphogenesis or morphostasis were found deregulated in gastric cancer. Although some may only 

constitute biological markers of a particular differentiation state, thus not contributing directly to 

carcinogenesis, the questions that still surround the role of differentiation and differentiated cells in 

tumour development justify their inclusion below. 
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Hedgehog (Hh) comprises a family of secreted proteins that are prime regulators in many 

patterning processes, throughout both vertebrate and invertebrate development (Figure 21) 

(Hammerschmidt, 1997; Lum, 2004). They influence morphogenesis and tissue polarity by providing 

positional information, such as left-right asymmetry, anterior-posterior axis and patterning of various 

organs (McMahon, 2000; Wetmore, 2003). Reports have associated aberrant Hh pathway activity with 

human carcinogenesis (Pasca di Magliano, 2003). 

 

 

Figure 21 - Hedgehog pathway in the absence (left) or presence (right) of signals (Katoh, 2005) 

 

Hh signaling is critical to normal gastrointestinal development and function. In chickens and 

mice, Sonic hedgehog (Shh) was shown to perform a significant role in both regionalization along the 

longitudinal axis of the gastrointestinal tract and radial patterning of the intestinal tube (Bitgood, 1995; 

Roberts, 1995; Roberts, 1998). Significantly, Shh null mice failed to develop gastric epithelium 

(Litingtung, 1998; Ramalho-Santos, 2000; Sukegawa, 2000). In adult stomach, Shh expression was 

detected in large triangular parietal cells, was highest in the stem cell region and gradually decreased 

towards the base of the gland (Van den Brink, 2001). The authors found that Shh was a negative 

regulator of precursor cell and gland cell proliferation. In addition, they indicated Shh as a candidate 

polarizing signal in the maintenance of pit-gland asymmetry in the adult stomach (Van den Brink, 

2001). Interestingly, another member of the Hh family, Indian Hedgehog (Ihh) co-expressed with most 

of its downstream targets but in pit cells, revealing the complexity of morphostasis (Nielsen, 2004). 
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In gastric cancer, increased expression of Shh, Ihh, Patched (PTCH), Smoothened (SMO), 

and other downstream targets was observed, particularly in tumours of the diffuse type, when 

compared to normal mucosa (Fukaya, 2006; Ma, 2005). Aberrant activation of the Hh pathway 

associated with poorly differentiated, more agressive advanced carcinomas (Fukaya, 2006; Ma, 2005). 

In vitro studies pointed aberrant Hh signaling to contribute to survival of gastric cancer cells through 

regulation of Bcl-2 expression (Han, 2009). In the subset of diffuse tumours, Ihh was observed in cells 

with an epithelial phenotype and Shh in cells with a mesenchymal phenotype, and a link between Hh 

and EMT was suggested (Fukaya, 2006; Ohta, 2009). As Shh expression was increased in inflamed 

glandular epithelium associated with H. pylori infection, losing its radial polarity and appearing in all 

epithelial cells as well as some intraepithelial and mucosal inflammatory cells, it has been suggested 

that Shh signaling in inflammatory diseases of the gut acts to ensure stem cell restitution of damaged 

mucosal epithelium (Nielsen, 2004).  

Changes to the expression of Shh were associated with loss of promoter methylation in pit 

cells, an event also observed in pre-neoplastic lesions of the stomach such as gastritis, intestinal 

metaplasia and dysplasia (Wang, 2006). Intriguingly, other authors reported overexpression of Shh in 

gastric adenoma, intestinal metaplasia and intestinal type gastric cancer, and did not find an 

association with diffuse tumours (Lee SY, 2007). These conflicting reports possibly reflect some of the 

plasticity of Hh signaling as well as evidence how its role in gastric tissues is still poorly understood.  

Another set of proteins with different roles to Hh is critical to normal gastric epithelial 

homeostasis and is altered in gastric tumours. Kruppel-like factor 4 (KLF4) is a member of a large 

family of zinc finger transcription factors that exhibit sequence homology with the DNA-binding domain 

of Kruppel and are important contributors to the development of the mammalian embryo (Turner, 

1999). Klf4 expression was found primarily in post-mitotic, terminally differentiated epithelial cells of 

several organs, including stomach, and in cell culture KLF4 expression was associated with growth 

arrest (Garrett-Sinha, 1996; Shields, 1996). Experiments with transgenic mice lacking the expression 

of Klf4 in the gastric epithelia demonstrated that Klf4 loss increased proliferation and altered 

differentiation, with aberrant expression of acidic mucins (Katz, 2005). Analyses of gastric tumours 

showed that expression of Klf4 was decreased or lost in primary tumours and in lymph node 

metastases, and significantly associated with poor survival (Kanai, 2006; Wei, 2005). Moreover, 

mutually exclusive expression of Klf4 and Sp1 was observed and disruption of KLF4 seemed to lead 
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to Sp1 overexpression (Kanai, 2006). Sp1 is another zinc finger transcription factor that regulates a 

variety of biological functions, including cell survival, growth and differentiation, and the expression of 

multiple genes involved in tumour development and progression (Black, 2001; Suske, 1999). In gastric 

cancer, Sp1 overexpression has been correlated with angiogenic potential and poor prognosis (Wang 

L, 2003; Yao JC, 2004). 

 

Differentiation may be defined and maintained by tissue-individual parameters of organ 

architecture and by the activity of tissue-specific functional genes. Consequently, even aberrant 

processes that lead to a different, albeit, differentiated state must not be underestimated within the 

oncogenic context due to their potential to transfer abnormalities to the whole tissue. This can occur 

through transdifferentiation. Transdifferentiation is defined as a process in which a cell committed to a 

particular specialization or phenotype changes to another quite distinct type (Okada, 1991). It is a 

physiological process during embryonic development, but can also reemerge and be critical in disease 

states, including cancer (Zhang, 2001). In the development of several epithelial cancers, a particular 

variant of transdifferentiation, EMT, is suggested as a major mechanism for metastization (Hay, 1995; 

Kiemer, 2001; Xue, 2003). 

The most striking malignant characteristic of epithelial cancers is the ability to invade the 

extracellular matrix, which allows cells to leave the primary tumour and disseminate into new 

territories. The invasiveness of several tumour lines from different organs was correlated with the loss 

of epithelial markers (Frixen, 1991). To acquire invasive ability, a cell has to get beyond the control of 

the normal microenvironment and gain additional motility. Increase of migration properties of 

transformed cells and alterations of their morphological characteristics generally cause the loss of 

epithelial morphology towards a more malignant mesenchymal phenotype. 

Metastization is characterized by a loss of adhesion that allows cancer cells to invade and 

leave the site of origin, subsequently adhering to other sites, such as lymph nodes, liver or peritoneum 

(Jothy, 2003). The hyaluronan receptor Cluster of Differentiation 44 (CD44) is a transmembrane 

glycoprotein expressed by many cell types, that plays a role in cellular matrix adhesion (Aruffo, 1990). 

This polymorphic glycoprotein is considered a determinant of metastatic and invasive behaviour in 

different malignancies, including gastrointestinal carcinomas. Expression of CD44 potentiates tumour 

cells by triggering the cytoskeletal mechanisms necessary for active migration and enables cells to 
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adhere to the extracellular matrix through ligands such as hyaluronan, facilitating the efficient 

formation of cell colonies (Kajita, 2001; Sneath, 1998; Thomas, 1992; Welsh, 1995). In gastric 

tumours, CD44 expression was reported ranging from 31% to 72% and abnormal CD44 transcripts 

were associated with poor prognosis in patients with intestinal type gastric adenocarcinoma (Heider, 

1993; Higashikawa, 1996; Setala, 2001; Yokozaki, 1994; Yoo, 1999). In particular, upregulation of one 

of the CD44 variant forms, CD44v6 was correlated with tumour progression, invasion and metastatic 

behaviour (Castella, 1998; Chen, 2004; Dammrich, 1995; Muller, 1997; Yamaguchi, 2002). 

Matrix metalloproteinases (MMPs) are a family of zinc-dependent proteolytic enzymes that are 

responsible for the breakdown of connective tissue proteins (Nagase, 1999). These enzymes play an 

important role in normal processes of growth, differentiation and repair (Egeblad, 2002). There is now 

considerable evidence that aberrant MMPs expression contributes to the invasive local growth and 

spread of several tumour types (Chambers, 1997; Egeblad, 2002). Overexpression of some these 

enzymes (MMP-2, MMP-7, MMP-9 and MMP-14) was observed in gastric tumours and associated 

with tumour progression and lymph node metastases (Honda, 1996; Monig, 2001; Nomura, 1995; 

Sier, 1996). 

 

In gastric cancer, another transdifferentiation process is frequently observed. Gastric intestinal 

metaplasia consists in the replacement of the gastric mucosa by an epithelium that presents an 

intestinal phenoptype (Correa, 1992; Reis, 1999). It is a pre-neoplastic lesion, part of a stepwise 

sequence of alterations of the gastric mucosa that usually follows H. pylori infection and confers 

increased risk for gastric cancer development (Figure 12) (Uemura, 2001). 

Intestinal metaplasia development is associated with the aberrant re-expression of some 

intestine-specific transcription factors of the CDX (caudal-type homeobox) family, otherwise absent 

from the normal stomach. The effect of CDX genes on the stomach was demonstrated in transgenic 

mice overexpressing CDX1 or CDX2, as the gastric mucosa was almost completely replaced by 

intestinal metaplasia (Mutoh, 2004). The relevance of CDX proteins in cancer was confirmed by the 

expression of CDX1 in 41% of gastric carcinomas, while CDX2 was expressed in 54% of tumours 

(Almeida, 2003). Responsible for the re-expression of CDX2 seems to be the BMP/SMAD pathway, 

which in turn seems to be promoted by H. pylori. In cultured cells it was demonstrated that BMP2 and 

BMP4 promoted CDX2 expression through SMAD4 (Barros, 2008). These proteins, the receptor 



  Introduction 

 62 

BMPR1A, and the phosphorylated forms of the transducers SMAD1, SMAD5 and SMAD8 were 

determined to be overexpressed in intestinal metaplasia (Barros, 2008). The involvement of BMP, an 

anti-growth factor of the TGF-beta superfamily, in this process again demonstrates that the role of 

these factors is much more complicated in tissue homeostasis than what was initially predicted by 

their function in stimulating differentiation. 

 

Also related to the above mentioned changes, gastric tumours are frequently characterized by 

an altered composition of the mucous gel layer covering the epithelium. Mucins, high molecular weight 

proteins with oligosaccharides, are major constituents of this mucous gel and provide important 

protection for epithelial cells (Corfield, 2000).  

In gastric cancer, downregulation of gastric differentiation markers MUC5AC and MUC6, and 

increased expression of MUC1 or of the intestinal differentiation marker MUC2 was observed 

(Guyonnet Duperat, 1995; Reis, 1999; Scartozzi, 2004, Tanaka, 2003; Zhang, 2004). These changes 

in mucins and glycoproteins covering the gastric mucosa are suspected to confer different abilities of 

H. pylori to adhere to epithelial cells and can be interfered by bacteria virulence factors (Magalhães, 

2009; Marcos, 2008; Teixeira, 2002). Moreover, these alterations may further contribute to tumour 

progression as it has been proposed that some mucins such as MUC1 and MUC2 have intracellular 

signaling properties (Zhang, 2004). 

Mucosal protection is also performed by Trefoil peptides TFF1 (also known as pS2), TFF2 and 

TFF3 (Mashimo, 1996). These are stable secretory polypeptides known to play an important role in 

gastric mucosa maintenance and repair, as they are upregulated around areas of epithelial damage 

(Sands, 1996). TFF1 is abundantly expressed in superficial and foveolar epithelium while TFF2 

expression is observed in mucous glands of body and antrum (Hanby, 1993; Luqmani, 1989; 

Machado, 1996a; Machado, 2000; Nogueira, 1999; Rio, 1988). By contrast, TFF3 is an intestinal 

specific gene closely related to CDX expression (Almeida, 2003; Shimada, 2007).  

TFF1 can be used as a marker of gastric differentiation and has been proposed as a tumour 

suppressor gene. Experimental evidence for a role of TFF1 in tumour suppression came from studies 

using knockout mice lacking the TFF1 gene (Lefebvre, 1996). These animals presented decreased 

gastric mucin production with marked antral hyperplasia and dysplasia and developed antral 

adenomas, with even a percentage of them (30%) developing multifocal intramucosal cancers 
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(Lefebvre, 1996). In gastric tumours TFF1 expression loss was observed in 40-60% of gastric 

carcinomas, particularly of the intestinal type (Luqmani, 1989; Machado, 1996a; Machado, 1996b; 

Machado, 2000; Muller, 1993; Nogueira, 1999). Some authors described mutations in TFF1 (16,3%), 

while LOH (16.7%) and promoter hypermethylation were also suggested to be significant for TFF1 

loss in a number of cases (Carvalho, 2002; Fujimoto, 2000; Park, 2000). In addition to TFF1 

alterations in gastric tumours, downregulation of TFF2 was also reported, while TFF3 upregulation 

occurred in at least a subset of cases (Kirikoshi, 2002; Leung, 2002). Some of these changes were 

already observed in pre-neoplastic lesions as intestinal metaplasia and gastric adenomas presented 

lower expression of TFF1 while re-expression of TFF3 was a feature of intestinal metaplasia (Leung, 

2002). 

Regulation of TFF proteins can be performed by the IL-6/GP130 pathway (Tebbutt, 2002). 

This pathway participates in early wound-healing regulation as well as in the immune response of the 

gut mucosa and is of pivotal importance for normal gastric epithelial homeostasis. IL-6/GP130 

signaling involves dimerization of IL6 receptor (IL6R) and GP130 and can lead to two alternative 

signaling pathways, preferred according to cellular context (Tebbutt, 2002). It can signal through 

Janus kinase (JAK) and the transcription factor STAT3 or through MAP kinases. The involvement of 

aberrant GP130 signaling in gastric changes was provided by several animal models. Judd and 

collaborators showed that mice carrying a homozygous gp130 mutation rapidly developed gastric 

tumours (Judd, 2004). In another work, it was demonstrated that mice with a 'knock-in' mutation 

abrogating GP130 signaling through SHP2-Ras-ERK developed gastric adenomas by three months of 

age, and in a small percentage of animals gastric carcinomas, while mice harbouring the reciprocal 

mutation ablating STAT1/3 signaling or deficient in IL-6-mediated gp130 signaling, showed impaired 

colonic mucosal wound healing, phenotypes highly similar to the ones exhibited by mice deficient in 

TFF1 and TFF3, respectively (Tebbutt, 2002). In human gastric tumours, increased amounts of 

phosphorylated STAT3 have been reported (Choi, 2006). 

Downregulation of TFF1 has also been associated with expression of the transcription factor 

CCAAT/enhancer-binding protein beta (C/EBP-β) (Sankpal, 2006). This protein is a member of the 

C/EBP family of transcription factors that are involved in key biological processes such as cell 

proliferation, differentiation, and apoptosis (Ramji, 2002). Interestingly, C/EBP-β is a possible target of 

GP130, through its MAP kinase signaling axis (Akira, 1990; Tebbutt, 2002).  
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Expression of C/EBP-β in the normal stomach mucosa is restricted to the proliferative zone 

and associates with expression of the proliferation marker Ki-67 (Regalo, 2006). In gastric cancer, 

overexpression of C/EBP-β, again co-expressed with Ki-67, was reported for the intestinal and atypical 

subtypes (Regalo, 2006). Moreover, these observations were replicated in the presence of high levels 

of inflammation and in pre-neoplastic lesions such as intestinal metaplasia and dysplasia. 

Interestingly, another member of the C/EBP family, C/EBP-α showed a very different, almost opposite 

pattern of expression. C/EBP-α co-localized with TFF1 in the gastric mucosa and was downregulated 

in 30% of gastric tumours (Regalo, 2010). However, it was still expressed in pre-neoplastic lesions, 

suggesting that it may be involved only in the later stages of tumour development (Regalo, 2010). 

As stated above, C/EBP-β is overexpressed during inflammatory processes. It is upregulated 

by IL-1β and correlates with Cox-2 (Cyclo-oxygenase-2) expression (Milne, 2006). Cox-2 is an 

essential enzyme responsible for the synthesis of important biological mediators such as pro-

inflammatory prostaglandins and seems to be an important link between inflammation and gastric 

cancer (Saukkonen, 2003). Cox-2 is usually absent from normal gastric mucosa, being induced by 

cytokines during inflammatory conditions (Konturek, 2003). Significant for its association with cancer 

was the demonstration that mice overexpressing Cox-2 in gastric epithelial cells presented 

hyperplastic gastric tumours associated with a pro-inflammatory profile (Oshima, 2004). Moreover, 

high amounts of Cox-2 were detected in gastric tumours, as well as intestinal metaplasia and 

dysplasia (Milne, 2006; Regalo, 2006; Saukkonen, 2003; van Rees, 2002). Intriguingly, non-steroid 

anti-inflammatory drugs (NSAIDs) that inhibit Cox-2 have been deemed to confer cancer-protective 

effects in the gastrointestinal tract, albeit with some secondary effects (Wang WH, 2003).  

 

Inflammation and its by-products often damage DNA and maintenance of DNA integrity is one 

of the key features for a cell to keep functioning properly. Cells contain both enzymes that confer 

protection to oxidative stress as well as proteins capable of survailling and repairing DNA. When DNA 

repair mechanisms are functional, the damage caused by inflammation is reversed before it can have 

biological consequences. However, if these mechanisms are not intact, DNA damage can develop into 

mutations, possibly leading to cancer (Meira, 2008). DNA in cancer cells is different from that of 

normal cells, and carcinogenesis involves substantial errors in DNA replication, deficits in repair and 

alterations in chromosomal segregation (Loeb, 2001). The disparity between the rarity of mutations in 
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normal cells and the large number of alterations observed in a variety of tumours prompted the 

concept of the “mutator phenotype” (Loeb, 1974). The mutator phenotype is manifested by an 

increase in the mutation rate and results from alterations to genes that function in the maintenance of 

genomic stability. Particularly sensitive to acquire alterations are genes that encompass segments 

with repetitive nucleotide sequences of mono to pentameric repeats called microsatellites (Peinado, 

1992). If those affected by non-repaired mutations are genes important for normal cell behaviour, 

tumour development can occur. Several works reported neoplasias containing tumour cells with a 

great number of changes in repetitive sequences and showed these were associated with mutated, 

non-functional MMR genes (Aaltonen, 1993; Fishel, 1993; Ionov, 1993; Thibodeau, 1993).  

A phenotype of MSI was observed in 3-10% of diffuse type and in 15-40% of intestinal type 

gastric carcinomas (Buonsanti, 1997; dos Santos, 1996; Lee JH, 2002; Oliveira, 1998; Seruca, 1995). 

MSI tumours were larger, with an expanded pattern of growth and carried a significantly better 

prognosis (dos Santos, 1996; Seruca, 1995; Wu LB, 1998). It was demonstrated that the major 

mechanism associated with MSI in gastric tumours was decreased or absent expression of the MMR 

gene hMLH1. Hypermethylation of the hMLH1 promoter, rather than mutations were the cause for its 

inactivation (Fleisher, 1999; Leung, 1999; Suzuki H, 1999; Toyota, 1999; Yamamoto, 1999).  

Among the genes with repetitive sequences, thus possible targets of repair malfunction, several were 

reported to be mutated in a high percentage of MSI gastric tumours. Genes affected include BAX, 

E2F4, TGFBRII, IGF2R and TCF4, that encode proteins involved in several biological processes 

already mentioned above, and other MMR elements such as MSH3 and MSH6 (Duval, 1999; Duval, 

2002; Kim HS, 2000; Oliveira, 1998; Ottini, 1998; Pinto, 2000). 

 

DNA methylation is responsible for the inactivation of hMLH1 but, noticeable throughout the 

above descriptions, it also affects the expression of many other genes implicated in gastric cancer. 

Indeed, promoter hypermethylation has been determined as providing the second hit in the silencing 

of genes such as CDH1 (E-cadherin) and TFF1. DNA methyltransferase proteins (DNMTs) are 

responsible for the methylation at the C5 position of cysteine residues present in CpG dinucleotides 

that occur at a higher frequency than expected in stretches of DNA known as CpG islands commonly 

found in promoters or other cis-regulatory regions of genes. This process can result in the static long-

term epigenetic silencing of the affected gene (Santini, 2001; Scarano, 2005). Aberrant 
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hypermethylation is frequently linked with upregulation of DNMTs, and intriguingly, oveexpression of 

DNMT1 was observed in gastric carcinomas correlated with Epstein-Barr virus (EBV) infection (Etoh, 

2004; Herman, 2003; Kanai, 2001).  

 

Aberrations in several other signaling molecules have been associated with gastric cancer. 

Loss of nuclear Retinoic Acid Receptor-β (RAR-β) was frequently observed in gastric tumours, with 

hypermethylation of RAR-β promoter responsible for such downregulation in intestinal and diffuse 

gastric cancer (Oue, 2002; Panani, 2006). 

To finish, we describe one of the first genes associated with gastric cancer, NM23. The NM23 

gene encodes for the Nucleoside diphosphate kinase A enzyme and was identified as a metastasis 

suppressor gene by differential hybridization between low and high metastatic murine melanoma cell 

lines in which reduced NM23 mRNA levels were correlated with increased metastatic potential (Steeg, 

1988). In gastric carcinoma, NM23 expression was downregulated in advanced carcinomas and was 

associated with poor prognosis. Furthermore, reduced immunoreactivity of NM23 in lymph node and 

liver metastases compared with primary gastric carcinomas suggested that a decrease in NM23 

expression may participate in the metastatic process of gastric carcinoma (Muller, 1998). 

 

The significant heterogeneity of gastric cancer at the histopathological level is reflected at the 

molecular level. Indeed, the two main histologic types of tumours (intestinal and diffuse) present very 

different patterns of genetic and molecular alterations. Observations that certain changes occur 

exclusively or predominantely in one of the histotypes, clearly support previous suggestions of the 

existence of at least two pathways of malignant transformation of the gastric mucosa, with its distinct 

genetic alterations (Carneiro, 1997; Tahara, 1996).  

Correa described a model for tumour development consisting in a metaplasia-dysplasia-

carcinoma sequence, similar to the multistep progress observed in colorectal cancer that fits better the 

intestinal type gastric cancer (Figure 12) (Correa, 1992). More recently, for intestinal type gastric 

cancer, Tahara proposed a model consisting of 3 possible subpathways: a stepwise intestinal 

metaplasia-adenoma-carcinoma sequence, an intestinal metaplasia-carcinoma sequence and 

carcinomas arising de novo (Figure 22) (Tahara, 2004). 
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On a molecular level, no clear linear accumulation of genetic defects in the course of gastric 

carcinogenesis has been found, as significant clinical heterogeneity as well as heterogeneity in the 

expression of molecular markers among tumours with apparently identical histopathological 

morphology exists. However, some authors have proposed sets of major alterations hypothesized as 

crucial for progression towards the corresponding clinical stage (Figure 22). Intestinal metaplasia is 

characterized by TERT expression, loss of RAR-β expression, TP53 mutations and expression of CDX 

1/2 and Cox-2. Progression from intestinal metaplasia to adenoma is associated with APC and TP53 

mutations, with a carcinoma developing in around 20% of gastric adenomas with APC mutations. 

Molecular events allowing malignant transformation from adenoma to early intestinal type gastric 

cancer include loss of heterozygosity and mutation of TP53, reduced p27 expression and expression 

of aberrant C-MET transcripts. Development of tumours from intestinal metaplasia is associated with 

reduction of TFF1 expression, loss of p16 and hMLH1 while the “de novo” pathway of intestinal type 

gastric carcinoma involves LOH and abnormal expression of p73, loss of RunX3, overexpression of 

Cyclin E and abnormal CD44 transcripts, and is characterized by genetic instability. Finally, reduced 

TGFβRI and NM23 expression, amplification and overexpression of c-ErbB2, complete loss of p27 

expression, and again loss of RunX3 and overexpression of Cyclin E are features of more advanced 

intestinal type gastric tumours. 

 

 

 

Figure 22 - Intestinal type gastric cancer development models and associated molecular alterations (adapted from 

Smith, 2006) 
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Diffuse gastric carcinomas can arise either de novo, or from precursor lesions such as 

hyperplasia and non-metaplastic dysplasia. Currently, mutations or epigenetic silencing of the E-

cadherin gene appear to be the key molecular event identified in diffuse gastric cancer development. 

In addition, expression of TERT, mutation or LOH of TP53, amplification of K-SAM and C-MET, loss of 

RAR-β, p27 and RunX3 as well as reduced NM23 and expression of aberrant CD44 transcripts seem 

to contribute towards diffuse type gastric cancer progression (Figure 23). 

 

 

Figure 23 - Diffuse type gastric cancer molecular alterations (adapted from Smith, 2006)  
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4. E-cadherin 

 

The classical cadherins are cell-adhesion proteins that ensure cells within tissues are bound 

together. They mediate many facets of tissue morphogenesis and play important roles in the formation 

of tissues during gastrulation, neurulation and organogenesis (Gumbiner, 2005; Slaus, 2003). A 

member of this class, the epithelial cadherin (E-cadherin) is a calcium-dependent homophylic 

adhesion molecule predominantly expressed in epithelial tissues. Due to its ability to influence cell 

morphology, polarity and migration, E-cadherin is an essential protein for the formation and 

maintenance of epithelia as well as tissue integrity (Jamora, 2002; Takeichi, 1991; Uemura, 1996; 

Wheelock, 2003). 

Expression of E-cadherin during embryonic development occurs already at the two-cell stage, 

uniformly distributed on the cell surface. Redistribution and clustering at cell contact sites occurs in 8-

cell stage embryos, concordant with the appearance of the cytocortical asymmetry and takes place 

only in cells destined for epithelial differentiation, in a developmentally regulated process (Larue, 1994, 

Riethmacher, 1995; Vestweber, 1987). Epithelial differentiation and polarization occur early in 

ontogeny, in the morula stage, when the embryo compacts and each cell polarizes along its 

apicobasal axis to generate an epithelial-like phenotype (Fleming, 1992). E-cadherin is expressed in 

the membrane even before compaction of the morula occurs, distributed in a non-polar manner, and 

does not exhibit adhesive function (Hyafil, 1980; Vestweber, 1984). Afterwards it plays an important 

role in the adhesion of the blastomeres, and the embryo's compaction.  

The significance of E-cadherin to embryonic development was demonstrated by work with 

mice generated without E-cadherin. Studies using animals carrying an inactivating mutation revealed 

that, while no abnormalities in the heterozygous status were observed, homozygous E-cadherin-/- 

embryos presented severe abnormalities before implantation and did not survive at the blastocyst 

stage. Abnormalities included failure to maintain a polarized and compacted state and also failure to 

form a trophectoderm epithelium (Riethmacher, 1995). 

In adult epithelial tissues, E-cadherin molecules are localized on basolateral surfaces of 

epithelial cells in regions of cell contact known as adherens junctions. These protein complexes are 

essential for the establishment and maintenance of differentiated and polarized epithelia, as they 
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contribute to structure integrity, serve as spatial polarity cues for signaling molecules and provide 

docking sites for vesicles (Gumbiner, 1996; Jamora, 2002; Nelson, 2003). 

 

E-cadherin molecules are encoded by the CDH1 gene, located in the long arm of chromosome 

16, and consist of 120 kDa glycoproteins organized in an N-terminus large extracellular portion, a 

single transmembrane domain and a small C-terminus intracellular region (Figure 24) (Hajra, 2002; 

Wheelock, 2003). 

 

                 

                          Figure 24 - Structures of the CDH1 gene and E-cadherin protein (van Roy, 2008) 

 

The structure of the extracellular domain contains five tandem repeats of a 100-aminoacid-

motif that include the sites with adhesive activity. E-cadherin molecules form homodimers on the cell 

surface (lateral dimerization) and carry out their adhesive function by binding, in an antiparallel 

fashion, to E-cadherin molecules on adjacent cells, forming points of adhesion (zipper-like structures) 

which may progress to extensive multimers of E-cadherin (Figure 25) (Boggon, 2002; Gumbiner, 

2000). Calcium is required for E-cadherin to perform its adhesive function, and the extracellular portion 

of E-cadherin contains several calcium-binding sites (Boggon, 2002).  

The intracellular region of approximately 150 residues is highly conserved in sequence, 

consists of a juxtamembrane domain and a cytoplasmic tail, and interacts with various proteins to form 

the cytoplasmic cell adhesion complex (Figure 25). Anchorage to the actin cytoskeleton is set up 

indirectly, through cytosolic proteins called catenins. E-cadherin establishes a non-covalent linkage 

with β-catenin, via a conserved site of the cytoplasmic domain that can also interact with γ-catenin in a 

mutually exclusive way. In turn, β-catenin is non-covalently bound to α-catenin, a central molecule in 
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the assembly of a number of proteins that link E-cadherin-β-catenin complexes to F-actin (Humphries, 

1998). It is still controversial if E-cadherin-β-catenin-α-

catenin-F-actin complexes are formed or whether two 

separate pools of α-catenin molecules bind to E-cadherin-

β-catenin complexes and to F-actin, independently. The 

cytoskeletal link is required for maximum homotypic activity 

of E-cadherin. Additionally, the juxtamembrane region has 

been identified as a functionally active region supporting 

cadherin clustering and adhesive strength (Polette, 2004). 

This domain binds p120-catenin, which may further 

contribute to adhesion (Ireton, 2002; Thoreson, 2000). 

 

 

4.1. E-cadherin and cancer 

Loss of cellular adhesion and increased motility are crucial mechanisms responsible for 

tumour progression (Slaus, 2003). Abnormal cellular architecture and loss of tissue integrity are other 

prominent features of tumours, contributing decisively to local invasion. Therefore, disruption of cell-

cell contacts can constitute one of the key steps for tumour development. The main molecular event 

responsible for adhesion disruption, through interference with the integrity of adherens junctions, is 

suppression of E-cadherin function. In accordance, downregulation or a complete shutdown of E-

cadherin expression was reported in several human carcinomas, namely thyroid, skin, lung, ovary, 

colon and stomach (Riethmacher, 1995). The correlation of E-cadherin impairment with loss of cell 

adhesion and epithelial morphology, acquisition of metastatic potential, increased invasiveness and 

tumour progression demonstrated its role in malignant cell transformation and justified E-cadherin 

designation as a tumour suppressor, and principally as the main suppressor of epithelial tumour 

invasion (Mareel, 2003; Vleminckx, 1991). 

 

4.2. E-cadherin and gastric cancer 

The contribution of E-cadherin inactivation on tumour development is particularly evident and 

significant in gastric cancer. Although in most carcinomas, loss of E-cadherin is generally considered a 

Figure 25 - Structural organization of adherens junctions (D’Souza-Schorey, 2005) 
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late event, associated with invasion and metastases, in stomach carcinogenesis loss or abnormal E-

cadherin expression is seen in invasive but also already in in situ carcinomas (Carneiro, 2004). 

Further evidence that inactivation of E-cadherin is an initiating event in gastric cancer came form the 

work of Guilford and collaborators, as they identified germline mutations of CDH1 as the genetic cause 

predisposing for an inherited gastric cancer syndrome (Hereditary Diffuse Gastric Cancer) in a large 

kindred from New Zealand Maori families (Guilford, 1998). Since, the expression of E-cadherin in 

gastric tumours has been the subject of extensive studies and the association confirmed. Moreover, in 

gastric tumours E-cadherin downregulation often associated with CDH1 mutations, in striking contrast 

to the absence of genetic alterations observed in other organs (Becker, 1994; Guilford, 1998; 

Machado, 1999). However, E-cadherin inactivation does not occur to the same extent in both major 

gastric tumour histotypes. Downregulation of E-cadherin expression is significantly more frequent in 

sporadic diffuse type than intestinal type gastric carcinoma and CDH1 mutations have only been found 

in diffuse tumours, in over half of the cases (Becker, 1994; Becker, 1999; Berx, 1998; Machado, 

1999). Therefore, it appears that the molecular basis underling the morphological and behavioural 

differences between intestinal and diffuse gastric cancer could be attributed at least in part to 

differences in E-cadherin function (Suriano, 2006). 

 

4.3. Hereditary Diffuse Gastric Cancer (HDGC) 

Genetically defined, inherited forms of cancer are relatively uncommon, representing 5-10% of 

many types of adult malignancies (Ford, 2002). However, the risk of developing cancer for individuals 

from these families is often extremely high, and these cancers frequently appear at a much younger 

age than usual. For researchers, cancer syndromes represent fairly “purified” biological models that 

can provide valuable knowledge into other, more common, forms of cancer. In accordance, although 

relatively rare, HDGC families are of extreme importance in the characterization of diffuse gastric 

cancer, currently not well understood and with poor prognosis. 

HDGC is an autosomal dominant cancer syndrome giving rise to tumours histologically diffuse 

and poorly differentiated. Incidence of HDGC is relatively low compared with the most common 

inherited cancer syndromes as it accounts for 1% to 3% of gastric adenocarcinomas (estimates 

suggest that up to 10% of patients diagnosed with gastric cancer exhibit familial clustering, most likely 
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due to multifactorial etiology and sharing of environmental factors). In addition to gastric cancer, 

colorectal cancer and lobular breast cancer have been reported in some family members (Blair, 2006). 

As stated above, CDH1 germline truncating mutations were determined to be the molecular 

basis for HDGC in the Maori kindred with early-onset diffuse gastric cancer. Mutations of the E-

cadherin gene were since reported in several other studies that include HDGC families of European, 

Japanese, Korean and African American origin. Over 50 CDH1 mutations have now been reported in 

HDGC families, most of which identified in European families (Figure 26) (Brooks-Wilson, 2004; 

Gayther, 1998; Guilford, 1998; Guilford, 1999; Humar, 2002; Oliveira, 2002; Oliveira C, 2006). It has 

been estimated that CDH1 mutations are causal in 30% to 40% of HDGC cases, and the penetrance 

of these mutations is in the range of 75-85% (Barber, 2006). 

 

 

                  Figure 26 - Distribution of germline E-cadherin mutations from HDGC patients 

 

Clinical expression of HDGC often occurs before the third decade of life, but preclinical 

multifocal tumours, which may have the potential for metastatic spread, are already present in the 

stomachs of young asymptomatic CDH1 mutation carriers (Chun, 2001; Huntsman, 2001; Lynch, 

2008). Therefore, prophylactic gastrectomy presents as the safest clinical option to avoid the 

associated high risk for gastric cancer development (Lewis, 2001). Following analyses of several 

stomachs originated from such interventions, Carneiro and colleagues proposed a model for the 

development of diffuse gastric cancer for E-cadherin germline mutation carriers (Figure 27) (Carneiro, 

2004). This model described initial lesions consisting of a pre-invasive in situ signet ring carcinoma 

with pagetoid spread, observed beneath the epithelial lining of gastric foveolae/glands. Progression to 

invasive carcinoma can then develop, without a morphologically detected in situ carcinoma (Carneiro, 

2004). 

892G->A 1225T->C 1774G->A 2195G->A 2396C->G

C1285T

892G->A 1225T->C 1774G->A 2195G->A 2396C->G

C1285T
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Figure 27 - Pagetoid spread model for diffuse gastric cancer development in CDH1 germline mutation carriers 

(Carneiro, 2004) 

 

4.4. E-cadherin inactivation 

From the vast data gathered thus far, E-cadherin loss of function presents as a condition 

required for the development of the majority, if not all, the diffuse gastric carcinomas, not only in the 

HDGC setting but also of the sporadic kind. Genetic alterations account for a significant portion of E-

cadherin inactivation. CDH1 germline mutations affecting protein function and/or segregating with the 

disease were identified in over 30% of HDGC, while somatic mutations were reported in 40-83% of 

sporadic diffuse gastric tumours.  

Most germline mutations identified (80%) are truncating, harbouring nonsense, splice-site or 

frameshift alterations predicted to produce premature termination codons (Oliveira C, 2006). The 

remaining mutations are missense alterations (Oliveira C, 2006). No preferential hot-spots were found 

for germline alterations, as they span the entire coding region of CDH1 (Figure 26) (Oliveira C, 2006; 

Suriano, 2006). Missense mutations generally display a low-penetrance phenotype and are more 

difficult to predict in terms of pathogenic relevance (Suriano, 2006). However, significant effort was 

invested in establishing a very useful in vitro model of E-cadherin functional evaluation (Suriano, 

2003a). This model has enabled the demonstration that many of the resulting missense mutated 

proteins also lack proper function and are pathogenically relevant. In contrast to germline mutations, 

most of the somatic CDH1 mutations found in sporadic diffuse gastric carcinomas cluster in exons 7 to 

9, in the extracellular domain of the protein, and are missense or in-frame deletions (Figure 28) (Berx, 
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1998; Oliveira, 2004b). CDH1 mutations have also been described in infiltrative lobular breast cancer. 

These cluster in exons 7 to 9 as well, but tend to be out-of-frame, causing premature stop codons 

(Oliveira, 2004b).  

 

           Figure 28 - Distribution of E-cadherin somatic mutations identified in sporadic diffuse gastric tumours 

 

Heterozygous carriers of CDH1 mutations stay asymptomatic as long as the remaining wild 

type allele generates functional molecules. Therefore, initiation of diffuse gastric cancer requires a two 

hit inactivation mechanism consistent with the model proposed by Knudson (Knudson, 1971). 

Commonly, the second CDH1 allele (corresponding to the wild-type) in both hereditary and sporadic 

diffuse gastric cancers is silenced by hypermethylation of the CDH1 promoter (Grady, 2000; Graziano, 

2004; Machado, 2001b; Oliveira, 2004c; Oliveira, 2009; Tamura, 2000). Hypermethylation was found 

in approximately 40% of the HDGC tumours analyzed. In addition, LOH was also frequently observed, 

and LOH concomitantly with promoter hypermethylation occurred in one fifth of the HDGC lesions 

studied (Oliveira, 2009). Interestingly, different neoplastic lesions from the same patient frequently 

displayed distinct second hit mechanisms, and overall, primary tumours showed promoter 

hypermethylation as the most frequent second hit, whereas a significantly greater percentage of LOH 

was observed as the second hit in metastases (Oliveira, 2009). 

Other possible, less common, mechanisms reported for E-cadherin inactivation are 

overexpression of the transcription factors SIP1 or Snail that repress E-cadherin expression and E-

cadherin exon skipping (Becker, 1993;  Bolos, 2003; Cano, 2000; Rosivatz, 2002). The biological 

function of E-cadherin can also be attenuated post-translationally (Stock, 2005). 

 

Overall, loss of E-cadherin function is mainly achieved by CDH1 germline mutations, 

accompanied by somatic hypermethylation, mutation or allelic loss, causing 30% of HDGC, and CDH1 
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somatic mutations or LOH, accompanied by somatic hypermethylation, mutation or allelic loss, that 

account for 50-60% of sporadic diffuse of gastric cancer. 

It is very important to mention that, while gene silencing may only occur for the wild-type allele, 

many tumours show a significant or total loss of E-cadherin expression. This may be due to the 

activation of some post-transcriptional mechanisms by certain E-cadherin mutant forms. Although 

even if expressed a number of these proteins would still be partly or fully dysfunctional, the following 

mechanisms explain the absence of their expression in gastric tumours. Some E-cadherin mutants 

giving rise to premature termination codons (PTC) are recognized by a mechanism of mRNA 

surveillance, Nonsense Mediated Decay (NMD) that degrades mRNAs harbouring PTCs (Karam, 

2008). Another mechanism of quality control, this time of proteins, the Endoplasmic Reticulum Quality 

Control (ERQC) is responsible for the ER-associated degradation of E-cadherin molecules carrying 

mutations in the juxtamembane domain (Simões-Correia, 2008). 

 

Germline CDH1 alterations were found in 30-40% of HDGC families, but approximately two-

thirds of HDGC cases were negative for such alterations. Consequently, it was suggested that patients 

likely carried mutations in other yet unidentified HDGC susceptibility genes. A number of candidate 

genes was proposed, such as CTNNB1 (β-catenin), JUP (γ-catenin), CTNND1 (p120-catenin), HPP1, 

RUNX3, CASPASE10 and SMAD4, but no mutations were identified (Keller, 2004; Lynch, 2005; 

Oliveira, 2004a). 

In a fascinating twist, in the absence of “complementary HDCG genes”, the only molecular 

explanations for the remaining HDGC families reported thus far come from further disregulation of E-

cadherin. This was suggested in a recent paper and is very well supported, as most HDGC tumours 

display mislocalized or absent E-cadherin expression, independently of carrying CDH1 alterations 

(Pinheiro, 2010). In the mentioned work, it was demonstrated that while both CDH1 alleles from 

cancer-free individuals displayed equivalent expression levels, monoalelic CDH1 expression or high 

allelic expression imbalance (AI) was present in 70.6% of CDH1-negative as well as in 80% of CDH1 

mutant HDGC probands (Pinheiro, 2010). Moreover, germline deletions and promoter 

hypermethylation were found in 25% of probands displaying high CDH1 AI, suggesting that the 

combination of these events may account for E-cadherin inactivation in a significant percentage of 

mutation-negative HDGC families. Thus, these results implicate the CDH1 locus in mutation-negative 
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HDGC families and suggest that further undetected defects at the CDH1 locus may be involved in 

HDGC development. 

 

4.5. E-cadherin and Cellular Signaling 

The significance of E-cadherin loss of function to cancer stems from its ever-growing influence 

on the biology of cells and tissues. Initially, E-cadherin was only considered a structural protein, albeit 

a very important physical element to the adhesion and stability of tissues (Gumbiner, 1996; Qian, 

2004). Interestingly, it is now demonstrated that the mechanisms of adhesion and cellular signaling 

are closely connected, with components having double (or more) functions and interconnecting in 

signaling networks (Pece, 2000). In line with this,  E-cadherin constitutes not only a target for several 

signaling pathways that regulate adhesion, but may itself send still poorly understood signals that 

regulate basic cellular processes, such as migration, proliferation, apoptosis and cell differentiation 

(Andl, 2005; Barth, 1997; Ferreira, 2005; Jamora, 2002; Morin, 1997; Qian, 2004). Because E-

cadherin does not exhibit any enzymatic activity, its ability to function as a signal-transducing receptor 

likely depends on physical interactions with signal transduction effectors. 

In tumourigenesis, the role of E-cadherin was classically ascribed to its ability to suppress 

invasion and metastization. As E-cadherin is being recognized as a more ubiquitous cellular receptor, 

capable of interacting with different cell signaling pathways, its role in tumour suppression is now 

increasingly related with the ability to modulate intracellular signaling (Andl, 2005; Ferreira, 2005). 

Hence, E-cadherin impairment has a wider impact than that associated with its ability to suppress 

invasion and metastization alone (such as MMPs activation and EMT). 

From the signaling molecules reported to interact with E-cadherin, and based on in vitro 

studies using E-cadhein proteins carrying mutations identified in HDGC patients, intriguing candidates 

possibly affected by E-cadherin impairment in gastric cancer have emerged. Alterations to the 

extracellular domain of E-cadherin disturbed the stability of E-cadherin/EGFR heterodimers, 

increasing the fraction of unbound EGFR and its activation on ligand stimulation (Mateus, 2007). 

Although this activation was involved in cell migration, by triggering cytoskeleton reorganization 

through RhoA activation, other biological consequences related to the oncogenic potential of EGFR 

may not be excluded yet (den Hartigh, 1992; Mateus, 2007). Another significant finding concerns the 

interplay between E-cadherin and Bcl-2. It was described that cell lines expressing mutated HDGC-
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associated E-cadherin mutations presented increased survival by resisting apoptosis stimulation 

(Ferreira, 2005). 

 

4.6. In vivo model for E-cadherin signaling 

Diffuse gastric cancer is characterized by poor prognosis, low 5-year survival and by a lack of 

effective treatment. Complete understanding of all E-cadherin biological functions, its signaling 

properties and partners/targets may pose as a crucial discovery. Identification of novel clinical targets 

associated with E-cadherin deficiency could be decisive in overcoming this invasive carcinoma of the 

stomach, by enabling the application of the new trends in clinical intervention that seek tumour 

regression through inhibition of specific molecules overexpressed or activated in cancer by synthetic 

compounds. 

Recently, transgenic Drosophila fly strains were shown as a major in vivo source of candidate 

pathways specifically affected by E-cadherin (Pereira, 2006). Such model is particularly useful and 

valid, as the powerful genetic tools available in the fly and the high degree of conservation in 

molecular, cellular and developmental processes between Drosophila and mammals allow for 

functional screens and enable a rapid identification of targets, due to the vast knowledge accumulated 

in Drosophila and its easily interpretable phenotypes (Pagliarini, 2003). 

This model has already produced an intriguing and promising association. Following the 

generation of transgenic Drosophila overexpressing several forms of human E-cadherin, including two 

HDGC-associated mutants, it was observed that all E-cadherin forms were able to inhibit the 

expression of cut, a Notch target gene in the wing disc (Micchelli, 1997; Pereira, 2006). Moreover, for 

the only E-cadherin protein that did not present a severe wing reduction, the mutant V832M, a wing 

phenotype reminiscent of loss of Notch signal was observed. The correlation between E-cadherin 

expression and decreased Notch activation was further reproduced as co-expression the same mutant 

form with a non-degradable form of Armadillo (the fly β-catenin homolog) rescued the wing phenotype 

but produced a thickening of the distal vein that is characteristic of Notch dominant-negative forms. 

 

Overall these results suggest that E-cadherin may be a repressor of the Notch pathway. To 

this end, investigating a possible Notch-mediated contribution to tumour development associated with 

loss of E-cadherin function constitutes a major challenge. 
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5. Notch signaling 

 

Diversity among different species and cell types appears to have evolved through the 

combinatorial use of a relatively small number of conserved signaling pathways that are crucial to 

almost all steps of development (Fortini 2009; Gerhart, 1999). One of them is the Notch pathway. 

Experimental evidence supports the idea that these signaling pathways essential for embryonic 

development also have a role in regulating self-renewing adult tissues, and alterations to their 

signaling often lead to tumourigenesis, as is also true for Notch (Gregorieff, 2005; Prehn, 2005; Wilson 

A, 2006). 

The Notch signaling pathway is named after X-linked, dominant Drosophila genetic mutants 

characterized by irregular notches of missing tissue at the tips of insect wing blades (Figure 29) (Mohr, 

1919; Morgan, 1916; Morgan 1917). These notches found in heterozygous females were the result of 

a partial loss of function of a gene encoding for a single transmembrane receptor that was later cloned 

as Drosophila NOTCH (Kidd, 1986; Wharton, 1985).  

 

 

Figure 29 - Wing blade of wild-type Drosophila (left) and of a mutant with partial loss of the Notch gene (Radtke, 

2003) 

 

Interestingly, male NOTCH mutants had a number of dramatic developmental defects affecting 

many embryonic tissues, including derivatives of all three germ layers, leading to lethality (Poulson, 

1937). The most dramatic defect observed in NOTCH null mutants involved an almost complete 

transformation of surface ectoderm into cells of an expanded nervous system (Poulson, 1937; 

Poulson, 1940). This so-called “neurogenic” phenotype originated a strong focus on neurobiological 

studies that resulted in the description of a “Notch signaling transduction pathway” with several of the 
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novel proteins identified named after their neurogenic effects. However, it has been extensively 

demonstrated that many of these proteins regulate development not only in the nervous system but 

also in other ectoderm derived, as well as mesoderm and endoderm derived tissues (Artavanis-

Tsakonas, 1995; Artavanis-Tsakonas, 1999). Nowadays, the Notch pathway represents a highly 

conserved, ubiquitous and simple network that participates in the formation and maintenance of 

various organ systems, including brain, blood and intestine.  

A hallmark of Notch signaling that sets it apart from other conserved pathways is its form of 

signal transduction. Notch signaling is a short-range mechanism that involves a direct form of cell-cell 

communication whereby nondiffusable ligands expressed at the surface of a cell engage and activate 

receptors on neighbour cells (Figure 30). This receptor-ligand binding brings about receptor 

proteolysis, resulting in the release of an intracellular, active Notch fragment that migrates to the 

nucleus and activates downstream target genes. These unusual features highlight the simplicity of the 

pathway, as the Notch protein, acting as both transmembrane receptor and transcription factor, 

reduces the involvement of secondary messengers. 

 

 

 

 

 

 

 

 

 

 

 

 

 

                                                 

 

                            

                    

                                              Figure 30 - Notch signaling pathway (Wilson A, 2006) 
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5.1. Notch Receptor Family 

Notch receptors are synthesized as full-length unprocessed proteins composed of a large 

extracellular domain involved in ligand binding and a cytoplasmatic domain involved in signal 

transduction. During transport to the cell surface however, a cleavage (S1 cleavage) generates two 

subunits: one consisting of the majority of the extracellular domain and the other consisting of the 

remainder of the extracellular domain and the complete transmembrane and intracellular domains 

(Figure 30) (Blaumueller, 1997). These 2 subunits associate noncovalently, resulting in the cell-

surface expression of a mature heterodimeric type I transmembrane receptor (Rand, 2000; Sanchez-

Irizarry, 2004).   

The extracellular domain contains a conserved array of up to thirty six epidermal growth factor 

(EGF)-like repeats that are critical for binding interactions (Fehon, 1990; Rebay, 1991). EGF-like 

repeats are followed by three cysteine-rich LIN12/Notch repeats (LNR) that modulate calcium-

dependent interactions between the extracellular and the membrane-tethered intracellular domain and 

prevent signaling in the absence of ligands (Wharton, 1985; Yochem, 1988). The Notch intracellular 

domain (NICD) contains a RAM23 domain (Tamura, 1995), two nuclear localization signals (N1 and 

N2), a transcriptional activation domain (TAD) that differs among the receptors, and a proline, glutamic 

acid, serine, threonine-rich (PEST) domain that negatively regulates protein stability (Rechsteiner, 

1988). 

The mammalian family of Notch receptors is comprised of four paralogues, termed Notch-1 

through -4 that share a high degree of structural similarity. However, these proteins show differences 

in the number of EGF-like repeats and, within the cytoplasmic domain, Notch-1 contains a strong TAD 

and Notch-2 a weak TAD, but no TAD is present in Notch-3 and Notch-4 (Radtke, 2003). 

 

5.2. Notch Ligand Family 

The classical Notch ligand family consists of 5 members in mammals: Delta-like-1, -3, -4 (Dll-

1/3/4) and Jagged-1, -2, named after the Drosophila homologs Delta and Serrate, respectively 

(Bettenhousen, 1995; Dunwoodie, 1997: Lindsell, 1995; Shawber, 1996; Shutter, 2000). They are 

characterized by the presence of an N-terminal DSL (for Delta, Serrate and LAG-2) domain, 

specialized tandem EGF repeats called DOS (Delta and OSM-11-like proteins) domains and EGF-like 

repeats (both calcium binding and non-calcium binding) (Kopan, 2009; Radtke, 2003). In addition, 
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Jagged-1 and Jagged-2 harbour a cysteine-rich domain. Similar to Notch receptors, they are type I 

transmembrane proteins. 

Additionally, other proteins lacking DSL and either possessing or lacking DOS domains have 

been reported to act as non-classical ligands for Notch receptors in the central nervous system (CNS) 

and in cultured cells (D’Souza, 2008; Komatsu, 2008). However, the physiological functions of these 

proteins in the Notch pathway remain to be elucidated. 

 

5.3. Notch processing and activation 

Notch receptors are synthesized as single precursor proteins that are cleaved at a site 

referred to as the S1 cleavage site by a furin-like convertase during transport through the secretory 

pathway from the trans-Golgi to the cell surface (Figure 31) (Logeat, 1998). In addition, other post-

translational modifications are important for Notch signaling (Haines, 2003; Okajima, 2003). The 

elongation of O-fucose by Drosophila Fringe can alter the responsiveness of the receptor to different 

DSL ligands, enhancing its binding to Delta and 

reducing receptor binding to Serrate (Panin, 1997; 

Shao, 2003; Xu, 2007). In mammals, elucidation of 

the effects of Fringe on Notch activity is 

complicated by the presence of multiple receptors, 

ligands, and Fringe proteins (Lfng, Lunatic fringe; 

Mfng, Manic fringe; and Rfng, Radical fringe). Lfng 

enhances Delta-induced Notch activity and inhibits 

Jagged-induced Notch signaling in C2C12 

myoblasts and NIH3T3 cells, consistent with the 

known modulatory effects of Fringe in Drosophila 

(Hicks, 2000). However, expression of LFng 

appears to inhibit Delta-mediated Notch-1 signaling 

during chick somitogenesis, but modifies Notch in 

T cells in a manner that enhances Delta-to-Notch 

signaling and limits Jagged-to-Notch signaling 

(Dale, 2003; Visan, 2006). 

Figure 31 - Mechanism of Notch activation showing 

sequential receptor processing (Kopan, 2009) 
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It is now well established that Notch receptor activation is mediated by a sequence of 

proteolytic events (Figure 31). In the absence of ligand binding, heterodimeric Notch receptors are 

inactive as they are locked-down in a protease resistant state by a negative regulatory region (NRR) 

that protects an ADAM (A Disintegrin And Metalloprotease) cleavage site.  

Notch signal transduction is initiated by binding of a Notch ligand to EGF-like repeats 11 and 

12 of an adjacent Notch receptor (Fleming, 1997; Rebay, 1991). In mammals, endocytosis of the 

formed complex (ligand and extracellular part of Notch) by the ligand-expressing cell generates the 

forces needed to expose the otherwise inaccessible ADAM cleavage site (S2) within the Notch 

extracellular domain (Mumm, 2000; Nichols, 2007). Cleavage at this site is performed by ADAM family 

proteases such as ADAM-10/Kuzbanian or ADAM-17/TACE (Tumour Necrosis Factor-α-Converting 

Enzyme) and leads to the shedding of the ligand-bound NECD (Notch ExtraCellular Domain) (Brou, 

2000; Lieber, 2002). As a result of this processing, the remaining Notch fragment, called NEXT (for 

Notch EXtracellular Truncated) undergoes an additional cleavage by the γ-secretase complex, 

composed of Presenilin-1,-2, Nicastrin, Pen-2, and Aph-1 (Edbauer, 2003; Kopan, 1996; Kopan, 2002; 

Schroeter, 1998; Wolfe, 2006). The regulated intramembranous proteolysis within the transmembrane 

domain, starting near the inner plasma membrane leaftlet at site S3 and ending near the middle of the 

transmembrane domain at site S4, releases NICD (Notch IntraCellular Domain) into the cytoplasm, 

which subsequently translocates into the nucleus to effect Notch signaling (Fiuza, 2007; Kopan, 2009; 

Struhl, 1998). 

As NICD possesses a transcriptional activation domain but no DNA binding domain of its own, 

in the nucleus it associates with transcription factors of the CSL conserved family [mammalian CBF1 

(C Protein Binding Factor 1); Drosophila Su(H) (Supressor of Hairless); and C.elegans Lag-1]. In the 

absence of nuclear NICD, CSL, also known as RBP-jk, binds to (Notch target) gene promoters 

characterized by “sequence-paired” CSL-binding sites in a head-to-head arrangement and recruits 

histone deacetylases and corepressors (Kao, 1998; Morel, 2001; Nam, 2007; Oswald, 2005). 

Upon ligand-induced Notch activation, the released NICD fragment physically binds to CSL 

(through the Ram23 region), converting CSL from a transcriptional repressor into a transcription 

activator (Fortini, 1994). This is achieved in a stepwise manner, through the dissociation of 

transcriptional repressors, binding of Mastermind-Like-1 (MAML-1) and the ternary complex 
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recruitment of coactivators such as histone acetyltransferases and chromatin remodeling factors, to 

assemble an active transcription complex (Fryer, 2004; Nam, 2006; Wilson JJ, 2006; Wu, 2000). 

 

5.4. Downstream Notch targets 

In recent years, several studies have shown that overexpression of NICD can alter the 

expression of many genes. However, Notch cross-talk with other signaling pathways has made a 

direct association difficult to prove. Therefore, to date only a few Notch target genes have been 

identified; some are Notch-dependent in various tissues while others are tissue-specific (Radtke, 

2003). 

The best-known Notch targets are the members of the HES [Hairy/Enhancer of split - E(spl)] 

transcription factor family and the related HEY/HERP (HES-related repressor protein) family (Bailey, 

1995; Davis, 2001; Iso, 2003). HES proteins are repressor-type basic helix-loop-helix (bHLH) 

transcription factors that negatively regulate the expression of early differentiation activator-type bHLH 

transcription factors such as proneural Math-1 (Mouse Atonal homolog-1), Mash-1, MyoD and NeuroD 

(Davis, 2001; Iso, 2003; Jennings, 1999; Oellers, 1994). Within HES and HEY family members, not all 

proteins are NICD targets. HES-1, -5 and -7 and HEY-1, -2 and -L are the ones shown to be induced 

by the Notch pathway (Bessho, 2001; Jarriault, 1995; Kokubo, 1999; Maier, 2000; Nakagawa, 2000; 

Ohtsuka, 1999). Moreover, their expression patterns in different tissues and during development are 

not completely overlapping among themselves and with Notch ligands and receptors, suggesting the 

possibility of other expression regulators (Callahan, 2004; Iso, 2003). 

 

5.5. Notch mode of action 

The Notch pathway is involved in a wide variety of cell and tissue programs such as stem cell 

maintenance, proliferation, differentiation, apoptosis, angiogenesis, adhesion, migration, tissue 

patterning and allocation of cell fate decisions (Wilson A, 2006). To influence these processes, Notch 

functions mostly through two main modes of action: binary cell fate choices and boundary/inductive 

signaling. 
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5.5.1. Binary cell fate choices 

Binary cell fate choices are permissive functions in which Notch contributes to alternative fate 

decisions between cells that are initially equivalent with respect to their developmental potential. This 

can happen within a large population, “lateral specification” or between two sister cells, “asymmetric 

cell fate assignation” (Artavanis-Tsakonas, 1995; Artavanis-Tsakonas, 1999; Bray, 2006; Fiúza, 2007). 

In developing tissues, different cell types must be generated from identical progenitor cells. 

These neighbour cells direct and control fine cellular patterning processes by communicating through 

Notch signals (Artavanis-Tsakonas, 1995). In their initial state, they express comparable amounts of 

Notch receptors and ligands at the cell surface, possess equivalent Notch signal-sending and signal-

receiving activities and have equivalent expression of target genes (Artavanis-Tsakonas, 1995; 

Artavanis-Tsakonas, 1999). At some point, in response to an intrinsic or extrinsic signal, a cell may be 

biased towards a particular developmental fate. This originates a small stochastic difference in some 

aspect of signaling. Significantly, it leads to 

weak and antagonist differences in its Notch 

receptor and ligand (Delta) levels compared to 

its neighbours, differences that will eventually 

cause cells to adopt distinct roles as either 

signal-sending (upregulating Delta and 

downregulating Notch) or signal-receiving cells 

(upregulating Notch and downregulating Delta) 

(Figure 32) (Artavanis-Tsakonas, 1999; Fiúza, 

2007; Fortini, 2009).  

These roles are achieved through a 

rapid amplification of the initial differences by a 

transcriptional feedback loop wherein cells with 

stronger Notch signaling activate transcription of 

the HES/E(spl) gene family, inhibiting proneural 

achaete-scute complex (AS-C) genes and 

reinforcing Notch signaling (Campos-Ortega, 

1993). Moreover, Notch and Delta expression 

Figure 32 - Notch feedback loop of transcriptional 

amplification (Fortini, 2009)  
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levels are themselves responsive to these changes. In addition to the control of Notch activation in 

trans by ligands expressed by neighbour cells, Notch is at the same time negatively modulated by 

interactions with ligands in cis within the cell, interactions that might occur at the cell surface or within 

the secretory pathway. Therefore, the decrease of Delta expression at the signal-receiving cell not 

only prevents the stimulation of Notch molecules at the adjacent signal-sending cell, but it relieves its 

own cis-inhibition of Notch. Conversely, in the cell with weaker Notch signaling, HES/E(spl) expression 

is downregulated and AS-C activity is reinforced, so that Notch activity is reduced while Delta 

expression increases (Artavanis-Tsakonas, 1999; Fiúza, 2007; Fortini, 2009). Increased Delta 

expression in the signal-sending cell acts in trans to amplify Notch signaling in the signal-receiving 

cell, establishing a stable feedback amplification loop that will provide, as the final outcome of this 

process, signal-receiving cells that maintain strong Notch expression and signaling through 

HES/E(spl)-dependent transcriptional feedback (left) and signal-sending cells that maintain strong 

Delta expression and repressed Notch signaling through AS-C-dependent transcriptional feedback 

(right) (Figure 32) (Artavanis-Tsakonas, 1999; Fiúza, 2007; Fortini, 2009). 

 

This complex process is a biological control mechanism that ensures that a cell that is 

beginning to differentiate, usually the signal-sending cell, prevents its neighbour(s) from differentiating 

in the same way at the same time, by simply expressing higher amounts of the ligand on the surface 

and increasing the activation of Notch on adjacent receiving cells. The final outcome for the activated 

Notch-receiving cell(s) can vary in a context-dependent manner. Most frequently, receiving cells 

simply continue in an undifferentiated state or enter an alternative differentiation program, avoiding the 

depletion of pluripotent progenitor cells (within that tissue) or the (excessive) accumulation of one 

particular cell type. 

 

5.5.1.1. Lateral specification 

This is a process of central importance in the assignation of cell fates and their spatial 

patterning (Gibert, 2003; Heitzler, 1993; Le Borgne, 2003). It is derived from the observation that 

during development, groups of cells emerge and are assigned a common developmental potential but 

only some cells within the group adopt that potential. Those that adopt the fate suppress the same fate 
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in the others: lateral inhibition. Because signals may be transmitted back and forth between the two 

emerging cell types, this type of signaling can also be termed as lateral specification. 

The classical example of lateral specification is the mechanism of selection for a sensory 

organ precursor in insect neurogenesis (Figure 33) (Fiúza, 2007). During development, groups of 

ectodermal cells with a neural potential and known as proneural clusters emerge. By the amplification 

of small differences within the proneural cluster cells, one of them will acquire higher levels of Delta 

and inhibit the neural potential of the neighbouring cells by increasing their Notch activity (as Notch 

activation inhibits the prospective neural fate) (Fiúza, 2007). 

 

Figure 33 - Process of lateral specification (Ehebauer, 2006) 

 

5.5.1.2. Asymmetric cell fate assignation 

It is a mode of action performed only between two sister cells. It is dependent on the 

asymmetric distribution of cell fate determinants, particularly of Notch regulators, prior to or during 

mitosis (Fiúza, 2007). The ensuing differential distribution 

of these regulators of Notch signaling activity determines 

the identity of the daughter cells as either a signal-

sending or signal-receiving cell (Figure 34) (Fiúza, 2007; 

Fortini, 2009). One protein potentially involved in such 

mechanisms is Numb, a membrane-associated 

phosphotyrosine-binding inhibitor of Notch that becomes 

localized to a crescent-shaped zone oriented with one 

end of the mitotic spindle in the mother cell, and 

subsequently segregates asymmetrically into one of the 

daughter cells during some cell divisions (Fortini, 2009). 

Figure 34 - Modulation of asymmetric cell 

fate assignation (Fortini, 2009) 
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Numb links Notch to α-adaptin, a component of the AP2 endocytic complex that sorts cargo 

into transport vesicles, and some evidence suggests that this interaction targets Notch for 

ubiquitination and accelerated degradation in the Numb-containing daughter cell (Berdnik, 2002; 

McGill, 2003). Feedback mechanisms again take place, culminating with the signal-sending cell 

acquiring a specific cell fate identity and inhibiting the sister cell from following the same cell fate, 

through Notch activation. Once Notch signaling is elicited, cells differentiate and then progress 

according to binary cell fate decisions, and these processes are repeated in multiple cell divisions 

(Frise, 1996; Hutterer, 2005; Le Borgne, 2003).  

One example of binary cell fate choices controlled by Notch is the maintenance of stem cell 

populations. In this case, Notch signaling mediates the decision of whether a cell should differentiate 

or remain in an undifferentiated state, either in embryonic or in post-embryonic stem cell systems 

(Chiba, 2006). 

 

5.5.2. Inductive signaling/Boundary formation 

Notch signaling can also be used in a more instructive manner, in patterning interactions that 

occur between cell types that are initially distinct from one another, establishing an organizer or 

segregating two groups (Figure 35) (Bray, 2006; Fiúza, 2007; Radtke, 2003). This is the case of 

boundary formation in Drosophila and during somitogenesis in vertebrates. 

 

  

    Figure 35 - Inductive signaling (left) and boundary formation (right) (Radtke, 2003; Bray, 2006) 

 

Key features of the lateral specification mechanism can also apply to inductive Notch 

signaling, including transient activation of the pathway in both cells during initial stages of interaction 

followed by transcriptional changes in the expression of Notch, its ligands, and target genes, refining 
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differences between the distinct cell types. However, this process can be quite complex and involve 

multiple Notch regulatory mechanisms. Looking at the vertebrate example in somite formation, we find 

a very elegant system of a transcriptional oscillator. The continuous cycle of activation and inactivation 

of Notch transcriptional activity leads to the pattern of somite formation and segmental boundary in the 

presomitic mesoderm. The full mechanism of activation and inactivation of transcriptional activity is 

unclear but seems to involve negative feedback loops mediated by Notch target genes. 

 

During organogenesis, Notch signaling can be employed in both binary cell choice and 

inductive modes to generate complicated patterns of differentiated cell types. Indeed, it might not be 

an exaggeration to suggest that nearly all cells of complex animal tissues could potentially require 

Notch signaling at some point or points in their complete lineage for proper final differentiation. 

 

5.6. Notch in the Gastrointestinal Tract 

Notch signaling is fundamental for the proper development and homeostasis of many tissues, 

as stated above. This conclusion derives in large part from a group of studies that have uncovered the 

role of Notch in the gastrointestinal tract. Significantly, the intestine has become a model system for 

the understanding not only of Notch action but also of the proper mechanisms taking place in adult 

self-renewing mammalian tissues. 

The lining of the intestine is probably the most dynamically self-renewing tissue in adult 

mammals, regenerating every 2–7 days (van Es, 2005b). The renewal process is neatly organized in 

space, so that the whole production line, from the ever-youthful stem cells to their dying, terminally 

differentiated progeny, is laid out in histological sections.  Pluripotent stem cells residing at the bottom 

of crypts of Lieberkühn (finger-like invaginations of the epithelium into the underlying connective 

tissue) give rise to transit amplifying cells, which divide robustly before terminal differentiation. The 

progeny of these dividing cells migrate upwards from the depths of the crypts onto the surfaces of villi 

(relatively large finger-like protrusions into the gut lumen), where no further division occurs and all 

cells seem to be fully differentiated.  

Under the Unitarian hypothesis, all cells in a crypt-villus axis are generated continuously in the 

crypt of Lieberkühn from the same stem cells in a process that involves binary cell fate choices 

(Leedham, 2005). In the end, four main lineages can be distinguished - the absorptive enterocytes and 
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the three secretory lineages: mucus-secreting goblet cells, hormone-secreting enteroendocrine cells 

(that can be further subdivided on the basis of the hormones they secrete) and lysozyme- and 

cryptidin-producing Paneth cells (Hocker, 1998; Radtke, 2005). It has now been demonstrated that 

Notch signaling not only controls the binary fate decisions of cells that must choose between the 

absorptive or early secretory lineages but is also required to maintain the proliferation of crypt stem 

and progenitor cells.  

 

Initial observations showed that expression of Notch, its ligands Delta and Jagged and other 

components of the Notch pathway is observed in the epithelium of adult intestinal crypts and for the 

most part not in villus epithelium, indicating that Notch signals are mainly exchanged between cells in 

the crypts (Schroder, 2002). Comprehension of their roles was made possible with the data produced 

by several animal models. In mice, when Notch signaling was blocked, secretory cells were 

overproduced. However, this did not occur only at the expense of differentiated absorptive cells. The 

whole cell population of the adult intestinal crypt was converted to a secretory phenotype and stopped 

proliferating (van Es, 2005a).  

Interestingly, overactivation of the Wnt pathway, at least as seen in adenomas, is not sufficient 

to overcome this proliferation failure. Mice with activated Wnt treated and with a γ-secretase inhibitor 

(GSI) that abolishes Notch signaling showed a proliferation stop within the tumour tissue (van Es, 

2005a). The opposite combination of signals, overactivation of the Notch pathway along the villus 

epithelium where the canonical Wnt pathway is inactive, was equally unable to drive proliferation 

(Zecchini, 2005). However, forced expression of NICD in mice did indeed increase the population of 

proliferating cells, but mainly in the intervillus regions, where Wnt signaling was active (Fre, 2005). 

The simplest interpretation of these observations is that all the proliferating cells, including stem cells, 

depend on Notch and Wnt signals in combination to keep them in a proliferating state. Neither Wnt 

pathway activation nor Notch pathway activation is sufficient by itself. 

 

But Notch influence on intestinal homeostasis is not completed with proliferation. As stated 

above, inhibition of Notch signals results not only in the arrest of crypt cell proliferation, but also guides 

all crypt cells towards a goblet cell fate (van Es, 2005a). Conversely, constitutive activation of Notch in 

the developing intestine can lead to an increased number of dividing cells but also to a dramatic 



  Introduction 

 91 

impairment of differentiation of all intestinal cell types (Fre, 2005). To understand these phenotypes 

and the biological mechanisms behind them, the information obtained from the genetic manipulation of 

some Notch downstream targets was crucial. 

Intestines of HES-1-/- fetuses contained increased numbers of secretory cells at the expense 

of absorptive enterocytes (with no differences in the intestinal precursor pools, suggesting that other 

Notch targets may be responsible for the increase in proliferation) (Jensen, 2000). In contrast, 

intestines of Math-1-deficient mice showed a relatively normal crypt-villus architecture that was 

populated entirely by enterocytes, indicating that Math-1 is required for all secretory cell lineages 

(Yang, 2001). This phenotype was somewhat reciprocal to the phenotype observed in HES-1-/- mice, 

indicating that Notch-mediated HES-1 expression regulates a binary decision between absorptive and 

secretory cell fates. This is an early lineage fate choice, and does not influence the refinement of fate 

decisions within secretory lineages, controlled by other bHLH proteins. Enteroendocrine commitment 

depends on Neurogenin-3 as mice deficient in this bHLH factor specifically lacked enteroendocrine 

precursors but developed normally the remaining secretory cell types (mucosecretory and Paneth 

cells) (Jenny, 2002). Expression of another bHLH protein, NeuroD, best-known for its role in 

pancreatic differentiation, refines the enteroendocrine fate by controlling terminal differentiation of the 

enteroendocrine secretin- and cholecystokinin (CKK)-producing cells (Naya, 1997).  

Additional support for the control of intestinal cell fate by Notch stems from the use of GSI 

developed for the treatment of Alzheimer’s disease (Wong GT, 2004). These drugs prevent the 

processing of APP (amyloid precursor protein) by γ-secretase. However, as a side-effect, the 

generation of NICD from Notch that also requires γ-secretase is affected by these drugs (de Strooper, 

1999). Rodents treated with GSI display increases in goblet cell numbers in the gut (viewed as an 

undesirable side effect), most probably through the inhibition of Notch signaling (Milano, 2004; Wong 

GT, 2004). 

 

It therefore seems that in normal intestinal tissue, co-expression of Notch and Wnt maintains 

the proliferation of stem and progenitor cells (Figure 36). Once cells are away from Wnt signals, they 

start differentiating and those cells that become secretory are the ones that escape Notch activation. 

These cells express Delta proteins, enabling them to activate Notch in their neighbours, primed to 

become absorptive (Crosnier, 2005; Crosnier, 2006). Thus, Notch signaling in the gut epithelium 
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seems to participate in binary cell fate choices in the standard fashion. Like nascent neurons in the 

CNS, cells in the gut that become committed to a secretory fate express Notch ligands and inhibit their 

neighbours from differentiating in the same way (Chitnis, 1995). All three secretory cell types are then 

derived from a precursor expressing Math-1. The Notch-controlled choice between an absorptive fate 

(HES-1-positive, Math-1-negative, receiving lateral inhibition) and a secretory fate (Math-1-positive, 

delivering lateral inhibition) might therefore be the first of the decisions made by daughters of stem 

cells as they become committed to differentiation. 

 

 

Figure 36 - Involvement of Notch signaling in lineage commitment of the gut (Sancho, 2003; van Es, 2005b) 

 

5.7. Notch in the stomach 

In contrast to the significant knowledge already gathered about the function of Notch signaling 

in the intestine, information on its role in the stomach is relatively scarce, with the most intriguing and 

revealing data produced thus far coming from embryonic stomach development. Initial reports 

described Notch signaling acting as a unified regulatory mechanism, via HES-1, that controls the 

development of endodermal endocrine cells in the stomach, as well as lung, pancreas and intestine 

during mouse embryonic development (Jensen, 2000). Recently, more complex roles were attributed 

to Notch in chicken and mouse stomach development. 

In chicken, similar to other vertebrates, the digestive tract begins to develop as an 

undifferentiated simple tube that comprises the endodermal epithelium and surrounding mesenchyme. 

Specification along the anteroposterior axis leads to the formation of distinct digestive organs that then 
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undergo organ-specific development. The stomach of chicken (and birds in general) differentiates into 

the rostral proventriculus (glandular stomach), characterized by the development of compound glands, 

and caudal gizzard (muscular stomach) (Fukuda, 2005). The first morphological sign of gland 

development is an invagination of the epithelium into the surrounding mesenchyme to form simple 

glands. Prior to such morphological changes, however, specification of luminal and glandular epithelial 

cells from homogeneous epithelial cells must occur. 

Matsuda and collaborators demonstrated that Delta-1-mediated Notch signaling is pivotal for 

both processes as it functions as a binary switch for the determination of glandular and luminal fates 

(Matsuda, 2005). Slightly before stage 29 of Hamburger and Hamilton (about day 6 of incubation), 

luminal differentiation and specification of glandular progenitors commence (Hamburger, 1951). At this 

moment, Delta-1-expressing cells are observed, scattered in uninvaginated epithelium. Consistent 

with lateral specification, cells adjacent to Delta-1-expressing cells show Notch-1 activation. These 

endodermal epithelial cells with increased Notch-1 signaling are instructed to an immature glandular 

progenitor fate, confirmed by the expression of SMAD8, an early marker for the glandular epithelium, 

while the remaining cells take a luminal fate. Until Notch-1 is inactivated, progenitor glandular cells 

remain in an immature state. Once Notch signaling stops, immature cells undergo gland cell 

differentiation and invaginate into the mesenchyme. Therefore, Notch signaling in chicken embryonic 

development promotes glandular specification and inhibits terminal cell fates in the stomach (Matsuda, 

2005). 

Meanwhile, Nyeng and collaborators focused their work on the "secondary transition", that 

they concluded occurs in mouse stomach between E15.5 and E16.5 (Nyeng, 2007). This is a strict 

temporal onset of initiation of terminal differentiation taking place in each of the three major gastric 

regions (forestomach, corpus and antrum). Interestingly, it coincides with the time when the caudal 

gastric epithelium is first starting to form glandular structures, although at E15.5 the invagination of the 

epithelium and subsequent glandular formation is initiated but is far from completed when the terminal 

cellular fates are induced (E16.5), suggesting that gastric cytodifferentiation during the embryonic 

development operates irrespectively of the presence of a mature gastric pit-gland unit. Prior to the 

secondary transition, Notch signaling is critical for maintenance of a pre-patterned undifferentiated 

gastric progenitor epithelium. Notch activation signals through HES-1 and is stimulated by FGF10 in 

what constitutes a conserved signaling network operating similarly in the pancreas (Norgaard, 2003). 
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Following transition, Notch expression can still be observed in the basal population of the forestomach 

and in epithelial cells of the antrum and corpus, but not in differentiated squamous cells. 

 

As for the role of Notch signaling in the adult mammalian stomach, current reports are limited 

to descriptions of the expression of selected receptors or ligands. Sekine showed that Notch-1, Notch-

2, Notch-3 and HES-1 are expressed in human gastric mucosa, while the work of Sander 

demonstrated the presence of Notch-1, Notch-2, Notch-3, Jagged-1, Jagged-2 and Delta-1 in the 

fundic and body regions of mouse stomach (Sander, 2004; Sekine, 2006). Because the experimental 

methods used restricted results to the overall detection of proteins or the respective gene transcripts in 

large tissue segments, failing to identify the cell types that express Notch signals, these reports have 

only provided snapshots of Notch expression and do not indicate the ongoing role that Notch signaling 

may play in the homeostasis of the adult stomach. 

Despite the lack of direct information, some reports focusing on several molecules closely 

related to Notch signaling in the intestine have hinted these to be fundamental players during adult 

stomach differentiation as well. 

During stomach endocrine cell fate specification some Notch signaling components seem to 

be involved. Requirement of Neurogenin-3 expression was observed for the proper development of 

gastrin-secreting G cells and somatostatin-secreting D cells. However, and in contrast to intestinal cell 

fate choices, other neuroendocrine cell types (serotonin-expressing enterochromaffin cells, histamine- 

and ghrelin-expressing cells) were able to complete their differentiation in a Neurogenin-3-

independent way (Jenny, 2002; Lee CS, 2002). In the case of serotonin-secreting cell differentiation, 

upregulation of HES-1 expression by Notch receptors was even necessary to ensure downregulation 

of another bHLH factor ASCL1 (Nakakura, 2005). Recently, it was shown that differences among 

Neurogenin-3-dependent or -independent endocrine differentation relate to distinct stomach regions. 

Whereas the majority, but not all, endocrine cells in the antral stomach of adult mice arise from 

Neurogenin-3-expressing precursors, especially G cells and D cells, a much smaller fraction of 

chromogranin A- and ghrelin-expressing cells and none of the serotonin-expressing cells arise from 

Neurogenin-3-positive precursors in the body of the stomach (Schonhoff, 2004). 

In the intestine, endocrine differentiation occurs in the lineage of Math-1 positive precursors. 

So far, Math-1 expression in stomach cells has only been associated with expression of gastric mucin 
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genes, MUC5AC and MUC6 (Sekine, 2006). As MUC5AC expression mainly occurs in mucous neck 

cells in fundic glands and MUC6 expression is tightly regulated in a tissue-specific manner in mucous 

neck cells and pyloric glands of the stomach, the association between Math-1 and mucin genes 

supports a role for Math-1 in gland cell fate specification (Buisine, 2000; Sekine, 2006). 

Overlap of HES-1 and Musashi-1 (an RNA binding protein that activates Notch by repressing 

the translation of Numb) expression was suggested as a feature of intestinal stem and early progenitor 

cells (Kayahara, 2003; Nishimura, 2003; Potten, 2003). In the mouse stomach, however, expression of 

Musashi-1 was found in a subpopulation of mature parietal cells and partially overlapped with HES-5, 

another target of Notch (Nagata, 2006). The authors determined that these Musashi-1-expressing 

cells were related to a back-up system for stem cell recruitment, active during rapid re-epithelization 

following loss of stem cells due to mucosal injury. 

 

It is tempting to project a similar model of cell fate determination taking place in the intestine to 

the stomach, or consider Notch signaling just as important. However, it is still to be understood the 

complete model of stomach cell fate determination as well as its molecular determinants. In addition, 

work is needed to demonstrate if the above mentioned molecules remain Notch targets in the 

stomach, as they can also be influenced by other signaling pathways. 

 

5.8. Notch and cancer 

As with other developmentally associated signaling pathways, it is not surprising that 

deregulation of the Notch pathway is directly linked to several human diseases, including cancer 

(Harper, 2003). The oncogenic effect of Notch signaling reflects an aberrant recapitulation of the 

highly tissue-specific function of the cascade during normal development and homeostasis in a wide 

range of tissues. Depending on the tumour type, Notch signaling can modulate different cellular 

functions and microenvironmental cues associated with tumourigenesis. These include cell growth 

through cell autonomous or non-autonomous effects on differentiation, cellular metabolism, cell cycle 

progression, apoptosis, adhesion, angiogenesis, EMT transition, self-renewal and possibly immune 

function (Roy, 2007; Sjolund, 2005). 

The NOTCH1 gene was originally identified as having a role in human leukemogenesis 

through identification of the chromosomal translocation t(7;9)(q34;q34.3) in cells derived from a T cell 
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acute lymphoblastic leukemia (T-ALL) patient (Ellisen, 1991). This translocation resulted in 

juxtaposition of the intracellular region of Notch into the T cell Receptor (TCR)-β locus, resulting in 

constitutive expression of active NICD. Although it was shown this translocation is rare in T-ALL 

patients (<1%), activating NOTCH1 mutations were identified in 56% of T-ALL cases examined 

(Weng, 2004). Sequencing of T-ALL cell lines and patient samples revealed that the majority of 

mutations found in the NOTCH1 locus located in two regions, the HD (heterodimerization) and PEST 

domains. Mutations found in the HD region resulted in ligand-independent proteolytic cleavage of 

Notch, leading to constitutive activation of the Notch signaling pathway, while mutations in the PEST 

domain appeared to increase the half-life of the intracellular domain by preventing Fbw7 interaction 

and, thereby, targeting of Notch to the proteasome (Malecki, 2006; Thompson, 2008; Weng, 2004).  

In T-ALL, the oncogenic effect of Notch activation was associated with the capacity to promote 

T cell commitment and thereafter to block differentiation at the double positive stage (DP, CD4+ CD8+) 

(Allman, 2001; Ciofani, 2004; Pui, 1999; Radtke, 1999). The combined effect of these events was an 

expanded pool of T cells blocked at the DP stage, as they could not continue differentiation until Notch 

downregulation occurred. It is believed with time these immature cells become vulnerable for 

additional oncogenic mutations that cooperate with Notch to transform them into aggressive, rapidly 

cycling tumour cells (Radkte, 2003). 

Further proof of the oncogenic potential of Notch was demonstrated by the transforming 

activity in vitro and in various animal models presented by truncated forms of all four Notch isoforms, 

resulting in constitutively active Notch signaling (Bellavia, 2000; Callahan, 2001; Capobianco, 1997; 

Kiaris, 2004; Pear, 1996). 

Although Notch mutations have not been identified outside T-ALL cases, aberrant Notch 

activation has been associated with the development of many solid tumours (breast, medulloblastoma, 

colorectal, melanoma, pancreas, prostate, lung, brain, cervix) as well as hematological malignancies 

(leukemia) (Aster, 2005; Koch, 2007; Leong, 2006; Nickoloff, 2003; Roy, 2007). This also indicates 

that, in these contexts, ligand-mediated activation predominates and is possibly brought about by 

(genetic) alterations to molecules capable of cross-talking with or regulating Notch signaling. 

For diverse tumour types, different members of the Notch family, ranging from Notch 

receptors, ligands, and even including targets, have been suggested as the source for Notch activity 

deregulation (Figure 37) (Aster, 2005; Koch, 2007; Leong, 2006; Nickoloff, 2003; Roy, 2007). 
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           Figure 37 - Alterations of Notch receptors and ligands in several tumour types (Leong, 2006) 

 

An interesting aspect of Notch is its apparent contradictory role in tumour development, as it 

has been described as an oncogene and as a tumour suppressor (Radtke, 2003). Although the 

mechanism underlying this dual Notch action is being explored, the outcome of Notch signaling activity 

likely depends on its normal function in a given tissue, on signal strength, timing, cell type and context 

(Maillard, 2003). Thus, Notch may act as an oncogene if its normal function is as a regulator of stem 

cells or precursor cell fates while its tumour suppressor activity is detected in tissues in which Notch 

signaling initiates terminal differentiation events (Radtke, 2003).  

Following, we will focus more on the role of Notch as an oncogene, as in the majority of 

epithelial tumour types, aberrant Notch activation is observed. 

 

The ambiguity in biological outcomes produced by Notch deregulation is a reflection of the 

numerous mechanisms and molecular targets and partners that have been suggested to play a role in 

Notch-induced tumourigenesis (Figure 38). Most are mediated by NICD transcriptional activity. 

Activated Notch-1 can promote cell cycle entry by enhancing CDK2 and Cyclin D1 activity, the 

latter of which may be a direct target of Notch (Ronchini, 2001). In HeLa cells, HES-1 promoted cell 

proliferation by repressing transcription of p27, while in 3T3 fibroblasts Notch signaling attenuated p27 

by proteasome-mediated degradation induced through S phase kinase-associated protein 2 (SKP2), a 

subunit of the ubiquitin-ligase complex SCFSKP2 (Murata, 2005; Sarmento, 2005). The fact that SKP2 

also promoted degradation of p21 further enhanced the ability of Notch to promote cell cycle entry 

(Sarmento, 2005). 

An important growth-promoting downstream target of Notch is c-Myc, as demonstrated in 

breast cancer. Myc is a possible transcriptional target of Notch-1 activation and composes a Notch-c-

Myc axis required for mammary tumourigenesis in mice (Klinakis, 2006). 
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Figure 38 - Representation of some of the molecular interactions produced during aberrant Notch signaling in 

cancer (Roy, 2007) 

 

The transforming ability of Notch may also be mediated through activated Ras signaling. Cell 

lines derived from primary tumours of Notch-4 ICD transgenic mice exhibited activated PI3K and ERK 

signaling, two downstream branches of the Ras pathway (Fitzgerald, 2000). Interestingly, a separate 

study demonstrated that the transforming ability of Ras may be related to the activation of Notch 

signaling (Weijzen, 2002). Importantly, maintenance of the Ras-induced neoplastic phenotype 

required sustained Notch signaling. Hence Notch may function as a downstream target of Ras and in 

a positive feedback loop also act as an activator of the Ras pathway. 

The anti-apoptotic effects of activated Notch proteins have been linked to the induction of Bcl-

2, as well as increased signaling through both PI3K and NFkB (Nuclear Factor kB) signaling pathways 

(MacKenzie, 2004; Nair, 2003; Oswald, 1998). A positive feedback loop involving Jagged-1-induced 

activation of NFkB signaling and NFkB-induced transcription of Jagged-1 may further enhance the 

protective effects of Notch signaling (Bash, 1999; Nickoloff, 2002). Activated Notch signaling can also 

protect against apoptosis by inhibiting the activation of c-Jun N-terminal kinase (JNK) (MacKenzie, 

2004). By physically interacting with and inhibiting the function of JNK-interacting protein 1 (JIP1), a 
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scaffold protein that enhances kinase activation during JNK signaling, NICD effectively prevents JIP1-

mediated JNK activation (Kim, 2005). 

Another mechanism of Notch-induced tumour development and progression may involve 

modulation of the TGF-β signaling pathway. Activated Notch-1 suppressed growth-inhibitory effects of 

TGF-β by sequestering the transcriptional coactivator p300 from SMAD3 (Masuda, 2005). Moreover, 

activated Notch-4 bound to and inhibited the signaling activity of SMAD2, SMAD3 and SMAD4, 

resulting in attenuated TGF-β signaling in MCF-7 cells (Sun, 2005). Hence, cells exhibiting activated 

Notch signaling are resistant to the growth inhibitory effects of TGF-β. 

Notch also has important roles in normal arteriogenesis and neo-arteriogenesis, with ligands 

expressed on tumour cells shown to trigger Notch signaling in endothelial cells (Rehman, 2006; Zeng, 

2005). In addition, an interaction between Notch and HIF (Hypoxia-inducible factor)-1α, a transcription 

factor that regulates many genes involved in the response to hypoxia, including factors that promote 

angiogenesis was described. It was found that expression of HIF-1α was upregulated by Notch-1 in 

breast cancer, while other data suggested that HIF-1α binds and stabilizes activated Notch-1 leading 

to enhanced signaling (Gustafsson, 2005; Soares, 2004).    

 

Notch signaling is best known for its involvement in differentiation, controlling early cell fate 

choices, and in the maintenance of stem and proliferating cells. In accordance, aberrant Notch 

activation has obviously been linked with the maintenance of putative cancer stem cell populations 

(Akala, 2006; Fan, 2006; Wicha, 2006). Although the identity and uniformity of these cells is 

controversial, the identification of pathways that promote cell-renewal of cancer cells is an area of 

intense interest.  

Data is emerging in support of the idea that maintenance and amplification of certain types of 

stem cells, a phenomenon possibly replicated in tumour cells, involves the coordinated interplay of 

Notch with other pathways, particularly the Wnt pathway. This is best exemplified in the colon, where 

stem cells found in normal colonic crypts depend on Notch and Wnt signaling for maintenance (Bienz, 

2000; Crosnier, 2006). 
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5.8.1. Value of Notch inhibition 

As mounting evidence indicates that perturbation of Notch signaling might be involved in the 

genesis of many tumour forms, numerous studies have proposed Notch inhibition as a strategy for 

cancer treatment (Miele, 2006; Nickoloff, 2003; van Es 2005b). Notch signaling inhibition has been 

correlated to reversion of the transformed phenotype in cancer cell lines, growth arrest of primary 

tumours and distant metastases and to in vivo tumour regression (Leong, 2007; Stylianou, 2006; 

Sureban, 2008). 

Selective strategies proposed to inhibit Notch include monoclonal antibodies, antisense and 

RNA interference and non-selective strategies comprising soluble or cell-associated Notch decoys and 

γ-secretase inhibitors (GSI). GSI have been the most efficient in abrogating Notch signaling and hold 

the most immediate therapeutic potential (Milano, 2004; Searfoss, 2003; van Es 2005a; Wong GT, 

2004). Since all Notch receptors are dependent on the proteolytic event performed by γ-secretase, its 

inhibition targets the activation step of all Notch receptor types expressed in a given tumour. However, 

these drugs still hold considerable toxicity. On one hand, the possibility that Notch is a “mandatory” 

self-renewal pathway in normal stem cell populations raises the concern that Notch inhibition may 

seriously compromise normal stem cell populations. On the other hand, γ-secretase cleaves other cell 

molecules, the importance of which to cell and tissue biology must not be undermined, and GSI may 

even affect other proteases (Fortini, 2002; Kopan, 2004). These shortcomings justify the relative 

failure of a clinical trial in T-ALL, the limited ability of the drugs used to induce apoptosis, and the 

development of severe gastrointestinal toxicity due to inhibition of Notch signaling in the gut (Lewis, 

2007; Milano, 2004; Palomero, 2006; Searfoss, 2003; van Es 2005a; Wong GT, 2004). While 

development of GSI drugs that selectively target different molecules or drugs that specifically target 

Notch is underway, multidrug strategies to reduce toxicity are also being considered (Kreft, 2008; 

Mayer, 2008; Moellering, 2009). Significantly, in a recent paper the authors managed to improve the 

antileukemic effects of GSI while reducing gut toxicity in vivo by a combination therapy of GSI with 

glucocorticoids (Real, 2009). 

 

5.9. Notch and gastric cancer 

Reports of Notch signaling on gastric tumour development are relatively scarce, similarly to 

what happens with Notch and gastric homeostasis. However, production seems to be steadily 
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increasing. The data available so far is very suggestive in associating aberrant Notch activation to 

gastric carcinogenesis. Li and collaborators reported Notch-1 overexpression in gastric cancer 

patients for the first time and showed that Notch-1 positivity correlated with negative PTEN 

expression, increased tumour size, depth of invasion, differentiation grade and ultimately poor 

prognosis (Li, 2007). In addition, expression of the Notch ligand Jagged-1 was also correlated with 

tumour aggressiveness and poor survival (Yeh, 2009). In gastric cancer cell lines, expression of 

Notch-1, Notch-2 and Notch-3 was detected in all eight gastric cell lines analyzed (Sekine, 2006). 

Although the authors claimed no significant expression changes were observed compared with the 

normal mucosa sample used (nonetheless consisting of a large RNA extraction from a stomach tissue 

specimen), these results suggest Notch signaling may have an important contribution for tumour cell 

viability. The same study analyzed some Notch targets and showed that all but one cell line expressed 

HES-1, again without significant differences to normal tissue, while loss of Math-1 expression was 

observed in five cell lines. Interestingly, these results failed to support a complete HES-1-mediated 

downregulation of Math-1. Furthermore, the authors claimed that loss of Math-1 may be a significant 

event in gastric carcinogenesis and suggested Math-1 as a tumour suppressor gene in the stomach, 

possibly in relation to its ability to control the expression of gastric-specific markers such as MUC5AC 

and MUC6. They supported this idea in the existing reports of 4q22 LOH, the locus of MATH1, in 

gastric cancer (Gleeson, 1997). 

Although the role of deregulated Notch signaling in gastric carcinogenesis is still poorly 

characterized, two recent reports implicate Notch activation in modulating important inflammation-

related outcomes. Yao and colleagues demonstrated that over-activation of Notch signaling 

suppressed TNF-α-induced apoptosis by blocking caspase-3 activation (Yao, 2009). Activated Notch 

signaling was also linked with elevated Cox-2 expression (Yeh, 2009), as the activated form of Notch-

1, NICD, was able to bind to and promote COX-2 expression. Moreover, the authors demonstrated 

that xenografted tumour growth promoted by Notch-1 activation was in part mediated by Cox-2 and 

suppressed by Cox-2 inhibitors. Therefore, it was suggested that combination of Cox-2 inhibitors with 

GSI in lower doses may be a new strategy for gastric cancer treatment, possibly avoiding the above 

described toxicity associated with GSI. 

Little is known about the origin of Notch deregulation in gastric tumours or cell lines. One 

report suggested that Notch activation may be a result of MicroRNA-34 (miR34) loss observed in p53-
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deficient gastric cancer cells (Ji, 2009). This microRNA acts as a tumour suppressor by directly 

modulating several targets including Notch (Bommer, 2007; He, 2007). Restoration of miR34 in a p53-

deficent cell line was able tor reduce the expression of Notch, impair cell growth, increase caspase-3 

activation and inhibit tumoursphere formation and growth. The only other possible explanation for 

Notch activation in gastric tumours, available in the literature, implicates Fbw7 loss of function 

(Akhoondi, 2007). Fbw7 mediates the ubiquitin-dependent proteolysis of several oncoproteins, 

including Notch and Presenilin, and its loss is believed to hyper-stimulate Notch signaling (Hubbard, 

1997; O´Neil, 2007; Tan, 2008; Wu, 2001). Inactivating FBW7 mutations were found in diverse cancer 

types, including in 6% of the gastric cancer cases analyzed (Akhoondi, 2007). However, these findings 

are very incomplete, as demonstration of the existence of a second inactivating hit for FBW7 and a 

resulting increase in Notch activation is still missing. 

 

The lack of knowledge surrounding a possible role of Notch signaling in gastric cancer is 

challenged by the intriguing prospect that Notch could mediate E-cadherin-associated tumourigenesis, 

following the findings produced with human E-cadherin forms in Drosophila (Pereira, 2006).  

 

5.10. Notch and E-cadherin 

In many tumour types in which aberrant Notch activation is observed, loss of E-cadherin 

function is a common feature. Still, it remains to be determined whether such descriptions constitute a 

mere biological coincidence or if there are biological processes directly connecting these events. EMT 

encompasses precisely loss of the epithelial marker E-cadherin and Notch activation (Leong, 2006; 

Thiery, 2006). However, skepticism about the role of EMT in cancer stems from the apparent rarity of 

the EMT-like morphological changes that are observed in primary tumour sections, and also from the 

observation that metastases appear histologically similar to the primary tumour from which they are 

derived (Lee JM, 2007). Acquisition of mesenchymal markers and properties during tumour 

progression may simply reflect genomic instability and EMT may not occur in tumours (Tarin, 2005). 

Even considering EMT occurrence, the loss of E-cadherin is described during progression from an in 

situ to an invasive carcinoma, therefore in a relatively late progression stage where genetic and 

molecular instability may have already settled and originated independent alterations to E-cadherin 

and Notch (Birchmeier, 1994).  
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In contrast, the hypothesis derived from the Drosophila system implicates a more direct cross-

talk between E-cadherin and Notch, as E-cadherin expression was able to produce a phenotype 

characteristic of downregulated Notch signaling, and suggests this molecular interaction could be 

relevant during tumour initiation associated with E-cadherin impairment (Pereira, 2006). 

Throughout the duration of this work, several reports have been published supporting the 

existence of an E-cadherin-Notch cross-talk. In human breast MCF10A cells increased Notch-1 

signaling and reduced E-cadherin expression was observed following transfection with the active form 

of Notch (NICD), while overexpression of Numb, a Notch inhibitor, abrogated Notch signaling and led 

to the accumulation of E-cadherin (Stylianou, 2006). It was also demonstrated that Jagged-1-mediated 

activation of Notch-1 can lead to the upregulation of Slug, a transcriptional repressor of E-cadherin 

(Leong, 2007). Significantly, inhibition of ligand-induced Notch signaling in xenografted Slug-

positive/E-cadherin-negative breast tumours promoted apoptosis, inhibited tumour growth and 

metastases and associated with downregulated Slug expression and re-expression of E-cadherin. The 

ability of Notch signaling to repress E-cadherin expression was again reported in several cancer cell 

lines under hypoxia (Chen, 2010; Sahlgren, 2008). 

In addition to influencing E-cadherin expression, Notch may affect E-cadherin function 

indirectly, as it was able to remodel and disassemble adherens junctions (Grammont, 2007; Zavadil, 

2004). Another possibility is that both proteins may physically interact, because Notch is one the 

proteins that can have an enriched pool of molecules at adherens junctions, the cellular localization of 

E-cadherin (Wilkin, 2008; Woods, 1993). One final explanation for an E-cadherin-Notch cross-talk is 

based on proteolytic cleavages. While Notch activation is dependent on the receptor processing by 

ADAM-10/17 and γ-secretase, normal E-cadherin inactivation, necessary during specific cellular 

behaviours, is performed through shedding of E-cadherin by ADAM-10 and γ-secretase (Marambaud, 

2002; Maretzky, 2005). Sharing of the same proteases raises the possibility that different amounts of 

Notch and E-cadherin in a cell could influence proteolytic activity through substrate preference or 

competition, ultimately influencing Notch signaling and E-cadherin function. Recently it was reported 

that processing of APP, one of the substrates of γ-secretase, is inhibited because p120-catenin 

recruits γ-secretase towards the cadherin/catenin complex, in a process that requires E-cadherin 

(Kouchi, 2009). 
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RATIONALE and AIMS 

 

 

“My cancer scare changed my life. I'm grateful for 

every new, healthy day I have. It has helped me 

prioritize my life.” 

Olivia Newton-John, breast cancer 
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Although gastric cancer incidence and mortality rates have been declining over the last 

decades, the disease remains one of the leading causes of cancer-related deaths worldwide. In 

particular, one histological subtype, diffuse gastric cancer, constitutes a major healthcare problem. It 

develops without detectable symptoms or pre-malignant lesions, and at initial diagnosis most patients 

already present an advanced disease stage. Diffuse gastric cancer is characterized by poor prognosis 

and absence of an efficient clinical treatment. While the overall incidence of gastric cancer has been 

declining, the contribution of diffuse type tumours to the total number of gastric cancer cases keeps 

increasing, even in developed countries. 

The relative lack of knowledge of the molecular mechanisms behind diffuse gastric cancer 

development was only broken by the breakthrough finding identifying E-cadherin alterations as 

initiating events in HDGC, an autosomal dominant gastric cancer syndrome of diffuse type tumours. E-

cadherin deregulation was already known as a common feature in tumours of several tissues, with its 

role in tumourigenesis ascribed to the ability to suppress invasion and metastization. However, the 

HDGC findings and the increasing reports recognizing E-cadherin as a more ubiquitous cellular 

receptor, capable of interacting with different cell signaling pathways, indicate that E-cadherin 

impairment has a wider impact than that associated with its ability to suppress invasion and 

metastization alone, possibly contributing to gastric tumour initiation by altering cell signaling. 

 

The main goal of this work is to understand the possible role of the Notch pathway in gastric 

carcinogenesis associated with inactivation of E-cadherin. The central hypothesis is based on the fact 

that in a Drosophila system E-cadherin expression is able to produce a phenotype characteristic of 

downregulated Notch signaling, and on several recent reports that hint for the existence of a cross-talk 

between E-cadherin and Notch. The large oncogenic potential of aberrant Notch signaling suggests 

that such molecular interaction may constitute a significant transforming inhibition that is de-repressed 

following E-cadherin loss, thus contributing to tumour initiation in E-cadherin-deficient gastric tumours. 

This constitutes a particularly attractive hypothesis as deregulated Notch has been described 

in many diseases, including several types of cancer, and consequently research on Notch-interfering 

drugs and strategies has been a very active and rich field. The possibility that tumour development 

promoted by E-cadherin impairment is mediated, even if just in part, by Notch raises the thrilling 
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prospect that development and progression of diffuse gastric tumours may be targeted by Notch-

interfering drugs, and a clinical treatment for diffuse gastric cancer may at last (begin to) gain shape. 

 

In view of the above, our specific aims are to demonstrate that: 

 

1. E-cadherin is an active signal transducer and modulator of intracellular signaling, in 

particular establishing a molecular interaction with Notch 

 

2. Loss of E-cadherin function induces Notch-mediated molecular alterations translated into 

cellular phenotypes that contribute to tumour development 

 

3. Notch-inhibiting strategies provide a clinical alternative to the treatment of E-cadherin-

associated tumours by effectively reversing/blocking some of the cellular outcomes 

derived from E-cadherin loss of function 

 

 

We address our aims in the following tasks: 

 

1. Confirm that Notch pathway activity is a feature of gastric cancer cell lines; 

2. Determine the effect of different E-cadherin proteins, namely HDGC-associated mutated 

forms, on Notch signaling; 

3. Identify the downstream targets of Notch and the cellular phenotypes resulting from altered E-

cadherin-Notch interaction; 

4. Assess the molecular and cellular consequences of Notch-inhibiting drugs in our particular 

system, focusing on its usefulness in reverting novel oncogenic phenotypes associated with E-

cadherin loss of function; 

5. Determine the usefulness of Notch-inhibiting drugs in reverting established oncogenic 

phenotypes associated with E-cadherin loss of function; 

6. Understand the molecular mechanism(s) through which E-cadherin and Notch interact; 

7. Evaluate the mutational status of NOTCH1 in gastric tumours; 
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8. Characterize the immunohistochemical expression of Notch-1 and E-cadherin in diffuse 

carcinomas with bonafide signet-ring morphology; 

9. Test in vivo the effectiveness of a Notch-inhibiting drug in reducing the growth of E-cadherin-

deficient tumour xenografts. 
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MATERIAL and METHODS 

 

 

“Pain is temporary. Quiting lasts forever.” 

Lance Armstrong, testicular cancer 
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1 – Cell culture and generation of in vitro models  

 

1.1 Cell lines and culture conditions 

AGS, GP202, IPA220, MKN28, MKN45, NCI N87 and KatoIII cell lines were grown in RPMI-

1640 medium (GIBCO, Invitrogen), supplemented with 10% fetal bovine serum (FBS; GIBCO, 

Invitrogen) and 100 µg/mL penicillin/streptomycin (Invitrogen), in a 5% CO2 humidified atmosphere at 

37ºC. 

Melanoma-derived E-cadherin-negative MDA-MB 435 cells transduced with wild-type or 

mutated forms of E-cadherin (T340A and V832M) were maintained in Dulbecco’s Modified Medium (D-

MEM) medium (GIBCO, Invitrogen), supplemented with 10% FBS, 100 µg/mL penicillin/streptomycin 

and under blasticidin selection (5 µg/mL; Invitrogen) in a 10% CO2 humidified atmosphere at 37ºC. As 

negative control, MDA-MB 435 cells were transduced with the empty vector (Mock). 

E-cadherin-negative CHO-K1 (Chinese hamster ovary-CHO) cells transfected with wild-type or 

mutated forms of E-cadherin were grown in α-MEM (+) medium (GIBCO, Invitrogen), supplemented 

with 10% FBS, 100 µg/mL penicillin/streptomycin and under Geneticin G418 sulphate selection (500 

µg/mL; Invitrogen) in a 5% CO2 humidified atmosphere at 37ºC. Again, cells transfected with the 

empty vector were used as negative control. 

MDA-MB 435-tranduced cells and CHO-transfected cells had been previously established in 

our Institute and constituted a very valuable resource that we were allowed to use. Following is a short 

description of the techniques employed during their establishment. 

 

1.2 Construction of plasmids encoding human wild-ty pe and mutant E-cadherin forms  

Human wild-type E-cadherin cDNA was amplified from a human colon cDNA library (Clontech 

Laboratories) and inserted into the mammalian expression vector pcDNA3 (Invitrogen), leading to the 

plasmid pECAD1, as previously described (Suriano, 2003a; Suriano, 2003b). HDGC-associated 

germline missense mutated E-cadherin cDNA fragments were generated by nested PCR, using 

specific primers carrying the desired mutations and pECAD1 as DNA template, and cloned into 

pcDNA3 (Mateus, 2007; Mateus, 2009; Suriano, 2003a; Suriano, 2003b). Wild-type and two mutated 

forms (T340A and V832M) of E-cadherin were also cloned into the pLenti6/V5 Directional TOPO 

vector (Invitrogen) for retroviral infection. 
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1.3 Establishment of cell lines stably expressing t he different E-cadherin constructs 

Cells were stably transfected with pcDNA3 plasmids by electropermeabilization. Selection was 

performed for 3 weeks, under antiobiotic resistance to Geneticin G418 sulphate (500 µg/mL). 

Retroviral infection was performed using the Virapower infection kit (Invitrogen), according to 

the manufacturer’s instructions. 293FT cells were chosen for viral packaging and lipofectamine 

transfection (Invitrogen) performed with 95% confluent cells in Opti-MEM medium (GIBCO, 

Invitrogen). Virus-containing supernatants were collected at 48h (hours) and 72h post-transfection, 

filtered and applied, in the presence of 100 µg of polybrene, on MDA-MB 435 target cells grown at 

60% confluence. Blasticidin selection (5 µg/mL) was carried out for the following 3 weeks.  

To verify the expression of E-cadherin in the selected cells, western blotting and 

immunofluorescence was performed. 

 

2 – Immunofluorescence staining 

Cells were seeded on 6-well plates on top of glass coverslips and grown for 48h. Once the 

desired confluence was reached, cells were fixed in cold methanol (-20ºC) for 10 minutes (min) and 

subsequently incubated with primary anti-E-cadherin antibody (BD Transduction Laboratories, 

610182) used at 1:50 dilution (in PBS) and incubated for 1h at RT (room temperature). After three 

washes with PBS + 0.5% Tween-20, cells were incubated for 1h with secondary antibody labelled with 

FITC (Dako, E0354; 1:100 in PBS). Coverslips were mounted on slides using Vectashield mounting 

medium with 4’-6-diamidino-2-phenylindole (DAPI, Vector Laboratories) and protein detection was 

performed under a fluorescence microscope. 

 

3 – Immunoblotting and Immunoprecipitation 

 

3.1 Preparation of cell lysates  

Cells were lysed using cold Catenin Lysis Buffer [1% Triton X-100 (Sigma), 1% Nonidet P-40 

(Sigma) with 1:7 proteases inhibitor cocktail (Roche) and 1:100 phosphatases inhibitor cocktail 

(Sigma)]. For protein subcellular fractionation, cells were washed three times with PBS and extraction 

was performed with the Proteoextract Subcellular Kit (Calbiochem, CALB539790), according to the 

manufacturer's instructions. 
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Protein concentration was determined using the Lowry Assay (BioRad DC reagents, BioRad). 

 

3.2 Immunoblotting  

Prior to SDS-PAGE, proteins were dissolved in sample buffer (90% of Laemmli, 5% of 2-β-

mercaptoethanol and 5% of Bromophenol Blue) and boiled for 5min at 95ºC. Aliquots of 35 µg were 

loaded for each sample on SDS-PAGE gels. Proteins were separated by gel electrophoresis and 

transferred onto Hybond nitrocellulose membranes (GE Healthcare). Membranes were blocked with 

blocking buffer for a minimum of 2h and incubated ON with the primary antibody specific for the 

protein of interest and diluted with blocking buffer. Accordingly, anti-goat (Santa Cruz, F2206; at 

1:4000 dilution), anti-mouse (GE Healthcare, NA931V; at 1:3000 dilution), or anti-rabbit (GE 

Healthcare, NA934V; at 1:10000 dilution) horseradish peroxidase-conjugated secondary antibodies 

were used for 1h at RT, followed by ECL western blotting detection (GE Healthcare). 

 

3.3 Immunoprecipitation   

For immunoprecipitation assays, 600 µg of proteins were incubated with primary antibody (2,5 µg) ON 

at 4°C. Immunocomplexes were then incubated for 60m in with protein G-Sepharose beads (GE 

Healthcare), washed, eluted in sample buffer, boiled for 5min at 95ºC and submitted to SDS-PAGE 

and immunoblotting. 

 

3.4 Antibodies 

The following primary antibodies, respective dilutions and dilution buffers were used:   

Antibody Dilution Buffer 

anti-Notch-1 (Santa Cruz, SC-6014) 1:1000 5% nonfat milk in PBS + 0.5% Tween-20 

Anti-Notch-2 (Santa Cruz, SC-5545) 1:500 5% Milk 

anti-E-cadherin (BD Transduction Laboratories, 610182) 1:3000 5% Milk 

anti-Jagged-1 (Santa Cruz, SC-6011) 1:2000 5% Milk 

Anti-Jagged-2 (Cell Signaling, #2205) 1:500 5% Milk 

anti-Delta-1 (Santa Cruz, SC-9102) 1:500 5% Milk 

anti-Delta-3 (Cell Signaling, #2483) 1:1000 5% Milk 

anti-Delta-4 (Cell Signaling, #2589) 1:500 5% Milk 
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anti-HES-1 (kind gift from Dr. Tetsuo Sudo, Toray 

Industries Inc.) 

0,6µg/mL 5% Milk 

anti-HEY-1 (Santa Cruz, SC-16424) 1:500 5% Milk 

anti-HEY-L (Santa Cruz, SC-16448) 1:500 5% Milk 

anti-HEY-2 (Chemicon, AB5716) 1:250 5% Milk 

anti-HES-5 (Chemicon, AB5708) 1:250 5% Milk 

anti-Math-1 (Abcam, ab27667) 1:1000 5% Milk 

anti-Musashi-1 (kind gift from Dr. Hideyuko Okano, Keio 

University, Tokyo) 

1:4000 5% Milk 

anti-p21 (BD Transduction Laboratories, 554228) 1:250 5% Milk 

anti-p27 (Santa Cruz, SC-528) 1:500 5% Milk 

anti-cyclin-D1 (Santa Cruz, SC-20044) 1:500 5% Milk 

anti-phospho-NF-kappaB p65  (Ser536) (Cell Signaling, 

#3031) 

1:1000 4% Bovine Serum Albumin (BSA; Sigma) 

in PBS + 0.5% Tween-20 

anti-NF-kappaB p65 (Santa Cruz, SC-372) 1:1000 5% Milk 

anti-NF-kappaB p105/p50 (Cell Signaling, #3035) 1:500 5% Milk 

anti-phospho-AKT Ser 473 (Cell Signaling, #4051) 1:1000 4% BSA 

anti-AKT (Cell Signaling, #2966) 1:1000 5% Milk 

anti-phospho-ERK1/2 (p44/42 MAPK) Thr202/Tyr204 

(Cell Signaling, #9106) 

1:1000 4% BSA 

anti-ERK1/2 (Cell Signaling, #9102) 1:1000 5% Milk 

anti-Phosphotyrosine-PY-20 (BD Transduction 

Laboratories, 610000) 

Used to immunoprecipitate phospho-PI3K, afterwards 

detected by western blot with anti-PI3K (610046) 

anti-PI3K (BD Transduction Laboratories, 610046) 1:1000 4% BSA 

anti-c-Myc (Santa Cruz, SC-42) 1:250 5% Milk 

anti-Bcl-2 (Dako, M0887) 1:100 5% Milk 

anti-XIAP (Cell Signaling, #2042) 1:500 5% Milk 

anti-Survivin (Cell Signaling, #2808) 1:1000 5% Milk 

anti-MCL1 (Cell Signaling, #4572) 1:500 5% Milk 

anti-Bfl1 (Cell Signaling, #4647) 1:500 5% Milk 

anti-Puma (Cell Signaling, #4976) 1:500 5% Milk 

anti-Bcl-XL (Santa Cruz, SC-7195) 1:300 5% Milk 

anti-Noxa (Abcam, ab13654) 1µg/mL 5% Milk 



Material and Methods 

 117 

anti-phospho-p53 Thr81 (Cell Signaling, #2676) 1:1000 4% BSA 

anti-phospho-JNK Thr183/Tyr185 (Cell Signaling, 

#9255) 

1:3000 4% BSA 

anti-Adam-10 (Chemicon, AB19026) 1:500 5% Milk 

anti-Adam-17 (Chemicon, AB19027) 1:500 5% Milk 

anti-Presenilin-1 (Sigma, P7854) 1:20000 5% Milk 

anti-p120-catenin (BD Transduction Laboratories, 

610134) 

1:2000 5% Milk 

anti-PARP (Santa Cruz, SC-7150) 1:4000 5% Milk 

 

The same primary antibodies were used for western-blotting and immunoprecipitation 

experiments. Anti-α-tubulin (Sigma, T6199) was used as loading control. 

 

4 – Cell treatments 

 

4.1 Small interference RNA (siRNA) transfection 

1,5x105 cells were grown in 6-plate wells for 24h. Afterwards, cells were transiently transfected 

with the siRNA of interest, using the Lipofectamine 2000 transfection reagent (Invitrogen) and 

incubated with 10% FBS and antibiotic-free medium. After 12h, medium was removed and replaced 

with fresh antibiotic-free medium that could either contain 10% FBS or be serum-free according to the 

desired experiment. For all siRNAs, mRNA inhibition was observed at 48h post-transfection and 

protein levels were extracted and analyzed at 48h and 72h. 

Jagged-1 (optimum inhibition at 175 nM), CBF1 (175 nM), Delta-1 (no inhibition observed) and 

two Notch-1 (125 nM) siRNAs were obtained from Qiagen (Hs_Jag1_2 cat SI00004648; 

Hs_RBPSUH_6 cat SI03131247; Hs_DLL1_3 cat SI00369719; Hs_Notch1_2 cat SI00119021 and 

Hs_Notch1_3 cat SI00119028), and prepared according to manufacturer’s instructions. As Delta-1 

siRNA was not efficient in inhibiting Delta-1, a second siRNA was purchased from Dharmacon and 

used at 200 nM (On-Targetplus Smart pool Human DLL1, NM_005618). As negative control, cells 

were transfected with non-silencing siRNA (All Stars Negative Control cat 1027281, Qiagen) at the 

same concentration of the siRNA under evaluation. 
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4.2 Caspase inhibition/Z-VAD treatment 

The pan-caspase inhibitor Z-VAD (Z-Val-Ala-DL-Asp-fluoromethylketone) was obtained from 

Bachem AG (N-1510). The drug was dissolved in methanol to a working solution of 20 mM. Treatment 

was performed by adding 1 µL of the working solution for each mL of medium to cells grown in 6-well 

plates, for 48h. For control samples, the same amount of methanol was added. 

 

4.3 γ-secretase inhibition/DAPT treatment  

Inhibition of γ-secretase activity by DAPT (Sigma, D5942), Genistein (Toronto Research 

Chemicals, G35000) or L685,458 (Sigma, L1790) was tested under several conditions and evaluated 

by NICD detection. Reduction on NICD amounts was only obtained for DAPT, and sustained for at 

least 72h after treatment. 

DAPT (N-[N-(3,5-Difluorophenacetyl)-L-alanyl]-S-phenylglycine t-butyl Ester) was dissolved in 

DMSO to a working solution of 10 mM. For treatment, cells were grown in 6-well plates at 37ºC and 1 

µL of the working solution was added to each mL of medium. For control samples, the same volume of 

DMSO (1 µL) was added to each mL of medium. 

 

4.4 MB2 antibody treatment 

A monoclonal antibody (MB2, kind gift from Professor Marc Mareel) that interferes with the 

function of E-cadherin was used to block E-cadherin extracellular-mediated homotypic interactions 

and cell-cell adhesion (Bracke, 1993). 

Two millilitres of a suspension containing 5x105 cells were supplemented with MB2 (1:50 

dilution) and cultured in 6-well plates. After incubation periods of 24h or 48h at 37ºC, protein extraction 

was performed. 

 

4.5 ADAM-10 and ADAM-17 inhibition 

Cells were grown in 6-well plates and, upon reaching the desired confluence, treated with the 

respective inhibitor and incubated at 37ºC for 24h. Adam-10 activity was targeted by recombinant 

human TIMP-1 (R&D, cat. 970-TM) diluted in H2O and added at final concentrations of 0.2, 0.4, 1 and 

2 µM. TAPI-1 (Calbiochem, 579051), diluted in DMSO and added at 1, 2, 5 and 10 µM, was used to 

achieve ADAM-17 inhibition.  
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4.6 Exogenous Ligands 

Immobilized ligand coating was established in non-tissue culture 24-well plates by placing the 

respective exogenous ligand diluted in 500 µL PBS per well and incubating at 4ºC ON. Recombinant 

human Dll-1 (1818-DL) and recombinant human Jagged-1/Fc chimera (1277-JG) were purchase from 

R&D and diluted at 10 µg/mL in PBS. After PBS removal, 2x105 cells were seeded, cultured for 3h, 6h 

or 24h and protein extraction was performed.  

 

5 – RNA extraction and Real-Time PCR  

Total RNA extraction was performed with Tripure isolation reagent (Roche), according to 

manufacturer’s instructions. The isolated RNAs were treated with ribonuclease-free 

deoxyribonuclease DNase I (1 U/µL) for 1h to eliminate contamination with genomic DNA. First-strand 

cDNA was synthesized from 1,5 µg total RNA using Superscript II reverse transcriptase (Invitrogen) 

for 1h at 37ºC. 

Real-time PCR assays were done using Quantitect SYBR Green PCR kit (Qiagen) with SYBR 

Green I as the fluorescent dye enabling real-time detection of PCR products according to the 

manufacturer’s protocol. Notch-1- and CBF-1-specific primers (Quantitect Primer Assay 

Hs_Notch1_2_SG cat QT01005109, Hs_RBPJ_2_SG cat QT01680049, Qiagen) were purchased from 

Qiagen. Reactions were performed in an ABI Prism 7000 SDS v1.1, using the following conditions: 

95ºC for 15min followed by 40 cycles of 94ºC for 15s, 55ºC for 30s and 72ºC for 1min.  For 

quantification, relative gene expression of the target gene was determined after normalization to the 

internal standard 18S gene. 

 

6 – TUNEL assay 

In situ cell death detection kit (Roche) was used to detect apoptotic cell death by enzymatic 

labelling of DNA strand breaks. After treatment (with DAPT or the respective siRNA), cells were fixed 

in 4% paraformaldehyde for 20min at RT and cytospun into slides. Slides were washed in PBS, and 

cells were then suspended in permeabilization solution (0.1% Triton X-100, 0.1% sodium citrate) for 

3min on ice. Cells were washed again and treated with 30 µL of TUNEL-reaction mixture for 1h in a 

humidified dark chamber at 37ºC. Following PBS washing, slides were mounted with Vectashield 
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mounting medium with DAPI (Vector Laboratories) and green fluorescence of apoptotic nuclei was 

detected by fluorescence microscopy. For each slide, a minimum of 2000 nuclei were counted. 

 

7 – Proliferation assay (BrdU incorporation) 

Cells layers established on coverslips were labelled by incubation in 10 µM of 

bromodeoxyuridine (BrdU) for 1h and fixed with 4% paraformaldehyde. Positive cells were detected by 

immunofluorescence staining with monoclonal anti-BrdU antibody (Dako). For each coverslip, a 

minimum of 750 nuclei were counted. 

 

8 – Slow aggregation assay 

Each well of a 96-well plate was coated with 50 µl of a semi-solid agar-solution [100 mg 

Bacto-agar (Difco Laboratories) in 15 ml of sterile PBS, dissolved at 40-50ºC]. 2x104 trypsinized cells 

were seeded on each well and the plate incubated at 37ºC in a humidified atmosphere with 5% of CO2 

for 48h. Aggregation was evaluated under an inverted microscope (4x objective) at 24h and 48h. 

 

9 – Matrigel invasion assay 

24-well Matrigel-coated invasion inserts of 8 µm pore size filters (BD Biocoat) were hydrated 

by filling the inner and outer compartments of the system with antibiotic-free α-MEM medium 

supplemented with 10% FBS. After 60min incubation at 37°C, 5x10 4 cells were seeded over the 

inserts and incubated for 24h at 37°C. Filters were  washed in PBS, fixed in 4% paraformaldehyde, 

removed from the inserts, and mounted in Vectashield. Invasive cells were identified as DAPI-

counterstained nuclei that passed through the pores of the filter and scored in at least 25 microscopic 

fields (20x objective). 

 

10 – NOTCH1 mutation screening 

Detection of NOTCH1 mutations in exons 26, 27 and 34, encoding for the HD and PEST 

domains of the Notch-1 protein, and corresponding to the mutation hot-spots identified in T-ALL 

patients, was performed in 35 sporadic diffuse gastric cancer cases obtained from the Department of 

Pathology at Hospital São João, Porto. Tumour DNA was isolated using standard proteinase K 

digestion and phenol/chloroform extraction. Initial PCR amplifications were performed in a 25 µL 
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volume containing 200 mmol/L each of deoxynucleoside triphosphate, 20 pmol each of the forward 

and reverse primers, 50 mmol/L KCl, 10 mmol/L Tris-HCl (pH 9.0), 1.5 mmol/L MgCl2, and 1 U of Taq 

DNA polymerase (GE Healthcare). Primers and cycling conditions were the same as previously 

described (Weng, 2004). Following agarose gel electrophoresis, PCR products were amplified and 

sequenced using the ABI Prism Big Dye Terminator v3.1 Cycle Sequencing kit (Applied Biosystems) 

and an ABI Prism 3130 XL DNA Sequencer (Applied Biosystems). Sequencing was performed using 

the original primers. 

 

11 – Immunohistochemistry 

Surgical specimens from four early diffuse signet-ring carcinomas were resected and 

diagnosed at Hospital São João, Porto.  Tissue fragments were fixed in 10% formaldehyde and 

embedded in paraffin wax. Serial sections of 3 µm were obtained from each block and used for 

haematoxylin and eosin staining and immunohistochemistry. 

Antigen retrieval was performed in Trilogy buffer (Cell Marque) for 20min at 99ºC.  Non-

specific endogenous peroxidase activity was eliminated by DAKO Peroxidase Block (Dako ENVision+ 

System, Peroxidase, Dako) for 10min at RT. Slides were washed in water and PBS-Tween and 

incubated with rabbit anti-Notch-1 (Santa Cruz, SC-6014, 1:100 dilution) or mouse E-cadherin (Zymed 

Laboratories, 13-1700, 1:50 dilution) primary antibody for 1h at RT. After washing, slides were 

incubated with Horseradish peroxidase-labeled Polymer that is conjugated to rabbit and mouse 

secondary antibodies (Dako ENVision+ System, Peroxidase, Dako) for 30min at RT. Slides were 

again washed and staining was completed by a 5-10min incubation with 3,3’-diaminobenzidine (DAB) 

and substrate-chromogen (Dako ENVision+ System, Peroxidase, Dako) which resulted in a brown-

colored precipitate at the antigen site. Finally, slides were counterstained with haematoxylin, 

dehydrated, and mounted.  

 

12 – Tumour xenograft model  

CHO Mock or wild-type E-cadherin cells (1x106) in 100 µL of PBS were inoculated 

subcutaneously into 8-10 week-old male N:NIH (S) nu/nu mice (Azar, 1980). At post-inoculation day 3, 

groups of 5 animals each were treated subcutaneously everyday with 100 µL of 50% DMSO/H20 

(vehicle group), DAPT (10 mg per Kg of body weight), or once every 3 days with taxol/paclitaxel (10 
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mg per Kg of body weight) (Paris, 2005). Tumour volume (in mm3) was calculated using the formula 

(length x width2)/2 (Clarke, 2000). As controls, groups of non-inoculated animals were treated under 

the same conditions with DMSO, DAPT or taxol. At the end of the study, animals were humanely 

euthanized. 
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“I wanted a perfect ending. Now I've learned, the hard way, that 

some poems don't rhyme, and some stories don't have a clear 

beginning, middle, and end. Life is about not knowing, having to 

change, taking the moment and making the best of it, without 

knowing what's going to happen next.” 

Gilda Radner, ovarian cancer 
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1 – Confirm that Notch pathway activity is a featur e of gastric cancer cell lines 

 

Prior to addressing the main goal of this work, assessing a possible involvement of the Notch 

pathway in E-cadherin-deregulated gastric cancer development, we sought confirmation that Notch 

signaling is active in gastric cancer cells. To this end, we analyzed the protein levels of the full length 

Notch-1 receptor and its active form NICD in seven gastric cancer cell lines. 

Five of the seven cell lines analyzed presented significant levels of NICD, hinting that they have strong 

Notch-1 signaling activity (Figure 39). AGS cells showed little amounts of Notch-1 as well as NICD, 

while absence of NICD and consequently no Notch activity was observed only in GP202.  

 

 

Figure 39 - Western blot analysis showing full length and active Notch-1 (Notch-1 and NICD, respectively) protein 

levels in seven different gastric cancer cell lines 

 

Interestingly, if we join our results to the data obtained by Sekine we verify that out of 13 

different gastric cancer cell lines analyzed for Notch-1, a total of 11 cell lines (or 85%) present 

significant Notch-1 activation (Sekine, 2006). This finding strongly suggests that Notch-1 activation 

may be an important contribution for the transformation or survival/maintenance of these cells. 

 

We also tried to determine the protein levels of Notch-2. However, we were unable to detect 

the proper western blot band, possibly due to undetermined technical problems and despite several 

attempts. In contrast to this difficulty, as Notch-1 blotting enabled the detection of both full Notch-1 

protein and the truncated active form, and as the results in the gastric cancer cells lines showed  

Notch-1 activation in the majority of them, we decided to continue our work focusing on Notch-1. 
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2 - Determine the effect of different E-cadherin pr oteins, namely HDGC-associated 

mutated forms, on Notch signaling 

 

Experiments to address this and some following aims were performed on a human epithelial 

E-cadherin-negative cell line (MDA-MB 435) transduced with wild-type E-cadherin or two HDGC-

related missense mutated forms. The T340A alteration (A→G in nucleotide 1018 of the CDH1 gene) 

affects the extracellular domain of the protein, whereas the V832M mutation (G→A in nucleotide 2494) 

localizes to the cytoplasmatic tail. Both mutations lead to loss of function of the protein, impair cell-cell 

adhesion and decrease the ability to suppress cell invasion (Suriano, 2003a; Suriano, 2003b). 

 

 

 

Figure 40 - Confirmation of MDA-MB 435 cells as an appropriate cell model for our experiments. A, Western 

blotting confirming the expression of wild-type and the mutated forms T340A and V832M of E-cadherin at similar 

levels. B, Correct cellular localization of these E-cadherin forms determined by immunofluorescence staining 
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E-cadherin expression was not detected in the “parental” MDA-MB 435 cell line (data not 

shown) and in the Mock cell line, but the protein was present in comparable amounts in wild-type and 

mutant-expressing E-cadherin cell lines (Figure 40A). 

Immunofluorescence staining showed that the protein localized at the cell membrane forming 

a typical honeycomb like pattern in wild-type and mutant-expressing cells (Figure 40B). 

With the proper cellular model established, we proceeded to evaluate the effect of different E-

cadherin proteins on Notch signaling. While the Mock cell line that did not express E-cadherin 

presented high Notch-1 activation, measured by the amounts of NICD, expression of the wild-type E-

cadherin form on the same cellular background was sufficient to significantly decrease the activation 

of Notch-1 to very low NICD levels (Figure 41A). Moreover, differences in Notch-1 mRNA (Figure 41B) 

and full-length Notch-1 protein expression were also observed between Mock and wild-type E-

cadherin cells (Figure 41A). 

 

 

 

Figure 41 - Notch-1 gene expression, protein levels and activation in relation to different E-cadherin proteins 

transduced in MDA-MB 435 cells. A, Western blot showing the full length Notch-1 and NICD levels in cells 

expressing different E-cadherin proteins. B, The effect of different E-cadherin forms on Notch-1 mRNA levels 

assessed by Real-Time PCR 

 

These results are in accordance with the inverse association between E-cadherin and Notch 

previously described in the Drosophila model and confirm the ability of wild-type E-cadherin to 

decrease Notch signaling (Pereira, 2006). Such is achieved at least through interference with Notch-1 

gene expression. The resulting lower amounts of full Notch-1 receptors could then account for the 
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decreased NICD levels and pathway activation. However, as the differences in NICD levels between 

Mock and wild-type E-cadherin cells were greater and did not seem proportional to the differences in 

full Notch-1 amounts between the two cell lines, the possibility that E-cadherin also interferes with the 

activation processes of Notch could not be excluded. 

 

Interestingly, cells expressing the mutated forms of E-cadherin showed similar results to Mock 

cells as they presented increased amounts of NICD and greater Notch-1 mRNA and protein 

expression when compared to wild-type E-cadherin cells (Figure 41A and B). These mutated proteins 

only differ from wild-type E-cadherin in a single aminoacid and are affected in different domains. 

However, both cell lines showed similar inability to inhibit Notch-1 signaling as Mock cells (completely 

negative for E-cadherin), hinting the need of an intact E-cadherin protein to repress Notch signaling 

and suggesting a role for Notch-1 activation in tumour development associated with E-cadherin 

impairment. 
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3 – Identify the downstream targets of Notch and th e cellular phenotypes resulting 

from altered E-cadherin-Notch interaction 

 

To understand the biological value of activated Notch-1 associated with impaired E-cadherin 

and the consequence of E-cadherin expression to our system, we searched for the downstream 

targets affected by Notch signaling. We started by analyzing the Notch canonical targets of the HES- 

and HEY-family, and Math-1 that can be downregulated by HES and HEY proteins (Bailey, 1995; 

Davis, 2001; Iso, 2003). Surprisingly, no differences were observed in HES-1, HEY-1 and HEY-L 

amounts between Mock, mutant and wild-type E-cadherin cell lines while HES-5 and HEY-2 were not 

detected in any cell line (Figure 42). 

 

Figure 42 - Proteins levels of Notch canonical targets and of their downstream target Math-1 in our MDA-MB 435 

transduced cell lines  

 

Therefore, these results suggest that in this specific model increased Notch-1 activity was not 

signaling through its classical targets. In contrast, it was interesting to verify that Math-1 was less 

abundant in E-cadherin-impaired cells than in the wild-type E-cadherin cell line. On its own, this 

observation was in accordance with canonical Notch signaling. However, downregulation of Math-1 in 

cells with increased Notch signaling is achieved through increased expression of HES or HEY proteins 

(Iso, 2003). As this was not the case, we were inclined to believe that the different Math-1 levels were 
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observed independent of Notch activation and likely associated instead with the presence of different 

forms of E-cadherin. 

 

After excluding the canonical Notch-1 targets, we investigated the effect of the different Notch-

1 activation status of our cell lines on other candidate downstream targets, in particular several 

proteins that have been associated with aberrant Notch signaling in the development of many solid 

tumours (Chappell, 2005; Chen, 2007; Efstratiadis, 2007; Kunnimalaiyaan, 2006; Lee, 2008; Liu, 

2006; Liu, 2007; Pegman, 2006; Ramdass, 2007; Rangarajan, 2001; Stylianou, 2006; Wang, 2006; 

Yao, 2007). We also analyzed the Notch upstream protein Musashi-1 (Okano, 2002). No changes in 

expression were observed for NF-kB (phosphorylated and total), PI3K (phosphorylated and total), AKT 

(phosphorylated and total), ERKs (phosphorylated and total), Musashi-1, p21, c-Myc, phosphorylated 

JNK, phosphorylated p53, Noxa, Puma, Bfl-1, Bcl-XL, MCL-1, Survivin and XIAP between all cell lines 

(Figure 43).  

 

 

Figure 43 - Western blot analysis of several molecules that could constitute non-canonical targets of Notch-1 

signaling in MDA-MB 435 transduced cells 
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In contrast, significantly higher amounts of the anti-apoptotic protein Bcl-2 were observed in 

cell lines that did not possess functional E-cadherin and that showed increased NICD levels than in 

wild-type E-cadherin cells (Figure 44). A similar finding was observed for Cyclin D1, albeit the variation 

in cyclin D1 protein levels between E-cadherin-deficient and wild-type E-cadherin cells was not as 

large. Possibly related to Cyclin D1, p27 levels showed the opposite trend. Wild-type E-cadherin cells 

presented slightly higher amounts of p27 than E-cadherin-deficient cell lines. 

 

  

Figure 44 - Western blot uniting all the possible Notch-1 non-canonical targets that were studied and showed 

differences between MDA-MB 435 wild-type E-cadherin cells and cells expressing the mutant forms  

 

The hypothesis that aberrant Notch-1 activation observed in E-cadherin-deficient cells was 

directly responsible for the different amounts of Math-1, Bcl-2, cyclin D1 and p27, when compared to 

wild-type E-cadherin cells, was tested by Notch-1 RNA interference (RNAi). Cell lines were transiently 

transfected with siRNA for Notch-1, abrogating its expression. Silencing was maximal at 72h after 

transfection. Both full-length Notch-1 receptor and NICD form were downregulated by siRNA 

treatment, and RT-PCR showed a significant decrease (about 60%) of Notch-1 mRNA in all cell lines 

used, confirming our observations at the protein level (Figure 45). These results were reproduced in all 

attempts and obtained with both siRNA molecules used. 

Although the full-length Notch-1 receptor was slightly downregulated, the most striking 

outcome from siRNA treatment in E-cadherin-deficient cells was a considerable decrease of the NICD 

active form. But in the wild-type E-cadherin cell line, siRNA treatment produced a more evident 

decrease in the full-length Notch-1. 
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Figure 45 - Evaluation of the effect of Notch-1 siRNA treatment on full-length and active Notch-1 protein levels 

(western blots) as well as Notch-1 gene expression (column charts) in our MDA-MB 435 transduced cell models 

(48h after Notch-1 siRNA treatment) 
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It is known that siRNA molecules target mRNA and lead to decreased protein synthesis (Denli, 

2003). In our system however, Notch-1 siRNA targeting seems to have indirectly influenced receptor 

activation in a mechanism for which we lack a proper explanation. Our best speculation would indicate 

that a pool of intact Notch-1 receptors is required at any time for cell maintenance, with its 

preservation being achieved even at the cost of Notch-1 processing and NICD generation decrease 

when Notch-1 expression is dramatically reduced. However, no report in the literature or any other 

observation can back our guess. 

Nonetheless, in the RNAi experiments the end result of Notch-1 activity impairment that we 

sought was achieved and we proceeded to evaluate the relation between Notch-1 and Math-1, Bcl-2, 

cyclin D1 and p27.  

 

Figure 46 - Assessment of the resulting Notch-1 signaling inhibition produced by Notch-1 siRNA treatment on the 

targets identified on figure 44 (72h after Notch-1 siRNA treatment) 

 

The protein levels of Math-1, cyclin D1 and p27 were unchanged following Notch-1 siRNA 

treatment (Figure 46). Therefore, their different amounts are independent of Notch and, because the 
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four cell lines share the same cellular and molecular background with the exception of E-cadherin, 

must result from different E-cadherin status. For these targets, and like the effect the E-cadherin 

mutant forms had on Notch, cells lacking functional E-cadherin (Mock and the two mutated forms) 

could be grouped together and separated from wild-type E-cadherin cells. 

In contrast, we observed that decreased Notch-1 signaling, obtained in every cell line after 

siRNA treatment and in particular in E-cadherin-deficient cells, resulted in a reduction of Bcl-2 

expression, thus suggesting that aberrant Notch-1 activation was responsible for the increased Bcl-2 

levels (Figure 46).  

 

Because it has been described that caspase activation can induce degradation of Bcl-2, and to 

confirm if the lower amounts of Bcl-2 observed in wild-type E-cadherin cells were due to lower Notch-1 

activation and not to increased caspase activation, we treated cells with Z-VAD, a pan-caspase 

inhibitor (Cheng, 1997; Gregoli, 1999; Thornberry, 1998). Inhibition of caspase activity was confirmed 

by a decrease in the levels of cleaved PARP, one of the first targets of caspases. However, it did not 

influence Bcl-2 amounts (Figure 47), indicating that Bcl-2 accumulation was independent of the 

caspase activation status. 

 

Figure 47 - Expression of Bcl-2 (and the caspase target PARP as reference) in MDA-MB 435 wild-type E-cadherin 

cells treated with the pan-caspase inhibitor Z-VAD 

 

Altogether, these results demonstrate that loss of E-cadherin expression (Mock cells) or 

function (mutant E-cadherin) impairs its ability to inhibit Notch-1 signaling. The consequent increase in 

Notch-1 pathway activity leads to an accumulation of the anti-apoptotic protein Bcl-2. 

To understand the mechanism of Notch-1-induced Bcl-2 accumulation, we challenged three 

distinct hypotheses. The first considered a possible physical interaction between NICD and Bcl-2 that 
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could lead to increased Bcl-2 protein stabilization and accumulation. Co-immunoprecipitation 

experiments failed to demonstrate any binding between these proteins. In addition, protein 

fractionation showed that NICD was present at the nuclear and membrane fractions but not at the 

cytoplasm, the described cellular location of Bcl-2 (Figure 48). 

 

Figure 48 - Cellular localization of NICD fragments in MDA-MB 435 E-cadherin T340A cells and Bcl-2 detection 

following immunoprecipitation of Notch-1 or Bcl-2 in MDA-MB 435 cells 

 

The second hypothesis considered that Bcl-2 accumulation was due to increased canonical 

NICD transcriptional activity. RNAi experiments against the NICD transcription partner CBF1 rendered 

a significant reduction of CBF-1 mRNA (approximately 60%); however they failed to alter Bcl-2 levels 

(Figure 49). This result, coupled with the fact that no CBF1 binding motif was found after BCL2 

promoter analysis, indicates that Bcl-2 accumulation is independent of the NICD canonical cascade. 

 

Figure 49 - Evaluation of the effect of CBF-1 siRNA treatment on Bcl-2 protein levels (western blots) and 

confirmation that CBF-1 siRNA treatment decreased CBF-1 mRNA levels (column charts) in MDA-MB 435 Mock 

cells (72h after CBF1 siRNA treatment) 



    Results 

 136 

As a final hypothesis we considered that an interaction between NICD and other proteins was 

responsible for Bcl-2 accumulation. In particular, we focused on NF-kB proteins, as several NF-kB 

binding motifs are present at the BCL2 promoter region, NF-kB can upregulate Bcl-2 expression and a 

NICD-p50 interaction was already described (Guan, 1996). Western blot analyses showed that p50 

and p65 levels were similar in all cell lines, and no co-immunoprecipitation was observed between 

NICD and these proteins (Figure 50). 

 

 

                    Figure 50 - Expression levels of two members of the NF-kB complex in MDA-MB 435 cells  

 

Overall, these results demonstrate that none of the hypotheses raised before is correct and 

suggest that the Notch-mediated accumulation of Bcl-2 involves improbable cellular mediators or is 

the result of a complex signaling circuitry. 

 

Following the identification of molecular changes brought about by aberrant Notch-1 activation 

in non-functional E-cadherin cells, we were interested in determining the resulting cellular 

consequences. Because the molecular candidates previously obtained were proteins involved in 

apoptosis (Bcl-2) or cell cycle regulation (cyclin D1 and p27), we analyzed proliferation and cell death 

rates. No differences were observed regarding proliferation, assessed by BrdU incorporation, between 

the four cell lines (Figure 51). This was in agreement with the finding that cell cycle proteins were not 

dependent on Notch-1. 

Apoptotic rates, determined by TUNEL assay, were also similar in all cell lines, under 

physiological conditions (Figures 52, 53, yellow). However, in the presence of an apoptosis stimulus 

(serum starvation), E-cadherin-deficient cells showed significantly increased resistance to apoptosis 

than wild-type E-cadherin cells (wild-type E-cadherin cells vs. Mock cells, p=0,0002; vs. E-cadherin 

T340A, p=0,0004; vs. E-cadherin V832M, p=0,0002) (Figures 52, 53, blue), confirming results 

previously produced from our group on CHO cells (Ferreira, 2005). 
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                     Figure 51 - Proliferation rates in MDA-MB 435 cells determined by BrdU incorporation 

 

 

Figure 52 - Percentage of apoptotic cells grown in physiological conditions (yellow bar) or under serum starvation 

as an apoptotic stimulator (blue) determined by TUNEL assay, in our MBA-MD-435 cell models 

 

Then, it had been verified that resistance to apoptosis, observed in non-functional E-cadherin 

cell lines, associated with increased expression of the anti-apoptotic protein Bcl-2 (Ferreira, 2005). 

Here we hypothesized that Notch-1 signaling was a missing link in the E-cadherin-Bcl-2-apoptosis 

axis, and that by inhibiting the Notch pathway we would reduce the apoptotic resistance. 
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Indeed, resistance to apoptosis was overcome through treatment with Notch-1 siRNA. 

Although under physiological conditions treatment with Notch-1 siRNA led to a homogeneous increase 

in the apoptosis levels of all cell lines, simultaneous Notch-1 impairment and apoptosis stimulation 

rendered E-cadherin-deficient cells sensitive to apoptosis in a level comparable to that exhibited by 

wild-type E-cadherin cells grown in serum-free conditions, regardless of siRNA treatment (Figure 53, 

red). 

 

 

Figure 53 - Percentage of apoptotic cells grown in physiological conditions (yellow bar), under serum starvation 

(blue), treated with Notch-1 siRNA (pink) or simultaneously treated with Notch-1 siRNA and serum starvation 

(red), as determined by TUNEL assay in our MBA-MD-435 cell models 

 

These results demonstrate that although cells without functional E-cadherin are responsive to 

apoptotic stimuli, they are more resistant than wild-type E-cadherin cells. Furthermore, they also 

demonstrate that the apoptotic resistance observed in E-cadherin-deficient cells is due to an increase 

of Bcl-2 levels that is Notch-dependent and can be overcome through Notch-1 inhibition. 
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4 – Assess the molecular and cellular consequences of Notch-inhibiting drugs in our 

particular system, focusing on its usefulness in re verting novel oncogenic 

phenotypes associated with E-cadherin loss of funct ion 

 

To determine the therapeutical potential of Notch-inhibiting drugs in possibly reverting (some) 

oncogenic properties acquired with E-cadherin inactivation, we investigated the effects of Notch-1 

inactivation through the most commonly used strategy. To this end, we tested three pharmacological 

drugs, DAPT, genistein and L685,458 that target the activity of the γ-secretase complex (Dovey, 

2001). This complex is responsible for the final cleavage (S3) of the Notch receptor that enables the 

release of NICD from the membrane to the nucleus (De Strooper, 1999). Blockage of γ-secretase 

results in the absence of Notch-1 activation, reduction of NICD levels and accumulation of NEXT, a 

protein form that only has about 30 more aminoacids than NICD but is still localized at the membrane 

and lacks signaling properties. 

Of the three tested GSI drugs, treatment with DAPT was successful in significantly inhibiting 

Notch-1 activation in non-functional E-cadherin cells (Figure 54). This was demonstrated by NICD loss 

and accumulation of NEXT. Moreover, treatment with DAPT also led to a Bcl-2 decrease, particularly 

in E-cadherin-deficient cell lines (Figure 54). 

 

Figure 54 - Western blots showing the effect of the Notch-inhibiting drug DAPT on Notch-1, Bcl-2 and E-cadherin 

in MDA-MB 435 transduced cells 

 

In a previous report it was described that repression of E-cadherin expression by promoter 

hypermethylation was overturned following Notch inhibition, because Notch activation was increasing 

the expression of Slug, an E-cadherin repressor (Leong, 2007). MDA-MB 435 cells are E-cadherin 
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negative precisely because they present CDH1 promoter hypermethylation. To determine if such 

hypermethylation was caused by aberrant Notch-1 activation, we verified if E-cadherin expression was 

recovered following DAPT treatment. On Mock cells, the only ones that did not have an artificial 

source of E-cadherin, we were unable to detect E-cadherin, suggesting that in this model its 

repression is not associated with Notch-1 activation (Figure 54). 

Following, we determined if inhibition of Notch-1 by DAPT was also able to overcome the 

apoptotic resistance observed in E-cadherin-deficient cells. 

 

 

Figure 55 - Percentage of apoptotic cells grown in physiological conditions (yellow bar), under serum starvation 

(blue), treated with DAPT (pink) or simultaneously treated with DAPT and serum starvation (red), as determined 

by TUNEL assay in our MBA-MD-435 cell models 

 

First, we verified that in the absence of apoptosis stimulation (presence of serum), DAPT 

treatment resulted in an apoptosis increase, in all cell lines and similarly to the results obtained for the 

siRNA treatment (Figure 55, pink bar). In addition, we replicated the apoptosis resistance of E-

cadherin-deficient cells in comparison to wild-type E-cadherin cells, when cultured in the presence of 

an apoptosis stimulus (serum starvation) and DMSO: wild-type E-cadherin cells vs. Mock cells, 
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p=0,0008; vs. E-cadherin T340A, p=0,0008; vs. E-cadherin V832M, p=0,0007 (Figure 55, blue). 

Finally, DAPT treatment in serum-free conditions demonstrated that the GSI was efficient in increasing 

cell death in E-cadherin-deficient apoptosis-resistant cells to the same rates observed in wild-type E-

cadherin cells grown in serum starvation, thus re-sensitizing cells for apoptosis (Figure 55, red). 

 

Our results highlight the therapeutic value of Notch-inhibiting drugs such as DAPT for the 

reversal of oncogenic phenotypes produced by E-cadherin loss of function. These promising findings 

call for further research on the subject to determine the possibility that new targeted drug strategies 

may be applied for the treatment of gastric carcinogenesis associated with inactivation of E-cadherin, 

in particular the combination of Notch inhibitors with apoptotic stimulators. 
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5 – Determine the usefulness of Notch-inhibiting dr ugs in reverting established 

oncogenic phenotypes associated with E-cadherin los s of function 

 

While in this work we have demonstrated that loss of E-cadherin function can produce 

aberrant Notch-1 activation and increase cell survival, such inactivation was classically associated 

with decreased cell adhesion and increased invasion ability (Christofori, 1999; Mareel, 2003; van 

Aken, 2001). Therefore, we looked for the possibility that these oncogenic phenotypes were also 

dependent on aberrant Notch-1 activation. To test this hypothesis we were required to inhibit Notch-1 

with DAPT and perform the in vitro assays used in the model of E-cadherin functional evaluation, thus 

determining if the ability of E-cadherin-deficient cells to form cell aggregates or invade matrigel matrix 

was altered after Notch-1 inhibition (Suriano, 2003a). 

 

Following our preliminary tests, it became evident that the MDA-MB 435 cell line was not the 

adequate model for these tests as even parental MDA-MB 435 cells failed to invade the matrigel 

matrix and formed some cellular aggregates. Consequently, we were forced to continue in another cell 

model. We chose to work with CHO cells, as these were the cells in which the functional evaluation 

assays were established and because CHO cells transfected with wild-type and the two mutated forms 

of E-cadherin (T340A and V832M) used in the previous model had already been established in our 

group and were available.  

However, prior to performing adhesion and invasion assays and because all our previous in 

vitro studies had been performed with MDA-MB 435 transduced cells, we put our findings to test in a 

second cellular model. The reproduction of our previous results in a second cellular model was 

important not only to gain further confidence in our findings but also to validate the extrapolation of any 

relevant findings produced in the CHO model. 

 

Significantly, all our major observations were replicated and confirmed. NICD generation was 

considerably impaired by the expression of wild-type E-cadherin, while no changes were observed 

when the E-cadherin mutated forms were present, compared to Mock cells (Figure 56A).  
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Figure 56 - Western blots showing E-cadherin, full-length Notch-1 and NICD levels (A), and the effect of DAPT 

treatment on Notch-1 in CHO-transfected cell lines (B) 

 

In addition, cells lacking a functional E-cadherin protein showed resistance to apoptosis 

stimulation (serum starvation): wild-type E-cadherin cells vs. Mock cells, p<0,0001; vs. E-cadherin 

T340A, p<0,0001; vs. E-cadherin V832M, p=0,0017 (Figure 57, blue bars), and DAPT was efficient in 

inhibiting Notch-1 activation and reversing the apoptotic resistance (Figures 56B, 57, red bars). 

 

 

Figure 57 - Percentage of apoptotic cells following treatment with DMSO (yellow bar) or DAPT (pink) in the 

presence of serum or in the absence of serum (DMSO in serum starvation, blue bar; DAPT in serum starvation, 

red bar), determined by TUNEL assay in CHO-transfected cell lines  
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By reproducing the E-cadherin-Notch-1-Bcl-2-apoptosis relation in a second cellular model, we 

determined that such interaction is not restricted to a particular cell line and may constitute an 

important cross-talk to a cell’s biology. Also, we were convinced that experiments performed on the 

CHO model were a valid complement to the data previously obtained in MDA-MB 435 cells. 

 

Therefore, we proceeded with the functional assays. No differences before and after treatment 

were observed for each cell line. Even after Notch-1 inhibition, cell lines without functional E-cadherin 

(Mock, E-cadherin T340A and V832M) maintained their invasive capacity and still failed to form cell 

aggregates, when compared to wild-type E-cadherin CHO cells (Figures 58, 59). 

 

 

Figure 58 - Effect of Notch inhibition on the ability of CHO-transfected cell lines to form cellular aggregates, 

assessed by slow aggregation 

 

These findings suggest that not all potentially oncogenic features of E-cadherin deficiency are 

mediated by Notch. While Notch-1 inactivation is effective in overturning apoptosis resistance of cells 

lacking functional E-cadherin, the inability of these cells to suppress invasion and form cell-cell 

aggregates is Notch-independent and must occur due to changes to other molecules and pathways. 

Although we believe that Notch-1 inhibition may still be an effective tool for the treatment of gastric 

tumours associated with E-cadherin loss, these results highlight the notion that E-cadherin is a major 

cell signaling modulator, capable of independently influencing multiple pathways. The repertoire of 

cellular effects produced by loss of E-cadherin function is diverse, with only some of these features 

being mediated by increased Notch-1 signaling. 
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Figure 59 - Evaluation of the effect of Notch inhibition to the matrigel invasion ability of CHO-transfected cell lines 

 

A very positive side-effect from having to work with CHO cells was the fact that there were 

several more HDGC-related missense mutated E-cadherin forms available exclusively on CHO cells. 

As the CHO model was properly validated and rendered the same results of MDA-MB 435 cells, we 

decided to test Notch-1 activation and the apoptotic resistance status of these new mutations on the 

former model, thus avoiding the time-consuming work of cloning them into the latter model. Of the 8 

new mutated forms of E-cadherin studied, seven were suggested to have pathogenic relevance due to 

impaired cell adhesion and increased matrigel invasion ability, revealed by functional assays (Oliveira, 

2004b; Suriano, 2006). Only A592T E-cadherin cells were able to form aggregates and failed to 

invade (Table 1). 

 

 

Table 1 - Pathogenic significance of a series of E-cadherin mutations identified in HDGC patients, according to 

adhesion and invasive in vitro properties 



    Results 

 146 

Western blot analyses showed that all but one mutated forms of E-cadherin studied failed to 

inhibit Notch-1 activation compared to wild-type E-cadherin cells and showed similar levels of NICD to 

cells without E-cadherin (Mock cells) (Figure 60). The only exception was the W409R mutation that 

presented low amounts of NICD.  

 

 

Figure 60 - Levels of E-cadherin, full-length and active Notch-1 in CHO cells transfected with several HDGC-

associated E-cadherin mutated forms  

 

The activation status of Notch-1 matched perfectly with the ability to resist apoptosis (Figure 

61).  

 

Figure 61 - Percentage of apoptotic cells following treatment with DMSO (yellow bar) or DAPT (pink) in the 

presence of serum or in the absence of serum (DMSO in serum starvation, blue bar; DAPT in serum starvation, 

red bar), determined by TUNEL assay in CHO-transfected cell lines 
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Although CHO cells were more sensitive to culture under serum free conditions, and a 

significant increase in apoptotic rates was observed for all cells, the effect of apoptosis stimulation was 

considerably stronger in wild-type and W409R E-cadherin cell lines, precisely those cells with lower 

Notch-1 signaling (Figure 61, blue bars). The apoptosis resistance verified in the remaining cell lines 

was again overturned following simultaneous Notch-1 inhibition with DAPT treatment and apoptosis 

stimulation, increasing apoptotic rates to the same levels observed in non-resistant cells (Figure 61, 

red bars). 

With our results, we were able to group different E-cadherin proteins under four categories 

(Table 2). Previously, using adhesion and invasion assays, E-cadherin proteins were grouped in two 

categories, with those that formed aggregates and failed to invade on one side, and those that did not 

form cell aggregates and invaded matrigel matrix on the other (Table 1).  

 

 

Table 2 - New sorting of HDGC-associated E-cadherin mutations according to their pathogenic significance 

following the addition of the novel criteria suggested in this work (Notch-1 activation, apoptosis resistance) 

 

After adding Notch-1 activation and resistance to apoptosis to the available information, we 

verified that we were able to single out wild-type E-cadherin to one category, something that was not 

achieved before. This category reported to those cells that failed to invade, formed aggregates, 

showed low Notch-1 activity and were sensitive to apoptosis. In contrast, the majority of the mutated 

forms of E-cadherin (8 out of 10) demonstrated the exact opposite of these features. Cells were able 
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to invade, did not form aggregates, presented increased Notch-1 signaling and apoptosis resistance. 

Conversely, two mutations had their own category. W409R E-cadherin cells were able to invade and 

did not form aggregates, like most of the mutations, but presented low Notch-1 activity and were 

sensitive to apoptosis, while A592T E-cadherin cells showed increased Notch-1 signaling and 

resistance to apoptosis, but formed aggregates and failed to invade. 

 

Overall, these results suggest the addition of Notch-1 activation and resistance to apoptosis to 

the criteria currently used to evaluate the pathogenic relevance of E-cadherin mutations. The 

oncogenic value of adhesion loss and increased invasion ability resulting from E-cadherin mutated 

forms is very well established (Christofori, 1999; Mareel, 2003; Oliveira, 2004b; Suriano, 2006; van 

Aken, 2001). However, drugs intended to revert these oncogenic phenotypes and restore proper cell 

adhesion are still not available. But the lack of present clinical options may be about to change as 

results presented here regarding apoptosis resistance show some of the most promising and 

widespread effects obtained with drugs targeting oncogenic phenotypes resulting from E-cadherin 

inactivation. In this context, knowledge of the effect of each E-cadherin mutation to Notch-1 activation 

status (and consequently apoptosis resistance, as they always paired together) would help predict the 

usefulness of Notch-inhibiting drugs to the treatment of tumours arising from cells with such 

alterations. For example, it is probable that Notch-inhibiting drugs could be effective for the majority of 

the mutations studied, but not for the W409R alteration. Because in almost all cases aberrant Notch-1 

activation occurred simultaneously, although as independent events, with altered adhesion and 

invasion, it is possible that by increasing sensitivity to proper cell death signals, the ability to invade 

may be prevented indirectly and contribute to tumour growth inhibition.  

Finally, due to the existence of a category with one alteration, A592T, which possesses Notch-

1 activation and resistance to apoptosis without altered adhesion and invasion properties, it would be 

interesting to determine the pathogenic relevance of similar mutations and the ability of Notch-1 

activation on its own to promote E-cadherin-associated tumour development, in the absence of altered 

adhesion and invasion.  
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6 – Understand the molecular mechanism(s) through w hich E-cadherin and Notch 

interact 

 

Although the existence of an E-cadherin-Notch negative cross-talk was demonstrated in two 

cellular models, the nature of such interaction was still unknown.  

To determine if this interaction was dependent on the extracellular portion of E-cadherin, we 

treated cells with the MB2 antibody. This antibody recognizes and binds to the extracellular domain of 

E-cadherin rendering it dysfunctional and unable to bind with other molecules and perform proper cell 

adhesion (Bracke, 1993). After treatment, we verified that NICD levels were similar to those before 

treatment in all cell lines (Figure 62). These results demonstrate that interference of wild-type E-

cadherin with Notch-1 activation did not require a functional extracellular domain and was not 

dependent on its ability to perform proper adhesion. 

 

 

 
Figure 62 - Western blot analysis of full-length Notch-1 and NICD, before and after treatment with the MB2 

antibody, in MDA-MB 435-transduced cells 

 

Next, we concentrated on the Notch side of the cross-talk. Because the most significant 

finding observed following expression of wild-type E-cadherin was a decrease in Notch-1 activation 

and downstream signaling, we hypothesized that E-cadherin was interfering with (one of) the events 

that contribute to the generation of an active NICD form. 

 

We first considered that E-cadherin was able to influence the availability of Notch ligands to 

Notch-1 receptors. This could either be achieved by altering the levels of the ligands present on cells 

or by impairing the ability of receptors and ligands to interact, possibly through physical binding 

competition. 
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Western blot analyses on the four MDA-MB 435 cell lines showed that Jagged-1 levels were 

slightly higher in cells without functional E-cadherin, while Delta-1 and to a lesser degree Delta-3 were 

more abundant in wild-type E-cadherin cells. Jagged-2 and Delta-4 were not expressed or showed 

very little protein amounts in all four cell lines (Figure 63). Although some suggestive data was 

produced, in particular favouring the possibility that in our system Jagged-1 was the ligand activating 

Notch-1, no striking effects that could explain the differences in Notch-1 activation among the four 

cells lines were observed. 

 

Figure 63 - Expression levels of the classical ligands of the Notch pathway in our MDA-MB 435 cell models 

 

Therefore, we proceeded with co-immunoprecipitation experiments to determine if E-cadherin 

could bind to Notch-1 or any of its ligands and thus interfere with normal ligand-receptor interactions. 

We verified that none of the proteins studied immunoprecipitated with E-cadherin, excluding the 

possibility that decreased Notch-1 activation on wild-type E-cadherin cells was due to a sequestration 

of receptor or ligand molecules (data not shown). 

 

At the time of these experiments, a very interesting paper was published describing the ability 

of p120-catenin to interfere with γ-secretase activity, with the involvement of E-cadherin (Kouchi, 

2009). Although the authors focused on a different γ-secretase substrate, and not on Notch, we 

considered that the biological principles described on the manuscript could also influence Notch-1 

activation. In accordance, and without conclusive evidence from the initial study of Notch ligands, we 
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decided to jump towards the end of the Notch-1 activation process, the S3 cleavage, performed by γ-

secretase.  

In the above mentioned paper, p120-catenin recruited γ-secretase towards E-cadherin, 

stimulating its processing and deviating γ-secretase away from its other substrates, in a process 

dependent on p120-catenin-E-cadherin and p120-catenin-Presenilin-1 binding (Kouchi, 2009). To 

investigate if a similar modulation of γ-secretase “selective” activity could be occurring in our system 

we performed several experiments. To begin with, we determined the protein levels of Presenilin-1 by 

western blot and concluded that all cell lines presented the same amounts of this component of γ-

secretase (Figure 64). Likely, the amounts of γ-secretase on all four cell lines were also similar, 

meaning that any differences in γ-secretase activity would have to be due to different affinity towards 

particular substrates and not due to different γ-secretase levels.  

 

Figure 64 - Protein levels of Presinilin-1 (left) and assessment of E-cadherin/Presinilin-1 and p120-catenin/ 

Presinilin-1 co-immunoprecipitation (right) in MDA-MB 435 cell lines 

 

Following co-immunoprecipitation experiments, we detected E-cadherin-p120-catenin and E-

cadherin-Presenilin-1 binding in all cell lines except Mock cells, that do not express E-cadherin (Figure 

64), and we detected Presenilin-1-p120-catenin binding in all cell lines, replicating the physical 

interaction described previously (Figure 65). In addition, we demonstrated that Notch-1 also interacts 

with Presenilin-1, but not with E-cadherin and p120-catenin (Figure 65). Thus, these results suggest 

that there are two distinct pools of Presenilin-1 (and presumably γ-secretase) that interact with Notch-

1 and E-cadherin independently. Moreover, no quantitative differences in any of the pools were 

observed in the presence of deregulated E-cadherin. 
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Figure 65 - Co-immunoprecipitation results obtained for several pairs of proteins (Notch-1-E-cadherin; Notch-1-

Presenilin-1; E-cadherin-p120-catenin) in MDA-MB 435 transduced cells 

 

With differences in γ-secretase abundance or affinity excluded, we proceeded to evaluate its 

activity on the S3 cleavage. Interestingly, this analysis enabled us to determine if wild-type E-cadherin 

affected Notch-1 after (and such differences would probably be due to increased degradation of 

NICD), during or prior to the final S3 cleavage performed by the γ-secretase complex. To this end, we 

observed the molecular effects produced by DAPT treatment (Figure 66). 

 

 

Figure 66 - Western blots showing the effect of DAPT on Notch-1, and Bcl-2 in MDA-MB 435 transduced cells 

 

After treatment and as expected we observed a near complete reduction of NICD and an 

accumulation of the intermediate form NEXT, the result of the previous S2 cleavage, in E-cadherin-

deficient cells. However, no NEXT accumulation was observed in wild-type E-cadherin cells, 

suggesting that E-cadherin was interfering with Notch-1 activation prior to S3, as the S2 end product 

was not being generated. To definitely exclude impaired γ-secretase activity as the source of 
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decreased NICD levels on wild-type E-cadherin cells, we confirmed that these cells had a functional γ-

secretase by analyzing the ability of the complex to process another substrate. 

It is demonstrated that Notch ligands such as Delta-1 or Jagged-1 can be cleaved similarly to 

Notch receptors (Ikeuchi, 2003; LaVoie, 2003). We verified that in all cell lines, including wild-type E-

cadherin cells, it was possible to detect a Jagged-1 intracellular domain (JICD) form that disappeared 

and was replaced by a Jagged-1 C-Terminal Fragment (JCTF) after DAPT treatment and γ-secretase 

inhibition (Figure 67). These results indicate that cleavage of other γ-secretase substrates by the 

complex was normal and similar in all untreated cell lines and suggest E-cadherin affects Notch-1 

signaling independently and upstream of γ-secretase processing. 

 

 

Figure 67 - Effect of DAPT treatment on the cleaved forms of Jagged-1 in MDA-MB 435 transduced cells 

 

Following the information obtained above, we next considered the hypothesis that E-cadherin 

inhibited Notch-1 at the S2 cleavage. Receptor S2 processing can be performed by ADAM-10 or 

ADAM-17, and is dependent on the prior binding of Notch to one of its ligands (Brou, 2000; Lieber, 

2002). Although some speculate that the protein responsible for S2 cleavage is determined by the 

type of ligand that activates the receptor, this is still not completely accepted. Similarly to γ-secretase, 

ligands can also be processed by these proteins. In this case however, Jagged-1 S2 cleavage seems 

to be performed by ADAM-17 while Delta-1 is cleaved by ADAM-10 (LaVoie, 2003; Qi, 1999). 

Again we based our study on two analyses. First, we determined if the protein levels of ADAM-

10 or ADAM-17 were different in cells with wild-type E-cadherin compared to cells lacking the 

functional molecule and then we searched for differences in their activity. 

No significant differences were observed in the full or cleaved (active) levels of ADAM-10 and 

ADAM-17, between our cell lines (Figure 68).  
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Figure 68 – Protein levels of ADAM-10 and ADAM-17 full length and cleaved forms in MDA-MB 435 transduced 

cells 

 

To evaluate the activity of each protein on Notch signaling, we treated Mock and wild-type E-

cadherin cells with two drugs. Although these were not specific for each protein, they affected one 

protein of interest and did not affect the other: TAPI-1 inhibited ADAM-17, while TIMP-1 inhibited 

ADAM-10. Unexpectedly, in Mock cells we did not observe a reduction in the generation of NICD with 

any drug, tested at four different concentrations (Figure 69). 

 

 

Figure 69 - Effect of ADAM-10 or ADAM-17 inhibitors on the levels of the activated cleaved form of Notch-1 in 

MDA-MB 435 Mock and wild-type E-cadherin cells  

 

To confirm that TAPI-1 or TIMP-1 were effectively decreasing the activity of the targeted 

protein, we analyzed the generation of processed fragments of Jagged-1 and Delta-1. As we observed 

that formation of JICD was significantly reduced with TAPI-1 treatment at all concentrations, and 

although we were expecting that JCTF accumulation would also be reduced, we still considered that 

the drug was successful in inhibiting ADAM-17 activity and was not affecting Notch-1 (Figure 70). 

However, because we were unable to identify by western blot the fragment corresponding to Delta-1 

intracellular domain, we could not conclude about the efficacy of TIMP-1 in inhibiting ADAM-10. 
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Figure 70 - Effect of ADAM-10 or ADAM-17 inhibitors on the cleaved forms of Jagged-1 in MDA-MB 435 Mock 

cells 

 

Based on these results, we could come up with three possible explanations. The first one 

considered ADAM-10 responsible for Notch-1 S2 cleavage and a decrease in NICD on Mock cells was 

not observed because TIMP-1 was unable to inhibit ADAM-10 activity. The second hypothesis 

indicated that for any reason blockage of S2 cleavage would be dependent on simultaneous inhibition 

of ADAM-10 and ADAM-17. The last explanation, more unlikely and without support in the literature, 

would consider that another enzyme would be responsible for the cleavage.  

 

If we considered the first hypothesis, and according to the above mentioned speculation, 

Notch-1 S2 cleavage by ADAM-10 would mean that Delta-1 was the ligand activating the receptor. 

This would be precisely the opposite of our suggestion advanced following analyses of ligand protein 

levels wondering that Jagged-1 was the ligand activating Notch-1. 

Therefore, to clarify this discrepancy and to better interpret results produced on S2 cleavage, 

we decided to return to ligand study. This time we submitted cells to opposite treatments. We over-

exposed them to ligands, by growing cells in plates coated with exogenous ligands in an attempt to 

produce increased Notch-1 activation, and we treated cells with Jagged-1 or Delta-1 siRNA, trying to 

block the expression of these ligands and block Notch-1 activation. 

Interestingly, treatment with exogenous Jagged-1 and Delta-1, instead of increasing the 

activation of Notch-1, resulted in a decrease in NICD detection on all cell lines (Figure 71). This was a 

disappointing result, as it did not contribute to any clarification on the ligand responsible for Notch 

activation in our system. However, it did not constitute a completely unexpected finding. Several 

authors have reported that proper Notch activation requires not only receptor-ligand binding but also 
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the internalization of the ligand molecule coupled with the extracellular portion of the receptor, on the 

signal-sending cell (Hagedorn, 2006; Nichols, 2007; Parks, 2000; Windler, 2010). Although in some 

cellular models, treatment with exogenous ligands has been efficient in activating the receptor, this 

was not the case and we experienced the same failure others have also experienced in their models 

(Conboy, 2003; Hicks, 2002; Nikopoulos, 2007; Small, 2001; Sahlgren, 2008; Varnum-Finney, 2000). 

The fact that NICD was even decreased following treatment would suggest that exogenous molecules 

competed with natural ligand molecules for the engagement of Notch-1 receptors, but lacked the 

physical power to pull the receptor and start the activation process.  

 

Figure 71 - Western blot analysis showing NICD levels in MDA-MB 435 cell lines treated with exogenous Jagged-

1 or Delta-1   

 

We next proceeded to inhibit ligand expression. RNAi was efficient in significantly reducing the 

expression of Jagged-1 and dramatically increased the apoptotic rates of all cell lines even in the 

absence of apoptosis stmulation (Figures 72, 73). 

 

Figure 72 - Evaluation of the effectiveness of Jagged-1 siRNA treatment in decreasing Jagged-1 levels and its 

effect on NICD and Bcl-2 levels  
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However, with very little amounts of Jagged-1 present on cells, no changes were observed on 

NICD and Bcl-2 levels (Figure 72). Therefore, we excluded Jagged-1 as the ligand activating Notch-1, 

moreover as inhibition of Jagged-1 expression had a very significant but Notch-independent effect on 

cells. 

 

 

Figure 73 - Percentage of apoptotic cells grown in physiological conditions (yellow bar), under serum starvation 

(blue), treated with Jagged-1 siRNA (pink) or simultaneously treated with Jagged-1 siRNA and serum starvation 

(red), as determined by TUNEL assay in our MBA-MD-435 cell models 

 

Delta-1 siRNA treatment was not as successful, with an apparent decrease in Delta-1 protein 

levels obtained for just the second siRNA tested. Despite several attempts, and presumably due to 

unsolved technical issues, we were only able to verify such decrease in Mock cells (Figure 74). Again, 

NICD levels were unchanged following siRNA treatment, although care must be taken in extracting too 

much from this somewhat inconclusive experiment. 

 

Figure 74 - Evaluation of the effectiveness of Delta-1 siRNA treatment in decreasing Delta-1 levels and its effect 

on NICD and Bcl-2 levels 
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Overall, we failed to understand the molecular mechanisms that led to decreased Notch-1 

activation once wild-type E-cadherin was expressed. Yet, we are convinced that this interfence must 

occur prior to Notch S3 cleavage (and likely before S2 also). In this scenario, the most logical 

explanation would involve a change in receptor-ligand interactions. Of the canonical ligands studied, 

our results put a greater emphasis on the role of Delta-1. Jagged-1 seems to be acting independently 

of Notch-1 and the other ligands are relatively less expressed in all cells. 

 

The initial observation that Delta-1 was more abundant in cells with lower Notch-1 activation 

drove the quick interpretation that it was not binding to Notch-1. Otherwise, if this was an issue of 

receptor and ligand quantity, we would expect to have higher NICD levels in cells with increased 

Delta-1. In this case, those would be wild-type E-cadherin cells. As we obtained precisely the opposite 

results, we could advance two possible explanations. 

A simpler explanation would consider that E-cadherin was interfering through intermediate 

proteins with Notch-1-Delta-1 binding. Although a fair amount of both molecules was available at cell 

membranes of wild-type E-cadherin cells, the presence of the adhesion molecule was in some way 

blocking their engagement. This would have to involve other unidentified molecules as co-

immunoprecipitation assays demonstrated that E-cadherin was not forming protein complexes with 

Notch-1 or Delta-1. We are unable to advance any educated guess on candidates. 

 

The second explanation was a lot more fascinating. In addition to being a ligand of Notch, it is 

well established that Delta-1 can also have antagonistic effects on Notch signaling, in particular during 

lateral specification processes (Artavanis-Tsakonas, 1999; Fiúza, 2007; Fortini, 2009). Delta-1 

molecules can bind to Notch-1 molecules of the same cell, cis-inhibition, and avoid their trans-

activation by ligand molecules of adjacent cells. Moreover, during these processes, an increase in the 

expression of Delta-1, and of Math-1 also, can be a marker for a cell that is entering a “Notch signal-

sending mode”. In contrast, a cell that is entering a “Notch signal-receiving mode” presents higher 

Notch-1 expression and activation, while having decreased Delta-1 and Math-1 levels. Complete 

understanding of the molecular mechanisms that are responsible for the origin and amplification of 

these differences is still not possible, but the end results are well accepted. 
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On our model we observed that expression of wild-type E-cadherin was associated with 

features of signal-sending cells, while cells without a functional E-cadherin presented characteristics of 

signal-receiving mode. In line with this, we considered that E-cadherin could be influencing the “Notch 

mode” in which cells were. To confirm this hypothesis, we had to demonstrate that the differences 

observed between our cell lines were originated by different E-cadherin status and not by different 

Notch-1 signaling status.  

 

Several of our results favoured this hypothesis. The dependence of Delta-1 and Math-1 

overexpression on wild-type E-cadherin and not on the resulting decreased Notch-1 activation was 

demonstrated following Notch-1 siRNA treatment (Figure 75). We verified that no differences were 

observed on Delta-1 and Math-1 levels upon a significant decrease in Notch-1 signaling on all cell 

lines, and therefore their increase could only be produced by E-cadherin.  

 

Figure 75 - Western blot determining the dependence of the observed differences in Delta-1 and Math-1 levels on 

the Notch-1 activation status in MDA-MB 435 transduced cell lines 

 

Previously, we demonstrated that wild-type E-cadherin was decreasing the activation of 

Notch-1 but also its expression (Figure 41). We were able to verify that the effect on Notch-1 
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expression was not a feedback mechanism resulting from decreased Notch-1 activation. After treating 

cells with DAPT and thus equaling the levels of Notch-1 activation on all cell lines, a significantly lower 

expression of Notch-1 was still observed in wild-type E-cadherin when compared to cells without 

functional E-cadherin (Figure 76). With these observations, it was our understanding that either E-

cadherin was interfering with both Notch-1 expression and activation in independent events, or its 

interference on Notch-1 expression was sufficient to indirectly create a decrease in Notch-1 activation. 

 

Figure 76 - Notch-1 gene expression levels of MDA-MB 435 cell lines treated with DMSO (vehicle) or DAPT 

 

In conclusion, although we were unable to emphatically determine all the molecular cross-talk 

taking place between E-cadherin and Notch-1, we believe that expression of wild-type E-cadherin is 

priming cells to adopt a cellular fate that so far we can only call a “Notch signal-sending mode”, with 

increased Delta-1 and Math-1 protein levels, decreased Notch-1 expression and an ability to inhibit the 

activation of their own Notch-1 molecules. Because Notch is considered a cell fate determinant, it is 

possible that E-cadherin’s influence on cell determination may likewise continue beyond Notch. 

However, on this work we only determined its effect on Notch-1. It was interesting to verify that E-

cadherin missense mutations that only differed in one aminoacid from the wild-type form were not able 

to produce the same cellular effects that the normal protein did. Lack of proper E-cadherin molecules 

resulted in the adoption of a “Notch signal-receiving mode”. 
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It is difficult to conceive that on in vitro cultured cells that are apparently identical and 

uniclonal, processes similar to lateral specification occur. Because Notch signaling is used to iniate 

and prime cells for such processes, with other signaling pathways then required to finish it off, it may 

be possible that E-cadherin is modulating a process that could not be concluded in vitro. It would 

therefore be interesting to determine the role of E-cadherin in a different, less restricted context. These 

dynamics also raise the possibility that different pools of cells exist in our in vitro models, and the 

relative abundance of each pool may be influenced by E-cadherin and Notch.  
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7 – Evaluate the mutational status of NOTCH1 in gastric tumours 

 

Different genetic and molecular events can lead to aberrant Notch-1 activation. Some of the 

most significant are NOTCH1 mutations. The oncogenic potential of these alterations is undoubtable 

as they play a major role in the development of T cell acute lymphoblastic leukemia (Weng, 2004). 

However, NOTCH1 mutations have not been detected in any tumour type outside T-ALL. 

Even so, we screened the known NOTCH1 hot spots (the HD region consisting of exons 26, 

27 and the PEST domain corresponding to exon 34), in 35 diffuse gastric cancer cases to determine if 

aberrant Notch-1 activation could be produced, in alternative to E-cadherin loss of function, directly by 

NOTCH1 mutations. 

 

Two NOTCH1 missense mutations were detected in two gastric cancer cases while no 

alterations were observed in 33 cases. One alteration consisted in a C→T change at nucleotide 6885, 

resulting in a substitution of Threonine by Isoleucin at residue 2297 (C6885T; T2297I). The other 

alteration was also a C→T change, but at nucleotide 6814, producing a switch of Arginine to Cystein 

at residue 2272 (C6814T; R2272C).  

Both mutations localized at exon 34, corresponding to the PEST domain of the Notch-1 protein 

(Weng, 2004). Mutations previously described in T-ALL patients at this domain were associated with 

aberrant Notch-1 activation due to an increase in the half-life of NICD, by preventing or delaying its 

targeting to the proteasome (Weng, 2004). Therefore, at first look our findings were in agreement that 

aberrant Notch-1 activation was achieved through PEST domain mutations. However, the mutations 

previously identified in the PEST region consisted in insertions or deletions that induced a shift in the 

reading frame or point mutations that created premature stop codons (Weng, 2004). Missense 

mutations in T-ALL were only found in the HD region, where we failed to detect any alterations. 

Despite the fact that the two missense mutations identified in this work produce a substitution of an 

aminoacid by another from a different group, with possible consequences to protein structure, we can 

not confirm nor exclude their effect on Notch-1 activation. 
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Nonetheless, as even these mutations occurred at a relatively low frequency (2/35; 5,7%), we 

conclude that Notch-1 mutations are not frequent in gastric cancer cases and may not constitute an 

alternative event to E-cadherin alterations.  
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8 – Characterize the immunohistochemical expression  of Notch-1 and E-cadherin in 

diffuse carcinomas with bonafide signet-ring morpho logy 

 

As a final test to the contribution of aberrant Notch-1 activation to E-cadherin-related tumour 

development, we characterized the immunohistochemical expression of Notch-1 and E-cadherin in 

normal gastric mucosa and primary gastric cancer specimens. 

In normal gastric mucosa, we did not find any Notch-1 positive staining among epithelial cells. 

Notch-1 positivity was restricted to a small number of dispersed cells in the stroma. In contrast, E-

cadherin staining was observed throughout the gastric epithelium at cell-cell boundaries (Figure 77). 

 

Figure 77 - Immunohistochemical expression of E-cadherin and Notch-1 in normal gastric mucosa (100x) 

 

Comparison of Notch-1 and E-cadherin expression in gastric tumour specimens was 

performed in four early diffuse signet-ring carcinomas. Complete loss of E-cadherin expression at the 

tumour area was observed in one of the tumours while weak expression of E-cadherin was observed 

in the remaining three cases (Figure 78). Interestingly, strong Notch-1 expression was observed in the 

tumour without E-cadherin (Figure 78, Tumour 1). As for the remaining three cases, two of those also 

presented weak to very weak Notch-1 staining, while the remaining tumour was Notch-1 negative 

(Figure 78, Tumour 2). 
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Figure 78 - Immunohistochemical expression of E-cadherin and Notch-1 in two early diffuse gastric tumours 

(Tumour 1, 200x; Tumour 2, 100x) 

 

Although promising, these are preliminary results that question if complete loss of E-cadherin 

expression is needed in order for Notch-1 activation to be attained, or if there is an interval between 

functional impairment of E-cadherin and the consequent Notch-1 activation. 
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9 – Test in vivo the effectiveness of a Notch-inhibiting drug in re ducing the growth of 

E-cadherin-deficient tumour xenografts 

 

We showed that Notch-1 inactivation was successful in re-sensitizing E-cadherin-deficient 

cells to apoptosis in vitro. To understand if Notch-1 inhibition could be efficient in reducing the tumour 

development of E-cadherin-deficient cells in vivo, we generated tumour xenografts in N:NIH (S) nu/nu 

mice, and treated the animals with DAPT. We utilized CHO cells due to their extensively reported in 

vivo ability to generate tumours as well as their favourable in vitro manipulation and growth properties.  

In preliminary experiments we verified that xenograft tumour growth was similar among cells 

lacking functional E-cadherin (Mock, E-cadherin T340 and V832M) (Figure 79). 
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Figure 79 - Tumour growth in male N:NIH (S) nu/nu mice inoculated with CHO cells transfected with the empty 

vector (Mock, ▲), E-cad T340A (Ж) or V832M (●) 

 

Therefore, we decided to work with CHO Mock cells, as representatives of E-cadherin 

deficiency, and wild-type E-cadherin cells for comparison. For each cell line, inoculation of 1x106 cells 

was performed subcutaneously in 8-10 week old male N:NIH (S) nu/nu mice and starting at day 3 

post-inoculation, the animals were treated daily with subcutaneous injections of DMSO or DAPT 

(10mg/kg), or once every three days with paclitaxel/taxol (10mg/kg). 
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For the duration of the experiment, no tumours were detected in mice inoculated with wild-type 

E-cadherin cells, or in non-inoculated animals. In addition, no weight loss or any other macroscopic 

effects were observed in non-inoculated animals treated with DAPT or taxol (data not shown). By 

contrast, in animals inoculated with CHO Mock cells, tumours were noticeable from post-inoculation 

day 6 and grew until a mean value of 1356 mm3 (±239,7) at day 19. Although all animals treated with 

DAPT eventually developed tumours, a considerable reduction in tumour growth was observed (564 ± 

395,1 mm3 at day 19), attaining statistical significance for the last two measurements (day 17, DMSO 

vs. DAPT, p=0,039; day 19, DMSO vs. DAPT, p=0,041). Interestingly, the effect achieved by the γ-

secretase inhibitor was comparable to the one observed in animals treated with taxol (486 ± 163,2 

mm3 at day 19).  

 

 

Figure 80 - Growth of CHO Mock xenografts in male N:NIH (S) nu/nu mice, treated with vehicle (▲), DAPT 

(Ж)(10 mg/kg body weight) or taxol (●) (10mg/kg) 

 

The taxol group was used as a standard for tumour growth inhibition, as taxol is a well known 

chemotherapeutic agent that also blocks the development of tumour xenografts (Riondel, 1986; 
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Rowinsky, 1992). Thus, obtaining a similar tumour growth inhibition with Notch inhibitors was a very 

promising result that further supported the idea that DAPT may be a future therapeutic tool, at least for 

tumours associated with E-cadherin inactivation. Although tumour inhibition was not complete, it is 

interesting to verify that in vivo, contrary to in vitro results, Notch inhibition was effective even in the 

absence of “artificial” apoptosis stimulation. 
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DISCUSSION and CONCLUSIONS 

 

  
 

“Cancer victims who don't accept their fate, who don't learn to 

live with it, will only destroy what little time they have left. 

Time is shortening. But every day that I challenge this cancer 

and survive is a victory for me.” 

Ingrid Bergman, breast cancer 
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   In the 19th century, Lobstein and Cohnheim were among the first to theorize similarities 

between human embryogenesis and the biology of cancer cells (Rather, 1978). The idea that 

oncogenesis recapitulates ontogenesis gained significant consideration following the embryologic 

studies of Waddington and Needham in the 1930s (Longenecker, 1977; Needham, 1936; Nery, 1976; 

Rubin, 1985; Uriel, 1976; Uriel, 1979; Waddington, 1935). Since, a growing body of evidence has 

accumulated, demonstrating similarities in gene expression profiles and signal transduction between 

embryonic tissues and malignant tumours (Ben-Porath, 2008; Borczuk, 2003; Hu, 2005; Kaiser, 2007; 

Kho, 2004; Naxerova, 2008; Wang, 2004). 

At the molecular level, views of cancer as a developmental disease merge with those that 

explore phylogeny (biological evolution) and evolutionary developmental biology. These fields of 

biology have indicated that ancient cellular processes, evolved in single-cell prokaryotes and early 

eukaryotes long before metazoa, constitute the biochemical and genetic core for current basic cellular 

processes (Gerhart, 1999). This core is composed of signaling pathways shared across modern phyla 

because they were already present before the pre-Cambrian divergence of metazoa. With evolution, 

these pathways remained basically unchanged in their transduction principles, but the variety of 

ligands, receptors and targets of signaling increased, as did the sophistication of regulatory networks 

and circuits (Gerhart, 1999). 

Remarkably, diversity among species (phylogeny), but also development of tissues, organs 

and anatomy within a species (ontogeny), have considerable parallels in the signaling pathways that 

govern them. Indeed, they appear to have originated from the application of the same few major, 

fundamental developmental signaling pathways (Fortini, 2009; Gerhart, 1999). This finding puts 

greater emphasis on the evolving complexity of the signaling cross-talk and networks established by 

these pathways as the source of the increased complexity of multicellular organisms. 

 

By merging the above descriptions with the similarities crossed between ontogenesis (and 

phylogeny) and oncogenesis, two major principles can be formulated. First, it is logical to propose 

these major developmental pathways, where Notch signaling is included, as candidate promoters of 

tumourigenic processes. Tumour development would therefore be caused by the aberrant local re-

expression, overexpression or activation of carefully controlled genes and molecules that play an 

essential role during embryonic development and are inactivated later in life, or remain transiently 
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expressed in a specific place (such as stem cell compartments) or during a specific time (such as 

tissue repair). Or it would be caused by the silencing of certain suppressor genes, especially those 

that normally, in a post-embryonic organism, suppress embryonic development and/or wound healing 

(Prehn, 2005). Yet, the “full oncogenic picture” is only completed after considering the second 

principle. Because these developmental pathways are involved in many biological processes and have 

the ability to influence and be influenced by extensive cross-talk interactions, the resulting outcomes 

are only predictable following the decoding of the complicated networks in which they operate. 

 

In this work we have precisely described a relation between one tumour suppressor, E-

cadherin, and one carefully controlled developmental gene, Notch, partly decoded their signaling 

cross-talk and identified the resulting biological outcome that likely is of major significance to the 

development of gastric cancer. 

 

The adhesion protein E-cadherin was classically viewed as a cellular anchor. It was 

considered a very important element in uniting and stabilizing the molecules making up adherens 

junctions, performing a more physical-like function in maintaining epithelial integrity. Accordingly, E-

cadherin loss of function was viewed as a late event in carcinogenesis, associated to the loss of 

invasion and metastization suppression resulting from adherens junction disassembly and cell 

detachment. This was supported by reports of downregulation or complete shutdown of E-cadherin 

expression observed at advanced stages of several human carcinomas, but not in initial lesions 

(Riethmacher, 1995). 

The identification of E-cadherin germline mutations as the causative genetic alterations of 

HDGC was the first major evidence in implying a more expanded role of E-cadherin in both cell 

signaling and tumour development (Guilford, 1998). Significant work has since demonstrated that E-

cadherin interacts with several molecules and can influence many signaling pathways (Andl, 2005; 

Ferreira, 2005; Mateus, 2007; Pereira, 2006). The induction of wide-range transcriptional and 

functional changes following loss of E-cadherin has revealed the existence of a complex network that 

is influenced by the E-cadherin molecule (Onder, 2008). 
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1. E-cadherin is an active signal transducer and mo dulator of intracellular 

signaling, in particular establishing a molecular i nteraction with Notch  

 

The prowess of E-cadherin to participate in signaling networks is very much in evidence in this 

work, as we showed that it is able to modulate the activity of one of the major developmental pathways 

(Notch), as well as the levels of several proteins (p27, Cyclin D1, Math-1 and Delta-1). 

One of our major findings was the confirmation of the E-cadherin-Notch negative cross-talk. 

Descriptions of E-cadherin and Notch antagonic expression status are relatively abundant in the 

literature. Initially however, these were unrelated observations reported in the same manuscripts. But 

recent publications have gone as far as linking these events (Chen, 2010; Leong, 2007; Sahlgren, 

2008; Stylianou, 2006). Stylianou and collaborators showed elevated Notch signaling correlating with 

E-cadherin absence in a panel of human breast cancer cell lines (Stylianou, 2006). An association 

between these observations was established following in vitro studies performed on MCF10A, a 

“normal” human breast cell line with absent Notch activation, as overexpression of constitutively 

activated Notch reduced E-cadherin expression, and introduction of Numb, a Notch inhibitor, was 

sufficient to decrease NICD and significantly increase E-cadherin levels (Stylianou, 2006). The ability 

of Notch to repress E-cadherin expression was then replicated in several cancer cell lines and linked 

with Jagged-1-mediated activation of Notch-1, upegulation of Slug and hypoxia (Chen, 2010; Leong, 

2007; Sahlgren, 2008). Interestingly, our results and the findings produced in the Drosophila model 

confirm an inverse association between E-cadherin and Notch but instead demonstrate the ability of 

E-cadherin to decrease Notch signaling (Pereira, 2006). This suggests that their interaction can be 

influenced by either protein, possibly through mechanisms responsible to balance Notch and E-

cadherin levels and signaling according to cellular and tissue homeostasis requirements. 

In this work we attempted at unravelling the molecular mechanisms through which E-cadherin 

interferes with Notch-1 signaling. We have found that such is achieved at least by inhibition of Notch-1 

gene expression, as introduction of E-cadherin in our cell models significantly decreased Notch-1 

mRNA levels. Because differences in NICD levels between wild-type and E-cadherin-deficient cells 

were greater and did not seem proportional to the differences in full Notch-1 amounts, the possibility 

that E-cadherin could interfere with the activation processes of Notch-1, in addition to its effect on 

Notch-1 gene expression could not be excluded. 
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We explored the more logical and direct hypotheses that explained decreased Notch-1 activity 

by E-cadherin-induced deregulation of the best recognized events controlling Notch-1 activation: 1) 

ligand availability and binding; 2) S2 cleavage by ADAMs; 3) S3 cleavage by γ-secretase; 4) NICD 

degradation. Although some of our experiments rendered relatively inconclusive results (particularly 

those meant to identify the ligand responsible for Notch-1 activation), overall we consider that our 

findings do not support any of the presented possibilities. Therefore, either other more complex 

molecular interactions occur, with the certainty that if happening these take place before S2 cleavage, 

or the differences in Notch-1 activation are only resultant from Notch-1 expression differences. The 

unusual effects observed on the different Notch-1 protein forms following Notch-1 siRNA treatment 

add to the confusion and favour the last possibility. The most striking finding after treatment was a 

decrease in the NICD form, while full-length Notch-1 proteins seemed to decrease only once NICD 

levels were much reduced. As siRNA molecules target mRNA and lead to decreased protein 

synthesis, and the existence of toxicity or side-effects produced by an abnormal siRNA were ruled out 

by testing different siRNA molecules, we can only explain them under a cellular requirement of a pool 

of intact Notch-1 receptors, achieved even at the cost of Notch processing and NICD generation 

decrease. Although this is a very speculative hypothesis, with no support in the literature, if true it 

would mean that indeed the reduced Notch-1 expression produced by wild-type E-cadherin could be 

sufficient to produce a decrease in the Notch signaling capacity and indirectly influence NICD 

generation. 

 

Among the molecular differences independent of Notch-1 activation we obtained between 

wild-type and E-cadherin-deficient cells, we found the most relevant to be precisely related with Notch. 

Indeed, expression of Delta-1 and Math-1, two members of the Notch signaling pathway was higher in 

cells with wild-type E-cadherin and decreased in cells without functional E-cadherin. The ability of the 

adhesion protein to modulate Math-1 expression is particularly suggestive because of the role of Math-

1 in differentiation and cell fate determination. This indicates that, in addition to being a differentiation 

marker for epithelial cells, E-cadherin may be a differentiation promoter, a distinction with important 

implications for tissue homeostasis (and cancer development). By influencing the expression of early-

differentiation determinants such as Math-1, it is logical to assume that E-cadherin is able to influence 
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the number and type of differentiated cells and could eventually be considered a mediator of cell fate 

determination. 

As views on E-cadherin have shifted from a physical element and epithelial anchor towards a 

signal transducer and possible differentiation promoter, views on differentiation have also evolved. 

Until recently it was generally thought that cells moved forward along their respective differentiation 

paths, but never backward. This dogma of unidirectional, hierarchical cell lineages in tissue 

development and maintenance was explained by the action of irreversible gene restrictions. As cells 

differentiated in a lineage, genes and pathways related to an undifferentiated cell condition would be 

irreversibly repressed. But as loss of cell plasticity is now considered an actively maintained state and 

not a one-way street, gene and pathway restrictions must be ensured by dynamic signaling cross-

talks. 

Disruption of the equilibrium in these dynamics has been recognized in disease and is 

probably most common during tumour development. Because some of the pathways, such as Notch, 

that dictate the differentiation state of cells are dependent on the interactions with adjacent cells, 

differentiation is not the sole “business” of a cell but is best considered as an histologic issue. In 

accordance, differentiation anomalies occurring in a single cell hold the potential to spread by altering 

the status of adjacent cells, changing tissue organization and the microenvironment or even 

influencing (cancer) stem cells. 

Within these principles, a classical cell fate mediator such as Notch and a possible novel one 

such as E-cadherin are central to tissue homeostasis, in roles made exponentially more fundamental 

in reason of their ability to establish a negative cross-talk. 

 

 

2. Loss of E-cadherin function induces Notch-mediat ed molecular alterations 

translated into cellular phenotypes that contribute  to tumour development 

 

It is interesting to verify that data produced on E-cadherin in gastric cancer blends two major 

theories for sporadic carcinogenesis. The Somatic Mutation Theory (SMT) has been the prevailing one 

in cancer research for the last 50 years (Sonnenschein, 2008; Varmus, 2006). It is based on the 

premises that sporadic cancer is derived from a single somatic cell that successively accumulates 
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multiple DNA mutations (monoclonality), that those mutations occur on genes that control cell 

proliferation and the cell cycle and implicitly considers the default state of cell proliferation in metazoa 

as quiescence (Sonnenschein, 2008). Proponents of the SMT claim that carcinogenic agents cause 

cancer either by facilitating the propagation of already mutated cells or by generating mutations in 

genes that, directly or indirectly, mediate the proliferation control of cells that would eventually become 

neoplastic. Hence, the cause of cancer would be DNA mutations, and the explanation of the cancer 

phenotype is the altered control of cell proliferation, or of the cell cycle. From this perspective, both the 

cancer cause and its explanation reside at the subcellular and cellular levels of biological organization. 

An alternative theory, the Tissue Organization Field Theory (TOFT) possesses significantly 

different premises from those of SMT. Namely, TOFT views sporadic carcinogenesis as a problem of 

tissue organization, comparable to organogenesis during early development, and considers 

proliferation as the default state of all cells (Sonnenschein, 1999; Soto, 1991). TOFT proposes that 

carcinogenic agents generate a disruption in the reciprocal interactions between cells that maintain 

tissue organization, tissue repair and local homeostasis. In these altered microenvironments, the 

negative controls exerted by tissue organization are relaxed, hence cells would be allowed to exercise 

their constitutive ability to proliferate and migrate. Therefore, the cancer phenotype would be the 

consequence of a loss or breakdown of the biological organization of the tissue induced by perturbed 

stromal-epithelial interactions, aberrant tissue architecture and microenvironment. From a TOFT 

perspective, both the cancer cause and its explanation reside at the tissue level. As TOFT asserts that 

the normal “default” state of a cell is not quiescence but rather proliferation, to sustain tissue 

homeostasis and promote differentiation this behaviour must be restricted through cell-adhesion-

dependent tissue organization. Thus, molecules and pathways critical for maintaining tissue 

architecture, such as cell adhesion molecules, constitute major tumour suppressors. 

 

Descriptions of E-cadherin-dependent cell signaling modulation and tumour development upon 

E-cadherin loss of function, very much support its classification as a tumour suppressor, in agreement 

with TOFT. Significantly, the signaling interactions, partners and targets of E-cadherin and the diverse 

cellular outcomes produced by E-cadherin deregulation only seem to be completely appreciated within 

a TOFT mind-set and at a tissue level. However, this theory fails to consider the origin of such 

deregulation. Indeed, TOFT claims that loss of tissue architecture or dysfunction of cell adhesion 
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generated by external agents drives malignant behaviour of cells within a tissue, even in the absence 

of primary genetic mutations. But the disturbance of tissue organization following E-cadherin 

impairment in the gastric mucosa is originated precisely at the subcellular level. E-cadherin somatic 

mutations have been identified, along with other E-cadherin genetic or epigenetic alterations, in 40-

83% of sporadic diffuse gastric tumours and are the biological events that primarily disrupt the all 

important “TOFT cell adhesion” that will ultimately cause the development of these gastric tumours 

(Berx, 1998; Suriano, 2006). 

Therefore, a more complete interpretation of E-cadherin-associated gastric tumour 

development is best understood with a TOFT perspective providing the tissue microenvironmental 

interactions and dynamics that context malignant progression and the more influential role of E-

cadherin in cell and tissue homeostasis, but requiring a SMT perspective to provide the origin (E-

cadherin genetic alterations) of the tumour initiating event and cellular alterations that precede tissue 

organization disruption. 

 

The ability of E-cadherin to promote tumourigenesis in relation to its signaling properties may 

best represented in its cross-talk with Notch. As we demonstrated that most HDGC-associated E-

cadherin mutated proteins failed in their ability to in vitro repress Notch-1 signaling, unlike normal E-

cadherin proteins, it is reasonable yet challenging to consider altered Notch-1 signaling as a 

contributor to tumour development resulting from E-cadherin loss of function.  

 

Aberrant Notch activation holds great oncogenic potential and is already associated with 

several forms of cancer (Leong, 2006; Radkte, 2003). Because Notch plays an important role in 

proper histogenesis (particularly in cell fate determination) and as a developmental pathway is able to 

cross-talk with a vast array of molecules and pathways, aberrant Notch-1 signaling in the context of E-

cadherin mutations may be an additional source of tissue organization breakdown or produce 

significant molecular alterations, respectively (Ehebauer, 2006; Fortini, 2009; Radtke, 2003). Here we 

have determined that aberrant Notch-1 activation upregulates Bcl-2 levels and is responsible for an 

increase in apoptosis resistance, one of the hallmarks of cancer (Hanahan, 2000). 
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In the introduction section of this thesis it was stated that in general, tumourigenesis is a 

multistep process, requiring four to six genetic alterations in the lineage of one cell that together 

ensure the manifestation of all six hallmarks of cancer (Armitage, 1954; Hanahan, 2000; Nowell, 1976; 

Renan, 1993). We believe germline E-cadherin alterations may constitute exceptions to these rules. 

We have determined in this work that, in addition to increased invasion, loss of cell adhesion and 

epithelial organization, E-cadherin loss of function affects apoptosis sensitivity, and the involved 

aberrant Notch-1 activation may still produce other potentially oncogenic phenotypes (such as 

increased angiogenesis). Therefore, as a single molecular outcome (E-cadherin deregulation, 

involving two genetic alterations) is able to satisfy at once several of the hallmarks of cancer, the need 

for additional genetic alterations decreases in relation to the number of those cancer phenotypes 

acquired following E-cadherin loss. This also means a decrease in the time period encompassing 

tumour development as the carcinogenic process becomes significantly accelerated. The early onset 

of cancers in HDGC E-cadherin mutation carriers is in agreement with these propositions. 

 Intriguingly, Machado and Oliveira estimated, by application of HDGC patients’ data on 

Knudson’s mathematical models, that these tumours require 3 genetic hits in total, or two additional 

hits to accompany the inherited E-cadherin germline mutation (Machado JC and Oliveira C, 

unpublished data; Hethcote, 1978; Knudson, 2001). One is the necessary second hit on E-cadherin 

while the other would be the activation of an oncogene. The latter should probably increase 

proliferation, if the default state of cells is quiescence, or lead to a different outcome, if the default 

state of cells is proliferation. More recently, Humar and collaborators took one further step in claiming 

that E-cadherin and cell-to-cell deficiency are sufficient to initiate diffuse gastric cancer (Humar, 2009). 

 

Altered Notch-E-cadherin interactions, resulting from mutated E-cadherin proteins, hold the 

signaling potential capable of simultaneously contributing to the development of gastric tumours and 

offering an explanation to the specific association of these mutations with gastric carcinogenesis. 

Although we are not implying that such interaction is solely responsible for E-cadherin-associated 

tumour development, as evidenced by previous publications correlating mutated E-cadherin with other 

oncogenic proteins, the nature and potential of the E-cadherin and Notch cross-talk is nonetheless 

fascinating (Mateus, 2007). 
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It would be ludicrous to suggest that Notch-1 modulation by E-cadherin is restricted to gastric 

tissues when the supporting data was obtained in cell lines of melanoma and ovarian cancer. In 

addition, the majority of the in-depth experiments described in the literature on E-cadherin-Notch 

cross-talk were performed on breast cell lines, and more superficial findings were obtained in cells 

with this and other origins (cervical, ovarian, colon, glioma cell lines) (Chen, 2010; Leong, 2007; 

Sahlgren, 2008; Stylianou, 2006). Therefore, the E-cadherin-Notch-1 interaction seems first of all an 

important cellular/biological resource, of which little is known in terms of its application requirements 

and regulating events. 

Still, the E-cadherin-Notch negative cross-talk fits very well within the following principles 

underlining E-cadherin-associated gastric cancer. As E-cadherin is expressed in all epithelial tissues, 

its ability to suppress invasion and metastization is likely universal, evidenced by its loss at advanced 

stages of many tumour types (Riethmacher, 1995). But the role of the adhesion molecule as a tumour 

initiator must possibly stem from its signaling properties and from a cellular interaction and outcome 

that is more tissue-specific and occurs only in gastric, or to a less extent also in breast mucosa. The 

extensive molecular networks capable of interfering with Notch, the ambiguous nature of Notch 

signaling and its many potentially oncogenic targets and biological outcomes, very much justify why 

the same molecular interaction between two almost “universal” molecules could end up with a very 

tissue-specific effect. In the stomach, this could be due to a particular setting of the many pathways 

that can control or cross-talk with Notch signaling, enabling E-cadherin to more freely and without 

interferences influence Notch, or to more specific downstream consequences of Notch signaling 

produced by its activation at the wrong place (in cells supposed to be Notch negative) and/or 

influenced by stomach-specific molecules. In this work, we characterized an interaction that in the 

scope of Notch signaling is “secondary-like”, obviously not in terms of biological relevance but 

because of its relative rarity. Indeed, the aberrant Notch-1 activation observed in our models affected 

the anti-apoptotic protein Bcl-2, without impacting any of the classical targets of the Notch pathway.  

 

By establishing an E-cadherin-Notch-1-Bcl-2 signaling axis, our findings suggest that the 

oncogenic potential of E-cadherin loss of function may be in part attributed to a reduction in cell death, 

caused by aberrant activation of Notch-1 and upregulation of Bcl-2. In general, as E-cadherin-deficient 

cells detach from tissues, penetrate and invade the interstitial matrix, they also lose the survival 
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signals provided by adhesion molecules in surrounding cells and are programmed to die (Comoglio, 

2003; Frisch, 1997; Ruoslahti, 1994). In instances when detachment occurs at later stages of tumour 

development, cell death resistance may be provided through the acquisition of alterations preceeding 

E-cadherin loss. However, for gastric tumours with E-cadherin mutations as initiating events, cell 

survival must be simultaneously acquired to detachment. 

Interestingly, aberrant Notch-1 signaling did not induce overall changes to apoptotic proteins, 

as we failed to observe differences in several other apoptosis-related proteins that have been linked 

with Notch. Instead, we only observed a specific effect on Bcl-2, a finding possibly related to the lack 

of differences under physiological conditions between our cell models and the need of apoptotic 

stimuli in order to reveal the apoptotic resistance of E-cadherin-deficient cells. 

 

The significance of E-cadherin impairment or decreased expression in primary gastric tumours 

is undeniable and well established. In agreement with the above presented signaling axis derived from 

our in vitro studies, inhibition of apoptosis has been reported for primary gastric tumours and 

increased expression of Bcl-2 has been described in diffuse gastric carcinomas (Fricke, 2003; Lee, 

1998; Xu, 2001). The most interesting study was performed by Fricke and collaborators, as they 

analyzed the expression of Bcl-2 in a series of 24 sporadic diffuse gastric tumours screened for E-

cadherin mutations (Fricke, 2003). While they found that none of the 8 wild-type E-cadherin cases 

expressed Bcl-2, the anti-apoptotic protein was detected in 5 of the 16 cases with E-cadherin 

mutations. The significance of these mutations was difficult to interpret as the authors also provided 

descriptions of the E-cadherin expression pattern that suggested that, at least in some cases, the 

remaining wild-type allele was ensuring proper E-cadherin function. Nonetheless, these results could 

indicate that E-cadherin deregulation is a necessary but not sufficient event for Bcl-2 accumulation. 

This is supported by observations that overexpression of Bcl-2 in gastric tumours ranges from 12-

35%, a percentage lower than the one regarding cases with E-cadherin loss of function (Fricke, 2003; 

Lee, 1998; Lee, 2003; Panani, 2008; Xu, 2001).  

Another way of interpreting these results is to consider that the ability of mutant forms of E-

cadherin to interfere with Notch-1 signaling may be sustained by some mutations and not by others. 

Cases with Bcl-2 overexpression would be those where mutant E-cadherin was unable to decrease 

Notch-1 signaling, and cases negative for Bcl-2 would be the ones where mutated E-cadherin 
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proteins, despite their alterations, still retained the ability to inhibit Notch-1. We used 10 HDGC-

associated missense mutations in our in vitro studies and found that 9 of them behaved in a similar 

manner to Mock cells in their inability to repress Notch-1 and by showing decreased cell death and 

increased Bcl-2 expression. This significantly high percentage of E-cadherin mutations showing similar 

and increased Notch-1 signaling suggests against the latter speculation. 

But questions surrounding the involvement of Notch on all gastric tumours where E-cadherin 

function is lost, resurfaced following our immunohistochemistry analyses. We compared Notch-1 and 

E-cadherin in four early diffuse signet-ring carcinomas that unequivocally presented the hallmark 

features of E-cadherin loss of function. Strong Notch-1 expression was observed in the tumour without 

E-cadherin, but in the three cases showing weak expression of E-cadherin no Notch-1 staining (in one 

case), or weak to very weak staining (in the other two cases) was observed. Because we did not have 

data available on the E-cadherin mutation status of these tumours, we are left to wonder if in vivo 

different mutations can lead to different Notch signaling status, if complete loss of E-cadherin 

expression is needed in order for Notch activation to be attained, or if other genetic or molecular 

alterations must occur following functional impairment of E-cadherin and before aberrant Notch-1 

activation. This is a very relevant topic emerging after this work, as proper evaluation of the translation 

of our in vitro results onto in vivo conditions is pivotal if we expect to apply our findings into clinical 

practice.  

 

 

3. Notch-inhibiting strategies provide a clinical a lternative to the treatment of E-

cadherin associated tumours by effectively reversin g/blocking some of the cellular 

outcomes derived from E-cadherin loss of function 

 

Gastric cancer, in particular HDGC and sporadic diffuse tumours constitute a major public 

health issue. The current available screening techniques are not able to properly assess the deep 

layers of the mucosa, the location in which diffuse gastric cancers appear to arise. By the time disease 

is symptomatic, it is already at advanced stages and carries high mortality risk. Therefore, total 

prophylactic gastrectomy is the only current clinical option for individuals carrying CDH1 germline 
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mutations and its associated high disease penetrance (Lewis, 2001). Other less radical clinical 

strategies for diffuse gastric cancer treatment are needed for the future. 

The ideal treatment would be to restore proper E-cadherin function, but this looks unfeasible. 

Considering this scenario, knowledge of all the molecular and biological implications of E-cadherin 

loss of function is essential in order to delineate alternative treatments. We believe that the biological 

interaction between E-cadherin and Notch-1 possibly offers one promising clinical strategy. The 

potential promise of efficient gastric tumour growth impairment with Notch-inhibiting drugs is 

undeniable, even if it may only be successful in a portion of cases that show deregulated E-cadherin 

(still to be determined). Obviously we should not get carried away with such prospect and significant 

work is still required. Only recently aberrant Notch signaling was associated with gastric 

carcinogenesis and little is still known about the role of Notch on gastric homeostasis (Li, 2007; 

Sekine, 2006; Yao, 2009; Yeh, 2009). The effects of Notch inhibition on gastric tissues, but also on all 

other tissues where Notch plays an important role if drug delivery is not specific to the stomach, must 

be very well determined. Moreover, more specific drugs that inhibit Notch without affecting other 

membrane proteins, unlike currently used GSI, are needed to avoid unwanted secondary effects. 

The requirement of adjuvant drugs to achieve maximal efficiency with Notch inhibitors also 

needs to be clarified. This doubt stems from the discrepancies we obtained between in vitro and in 

vivo experiments. In our cell models, simultaneous apoptosis stimulation, here performed by serum 

starvation but rendering the same results as taxol treatment, and Notch-1 inactivation were necessary 

to block apoptosis resistance and re-sensitize E-cadherin-deficient cells to similar cell death rates of 

apoptosis-stimulated-only wild-type E-cadherin cells. Taxol is a widely used chemotherapeutic agent 

in the treatment of advanced cancer, but taxol resistance has been reported in several cases, 

including gastric tumours (Mekhail, 2002; Roth, 2003; Sakamoto, 2009). Results obtained previously 

led to the speculation that taxol treatment may not be effective in tumours with E-cadherin loss 

(Ferreira, 2005). As we identified aberrant Notch-1 activation and increased Bcl-2 levels as the source 

of this possible E-cadherin-associated taxol resistance, we considered that such resistance could be 

overturned by the combined treatment with taxol and Notch inhibitors, and that taxol or Notch 

inhibitors alone would be ineffective. However, our in vivo results were not in agreement with this. 

Unexpectedly, tumour xenograft growth of E-cadherin-deficient cells was significantly inhibited by 

Notch inhibition alone and a similar result was obtained in the group of animals treated only with taxol. 
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Very high drug concentrations could explain such treatment effectiveness. We determined the ideal 

drug concentrations from literature analyses and preliminary tests, and although we did not detect any 

associated toxicity with the concentrations used, we can not exclude this possibility. It should also be 

considered that the concentrations and treatment periodicity we used may not be replicated in the 

treatment of human gastric tumours, and therefore combination therapy may still be required. Because 

of the potential relevance of these findings, further studies are warranted. 

 

It is obvious that the usefulness of Notch inhibitors in the treatment of E-cadherin-associated 

tumours is directly dependent on mutated E-cadherin losing the ability to interfere with Notch-1 

signaling and the subsequent overexpression of Bcl-2. Therefore, some of the questions we have 

posed in the comparison between E-cadherin and Bcl-2 in primary gastric tumours are also pertinent 

for clinical management. Speculating that all the in vitro biological effects of the 10 HDGC-associated 

missense mutations studied are replicated in gastric tumours (an extrapolation that, as we have stated 

above, can not be considered for now), Notch-1 inhibition could be useful in up to 9 of them, and only 

in one (W409R) it would be irrelevant.  

For the group of 8 mutations that show Notch activation but also oncogenic phenotypes 

produced by E-cadherin deregulation (decreased cell adhesion and increased invasive ability) Notch-1 

inhibition may constitute the best strategy to target tumour development. The remaining mutation with 

Notch-1 activation, the A592T E-cadherin variant, was previously considered a polymorphism as it 

was identified in one familial gastric cancer patient but also in one control, and functional assays on 

adhesion and invasion reinforced its classification as non-pathogenic (Keller, 2004). While it would be 

logical to assume that Notch-1 inhibition is as useful in this mutation as in the other mutations, we can 

not speculate much on the relevance of aberrant Notch-1 activation produced by E-cadherin mutations 

that do not affect adhesion and invasion, without further knowing the complete functions of Notch-1 

signaling in the stomach. It is possible that resulting cells with apoptotic resistance but without 

decreased epithelial cell adhesion must follow a different tumour progression and arise later. This 

could be dependent on the acquisition of different genetic and molecular alterations that ensured loss 

of adhesion but could also render Notch-1 activation redundant. In this context, Notch-1 inhibition 

would be relevant only at advanced stages of tumour development or not relevant at all. 
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In this work we have described a molecular interaction between E-cadherin and Notch-1, two 

proteins that are very often associated with opposite cell differentiation states. Based on the findings 

generated, we propose a model that is very much Notch-focused and adapted from binary cell fate 

choice systems (Artavanis-Tsakonas, 1999; Fortini, 2009), but we hope becomes a stepping stone for 

more comprehensive knowledge of gastric tissue homeostasis and carcinogenesis. 

 

The central event and starting point to this model is E-cadherin expression. Although our in 

vitro experiments started from E-cadherin-deficient cells, this is a derived condition related to 

carcinogenic cell lines that have acquired several genetic and molecular alterations. We believe 

proper extrapolation to normal gastric epithelial tissues requires an inversion in the two most relevant 

events. Therefore, instead of starting from E-cadherin-deficient cell lines with aberrant Notch-1 

activation, we begin in normal gastric epithelial cells that are negative for Notch-1 expression and are 

starting differentiation following expression of wild-type E-cadherin. 

 

 

Figure 81 - Schematic representation of a hypothetical model illustrating the effect of E-cadherin expression on 

several genes and proteins of the Notch pathway. Proper function of E-cadherin reduces Notch-1 gene 

expression and the generation of NICD active forms (black) and increases the levels of Delta-1 and Math-1 

(yellow). Inhibition of Notch in all cells expressing E-cadherin results in differentiated cells “stuck” in a “Notch 

signal-receiving inhibited” mode, and sensitive to apoptotic stimuli 
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The presence of wild-type E-cadherin proteins in a cell represses Notch-1 gene expression 

and activation of Notch-1 receptor molecules (Figure 81). In addition, an increase in Delta-1 and Math-

1 levels is observed, possibly related to the adoption of a differentiated phenotype (Figure 81). All 

these molecular features constitute a “Notch signal-sending” state, therefore the increased levels of 

the Notch ligand Delta-1 inhibit receptor molecules in cis or are probably meant to activate receptors 

on adjacent cells. However, if such adjacent cells are normal epithelial cells that also possess E-

cadherin expression, their ability to activate the Notch-1 pathway is also inhibited by the presence of 

E-cadherin and instead of being in a “Notch signal-sending” state, cells are in essence primed to enter 

a “Notch signal-receiving inhibited” mode (Figure 81). 

 

 

Figure 82 - Schematic representation of a hypothetical model illustrating Notch signaling following loss of E-

cadherin function (red). E-cadherin impairment enables the activation of downstream Notch targets after 

interaction between Notch-1 and its ligands (yellow). In this context, it leads to increased Bcl-2 levels and 

apoptosis resistance (yellow). Because all cells are equivalent in lacking E-cadherin, expressing Notch-1 

receptors and ligands, and in their ability to activate and be activated by adjacent cells, they all adopt a “Notch 

signal-receiving” mode  

 

In the absence of proper E-cadherin function (through mutation or expression loss), repression 

over Notch signaling is lifted (Figure 82). Therefore, Notch-1 receptors are able to engage with their 

activating ligands and signal to downstream targets, while an increase in Notch-1 gene expression 

ensures that more receptors are being generated to perpetuate this activation (Figure 82). In this 
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specific case, active NICD forms are responsible for an increase in Bcl-2 levels that induces mild 

apoptosis resistance. As the absence of functional E-cadherin also leads to a decrease in Math-1 and 

Delta-1 expression, overall cells are in a “Notch signal-receiving” mode. The decrease in Delta-1 may 

be important in reducing the inhibition of Notch receptors in cis, but somehow is not sufficient to stop 

the activation of Notch-1 receptors of adjacent cells, generating epithelial cells that are equivalent in 

having activated Notch-1 and in the ability of activating Notch-1 on adjacent cells (Figure 82). 

 

Here, we have investigated a molecular interaction that creates two mutually exclusive cell 

conditions. But because aberrant Notch expression can occur independently of E-cadherin alterations, 

it would be interesting to verify if under these conditions the presence of wild-type E-cadherin still 

ensures that Notch-1 signaling is blocked or repressed. If so, it would mean that E-cadherin can also 

be a biological backup mechanism to guarantee cells remain in a “Notch signal-receiving inhibited” 

mode, even after acquisition of aberrant Notch-1 expression. Their progression into a “Notch signal-

receiving” mode would be dependent on a subsequent functional impairment of E-cadherin.  

 

 

In conclusion, our findings consolidate and even extend the significance of E-cadherin in 

mediating intracellular signalling, and consequently to cell and tissue biology. Among its growing 

signaling properties, we have uncovered several new targets and speculate on potential new roles. 

Demonstration that loss of E-cadherin function (by mutation or expression inhibition) associates with 

aberrant Notch-1 activation and apoptosis resistance shows that this signaling ability is very much 

involved in E-cadherin-impaired tumour development. The molecular interaction with Notch is 

particularly attractive, as we propose Notch-inhibiting drugs as potentially effective clinical options for 

the treatment of HDGC or diffuse gastric tumours. Finally, our results indicate that a single molecular 

outcome (E-cadherin deregulation) is able to produce a number of potentially oncogenic phenotypes 

and satisfy at once several of the hallmarks of cancer. Hence, diffuse gastric cancer may constitute a 

simpler model than anticipated from the molecular genetics standpoint. 
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“They gave me six months to live, and I 

gave ‘em three and a half years of living.” 

Marley Pratt, osteosarcoma 
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Gastric cancer constitutes one of the leading causes of cancer-related death worldwide, with 

one histological subtype in particular (diffuse gastric cancer) as a major healthcare problem. Diffuse 

gastric cancer develops without detectable symptoms and is characterized by poor prognosis and 

absence of an efficient clinical treatment. 

From the study of the familial component of diffuse gastric cancer, E-cadherin has emerged as 

the only associated gene identified thus far, altered in about one third of HDGC (Hereditary Diffuse 

Gastric Cancer) cases, and in 40-83% of the sporadic tumours of the diffuse type. E-cadherin is a 

main component of the adhesion complex and a mediator of cell-cell contact, with a role in 

tumourigenesis classically ascribed to its ability to suppress invasion and metastization. However, new 

findings have recognized the protein as an important cellular receptor that modulates intracellular 

signaling. Therefore, it seems likely that the oncogenic potential of E-cadherin loss of function is in 

part exerted through interactions with other molecules and pathways not yet described. One of these 

interactions may be the E-cadherin cross-talk with Notch, as it was recently uncovered that the 

expression of HDGC-related E-cadherin mutant forms in a Drosophila system gives rise to phenotypes 

characteristic of downregulated Notch. 

The evolutionarily conserved Notch pathway affects numerous cellular functions related to 

tumourigenesis such as proliferation, apoptosis, differentiation, angiogenesis, and seems to be 

reacquired in different forms of cancer. The large oncogenic potential of aberrant Notch signaling 

suggests that its molecular interaction with E-cadherin may constitute an important transforming force 

once E-cadherin function is lost in diffuse gastric tumours. 

 

To validate this hypothesis we replicated the existence of an E-cadherin-Notch negative cross-

talk, as de novo expression of wild-type E-cadherin on both E-cadherin-negative cell models used 

significantly decreased the activity of the Notch pathway, when compared to Mock cells. Following this 

rather general confirmation, it was mandatory to associate alterations to E-cadherin and Notch within 

the diffuse gastric tumour setting. 

Because little was still know about the involvement of Notch signaling in gastric 

carcinogenesis, we started by demonstrating that the majority of the gastric cancer cells studied 

presented active Notch signaling. Although these findings were not very extensive, they hinted that 

Notch may be involved in gastric tumourigenesis, in general. We addressed this possibility by focusing 
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on the hypothetical contribution of aberrant Notch activation to the development of diffuse gastric 

tumours with impaired E-cadherin. 

Very significant to this hypothesis was the observation that in vitro almost all HDGC-

associated E-cadherin germline missense mutated proteins studied did not exhibit the same ability of 

wild-type E-cadherin to inhibit Notch-1. Moreover, we were able to demonstrate that the increased 

Notch-1 activity observed in non-functional E-cadherin cells correlated with more abundant Bcl-2, an 

anti-apoptotic protein that can prevent apoptosis and increase cell survival. In agreement with these 

findings, E-cadherin-deficient cells showed increased resistance to apoptotic stimulation when 

compared to wild-type E-cadherin cells, but lost such resistance once Notch signaling was blocked by 

RNAi or inhibited by DAPT treatment with the pharmacological drug DAPT. 

As a final test to the involvement of aberrant Notch activation to E-cadherin-related tumour 

development, we characterized the immunohistochemical expression of Notch-1 and E-cadherin in 

four early diffuse signet-ring carcinomas. Interestingly, complete loss of E-cadherin expression at the 

tumour area occurred in one of the tumours, the only one that presented strong Notch-1 expression, 

confirming in primary gastric tumours our in vitro conclusions. 

The possibility that tumour development promoted by E-cadherin impairment is mediated 

(even if just in part) by Notch raised the thrilling prospect that development and progression of diffuse 

gastric tumours may be targeted by Notch-inhibiting drugs such as DAPT, and a clinical treatment for 

diffuse gastric cancer may at last gain shape. We tested the ability of Notch-inhibiting drugs to reduce 

tumour development of E-cadherin-deficient cells in vivo as efficiently as in vitro by generating tumour 

xenografts. Although animals treated with DAPT eventually developed tumours, a signficant reduction 

in tumour growth was achieved. Interestingly, the effect achieved by DAPT was comparable to the one 

observed in animals treated with the chemotherapeutic agent taxol, further supporting the idea that 

Notch inhibition may be a future therapeutic tool, at least for tumours associated with E-cadherin 

inactivation. 

 

In conclusion, our findings consolidate and even extend the significance of E-cadherin in 

mediating intracellular signalling, and consequently to cell and tissue biology. Among its growing 

signaling properties, we have uncovered several new targets and speculate on potential new roles. 

Demonstration that loss of E-cadherin function (by mutation or expression inhibition) associates with 
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aberrant Notch-1 activation and apoptosis resistance shows that this signaling ability is very much 

involved in E-cadherin-impaired tumour development. The molecular interaction with Notch is 

particularly attractive, as we propose Notch-inhibiting drugs as potentially effective clinical options for 

the treatment of HDGC or diffuse gastric tumours. Finally, our results indicate that a single molecular 

outcome (E-cadherin deregulation) is able to produce a number of potentially oncogenic phenotypes 

and satisfy at once several of the hallmarks of cancer. Hence, diffuse gastric cancer may constitute a 

simpler model than anticipated from the molecular genetics standpoint. 
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RESUMO 

 

 

“A terminologia? Chamo-lhe um cancro, 

abertamente. Olha, tenho um cancro. É isto. Não sei 

o que é ter um cancro. Agora, estou a aprender.” 

António Feio, cancro do pâncreas 
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O cancro gástrico constitui uma das principais causas de morte provocadas por doença 

oncológica a nível mundial. Em particular, o carcinoma gástrico de tipo difuso apresenta-se como um 

sério problema de saúde. Tumores deste tipo desenvolvem-se sem sintomas perceptíveis e 

caracterizam-se por mau prognóstico e falta de tratamento clínico eficaz. 

O estudo da componente familiar do carcinoma gástrico difuso permitiu a identificação da 

Caderina-E como gene associado ao desenvolvimento destes tumores. Actualmente persiste como 

único gene com tal associação, surgindo alterado em cerca de 1/3 dos casos de síndrome de 

carcinoma gástrico hereditário de tipo difuso (HDGC), e em 40-83% dos casos de tumores difusos 

esporádicos. 

A Caderina-E é um elemento basilar do complexo de adesão, fundamental para a 

manutenção de contactos célula-célula. Em consonância com o seu papel biológico, na tumorigénese 

foi classicamente associada a alterações ao nível da invasão tecidular e metastização. Contudo, 

novos dados apontam para que a Caderina-E seja um importante receptor celular e mediador de 

sinalização. Neste novo contexto, o potencial oncogénico da perda de função da caderina-E deverá 

estar igualmente dependente das alterações que provoca a nível molecular. Pesquisas recentes 

apontaram a que um desses alvos seja a via do Notch. Tal decorreu do desenvolvimento de fenótipos 

típicos de subexpressão de Notch, com a expressão de formas mutadas da Caderina-E (identificadas 

em doentes HDGC) em asas de Drosophila. Uma interacção Caderina-E-Notch é particularmente 

sugestiva em virtude das funções biológicas da via do Notch. Nomeadamente, esta influencia 

diversos processos celulares envolvidos na progressão tumoral, como proliferação, apoptose, 

diferenciação ou angiogénese. Assim, a capacidade transformante do Notch, já demonstrada em 

diversas formas de cancro, sugere que alterações na interacção molecular Caderina-E-Notch 

contribuem para o desenvolvimento de tumores gástricos de tipo difuso com perda de Caderina-E. 

 

A primeira fase do nosso trabalho consistiu em replicar, em células humanas, a influência 

negativa da Caderina-E sobre a via do Notch. Tal foi demonstrado através da diminuição significativa 

da activação do Notch ocorrida com a expressão de novo da forma nativa de Caderina-E, em 

comparação com a respectiva linha celular Mock do modelo Caderina-E-negativo utilizado.  

Como passo seguinte impunha-se transpor esta associação para o desenvolvimento 

específico de tumores no estômago. Uma vez que a influência da via do Notch na carcinogénese 
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gástrica está ainda pouco estabelecida, começámos por verificar que a maioria das linhas celulares 

derivadas de carcinomas gástricos apresenta activação do Notch. Apesar de pouco exaustiva, esta 

experiência corroborou um possível envolvimento da activação anormal do Notch na carcinogénese 

gástrica, em geral. Prosseguimos, concentrando-nos na sua hipotética contribuição para o 

desenvolvimento de tumores gástricos com perda de função da Caderina-E.  

Esta hipótese foi fortemente apoiada com a demonstração in vitro que a maioria das formas 

mutadas de Caderina-E (associadas a HDGC) estudadas não sustêm a capacidade exibida pela 

forma nativa de inibir a via do Notch. Ao investigarmos as consequências de tal incapacidade, 

verificámos que a decorrente activação de Notch-1 nas células sem Caderina-E funcional promoveu 

um aumento nos níveis da proteína anti-apoptótica Bcl-2, traduzida depois numa resistência maior a 

estímulos apoptóticos, quando comparado com células com a forma nativa. Num dos resultados mais 

significativos deste trabalho, contrariámos a resistência apoptótica e tornámos as células igualmente 

sensíveis a estímulos apoptóticos mediante a inibição da activação do Notch-1, quer por RNAi quer 

por tratamento com o composto DAPT. 

Como indício final do contributo do Notch para a tumorigénese associada à perda de função 

da caderina-E, caracterizámos a expressão imunohistoquímica de Notch-1 e Caderina-E em 4 

tumores primários gástricos difusos com morfologia típica de anel-de-sinete. Ao observar que o único 

tumor com perda completa da expressão de Caderina-E também foi o único a apresentar uma forte 

expressão de Notch-1, verificámos uma forte concordância entre os nossos resultados in vitro e o que 

sucede nos tumores primários. 

Baseado nos nossos estudos, o agora mais provável contributo da via do Notch para a 

tumorigénese gástrica associada à perda de função da caderina-E sugere o potencial clínico de 

compostos inibidores do Notch (como o DAPT). Nesse sentido, testámos a capacidade destes 

inibidores serem tão efectivos em reduzir o desenvolvimento de tumores de células com perda de 

função da Caderina-E xenografadas em ratinhos, quanto o foram in vitro. Apurámos que, apesar de 

os animais tratados com DAPT também terem apresentado tumores, estes foram significativamente 

mais reduzidos do que os dos animais não tratados. A redução no crescimento dos tumores 

promovida pelo tratamento com DAPT foi similar àquela observada em animais tratados com Taxol. 

Esta observação é bastante sugestiva, dado o uso corrente de Taxol como agente quimioterapêutico, 
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e favorece, se bem que ainda preliminarmente, um hipotético uso de inibidores do Notch no 

tratamento de tumores gástricos com perda de caderina-E. 

 

Em conclusão, os nossos resultados reforçam a importância da Caderina-E para a biologia da 

célula, conferindo-lhe sobretudo um papel mais activo na sinalização celular. Neste tocante, 

identificámos novos alvos moleculares e especulámos acerca de potenciais novas funções da 

Caderina-E na homeostasia tecidular. A demonstração que a perda de função da Caderina-E (por 

mutação ou ausência de expressão) conduz a uma activação anormal de Notch-1 e a resistência 

apoptótica está de acordo com o envolvimento desta capacidade sinalizadora no desenvolvimento de 

tumores com perda de Caderina-E. É particularmente interessante a sua interacção com a via do 

Notch, uma vez que sugerimos os inibidores do Notch como potenciais opções terapêuticas para a 

intervenção clínica sobre tumores gástricos difusos esporádicos ou HDGC. Finalmente, dado que os 

nossos resultados apontam a que um único defeito molecular (perda de função da Caderina-E) seja 

responsável por diversos fenótipos oncogénicos, pensámos que o crescimento de tumores gástricos 

difusos associados à Caderina-E segue um modelo de desenvolvimento mais simples do ponto de 

vista genético. 
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ORIGINAL PAPER 

 

 

“Cancer can take away all of my physical abilities. It cannot 

touch my mind, it cannot touch my heart, and it cannot touch 

my soul. And those three things are going to carry on 

forever.” 

Jimmy Valvano, bone cancer 
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Abstract 

 

Germline mutations of the E-cadherin gene constitute the molecular basis of Hereditary Diffuse 

Gastric Cancer (HDGC). The role of E-cadherin in tumourigenesis has been attributed to its ability to 

suppress invasion and metastization. However, E-cadherin impairment may have a wider impact on 

tumour development. We have previously shown that overexpression of human E-cadherin in 

Drosophila produces a phenotype characteristic of downregulated Notch. These observations led us to 

hypothesize that Notch signaling may be influenced by E-cadherin and mediate tumour development 

associated with E-cadherin deficiency. 

The E-cadherin-negative MDA-MB-435 cell line was transduced with wild-tye (wt) E-cadherin or 

HDGC-related germline mutations T340A and V832M. De novo expression of wt E-cadherin led to a 

significant decrease in the activity of the Notch pathway. However, the mutated forms of E-cadherin 

did not exhibit the same ability to inhibit Notch-1 signaling. This increased Notch-1 activity correlated 

with increased expression of Bcl-2, an anti-apoptotic protein. In agreement with these findings, E-

cadherin-deficient cells showed increased resistance to apoptotic stimuli when compared to wt E-

cadherin cells. To confirm that such resistance was associated with increased Notch-1 activation, 

siRNA and the pharmacological drug DAPT were used to block Notch-1 signaling. Under apoptotic 

stimuli, inhibition of Notch-1 re-sensitized E-cadherin-deficient cells to apoptosis in a similar degree to 

wt E-cadherin cells. 

Our results show that aberrant Notch-1 activation, Bcl-2 expression and cell survival are likely to play 

a crucial role in neoplastic transformation of E-cadherin-deficient cells. These findings suggest Notch 

as a possible therapeutical target for tumours associated with E-cadherin inactivation. 
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Introduction 

 

The epithelial cadherin (E-cadherin) is a calcium-dependent glycoprotein that is localized on 

basolateral surfaces of epithelial cells in regions of cell contact known as adherens junctions (1). 

Homophilic interactions between E-cadherin molecules of adjacent cells are essential for the 

establishment and maintenance of differentiated and polarized epithelia (2). In sporadic diffuse gastric 

cancer, decrease or absence of E-cadherin expression is observed in more than half of the cases (3, 

4). Moreover, germline mutations of the E-cadherin gene (CDH1) were determined to be the molecular 

basis for about 30% of Hereditary Diffuse Gastric Cancer (HDGC) cases (5-7), establishing CDH1 as 

a tumour suppressor gene. 

The role of E-cadherin in tumourigenesis has been classically ascribed to its ability to suppress 

invasion and metastization. The molecular ground for this view results both from the adhesive 

properties of E-cadherin and from its interaction with the cytoskeleton through binding with a molecular 

complex that includes β-, p120-, and α-catenin (8, 9). However, E-cadherin is being increasingly 

recognized as a more ubiquitous cellular receptor, capable of interacting with different cell signaling 

pathways (10, 11). Hence, it is possible that E-cadherin impairment in tumourigenesis has a wider 

impact than that associated with its ability to suppress invasion and metastization alone. 

We have previously shown that overexpression of a human form of E-cadherin in a Drosophila system 

produces a phenotype characteristic of downregulated Notch signaling (12). These findings are in 

agreement with observations in human breast cancer cell lines: MCF10A cells transfected with the 

active form of Notch (NICD) showed increased Notch-1 signaling and reduced E-cadherin expression; 

whereas overexpression of Numb, a Notch inhibitor, abrogated Notch signaling and led to the 

accumulation of E-cadherin (13). 

The aforedescribed observations led us to ask: 1) whether the functional status of E-cadherin could 

affect Notch signaling in human epithelial cells; and 2) whether such interaction could be associated 

with the onset of molecular phenotypes compatible with oncogenic activity, such as increased cell 

proliferation and apoptosis resistance. In order to address these questions, we characterized the 

effects of the expression of wild-type and mutated forms of human E-cadherin on Notch signaling. 
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Material and Methods 

 

Construction of plasmids encoding human wild-type and mutant E-cadherin forms  

Human wild-type and two HDGC-associated germline missense mutated (T340A and V832M) E-

cadherin cDNA fragments were generated as previously described (14, 15). These fragments were 

cloned into the pLenti6/V5 Directional TOPO vector (Invitrogen) for retroviral infection, following the 

manufacturer’s instructions. 

 

Establishment of cell lines stably expressing the different E-cadherin constructs 

Melanoma-derived E-cadherin-negative MDA-MB-435 cells were chosen as cell model system. 

Retroviral infection was performed using the Virapower infection kit (Invitrogen), according to the 

manufacturer’s instructions. 293FT cells were chosen for viral packaging and lipofectamine 

transfection (Invitrogen) performed with 95% confluent cells in OPTI-Mem medium (GIBCO-BRL). 

Virus-containing supernatants were collected at 48h and 72h, respectively, upon transfection, filtered 

and applied, in the presence of 100 µg of polybrene, on MDA-MB-435 target cells grown at 60% 

confluence. Blasticidin selection (5 µg/mL; Invitrogen) was carried out for the following 3 weeks. To 

verify the expression of E-cadherin in the selected cells, western blotting and immunocytochemistry 

was performed. 

MDA-MB 435 cells transduced with wild-type or mutated forms of E-cadherin (T340A and V832M) 

were maintained in Dulbecco’s Modified Medium (D-MEM) medium (GIBCO, Invitrogen), 

supplemented with 10% fetal bovine serum (FBS; GIBCO, Invitrogen), 100µg/mL 

penicillin/streptomycin (Invitrogen) and under blasticidin selection in a 10% CO2 humidified 

atmosphere at 37ºC. As negative control, MDA-MB 435 cells were transduced with the empty vector 

(Mock). 

E-cadherin-negative CHO-K1 (Chinese hamster ovary) cells transfected with wild-type or mutated 

forms of E-cadherin (T340A and V832M) were established as described elsewhere (14, 15). Cells 

were grown in α-MEM (+) medium (GIBCO, Invitrogen), supplemented with 10% FBS, 100µg/mL 

penicillin/streptomycin and under Geneticin G418 sulphate selection (500 µg/mL; Invitrogen) in a 5% 

CO2 humidified atmosphere at 37ºC. 
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Antibodies 

The following primary antibodies were used: anti-E-cadherin (BD Transduction Laboratories, 610182); 

anti-Notch-1 (Santa Cruz Biotechnology, SC-6014); anti-Jagged-1 (Santa Cruz Biotechnology, SC-

6011); anti-Jagged-2 (Cell Signaling; #2205); anti-Delta-1 (Santa Cruz Biotechnology, SC-9102); anti-

Delta-3 (Cell Signaling; #2483); anti-Delta-4 (Cell Signaling; #2589); anti-β-catenin (Sigma, C2206); 

anti-Hes-1 (kind gift from Dr. Tetsuo Sudo, Toray Industries Inc.); anti-Hey-1 (Santa Cruz 

Biotechnology, SC-16424); anti-Hey-L (Santa Cruz Biotechnology, SC-16448); anti-Hey-2 (Chemicon, 

AB5716); anti-Hes-5 (Chemicon, AB5708); anti-Bcl-2 (Dako, M0887); anti-p21 (BD Transduction 

Laboratories, 554228); anti-p27 (Santa Cruz Biotechnology, SC-528); anti-cyclin-D1 (Santa Cruz 

Biotechnology, SC-20044); anti-NF-kappaB p65 (Santa Cruz Biotechnology, SC-372); anti-phospho-

NF-kappaB p65 (Cell Signaling, #3031); anti-AKT (Cell Signaling, #2966); anti-phospho-AKT (Cell 

Signaling, #4051); anti-ERK1/2 (Cell Signaling, #9102); anti-phospho-ERK1/2 (Cell Signaling, #9106); 

anti-XIAP (Cell Signaling, #2042); anti-PI3K (BD Transduction Laboratories, 610046);  anti-c-Myc 

(Santa Cruz Biotechnology, SC-42); anti-PARP (Santa Cruz Biotechnology, SC-7150). Anti-α-tubulin 

(Sigma, T6199) was used as loading control. 

 

Immunocytochemistry 

Cells layers established on coverslips were fixed in cold methanol for 10 minutes and subsequently 

incubated with primary antibody. After three washes with PBS + 0.5% Tween-20, cells were incubated 

for 1 hour with secondary antibody labelled with FITC (Dako, E0354). Protein detection was performed 

under a fluorescence microscope. 

 

Preparation of cell lysates, Immunoblotting and Immunoprecipitation 

Cells were lysed using cold Catenin Lysis Buffer [1% Triton X-100, 1% Nonidet P-40] with 1:7 

proteases inhibitor cocktail (Roche) and 1:100 phosphatases inhibitor cocktail (Sigma)]. Protein 

concentration was determined using the Lowry Assay (BioRad DC reagents, BioRad). 

Previous to SDS-PAGE, proteins were dissolved in sample buffer [90% of Laemmli, 5% of 2-β-

mercaptoethanol and 5% of Bromophenol Blue] and boiled for 5 min at 95ºC. After electrophoresis, 

proteins were transferred onto Hybond nitrocellulose membranes (GE Healthcare). Membranes were 

blocked with 4% bovine serum albumin (Sigma) in PBS + 0.5% Tween-20 (for detection of 
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phosphorylated proteins) or with 5% nonfat milk in PBS + 0.5% Tween-20 (for overall protein 

detection) and incubated ON with the primary antibody specific for the protein of interest. Anti-goat 

(Santa Cruz Biotechnology, F2206), anti-mouse (GE Healthcare, NA931V) or anti-rabbit (GE 

Healthcare, NA934V) horseradish peroxidase-conjugated secondary antibodies were used, followed 

by ECL western blotting detection (GE Healthcare). 

For immunoprecipitation assays, 600µg of proteins were incubated with primary antibody ON at 4°C. 

Immunocomplexes were then incubated for 60 min with protein G-Sepharose beads (GE Healthcare), 

washed, eluted in sample buffer, boiled for 5 min at 95ºC and submitted to SDS-PAGE and 

immunoblotting. 

 

Small interference RNA (siRNA) transfection and DAPT treatment 

siRNAs targeting Notch-1 mRNA were obtained from Qiagen (Hs_Notch1_2 cat SI00119021; 

Hs_Notch1_3 cat SI00119028) and prepared according to manufacturer’s instructions. As negative 

control, non-silencing siRNA (All Stars Negative Control cat 1027281, Qiagen) was used. Prior to 

transfection, 1,5x105 cells were grown in 6-plate wells for 24 hours. Afterwards, cells were transiently 

transfected with 125nM of siRNA, using the Lipofectamine 2000 transfection reagent (Invitrogen) and 

incubated with 10% FBS and antibiotic-free medium. After 12 hours, medium was removed and 

replaced with fresh antibiotic-free medium that could either contain 10% FBS or be serum-free 

according to the desired experiment. 

DAPT (N-[N-(3,5-Difluorophenacetyl)-L-alanyl]-S-phenylglycine t-butyl Ester) was purchased from 

Sigma (D5942) and dissolved in DMSO to a working solution of 10mM. For DAPT treatment, cells 

were grown in 6-well plates and 1 µL of the working solution was added to each mL of medium. For 

control samples, the same volume of DMSO (1 µL) was added to each mL of medium. 

 

RNA extraction and Real-Time PCR  

Total RNA extraction was performed with Tripure isolation reagent (Roche), according to 

manufacturer’s instructions. The isolated RNAs were treated with ribonuclease-free 

deoxyribonuclease DNase I (1U/µL) for 1h to eliminate contamination with genomic DNA. First-strand 

cDNA was synthesized from 1,5 µg total RNA using Superscript II reverse transcriptase (Invitrogen) 

for 1h at 37ºC. 
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Real-time PCR assays were done using Quantitect SYBR Green PCR kit (Qiagen) with SYBR Green I 

as the fluorescent dye enabling real-time detection of PCR products according to the manufacturer’s 

protocol. Notch-1-specific primers (Quantitect Primer Assay Hs_Notch1_2_SG cat QT01005109, 

Qiagen) were purchased from Qiagen. Reactions were performed in an ABI Prism 7000 SDS v1.1, 

using the following conditions: 95ºC for 15 min followed by 40 cycles of 94ºC for 15s, 55ºC for 30s and 

72ºC for 1min.  For quantification, relative gene expression of the target gene was determined after 

normalization to the internal standard 18S gene. 

  

Caspase inhibition /Z-VAD treatment 

The pan-caspase inhibitor Z-VAD (Z-Val-Ala-DL-Asp-fluoromethylketone) was obtained from Bachem 

AG (N-1510). The drug was dissolved in methanol to a working solution of 20 mM. Treatment was 

performed by adding 1 µL of the working solution for each mL of medium to cells grown in 6-well 

plates, for 48 hours. For control samples, the same amount of methanol was added. 

 

TUNEL assay 

In situ cell death detection kit (Roche) was used to detect apoptotic cell death by enzymatic labelling 

of DNA strand breaks. After treatment (siRNA or DAPT), cells were fixed in 4% paraformaldehyde for 

20 min at room temperature and cytospun into slides. Slides were washed in PBS, and cells were then 

suspended in permeabilization solution (0.1% Triton X-100/0.1% sodium citrate) for 3 min on ice. Cells 

were washed again and treated with 30 µL of TUNEL-reaction mixture for 1h in a humidified dark 

chamber at 37ºC. Following PBS washing, slides were mounted with Vectashield mounting medium 

with 4’-6-diamidino-2-phenylindole (DAPI, Vector Laboratories). and green fluorescence of apoptotic 

nuclei was detected by fluorescence microscopy. For each slide, a minimum of 2000 nuclei were 

counted. 

 

Slow aggregation assay 

Each well of 96-well plate was coated with 50µl of a semi-solid agar-solution (100mg Bacto-agar 

(Difco Laboratories) in 15ml of sterile PBS, dissolved at 40-50ºC). 2×104 trypsinized cells were seeded 

on each well and the plate incubated at 37ºC in a humidified atmosphere with 5% of CO2 for 48h. 

Aggregation was evaluated under an inverted microscope (4x objective) at 24 h and 48 h. 
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Matrigel invasion assay 

24-well Matrigel-coated invasion inserts of 8 µm pore size filters (BD Biocoat) were hydrated by filling 

the inner and outer compartments of the system with antibiotic-free α-Mem medium supplemented 

with 10% fetal bovine serum. After 60 min incubation at 37 °C, 5x10 4 cells were seeded over the 

inserts and incubated for 24h at 37 °C. Filters wer e washed in PBS, fixed in 4% paraformaldehyde, 

removed from the inserts, and mounted in Vectashield. Invasive cells were scored in at least 25 

microscopic fields (20x objective), when DAPI-counterstained nuclei passed through the pores of the 

filter. 

 

Tumour xenograft model 

CHO Mock or E-cadherin wild-type cells (1x106) in 100 µL of PBS were inoculated subcutaneously into 

8-10 week-old male N:NIH (S) nu/nu mice (16). At post-inoculation day 3, groups of 5 animals each 

were treated subcutaneously everyday with 100 µL of 50% DMSO/H20 (vehicle group), 10 mg/Kg of 

body weight of DAPT (17), or once every 3 days with 10 mg/Kg of body weight of taxol/paclitaxel. 

Tumour volume (in mm3) was calculated using the formula (length x width2)/2 (18). As controls, groups 

of non-inoculated animals were treated under the same conditions with DMSO, DAPT or taxol. At the 

end of the study, animals were humanely euthanized. 

 

Immunohistochemistry 

Surgical specimens from four early diffuse signet-ring carcinomas were resected and diagnosed at 

Hospital São João, Porto.  Tissue fragments were fixed in 10% formaldehyde and embedded in 

paraffin wax. Serial sections of 3 µm were obtained from each block and used for haematoxylin and 

eosin staining and immunohistochemistry. 

Antigen retrieval was performed in Trilogy buffer (Cell Marque) for 20 min at 99ºC.  Non-specific 

endogenous peroxidase activity was eliminated by DAKO Peroxidase Block (Dako ENVision+ System, 

Peroxidase, Dako) for 10 min at room temperature. Slides were washed in water and PBS-Tween, and 

incubated with rabbit anti-Notch-1 (Santa Cruz, SC-6014, 1:100 dilution) or mouse E-cadherin (Zymed 

Laboratories, 13-1700, 1:50 dilution) primary antibody for 1 hour at room temperature.  After washing, 

slides were incubated with Horseradish peroxidase-labeled Polymer that is conjugated to rabbit and 
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mouse secondary antibodies (Dako ENVision+ System, Peroxidase, Dako) for 30 min at room 

temperature. Slides were again washed and staining was completed by a 5-10 minute incubation with 

3,3’-diaminobenzidine (DAB) and substrate-chromogen (Dako ENVision+ System, Peroxidase, Dako) 

which resulted in a brown-colored precipitate at the antigen site. Finally, slides were counterstained 

with haematoxylin, dehydrated, and mounted. 
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Results 

 

E-cadherin impairment associates with increased Notch-1 signaling 

Experiments were performed on a human epithelial non-expressing E-cadherin cell line (MDA-MB-

435) transduced with the HDGC-related germline mutations T340A and V832M, or the wild-type E-

cadherin for comparison. The T340A alteration (A→G in nucleotide 1018 of the CDH1 gene) affects 

the extracellular domain of the protein, whereas the V832M mutation (G→A in nucleotide 2494) 

localizes to the cytoplasmatic tail. We have shown previously that both mutations lead to loss of 

function of the protein, impair cell-cell adhesion and decrease the ability to suppress cell invasion (14, 

15).  

E-cadherin expression was not detected in the Mock cell line, but the protein was present in 

comparable amounts in wild-type and mutant-expressing E-cadherin cell lines (Figure 1A). 

Immunofluorescence staining showed that the protein localized at the cell membrane forming a typical 

honey-comb like pattern in wild-type and mutant-expressing cells (Figure 1B). 

An inverse association was found between expression of wild-type E-cadherin and Notch pathway 

activation, measured by the accumulation of its active form NICD (Notch Intracellular Domain) (Figure 

2A). The Mock cell line, that did not express E-cadherin, presented increased amounts of the NICD 

form, whereas the wild-type E-cadherin cell line showed almost absent NICD levels. We also observed 

differences in Notch-1 mRNA (Figure 2B) and full-length Notch-1 protein expression between Mock 

and wild-type E-cadherin cells (Figure 2A). Interestingly, cells expressing the mutated forms of E-

cadherin behaved similarly to Mock cells by showing increased amounts of NICD and greater Notch-1 

mRNA and protein expression when compared to E-cadherin wild-type cells (Figure 2A and 2B). 

 

Increased Notch-1 activity in cells with impaired E-cadherin leads to Bcl-2 overexpression 

We investigated the downstream effects of elevated NICD levels, observed due to E-cadherin 

deficiency, on the Notch canonical target genes of the Hes- and Hey-family (19, 20). No differences 

were observed in Hes-1, Hey-1 and Hey-L amounts between Mock, mutant and wild-type E-cadherin 

cell lines (Figure 3). Hes-5 and Hey-2 expression was not detected in any cell line (data not shown). 

Altogether, our results suggest that in this specific model increased Notch pathway activity was not 

signaling through its classical targets. 
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With the classical Notch-1 targets excluded, and to identify the molecular consequences of increased 

Notch-1 activation, other candidate downstream targets were investigated, namely proteins that have 

been associated with Notch in the development of solid tumours (21-29). No changes in expression 

were observed for NF-kB, PI3K, AKT, ERKs, cyclin-D1, p27, p21, XIAP and c-Myc (data not shown). 

Regarding Bcl-2 expression, we found that this anti-apoptotic protein correlated with Notch pathway 

activation (Figure 3). Bcl-2 was more abundant in cell lines that did not possess functional E-cadherin 

and that showed increased NICD levels, and was decreased in wild-type E-cadherin cells. 

The hypothesis that aberrant Notch activation observed in E-cadherin deficient cells was directly 

responsible for the elevated amounts of Bcl-2 was tested by RNA interference (RNAi). Cell lines were 

transiently transfected with siRNA for Notch-1, abrogating its expression. Silencing was maximal at 

72h after transfection. Both the full-length Notch-1 receptor and the NICD form were donwregulated by 

siRNA treatment in Mock (Figure 4A), E-cad T340A (Figure 4B) and E-cad V832M-transfected cells 

(Figure 4C).  By RT-PCR, we verified a significant decrease (about 60%) of Notch-1 mRNA in all three 

cell lines used (Figure 4A, B and C), confirming our observations at the protein level. These results 

were reproduced in all attempts and obtained with both siRNA molecules used (data not shown). 

Furthermore, in every cell line under analysis, decreased Notch signaling associated with E-cadherin 

deficiency resulted in a reduction of Bcl-2 expression (Figure 4A, B and C), thus showing that aberrant 

Notch signaling is indeed responsible for increased Bcl-2 expression in this context.  

Because it has been described that caspase activation can induce degradation of Bcl-2 (30), and to 

confirm if the lower amounts of Bcl-2 observed in wild-type E-cadherin cells were due to lower Notch 

activation and not to increased caspase activation, we treated cells with Z-VAD, a pan-caspase 

inhibitor (31, 32). Inhibition of caspase activity was confirmed by the decrease in the levels of cleaved 

PARP, one of the first targets of caspases. However, it did not influence Bcl-2 amounts (Figure 5), 

indicating that Bcl-2 accumulation was independent of the caspase activation status. 

Altogether, our results demonstrate that loss of E-cadherin expression (Mock cells) or function (mutant 

E-cadherin) impairs its ability to inhibit Notch signaling. The consequent increase in Notch pathway 

activity leads to an accumulation of the anti-apoptotic protein Bcl-2.  

 

 

 



 12 

E-cadherin impairment associates with apoptosis resistance  

To determine if increased NICD and Bcl-2 expression in non-functional E-cadherin cells influenced cell 

death rates, apoptosis was assessed by TUNEL assay. In the absence of an apoptosis stimulus 

(culture in the presence of FBS) all cell lines showed similar levels of apoptosis (Figure 6, yellow bar). 

Under these same conditions, treatment with Notch-1 siRNA lead to a homogeneous increase in the 

apoptosis level in all four cell lines (Figure 6, pink). In contrast, culture in the presence of an apoptosis 

stimulus (serum starvation) showed that E-cadherin deficient cells were more resistant to apoptosis 

than E-cadherin wild-type cells: wild-type E-cadherin cells vs. Mock cells, p=0,0002; vs. E-cadherin 

T340A, p=0,0004; vs. E-cadherin V832M, p=0,0002 (Figure 6, blue). However, this resistance to 

apoptosis could be readily overcome by treatment with Notch-1 siRNA, rendering E-cadherin deficient 

cells sensitive to apoptosis in a level comparable to that exhibited by E-cadherin wild-type cells (Figure 

6, red). These results demonstrate that although E-cadherin deficient cells are responsive to apoptotic 

stimuli, they are more resistant than E-cadherin wild-type cells. Furthermore, we show that this 

resistance to apoptosis in E-cadherin impaired cells can be overcome by inhibiting Notch signaling in 

these cells.    

These results demonstrate that the apoptotic resistance observed in E-cadherin-deficient cells is due 

to an upregulation of Bcl-2 that is Notch-dependent and can be overcomeed through Notch-inhibiting 

strategies. 

 

Notch inhibition increases cell death in cells with E-cadherin loss of function (in vitro) 

To investigate the therapeutical value of Notch inhibition in non-functional E-cadherin cell lines, we 

inactivated Notch-1 using the pharmacological drug DAPT, a chemical compound that inhibits the 

activity of γ-secretase/presenilin complex (33). This complex is responsible for the final cleavage (S3) 

of the Notch receptor that enables the release of NICD from the membrane to the nucleus (34). 

Blockage of γ-secretase results in the absence of Notch-1 activation, reduction of NICD levels and 

accumulation of NEXT (Notch Extracellular Truncated), a protein form that only has about 30 more 

aminoacids than NICD but is still localized at the membrane and lacks signaling properties. 

Treatment with DAPT was successful in inhibiting Notch-1 activation in non-functional E-cadherin cells 

(Figure 7A). This was shown by NICD loss and accumulation of NEXT. Moreover, treatment with 

DAPT also led to Bcl-2 downregulation in E-cadherin deficient cell lines (Figure 7A).  
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Therefore, we determined if inhibition of Notch-1 by DAPT was also able to overcome the apoptotic 

resistance observed in E-cadherin deficient cells. First, we verified that in the absence of apoptosis 

stimulation (presence of serum), DAPT treatment increased apoptosis similarly in all cell lines (Figure 

8, pink bar). In addition, we replicated the apoptosis resistance of E-cadherin deficient cells in 

comparison to E-cadherin wild-type cells, when cultured in the presence of an apoptosis stimulus 

(serum starvation) and DMSO: wild-type E-cadherin cells vs. Mock cells, p=0,0008; vs. E-cadherin 

T340A, p=0,0008; vs. E-cadherin V832M, p=0,0007 (Figure 8, blue). Finally, DAPT treatment in 

serum-free conditions demonstrated that the γ-secretase inhibitor was efficient in increasing cell death 

in E-cadherin-deficient apoptosis-resistant cells to the same rates observed in wild-type E-cadherin 

cells grown in serum starvation, thus re-sensitizing cells for apoptosis (Figure 8, red). 

 

Notch inhibition increases cell death in cells with E-cadherin loss of function (in vivo) 

To understand if Notch inhibition in vivo could be as effective in blocking some of the tumourigenic 

(ability) features of E-cadherin-deficient cells, as it was in vitro, we generated tumour xenografts by 

injecting 1x106 CHO cells transfected with wild-type E-cadherin or the empty vector in N:NIH (S) nu/nu 

mice, and treated the animals with DAPT. We utilized CHO cells due to their extensively reported in 

vivo ability to generate tumours as well as their favourable in vitro manipulation and growth properties 

(35-37). However, prior to the xenograft experiment, and because all our previous in vitro studies had 

been performed with MDA-435 transduced cells, we put our findings to test in a second cellular model 

(CHO cells transfected with the same protein forms: E-cadherin wild-type, T340A, V832M and Mock). 

Significantly, all our major observations were replicated and confirmed. NICD generation was 

considerably impaired by the introduction of a wild-type form of E-cadherin, while no changes were 

observed when mutated E-cadherin was present (Figure 9A). DAPT treatment was efficient in 

inhibiting Notch activation (Figure 9B). Cells lacking a functional E-cadherin protein showed resistance 

to apoptosis stimulation (serum starvation): wild-type E-cadherin cells vs. Mock cells, p<0,0001; vs. E-

cadherin T340A, p<0,0001; vs. E-cadherin V832M, p=0,0017 (Figure 9C, blue bars); and DAPT was 

effective in reversing such apoptotic resistance (Figure 9C, red bars). Because CHO-transfected cells 

are the established cellular model to determine the functional relevance of germline E-cadherin 

mutations on cell-cell adhesion and cell invasion into matrigel, we tested if aberrant Notch activation 

was involved in these cellular effects. Cells lacking functional E-cadherin still failed to aggregate and 
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invaded into matrigel after DAPT treatment, suggesting that these features are Notch-independent 

(data not shown). 

In preliminary experiments we verified that xenograft tumour growth was similar among cells lacking 

functional E-cadherin (Mock, E-cadherin T340 and V832M) (data not shown). Therefore, we decided 

to work with CHO Mock cells as representatives of E-cadherin deficiency and E-cadherin wild-type 

cells, for comparison. For each cell line, inoculation of 1x106 cells was performed subcutaneously in 8-

10 week old male N:NIH (S) nu/nu mice (16) and starting at day 3 post-inoculation, the animals were 

treated daily with subcutaneous injections of DMSO or DAPT (10mg/kg), or once every three days 

with paclitaxel/taxol (10mg/kg). For the duration of the experiment, no tumours were detected in mice 

inoculated with wild-type E-cadherin cells, or in non-inoculated animals. In addition, no weight loss or 

any other macroscopic effects were observed in non-inoculated animals treated with DAPT or taxol.   

By contrast, in animals inoculated with CHO Mock cells, tumours were noticeable from post-

inoculation day 6 and grew until a mean value of 1356 mm3 at day 19 (Figure 10, yellow). Although all 

animals treated with DAPT eventually developed tumours, a considerable reduction in tumour growth 

was observed (Figure 10, blue), attaining statistical significance for the last two measurements (day 

17, DMSO vs. DAPT, p=0,039; day 19, DMSO vs. DAPT, p=0,041). Interestingly, the effect achieved 

by the γ-secretase inhibitor was similar to the one observed in animals treated with taxol (Figure 10, 

red). The taxol group was used as a standard for tumour growth inhibition, as taxol is a well known 

chemotherapeutic agent that also blocks the development of tumour xenografts (38-40). Therefore, 

our results indicate that DAPT may be likewise effective in vivo, at least in blocking the tumourigenic 

ability of E-cadherin deficient cells, and suggest that the therapeutic value of DAPT should be further 

investigated. 

 

Immunohistochemistry 

As a final test to the possible involvement of aberrant Notch activation in E-cadherin-related tumour 

development, we compared the immunohistochemical expression of Notch-1 and E-cadherin in four 

early diffuse signet-ring carcinomas. Complete loss of E-cadherin expression at the tumour area was 

observed in one of the tumours while weak expression of E-cadherin was observed in the remaining 

three cases. Interestingly, strong Notch-1 expression was observed in the tumour without E-cadherin 
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(Figure 11, Tumour 1). As for the remaining three cases, two of those also presented weak to very 

weak Notch-1 staining, while the remaining tumour was Notch-1 negative (Figure 11, Tumour 2). 
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Discussion 

 

E-cadherin germline mutations are initiating events in cases of Hereditary Diffuse Gastric Cancer (5, 6, 

41, 42). Functional assays have demonstrated the role of mutated forms of E-cadherin on impaired 

cell-cell adhesion and increased cell invasion (14, 15, 43). However, the full pathological relevance of 

E-cadherin loss-of-function and its complete contribution to gastric carcinogenesis are still unclear. 

Accumulating data suggests that E-cadherin modulates intracellular signaling and influences several 

key pathways. In a Drosophila model, expression of human E-cadherin on the wing disc resulted in the 

thickening of the distal vein and notching of the wing margin (12). Strikingly, these phenotypes are 

characteristic of Notch downregulation, thus hinting that E-cadherin may be a repressor of Notch 

signaling. The evolutionarily conserved Notch pathway is essential during development, plays an 

important role in cell fate determination and has multiple post-natal homeostatic functions in the 

maintenance of normal tissues. Notch signals can affect numerous cellular functions related to 

tumourigenesis such as proliferation, apoptosis, differentiation, angiogenesis, and seem to be 

reacquired in different forms of cancer (44-47). In this work we investigated a possible Notch-mediated 

contribution to tumour development associated with loss of E-cadherin function as well as its 

molecular targets and cellular consequences. 

Our findings are in agreement with the existence of a negative cross-talk between E-cadherin and 

Notch in human cells, similarly to the Drosophila model. This was demonstrated by the significant 

decrease in Notch pathway activity following transduction of wild-type E-cadherin in the E-cadherin-

negative MDA-MB-435 cell line, when compared to Mock cells. Several recent publications have 

alluded to the existence of such molecular interaction (13, 48-50). Stylianou and collaborators showed 

elevated Notch signaling in correlation with E-cadherin absence in a panel of human breast cancer cell 

lines (13). These observations were associated following in vitro studies performed on MCF10A, a 

“normal” human breast cell line that does not show Notch activation. Overexpression of constitutively 

activated Notch reduced E-cadherin expression, while introduction of an inhibitor of Notch, Numb, was 

sufficient to decrease NICD and significantly increase E-cadherin levels (13). Other authors showed 

that Jagged-1-mediated activation of Notch-1 can lead to the upregulation of Slug, a transcriptional 

repressor of E-cadherin (48). Significantly, inhibition of ligand-induced Notch signaling in xenografted 

Slug-positive/E-cadherin-negative breast tumours promoted apoptosis, inhibited tumour growth and 
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metastasis and associated with down-regulated Slug expression and re-expression of E-cadherin (48). 

The ability of Notch signaling to repress E-cadherin expression was again reported in several cancer 

cell lines under hypoxia (49, 50). Overall, these and our results suggest that the interaction between 

Notch and E-cadherin can be influenced by either protein through still undetermined mechanisms 

possibly responsible to balance Notch and E-cadherin levels and signaling, according to cellular and 

tissue homeostasis requirements. 

In this work we attempted at unravelling the molecular mechanisms through which E-cadherin 

interferes with Notch signaling. We found that such is achieved at least by inhibition of Notch-1 gene 

expression, as introduction of E-cadherin in our cell models significantly decreased Notch-1 mRNA 

levels. But because differences in NICD levels between wild-type and E-cadherin-deficient cells were 

greater than the differences in full Notch-1 amounts, the possibility that E-cadherin could interfere with 

the activation processes of Notch-1, independently of its effect on Notch-1 gene expression was still 

considered. As there was no accumulation of the intermediate form of Notch, NEXT, after γ-secretase 

inhibition by DAPT in wild-type E-cadherin cells, the adhesion protein was not interfering with the 

Notch pathway during or after the receptor is accessible for S3 cleavage. A more rapid degradation of 

NICD, promoted by the presence of normal E-cadherin can then be excluded as otherwise NEXT 

accumulation would occur. Under this scenario, the most logical explanation seemed to be an E-

cadherin induced change in Notch receptor-ligand interactions. As co-immunoprecipitation 

experiments performed between Notch and its ligands and E-cadherin and its partners in the adhesion 

complex rendered negative results, a direct physical binding between E-cadherin and Notch or its 

ligands may also be ruled out (data not shown). In addition, ligand levels did not seem a limiting factor 

for the lower Notch activation in wild-type E-cadherin cells as these cells expressed similar levels of 

Jagged-1 and slightly higher levels of Delta-1 and Delta-3 proteins (Jagged-2 and Delta-4 expression 

were not detected) (data not shown). Therefore, either other more complex molecular interactions 

occur, or the differences in Notch-1 activation are only resultant from Notch-1 expression differences. 

 

E-cadherin-dependent inhibition of Notch-1 was not achieved with the expression of any of the 

germline missense mutated forms used (T340A and V832M). These mutated proteins only differ from 

wild-type E-cadherin in a single amino acid and are affected in different domains.  However, both cell 

lines showed similar inability to inhibit Notch signaling as Mock cells (completely negative for E-
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cadherin), hinting the need of an intact E-cadherin protein to repress Notch signaling and suggesting a 

role of Notch activation in (gastric) tumour development associated with E-cadherin impairment. 

Consequently, it was a major challenge to identify its molecular downstream targets and associated 

cellular effects. We started by analyzing Notch classical target genes, the members of the Hes-family 

of bHLH transcription factors (20). As all Hes-related proteins studied showed the same expression 

levels in the four cell lines, we conclude that the E-cadherin-Notch interaction is not affecting the 

classical pathway. These findings are in agreement with the descriptions from Drosophila where E-

cadherin was not a general repressor of the Notch pathway, instead affecting a separate branch of the 

receptor (12). Therefore, we searched for expression changes in possible non-classical targets, with 

special interest on those that have been associated with cancer. The most significant result obtained 

involved Bcl-2, an anti-apoptotic protein that can prevent apoptosis by directly limiting the action of the 

pro-apoptotic members of the Bcl-2 family (51). We found that increased Notch pathway activity 

(observed in non-functional E-cadherin cells) correlated with more abundant Bcl-2 expression. This 

association was confirmed by siRNA treatment as downregulation of Notch-1 was accompanied by a 

similar decrease in Bcl-2 levels.  

A decrease in cell death has been demonstrated to contribute to the development and progression of 

cancer (52, 53). As Bcl-2 is an anti-apoptotic protein, the observed molecular changes could play a 

major role in malignant transformation by altering apoptotic rates. Previously, we showed that absence 

of a fully functional E-cadherin protein rendered cells more resistant to apoptotic stimuli (either 

physiological stimuli like serum starvation or treatment with the cancer drug taxol), in a process 

involving Bcl-2 upregulation (11). Significantly, differences between the cell lines studied could only be 

observed after induction of apoptosis, and not in physiological conditions. So, we tested the apoptotic 

resistance associated with E-cadherin deregulation and the possibility that it could be reduced through 

the inhibition of Notch signaling. As expected, under serum starvation wild-type E-cadherin cells were 

significantly more sensitive to apoptosis induction, while cells lacking functional E-cadherin showed 

lower apoptotic rates. However, their resistance was “blocked” by treatment with Notch-1 siRNA or 

DAPT, a peptidomimetic compound that inhibits γ-secretase/presenilin and prevents Notch activation 

(33, 34). In the presence of apoptotic stimuli, inhibition of Notch-1 was sufficient to increase apoptotic 

rates in cells with deficient E-cadherin to similar levels to wild-type E-cadherin cells, and thus these 

cells became sensitive to apoptosis in a similar degree. 
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Here we demonstrate that the oncogenic potential of E-cadherin loss-of-function may be in part 

attributed to a reduction in cell death, caused by the aberrant activation of Notch-1 and upregulation of 

Bcl-2. Importantly, the HDGC-associated missense mutations used in this study behaved in a similar 

manner to Mock cells in their inability to repress Notch and by showing decreased cell death and 

increased Bcl-2 expression. Interestingly, inhibition of apoptosis has been described in gastric 

tumours, and increased expression of Bcl-2 has also been reported in diffuse gastric carcinoma (54, 

55). Furthermore, in a series of gastric carcinomas, Bcl-2 expression was correlated with the presence 

of E-cadherin mutations (56). In contrast to the well established contribution of E-cadherin and Bcl-2 to 

gastric tumour development, the Notch pathway has not been well characterized in gastric tissues and 

reports on the subject are relatively scarce. However, Notch-1 overexpression has been reported in 

GC patients (57). Li and collaborators showed that Notch-1 positivity correlated with tumour size, 

depth of invasion, differentiation grade and ultimately to poor prognosis. These observations and our 

data suggest that E-cadherin-Notch-Bcl-2 deregulation may be important in diffuse gastric cancer 

development. 

Despite its association with poor prognosis, Notch-1 overexpression in gastric tumours is a very 

promising finding in terms of therapeutic value. Notch signaling inhibition (through several different 

strategies) has been correlated to reversion of the transformed phenotype in cancer cell lines, growth 

arrest of primary tumours and distant metastases and to in vivo tumour regression (13, 48, 58). Our 

findings are in accordance with these observations. Our results suggest that E-cadherin impairment 

(either by loss of expression or mutation) leads to increased Notch-1 signaling and Bcl-2 expression, 

and to an increase of cell survival. Upon apoptosis stimulation, Notch inactivation can overcome the 

apoptotic resistance observed in E-cadherin-deficient cells. These findings, despite calling for further 

research on the subject, highlight the therapeutic value of drugs such as DAPT for gastric cancer 

treatment and the possibility of new targeted drug strategies for treatment of gastric carcinogenesis 

associated with inactivation of the E-cadherin gene, combining Notch inhibitors with apoptotic 

stimulators, like the commonly used apoptotic agent taxol.  
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Figure 1 – Expression of E-cadherin in MDA-MB 435-transduced cells.  

A, Western blotting confirmed the expression of wild-type and the mutated forms T340A and V832M of 

E-cadherin at similar levels. Mock cells, as expected, were negative for the protein. B, E-cadherin 

immunofluorescence staining demonstrated that the protein (in green) localized correctly at the cell 

membrane forming a typical honey-comb like pattern. 

 

Figure 2 – Notch expression and activation are increased in the absence of functional E-cadherin.  

A, Western blot analysis showed a decrease of the NICD (Notch Intracellular Domain) active form as 

well as a reduction in the amounts of full Notch-1 receptor produced by the expression of wild-type E-

cadherin. In contrast, the mutated E-cadherin proteins (T340A and V832M) did not lead to decreased 

Notch-1 expression and Notch signalling, similarly to what was seen in the Mock-transfected cells. B, 

The effect of E-cadherin on Notch-1 mRNA levels was assessed by Real-Time PCR.  A significant 

decrease of Notch-1 mRNA levels was observed in wild-type E-cadherin cells in relation to the other 

cell lines (wild-type E-cadherin cells vs. Mock cells, p=0,0023; vs. E-cadherin T340A, p<0.0001; vs. E-

cadherin V832M, p=0,0108). Results are presented as the relative gene expression of Notch-1 after 

normalization to the internal standard 18S gene. 

 

Figure 3 – Increased Notch pathway activity (observed in non-functional E-cadherin cells) correlates 

with elevated expression of the anti-apoptotic protein Bcl-2 and does not affect the classical targets of 

the Hes-family.  

Expression of the anti-apoptotic protein Bcl-2 was increased in cell lines with elevated Notch 

signalling. No differences were observed in the expression of the Notch canonical target genes Hes-1, 

Hey-1 and Hey-L amounts between Mock, mutant and wild-type E-cadherin cell lines. 

 

Figure 4 – Reduction of Notch-1 activation by RNAi downregulates Bcl-2 in E-cadherin-deficient cells.  

In all E-cadherin-deficient cell lines, treatment with Notch-1 siRNA led to downregulation of both the 

full-length Notch-1 receptor and the NICD active form. In all cell lines, reduction of Notch signaling was 

associated with a decrease in Bcl-2 expression. 

Treatment with any of the Notch-1-specific RNAi used (Hs_Notch1_2 and Hs_Notch1_3 from Qiagen) 

significantly decreased the levels of Notch-1 mRNA in A, Mock cells (p=0,002), B, E-cadherin T340A 
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(p=0,002) and C, E-cadherin V832M cells (p=0,001), assessed by Real-Time PCR comparison 

between Notch-1 siRNA and control siRNA treated cells. Results are presented as the relative gene 

expression of Notch-1 after normalization to the internal standard 18S gene. 

 

Figure 5 – Lower amounts of Bcl-2 in wild-type E-cadherin cells are not a result of increased caspase 

activation.  

Caspase activation can induce degradation of Bcl-2. Therefore, to confirm if lower Bcl-2 levels 

observed in wild-type E-cadherin cells were due to lower Notch activation and not to increased 

caspase activation, we treated cells with Z-VAD, a pan-caspase inhibitor. Z-VAD treatment decreased 

the levels of cleaved PARP, one of the first targets of caspases, but did not alter Bcl-2 amounts, 

demonstrating that Bcl-2 downregulation in wild-type E-cadherin cells was due to reduced Notch 

activation and was independent of the caspase activation status. 

 

Figure 6 – Percentage of apoptotic rates upon treatment with Notch-1 siRNA and apoptosis 

stimulation (serum starvation). 

The graph shows the percentage of apoptotic cells in cell lines Mock-transfected, E-cadherin wild-

type, T340A and V832M, in the presence and absence of serum, and with and without treatment with 

Notch-1 siRNA.  

 

Figure 7 – DAPT inhibits Notch signaling and decreases the expression of Bcl-2. 

A, Treatment with DAPT, a pharmacological drug that blocks γ-secretase activity, resulted in reduction 

of NICD levels and accumulation of NEXT in non-functional E-cadherin cells. The inhibition of Notch-1 

activation resulted in downregulation of Bcl-2, similarly to Notch-1 siRNA treatment. Analysis of E-

cadherin expression in Mock cells after DAPT treatment showed that Notch inhibition was not 

sufficient to recover its expression. B, Notch-1 Real-time PCR analysis before and after DAPT 

treatment showed that Notch-1 mRNA levels were not affected by impairment of Notch-1 activation. 

 

Figure 8 – Percentage of apoptotic rates upon DAPT treatment and apoptosis stimulation (serum 

starvation). 
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The graph shows the percentage of apoptotic cells in Mock, E-cadherin wild-type, T340A and V832M 

cell lines, in the presence and absence of serum, and with and without DAPT treatment. 

 

Figure 9 – Previous findings were replicated in CHO-transfected cells. 

A, The presence of a wild-type form of E-cadherin significantly reduced the amount of NICD. In 

contrast, the mutated E-cadherin proteins (T340A and V832M) did not lead to decreased Notch 

signalling, similarly to what was seen in the Mock-transfected cells. B, Treatment with DAPT resulted 

in reduction of NICD levels and accumulation of NEXT in non-functional E-cadherin cells. C, 

Percentage of apoptotic rates upon DAPT treatment and apoptosis stimulation (serum starvation). The 

graph shows the apoptotic resistance of Mock, T340A and V832M cell lines, and an increase of their 

apoptotic rates to the same levels of wild-type E-cadherin cells after DAPT treatment and in the 

absence of serum. 

 

Figure 10 – Growth of CHO Mock xenografts in male N:NIH (S) nu/nu mice, treated with vehicle (▲), 

DAPT (Ж)(10 mg/kg body weight) or taxol (●) (10mg/kg). 

 

Figure 11 – Immunohistochemical expression of E-cadherin and Notch-1 in two early diffuse gastric 

tumours. 
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Figure 10
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