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Abstract 

 

Gastric cancer (GC) remains a leading cause of cancer death worldwide. A hallmark of this type of 

tumour is the poor prognosis of patients. Identification of subjects with an increased risk of developing 

GC and the early detection of GC, are promising approaches to reduce the morbidity and mortality of 

this malignancy. CDH1 gene encodes E-cadherin, a known tumour suppressor protein expressed in 

epithelial cells that plays a major role in cellular adhesion and tissue architecture maintenance. 

CDH1 gene mutations are thought to affect protein function and lead to cell-cell adhesion deregulation 

in epithelial tissues and to enhance metastatic tumour potential. Germline mutations in CDH1 gene are 

implicated in hereditary diffuse gastric cancer (HDGC) syndrome and in early onset gastric cancer 

(EOGC), but the role of these variants in sporadic GC and in subjects at risk to develop GC, is poorly 

investigated. Most studies limit the screening of CDH1 mutations to patients with HDGC, familial GC 

or GC patients at very early onset through genetic counselling, but only few studies investigated the 

CDH1 the contribution of these mutations in sporadic GC cases without familial aggregation or in 

subjects at risk of developing GC. Moreover, the potential functional effects of CDH1 variants are not 

always explored.  

In our study, screening of the entire coding region and all exon flanking sequences of the CDH1 gene 

was performed by direct sequencing in a series of random, consecutive sporadic GC cases. We 

extended the analysis of CDH1 germline mutations in a collection of individuals at risk for GC: 59 

subjects who reported an ascertained case of GC among parents, children, siblings or offspring’s, 

named first degree GC-Relatives (FDR), and 20 autoimmune metaplastic atrophic gastritis (AMAG) 

patients. In the study 52 healthy blood donors (BD) were also included in the CDH1 analyses.  

The aim of this PhD project was to evaluate CDH1 mutations in these individuals to identify a possible 

hereditable marker that might improve the early detection of GC, stratifying high risk subjects in 
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association with other known risk factors for GC diagnosis. All the participants were voluntarily 

subjected to a gastrointestinal endoscopy with biopsy in our institution.  

This is the first study in which CDH1 screening was investigated in AMAG patients.  

CDH1 germline mutations found were characterized by means of structural modelling and 

bioinformatic tools, immunohistochemical (IHC) stains for evaluation of E-cadherin and β-catenin 

proteins expression and subcellular localization, and E-cadherin mRNA level by real-time polymerase 

chain reaction (PCR). The functional impact of splicing was assessed for non-polymorphic intronic 

variants.  

Among the 59 GCs, the lower portion (antrum) of the stomach was the prevalent anatomic site (p< 

0.05) for the tumours detected by endoscopy. No statistically differences were found comparing 

associations between gender, histotype, tumour location, H. Pylori infection, and TNM staging. 

A complex panel of germline variants was detected for CDH1 gene. In GC series, we found six 

different alterations in nine distinct GC patients (15.2%): 67% of the missense type (p.G274S; 

p.A298T; p.T470I: p.A592T) and 33% of non-missense type, one in the promoter region (5’UTR-

71C>G) and one in the intronic region close to exon 13 (IVS12 c.1937-13T>C). All the missense 

substitutions are localized in the extracellular functional E-cadherin domain which is directly implied 

in cell-cell adhesion mechanisms. Of note the germline missense (p.G274S) was a new CDH1 

mutation, while the p.A298T was already found only in HDGC syndrome and it was described as 

pathogenetic. Our molecular modelling studies highlighted that p.G274S change in mature protein is 

not dramatic for local structure but the serine residue represents a potential site for post translation 

modifications, such as phosphorylation or glycosylation. However, data from our functional in vitro 

assays did not support an effect of this mutation on adhesion mobility of cells. Moreover, E-cadherin 

was not under expressed in the tumour gastric tissue of patient harbouring the p.G274S, even if a 

reduction in β-catenin expression was observed in the same sample. 

Therefore, the pathogenic effect of p.G274S change by our in silico and in vitro approaches seems to 

be unlikely, so we cannot conclude the significance of this mutation. 
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Modelling and SIFT results confirmed that the p.A298T substitution affects protein function, while the 

p.T470I change is tolerated. Through the structural analysis for p.T470I, we hypothesized a protective 

role that may favour protein-protein interactions in the extracellular medium.  

The p.A592T was detected in the four studied groups, suggesting that it is a polymorphic variant 

(frequence >1%). Modelling suggested a non-pathogenic role as already confirmed by published in 

vitro and in silico studies. 

The C-to-G change before the start codon (-71C>G), represented the most common variant associated 

with GC in our series, occurring in three (5.1%) out of 59 GC patients. Due to a lack of tumour 

material, an evaluation or a correlation between CDH1 hypermethylation and E-cadherin expression 

was not performed, so the predicted pathogenicity of this promoter variant still remains to be 

elucidated.  

The intronic IVS12 c.1937-13T>C variant was found in two GC patients and in one BD, but it was 

already described in HDGC and EOGC subjects. Our assays demonstrated for the first time that this 

substitution leads to an aberrant CDH1 transcript harbouring a deletion of exon 11 with the formation 

of a premature stop codon in the extracellular E-cadherin domain. The translated protein will lack part 

of the extracellular domain, and completely loose the transmembrane domain and the cytoplasmic tail 

of E-cadherin, which is involved in β-catenin binding. Moreover, IHC stains showed a reduction in the 

expression of E-cadherin and β-catenin in the gastric tumour tissues of patients harbouring this 

intronic mutation. Evaluation by real time-PCR of E-cadherin expression from the EBV immortalized 

B-lymphocytes from one GC patient carrying this mutation showed a strong (60%) and significantly 

reduction (p<0.01) compared with the control without CDH1 alterations, and the BD with the same 

CDH1 alteration. 

In FDR high risk group, we found one substitution in the 5’UTR promoter region (-54G>C) already 

described as a rare variant able to decrease the transcriptional activity of CDH1, one 5’ near gene 

variant (-176C>T) with unknown significance, and an intronic mutation close to exon 5, IVS4 c.532- 
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18C>T, already reported in EOGC cases. This last one showed no effects in producing CDH1 aberrant 

splicing, as the new germline mutation in the intronic region close to exon 1 (IVS1 c.48+7C>T) found 

in one AMAG patient. Other variants in the AMAGs were polymorphic, and thus we excluded a 

potential effect of these on E-cadherin function.  

In conclusion, our results show that pathogenic CDH1 germline variants (p.A298T) can also be 

detected in sporadic GC patients without fulfilling the strict criteria for HDGC. We also report the 

finding, in a sporadic GC, of a new missense germline mutation (p.G274S) with an uncertain 

significance. Furthermore, we demonstrate for the first time a potential deleterious effect on splicing 

and a decreased E-cadherin expression for the intronic IVS12 c.1937-13T>C mutation. Our detection 

of the same genetic alteration and splicing effect in one BD, but with a limited effect on E-cadherin 

mRNA level, is intriguing and deserves further studies. Performing CDH1 screening in individuals at 

risk for GC, we detected the IVS4 c.532-18C>T variant already reported in EOGC cases, and a new 

IVS1 intronic mutation in one AMAG patient, although there was no influence on CDH1 splicing in 

both cases. The overall percentage of the missense mutations (67%) in our series is predominantly of 

the non-missense type, suggesting that the North-East of Italy should be considered as a middle-to-

high-risk area for the incidence of E-cadherin mutations and the risk of GC. Moreover, variants 

identified in the FDR and AMAG subjects that, until now, have only been described for GC patients, 

and recent findings of novel mutations in sporadic GC patients, encourage us to continue to screen for 

CDH1 genetic alterations that, in addition to other risk factors, could be used to define a high-risk 

group of patients that would benefit from an early GC diagnosis.  
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Riassunto 

 

Il cancro gastrico (GC) rimane una delle maggiori cause di mortalità dovuta al cancro a livello 

mondiale. Un elemento caratteristico di questo tipo di tumore è la scarsa prognosi dei pazienti. 

L’identificazione dei soggetti maggiormente a rischio per lo sviluppo di GC e la diagnosi precoce per 

questo tipo di tumore, sono approcci promettenti per ridurre la morbidità e la mortalità di tale 

patologia. Il gene CDH1 codifica per E-caderina, una nota proteina oncosoppressore espressa nelle 

cellule epiteliali che gioca un ruolo prominente nell’adesione cellulare e nel mantenimento 

dell’architettura tissutale. Si ritiene che mutazioni germinali a carico del gene CDH1 siano in grado di 

influenzare la funzione della proteina e compromettere l’adesività cellulare nei tessuti epiteliali, 

aumentando il potenziale metastatico del tumore. Mutazioni germinali a carico del gene CDH1 sono 

implicate nella sindrome del carcinoma gastrico di tipo diffuso ereditario (HDGC) e nel carcinoma 

gastrico ad insorgenza precoce (EOGC), ma il ruolo di tali varianti nel GC di tipo sporadico e nei 

soggetti a rischio di sviluppare GC sono scarsamente indagate. La maggior parte degli studi limita lo 

screening di mutazioni del gene CDH1 nei pazienti con HDGC, forme familiari di GC o pazienti con 

GC in forma precoce attraverso consulenza genetica, ma solamente un numero limitato di studi ha 

valutato il contributo di queste mutazioni nel gene CDH1 nella casistica sporadica di GC priva di 

familiarità o in soggetti ad elevato rischio di sviluppare questo tumore. Inoltre, i potenziali effetti 

funzionali delle varianti nel gene CDH1 spesso non sono approfonditi. 

Nel nostro studio, lo screening dell’intera regione codificante e delle sequenze fiancheggianti gli esoni 

del gene CDH1 è stato condotto attraverso sequenziamento diretto in una serie casuale e consecutiva 

di pazienti con GC sporadico. Abbiamo esteso l’analisi per la ricerca di mutazioni germinali di CDH1 

in un gruppo di individui a rischio per GC: 59 soggetti che hanno riportato un caso accertato di GC tra 

genitori, figli, fratelli o cugini, denominati parenti di primo grado-GC (FDR), e 20 pazienti affetti da  
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gastrite atrofica metaplasica autoimmunitaria (AMAG). Nello studio sono stati inclusi anche 52 

donatori di sangue sani (BD).  

Lo scopo di questo progetto di dottorato era valutare le mutazioni a carico del gene CDH1 in tali 

individui per identificare un possibile marker ereditario che possa migliorare la diagnosi precoce del 

GC, con la prospettiva di andare a stratificare i pazienti ad alto rischio in associazione con altri 

marcatori di rischio già noti. Tutti i partecipanti sono stati volontariamente sottoposti ad una 

endoscopia gastrointestinale con biopsia nel nostro istituto.  

Questo è il primo studio nel quale lo screening per il gene CDH1 è stato valutato nei pazienti con 

AMAG. Le mutazioni germinali trovate nel CDH1 sono state caratterizzate attraverso l’uso del 

modelling strutturale e di strumenti bioinformatici, colorazioni immunoistochimiche (IHC) per 

valutare sia l’espressione che la localizzazione cellulare delle proteine E-caderina e β-catenina, e il 

livello di mRNA per E-caderina con la tecnica di real-time PCR. L’impatto funzionale nello splicing è 

stato determinato per le varianti introniche non polimorfiche. 

Tra i 59 GC, la porzione inferiore (l’antro) dello stomaco era la sede anatomica prevalente (p< 0.05) 

dei tumori rilevati mediante endoscopia. Non sono state trovate differenze statistiche confrontando 

associazioni tra sesso, istotipo e localizzazione del tumore, infezione da Helicobacter Pylori e stadi 

TNM. 

Un complesso pannello di varianti germinali è stato riscontrato per CDH1 nella nostra casistica. Nella 

serie di pazienti con GC, abbiamo trovato sei differenti alterazioni genetiche in nove distinti pazienti 

(15.2%): 67% del tipo missenso (p.G274S; p.A298T; p.T470I: p.A592T) e 33% non missenso, una 

nella regione del promotore (5’UTR-71C>G) e una nella regione intronica in prossimità dell’esone 13 

(IVS12 c.1937-13T>C). Tutte le sostituzioni missenso sono localizzate nel dominio extracellulare di 

E-caderina che è direttamente coinvolto nel processo di adesività cellulare. Rilevante è stata 

l’identificazione di una nuova mutazione germinale missenso di CDH1 (p.G274S), mentre la 

mutazione p.A298T era stata precedentemente documentata solo nella sindrome HDGC e descritta 

come patogenetica. I nostri studi di modelling strutturale hanno evidenziato che la sostituzione 
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p.G274S nella proteina matura non sembra avere un impatto notevole nel perturbare la struttura locale, 

ma il residuo di serina rappresenta un potenziale sito per modificazioni post traduzionali, come la 

fosforilazione o la glicosilazione. Comunque, dati ottenuti dai nostri esperimenti funzionali condotti in 

vitro sembrano non supportare alcun tipo di effetto da parte di tale mutazione sulla mobilità e adesività 

cellulare. Inoltre, E-caderina non era ipoespressa nel tessuto tumorale gastrico del paziente con la 

variante p.G274S, dove però è stata osservata una riduzione nell’espressione di β-catenina. 

Quindi, grazie alla valutazione sia in silico che in vitro, il ruolo patogenetico della mutazione  

p.G274S sembra essere improbabile, e il reale significato di questa alterazione risulta comunque 

incerto. 

Il modelling e i risultati ottenuti con lo strumento bioinformatico SIFT confermano che la sostituzione 

p.A298T è in grado di interferire sulla funzionalità della proteina, che invece non è influenzata dalla 

mutazione p.T470I la quale sembra essere tollerata. Attraverso l’analisi strutturale abbiamo ipotizzato 

un ruolo protettivo per la variante p.T470I che sembra favorire le interazioni proteina-proteina nel 

contesto dello spazio extracellulare. 

La sostituzione p.A592T è stata riscontrata in tutti i quattro gruppi di soggetti studiati, suggerendo che 

si tratta di una variante polimorfica (frequenza >1%). L’approccio condotto con il modelling 

suggerisce un ruolo non patogenetico come già confermato e descritto da studi pubblicati condotti sia 

in vitro che in silico. 

La sostituzione da C a G prima del codone di inizio (-71C>G), rappresenta la variante più comune 

rilevata nella nostra casistica, in quanto trovata in tre (5.1%) dei 59 pazienti con carcinoma gastrico. 

Purtroppo, a causa della mancanza di campione biologico tumorale non è stato possibile valutare una 

correlazione tra un eventuale stato di ipermetilazione a carico del promotore di CDH1 e l’espressione 

della E-caderina, perciò l’effettivo contributo di tale variante sulla trascrizione del gene rimane ancora 

da definire. 

La variante intronica IVS12 c.1937-13T>C è stata trovata in due pazienti con GC e in un BD, ma era 

già stata precedentemente descritta nella sindrome ereditaria HDGC e in soggetti affetti da EOGC. I 
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nostri esperimenti hanno dimostrato per la prima volta che questa mutazione produce un trascritto 

aberrante di CDH1 con delezione dell’esone 11 e la formazione di un codone di stop prematuro a 

livello del dominio extracellulare di E-caderina. La proteina tradotta risulterà priva di gran parte del 

dominio extracellulare, e perderà completamente il dominio trans membrana e la coda citoplasmatica 

che è direttamente coinvolta nel legame con la β-catenina. Inoltre, la valutazione mediante IHC ha 

evidenziato una riduzione nell’espressione di E-caderina e β-catenina nei tessuti tumorali gastrici dei 

due pazienti che presentavano tale variante intronica. La valutazione mediante real time-PCR 

dell’espressione di E-caderina nei linfociti B immortalizzati con il virus EBV, in uno dei due pazienti 

GC con tale mutazione, ha mostrato una forte (60%) e significativa (p<0.01) riduzione rispetto sia al 

donatore sano senza alterazioni germinali di CDH1, sia nel donatore con la stessa variante intronica. 

Nel gruppo ad alto rischio FDR, abbiamo trovato una sostituzione nella regione promotoriale 5’UTR (-

54G>C) già descritta come una variante rara in grado di ridurre l’attività trascrizionale di CDH1, 

un’altra nella regione vicina al gene in 5’ (-176C>T) con significato ignoto, e una mutazione intronica 

vicina all’esone 5, IVS4 c.532-18C>T, riportata nella casistica EOGC. Quest’ultima, non ha 

dimostrato effetti rilevanti nello splicing di CDH1, come la nuova mutazione germinale nella regione 

intronica a valle dell’esone 1 (IVS1 c.48+7C>T) trovata in un paziente affetto da AMAG. Altre 

varianti di tipo polimorfico prive di un potenziale effetto sulle funzioni della proteina E-caderina, sono 

state rilevate nella serie costituita da pazienti con AMAG.  

Concludendo, i nostri risultati evidenziano che mutazioni germinali a carico del gene CDH1, già 

descritte come patogenetiche (p.A298T) possono essere rilevate anche in pazienti con GC di tipo 

sporadico, senza particolare familiarità o non afferenti ai severi criteri descritti per il HDGC.  

Riportiamo inoltre la scoperta, in un paziente con GC di tipo sporadico, di una nuova mutazione 

germinale missenso (p.274S) di significato incerto. 

Inoltre, per la prima volta, sono stati dimostrati un potenziale effetto deleterio nello splicing di CDH1 

e una riduzione nell’espressione di E-caderina per la mutazione intronica IVS12 c.1937-13T>C. Il 

rilevamento della stessa mutazione intronica IVS12, e dell’analogo impatto nello splicing nel donatore 
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sano, ma con un limitato effetto sul livello di mRNA per E-caderina, è interessante e necessita di 

ulteriori approfondimenti. 

Estendendo lo screening per il gene CDH1 negli individui a rischio per il GC, abbiamo potuto trovare 

la mutazione IVS4 c.532-18C>T già descritta nei pazienti EOGC, e la nuova variante intronica IVS1 

in un paziente AMAG, sebbene una conseguenza nello splicing non sia stata riscontrata per entrambi i 

casi. 

La percentuale complessiva delle mutazioni missenso (67%) nella nostra casistica è predominante 

rispetto a quella relativa alle mutazioni di tipo non missenso, e ciò suggerisce che l’area del Nord Est 

d’Italia dovrebbe essere considerata come una zona a medio-alto rischio per l’incidenza delle 

mutazioni relative a CDH1 e per il rischio di GC. 

Inoltre, le varianti trovate nei soggetti FDR e nei pazienti AMAG, che sino ad ora erano state descritte 

solo nei pazienti con carcinoma gastrico, e recenti scoperte di nuove mutazioni in pazienti con GC 

sporadico, ci incoraggiano a continuare nello screening germinale del gene CDH1 che, insieme ad altri 

fattori di rischio, potrebbe essere utilizzato per definire un gruppo di pazienti ad alto rischio per GC il 

quale potrebbe beneficiare di una diagnosi precoce. 
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1.1. The human CDH1 gene codifies for the E-cadherin protein 
 

1.1.1. The human CDH1 gene 

 

The human epithelial (E)-cadherin CDH1 gene maps on chromosome 16q22 (Figure 1.1). The full 

length CDH1 gene was isolated by using recombinant lambda phage, cosmid and P1 phage clones. 

The gene encompasses 16 exons and spans a region of ~100 kb. The exons range from 115 to 2245 bp. 

Further analysis of the gene showed 15 introns ranging from 120 bp (intron 4) to 65 kb (intron 2). The 

intron-exon boundaries are highly conserved in comparison with other "classical cadherins", and in 

intron 1 a 5' high-density CpG island was identified that may have a role in transcription regulation.1 

This island covers the region from exon 1 to exon 2 of the human E-cadherin gene, while other exons 

lacked such features, including the biggest one (exon 16 of 2245 bp). The transcription start site (TSS) 

of CDH1 is currently annotated at the coordinate 68,771,128 bp, whereas the translation start site 

(ATG) is 194 bp downstream. The canonical promoter of CDH1 starts at least 125 bp upstream of the 

TSS and ends 27 bp downstream of it.2 This area does not have a TATA box, but includes several 

regulatory elements such as GC boxes, E-boxes (or E-pal box) and a CCAAT-box, all highly 

conserved across mammals.3 Interestingly, an Alu repeat (AluJo), that may uncover putative new 

molecular mechanisms of gene regulation, is found less than 500 bp upstream from the canonical 

ATG.  

The chromosomal location of CDH1 on 16q22.1 was later confirmed by fluorescent in situ 

hybridization (FISH) analysis. It is interesting that the human placental (P)-cadherin CDH3 gene was 

recently located only 32 kb upstream from E-cadherin4. Concerning the non-coding part of the CDH1 

and CDH3 genes, the intron 2 in both genes has more than 63 and 30 kb in length, respectively.  
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Figure 1.1 Various levels at which E-cadherin expression is regulated in human tumours. The E-cadherin gene CDH1 
is on chromosome 16q22.1 (depicted at the bottom). This region frequently shows loss of heterozygosity (LOH) in 
different human carcinoma types. Specific inactivating mutations are scattered throughout the whole coding region and are 
particularly abundant in sporadic lobular breast cancer and diffuse gastric cancer. Germline mutations can also occur; they 
cause the hereditary diffuse gastric cancer syndrome. Furthermore, post-translational modifications, such as 
phosphorylation and glycosylation, and proteolytic processing can affect E-cadherin protein functionality. Epigenetic 
silencing has been associated with CpG methylation in the CDH1 promoter region or with direct binding of specific 
transcriptional repressors to E-box sequences in this region. The transcriptional repressors ZEB1/dEF1 and ZEB2/SIP1 are 
repressed in epithelia by the miR-200 family. In turn, the ZEB transcription factors down-regulate transcription of the miR-
200 genes. Thus, a biphasic regulatory system controls the balance between the epithelial and mesenchymal status in 
response to incoming signals. TGF-b in the tumour microenvironment can induce the expression of ZEB proteins, at least 
in part by down-regulating the miR-200 family members. This results in a self-enhancing loop that leads to epithelial 
dedifferentiation and invasion. See text for more details and references. AA, amino acid position; C, carboxy-terminal end; 
CD, cytoplasmic domain; EC, extracellular cadherin repeat; N, amino-terminal end; PRO, propeptide; S, signal peptide; 
TM, transmembrane region. The arrows point to the transcriptional initiation start (Berx G.,Van Roy F., 2009). 
 

This large intron is a structurally conserved feature across mammals, which may suggest the presence 

of common cis regulatory elements, yet to be described.  

In addition, expressed sequence tag (EST) and Cap Analysis of Gene Expression (CAGE) annotations 

have shown interesting data, supporting new areas of transcription within this large intron of the 

CDH1 gene. Ensemble database currently describes 4 transcripts arising from the CDH1 gene locus.5  
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The control of E-cadherin epithelium-specific expression results from the combined interplay of 

various proteins and regulatory elements.  

Through the binding sites located at CDH1 5′ sequence, Retinoblastoma (Rb), c-Myc and Wilms 

tumour 1 (WT1) promote CDH1 activation.6 Another positive CDH1 regulator is the hepatocyte 

nuclear factor-3 (HNF3) that synergises with acute myeloid leukemia 1 (AML-1) protein and p300 the 

E-cadherin transcription. At the same time, CDH1 can be negatively regulated by the inactivation of 

the E-pal box, containing two adjacent E-boxes in the promoter. SNAIL was the first identified E-

cadherin-specific transcriptional repressor interacting with this E-pal element. Slug (also known as 

SNAI2) and E12/E47 were afterwards confirmed as potent negative regulators of E-cadherin 

expression.7 Zinc finger E-box-binding homeobox 1 and 2 (ZEB1 and ZEB2) have also emerged as 

key factors negatively regulating E-cadherin.  

These transcriptional repressors exert their action by recruiting transcriptional corepressors, such as C-

terminal-binding protein (CtBP). The transcriptional activity of E-cadherin promoter can be repressed 

by the combined action of the β-catenin-Lef1/TCF complex, in a Lef1/Tcf binding site dependent 

manner.8 Several other factors have been described to act upon E-cadherin gene, but not in such a 

specific way, targeting multiple adhesion and polarity genes during developmental epithelial to 

mesenchymal transition (EMT), like Twist1, Homeobox protein Hox-B7 (HOXB7) and Krueppel-like 

factor 8 (KLF8).9 Hypermethylation at the CDH1 promoter CpG island is an important mechanism to 

control gene expression of the gene and, while normal epithelial cells carry unmethylated CDH1 

promoter, the opposite occurs in many types of cancers, as has been first described by Graff and 

collaborators in 1995.10 
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1.1.2. Cadherin superfamily and protein function 

 

Cadherins comprise a large family of transmembrane or membrane-associated glycoproteins that 

mediate specific cell-cell adhesion in a Ca2+-dependent manner, functioning as key molecules in the 

morphogenesis of a variety of organs. 11  

The epithelial-calcium dependent cell-cell adhesion is achieved by the establishment of homophilic 

interactions between two cadherin molecules of adjacent cells to form a homodimer throught their 

extracellular domains12,13 (Figure 1.2).  

 

 

 

Figure 1.2 The classical cadherins are single-span transmembrane proteins located primarily within adherens junctions, 
mediating calcium-dependent cell-cell adhesion through their five extracellular calcium-binding repeats. 
 

Cadherins and proteins with typical cadherin domains are found in an amazingly wide range of 

organisms, ranging from unicellular choanoflagellates to invertebrates and all classes of vertebrates. 

Over 20,000 cadherin protein sequences have been deposited in GenBank, and about 1400 cadherin 

genes can be found in Entrez Gene in a wide variety of metazoan species. A phylogenetic analysis in a 



Chapter I Introduction | 6 
 

variety of model organisms of the cadherin superfamily was reported and proposed, based on 

structural analysis of the extracellular functional domain.14 

The extracellular domain of cadherin molecules, which are trans-membrane glycoproteins, is 

characterised by the presence of two or more immunoglobulin (Ig)-like extracellular cadherin (EC) 

domains of about 110 amino acid residues (AA). The initial structures showed that the (EC) repeat 

autonomously folds into a structural unit comprising seven strands forming two sheets, a topology 

similar to the Ig-like domain.15 

Cadherin superfamily is mainly composed by:16 

1) classical (type I) cadherins, which are the major components of cell-cell adhesive junctions. 

Classical/type I cadherins subfamily comprises only five members:  

• the non-neuronal epithelial E-cadherin (CDH1); 

• the neuronal neural N-cadherin (CDH2); 

• the placental P-cadherins (CDH3); 

• the retinal R-cadherin (CDH4); 

• and the vascular endothelial VE-cadherin (CDH5); 

2) non-classical (type II) cadherins, which include desmosomal cadherins;  

3) protocadherins, which are implicated in neuronal plasticity.17 All classical cadherin genes analysed 

so far have 16 exons separated by 15 introns. 

E-cadherin is generally considered the prototype of all cadherins.  

The first report on E-cadherin’s cell to cell properties was documented in 1977 in the V79 Chinese 

hamster lung cell line. By iodinating surface proteins, Takeichi discovered that a surface protein of 

about 150 kDa was protected by Ca2+ against iodination and trypsinization. This was probably the first 

report on E-cadherin and its Ca2+-dependent adhesion potential.18 For so-called classic cadherins, such 

as E-cadherin, the primary role is cell-cell adhesion that is generally but not always of the homophilic 

type (between identical molecules). However, even E-cadherin cannot be considered merely 

‘molecular glue’ as it has been associated with numerous signaling events with major implications for 
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embryonic development, tissue morphogenesis and homeostasis. This makes sense because 

multicellularity implies not only that particular cells adhere to each other in a specific way, but also 

that such adhesion leads to coordination in cell behavior through cell-cell signaling and spatio-

temporal control of differential gene expression. The classical cadherins role to allow cell to cell 

adhesion is been clearly demonstrated by experiments with recombinant exogenous expression of 

specific cadherins in in vitro assays in null or deficient cadherin cells.19 Recently, the most useful 

assay to predict increase in cell-cell adhesion is provided by testing the ability of freshly isolated cells 

to show migratory/motility behaviour20 or to inhibit anchorage independent growth in soft agar.21 

The cloning of the mouse E-cadherin cDNA19 led to the prediction that the E-cadherin protein 

precursor is a polypeptide with a short signal sequence for import into the endoplasmic reticulum 

(ER), a propeptide of about 130 AA, and a mature polypeptide of  about 728 AA. The mature E-

cadherin of 120 kDalton (kDa) contains a single transmembrane domain, a cytoplasmic domain of 

about 150 AA, and an ectodomain of about 550 AA comprising five tandemly repeated domains.22 

 

 

Figure 1.3 Functional domains and motifs of the human E-cadherin protein. The full-length protein is depicted in the 
center. Borders between the encoding exons and exon numbers are shown at the top. The EC1 domain and the CD, 
including selected AA sequences in single-letter code, are depicted at a larger scale at the top and the bottom of the figure, 
respectively. AA numbering starts at the N terminus of the processed, mature protein (total length of 728 AA). Cleavage 
sites of proteases are shown by the scissors symbol and the protease name. Phosphorylation sites are indicated by P letters 
and the responsible kinase. Casein kinase-1 (CK1) is boxed to indicate an inhibitory phosphorylation. ADAMs, disintegrin 
and metalloproteinases; βCTN, β-catenin; BD, binding domain; BM, binding motif; MMP, metalloprotease(s); PS1, 
presenilin-1. See legend of Figure 1.1 and the text for remaining symbols and acronyms (Van Roy F., Berx G., 2008). 
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These three major structural domains are commonly shared by non-classical and classical mature 

cadherin proteins. The E-cadherin/cadherins extracellular domain is composed by 5 (EC) repeats, 

which constitute a key element for their classification, commonly designated as EC1-EC5.18 

The fifth repeat, is characterised by four conserved cysteines, and reduction of  the disulfide bridges in 

that domain affects the formation of strong cell-cell contacts.23,24 Some authors suggest the name 

membrane proximal extracellular domain (MPED) instead of EC5 to emphasise its special  structure 

(Figure 1.3).  

The EC1 domains are the main responsible for cadherins adhesive properties, which are organised 

between cells in a zipper-like structure, a trademark of these proteins.25 The normal conformation of 

cadherin molecules is stable only in the presence of Ca2+ in the surrounding microenvironment, whose 

binding with the extracellular portion of the polypeptide chain is a prerequisite for cadherin mediated 

cell-cell adhesion.  

Calcium-binding sites consist of short highly conserved amino acid sequences that are located between 

neighbouring EC repeats.26,27 E-cadherin highly conserved cytoplasmic domain (CD) consists of 

approximately 150 AA, interacting with β-catenin (βctn) or plakoglobin (γctn) and α-catenin (αctn), 

and being linked to the actin cytoskeleton through αctn. Later, the binding to p120-catenin (p120ctn) 

stabilizes cadherins at the cell membrane and promotes its correct function28,29 (Figure 1.4).   

The stability of this cadherin-catenin complex (CCC) is required for providing normal cell-cell 

adhesion and homeostatic tissue architecture. Further, there is evidence that alterations in the 

adhesion properties between cells endow them with an invasive and migratory phenotype. 

Cadherin-mediated cell-cell adhesion can affect the Wnt-signaling pathway.30 β-catenin (as well as 

γ-catenin) is usually sequestered by cadherins in the cadherin-catenin complex. Upon loss of E-

cadherin function, non-sequestered, free β-catenin is usually phosphorylated by glycogen synthase 

kinase 3β (GSK-3β) in the adenomatous polyposis coli (APC)-axin-GSK-3β complex and 

subsequently degraded by the ubiquitin-proteasome pathway. In many cancer cells, loss of function of 

the tumour suppressor APC, mutations in β-catenin or inhibition of GSK-3β by the activated Wnt-



Chapter I Introduction | 9 
 

signaling pathway leads to the stabilization of β-catenin in the cytoplasm. Subsequently, it translocates 

to the nucleus, where it binds to the members of the Tcf/Lef-1 family of transcription factors and 

modulates expression of Tcf/Lef-1-target genes, including the proto-oncogene c-myc and cyclin 

D1.31 

 

Figure 1.4 E-cadherin at the adherent junctions of the epithelial cells. (A) E-cadherin mature protein is organised in 
three major structural domains: a large extracellular domain composed by 5 ECs, a single membrane-spanning segment 
TM and a short cytoplasmic domain. The cytoplasmic domain of cadherins interacts with actin cytoskeleton through a 
complex of proteins including p120-, ß-and α-catenins (Parades J. et al., 2012). 
(B) Detailed overview of the E-cadherin/catenin/cytoskeleton complex at the adherens junctions of epithelial cells. In 
the intercellular space, E-cadherin dimers interact via their first ectodomain module (EC1) with the E-cadherin dimers of 
neighbouring cells. Three calcium ions (black dots) between each of the consecutive extracellular cadherin domains (EC1 
to EC4, MPED) are essential for the correct conformation and function of E-cadherin. The cytoplasmic proteins βctn and 
plakoglobin bind in a mutually exclusive way to the carboxy-terminal end of E-cadherin via their armadillo repeat domain. 
The p120ctn was found to bind to the membrane-proximal region of the cytoplasmic domain of E-cadherin. The N-terminal 
domain of βctn/plakoglobin binds αctn, which is directly or indirectly linked with the filamentous F-actin cytoskeleton. 
Arm, Armadillo; CBS, conserved catenin-binding sequence; IA, intracellular anchor domain; MPCD, membrane-proximal 
cytoplasmic (conserved) domain; PL, proline-rich linker; RUD, repeat unit domain; TD, terminal domain. See legend of 
Figure 1.1 and the text for remaining symbols and acronyms (Nollet F. et al., 2000). 
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1.1.3. Cadherins and E-cadherin structure 

 

Based on structures of type I, type II and protocadherins, they are likely to be rigidified by the 

presence of calcium ions at the domain interfaces.32 Despite these conserved features, other 

elements of cadherins are quite diverse. For instance, vertebrate type I and type II cadherins, 

desmogleins and desmocollins all have five EC domains but have divergent cytoplasmic tails 

that associate with a variety of proteins to provide functional links to the cytoskeleton.33 

Interestingly, although many cadherins share a capacity for homophilic binding, the molecular 

mechanisms used by different subfamilies to accomplish this also appear to vary significantly. 

The first two structures of cadherin family members were reported in 1995: the amino-terminal 

domain of E-cadherin (CDH1) was determined by Nuclear Magnetic Resonance (NMR),34 and the 

crystal structure of the first cadherin domain of murine N-cadherin (CDH2) was solved (Table 1). In 

the murine N-cadherin dimer structure (ProteinDataBank (PDB): 1NCI), the first N-terminal strand 

points out-ward from one monomer towards the body of the other monomer. This strand exchange in 

the dimer interface is known as the strand dimer. 

The tryptophan residue at position 2 (Trp2) in one EC interacts with a hydrophobic pocket in the 

opposite EC, and this was proposed as a characteristic feature of the adhesion mechanism. The EC1-

EC2 dimer structure35 suggested binding of three calcium ions at each consecutive EC-EC interface, 

giving a total of 12 calcium ions for every E-cadherin molecule with five consecutive EC domains.  

The structure confirmed the importance of three AA motifs for calcium binding: PEN (conserved 

positions 10-12), LDRE (positions 66-69), and DxND (positions 100-103). 
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Year Molecule Fragment Method PDBb 

1995 N-cadherin EC1, dimer X-ray 1NCG, 1NCH, 1NCI 
 E-cadherin EC1 NMR 1SUH 
     

1996 E-cadherin EC1-EC2, dimer X-ray 1EDH 
1998 N-cadherin EC1-EC2 X-ray 1NCJ 
1999 E-cadherin EC1-EC2, dimmer, mutation X-ray 1FF5 
2001 E-cadherin/ß-catenin Cytoplasmic/armadillo X-ray 1I7W, 1I7X 

     
2002 C-cadherin 

(EP-cadherin) 
EC1-EC5 X-ray 1L3W 

 E-cadherin/internalin EC1/InlA X-ray 1O6S 
     

2003 Desmosomes Rigid body fit by C-cadherin 
(1L3W) 

Cryo-electron 
microscopy 

1Q55, 1Q5A, 1Q5B, 1Q5C 

     
2004 N-cadherin Prodomain NMR 1OP4 

 E-cadherin Prodomain-EC1-EC2 X-ray/NMR 1Q1P 
     

2006 MN-cadherin EC1 X-ray 1ZVN 
 Cadherin-8 EC1 and EC1-EC3 X-ray 1ZXK and 2A62 
 Cadherin-11 EC1 and EC1-EC2 X-ray 2A4C and 2A4E 
 Protocadherin-α4 EC1 NMR 1WUZ 
 RET KD (tyrosine kinase domain) X-ray 2IVU, 2IVV, 2IVT, 2IVS 
     

2007 E-cadherin/internalin EC1/InlA mutations X-ray 2OMV, 2OMW, 2OMY 
 E-cadherin/internalin EC1/InlA mutations X-ray 2OMT, 2OMU, 2OMX, 2OMZ 
 E-cadherin EC1-EC2 X-ray 2O72 
     

2008 Cadherin-13 EC1 NMR 2V37 
     

To be published Protocadherin beta 14 EC1 NMR 1WYJ 
 Protocadherin 9 EC3 NMR 2EE0 
 Protocadherin 7 EC3 NMR 2YST 
 Desmoglein-2 EC1 NMR 2YQG 

 
Table 1.1 Overview of cadherin-related three-dimentional structures available in the Worldwide Protein Data Bank 

(http://www.wwpdb.org/). 
 

 

The publication of the E-cadherin EC1-EC2 dimer structure in 1999 (PDB: 1FFE) further clarified the 

cis and trans interactions between neighboring cadherin molecules.36 In this structure the Trp2 and 

other N-terminal residues were well defined, which was not the case in previous studies on E-cadherin 

EC1-EC2.37  

The cis-dimer was formed at Ca2+ concentrations of 500 µM and the Trp2 apparently docked into its 

own hydrophobic pocket. At higher Ca2+ concentrations (>1 mM) trans-interactions were observed. 

Two mutations, Trp2Ala and Ala80Ile, demonstrated that both the Trp2 and the hydrophobic cavity, in 

which Ala80 is a crucial residue, are essential for the trans-interaction. The cis-interaction was not 
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abolished by these mutations. This suggested that Shapiro’s strand dimer theory (1995) corresponded 

with the trans rather than the cis configuration.  

 

 

 

Figure 1.5 Lattice representation of the cadherin extracellular domain structure, corresponding to one layer of the 
C-cadherin crystals of Xenopus laevis, which provided the first model for classical cadherin function in cell 
adhesion. (A) C-cadherin ectodomains, joined by both cis and trans interfaces, are arrayed as if emanating from juxtaposed 
cell surfaces. Molecules from either putative cell surface are shown in blue or pink. Trp2 side chains are shown in CPK 
representation; green spheres, calcium ions; yellow, disulfide bonds. (B) Stereo view of the three-dimensional lattice. 
Images were made with the program SETOR (Boggon TJ et al., 2002). 
 

X-ray diffraction analysis of the five EC domains (EC1-EC5) of Xenopus laevis C-cadherin (EP-

cadherin) yielded in 2002 the first reported whole cadherin ectodomain structure (PDB: 1L3W).38  
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In this structure the strand dimer interface, with the Trp2 inserted into the hydrophobic pocket, 

matches the orientation for adhesion between cadherins on adjacent cells (Figure 1.5). 

EC1-EC5 adopts a lengthy, curved structure with three ligated Ca2+ ions in every interdomain region, 

and with each individual domain folding into a similar Greek key topology. One year later, the C-

cadherin structure was used as a basis to create a 3D model of desmosomes based on electron 

tomography analysis.39 

 

 

Figure 1.6 Ribbon drawing of the strand-dimer structure of human E-cadherin EC1-EC2. The two molecules are 
related by a crystallographic 2-fold axis. Each interacting molecule inserts its Trp2 residue into the hydrophobic acceptor 
pocket of the dyad related molecule. Three Ca2+ (depicted here as red spheres) are found at the interface between the 
individual E-cadherin domains, thus imposing rigidity to the molecule (Parisini E. et al., 2007). 
 

In 2007 the first 2.0 Å high-resolution crystal structure of the N-terminal two domains of human E-

cadherin (PDB: 2O72) was published.40  
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This analysis shows that the overall topology of the molecule is very similar to that of other 

cadherin structures. The Ig-like fold, the signature calcium-binding motif at the inter-domain 

junctions and hence the relatively rigid inter-domain connections, are all present (Figure 1.6). 

Indeed, the EC1 domain of human E-cadherin EC1-EC2 can be superimposed on a murine 

counterpart (PDB code 1EDH) with a RMSD value of about 0.5 Å, if the first dozen residues are 

excluded.  

The key feature of strand exchange dimerization is that the side-chain of a conserved Trp2 on the 

adhesion arm inserts into the hydrophobic acceptor pocket of a dyad-related molecule. Comparison 

of human E-cadherin EC1-EC2 structure with other representative cadherin structures, the N-

cadherin EC16 and C-cadherin EC1–EC538 reveals the following additional  conserved interactions 

from trans adhesive molecule A to molecule B (and vice versa) (Figure 1.7):  

 

(i)       a salt bridge  between the N-terminal ANH+ and the carboxyl group of BGlu89;  

(ii)        main-chain hydrogen bonds between AVal3-NH and BLys25-CO as well as between 

AAsp1-CO and BAsn27-NH;   

(iii)  a hydrogen bond between Nε of ATrp2 and  carbonyl group of BAsp90-CO. These forces 

have been extensively discussed. Along with the hydrogen bond between the NεH of 

ATrp2 and the main-chain carbonyl group of BAsp90, this arrangement probably 

provides an important force to hold the indole group in a fixed position. The interactions 

between the benzene ring of the indole and other hydrophobic residues in the acceptor 

pocket further stabilize ATrp2 anchoring. 
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Figure 1.7 Detailed interactions between the N-terminal portion of molecule A (magenta) and the hydrophobic 
acceptor pocket of molecule B (green) within a strand dimer. Broken lines show the salt bridge between the N-terminal 
AAsp1-NH3

+ and BGlu89 as well as the hydrogen bond between NεH of ATrp2 and the carbonyl group of BAsp90. The 
stacking arrangement of residues BGlu89, ATrp2 and BMet92 (see inset on top left corner) is also likely to contribute to the 
stabilization of this “keykeyhole” interaction observed in all cadherin structures (Parisini E. et al., 2007). 

 

Cadherins are synthesized as inactive precursors with a pro-sequence of more than 100 AA at the N 

terminus, and become active only after proteolytic removal of this domain.41 The pro-sequence may 

interfere with dimerization by steric hindrance, and it also prevents formation of the salt bridge 

between the mature N-terminal NH+ and the carboxyl group of Glu89 that optimizes docking of 

Trp2. NMR studies indicate that, at high protein concentration, removal of the pro-sequence favors 

trans dimerization by strand exchange while, at low protein  concentration, Trp2 can dock  intra-

molecularly after  the  pro-sequence is removed.42 

These results imply that for a monomeric cadherin molecule, the equilibrium between the closed 

form with the adhesion arm affixed and an open form with the adhesion arm stretched out exists 

(Figure 1.8).  

Indeed, in a number of structures of E and N-cadherins, with both native and extended N termini, 

the N-terminal part of the adhesion arm is unresolved15 indicating that the arm has a tendency to 

dissociate from the body of EC1. 
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Figure 1.8 A model for the binding mechanism of type I cadherins. Starting at the left, the cadherin is synthesized as an 
inactive pro-form in which docking of the adhesion arm is not favourable due to the absence of a free N terminus that can 
form a salt bridge with Glu89 (shown in blue), and perhaps steric hindrance by the pro-domain itself. Following 
irreversible cleavage that removes the pro-sequence, the adhesion arm can dock intra-molecularly into the body of EC1. 
Intercalation of Trp2 (in green) is stabilised by a stacking interaction with Glu89 and Met92, and the formation of a salt 
bridge between Glu89 and the free N-terminal amine (shown as a broken red line), among other interactions. This closed 
configuration, however, is in equilibrium with an open form in which the adhesion arm is dissociated from the body of 
EC1. The position of this equilibrium may be determined in part by strain in the closed conformation due to the Pro5-Pro6 
motif shown in brown. Formation of “adhesive” dimers involves strand exchange with inter-molecular docking of Trp2 and 
salt bridge formation that is almost identical to that seen in the closed form, and the formation of additional intermolecular 
interactions also involving the adhesion arm (Parisini E. et al., 2007). 
 
 

When an opposing cadherin molecule approaches, trans strand-dimer formation is favoured, 

suggesting that the inter-molecular docking of the adhesion arm has a lower free energy than the 

intra-molecular docking. It is possible that this may be due, in part, to the existence of two 

consecutive proline residues at the base of the N-terminal segment that introduce strain into the 

intra-molecularly docked adhesion arm. The mature protein starts with a DWV sequence and it has 

been noticed that generally the first seven residues (Asp-Trp-Val-Ile-Pro-Pro-Ile) of the N-terminal 

adhesion arm of type I cadherins are highly conserved.  

Comparison of this structure with other type I cadherin structures reveals features that are likely to be 

critical to facilitate dimerization by strand exchange as well as dimer flexibility. We integrate this 

structural knowledge to provide a model for type I cadherin adhesive interactions. Intra-molecular 

docking of the conserved N-terminal “adhesion arm” into the acceptor pocket in monomeric E-
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cadherin appears largely identical to inter-molecular docking of the adhesion arm in adhesive trans 

dimers. A strained conformation of the adhesion arm in the monomer, however, may create an 

equilibrium between “open” and “closed” forms that primes the cadherin for formation of adhesive 

interactions, which are then stabilised by additional dimer-specific contacts. By contrast, in type II 

cadherins, strain in the adhesion arm appears absent and a much larger surface area is involved in trans 

adhesion, which may compensate the activation energy required to peel off the intra-molecularly 

docked arm. It seems that evolution has selected slightly different adhesion mechanisms for type I and 

type II cadherins. 
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1.1.4. CDH1 (E-cadherin) and Cancer 

 

It is well accepted the E-cadherin plays an important role as an invasion suppressor 

gene/protein, since its loss of expression, abnormal function, or both, leads to an increased 

ability of cells to invade neighbouring tissues, as verified in cancer.43 In epithelial cancers, 

disruption of adhesive properties correlates with invasion, and this capacity of cadherins to resist 

disruptive forces was first demonstrated for E-cadherin and N-cadherin44 that have been best 

characterised and studied. In particular, down-regulation of E-cadherin is common in several tumours 

and is strongly associated with cell invasion (Figure 1.9) and poor prognosis.45,46 

Studies on loss of heterozygosity (LOH) of chromosome 16q21-22 hinted at a role for E-cadherin in 

human cancer.47  

 

 

Figure 1.9 E-cadherin downregulation in metastatic cells. Early non-invasive tumour cells express epithelial markers 
such as E-cadherin. Induction of regulators of the EMT, such as Twist, SIP, Slug and Snail, represses E-cadherin 
transcription in cancer cells, causing downregulation of other adhesive epithelial markers. Mesenchymal markers such as 
N-cadherin are induced in these cancer cells. This leads to a less adhesive, more motile cell morphology that allows local 
invasion, intravasation and subsequent metastasis. SIP, smad interacting protein. (Cowin P. et al., 2005). 
 



Chapter I Introduction | 19 
 

Several studies showed frequent LOH of 16q in gastric, prostate, hepatocellular and esophageal 

carcinomas following the mapping of the human E-cadherin gene CDH1 to chromosome 16q22.1.48 

LOH at 16q is frequent particularly in breast cancer, where it occurs in 50% of all ductal 

carcinomas, and even more frequently in lobular breast cancer.49 

 

 

Figure 1.10 Overview of β-catenin signaling and its regulation in Wnt canonical pathway. Free cytosolic β-catenin is 
regulated by the combination of a destruction complex adenomatosis polyposis coli (APC), Axin, GSK-3β and CK1 and 
binding to the cytoplasmic domain of classical cadherin adhesion receptors. Both mechanisms limit the pool of free 
cytosolic β-catenin and hence tend to inhibit signalling through the canonical Wnt pathway (Jeanes A et al., 2008).  
 

E-cadherin inactivating mutations tend to be scattered along the CDH1 gene in sporadic lobular breast 

carcinomas. In this highly infiltrating cancer type, most CDH1 mutations are out-of-frame mutations 

predicted to yield secreted truncated E-cadherin fragments or no stable protein. E-cadherin expression 
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is silenced because the mutations are accompanied by CDH1 promoter methylation or LOH. Missense 

mutations are frequent in monophasic synovial sarcomas.50 E-cadherin mutations are rare in 

carcinomas of bladder, colon, endometrium, lung, esophagus, ovary, and thyroid, and in intrahepatic 

cholangiocarcinoma. 

Indeed, changes in the expression or function of cell-cell adhesion molecules, such as E-and P-

cadherin, have been implicated in all steps of tumour progression, including detachment of tumour 

cells from the primary site, intravasation into the blood stream, extravasation into distant target organs, 

and formation of secondary lesions or metastasis.51 

Therefore, E-cadherin is considered a tumour suppressor protein that plays a major role in maintaining 

epithelial tissue architecture and controlling cellular adhesion. 

Most human tumours are carcinomas derived from epithelial tissues, in which E-cadherin is the 

prototypic cadherin. Epithelial tumours often lose E-cadherin partially or completely as they 

progress toward malignancy. Epithelial ovarian cancers are exceptional because expression of E-

cadherin in inclusion cysts, derived from ovarian surface epithelium with little or no E-cadherin, 

appears to be essential for tumorigenesis in this organ.52 Another exception is inflammatory breast 

cancer, a distinct and aggressive form of breast cancer in which the expression of E-cadherin is 

consistently elevated regardless of the histologic type or molecular profile of the tumour.  

However, most studies have shown both strong anti-invasive and antimetastatic roles for E-

cadherin.53 The possible functional implications, include the sequestering of βctn in an E-cadherin-

catenin adhesion complex, leading to inhibition of its function in the canonical Wnt pathway (Figure 

1.10), besides inhibition of EGF receptor signaling and contribution to epithelial apico-basal 

polarization.54 
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1.1.5. CDH1 (E-cadherin) and Gastric Cancer 

 

E-cadherin inactivating mutations are detected along the entire gene and were first described in diffuse 

gastric cancer.55 In sporadic diffuse gastric cancer, somatic mutations preferentially cause skipping of 

exon 7 or 9, which results in in-frame deletions. Several truncations have also been reported in this 

histological subtype of tumours.56 

Germline mutations in the E-cadherin gene were first described in 1998 by Guilford57 who identified 

CDH1 inactivating mutations in three Maori families with early-onset diffuse gastric cancer. Since 

then, 68 families carrying germline CDH1 mutations have been identified worldwide.58 

In Table 1.2 a list of 106 CDH1 germline constitutional alterations defined as truncating, 

deletion, insertion, splice site, non-sense, and missense mutations detected to date in gastric cancer 

patients were reported: 72.7% of these are non-missense and 27.3% missense alterations. All CDH1 

somatic mutations identified in gastric carcinoma, and the germline alterations found in primary 

lobular breast carcinoma as well as in mucinous colon cancer were excluded. 

Promoter hypermethylation, rather than LOH, accounts here for biallelic CDH1 silencing.59 Familial 

aggregation of gastric cancer is well known. These familial cancers can be classified 

histopathologically into hereditary diffuse gastric cancer (HDGC), familial diffuse gastric cancer 

(FDGC), and familial intestinal gastric cancer.  

HDGC is an autosomal dominant cancer disease and represents 1% of all GCs and notably, germline 

alterations of the CDH1 gene are detected in about 40% of families that fulfill the clinical criteria for 

the HDGC syndrome.60 
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CDH1 variant Exon/Intron Mutation Type Ancestry 

5’UTR (-117G>A) Promoter 5’UTR substitution USA 

5’UTR (-71C>G) Promoter 5’UTR substitution USA 

5’UTR (-63C>A) Promoter 5’UTR substitution Italy 

Del 5’UTR-ex1 Promoter Deletion Spain 

Del ex 1-2 Exon 1-2 Deletion Ireland, Canada, Lithuania 

c.2T>C Exon 1 Missense 
 

Unknown 

c.3G>C Exon 1 Nonsense Canada 

c.41delT Exon 1 Deletion USA 

c.45insT Exon 1 Insertion UK 

c.46insTGC Exon 1 Insertion Unknown 

c.48+5G>C Intron 1 Splice Site USA 

c.48+15C>G Intron 1 Splice Site USA 

c.49-2A>G Intron 1 Splice Site Europe, UK, Ireland 

c.53delC Exon 2 Deletion Europe 

c.59G>A Exon 2 Nonsense 
 

UK 

c.70G>T Exon 2 Nonsense 
 

USA 

c.185G>T Exon 3 Missense 
 

Japan 

c.187C>T Exon 3 Nonsense 
 

USA 

c.190C>T Exon 3 Nonsense 
 

New Zealand 

c.283C>T Exon 3 Nonsense 
 

France 

c.353C>G Exon 3 Missense Europe 

c.372delC Exon 3 Deletion Germany 

c.377delC Exon 3 Deletion Unknown 

c.382delC Exon 3 Deletion Europe 

c.388+26C>T Intron 3 Splice Site USA 

c.515C>G Exon 4 Missense 
 

Unknown 

c.525C>G Exon 4 Missense Finland 

c.532-18C>T Intron 4 Splice site UK, Portugal 
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c.531+1G>A Intron 5 Splice Site Europe 

c.532+2T>A Intron 5 Splice Site France 

c.586G>T Exon 5 Nonsense 
 

Europe 

c.641T>C Exon 5 Missense 
 

Europe 

c.670C>T Exon 5 Missense Italy 

c.715G>A Exon 6 Missense 
 

Europe 

c.731A>G Exon 6 Missense 
 

Korea 

c.753insG Exon 6 Insertion Unknown 

c.808T>G Exon 6 Missense 
 

Unknown 

c.832G>A Exon 6 Splice Site Pakistan 

c.833-2A>G Intron 6 Splice Site USA 

c.892G>A Exon 7 Missense 
 

Europe 

c.1003C>T Exon 7 Nonsense 
 

Sweden, Canada 

c.1008G>T Exon 7 Splice site New Zealand 

c.1018A>G Exon 8 Missense 
 

Europe, China 

c.1023T>G Exon 8 Nonsense Unknown 

c.1063delT Exon 8 Deletion Canada 

c.1064insT Exon 8 Insertion UK 

c.1107delC Exon 8 Deletion Spain 

c.1118C>T Exon 8 Missense 
 

Italy 

c.1134del8ins5 Exon 8 Deletion/Insertion Netherlands 

c.1137G>A Exon 8 Splice site Europe 

c.1137+1G>A Intron 8 Splice site USA 

c.1212delC Exon 9 Deletion Europe, USA 

c.1226T>C Exon 9 Missense 
 

Europe 

c.1243A>C Exon 9 Missense 
 

Japan 

c.1285C>T Exon 9 Missense 
 

Canada 

c.1306_1303insA, 1306_1307delTT Exon 9 Deletion/Insertion Austria 

c.1391-1392delTC Exon 10 Deletion Europe 

c.1460T>C Exon 10 Missense 
 

Korea 
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c.1466insC Exon 10 Insertion UK 

c.1472insA Exon 10 Insertion UK 

c.1476delAG Exon 10 Deletion Europe 

c.1487del7 Exon 10 Deletion New Zealand 

c.1507C>T Exon 10 Nonsense 
 

China 

c.1565+1G>T Intron 10 Splice site New Zealand 

c.1565+2insT Intron 10 Insertion USA 

c.1588insC Exon 11 Insertion USA 

C.1610delC Exon 11 Deletion Spain 

c.1619insG Exon 11 Insertion Germany 

c.1682insA Exon 11 Insertion Ireland 

c.1710delT Exon 11 Deletion USA 

c.1711insG Exon 11 Insertion USA 

c.1711+5G>A Intron 11 Splice site Europe 

c.1774G>A Exon 12 Missense 
 

Sweden 

c.1779insC Exon 12 Insertion Europe 

c.1792C>T Exon 12 Nonsense 
 

UK 

c.1795A>T Exon 12 Missense 
 

Unknown 

c.1849G>A Exon 12 Missense 
 

USA 

c.1876T>A Exon 12 Missense 
 

Unknown 

c.1901C>T Exon 12 Missense 
 

UK, New Zealand, Portugal 

c.1913G>A Exon 12 Nonsense 
 

Spain 

c.1937-13T>C Intron 12 Splice site USA 

c.2061delTG Exon 13 Deletion Europe 

c.2064delTG Exon 13 Deletion USA 

c.2095C>T Exon 13 Nonsense 
 

New Zealand, China 

c.2161C>G Exon 13 Splice site Canada 

c.2164+5G>A Exon 14 Splice site Unknown 

Del ex 14-16 Exon 14-16 Deletion Europe 

c.2195G>A Exon 14 Missense 
 

Europe 
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c.2245C>T Exon 14 Missense 
 

Colombia 

c.2269G>A Exon 14 Missense 
 

Portugal 

c.2275G>T Exon 14 Nonsense Iran 

c.2276delG Exon 14 Deletion Canada 

c.2287G>T Exon 14 Nonsense Unknown 

c.2295+5G>A Intron 14 Splice site Europe 

c.2310delC Exon 15 Deletion Europe 

c.2343A>T Exon 15 Missense 
 

UK 

c.2381insC Exon 15 Insertion New Zealand 

c.2392G>A Exon 15 Missense Unknown 

c.2395delC Exon 15 Deletion USA 

c.2396C>G Exon 15 Missense 
 

Germany 

c.2398delC Exon 15 Deletion Ireland 

c.2399delG Exon 15 Deletion USA 

c.2439+31G>A Intron 15 Splice site USA 

c.2440-6C>G Intron 15 Splice site Europe 

c.2494G>A Exon 16 Missense 
 

Japan 

Del ex16 Exon 16 Deletion Europe 

 
Table 1.2 CDH1 germline variants detected to date in gastric cancer (Corso G. et l., 2012). 

 

In 1999, the International Gastric Cancer Linkage Consortium (IGCLC) established criteria for 

identifying HDGC families based on the incidence and onset of diffuse gastric cancer61 as follows: 

• two or more documented cases of diffuse gastric cancer in 1st/2nd degree relatives, 

with at least one diagnosed  before the age of 50, or  

• three or more cases of documented diffuse gastric cancer in 1st/2nd degree relatives, 

independently of age of onset 

Subsequently, the last consensus conference of Cambridge in 201062 modified the criteria as:  

• a) two GC cases in family, one confirmed Diffuse Gastric Cancer (DGC) < 50;  

• b) three  confirmed  DGC cases in 1st or 2nd degree relatives independent of age;  
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Gastric cancers with high incidence and with an index case of diffuse gastric cancer but not fulfilling 

the IGCLC criteria for HDGC are classified as FDGC.63 To date, any CDH1 germline mutations have 

not been found in intestinal gastric cancer. 

CDH1 mutations were found in about 13.8% of FDGC families. These mutations resemble sporadic 

mutations in that most of them are predicted to cause premature stop codons related with nonsense, 

splice-site, or frameshift mutations. Only some of them were missense mutations.64 Multiple cases of 

lobular breast cancer (including mixed ductal and lobular histology) have been  reported in families 

with HDGC.61,65,66  

The estimated cumulative lifetime risk of breast cancer in women from HDGC families with germline 

CDH1 mutations is 39%.67 Remarkably, CDH1 germline mutations can be associated with invasive 

lobular breast cancer in the absence of diffuse gastric cancer.68  

Most of these hereditary tumours are E-cadherin negative, pointing to a double inactivating 

mechanism. Predisposition to diffuse gastric cancer and lobular cancer in patients carrying germline 

mutations in the E-cadherin gene identifies E-cadherin as a tumour suppressor.69  

Germline inactivating mutations and deletions of the E-cadherin gene (CDH1) are a well-documented 

genetic factor associated with diffuse histotype of Early Onset Gastric Cancer EOGC (EODGC).70-72 

EOGC is defined as any GC presenting at the age of 45 or earlier and represents approximately 10% of 

all patients with stomach cancer with reported frequencies varying between 2.7% and 15% according 

to different populations studied.73-75 

Gastric cancer patients younger than 40-50 years old are believed to develop GCs involving molecular 

pathways different from those of sporadic carcinomas that occur later in life. GC that occur in patients 

younger than 30 years is very rare (1.1-1.6%)60 and most of EOGCs are diagnosed in patients older 

than 35.76,77 GCs diagnosed before 20 years of age are exceptional and current literature is limited to a 

small number of cases.66,78 

EOGC may occur in sporadic or hereditary forms. Germline mutations of CDH1 gene have also been 

documented in diffuse EOGC with and without inherited predisposition for the HDGC 
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syndrome.66,70,78 

Considering the apparently sporadic cases, about 6% of diffuse EOGCs are described to carry a 

constitutional potentially deleterious sequence variant of E-cadherin gene.80 Recently it was proposed 

the cut-off age of onset at ≤ 35 in sporadic EODGC.75 
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1.2. Gastric (stomach) cancer 

 

1.2.1. What is gastric cancer? 

 

Gastric cancer, also called stomach cancer, is a cancer that starts in the stomach (Figure 1.11) and 

refers to any malignant neoplasm that arises from the region extending between the gastro-esophageal 

junction and the pylorus.81 

 

Figure 1.11 This figure illustrates where the stomach is located within the human body. 

 

Approximately 95% of stomach tumours are epithelial in origin and designated as 

adenocarcinomas.82,83 After food is chewed and swallowed, it enters the esophagus, a tube that carries 

food through the neck and chest to the stomach. The esophagus joins the stomach at the 

gastroesophageal junction, which is located just beneath the diaphragm (the breathing muscle under 
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the lungs). The stomach is a sac-like organ that holds food and starts to digest it by secreting gastric 

juice. The food and gastric juice are mixed and then emptied into the first part of the small intestine 

called the duodenum. Stomach cancer (Figure 1.12) should not be confused with other cancers that can 

occur in the abdomen, like cancer of the colon (large intestine), liver, pancreas, or small intestine 

because these cancers may have different symptoms, a different outlook, and different treatments.84  

 

 

Figure 1.12 Stomach cancer at the time of surgical removal. 

 

Stomach cancers tend to develop slowly over many years. Before a true cancer develops, pre-

cancerous changes often occur in the lining of the stomach. These early changes rarely cause 

symptoms and therefore often go undetected.85,86 This is one of the reasons stomach cancer is so hard 

to detect early. The signs and symptoms of stomach cancer can include: 

• Poor appetite 

• Weight loss (without dieting) 

• Abdominal (belly) pain 

• Vague discomfort in the abdomen, usually above the navel  
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• A sense of fullness in the upper abdomen after eating a small meal 

• Heartburn, indigestion, or ulcer-type symptoms 

• Nausea 

• Vomiting, with or without blood 

• Swelling or fluid build-up in the abdomen  

Most of these symptoms are more likely to be caused by things other than cancer, such as a stomach 

virus. They may also occur with other types of cancer. But people, who have any of these problems, 

especially if they don't go away or get worse, should check with their doctor so the cause can be found 

and treated.  

Since symptoms of stomach cancer often do not appear until the disease is advanced, only about 1 in 5 

stomach cancers is found at an early stage, before it has spread to other areas of the body.87 

Stomach cancers can spread (metastasize) in different ways. They can grow through the wall of the 

stomach and invade nearby organs.88 They can also spread to the lymph vessels and nearby lymph 

nodes. Lymph nodes are bean-sized structures that help fight infections. The stomach has a very rich 

network of lymph vessels and nodes. If cancer spreads to the lymph nodes, the patient's outlook is not 

as good. As the stomach cancer becomes more advanced, it can travel through the bloodstream and 

spread to organs such as the liver, lungs, and bones.  

Therefore, despite advances in diagnosis, the disease is usually detected after invasion of muscularis 

propria, because most patients experience vague and nonspecific symptoms in the early stages and the 

classic triad of anemia, weight loss, and refusal of meat-based foods are seen only in advanced stages. 

Furthermore, surgery and chemotherapy have limited value in advanced disease and there is a paucity 

of molecular markers for targeted therapy. Since cancer of the stomach has a very poor prognosis, a 

new looks at the results of epidemiological and experimental studies are important to establish 

strategies for primary prevention and early detection.89,90 
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1.2.2. Parts of the stomach 

 

The stomach is composed by 5 parts (Figure 1.13 A): 

• Cardia:  The upper portion (closest to the esophagus); 

• Fundus: Located next to the cardia. Some cells in these areas of the stomach produce acid and 

pepsin (a digestive enzyme), the parts of the gastric juice that help digest food; 

• Body (corpus): The area between the upper and lower parts of stomach; 

• Antrum:  The lower portion (closest to the intestine), where the food is mixed with gastric 

juice; 

• Pylorus: Acts as a valve to control emptying of the stomach contents into the small intestine.  

The first 3 parts of the stomach (cardia, fundus, and body) are sometimes called the proximal stomach, 

and the lower 2 parts (antrum and pylorus) are called the distal stomach.  

Cancers starting in different sections of the stomach may cause different symptoms and tend to have 

different outcomes.91 The cancer’s location can also affect the treatment options. Cancers that start at 

the gastroesophageal junction are staged and treated the same as cancers of the esophagus. A cancer 

that started in the cardia of the stomach but then grew into the gastroesophageal junction is also staged 

and treated like a cancer of the esophagus. The stomach has 2 curves, which form its upper and lower 

borders. They are called the Lesser curvature and Greater curvature, respectively (Figure 1.13 A-B). 

Other organs next to the stomach include colon, liver, spleen, small intestine, and pancreas.  
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Figure 1.13 Schematic representation of the stomach parts (A) and in longitudinal section (B). 
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1.2.3. Histopathological diagnosis of Gastric Cancer 

 

1.2.3.1. Lauren’s classification 

 

Histologically, gastric carcinoma demonstrates marked heterogeneity at both architectural and 

cytologic level, often with co-existence of several histologic elements.  

Over the past half century the histologic classification of gastric carcinoma has been largely based on 

Lauren’s criteria92, in which intestinal type and diffuse type adenocarcinoma (Figure 1.14) are the two 

major histologic subtypes each having different epidemiological and pathophysiological features, plus 

mixed type as uncommon variant.  

The relative frequencies are approximately 54% for intestinal type, 32% for the diffuse type, and 15% 

for the mixed type.  

 

 

Figure 1.14 (A):  Intestinal type adenoma of the stomach composed of irregularly arranged glands composed of intestinal 
type epithelium with eosinophilic cytoplasm and enlarged nuclei, Hematoxilin & Eosin (H&E) stain. (B): Diffuse type 
adenocarcinoma of the stomach, diffuse type cells are highlighted by a black arrow (H&E stain). 
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� Intestinal type 

 

Intestinal type gastric adenocarcinoma is the most prevalent form of gastric adenocarcinoma and its 

characterised by well differentiated cohesive neoplastic cells that grow slowly and tend to form gland-

like tubular structures that frequently ulcerate. Usually it occurs at a late age in high-risk regions, 

predominates in men, and has a better prognosis. It progresses through a relatively well-defined series 

of histological steps that are initiated by the transition from normal mucosa to chronic superficial 

gastritis, which then leads to atrophic gastritis and intestinal metaplasia, and finally to dysplasia and 

adenocarcinoma. It is more associated with intestinal metaplasia and environmental factors like dietary 

habits, obesity and Helicobacter pylori (H. pylori) infection.93 

Corpus-predominant gastritis due to H. pylori infection leads to hypochlorhydria and predisposes 

individuals toward gastric ulceration and adenocarcinoma, which is thought to be due in part to 

decreased acid secretion. In contrast, infection primarily of the gastric antrum results in increased acid 

production and predisposes individuals to duodenal ulcer disease, which is associated with a decreased 

risk of gastric cancer. 

 

� Diffuse type 

 

Diffuse type gastric adenocarcinoma is more often seen in female and young individuals, affects men 

and women equally, is associated with group A, and represents the major histological type in endemic 

areas. It is characterised by poorly differentiated tumour cells, individually infiltrating, that tend to 

spread throughout the stomach (rather than form glands) or to other parts of the body (metastasizes) 

much quicker than intestinal type cells.94  
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1.2.3.2. WHO classification (2010) 

 

The 2010 WHO classification95 recognizes four major histologic patterns of gastric cancers: tubular, 

papillary, mucinous and poorly cohesive (including signet ring cell carcinoma), plus uncommon 

histologic variants. The classification is based on the predominant histologic pattern of the carcinoma 

which often co-exists with less dominant elements of other histologic patterns. Tubular 

adenocarcinoma is the most common histologic type of early gastric carcinoma (Figure 1.15 A).  

It tends to form polypoid or fungating masses grossly, and histologically demonstrates irregularly 

distended, fused or branching tubules of various sizes, often with intraluminal mucus, nuclear and 

inflammatory debris. 

Papillary adenocarcinoma is another common histologic variant often seen in early gastric carcinoma. 

It tends to affect older people, occurs in the proximal stomach, and is frequently associated with liver 

metastasis and a higher rate of lymph node involvement. Histologically, it is characterised by 

epithelial projections scaffolded by a central fibrovascular core. 

Mucinous adenocarcinoma accounts for 10% of gastric carcinoma. Histologically it is characterised by 

extracellular mucinous pools which constitute at least 50% of tumour volume. Tumour cells can form 

glandular architecture and irregular cell clusters, with occasional scattered signet ring cells floating in 

the mucinous pools. Signet ring cell carcinoma (Figure 1.15 B) and other poorly cohesive carcinomas 

are often composed of a mixture of signet ring cells and non-signet ring cells. Poorly cohesive non-

signet ring tumour cells are those that morphologically resemble histiocytes, lymphocytes, and plasma 

cells.82 

Those tumour cells can form irregular microtrabecular or lace-like abortive glands, often accompanied 

by marked desmoplasia in the gastric wall and with a grossly depressed or ulcerated surface. When it 

occurs at the antropyloric region with serosal involvement, the carcinoma tends to have 

lymphovascular invasion and lymph node metastasis.83 
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Figure 1.15 (A): Tubular adenocarcinoma (H&E stain). (B): Signet ring cell adenocarcinoma (H&E stain). 

 

Because signet ring cell and other poorly cohesive carcinomas at antroplyoric region have a propensity 

to invade duodenum via submucosal and subserosal routes including subserosal and submucosal 

lymphatic spaces, special attention needs to be paid to those routes when a distal margin frozen section 

is requested at the time of surgical resection.  

Special stains such as cytokeratin immunohistochemistry (IHC) can help detect morphologically 

occult signet ring cells in the lamina propria. One important differential diagnosis of neoplastic signet 

ring cells in gastric mucosa is benign pseudo-signet ring cells which can remarkably mimic signet ring 

cell carcinoma. Those pseudo-signet ring cells sometimes can demonstrate cytological atypia, even 

with mitoses.  

However, those pseudo-signet ring cells do not reveal invasive pattern with reticulin stain which 

highlights pseudo-signet ring cells confined within basement membrane with intact acinar architecture. 

In addition to the above four major histologic subtypes, WHO classification also endorses other 

uncommon histologic variants, such as adenosquamous carcinoma, squamous carcinoma, hepatoid 

adenocarcinoma, carcinoma with lymphoid stroma, choriocarcinoma, parietal cell carcinoma, 

malignant rhabdoid tumour, mucoepidermoid carcinoma, paneth cell carcinoma, undifferentiated 

carcinoma, mixed adeno-neuroendocrine carcinoma, endodermal sinus tumour, embryonal carcinoma, 
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pure gastric yolk sac tumour and oncocytic adenocarcinoma, all listed in Table 1.3, with Lauren’s 

classification for comparison. 

 

 

WHO (2010) Lauren (1965) 

Papillary adenocarcinoma  

Tubular adenocarcinoma Intestinal type 

Mucinous adenocarcinoma  

Signet-ring cell carcinoma Diffuse type 

And other poorly cohesive carcinoma  

Mixed carcinoma Mixed type 

Adenosquamous carcinoma  

Squamous cell carcinoma  

Hepatoid adenocarcinoma  

Carcinoid with lymphoid stroma  

Choriocarcinoma  

Carcinosarcoma  

Parietal cell carcinoma  

Malignant rhabdoid tumour  

Mucoepidermoid carcinoma  

Paneth cell carcinoma  

Undifferentiated carcinoma  

Mixed adeno-neuroendocrine carcinoma  

Endodermal sinus tumour  

Embryonal carcinoma  

Pure gastric yolk sac tumour  

Oncocytic adenocarcinoma  

 

Table 1.3 Gastric adenocarcinoma classification system (Hu B, El Hajj N, et al., 2012). 
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1.2.3.3. Principal types of stomach cancer 

 

The principal types of stomach cancer are: 

 

� Adenocarcinoma 

About 90% to 95% of cancerous (malignant) tumours of the stomach are adenocarcinomas. The term 

stomach cancer, or gastric cancer, almost always refers to adenocarcinoma. This cancer develops 

from the cells that form the innermost lining of the stomach (known as the mucosa). Linitis plastica is 

a type of adenocarcinoma that attacks the all stomach wall (lining), and is very fast growing and 

highly infiltrating. It often spreads to other parts of the body. The lymph nodes and the lining of other 

abdominal organs are frequent recipients of Linitis plastica’s quick cell proliferation. 

� Gastric Lymphoma 

These are cancers of the immune system tissue that are sometimes found in the wall of the stomach. 

They account for about 4% of stomach cancers. Prognosis and treatment depend on the type of 

lymphoma present. 

� Gastrointestinal Stromal Tumour (GIST) 

These are rare tumours that seem to start in cells in the wall of the stomach called interstitial cells of 

Cajal. Some are non-cancerous (benign); others are cancerous. Although these tumours can be found 

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

� Carcinoid tumour  

These are tumours that start in hormone-making cells of the stomach. Most of these tumours do not 

spread to other organs. About 3% of stomach cancers are carcinoid tumours.  
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1.2.4.  Diagnosis 

 

• Medical history, physical exam and genetic counselling screening 

 

The Physician will investigate about the medical history of the patient making questions about risk 

factors and symptoms to see if they might suggest stomach cancer or another cause. The doctor may 

also want to know about the general health in case the patient needs surgery. A physical exam 

provides information about your general health, possible signs of stomach cancer, and other health 

problems. In particular, the doctor will feel the abdomen for any abnormal changes.  

Genetic counselling screening has been advocated in family members of young patients with the 

diffuse type gastric cancer.61,62 There are no mutational hotspots, so screening for CDH1 mutations 

requires a survey of the entire gene. Prophylactic gastrectomy has been performed on carriers of 

truncating germ-line CDH1 mutations. Remarkably, even asymptomatic individuals who had normal 

upper endoscopies have demonstrated malignant cells in their surgical resection specimens, suggesting 

that this could be a viable therapeutic option for highly selected individuals. Genetic counselling is 

necessary for all family members considering genetic testing and prophylactic gastrectomy. Women in 

these families who have a germline mutation of CDH1 are at an increased risk for developing lobular 

breast cancer and should be screened accordingly.67 

 

• Upper endoscopy 

 

Upper endoscopy (also called esophagogastroduodenoscopy or EGD) is the main test used to find 

stomach cancer.96 It may be used when someone has certain risk factors or when signs and symptoms 

suggest this disease may be present. During this test, the patient is sedated (made sleepy) (Figure 

1.16).  
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Figure 1.16 Patient positioning for endoscopy. 

The doctor passes a thin, flexible, lighted tube called endoscope down your throat. This lets the doctor 

see the lining of the esophagus, stomach, and first part of the small intestine. If abnormal areas are 

noted, biopsies (tissue samples) can be taken using instruments passed through the endoscope (Figure 

1.17 A). When seen through an endoscope, stomach cancer can look like an ulcer, a mushroom-shaped 

or protruding mass, or a flat, thickened area of mucosa known as linitis plastica.  

• Imaging tests 

 

Imaging tests use x-rays, magnetic fields, sound waves, or radioactive substances to create pictures of 

the inside of your body. Imaging tests may be done for a number of reasons, including to help to find 

out whether a suspicious area might be cancerous, to learn how far cancer may have spread, and to 

help determine if treatment has been effective. The principal imaging tests are Upper gastrointestinal 

(GI) series, endoscopic ultrasound (EUS), computed tomography (CT or CAT) scan, Magnetic 

Resonance Imaging (MRI) scan and Positron Emission Tomography (PET) scan. 
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Figure 1.17 (A): Double-channel therapeutic endoscope. (B): Schematic representation of upper endoscopy (EGD). 

 

 
• Biopsy collection 

 

Doctor may suspect cancer if an abnormal-looking area is seen on endoscopy or an imaging test, but 

the only way to tell for sure if it is really cancer is by doing a biopsy.97 During a biopsy, the doctor 

removes a sample of the abnormal area. Biopsies for stomach cancer are most often obtained during 

endoscopy (Figure 1.17 B). They may also be taken from areas of possible cancer spread. This sample 

is sent to a pathology laboratory where is fixed for example in formalin (paraffin-embedded tissue 

blocks). Then thin sections are cut and used for H&E staining and immunostaining to be looked at 

under a microscope. The H&E stained biopsy sample is checked to see if it contains cancer, and if it 

does, what kind it is (for example, adenocarcinoma or lymphoma), so is fundamental to perform a 

correct analysis and also to determine the histological profile of the tumour. Moreover, bioptic 

samples may be frozen and used for genetic, fluorescent in situ hybridization (FISH), 
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immunohistochemical or proteomic approaches. If it contains adenocarcinoma, it may be tested to see 

if it has too much of a growth-promoting protein called HER2/neu (often just shortened to HER2). 

Tumours with increased levels of HER2/neu are called HER2-positive. Cancers that are HER2-positive 

have too many copies of the HER2/neu gene in the cells, resulting in greater than normal amounts of 

the HER2/neu protein. Stomach cancers that are HER2-positive can be treated with a drug that targets 

the HER2/neu protein, called trastuzumab (Herceptin®).83 
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1.2.5. Epidemiology  

 

1.2.5.1. Gastric cancer incidence 

 

Gastric cancer is still the second most common cause of cancer death worldwide (700,000 deaths 

annually), although the incidence and mortality have been declined over the 50 years especially in 

developed regions probably due to changes in food storage, dietary pattern and control of H. Pylori 

infection. With an estimated 934,000 new cases per year in 2002, it is considered the fourth cancer for 

incidence behind lung, breast, colon and rectum cancers.98  

 

 

 

Figure 1.18 Age-Adjusted Gastric Cancer incidence per 100,000 (Wesolowski R et al., 2009). 

 

The incidence varies among ethnic groups and in different parts of the world with highest rates 

documented in Eastern Asia (China, Japan and Korea), Eastern Europe, South (Andean regions) and 

Central America, while this disease is less common in Northern and Western Africa, South Central 

Asia, and North America (Figure 1.18).  
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High frequency has been found and documented also in Maoris in New Zealand. In the United States, 

a significant difference in incidence of stomach cancer in different ethnic groups is observed because 

Hispanics, Native Americans and African-Americans are more affected than Caucasians individuals.94 

Even so, the geographical distribution cannot be ascribed to racial or ethnicity differences alone. It has 

been documented for example that people who migrate from high incidence area as Japan to low 

incidence regions such as the United States, were found to have reduced gastric cancer risk, suggesting 

that the environmental factors may have a relevant role. Two-thirds of cases occur in developing 

countries (about 40% in China alone). The Belarus area is the highest European risk area for stomach 

cancer with an incidence of 70,000 per year. Portugal and Italy are also considered high-risk European 

areas for gastric cancer, with incidence in 2008 of 41,000 and 33,400 respectively. Central regions of 

Italy are the most affected by stomach cancer incidence, in particular Tuscany and Marche regions 

have a stomach cancer mortality rate of 4,2/10,000 inhabitants (2002 ISTAT-The Italian National 

Institute of Statistics). 

 

1.2.5.2. 5-year survival rate  

 

Survival rate is defined as the percentage of people who survive a disease such as cancer for a 

specified amount of time. Survival rates are often used by doctors as a standard way of discussing a 

person's prognosis (outlook). The 5-year survival rate refers to the percentage of patients who live at 

least 5 years after their cancer is diagnosed. In the USA for example, the National Cancer Institute’s 

SEER (Surveillance, Epidemiology and End Results) database, estimated that the 5-year survival is 

about 24%, with 21,500 new cases of gastric cancer and 10,890 deaths occurred in 2008.  

Of course, many people live much longer than 5 years (and many are cured).  

To get 5-year survival rates, doctors have to look at people who were treated at least 5 years ago. 

Improvements in treatment since then may result in a more favorable outlook for people now being 

diagnosed with stomach cancer. 
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Survival rates are often based on previous outcomes of large numbers of people who had the disease, 

but they cannot predict what will happen in any particular person's case. Many other factors may affect 

a person's outlook, such as general health, the location of the cancer in the stomach, and how well the 

cancer responds to treatment.  

Survival of patients with gastric cancer is substantially worse than that of patients with most other 

solid malignancies. The only treatment that offers potential cure is complete resection of the tumour. 

However, after complete resection alone, patients who are shown to have extensive lymph-node 

involvement on surgical pathology specimens have a 5-year survival of about 7%. The addition of 

preoperative (neo-adjuvant) chemotherapy or adjuvant chemoradiotherapy in such patients can lead to 

some improvement in progression-free survival and overall survival.  

Because the disease is asymptomatic early on, more than half of gastric carcinomas are diagnosed in 

advanced stage, when resection is not possible. Medical treatment has been shown to improve quality 

of life and prolong survival. Therefore, systemic treatment becomes an essential part of the 

management of patients with advanced gastric cancer, especially those who still maintain good 

performance status. Despite advances in diagnosis and treatment, the 5-year survival rate of gastric 

cancer is only 20 per cent.94 
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1.2.6. Etiology and risk factors 

 

Although the etiology of gastric cancer is multifactorial, more than 80% of cases have been attributed 

to Helicobacter pylori infection.99 In addition, diet, lifestyle, genetic, socioeconomic and other factors 

contribute to gastric carcinogenesis. About aging, there is a sharp increase in stomach cancer after the 

age of 50. Most people are diagnosed with stomach cancer when they are between their late 60s and 

80s.100 Cases in younger patients are very rare. 

A male preponderance in stomach cancer incidence is observed in almost all countries with rates two 

or four times higher. Both the proximal and distal region of the stomach may be affected by the 

carcinoma. Proximal tumours are more common in developed countries, among whites and in higher 

socio-economic classes, while the distal tumours tend to predominate in developing countries, among 

black people, in the lower socio-economic groups. Among industrialized countries, Japan represents 

an exception because has a prevalence in distal tumours. The major known risk factors are 

gastroesophageal reflux disease and obesity for the proximal tumours, while H. pylori infection and 

dietary habits for the distal stomach tumours.101  

Scientists have found several risk factors that make a person more likely to get stomach cancer. Some 

of these can be controlled, but others cannot. The principal risk factors to develop gastric cancer are 

described in detail in 1.2.6.1.-4. chapters. In 1.2.6.5. chapter all the other related gastric cancer risk 

factors are listed briefly. 

 

1.2.6.1. Helicobacter pylori infection 

 

Infection with Helicobacter pylori bacteria is the strongest known risk factor for malignancies that 

arise within the stomach, and seems to be a major cause in the development of gastric cancer, 

especially in the lower (distal) part of the stomach. It is estimated from several meta-analyses studies, 

that the H. pylori infection is associated with an approximately two-fold increased risk of developing 
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gastric cancer. H. pylori is present in the stomachs of at least half of the world’s population, and the 

majority of colonized individuals develop coexisting chronic inflammation. In most persons, H. pylori 

colonization does not cause any symptoms.102 

 However, long-term carriage of H. pylori significantly increases the risk of developing site-specific 

diseases. Among infected individuals, approximately 10% develop peptic ulcer disease, 1 to 3% 

develop gastric adenocarcinoma, and <0.1% develop mucosa associated lymphoid tissue (MALT) 

lymphoma. At early stages, gastric MALT lymphoma can be cured completely by eradication of H. 

pylori and therefore is considered the first clonal lesion which can be eliminated by treatment with 

antibiotics. 

Even so, only a minority of colonized individuals develop gastric cancer and disease risk involves 

well-choreographed interactions between pathogen and host, which are in turn dependent on strain-

specific bacterial factors and/or host genotypic traits. These observations, in conjunction with recent 

evidences, underscore the importance and timeliness of reviewing mechanisms that regulate the 

biological interactions of H. pylori with its hosts and that promote carcinogenesis. 

This bacteria is usually acquired in childhood, and when left untreated generally persists for the host’s 

lifetime. Once established, H. pylori has no significant bacterial competitors and, except for transient 

bacteria, the stomach is essentially a monoculture of H. pylori. Although people in all geographical 

zones carry the bacteria, the prevalence of H. pylori is higher in developing countries than in 

industrialized, developed nations.103 Over the past half-century, however, progressively fewer children 

have been shown to carry H. pylori, and this decrease has been associated with the widespread use of 

antibiotics. Although H. pylori significantly increases the risk of developing both diffuse type and 

intestinal type gastric adenocarcinoma, chronic inflammation is not required for the development of 

diffuse type cancers, suggesting that mechanisms underpinning the ability of H. pylori to induce 

malignancy are different for these cancer subtypes. Eradication of H. pylori significantly decreases the 

risk of developing cancer in infected individuals without pre-malignant lesions, reinforcing the tenet 

that this organism influences early stages in gastric carcinogenesis.104 
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Figure 1.19 Multifactorial pathway leading to gastric carcinoma. Many host, bacterial, and environmental factors act in 
combination to contribute to the precancerous cascade leading to development of gastric cancer (Wroblewski LE et al., 
2010). 
 

H. pylori is a Gram-negative microaerophilic, spiral bacterium and long-term infection of the gastric 

mucosa with this germ may lead to inflammation, with severe gastritis and atrophic gastritis, and pre-

cancerous changes of the inner lining of the stomach.105 The bacterium secretes several products that 

cause gastric mucosal damage such as urease, protease, phospholipase, ammonia, and acetaldehyde, 

and disrupts gastric barrier function via urease mediated myosin activation. H. pylori infection induces 

the production of reactive oxygen and nitrogen species and suppresses the host antioxidant defense 
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mechanisms, leading to oxidative DNA damage.103 H. pylori infection promotes gastric carcinogenesis 

increasing endogenous DNA damage while decreasing repair activities and also by inducing mutations 

in the mitochondrial and nuclear DNA. Therefore, a combination of a virulent organism, a permissive 

environment, and a genetically susceptible host is considered essential for H. pylori-induced gastric 

cancer through a cascade of events that promotes the sequential progression of normal gastric 

epithelium through atrophic gastritis, intestinal metaplasia, and dysplasia to carcinoma (Figure 1.19).  

This histological step by step transition from normal mucosa to adenocarcinoma is preferentially 

associated with intestinal type gastric cancer. 

Chronic H. pylori infection may result in hypochlorhydria or hyperchlorhydria, depending on the 

severity and distribution of gastritis. Most long-term patients infected by H. pylori, develop corpus-

predominant pangastritis associated with hypochlorydria, which may progress to gastric ulceration 

and/or adenocarcinoma. Conversely, antral predominant gastritis occurs in approximately 12% of 

chronically infected patients and is characterised by hyperchlorhydria, which may lead to duodenal 

ulcer disease which is associated with a decreased risk of gastric cancer.102 

 

� The vacA H. pylori gene 

 

The H. pylori gene vacA is a polymorphic mosaic specific locus linked with gastric malignancy and 

encodes a secreted protein (VacA) that was initially identified on the basis of its ability to induce 

vacuolation in cultured epithelial cells. VacA is secreted as a 96 kDa protein,103 which is rapidly 

cleaved into a 10 kDa passenger domain (p10) and an 88 kDa mature protein (p88) (Figure 1.20).  
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Figure 1.20 Helicobacter pylori Vaca structure and functional effects. (A) vacA is a polymorphic mosaic gene that arose 
through homologous recombination. Regions of sequence diversity are localised to the signal (s), intermediate (i) and mid 
(m) region. The s1 signal region is fully active, but the s2 region encodes a protein with a different signal peptide cleavage 
site, resulting in a short amino-terminal extension that inhibits vacuolation. The mid region encodes a cell-binding site, but 
the m2 allele is attenuated in its ability to induce vacuolation. The function of the i region is undefined. (B) VacA is 
secreted as a 96 kDa protein, which is rapidly cleaved into a 10 kDa passenger domain (p10) and an 88 kDa mature protein 
(p88). (C) The secreted monomeric form of VacA p88 binds to epithelial cells nonspecifically and through specific 
receptor binding. Following binding, VacA monomers form oligomers, which are then internalized by a pinocytic-like 
mechanism and form anion-selective channels in endosomal membranes; vacuoles arise owing to the swelling of 
endosomal compartments. AP1, activator protein 1; NF-κB, nuclear factor-κB; P, phosphorylation (Polk DB et al., 2010). 
 

 

The p88 fragment contains two domains, designated p33 and p55, which are VacA functional 

domains. The secreted monomeric form of VacA p88 binds to epithelial cells nonspecifically and 

through specific receptor binding. The biological consequences of vacuolation are currently undefined, 

but VacA also induces other effects, such as apoptosis, partly by forming pores in mitochondrial 

membranes, allowing cytochrome c release. VacA has also been identified in the lamina propria, and 

probably enters by traversing epithelial paracellular spaces, where it can interact with integrin β2 on T 

cells and inhibit the transcription factor nuclear factor of activated T cells (NFAT), leading to the 

inhibition of interleukin-2 (IL-2) secretion and blockade of T cell activation and proliferation. 

A 

B 

C 
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The bacterium expresses some other membrane proteins (OMPs, adhesins) like BabA, SabA and 

OipA, that mediate its binding to gastric epithelial cells, probably through the apical surface. H. pylori 

can also bind to α5β1 integrins, which are located on the basolateral surface of epithelial cells.106  

 

� The cagA H. pylori gene 

 

The cagA pathogenicity island (cag PAI) is a 40-kb DNA insertion element which contains 27 to 31 

genes flanked by 31-bp direct repeats and encodes one of the most intensely investigated H. pylori 

proteins, CagA. CagA was initially identified in the early 1990s, and expression of CagA was found to 

be associated strongly with peptic ulceration.107 Due to its association with clinical disease, the cag 

PAI is now a well characterised H. pylori virulence determinant, and CagA is frequently used as an 

indicator of the presence of the entire cag PAI.  

Approximately 60 to 70% of Western H. pylori strains and almost 100% of East Asian strains express 

CagA. Although all H. pylori strains induce gastritis, those that contain the cag PAI (cag+) augment 

the risks for severe gastritis, atrophic gastritis, and distal gastric cancer compared to those with strains 

that lack the cag island.108 At least 18 cag genes encode components of a bacterial type IV secretion 

apparatus which functions to export bacterial proteins across the bacterial membrane and into host 

gastric epithelial cells. Type IV strains are frequently segregated into cagA-positive and cagA-negative 

strains, depending on the presence or absence of the terminal gene product of the cag island, CagA. 

Epidemiological evidence suggests that H. pylori strains containing the cag pathogenicity island 

(cagPAI) are more virulent. The H. pylori CagA protein is a 120 to 140 kDa protein that after 

adherence is translocated into host cells by the type IV cag secretion system after bacterial attachment. 

Therefore, CagA protein is delivered into gastric epithelial cells where it undergoes tyrosine 

phosphorylation by SRC family kinases. Phosphorylated CagA specifically binds to and activates 

SHP2, a phosphatase that transmits positive signals for cell growth and motility (Figure 1.21).  
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Thus, H. pylori acting via cagA activates growth factor receptors, increases proliferation, inhibits 

apoptosis, and promotes invasion and angiogenesis.94 

 

 

 

 
 
Figure 1.21 Interactions between pathogenic H. pylori and gastric epithelial cells. Several adhesins such as BabA, 
SabA and OipA mediate binding of Helicobacter pylori to gastric epithelial cells, probably through the apical surface. H. 
pylori can also bind to α5β1 integrins, which are located on the basolateral surface of epithelial cells. After adherence, H. 
pylori can translocate effector molecules such as CagA and peptidoglycan (PGN) into the host cell. PGN is sensed by the 
intracellular receptor nucleotide-binding oligomerization domain-containing protein 1 (NOD1), which activates NF-κB, 
p38, ERK and IRF7 to induce the release of pro-inflammatory cytokines. Translocated CagA is rapidly phosphorylated (P) 
by SRC and ABL kinases, leading to cytoskeletal rearrangements. Unphosphorylated CagA can trigger several different 
signalling cascades, including the activation of NF-κB and the disruption of cell-cell junctions, which may contribute to the 
loss of epithelial barrier function. Injection of CagA seems to be dependent on basolateral integrin α5β1. AJ, adherens 
junction; CSK, c-src tyrosine kinase; IFN, interferon; IKKε, IκB kinase-ε; IRF7, interferon regulatory factor 7; RICK, 
receptor-interacting serine-threonine kinase 2; TBK1, TANK-binding kinase 1; TJ, tight junction (Polk DB et al., 2010). 
 

 

� H. pylori and host polymorphisms 

 

H. pylori strain-specific constituents are not absolute determinants of virulence, as most persons 

colonized with disease-associated strains remain asymptomatic. This has underscored the need to 
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define host factors that may also influence pathological outcomes. Critical host responses that 

influence the progression to H. pylori-induced carcinogenesis include gastric inflammation and a 

reduction in acid secretion (Figure 1.22). A host effector molecule that interacts with both of these 

parameters is the Th1 (T helper1) cytokine (Interleukin) IL-1β, a pleiotropic proinflammatory 

molecule that is increased within the gastric mucosa of H. pylori-infected persons.109 The IL-1β gene 

cluster, consisting of IL-1β and IL-1RN (encoding the naturally occurring IL-1β receptor antagonist), 

contains a number of functionally relevant polymorphisms that are associated with either increased or 

decreased IL-1β production, which has permitted case-control studies to be performed that relate host 

genotypes to disease. Gastric tissue levels of IL-1β are similarly higher in colonized human patients 

possessing high versus low-expression IL-1β polymorphisms, and increased IL-1β levels are 

significantly related to the intensity of gastric inflammation and atrophy.110 

It was demonstrated that H. pylori-colonized persons with high-expression IL-1β polymorphisms have 

a significantly increased risk for hypochlorhydria, gastric atrophy, and distal gastric adenocarcinoma 

compared to that for persons with genotypes that limit IL-1β expression.111 

Moreover, VacA also induces hypochlorhydria by proteolysis of ezrin (a protein tyrosine kinase 

expressed in microvilli), which disrupts apical membrane-cytoskeleton interactions in gastric parietal 

cells that are required to translocate the H+, K+ ATPase for acid secretion.112 
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Figure 1.22 Relationships between H. pylori, inflammation, and acid secretion. H. pylori infection can reduce acid 
secretion and increase inflammation via multiple intermediates. Increased production of IL-1β and Tumour Necrosis Factor 
(TNF)-α from inflammatory cells inhibits acid secretion from parietal cells. Acid secretion is also inhibited by repression 
of H+, K+ ATPase α-subunit promoter activity, in addition to VacA-induced proteolysis of ezrin (Wroblewski LE et al., 
2010). 
 
 

� H. pylori at the adherens junctions: interaction with E-cadherin and β-catenin  

 
Loss of E-cadherin function is associated with gastric cancer, and H. pylori infection induces E-

cadherin gene promoter methylation, leading to a reduction in E-cadherin expression; also, eradication 

of H. pylori reduces E-cadherin promoter hypermethylation.113 Translocated CagA physically interacts 

with E-cadherin, leading to the destabilization of the E-cadherin/β-catenin complex and to 

accumulation of cytoplasmic and nuclear β-catenin, which then transactivates ß-catenin dependent 

genes that may promote carcinogenesis.114 While H. pylori disrupts the apical junction, it does not 

alter expression of E-cadherin but, instead, induces translocation of E-cadherin, β-catenin, and p120 

from the membrane into the cytoplasm (Figure 1.23) of epithelial cells.115  
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Figure 1.23 Dysregulation of the apical-junctional complex by H. pylori. H. pylori preferentially adheres to the apical-
junctional complex of epithelial cells and alters localization of apical-junctional component proteins, disrupts epithelial 
barrier function, cell adhesion, and cell polarity, and induces an invasive phenotype. Translocated CagA interacts with 
PAR1, preventing phosphorylation of PAR1 blocking PAR1 kinase activity, which culminates in disruption of the tight 
junction. In addition, functional urease activity can disrupt the tight junction via a mechanism involving Myosin Light 
Chain (MLC) phosphorylation, which can be regulated by MLC kinase (MLCK) and Rho kinase. VacA can also increase 
tight junction permeability to low-molecular weight molecules and ions (Wroblewski LE et al., 2010). 
 

 

Recent work suggests that CagA directly interacts with E-cadherin and p120 and forms a complex 

composed of the hepatocyte growth factor receptor c-Met, E-cadherin, and p120, which prevents 

tyrosine phosphorylation of c-Met and p120 and suppresses cell-invasive phenotypes. 
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In addition to the membrane, β-catenin is also present within the cytoplasm, where it is phosphorylated 

by GSK-3β, within a multiprotein inhibitory complex that includes the adenomatous polyposis coli 

tumour suppressor protein. This complex targets β-catenin for ubiquitination and subsequent 

degradation.116 

Increased expression of β-catenin, mutations within the adenomatous polyposis coli protein (APC), 

and inhibition of GSK-3β are frequently observed in gastric cancer specimens and function to stabilize 

β-catenin in the cytoplasm.117 H. pylori can activate β-catenin through phosphatidylinositol 3’-kinase 

(PI3K)-dependent inactivation of GSK-3β and can also interact with membrane-associated β-catenin 

via CagA to activate β-catenin signalling and promote mitogenic signaling.118  

 

1.2.6.2. Chronic Atrophic Gastritis (CAG) 

 
 
Chronic atrophic gastritis (CAG) is an inflammatory condition characterised by the loss of gastric 

glandular structures which are replaced by connective tissue (non-metaplastic atrophy) or by glandular 

structures inappropriate for location (metaplastic atrophy).119 Epidemiological data suggest that CAG 

is associated with two different types of tumours: intestinal type GC and type I gastric carcinoid 

(TIGC). The pathophysiological mechanisms which lead to the development of these gastric tumours 

are different. It is accepted that a multistep process initiating from H. pylori-related chronic 

inflammation of the gastric mucosa progresses to CAG, intestinal metaplasia, dysplasia, and finally 

leads to the development of GC.120 TIGC is a gastrin-dependent tumour and the chronic elevation of 

gastrin, which is associated with CAG, stimulates the growth of enterochromaffin-like (ECL) cells 

with their hyperplasia leading to the development of TIGC.121  

The knowledge of precursor lesions for the development of intestinal type GC could contribute to an-

ticipating GC diagnosis at an early stage when surgery or chemotherapy offers a better prognosis. 

Several studies have estimated the risk of GC in patients with CAG and it appears higher in CAG 

patients with respect to the general population.122,123 Although the vast majority of these were 
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performed on small numbers of patients and were based on older histological classifications, the 

progression rate of CAG to GC fluctuates from 0% to 10% with annual incidence (person-year) lower 

than 1% . 

 

1.2.6.3. Autoimmune Metaplastic Atrophic Gastritis (AMAG) 

 

Autoimmune Metaplastic Atrophic Gastritis (AMAG) is a late manifestation of pernicious anemia due 

to the lack of intrinsic factor that leads to vitamin B12 malabsorbition and deficiency that precedes the 

hematologic changes by years to decades.  

 Autoimmune Infectious 
Histological 
classification 

Autoimmune metaplastic atrophic gastritis 
 

Environmental metaplastic atrophic 
gastritis 
 

Classic 
nomenclature 

Type A Type B 
 

Mechanism Autoantibodies against parietal cell antigens (H+, K+-ATPase) H.  pylori infection 
 

Anatomic 
distribution 

Body Antrum 
 

Endoscopic 
findings 

Early disease: minimal findings Late disease: body predominant 
atrophy, pseudopolyps of the body 
 

Antral predominant or multifocal 
inflammation and/or atrophy 
 

Histologic 
findings 

Early disease: chronic lymphocytic inflammation in the lamina 
propria with focal damage to individual glands; minimal loss of 
parietal cells and chief cells; pseudohypertrophy of parietal cells; 
linear or nodular hypertrophy of ECL cells (≥5 adjacent labeled 
cells) 
Late disease: chronic inflammation with destruction of parietal 
cells, lymphoid aggregates, and/or lymphoid follicles; linear or 
nodular hypertrophy of ECL cells; atrophy with loss of parietal 
cells and metaplastic changes including pseudopyloric glands, 
intestinal metaplasia, and/or pancreatic acinar cell metaplasia 

Active chronic superficial gastritis with 
H pylori organisms, late disease will have 
mucosal 
atrophy 

Ideal* 
diagnostic 
biopsies 

Lesions (ulcer, polyps, masses), mucosa adjacent to lesions, body 
and antrum of the stomach in separate containers 

 

Serum 
autoantibodies 

Anti-intrinsic factor; antiparietal cell antibodies  Not typical, but there are reports of 
gastric autoantibodies in H pylori 
infection 

Hematologic 
findings 

Early disease: microcytic iron deficiency anemia 
Late disease: vitamin B12 deficiency, megaloblastic anemia 

None or microcytic iron 
deficiency anemia 

Risk of 
malignancy 

Increased occurrence of epithelial dysplasia and carcinoma, 
increased occurrence of type I carcinoid 

Increased occurrence of epithelial 
dysplasia and carcinoma 

Clinical 
management 

Intramuscular or high-dose oral vitamin B12, follow-up 
surveillance for epithelial lesions 

Treatment of H pylori infection, follow-
up surveillance if there is 
identification of dysplasia or 
intestinal metaplasia 

*Receiving these specimens would enhance the diagnostic efficiency and accuracy. 
 

Table 1.4 Type of atrophic gastritis (Park JY et al., 2013). 
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Pernicious anemia is regarded as the most distinct feature of AMAG and is associated with the 

presence of parietal cell antigens (PCA) in about 60-90% of cases. 

Historically, atrophic gastritis has been broadly divided into environmental and autoimmune etiologies 

(Table 1.4). In 1973 the concept of chronic atrophic gastritis was defined as types A and B: type A was  

defined as body atrophy with preservation of the antral mucosa and an associated positive antiparietal 

cell antibody.124 In comparison, type B was defined as antral-predominant disease without antiparietal 

cell antibodies. It was observed that type A progressed to impaired vitamin B12 absorption and 

pernicious anemia, whereas type B rarely progressed to vitamin B12 deficiency. In general, type A is 

now synonymous with AMAG and type B is synonymous with H pylori gastritis. 

AMAG is an autoimmune destruction of body/fundic gastric parietal cells of the stomach due to 

antibodies to parietal cell antigens (PCA), most notably against the proton pump H+, K+-ATPase, and 

to intrinsic factor.125 Consequently, there is a destruction of the physiologic acid secretion (Figure 

1.24). Patients with AMAG exhibit achlorhydria or hypochlorhydria, hypergastrinemia secondary to 

low or absent gastric acid with antral G-cell hyperplasia, and low serum Pepsinogen I (PGI) 

concentrations. 

Hypochlorhydria leads to G cell hyperplasia and elevated serum gastrin levels (often >1000 pg/mL). 

Elevated gastrin levels lead to ECL hyperplasia, which occasionally undergoes transformation to a  

carcinoid tumour.102 

AMAG diagnosis is performed by endoscopy, and early in the course of this disease, atrophy may be 

focal and the preserved islands of relatively normal oxyntic mucosa may appear polypoid 

endoscopically or radiologically. AMAG is relatively uncommon, accounting for less than 5% of all 

cases of chronic gastritis and rarely progresses to diffuse (complete) atrophy. 

The endoscopic and histologic findings of complete atrophy of the stomach body and fundus are well 

recognized in standard clinical practice; however, the changes in early AMAG with associated 

hematologic parameters have only been described within the past 2 decades. 
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Figure 1.24 Pathophysiology of autoimmune metaplastic atrophic gastritis. In the normal state (left), parietal cells in 
the body and fundus secrete acid (H+). Acidity inhibits G cells from secreting gastrin. In autoimmunemetaplastic atrophic 
gastritis (right ), parietal cells are decreased or absent, resulting in loss of acidity. The G cells are de-repressed, resulting in 
secretion of gastrin, which then stimulates ECL cell hyperplasia. 
 

The diagnosis of AMAG can profoundly affect clinical management by preventing pernicious anemia 

and neurologic consequences of severe and chronic vitamin B12  (cobalamin) deficiency. 

Antibodies to PCA are also frequently detected in patients with various autoimmune diseases 

including type 1 diabetes mellitus and thyroid diseases (Graves’, Hashimoto's), explaining the 

association of these conditions with pernicious anemia.  

The risk of AMAG is increased three-to five-fold in type 1 diabetic individuals, and some authors have 

suggested screening type 1 diabetics with gastroscopy and mucosal biopsy. One in eight patients with 

chronic hepatitis C treated with interferon-α develops antibodies to parietal cells and to thyroid tissue, 
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and these antibodies recede after therapy is stopped; the clinical significance of these findings in the 

stomach is yet to be elucidated. 

In some patients, AMAG may be associated with chronic Helicobacter pylori infection, although the 

relationship is still not clear. Some authors consider AMAG as an independent risk factor for the 

development of gastric cancer in association with pernicious anemia, in particular, in the developing of 

multifocal early gastric cancer. The fold increased relative risk of developing stomach tumour in 

association with AMAG is still controversial, because very few studies have been published. 

Although it is understood that gastric H+, K+-ATPase is targeted by the immune system, the precise 

initiating event of AMAG is unknown. One theory for the initiating event of AMAG is molecular 

mimicry between H pylori antigens and gastric H+, K+-ATPase.126 AMAG is typically thought of as a 

disease that is separated from H pylori infection; however, epidemiologic and mechanistic studies 

indicate that H pylori infection is seen in a significant number of cases of AMAG.127,128 

One incorrect epidemiologic notion that still persists in the modern medical literature is that AMAG is 

a disease that occurs more often in elderly women of Northern European and/or Scandinavian 

ethnicity.125 

Similarly, patients with H pylori gastritis with gastric body involvement have been observed to have 

H+, K+-ATPase autoantibodies.129  

H pylori may be more than a common unrelated pathologic insult and may be an initiating event that 

results in an activated immune response against the parietal cells of the oxyntic mucosa.126,130 
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1.2.6.4. Inherited cancer syndromes 

 

Some inherited conditions may raise a person's risk of stomach cancer: 

 

� Hereditary diffuse gastric cancer (HDGC) 

This is an inherited syndrome that greatly increases the risk of developing stomach cancer.  

This condition is quite rare, but the lifetime stomach cancer risk among affected people is about 70% 

to 80%. Women with this syndrome also have an increased risk of getting a certain type of breast 

cancer. This condition is caused by mutations (defects) in the E-cadherin gene (CDH1).58,63 Some 

cancer centers can test for these genetic mutations.  

� Hereditary non-polyposis colorectal cancer (HNPCC) 

HNPCC, also known as Lynch syndrome is an inherited genetic disorder that causes an increased risk 

of colon cancer. People with this syndrome have an increased risk of getting stomach cancer as well. 

In most cases, this disorder is caused by a defect in either the gene MLH1 or the gene MSH2, but at 

least 5 other genes can cause HNPCC: MLH3, MSH6, TGBR2, PMS1, and PMS2. 

� Familial adenomatous polyposis (FAP) 

In FAP syndrome, patients get many polyps in the colon as well as in the stomach and intestines. 

People with this syndrome are at greatly increased risk of getting colorectal cancer and have a slightly 

increased risk of getting stomach cancer. It is caused by mutations in the gene APC. 

� BRCA1 and BRCA2 

People who carry mutations of the inherited breast cancer genes BRCA1 and BRCA2 may also have a 

higher rate of stomach cancer.  

� A family history of stomach cancer  

People with several first-degree relatives who have had stomach cancer are more likely to develop this 

disease (First-degree relatives include parents, siblings, and children). 
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1.2.6.5. Other related gastric cancer risk factors  

 

� Stomach lymphoma 

People who have been treated for a certain type of lymphoma of the stomach known as MALT 

lymphoma have an increased risk of getting carcinoma of the stomach. That is probably because 

MALT lymphoma of the stomach is caused by infection with H. pylori bacteria.  

� Diet 

An increased risk of stomach cancer is seen in people with diets that have large amounts of smoked 

foods, salted fish and meat, and pickled vegetables. Nitrates and nitrites are substances commonly 

found in cured meats. They can be converted by certain bacteria, such as H. pylori, into compounds 

that have caused stomach cancer in animals.  

On the other hand, eating fresh fruits and vegetables that contain antioxidant vitamins (such as A and 

C) appears to lower the risk of stomach cancer.  

� Tobacco use 

Smoking increases stomach cancer risk, particularly for cancers of the upper portion of the stomach 

closest to the esophagus. The rate of stomach cancer is about doubled in smokers.  

� Obesity 

Being very overweight or obese is a possible cause of cancers of the cardia (the upper part of the 

stomach nearest the esophagus), but the strength of this link is not yet clear.  

� Previous stomach surgery 

Stomach cancers are more likely to develop in people who have had part of their stomach removed to 

treat non-cancerous diseases such as ulcers. This may be because it allows more nitrite-producing 

bacteria to be present. Also, acid production goes down after ulcer surgery, and there may be reflux 

(backup) of bile from the small intestine into the stomach. The risk continues to increase for as long as 

15 to 20 years after surgery.  
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� Pernicious anemia 

Certain cells in the stomach lining normally make a substance called intrinsic factor (IF) that we need 

to absorb vitamin B12 from foods. People without enough IF may end up with a vitamin B12 

deficiency, which affects the body's ability to make new red blood cells. This condition is called 

pernicious anemia. Along with anemia (low red blood cell counts), there is an increased risk of 

stomach cancer for patients with this disease.  

� Menetrier disease (hypertrophic gastropathy) 

This is a condition in which excess growth of the stomach lining forms large folds in the lining and 

leads to low levels of stomach acid. Because this disease is very rare, it is not known exactly how 

much this increases the risk of stomach cancer.  

� Type A blood 

Blood type groups refer to certain substances that are normally present on the surface of red blood 

cells and some other types of cells. These groups are important in matching blood for transfusions. For 

unknown reasons, people with type A blood have a higher risk of getting stomach cancer. 

� Some types of stomach polyps  

Polyps are non-cancerous growths on the lining of the stomach. Most types of polyps (such as 

hyperplastic polyps or inflammatory polyps) do not seem to increase a person's risk of stomach cancer, 

but adenomatous polyps also called adenomas can sometimes develop into cancer. 

� Epstein-Barr virus infection  

This virus causes infectious mononucleosis (also called mono). Almost all adults have been infected 

with this virus at some time in their lives, usually as children or adolescents. It has been linked to some 

forms of lymphoma. Epstein-Barr virus is found in the cancer cells of about 5% to 10% of people with 

stomach cancer. These people tend to have a slower growing, less aggressive cancer with a lower 

tendency to spread. It is not yet clear if this virus actually causes stomach cancer, it was just 

demonstrated that the virus has been found in stomach cancer cells. 
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� Certain occupations 

Workers in the coal, metal, and rubber industries seem to have a higher risk of getting stomach cancer. 

� Immune deficiency 

People with common variable immunodeficiency (CVID) have an increased risk of stomach cancer. 

The immune system of someone with CVID can’t make enough antibodies in response to germs. 

People with CVID have frequent infections as well as other problems, including atrophic gastritis and 

pernicious anemia. They are also more likely to get gastric lymphoma and stomach cancer.  
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1.2.7. Stomach Cancer Staging 

 

1.2.7.1. How is stomach cancer staged? 

 

Staging is the process of finding out how far a cancer has spread. The extent of spread of stomach 

cancer is an important factor in choosing treatment options and predicting a patient's outlook 

(prognosis). The stage of a cancer does not change over time, even if the cancer progresses. A cancer 

that comes back or spreads is still referred to by the stage it was given when it was first found and 

diagnosed, only information about the current extent of the cancer is added. A person keeps the same 

diagnosis stage, but more information is added to explain the current disease status. 

The stage of a stomach cancer can be based either on the results of physical exams, biopsies, and 

imaging tests (called the clinical stage), or on the results of these tests plus the results of surgery 

(called the pathologic stage). The staging described here is the pathologic stage, which includes the 

findings from the tissues removed during surgery. Pathologic staging is likely to be more accurate than 

clinical staging, as it allows the doctor to get a firsthand impression of the extent of the cancer. 

A staging system is a way for members of the cancer care team to describe the extent of a cancer's 

spread. The system most often used to stage stomach cancer is related to the UICC/AJCC (Union 

Internacional Contra la Cancrum/American Joint Commission on Cancer) international TNM 

classification.89,97 The TNM system (Table 1.5) for staging contains 3 key pieces of information: 

 

• T describes the extent of the primary tumour (how far it has grown into the wall of the stomach 

and into nearby organs) (Figure 1.26). 

• N describes the spread to nearby (regional) lymph nodes (Figure 1.27).  

• M indicates whether the cancer has metastasized (spread) to other organs of the body (Figure 

1.28). (The most common sites of distant spread of stomach cancer are the liver, the 
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peritoneum (the lining of the space around the digestive organs), and distant lymph nodes. Less 

common sites of spread include the lungs and brain. 

 

 

 

Primary Tumour (T)  

TX Primary tumour can not be assessed 

T0 No evidence of primary tumour 

Tis Carcinoma in situ 

T1 Tumour invades lamina propria or submucosa 

T1a Tumour invades lamina propria 

T1b Tumour invades submucosa 

T2 Tumour invades muscularis propria 

T3 Tumour invades subserosa (was T2b) 

T4a Tumour perforates serosa (was T3) 

T4b Tumour invades adjacent structures 

Regional Lymph Nodes (N)  

NX Regional lymph nodes can not be assessed 

N0 No regional lymph nodes metastasis 

N1 Metastasis in 1 to 2 regional lymph nodes 

N2 Metastasis in 3 to 6 regional lymph nodes (was N1) 

N3a Metastasis in 7 to 15 regional lymph nodes (was N2) 

N3b Metastasis in more of  16 regional lymph nodes (was N3) 

Distant Metastasis (M)  

MX Distant metastasis can not be assessed 

M0 No distant metastasis 

M1  Distant metastasis 

 
Table 1.5 Gastric Cancer Staging System (2009 UICC/AJCC classification). 
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Numbers or letters appear after T, N, and M to provide more details about each of these factors: 

• the numbers 0 through 4 indicate increasing severity. 

• the letter X means "cannot be assessed" because the information is not available. 

• the letters "is" mean "carcinoma in situ", which means the tumour is contained within the top 

layer of mucosa cells and has not yet invaded deeper layers of tissue. 

 

This system is for staging all stomach cancers except those either starting in the gastroesophageal 

junction (where the stomach and the esophagus meet) or starting in the cardia (the first part of the 

stomach) and growing into the gastroesophageal junction. Those cancers are staged (and often treated) 

like cancers of the esophagus. 

 

1.2.7.2. T categories of gastric cancer 

 

The stomach wall has 5 layers (Figure 1.25). The T category describes how far down through the 

stomach's 5 layers the cancer has invaded (Figure 1.26). As a cancer grows deeper into them, the 

prognosis (outlook) is not as good. The innermost layer is the mucosa. This is where stomach acid and 

digestive enzymes are made and where most stomach cancers start. The mucosa has 3 parts: epithelial 

cells, which lie on top of a layer of connective tissue (the lamina propria), which is on top of a thin 

layer of muscle (the muscularis mucosa). Under the mucosa is a supporting layer called the 

submucosa. This is surrounded by the muscularis  propria, a layer of muscle that moves and mixes the 

stomach contents. The next 2 layers, the subserosa and the outermost serosa, act as wrapping layers 

for the stomach called serosa.  
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Figure 1.25 (A): Endoscopic Ultrasound (EUS) image. (B): Cross-section of corresponding layers in the stomach wall. 
 

 

TX:  The main tumour cannot be assessed. 

T0: No signs of a main tumour can be found. 

Tis: Cancer cells are only in the top layer of cells of the mucosa (innermost layer of the stomach) and 

have not grown into deeper layers of tissue such as the lamina propria or muscularis mucosa. This 

stage is also known as carcinoma in situ. 

T1: The tumour has grown from the top layer of cells of the mucosa into the next layers below such as 

the connective tissue (lamina propria), the muscularis mucosa, or submucosa. 

T1a: The tumour is growing into the lamina propria or muscularis mucosa. 

T1b: The tumour has grown through the lamina propria and muscularis mucosa and into the 

submucosa. 

T2: The tumour is growing into the muscularis propria layer. 

T3: The tumour is growing into the subserosa layer.  

T4: The tumour has grown through the stomach wall and into the serosa and may be growing into a 

nearby organ (spleen, intestines, pancreas, kidney, etc.) or other structures such as major blood 

vessels. 



Chapter I Introduction | 69 
 

T4a: The tumour has grown through the stomach wall into the serosa (the outer covering of the 

stomach), but the cancer hasn't grown into any of the nearby organs or structures. 

T4b: The tumour has grown through the stomach wall and into nearby organs or structures. 

 

 

 

 

Figure 1.26 Schematic representation of pathologic staging of tumour (pT) for gastric carcinoma. 

 

1.2.7.3. N categories of gastric cancer 

 

NX:  Regional lymph nodes cannot be assessed. 

N0: No spread to nearby (regional) lymph nodes. 

N1: The cancer has spread to a few (1 to 2) nearby lymph nodes. 

N2: The cancer has spread to some (3 to 6) nearby lymph nodes. 

N3: The cancer has spread to many (more than 7) nearby lymph nodes. 

N3a: The cancer has spread to 7 to 15 nearby lymph nodes. 

N3b: The cancer has spread to 16 or more nearby lymph nodes. 
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Figure 1.27 Figure showing stomach cancer in the lymph nodes (N staging). 

 

 

1.2.7.4. M categories of gastric cancer 

 

 

Figure 1.28 Figure showing secondary stomach cancer in the lungs. 
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M0: No distant metastasis (the cancer has not spread to distant organs or sites, such as the lungs or 

brain). 

M1: Distant metastasis (spread of the cancer to organs or lymph nodes far away from the stomach). 

 

1.2.7.5. TNM Stage Grouping 

 

The T, N, and M categories are combined and expressed as a stage, using the number 0 (zero) and the 

Roman numerals I through IV. This is known as stage grouping.131 Some stages are split into 

substages, indicated by letters. 

 

� Stage 0 

Tis, N0, M0  

This is cancer in its earliest stage. It has not grown beyond the inner layer of cells that line the 

stomach. The cancer has not spread to any lymph nodes (N0) or anywhere else (M0).  

This stage is also known as carcinoma in situ.  

 

� Stage IA 

T1, N0, M0  

The cancer has grown beneath the top layer of cells in the mucosa into tissue below, such as the 

connective tissue (lamina propria), the thin muscle layer (muscularis mucosa), or the submucosa (T1).  

But it has not grown into the main muscle layer of the stomach, called the muscularis propria. The 

cancer has not spread to any lymph nodes (N0) or anywhere else (M0). 

 

� Stage IB 

            Any of the following: 
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� T1, N1, M0: Just as in stage IA, the cancer has grown into the layer of connective tissue 

(lamina propria), and may have grown into the thin layer of muscle beneath it (muscularis 

mucosa) or deeper into the submucosa (T1). It has not grown into the muscularis propria, the 

main muscle layer of the stomach. Cancer has also spread to 1 or 2 lymph nodes near the 

stomach (N1), but not to any other tissues or organs (M0). 

OR 

� T2, N0, M0: The cancer has grown into the main muscle layer of the stomach wall, called the 

muscularis propria (T2). It has not spread to nearby lymph nodes (N0) or to any other tissues or 

organs (M0). 

 

� Stage IIA  

           Any of the following: 

� T1, N2, M0: The cancer has grown beneath the top layer of cells of the mucosa into the layer 

of connective tissue (lamina propria), thin muscle layer (muscularis mucosa), or the submucosa 

(T1). It has not grown into the main muscle layer, but it has spread to between 3 and 6 lymph 

nodes near the stomach (N2). It has not spread to distant sites (M0). 

OR 

� T2, N1, M0: The cancer has grown into the main muscle layer of the stomach called the 

muscularis propria (T2). It has spread to 1 or 2 nearby lymph nodes (N1), but has not spread to 

distant sites (M0). 

OR 

� T3, N0, M0: The cancer has grown through the main muscle layer into the subserosa, but has 

not grown through all the layers to the outside the stomach (T3). It has not spread to any 

nearby lymph nodes (N0) or to tissues or organs outside of the stomach (M0). 

� Stage IIB  

           Any of the following: 
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� T1, N3, M0: The cancer has grown beneath the top layer of cells of the mucosa into the layer 

of connective tissue (lamina propria), the thin muscle layer, or the submucosa (T1). It has not 

grown into the main muscle layer, but it has spread to 7 or more lymph nodes near the stomach 

(N3). It has not spread to tissues or organs outside the stomach (M0). 

OR 

� T2, N2, M0: The cancer has grown into the main muscle layer (T2). It has spread to between 3 

and 6 lymph nodes near the stomach (N2), but it has not spread to any tissues or organs outside 

the stomach (M0). 

OR 

� T3, N1, M0: The cancer has grown into the subserosa layer, but not completely through all the 

layers to the outside of the stomach (T3). It has spread to 1 or 2 nearby lymph nodes (N1), but 

has not spread to tissues or organs outside the stomach (M0). 

OR 

� T4a, N0, M0: The cancer has grown completely through all the layers of stomach wall into the 

outer covering of the stomach (the serosa), but has not started growing into other nearby organs 

or tissues, such as the spleen, intestines, kidneys, or pancreas (T4a). It has not spread to any 

nearby lymph nodes (N0) or distant sites (M0). 

 

� Stage IIIA  

            Any of the following:  

� T2, N3, M0: The cancer has grown into the main muscle layer (T2). It has spread to 7 or more 

lymph nodes near the stomach (N3), but has not spread to tissues or organs outside the stomach 

(M0). 

OR 
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� T3, N2, M0: The cancer has grown into the subserosa layer, but not completely through all the 

layers to the outside of the stomach (T3). It has spread to between 3 and 6 nearby lymph nodes 

(N2), but has not spread to tissues or organs outside the stomach (M0). 

OR 

� T4a, N1, M0: The cancer has grown completely through all the layers of the stomach wall into 

the outer covering of the stomach (the serosa), but has not started growing into nearby organs 

or tissues (T4a). It has spread to 1 or 2 nearby lymph nodes (N1), but has not spread to distant 

sites (M0). 

 

� Stage IIIB  

            Any of the following: 

� T3, N3, M0: The cancer has grown into the subserosa layer, but not completely through all the 

layers to the outside of the stomach (T3). It has spread to 7 or more nearby lymph nodes (N2), 

but has not spread to distant sites (M0). 

OR 

� T4a, N2, M0: The cancer has grown completely through all the layers of the stomach wall into 

the serosa (the outer covering of the stomach), but has not started growing into nearby organs 

or tissues (T4a). It has spread to 3 to 6 nearby lymph nodes (N2), but has not spread to distant 

sites (M0). 

OR 

� T4b, N0 or N1, M0: The cancer has grown through the stomach wall and into nearby organs 

or structures (such as the spleen, intestines, liver, pancreas, or major blood vessels) (T4b). It 

may also have spread to up to 2 nearby lymph nodes (N0 or N1). It has not spread to distant 

sites (M0). 
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� Stage IIIC  

      Any of the following: 

� T4a, N3, M0: The cancer has grown completely through all the layers of the stomach wall into 

the serosa, but has not started growing into nearby organs or tissues (T4a). It has spread to 7 or 

more nearby lymph nodes (N3), but has not spread to distant sites (M0). 

OR 

� T4b, N2 or N3, M0: The cancer has grown through the stomach wall and into nearby organs 

or structures (such as the spleen, intestines, liver, pancreas, or major blood vessels) (T4b). It 

has spread to 3 or more nearby lymph nodes (N2 or N3). It has not spread to distant sites (M0). 

 

� Stage IV 

Any T, any N, M1: 

The cancer has spread to distant organs such as the liver, lungs, brain, or bones (M1).  

The stage of a stomach cancer is an important factor, but it is not the only factor in considering 

treatment options and in predicting outlook for survival. 

 

� Resectable vs. Not resectable cancer 

 

Resectable cancers are those the doctor believes can be completely removed during surgery. 

Unresectable cancers can not be removed completely. This might be because the tumour has grown 

too far into nearby organs or lymph nodes, it has grown too close to major blood vessels, or it has 

spread to distant parts of the body. There is no distinct dividing line between resectable and 

unresectable in terms of the TNM stage of the cancer, but earlier stage cancers are more likely to be 

resectable. 
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2.1. Study design and sample collection 

 

2.1.1. Patients enrolment  

 

Fifty nine patients at first gastric cancer diagnosis (GC) were consecutively recruited for the study at 

the Gastroenterology Unit of CRO (Centro di Riferimento Oncologico), National Cancer Institute. 

Histopathologic diagnoses were based on the WHO Classification95 and Lauren’s classification.92 All 

subjects freely given informed consent. Ethical guidelines for research involving human subjects was 

respected and approved by the local ethical committee. Patient identifiers were removed and study 

numbers assigned. At the same time, 20 patients affected by AMAG, 59 first degree-GC relatives 

(FDR), individuals who reported an ascertained case of GC among FDR (parents, children, siblings, 

and offspring’s), and 52 healthy blood donors (BD), were recruited from the same center. 

Patient and subjects identifiers enrolled in the study were removed and study numbers assigned with 

an ID (Identification) code. 

 
 

2.1.2. Extraction of genomic DNA from whole blood samples 

 

For each participant of the study a peripheral blood sample was collected in acid-citrate-dextrose 

(ACD) tubes. The extraction of genomic DNA from whole blood was performed with automated 

methods by the use of the BioRobot EZ1 Workstation and the EZ1 DNA Blood kit (QIAGEN Inc., 

Valencia, CA, USA) (Figure 2.1).  
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Figure 2.1 The BioRobot EZ1 Workstation 

 

This instrument is equipped with a series of cards that are used to select different extraction programs 

according to the type of samples available to get DNA or RNA: blood, cryopreserved tissues or tissues 

included in paraffin, culture cells, etc. In this study it was used the EZ1 DNA Blood Card in 

association with the EZ1 DNA Blood kit for the extraction, from 350 µl of whole blood, of genomic 

DNA eluted in a final volume of 200 µl (corresponding to about 4-8 µg of DNA). Once the 

appropriate card is entered and the program is started, with the BioRobot up to 6 samples can be 

processed simultaneously without any intervention by the operator. All the reagents necessary for the 

extraction (magnetic beads, lysis buffer, washing buffer and elution buffer) are contained in a single 

cartridge, present in the kit, consisting of wells aligned that are inserted into a cradle. The principle of 

this type of extraction is the binding of the DNA strands to the magnetic particles coated with silica in 

the presence of chaotropic salt. In this way the DNA is retained and purified from the blood sample.  

The EZ1 DNA Blood kit contains: 
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• 40 reagent cartridges for 350 µl of whole blood (magnetic beads, lysis buffer, washing and elution 

buffers); 

• 50 media tips; 

• 50 filter tips; 

• 50 2 ml sample tubes; 

• 50 1.5 ml elution tubes. 

Schematically, the procedure involves the following series of steps: 

1. Inserting the card (EZ1 DNA Blood) slot when the instrument is off, and ignition of the 

BioRobot EZ1. 

2. Insertion of the various kit components, in a quantity corresponding to the number of samples 

to extract and in suitable positions as indicated in the BioRobot monitor. In particular, reagent 

cartridges, the tubes for collecting the eluates containing the purified DNA, filter tips and the 

tubes with the 350 µl of whole blood for the sample extraction. 

3. Activation of the extraction procedure whose steps follow each other in an automated manner: 

(A) lymphocytes lysis by the buffer containing the Proteinase K; (B) addition of silica coated 

magnetic beads that bind DNA on their surface in presence of salts; (C) DNA binding to the 

beads by means of mixing the solution that facilitates contact of the DNA strands with the 

silica; (D) beads washing by the Washing Buffer and subsequent elimination of the washing 

liquid by magnetic separation; (E) addition of the elution buffer (200 µl) and DNA elution 

provided in special tubes placed in the holder.  

The result is a purified high quality DNA obtained in a simple, automated and fast manner (20 minutes 

instead of 2 hours necessary for the manual method). Extracted and purified DNA is maintained at 

temperature of 2-8°C. 
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2.1.3. Isolation of Mononuclear Cells from peripheral whole blood 

 

Peripheral blood mononuclear cells (PBMC) of all the subjects of the study were separated from whole 

blood collected in ACD tubes by Ficoll-Hypaque (Pharmacia Biotec, Uppsala, SWE) density gradient 

centrifugation (Figure 2.2), a simple and rapid method that takes advantage of the density differences 

between mononuclear cells and other elements found in the blood sample.  

 

 

Figure 2.2 Ficoll-Hypaque density gradient centifugation 

 

Each whole blood (about 25 ml) sample was slowly stratified over 15 ml of Ficoll-Hypaque gradient 

present in the bottom of a 50 ml tube and subjected to centrifugation for 20 minutes at 2000 rpm 

(centrifuge without break) (Figure 2.3). Then, the PBMC cell ring was recovered and subsequently 

washed with 0.9% sodium chloride (saline) solution for two times (centrifugation for 8 minutes at 

1200 rpm, with break). Finally, mononuclear cells were resuspended in an appropriate 

cryopreservation medium containing 10 % of Dimethyl Sulfoxide, DMSO (Sigma-Aldrich, St. Louis, 

MO, USA) and 90% of Bovine Serum Albumin (BSA), (Sigma-Aldrich) and frozen in nitrogen liquid. 
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Figure  2.3 Beckman GS-6R Centrifuge 

 

The Beckman GS-6R centrifuge (Beckman Coulter, Inc, Brea, CA, USA) was used. All the samples 

were processed in a Biological Safety Cabinet (BSC), Class II type A/B3 (NuAire, Plymouth, MN, 

USA) (Figure 2.4), adhering to safe BSC practices. 

 

Figure 2.4  NuAire Class II type A/B3 Biological Safety Cabinet 
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2.1.4. Samples Storage 

 

The whole blood samples in ACD taken from patients and subjects of the study were immediately 

processed for DNA extraction by using EZ1 DNA Blood kit and the BioRobot EZ1 Workstation. DNA 

extracted from each sample was stored at 4°C for the PCR genetic testing. PBMC aliquots were frozen 

in liquid nitrogen for RNA or DNA extraction, cell culture or proteomic applications. RNA extracted 

from samples of interest was stored at -80°C in multiple aliquots. The retrotranscribed cDNAs were 

stored in different aliquots at -20°C for RT-PCR or real time RT-PCR assays. Multiple biopsies were 

collected for preservation and IHC analysis, depending on the requirements of the assay. Some 

biopsies were stored at -80°C and some others were included in paraffin.  
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2.2. Molecular biology  

 

2.2.1. Polymerase Chain Reaction (PCR) 

 

The technique of DNA Polymerase Chain Reaction (PCR) was invented in 1983 by K. Mullis132 and 

allows the synthesis of a large number of copies of a DNA specific sequence in vitro. This method 

quickly became a basic tool for molecular biology due to its versatility in manipulation and analysis of 

DNA. In addition, this method is the basis of many techniques that have been developed in recent 

years to analyse the genetic polymorphisms like the Restriction Fragment Length Polymorphism 

(RFLP) analysis, the fragment analysis by capillary electrophoresis, Pyrosequencing and TaqMan 

methods. The PCR reaction uses the same basic elements of the natural process of replication. In vivo, 

the double-stranded DNA is initially unrolled and opened by specific enzymes such each parental 

strand can be used by DNA polymerase as template to produce a complementary strand. This 

polymerization process is based on the ability of the nucleotides to pair in a specific way according to 

the Watson and Crick rules: adenine always pairs with thymine and guanine always with cytosine. In 

vitro process, the DNA is initially heated to close-boiling temperatures to denature it and to obtain 

single strands; then the Taq polymerase is used to catalyze the duplication of the parental strand. This 

enzyme, to begin the synthesis reaction, requires a primer represented by a small sequence of double-

stranded DNA. This primer, in PCR reactions, is supplied by a synthetic oligonucleotide called “oligo 

dT primer” that hybridizes to the complementary DNA sequence you decide to start to perform 

amplification. Therefore, in the PCR reaction tube, two oligo dT primers are added to allow the 

synthesis of the sense strand (sense primer or forward primer) and one for the synthesis of the 

antisense (antisense primer or reverse primer). These two primers define the target region we want to 

amplify. PCR requires several reagents and reaction conditions that change over time. 

In particular, the samples are subjected to a series of thermal cycles summarized below: 
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• An initial period at high temperatures (94-95°C) that enables the first massive denaturation of 

the starting DNA in order to completely separate the strands that serve as a template; 

• A variable number of consecutive amplification cycles, everyone composed by three stages 

which corresponds to three different temperatures: 

1 Complete DNA denaturation always carried out by heating at high temperatures (94-

95°C); 

2 Annealing of sense and antisense primers complementary to the DNA template 

sequences. In this phase the temperature is lowered to values that may change from 

50°C to 65°C according to the specific characteristics of primers used; 

3 Extension of the primers and synthesis of new strands by Taq Polymerase at a 

temperature of 72°C that represent the optimum for the enzyme activity. To obtain the 

amplification of the desired DNA sequence in adequate amounts this three stages cycle 

should be repeated several times, usually from 20 to 40 times. 

• A final period of 72°C to complete the extension reaction.  

This series of thermal cycles is carried out by the use of a programmable instrument, the thermocycler 

(Figure 2.5), able to change the temperature very quickly and keep it constant for a given period of 

time. 

At the end of “n” amplification cycles, the final result of a PCR is that the reaction mixture contains a 

theorical maximum number of DNA double-stranded corresponding to 2n (“n” represents the number 

of amplification cycles). In the normal practice, the PCR reaction never reaches the 100% of efficiency 

so the DNA target region is on average amplified to 105 times. 

The chain reaction mechanism of DNA polymerase is very simple. In the first round of PCR the two 

primers anneal with the two strands of the denatured template, thus providing the trigger for the 

polymerase that synthesizes the complementary strands; to the end of this cycle, in addition to the 

original template strands, two new strands are present: these are longer than the region we want to 
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amplify and their terminal regions correspond to the primer sequences used to identify the target 

sequences. 

 

 

Figure 2.5 The thermocyclers Mastercycler gradient 

 

In the second round of PCR, the primers anneal again to the original template but also to new 

filaments; from the original template other neo-strands of indefinite length will be produced, while in 

the strands synthesized in the first cycle, the enzyme can not find the DNA once reached the end of the 

primers. Therefore, in subsequent cycles, only fragments of desired length and which contain the 

specific region we want to amplify are obtained (Figure 2.6).  
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Figure 2.6 Schematic representation of the Polymerase Chain Reaction (PCR) 

 

The starting material for the PCR reaction is the genomic DNA that contains the sequence that must be 

amplified; it is not necessary to isolate this sequence because it is directly identified by two specific 

primers used in the reaction. The reagents used in a classical PCR are: the reaction buffer, magnesium 

ions supplied by chloride magnesium (MgCl2), the deoxynucleotide-triphosphates (dNTPs), the couple 

of primers, DNA polymerase and the DNA template. In particular, for each sample, a reaction mixture 
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is made and it is composed by the reaction buffer, a solution of MgCl2, the dNTPs, primers and the 

DNA polymerase, and finally the genomic DNA is added. 

1) The reaction buffer is a buffer based on Tris-Hydrochloric acid (HCl) and potassium chloride 

(KCl), and serves to reproduce the optimal conditions for the activity of the polymerase thereby 

increasing the number of nucleotides that the enzyme can insert before detaching from the template 

strand. 

2) The magnesium ion is a key element for the Taq polymerase activity. His bond with the enzyme 

stabilizes it in a three-dimensional conformation that promotes his activity. Taq polymerase shows its 

highest activity with a free magnesium concentration around 1.2-1.3 mM. However, the concentration 

of free magnesium is influenced by the nucleotides because there is an equimolar relation between 

magnesium and dNTPs concentration. It is possible to use higher concentrations of magnesium but in 

this condition the polymerase tends to incorporates wrong nucleotides. To overcome this problem 

buffers devoid of magnesium are used and by performing a series of tests to ensure optimal efficiency 

and specificity to the reaction, the correct magnesium concentration is chose.  

3) The dNTPs solution contains the four nitrogenous bases of DNA: dATP, dGTP, dTTP and dCTP. 

To obtain a good PCR efficiency, the four nucleotides must be present in equimolar concentrations, 

and the ideal concentration is around 50-200 µM. A too higher concentration may increase the rate of 

incorrect nucleotides incorporation, while a lower concentration can damage the reaction efficiency.  

4) In most PCR reactions two primers are used (sense and antisense or forward and reverse) of 

different sequences that hybridize with the complementary strand of the template. If the template 

sequence is known then it is quite easy to design the primers suitable for the amplification of the 

region of interest. To select the primers some basic rules must be followed: 

• The length of the primers should be about of 20-30 nucleotides to ensure a good specificity for 

the target sequence; 

• Primers should have a balanced distribution of GC and AT nucleotides rich domains; 
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• Repeated sequences or redundancy of the same nucleotide should be avoided because primers 

hybridization on template sequences could be compromised; 

• CG rich areas at the 3’ terminal region should be avoided: they may lead to an incorrect 

pairing; 

• Palindromic and autocomplementary sequences inside the primer should be avoided; 

• Complementary sequences between the couple of primers should be avoided because primer-

primer dimers can be formed; 

• The melting temperature (Tm) of a primer describes the temperature at which hybridization of 

half of primers to target sequence is realized [Tm= 2°C x(A+T)+4°C x(G+C)]. 

The melting temperatures of the two primers used must be very close to each other with a 

maximum difference of 2°C. Tm usually ranging from 55°C to 68°C. Primers design can be 

performed manually or more frequently by the use of some programs that facilitate the choice as 

“primer3_www.cgi, 0.2 version”, available free on-line (http://hpc.ilri.cgiar.org/cgi-

bin/primer3_www.cgi). Primers are generally used in equimolar amounts and the optimal 

concentration ranges from 0.1 µM to 0.5 µM. A higher prime concentration may favor mispriming 

and the accumulation of non-specific products, while a lower concentration can not allow the 

completion of all cycles provided with a decrease of the final PCR product. 

5) The DNA polymerase is a 94 kDa protein that works with an incorporation capacity of 50-60 

nucleotides per second (3 kilobase/minute, 3kb/min). This enzyme possesses a polymerase and 

exonuclase activity in the 5’•3’ direction but it is not provided of a “proofreading” activity, and in 

the case of an incorrect nucleotide incorporation in the sequence is not able to correct the error. 

Normally the Taq polymerase used comes from the Thermophilus acquaticus bacterium, is stable 

to high temperatures and works with maximum efficiency between 72-75°C. The thermal stability 

is a fundamental characteristic of this enzyme since PCR reaction has numerous cycles and stages 

at different and higher temperatures. At 72°C Taq polymerase has an enzymatic activity that 

allows the incorporation of 50-60 nucleotides per second which corresponds to approximately 3Kb 
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per minute. The optimal concentration of Taq polymerase ranges from 2.5 to 0.5 U. A higher 

concentration may decrease the reaction specificity, while a lower concentration can not enable the 

conclusion of all the cycles. 

6) Generally, starting from genomic DNA, from 0.1 to 1 µg of template is used, and its purity is 

essential. For reaction specificity is basilar the relationship (primer)/(template). If the template 

amount is too low the primers may not find the complementary sequence while if this amount is 

too high, mispriming events can increase. One of the main problems that can interfere with PCR 

performance is represented by contaminant DNA, extraneous and different from what we want to 

amplify. Given the high efficiency of PCR reaction, it is possible that also smaller amounts of 

different DNA may be used as a template and amplified. The main sources of contamination may 

be: work surfaces, instrument used, but also the presence of contaminants in the reagents or the 

presence of amplified from other PCR reactions. To avoid these problems, a particular area of 

laboratory is prepared and used only for PCR reactions: in this room (Figure 2.7), DNA amplified 

must be not present.  

 

Figure 2.7 PCR areas present in Experimental Pharmacology Unit at CRO 
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In addition, filter tips, clean pipettes must be used and work surfaces should be washed frequently 

with hydrochloric acid. Finally, for each experiment, in order to verify any contaminations, a 

negative control must be introduced, consisting of the single reaction mixture without the addition 

of genomic DNA.  

Reagents and solutions used in the preparation of the PCR reactions are: 

• Aqua B. Braun Ecotainer, steril and pyrogen-free water, 1000 ml bottle (B. Braun, Melsugen 

AG, Germany) 

• dNTPs set (dATP, dCTP, dGTP, dTTP, 25 µlmol, each one) purchased by Promega (Promega, 

Madison, WI, USA) 

• DMSO steril and pyrogen in criopreserved solution, 70 ml (Sigma-Aldrich) 

• Lyophilazed Forward and Reverse Primers (Sigma-Aldrich) then resuspended in steril and 

pyrogen-free water to obtain a final concentration of 100 µM 

• Promega reagents: 

- 5X Green Buffer which contains MgCl2 at concentration of 7.5 mM for a final concentration of 

1.5 mM in the 1X PCR reactions; 

- dNTPs mix, 10 mM each Nucleotide for a final concentration of 0.25 mM in the PCR reactions; 

- MgCl2 25 mM for a final concentration of 5 mM in the 1X PCR reactions; 

- U Go-Taq DNA Polymerase (5U/µl). 

• In the PCR procedure were also used (Roche Applied Science, Indianapolis, IN, USA): 

• Marker VIII and Marker XIII. 

PCR reactions were performed by the use of the thermocycler Mastercycler gradient (Eppendorf, 

Hamburg, Germany). The Robot BIOMEK®3000-Laboratory Automation Workstation (Beckman 

Coulter) (Figure 2.8) was used for the preparation of PCR master mixes in 96 well plates (Applied 

Biosystem), that allows the samples processing in a semi-automated manner with a marked reduction 

in timing. 

Moreover, sterile tubes, filter tips and Gilson laboratory pipettes were used (Eppendorf). 
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Figure 2.8 The Biorobot BIOMEK®3000-Laboratory Automation Workstation 
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2.2.3. Germline CDH1 mutation screening  

 

CDH1 PCR primers sequences (Table 2.1) for the amplification of all the 16 coding exons are 

previously reported.65 

CDH1 

Exon 

Forward 5’-3’ 

 Primer 

Reverse 5’-3’  

Primer 

1 M13F GTGAACCCTCAGCCAATCAG M13R TGACGACGGGAGAGGAAG 

2 M13F TGTTGGTTTCGGTGAGCAG M13R GGTGTGGGAGTGCAATTTCT 

3 M13F CGCTCTTTGGAGAAGGAATG M13R AACGGTACCAAGGCTGAGAA 

4 M13F GCTGTCTGGCTAGGTTGGAC        M13R TTTTCCCTTTCTCTCCTTGG 

5 M13F GAAAGGGAAAAGACCCAGTG        M13R GGATCCAGCATGGGTTGAC 

6 M13F GCCCCTTCTCCCATGTTT M13R CTTTGGGCTTGGACAACACT 

7 M13F GGGCAGAATTGGATTAAGCA M13R TGTCCACGGGATTGAGCTA 

8 M13F CTGGGCTAGGCCAAAGGT M13R CCATGAGCAGTGGTGACACTT 

9 M13F AATCCTTTAGCCCCCTGAGA M13R AGGGGACAAGGGTATGAACA 

10 M13F CCAAAAGCAACAGTTAAGGA  M13R CAAATGACAAAATGCCATGA  

11 M13F AGCGCTTAAGCCGTTTTCA M13R GAGGGGCAAGGAACTGAACT 

12 M13F AAGGCAATGGGGATTCATTA M13R ATTGAAAGGTGGGGATCTGG 

13 M13F CAATTTTATTCTGGAATGAGCTTTT M13R CAGGAAATAAACCTCCTCCATTT 

14 M13F GCTGCTTCTGGCCTTCTTTA M13R GCTGTTTCAAATGCCTACCTCT 

15 M13F TGAACATAGCCCTGTGTGTATG M13R TTTTTGACACAACTCCTCCTG 

16 M13F AGACTTCTTGCCCCAGATGA M13R AACCACCAGCAACGTGATTT 

M13F and M13R: Forward and Reverse primers attached for sequencing 

M13F: TGAAAACGACGGCCAGT 

M13R: CAGGAAACAGCTATGAC 

Table 2. 1 PCR primers for 16 CDH1 exons amplification 
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Briefly, PCR reactions were carried out in a volume of 10 μl containing 10 ng of genomic DNA 

template, 5 mM MgCl2, 0.25 mM dNTPs, 0.6 μM of each PCR primer, 5X Green Buffer  and 0.25 U 

Go-Taq DNA Polymerase (Promega). Furthermore, 5% DMSO was added to exon1 and exon2 PCRs. 

Thirty cicles of 30s at 94°C, 30s at 60°C and 1min at 72°C (Table 2.2) were performed in 

programmable thermocyclers (Eppendorf). A 2 μl aliquot of the PCR product was then purified by 

using 0.5 μl of ExoSAP-IT kit (USB Corporation, Cleveland, OH, USA). 0.5 μl aliquot of the purified 

PCR product was then sequenced by using the Big Dye Terminator kit (Applied Biosystems, Foster 

City, CA, USA) and the 3100 ABI PRISM capillary sequencer (Applied Biosystems) (Figure 2.9).  

 

 

Figure 2.9 The 3100 ABI PRISM capillary sequencer 
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Chromas and ClustalW software’s were used for multiple sequences alignment. Variants detected were 

confirmed by going back to the genomic DNA. Oligo dT primers were purchased by Sigma (Sigma-

Aldrich, St. Louis, MO, USA). 

 

PCR Reaction Protocol for CDH1 exons amplification  

Duration of PCR steps Temperature (°C) 

3 min 94 

30 sec 94 

30 sec 60 

1 min 72 

Table 2. 2 PCR reaction protocol for CDH1 exons amplification 
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2.2.4. Electrophoresis on agarose gel 

 

 

Figure 2.10 Agarose gel loaded with PCR samples running in the electrophoretic chamber 

 

To verify the success of the PCR amplification process, its necessary to perform an electrophoretic run 

on agarose gel which is made from purified seaweed, that separates the DNA fragments only in 

according to their molecular weight due to their equal negative electric charge density. Electrophoresis 

process is based on the principle that, in the presence of an electric field applied to the buffer 

surrounding the agarose gel, the negative charged DNA tends to migrate toward the positive pole 

moving along the pores of the gel. The migration speed is inversely correlated to the molecular weight 

of the DNA and to the agarose concentration. The size of the gel pores is determined by the agarose 

concentration, so it’s possible to obtain very dense gels to resolve very small DNA fragments, or 

diluited gels to separate large DNA PCR products. Commonly, for PCR reactions verification, a 3-4% 

agarose gel in Tris Acetate-EDTA (TAE) 1X buffer is used. The gel is prepared by heating this 
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mixture until the melting point of agarose is reached (the solution boils), and then it is allowed to 

solidify at room temperature for about 20 minutes. 

 

 

Figure  2.11 The Benchtop UV Transilluminator 

 

Prior to cooling, a dye (ethidium bromide or SYBR Green) in concentration of 0.05 mg/ml, able to 

intercalate and bind to the double-stranded DNA, is introduced to the molten mixture of the gel, 

allowing its detection and record, by the adsorbation of the UltraViolet (UV) rays by the dye and the 

subsequently emission in the visible region. Then, the molten mixture is cooled in a rectangular 

suitable mold in which a comb is positioned to create the wells to loading the samples. Before loading 

the PCR reaction samples in the solidify gel, a Loading Buffer (LB) consisting of glycerol, 

bromophenol blue, Sodium Dodecyl Sulfate (SDS) and EthylenDiamineTetraAcetic acid (EDTA) is 

added. SDS is an anionic detergent and EDTA is used to increase the negative charges. Glycerol is 
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necessary to precipitate DNA and permits its loading into the gel wells, while the bromophenol blue 

migrating towards the positive pole such DNA, allow us to follow the progress of the electrophoresis 

run. Once the gel is solidified, the comb is removed and placed in the electrophoretic chamber (Figure 

2.10) filled with TAE 1X buffer.  

Then, the PCR reaction samples are loaded and the electrophoretic run starts at a voltage of about 100 

Volts. During the run, the DNA fragments are separated in electrophoretic bands that, by the use of the 

appropriate dye, can be visualized by the transilluminator instrument, (Figure 2.11), able to illuminate 

the gel with UV light. Finally, the image gel can be acquired and recorded using appropriate software. 

To acquire gel images the Benchtop UV Transilluminator and the Vision Works® Life Science Image 

Acquisition and Analysis Software (UVP, Upland, CA, USA) were used. SYBR® Safe DNA gel stain 

10000X concentrate in DMSO was used as intercalating dye (Invitrogen). 
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2.2.5. Characterisation of the impact on splicing for the new c.820G>A missense 

mutation and the non-polymorphic intronic variants by RT-PCR (Reverse 

Transcription-PCR) 

 

To predict the impact of splicing on CDH1 gene, RNA was isolated from PBMC from patients 

showing the germline alterations: 

- c.820G>A, p.Gly274Ser (p.G274S) new missense mutation at the exon 6 carried by the GC 

patient S38; 

- Inter Vening Sequence (IVS) c.48+7C>T new intronic mutation detected in one AMAG patient 

(S121); 

- IVS4 c.532-18C>T intronic mutation found in one FDR (S97);  

- IVS12 c.1937-13T>C intronic mutation found in two distinct GC patients (S10 and S46) and in 

one BD (S190). 

RNA was also extracted from control(s) negative for the same variants by using the EZ1 RNA Cell 

Mini Kit and the BioRobot EZ1 Workstation (QIAGEN Inc.). First-strands cDNAs were sinthetyzed 

from total RNA (0.8 µg) with the High Capacity cDNA Reverse Transcription Kit (Applied 

Biosystems) according to the manufacturer’s protocol. CDH1 transcripts were amplified from cDNA 

by using gene-specific forward (FP) and reverse (RP) primers allowing the amplification of CDH1: 

i) exons 1-5 flanking the IVS1 c.48+7C>T and IVS4 c.532-18C>T intronic variants (FP: 5’-GGA 

AGT CAG TTC AGA CTC CAG CC-3’ and RP: 5’-GTG GCA ATG CGT TCT CTA TCC AG-3’); 

5% DMSO was added to exons 1-5 PCRs; 

ii ) exons 5-7 flanking the new c.820G>A missense variant (FP: 5’-AAG GAG CTG ACA CAC CCC 

CTG TTG GT-3’ and RP: 5’-TGG TGA CCA CAC TGA TGA CTC CTG TGT-3’); 

iii ) exons 10-13 flanking the IVS12 c.1937-13T>C variant (FP: 5’-ACC GTC ACC GTG GAT GTG 

CT-3’ and RP: 5’-GAA TCC CCA GAA TGG CAG GAA-3’). PCR reactions were carried out in a 
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volume of 25 μl containing AccuPrimeTM Supermix II 2X (Invitrogen, Carlsbad, CA, USA), 5 µl of 

cDNA and 5 μM of each RT-PCR primer. RNA samples concentration was measured by using the 

NanoDrop 2000c UV-Vis Spectrophotometer (Thermo Scientific, Wilmington, DE, USA) (Figure 

2.12). 

 

Figure 2.12 The NanoDrop 2000c UV-Vis Spectrophotometer 

 

 

Figure 2.13 The Safe Imager 
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The sizes of the PCR products were determined by comparison with a DNA ladder (Marker VIII, 

Roche), run on a 4% agarose gel. Bands were extracted from the gel by the use of disposable scalpels 

(Paramount Surgimed LTD, New Delhi, IND) and the Safe ImagerTM 2.0 (Invitrogen) (Figure 2.13). 

DNA was extracted from the bands and purified by using the DNA Gel Extraction Kit (Millipore, 

Billerica, MA, USA) and then sequenced.60 Oligo dT primers were purchased by Sigma. 

 

CDH1  

 mutation 

Forward 5’-3’ 

Primer 

Reverse 5’-3’ 

Primer 

PCR  

Product  

Size (bp) 

c.820G>A 

(Exon 6) 

AAGGAGCTGACACACCCCCTGTTGGT TGGTGACCACACTGATGACTCCTGTGT 408 

c.48+7C>T 

(Intron 1) 

 

GGAAGTCAGTTCAGACTCCAGCC 

 

GTGGCAATGCGTTCTCTATCCAG 

637 

c.532-18C>T 

(Intron 4) 

c.1937-13T>C 

(Intron 12) 

ACCGTCACCGTGGATGTGCT GAATCCCCAGAATGGCAGGAA 727 

Table 2. 3 PCR primers for evaluation of potential effect on CDH1 splicing 

 

RT-PCR Reaction Protocol for CDH1 splicing evaluation 

Duration of PCR steps Temperature (°C) 

5 min 94 

45 sec 95 

45 sec 58 

1 min 72 

8 min 72 

Table 2. 4 PCR reaction protocol for CDH1 splicing evaluation 

 

50X 
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2.2.6. Relative quantitative real-time RT-PCR 

 

2.2.6.1. About real-time PCR Assays  

 

Real-time quantitative PCR offers a powerful tool for the quantitation of target nucleic acids. Real-

time Polymerase Chain Reaction (PCR) is the ability to monitor the progress of the PCR as it occurs 

(i.e., in real time) during the exponential phase, when amplification efficiency is minimally influenced 

by the reaction variables. Therefore, more accurate results are obtained. Data is therefore collected 

throughout the PCR process, rather than at the end of the PCR. This completely revolutionizes the way 

one approaches PCR-based quantification of DNA and RNA. In real-time PCR, reactions are 

characterised by the point in time during cycling when amplification of a target is first detected rather 

than the amount of target accumulated after a fixed number of cycles. The higher the starting copy 

number of the nucleic acid target, the sooner a significant increase in fluorescence is observed. In 

contrast, an endpoint assay (also called a “plate read assay”) measures the amount of accumulated 

PCR product at the end of the PCR cycle. Real-Time chemistries allow for the detection of PCR 

amplification during the early phases of the reaction. Measuring the kinetics of the reaction in the early 

phases of PCR provides a distinct advantage over traditional PCR detection.  

Relative quantitative real-time RT-PCR was performed to analyse E-cadherin expression with 2X 

SYBR® Green Master Mix (Applied Biosystems) using a 7500 Real Time PCR system (Applied 

Biosystems) (Figure 2.14). 

The SYBR® Green PCR Master Mix is supplied in a 2X concentration and contains sufficient reagents 

to perform 200-50 μL reactions. The mix is optimized for SYBR® Green reactions and contains 

SYBR® Green I dye, AmpliTaq Gold® DNA Polymerase, dNTPs with dUTP, Passive Reference, and 

optimized buffer components. 
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Figure 2.14 The 7500 Real Time PCR system 

 

The same couple of primers (iii) used for the Exons 10-13 amplification (Table 2.3) covering the 

IVS12 c.1937-13T>C intronic variant, and the same amplification program reported for CDH1 

evaluation on splicing (Table 2.4), were used. The Exons 10-13 product determines the wild type E-

cadherin transcription level. Normalization of RT-PCR products was determined using the Pfaffl 

method133 with β-actin (ACTB) (FP: 5’-GAC CCA GAT CAT GTT TGA GA-3’ and RP: 5’-GAC TCC 

ATG CCC AGG AAG-3’) as the endogenous control and the BD S189 as the reference sample. All 

experiments were run in triplicate and the mean values were used for calculations of E-cadherin 

mRNA expression level.  

 

2.2.6.2. Advantages of using Real-Time PCR with respect to traditional PCR 

 

• Traditional methods use agarose gels for detection of PCR amplification at the final phase or 

end-point (plateau), while Real-Time PCR collects data in the exponential growth phase; 

• An increase in reporter fluorescent signal is directly proportional to the number of amplicons 

generated; 
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• The cleaved probe provides a permanent record amplification of an amplicon; 

• Increase dynamic range of detection; 

• No-post PCR processing; 

• Detection is capable down to a 2-fold change. 

Moreover, traditional PCR reactions are characterised by an end-point detection very time consuming 

and variable from sample to sample. Results are based on size discrimination, which may not be very 

precise. While gels may not be able to resolve these variabilities in yield, real-time PCR is sensitive 

enough to detect these changes. Agarose gel resolution is very poor, about 10 fold. Real-Time PCR 

can detect as little as a two-fold change. 

Some of the problems linked to End-Point Detection (traditional PCR): 

• Poor Precision; 

• Low sensitivity; 

• Short dynamic range < 2 logs; 

• Low resolution; 

• Non-Automated; 

• Size-based discrimination only; 

• Results are not expressed as numbers; 

• Ethidium bromide for staining is not very quantitative; 

• Post PCR processing. 
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2.2.6.3. PCR phases 

 

To understand why end-point PCR is limiting, it is important to understand what happens during a 

PCR reaction. A basic PCR run can be broken up into three phases (Figure 2.15): 

• Exponential: Exact doubling of product is accumulating at every cycle (assuming 100% 

reaction efficiency). The reaction is very specific and precise. 

• Linear (High Variability): The reaction components are being consumed, the reaction is 

slowing, and products are starting to degrade. 

• Plateau (End-Point: Gel detection for traditional methods): The reaction has stopped, no 

more products are being made and if left long enough, the PCR products will begin to degrade. 

 

Figure 2.15 Schematic representation of a PCR amplification reaction of three replicates 

 

Figure 2.15 shows three replicates of a sample. The replicates have the same starting quantity. As the 

PCR reaction progresses, the samples begin to amplify in a very precise manner. Amplification occurs 

exponentially, that is a doubling of product (amplicon) occurs every cycle. This type of amplification 

occurs in the exponential phase. Exponential amplification occurs because all of the reagents are fresh 

and available, the kinetics of the reaction push the reaction to favor doubling of amplicon. However, as 

the reaction progresses, some of the reagents are being consumed as a result of amplification. This 
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depletion will occur at different rates for each replicate. The reactions start to slow down and the PCR 

product is no longer being doubled at each cycle. This linear amplification can be seen in the linear 

phase of the reaction. The three samples begin to diverge in their quantities during the linear phase. 

Eventually the reactions begin to slow down and stop all together or plateau. Each tube or reaction will 

plateau at a different point, due to the different reaction kinetics for each sample. These differences 

can be seen in the plateau phase. The plateau phase is where traditional PCR takes its measurement, 

also known as end-point detection. Figure 2.15 also shows that the three replicate samples, which 

started out at the same quantity in the beginning of the reaction, reflect different quantities at the 

plateau phase. Since the samples are replicates they should have identical quantities. Therefore, it will 

be more precise to take measurements during the exponential phase, where the replicate samples are 

amplifying exponentially. The amplification phases can be viewed differently to assess the PCR 

phases. The figures that follow show the phases of PCR in a Logarithmic scale (Figures 2.16) and a 

Linear scale (Figure 2.17) view. 

 

 

 

Figure 2.16 PCR phases in Log view 
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Figure 2.17 PCR phases in Linear view 

 

2.2.6.4. Problems with detection in the Plateau phase of PCR 

 

The following three figures show the plateau affect on 96 replicates and a fivefold dilution series. As 

stated earlier, the plateau region is the end-point of the reaction and is representative of the amount of 

product that you would see on agarose gels. The 96 replicates in the exponential phase are very tight in 

both the linear and logarithmic views. In the logarithmic view (Figure 2.18 B) the plateau for each 

reaction seems to occur in the same place, but this is solely due to the log scaling of the plot. Figure 

2.18 (A) shows the same 96 replicates in linear view. The reactions show a clear separation in the 

plateau phase; therefore, if the measurements were taken in the plateau phase, quantification would be 

affected. The 5-fold dilution series (Figure 2.18 C), seems to plateau at the same place even though the 

exponential phase clearly shows a difference between the points along the dilution series. This 

reinforces the fact that if measurements were taken at the plateau phase, the data would not truly 

represent the initial amounts of starting target material. Real-Time chemistry provides fast, precise and 

accurate results. Real-Time PCR is designed to collect data as the reaction is proceeding, which is 

more accurate for DNA and RNA quantification and does not require laborious post PCR methods. 
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 Figure 2.18 Plateau effect on 96 replicates  in linear view (A), and in logarithmic view (B). (C) Five fold diluition series 
in exponential phase 

 
 

2.2.6.5. Quantification 

 

Theoretically, there is a quantitative relationship between amount of starting target sample and amount 

of PCR product at any given cycle number. Real-Time PCR detects the accumulation of amplicon 

during the reaction. The data is then measured at the exponential phase of the PCR reaction. 

Traditional PCR methods use agarose gels or other post PCR detection methods, which are not as 

precise. As mentioned earlier, the exponential phase is the optimal point for analyzing data. Real-Time 

PCR makes quantification of DNA and RNA easier and more precise than past methods. 

A B 

C 
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In real-time PCR reactions it can be performed an absolute or a relative quantification. The absolute 

quantification assay is used to quantify unknown samples by interpolating their concentration from a 

standard curve. The relative quantification assay is used to analyse changes in gene expression in a 

given sample, relative to another reference sample (such as an untreated control sample or a healthy 

blood donor). The calculation methods used for relative quantification are standard curve method or 

comparative CT method. 

All methods can give equivalent results. When determining which method we want to use, it should 

be considered the following suggestions:  

• Running the target and endogenous control amplifications in separate tubes and using the 

standard curve method of analysis requires the least amount of optimization and validation.  

• To use the comparative CT method, a validation experiment must be run to show that the 

efficiencies of the target and endogenous control amplifications are approximately equal. The 

advantage of using the comparative CT method is that the need for a standard curve is 

eliminated. This increases throughput because wells no longer need to be used for the standard 

curve samples. It also eliminates the adverse effect of any dilution errors made in creating the 

standard curve samples.  

• To amplify the target and endogenous control in the same tube, limiting primer concentrations 

must be identified and shown not to affect CT values. By running the two reactions in the same 

tube, throughput is increased and the effects of pipetting errors are reduced.  

 

� Relative Quantification (RQ) 

 

For the comparative CT method to be valid, the efficiency of the target amplification (the gene of 

interest) and the efficiency of the reference amplification (the endogenous control) must be 

approximately equal. The comparative CT method is similar to that standard curve method, except it 

uses the arithmetic formula 2-∆∆CT, to achieve the same result for relative quantitation. 
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CT: is the cycle of the amplification reaction in which the fluorescence signal of the sample is greater 

than the threshold. 

Amplification cycles: for each sample an amplification plot is obtained whose CT is inversely 

proportional to the amount of initial template. 

For the comparative Ct method there are three calculation steps: 

• Step 1: Normalization to endogenous control 

CT Target gene-CT Endogenous control=∆CT 

(both for calibrator and samples) 

• Step 2: Normalization to calibrator sample 

∆CT Sample-∆CT Calibrator = ∆∆CT  

• Step 3: use the formula 2-∆∆CT = the result is RQ. 

 

2.2.6.6. SYBR® Green I dye Chemistry 

 

Small molecules that bind to double-stranded DNA can be divided into two classes, intercalators or 

minor-groove binders. Assays were performed using the classic SYBR® Green I dye chemistry. The 

SYBR® Green I dye chemistry uses SYBR® Green I dye, a highly specific, minor groove double-

stranded DNA binding dye, to detect PCR products as it accumulates during PCR cycles. 

SYBR® Green I dye was developed to increase fluorescence when bound to double-stranded DNA 

without PCR inhibition.  

Steps involving the SYBR® Green I dye during the real-time PCR process are: 

• During the PCR, AmpliTaqGold® DNA Polymerase amplifies the target sequence, which 

creates the PCR products, or “amplicons”; 

• The SYBR® Green I dye then binds to each new copy of double-stranded DNA; 
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• As the PCR reaction progresses, more amplicons are created. Since the SYBR® Green dye 

binds to all double-stranded DNA, the result is an increase in fluorescence intensity 

proportionate to the amount of PCR product synthesized. 

Moreover, SYBR® Green dye is characterised by some advantages and also disadvantages.  

� Advantages of SYBR® Green I dye 

• It can be used to monitor the amplification of any double-stranded DNA sequence; 

• No probe is required, which reduces assay set-up and running costs. 

� Disadvantages of SYBR® Green I dye 

The primary disadvantage of the SYBR® Green I dye chemistry is that it may generate false positive 

signals; i.e., because the SYBR® Green I dye binds to any double-stranded DNA, it can also bind to 

nonspecific double-stranded DNA sequences. 

The SYBR® Green dye can be used for the following assay type: 

• One-step RT-PCR for RNA quantification; 

• Two-step RT-PCR for RNA quantification; 

• DNA/cDNA quantification. 
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2.2.6.7. Lymphoblastoid Cell Lines (LCLs) for E-cadherin expression evaluation 

 

Lymphoblastoid Cell Lines (LCLs) for GC patient S10, FDR S97 and the blood donors BD189 and 

BD190 were generated by in vitro immortalisation of B cells of each subject with the B.95.8 Epstein-

Barr virus (EBV) isolate.134 Cell lines were cultured in RPMI-1640, containing 10% heat inactivated 

FBS (Gibco-BRL), 2 mmol/L L-glutamine, 100 mg/mL streptomycin, and 100 IU/mL penicillin 

(Sigma-Aldrich) and maintained at 37°C in a 5% CO2 atmosphere. LCLs were generated from the 

seeding of 2.5x106 PBMC immortalised d by B.95.8 EBV and cultured in suspension. About 8 million 

of cells were harvested for each sample after immortalisation. Cells were counted using Trypan Blue 

stain 0.4%, the CountessTM cell counting chamber slides and the CountessTM automated cell counter 

(Invitrogen). Total RNA was isolated and used to synthesize cDNA as described above.   

 

 

Figure 2.19 SAFE FLOW 1.8 Micro Biological Safety Cabinet 
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Instruments used in the cell culture preparation: 

• SAFE FLOW 1.8 Micro Biological Safety Cabinet (LAF Technologies Pty Ltd, North 

Ringwood, VIC, AUS) (Figure 2.19); 

• Centrifuge 5810 R (Eppendorf) (Figure 2.20); 

• Light microscope (Leica, Wetzlar, Germany) (Figure 2.20). 

Moreover, sterile tubes, filter tips and Gilson laboratory pipettes were used (Eppendorf). 

 

 

 

Figure 2.20 Centrifuge 5810 R (left) and Leica Light microscope (right ) 
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2.3. Characterisation of missense variants 

 

2.3.1. Applications to infer the pathogenic significance of CDH1 germline missense 

variants 

 

CDH1 germline mutations of the missense type represent a clinical burden in genetic counseling, as 

their pathogenic relevance is not straightforward. The clinical sequelae of testing positive for such a 

mutation are profound and therefore it is essential that counselling is given prior to genetic testing. The 

management options are surveillance endoscopy and prophylactic gastrectomy. 

Missense germline variants appear in about 30% of the mutation positive HDGC families.135 

By genetic criteria, any family with a germline CDH1 mutation would comprise an HDGC kindred.62 

It is critical that families who meet clinical criteria for HDGC, but do not carry an identifiable CDH1 

mutation or who carry a CDH1 variant that does not result in a truncated protein, are registered for 

clinical research studies. Whenever possible, it is important to define the pathogenicity of CDH1 

variants including missense alterations, and the following terminology should be used to classify these 

variants: silent polymorphism, variant of uncertain significance, likely deleterious variant.136 

Assessment of pathogenicity of such missense mutations relies on in vitro assays of E-cadherin 

dependent cellular aggregation and invasion or in silico analyses that predict alterations in E-cadherin 

protein function based upon conserved evolutionary motifs.136,137 
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2.3.2. In silico approach: structural modelling 

 

The initial model of the structure of the protein is often not good enough to be able to apply a 

completely automated molecular characterisation. This is one of the main critical point when an in 

vitro protein synthesis or crystallization process is performed, but it could regard also the detailed 

study of the effect of missense mutations in the protein structure. If in the model large errors are 

present, for example if the main chain is not properly positioned or residues amino acids are moved 

one or more positions along the polypeptide chain, an automated procedure difficulty will correct these 

errors. For these reasons, some cycles minimization are followed by a manual adjustament of the 

model (modelling), which is carried out with the molecular graphics program WinCoot,138 which 

allows the three-dimentional view of the model and the electron density maps. The program allows the 

user to manually edit the model in order to improve the agreement with the electron density map. It is 

possible to virtually change amino acids to study the potential effect of a missense substitution, rotate 

fragments of molecules around the ties maintaining the correct stereochemistry, move individual 

atoms or entire groups of atoms, vary the torsional angles for a residue, etc.. 

The structural studies on the effect of the missense mutations were performed by means of Pymol 

(http://pymol.sourceforge.net/) and WinCoot software’s at the Centre of Excellence in 

Biocrystallography (CEB) at the Chemical Sciences Department, Trieste University.  

FirstGlance in Jmol is a simple tool for visualizing 3D macromolecular structure. It works on-line, in 

a web browser (http://bioinformatics.org/firstglance/fgij/index.ht m) and is the easiest way to look 

at the 3D structures of proteins, DNA, RNA, and their complexes. It works within a web browser, and 

was designed to enable the readers of scientific journals to see the main features of newly published 

3D models in a few clicks, without installing anything, and in all popular web browsers and computer 

platforms. 
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It is free, and an open-source project. Several scientific journals and structural bioinformatics websites 

provide links to FirstGlance in Jmol to make it easy for their users to see protein and nucleic acid 

structures. 

For the p.G274S and p.Ala298Thr (p.A298T) in EC2 domain we used the scaffold of the crystal 

structure of the corresponding human wild-type E-cadherin protein (PDB code: 2O72).27,40 About the 

other two missense variants p.Thr470Ile (p.T470I) and p.Ala592Thr (p.A592T) located respectively in 

the EC3 and in the EC4 protomers, we used the murine crystallized sequence (PDB code: 3Q2V).139 A 

complete extracellular domain structure of the human E-cadherin is still not available to date. 

Protein structures deposited in the Protein Data Bank (PDB) are assigned a unique four letter code 

which is often called PDB accession code or PDB code. Because of the PDB's importance as the 

central repository for biological macromolecular structures, the PDB code is often used in the 

scientific literature to refer to a particular structure which has been used in a study 

(http://www.rcsb.org/pdb/home/home.do).  
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2.3.3. In silico prediction by the use of evolutionary comparative algorithm tools  

 

To test a prediction value of genetic mutations found on phenotype, an in silico analysis was 

performed by using the SIFT (Sorting Intolerant From Tolerant, http://sift.jcvi.org/ ) algorithm140 and 

the polymorphism phenotyping Polyphen-2 tool (http://genetics.bwh.harvard.edu/pph2/).  

� SIFT  

SIFT141 predicts whether an amino acid substitution affects protein function. SIFT prediction is 

based on the degree of conservation of amino acid residues in sequence alignments derived from 

closely related sequences, collected through PSI-BLAST (Position Specific Iterated-Basic Local 

Alignment Search Tool). SIFT takes a query sequence and uses multiple alignment information to 

predict tolerated and deleterious substitutions for every position of the query sequence. The obvious 

limitation of this approach is that the degree of conservation among species of each amino acid 

position is considered separately, thus losing possible compensatory effects of neighboring 

positions.135 

 
 
Output Description 
SIFT Score Ranges from 0 to 1. The amino acid substitution is predicted damaging is the score is <= 0.05, and 

tolerated if the score is > 0.05. 
 

Median Info Ranges from 0 to 4.32, ideally the number would be between 2.75 and 3.5. This is used to measure the 
diversity of the sequences used for prediction. A warning will occur if this is greater than 3.25 because 
this indicates that the prediction was based on closely related sequences. 
 

Sequences at 
Position 

This is the number of sequences that have an amino acid at the position of prediction. SIFT 
automatically chooses the sequence for you, but if the substitution is located at the beginning or end of 
the protein, there may be only a few sequences represented at that position, and this column indicates 
this. 
 

Table 2.5 SIFT predictions for Amino Acid substitutions 

SIFT is a multistep procedure that: 

• 1) searches for similar sequences; 

• 2) chooses closely related sequences that may share similar function to the query sequence; 
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• 3) obtains the alignment of these chosen sequences;  

• 4) calculates normalized probabilities for all possible substitutions from the alignment. 

Positions with normalized probabilities less than 0.05 are predicted to be deleterious, those 

greater than or equal to 0.05 are predicted to be tolerated. 

SIFT can be applied to naturally occurring nonsynonymous polymorphisms or missense mutations 

and will return predictions on whether the substitutions are tolerant or intolerant based on the scores. 

SIFT BLink  provides an easier and fast SIFT prediction for a single protein for a given Reference 

Sequence (RefSeq) ID or a GenInfo (GI) number. Human E-cadherin protein sequence (GI: 31073) 

was used for alignment comparisons and only mutations with a score below 0.05 were considered to 

be Intolerant for SIFT. 

� Polyphen-2 tool 

PolyPhen-2 (Polymorphism Phenotyping v2)142 is a software tool which predicts possible impact of 

amino acid substitutions on the structure and function of human proteins using straightforward 

physical and evolutionary comparative considerations.  

PolyPhen-2 uses eight sequence-based and three structure-based predictive features, which were 

selected automatically by an iterative greedy algorithm. The majority of these features involve 

comparison of a property of the wild-type (ancestral, normal) allele and the corresponding property of 

the mutant (derived, disease-causing) allele. The alignment pipeline selects a set of homologous 

sequences using a clustering algorithm and then constructs and refines its multiple alignments. The 

most informative predictive features characterize how likely the two human alleles are to occupy the 

site given the pattern of amino-acid replacements in the multiple-sequence alignment; how distant the 

protein harbouring the first deviation from the human wildtype allele is from the human protein. The 

A8K1U7_HUMAN feature (UniProtKB/TrEMBL) was used with the Polyphen tool.  
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2.3.4.  In vitro functional assays for evaluation of the new CDH1 missense mutation 

c.820 G>A (p.G274S)  

 

These assays were performed at the Institute of Molecular Pathology and Immunology of the 

University of Porto (IPATIMUP, Portugal) in collaboration with Dr Raquel Seruca. 

 

2.3.4.1. Plasmids construction  

 

Human E-cadherin cDNA was cloned in pIRES2-EGFP vector according to manufacture instructions 

(Clontech, Takara Bio, Mountain view, CA, USA) and the mutation p.G274S (c.820 G>A) was 

constructed by site-directed mutagenesis, following the protocol described by Wang and Wilkinson.142 

The empty vector was used as control.  

 

2.3.4.2. Cell Culture and transfection 

 

CHO (Chinese Hamster Ovary) cells (ATCC number: CCL-61) were grown at 37°C under 5% CO2 

humidified air, in α-minumun essential medium (MEM) (+) medium (Gibco-BRL, Gaithersburg, MD, 

USA) supplemented with 10% fetal bovine serum (HyClone, Perbio, Helsinborg, SWE) and 1% 

penicillin/streptomycin (Gibco-BRL).  

The cells were transiently transfected with the following vectors: empty vector (Mock), Wild-Type 

(WT) and p.G274S human E-cadherin (hE-cad), using Lipofectamine 2000 (Invitrogen), according to 

the manufacture procedure. The transfection efficiency of each experiment was evaluated by Flow 

Cytometry measuring Green Fluorescent Protein (GFP) fluorescence.  
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2.3.4.3. Slow aggregation assay 

 

The functional significance of the E-cadherin missense mutation was assessed by slow aggregation 

assay as already described.143 Wells of a 96-well-plate were coated with 50µl of an agar solution (100 

mg Bacto-Agar in 15 ml of sterile phosphate buffered saline, PBS).  

Cells were detached with trypsin, resuspended in culture medium and 2 x 104 cells were seeded in 

each well. Experiments always included triplicates. The plate was incubated at 37ºC in a humidified 

atmosphere with 5% CO2 for 24h. Aggregation was evaluated under an inverted microscope (objective 

of 4X) and photographed with a Nikon digital camera.  

 

2.3.4.4. Matrigel invasion assay 

 

For invasion assays, 24-well matrigel Biocoat invasion chambers (BD Biosciences, Franklin Lakes, 

NJ, USA) were hydrated by filling the inner and outer compartments with α-MEM and incubating 

them for 1h at 37ºC. Cells were detached with trypsin, resuspended in culture medium and 5 x 104 

cells were seeded in each chamber.  

The plate was incubated at 37ºC in a humidified atmosphere with 5% CO2 for 24h. The non-invasive 

cells and matrigel from the upper side of the filters were removed with a pre-wet ‘cotton swab’. The 

filters were washed in PBS, fixed in ice-cold methanol for 15 min and mounted in slides with 

Vectashield with 4',6-diamidin-2-fenilindolo (DAPI) (Vector Laboratories, Ingold Road Burlingame, 

CA, USA). The total number of invasive nuclei was counted using a Leica DM2000 microscope.  
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2.3.4.5. Immunofluorescence staining  

 

Cells were seeded on top of glass coverslips, fixation was performed in ice-cold methanol for 20min, 

followed by washing and blocking in 5% BSA in PBS for 30min at room temperature. The mouse 

monoclonal E-cadherin antibody (BD Biosciences) was used at 1:300 dilution in PBS with BSA 5% 

and incubated for 1h at room temperature. An Alexa Fluor 488 goat anti-mouse (1:500, Invitrogen) 

was applied for 1h in dark as secondary antibody. The coverslips were mounted on slides using 

Vectashield with DAPI (Vector Laboratories). Images were acquired on a Carl Zeiss Apotome 

Axiovert 200M Fluorescence Microscope using 40x objective. Images were taken with an Axiocam 

HRm camera and processed with the Zeiss Axion Vision 4.8 software.  

 

2.3.4.6. Western blotting  

 

Cells were lysed in cold Catenin lysis buffer: 1% Triton X-100 (Sigma-Aldrich), 1% Nonidet P-40 

(Sigma-Aldrich) in PBS enriched with a protease inhibitor cocktail (Roche) and a phosphatase 

inhibitor cocktail (Sigma-Aldrich). The proteins were quantified using a modified Bradford assay 

(Bio-Rad, Hercules, CA, USA). For analysis of total protein samples, 15μg of proteins were eluted in 

sample buffer, and loaded in a 7.5% Sodium dodecyl sulfate (SDS)-Polyacrylamide Gel 

Electrophoresis (PAGE). The proteins were then electro blotted onto a Hybond enhanced 

chemiluminescence (ECL) membrane (Amersham Biosciences, Chandler, AZ, USA). Membranes 

were blocked with 5% non-fat milk and 0.5% Tween-20 in PBS and immunoblotted with antibodies 

against E-cadherin (1:2000, Clone HECD1 Invitrogen) and α-Tubulin (1:10000, Sigma-Aldrich). 

Sheep anti-mouse (Amersham Biosciences) Horse Radisch Peroxidase (HRP)-conjugated secondary 

antibody was used, followed by ECL detection (Amersham Biosciences).  
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2.4. Immunohistochemistry   

 

2.4.1. H&E, E-cadherin, β-catenin, α-actin stains on c.820G>A (p.G274S) and IVS12 c.1937-

13T>C positive samples 

 

Formalin-fixed, paraffin-embedded tissue blocks (tumour and non-tumour) from patients: 

• GC patient S38 carrying the exon 6 c.820G>A (p.G274S) new missense mutation; 

• GC patients S10 and S46 carrying the IVS12 c.1937-13T>C intronic mutation; 

were cut to 5 µm thick sections for H&E and immunostaining. IHC was performed by using the mouse 

monoclonal antibody against human E-cadherin (clone 36, Ventana Medical System, Tucson, AZ, 

USA), and β-catenin (clone 17C2 Novocastra, Newcastle upon Tyne, UK). S38 GC sample was 

investigated also for α-actin staining by the use of anti α-actin monoclonal antibody (clone 1A4 Dako 

Dako, Carpinteria, CA, USA). Appropriate negative control samples were included with each staining 

series.  
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2.5. Statistical analysis 

 

Fisher’s Exact test was used for comparison of the partecipants to the study according to age, gender, 

histology, tumour location, H. Pylori infection, TNM staging, etc.. 

Two-tailed paired Student's t-test was used to perform statistical analysis on invasion assays.  

Results obtained from triplicated relative quantitative real time RT-PCR experiments were expressed 

as the mean ± Standard Deviation (SD). Differences between groups were determined by unpaired t-

test. In all analysis p<0.05 was required for statistical significance. 
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3.1. Characterisation of patients and subjects enrolled  

 

Characteristics of subjects enrolled, with (GC) or without intraepithelial neoplasia (FDR and AMAG) 

are summarized in Table 3.1. Clinical and histopathological parameters for GC patients are reported in 

Table 3.2. List of FDR, AMAG and BD with the respectively ID code and age at time of the sample 

collection is presented in Table 3.3. All of them were of Caucasian ethnicity. 

 

Variable 

 

Patients 

with 

Gastric Cancer 

(GC, n=59) 

 

First Degree-GC  

Relatives without 

neoplasia 

(FDR, n=59) 

 

Autoimmune Metaplastic Atrophic 

Gastritis patients without neoplasia 

(AMAG, n=20) 

Age-years (± SD) 60.7 ± 12.7 45.3 ± 13 56.2 ± 10.7 
Range 19-85 23-78 31-70 
 

Gender 

   

Male 34 28 4 
Female 25 31 16 
 

H. Pylori Infection 

   

Positive 20 25 2 
Negative 34 29 16 
Nd 5 4 2 
 

Gastropanel 

   

PGI (±SD) 152,8 (± 139,3) 94,0 (± 41,1) 29,0 (± 75,9) 
PG2 (±SD) 23,2 (± 20,5) 11,2 (± 7,2) 10,9 (± 4,5) 
G-17 (±SD) 21,6 (± 22,1) 13,1 (± 19,5) 301,0 (± 231,5) 

 
Table 3.1 Characteristics of patients with and without intraepithelial neoplasia. 

Abbreviations: H, Helicobacter; PGI, Pepsinogen I; PG2, Pepsinogen II; 
G-17, Gastrin-17; Nd., Not determined ; SD, Standard Deviation. 
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The median age of the GC patients was 60.7 (range 19-85), for FDR was 45.3 years (range, 23-78 

years) and for AMAG, 56.2 years (range, 31-70 years). Neither cancer nor intestinal 

metaplasia/dysplasia was present in FDR and AMAG subjects. AMAG patients showed higher G-17 

levels compared to GC and FDR, consequent to G-cell hyperplasia. 

Family history was retrospectively investigated according to the IGCLC criteria in order to search for 

families with potential HDGC. Among the 59 GC patients, 3.4% have a family history of GC (S14 is 

brother of S15), but none fit within the HDGC characteristics. Five sporadic EOGC (cut-off age of 

onset at ≤ 45) patients, two males (S1; S8) and three females (S28; S54; S58), were included in the 

study, but no CDH1 genetic alterations were found in these patients. According to the proposed cut-off 

age of onset at ≤ 35, GC patient S28 should be considered as sporadic EODGC75 case. CDH1 

screening was performed independently to histological subtype. 

In FDR group, 15 (25.4%) subjects had a first degree relative affected among the 59 GC patients. FDR 

individuals came to our institution for a gastroscopy exam for a suspected GC, but a negative 

diagnosis was reported for each individual.   

Regarding the GC histotypes, 19 (11 females and 8 males) showed the diffuse, 17 (11 males and 6 

females) the intestinal and 11 (7 males and 4 females) the mixed type; for 12 patients the histological 

subtype cannot be assessed for different reasons linked to the pathological state. The lower portion 

(antrum) of the stomach was the prevalent (24: 12 males, 12 females) anatomic site (p< 0.05) for the 

tumours analysed by endoscopy; 10 tumours were localised in the body of the stomach, 9 in the 

body/antrum, 5 in body/fundus, 4 in the cardia, 4 cases of Linitis plastica, 2 in the angularis and one in 

the fundus. The H. Pylori infection positivity was detected in 20 GC cases while 34 patients were 

negative and 5 were not determined (Nd). Beyond the 20 positive with GC, 7 had a diffuse, 5 an 

intestinal and 4 a mixed histotype. In four cases the histotype was unknown (UNK).  

Intriguingly, the association between H. Pylori infection and anatomic tumour location in the stomach 

reflected the trend found in the tumour location: 9 positive H. Pylori cases displayed a tumour in the 

antrum, 4 in the body, 2 in body/antrum, 2 in cardia, 1 in the angularis, 1 in Linitis plastica and one in  
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GC 

ID 

code 

Sex Age 

at 

onset 

Sample 

collection 

(year) 

Tumour 

location 

Hystotype Depth 

Invasion 

(pT) 

Lymph 

node 

(pN) 

Distant 

Metastasis 

(pM) 

Stage 

grouping 

Helicobacter 

Pylori 

infection 

S1 M 45 2007 Antrum Diffuse pT2b N3 M0 IIIA - 

S2 F 74 2007 Antrum Diffuse pT2b N1 M0 IIA - 

S3 M 61 2007 Cardia Mixed pT3 N2 M0 IIIA - 

S4 M 67 2007 Angularis Diffuse pT1 N0 M0 IA + 

S5 F 49 2007 Body Intestinal pT2a N1 M0 IIA - 

S6 M 57 2007 Body Diffuse Not resected - - - + 

S7 M 56 2007 Body/Antrum Diffuse Not resected - - - Nd 

S8 M 40 2007 Linitis plastica Mixed pT3 N3 M0 IIIB + 

S9 F 57 2007 Linitis plastica Diffuse Not resected - - - - 

S10 F 61 2007 Antrum Diffuse pTis N0 M0 0 + 

S11 M 67 2007 Body Intestinal Not resected - - - Nd 

S12 M 56 2007 Antrum Intestinal Not resected - - - Nd 

S13 M 75 2008 Body/Antrum Intestinal Not resected - - - + 

S14 M 69 2008 Body UNK Not resected - - - + 

S15 M 64 2008 Cardia Mixed pT2 N3 M0 IIIA + 

S16 F 56 2008 Body/Antrum Diffuse pT3 N1 M0 IIB - 

S17 F 61 2008 Body Mixed pT3 N0 M0 IIA + 

S18 F 57 2008 Body Intestinal Not resected - - - - 

S19 F 58 2008 Body/Antrum Diffuse Not resected - - - Nd 

S20 M 46 2008 Body/Antrum Mixed pT3 N3 M0 IIIB - 

S21 M 81 2008 Body/Antrum Intestinal pT3 N1 M0 IIB + 

S22 M 65 2008 Antrum UNK Not resected - - - - 

S23 M 49 2008 Body Diffuse pT3 N2 M1 IV + 

S24 M 59 2008 Antrum Intestinal pT1 N0 M0 IA - 

S25 M 62 2008 Antrum Intestinal Not resected - - - - 

S26 M 64 2008 Antrum Intestinal pT2b N1 M1 IV - 

S27 M 70 2008 Cardia Mixed pTis N0 M0 0 - 
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S28 F 26 2008 Body/Antrum Diffuse Not resected - - - - 

S29 M 79 2008 Antrum Diffuse pT2b N3 M0 IIIA - 

S30 F 59 2008 Body Diffuse pT2b N1 M0 IIA - 

S31 F 85 2008 Antrum Intestinal pT1 N0 M0 IA - 

S32 M 68 2009 Cardia Intestinal pT1 N0 M0 IA + 

S33 F 62 2009 Antrum Intestinal Not resected - - - + 

S34 F 65 2009 Antrum Intestinal pT3 N1 M0 IIB - 

S35 M 69 2009 Body/Antrum Intestinal pT2b N2 M0 IIB - 

S36 M 53 2009 Linitis plastica Diffuse Not resected - - - - 

S37 F 46 2009 Antrum Mixed pT2a N1 M0 IIA - 

S38 M 60 2009 Body Mixed pTis N0 M0 0 - 

S39 M 57 2009 Body/Fundus UNK UNK UNK UNK UNK Nd 

S40 M 70 2009 Body Intestinal Not resected - - - - 

S41 M 56 2009 Antrum Diffuse pT1b N0 M0 IA + 

S42 F 46 2009 Body/Antrum Mixed pT1 N0 M0 IA - 

S43 F 71 2009 Antrum Diffuse pT1 N1 M0 IB - 

S44 F 72 2009 Antrum Diffuse pT4 N3a M0 IIIC + 

S45 F 59 2010 Linitis plastica Diffuse pT3 N0 M0 IIA - 

S46 F 58 2010 Antrum Diffuse pT4 N3a M0 IIIC + 

S47 M 74 2010 Antrum Mixed pT3 N0 M0 IIA - 

S48 F 47 2010 Antrum UNK pT3 N0 M0 IIA - 

S49 M 70 2010 Antrum UNK UNK UNK UNK UNK - 

S50 F 57 2010 Angularis UNK pT1 N0 M0 IA - 

S51 F 69 2010 Antrum UNK pT3 N3a M0 IIIB + 

S52 F 60 2010 Antrum Intestinal Not resected - - - + 

S53 M 61 2010 Body/Fundus Intestinal Not resected - - - - 

S54 F 34 2010 Body/Fundus Mixed Not resected - - - + 

S55 M 76 2011 Antrum UNK  pT3 N1 M0 IIB + 

S56 M 76 2011 Fundus UNK  pT2 N0 M0 IB - 
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Table 3.2 Clinicopathological characteristics of patients with gastric cancer 

      Abbreviations: UNK, Unknown. 

 

 

the Body/Fundus area. 21 GC patients were not subjected to surgical resection and this was often due 

to the locally advanced disease. There was prevalence in patients (8) with IIA and IA (7) TNM stage. 

Advanced GC was found in 11 patients: 4 with IIIA, 3 with IIIB, 2 with IIIC and 2 with IV TNM 

stage. No statistically differences were found comparing associations between gender, histotype, 

tumour location, H. Pylori infection, and TNM staging. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

S57 M 72 2011 Body/Fundus UNK  Not resected - - - - 

S58 F 19 2011 Body/Fundus UNK  Not resected - - - - 

S59 M 78 2011 Antrum UNK Not resected - - - + 
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FDR 

ID 

code 

Sex Age 

at 

Sample 

Collection 

Sample 

Collection 

(year) 

AMAG 

ID 

code 

Sex Age 

at 

Sample 

Collection 

Sample 

Collection 

(year) 

BD 

ID 

code 

Sex Age  

at 

Sample 

Collection 

Sample 

Collection 

(year) 

S60 F 44 2007 S119 F 43 2007 S139 M 41 2007 

S61 M 47 2007 S120 F 70 2008 S140 M 45 2007 

S62 M 43 2007 S121 F 50 2008 S141 M 50 2007 

S63 F 68 2007 S122 M 65 2008 S142 M 28 2007 

S64 F 35 2008 S123 F 44 2008 S143 M 35 2007 

S65 F 32 2003 S124 F 56 2008 S144 M 34 2007 

S66 M 61 2003 S125 F 41 2008 S145 M 41 2007 

S67 M 59 2003 S126 F 63 2008 S146 M 43 2007 

S68 M 35 2003 S127 F 68 2009 S147 M 32 2007 

S69 M 56 2003 S128 M 49 2009 S148 M 30 2007 

S70 M 35 2006 S129 F 62 2009 S149 F 21 2007 

S71 M 39 2004 S130 F 50 2009 S150 F 26 2007 

S72 M 37 2004 S131 F 70 2009 S151 F 34 2007 

S73 M 29 2004 S132 F 66 2009 S152 M 35 2007 

S74 F 27 2004 S133 F 60 2009 S153 F 24 2007 

S75 M 33 2004 S135 M 62 2009 S154 F 46 2007 

S76 F 31 2004 S136 F 62 2009 S155 M 45 2007 

S77 F 34 2006 S137 F 59 2010 S156 M 35 2007 

S78 F 57 2005 S138 F 53 2010 S157 M 32 2007 

S79 M 29 2004 S139 M 31 2010 S158 M 29 2007 

S80 M 31 2004  S159 F 30 2007 

S81 F 42 2005 S160 F 26 2007 

S82 F 38 2006 S161 M 37 2007 

S83 F 36 2007 S162 M 38 2007 

S84 M 42 2006 S163 F 38 2007 

S85 F 45 2006 S164 M 40 2007 

S86 M 23 2006 S165 F 45 2007 

S87 F 34 2007 S166 M 31 2007 

S88 M 37 2007 S167 F 25 2007 

S89 F 34 2007 S168 M 28 2007 

S90 F 32 2007 S169 M 34 2007 

S91 M 47 2006 S170 M 31 2007 

S92 M 40 2006 S171 F 27 2007 
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Table 3.3 List of subjects without gastric cancer. 

 

 

 

 

 

 

 

 

 

S93 M 41 2008 S172 M 29 2007 

S94 F 67 2008 S173 M 35 2007 

S95 M 40 2008 S174 F 45 2007 

S96 M 53 2008 S175 M 46 2007 

S97 F 38 2008 S176 F 32 2007 

S98 M 38 2008 S177 F 47 2007 

S99 M 54 2009 S178 M 43 2007 

S100 F 52 2009 S179 M 33 2007 

S101 F 44 2009 S180 F 32 2007 

S102 M 37 2009 S181 F 46 2007 

S103 F 65 2009 S182 M 41 2007 

S104 F 68 2009 S183 F 41 2007 

S105 F 68 2010 S184 F 45 2007 

S106 F 53 2010 S185 F 50 2007 

S107 F 46 2010 S186 M 28 2007 

S108 F 50 2010 S187 M 35 2007 

S109 M 69 2010 S188 F 34 2009 

S110 F 78 2011 S189 M 41 2011 

S111 F 56 2010 S190 F 43 2011 

S112 F 31 2010 

S113 F 49 2010 

S114 M 67 2010 

S115 M 59 2010 

S116 F 48 2010 

S117 F 37 2010 

S118 M 56 2011 
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3.2. CDH1 germline genetic screening 

 

 

Figure 3.1 CDH1 PCR products loaded in a 2% agarose gel stained with SYBR Green dye. MW: 1Kb DNA ladder 
CDH1 PCR reactions were reduced from sixteen to eight for each subject analysed in our series. 

 

To perform the CDH1 analysis in the 16 codifying exons of the gene and in the intronic boundaries a 

semi automatized method was set-up with the aim to reduce (Figure 3.1) the PCR reactions number 

(theoretically, 16 PCR reactions for each subject), reagents consumption, time, etc..However, a large 

number, about 2000 PCR reactions, were carried out. Moreover, about 4000 sequence chromatographs 

were analysed by using Chromas program. Chromatogram analysis consisting in viewing each CDH1 

exon plus intronic flanking sequences, represented the critical point in terms of time, attention and 

experience.   

CDH1 genetic screening results are listed in Table 3.4. All CDH1 variants were in heterozygous state. 

No deletions or insertions were found in the exon boundaries. Frequency of novel mutations was 

evaluated in 108 healthy BD.  

• Four de novo mutations were found in our series (Table 3.4, fuchsia):  

� exon 6 c.820G>A (p.G274S) in a GC patient (S38), which we reported earlier144 (Figure 3.2);  
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Figure 3.2 The new CDH1 germline missense mutation found in one sporadic GC patient. In this patient, a G to A 
change occurred at CDH1 nucleotide position 820, generating a Glycine (Gly) to Serine (Ser) substitution at codon 274 in 
the pre-protein. The electropherograms shows part of CDH1 gene exon 6 sequence of wilde type (A) and in the mutated 
patient (B). Arrows point to the positions of nucleotide substitutions. (C) Predicted AA sequences in the control and in the 
carrier (D). AA residues involved are underlined. 
 

      In this GC patient with mixed histotype and without apparent familial predisposition, a novel 

CDH1 germline missense mutation represented by a G>A change at nucleotide position 820 in 

exon 6, was found (Figure 3.2 A-B). This variant corresponds to an amino acid exchange from 

glycine to serine at codon 274 (p.G274S) in the pre-protein (Figure 3.2 C-D) and p.G120S in 

the mature protein.145  

      The c.820 G>A variant was not present in the series of 108 healthy donors, 58 GC patients, 20 

patients affected by AMAG and 59 first degree GC-relatives. This suggests that it is a rare 

mutation rather than a polymorphic variant. The new mutation was submitted and deposited to 

      GenBank database available at http://www.ncbi.nlm.nih.gov/genbank/ (GeneBank RefSeq 

file accession code ADC53120.1). 

� IVS1 c.48+7C>T in one AMAG patient (S121, Figure 3.3 A);  

� exon 10 c.1416C>T (p.T472T) in one GC patient (S4);  

� exon 13 c.2073C>T (p.A691A) in one GC patient (S48).  
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Figure 3.3 Sequencing chromatograms showing the most representative CDH1 germline mutations found in our 
study. (A) the new intronic mutation close to exon1 IVS1 c.48+7C>T found in one patient affect by AMAG; (B) the 
missense mutation c.892G>A resulting in the AA substitution p.Ala298Thr found in one GC; (C) the missense mutation 
c.1409C>T (p.The490Ile) found in one GC; (D) the intronic variant close to exon 5, IVS4 c.532-18C>T found in one FDR; 
(E) the splice site variant close to the exon 13, IVS12 c.1937-13T>C found in two GC 10 and S46) and in one BD (S190). 
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• In GC patients two already known missense mutations (yellow) were found:  

� exon 7 c.892G>A (p.A298T) (S47, Figure 3.3 B); 

� exon 10 c.1409C>T (p.T470I)34 (S39, Figure 3.3 C).  

 

 

Figure 3.4 Sequencing chromatograms showing the CDH1 missense germline variant c.1774G>A (p.A592T) at the 
exon 12. In the upper chromatogram, the normal sequence in one control. In the lower chromatogram, the mutated 
nucleotide in heterozygous state in one patient. 

 

 

• In GC group some mutations were also found in non-codifying regions, 5’ Untraslated Region 

(5’UTR) (orange) and (IVS) (green):  

� 5’UTR-71C>G mutation146 (S25, S27, S30); 

� IVS12 c.1937-13T>C70,77 (Figure 3.3 E, patients S10 and S46); although, this last mutation was 

present also in a blood donor (S190).  

• In the FDR group, we found four substitutions, one close to the 5’UTR (near gene), one in the 

promoter region, and two intronic variants: 
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� 5’ near gene -176C>T in S112 subject (rs34500817) 

(http://www.ncbi.nlm.nih.gov/projects/SNP/snp_ref.cgi?rs=34500817); 

� 5’UTR-54G>C mutation147 (S63);  

� the polymorphic IVS4 c.531+10G>C (S74; S75; S76; S107; S158); 

� and IVS4 c.532-18C>T143,148 (S97) (Figure 3.3 D). 

• In all groups the missense exon 12 c.1774G>A (p.A592T)149 variant (Figure 3.4) was detected 

(S49; S115; S125; S156). 

Other genetic alterations found in GC, FDR, AMAG and BD groups studied, were reported in Table 

3.4. Some are common and known polymorphisms like: 

-c.48+6C>T and c.48+62_48+63Deletion/InsertionCGTGCCCCAGCCC (c.48+62_48+63Del/Ins) in 

the IVS1 region (green) close to CDH1 exon 1; 

-or c.531+5G>C in IVS4 (green), close to CDH1 exon 3; 

-or c.2076C>T (p.A692A) in the exon 13 (turquoise). 

Any statistical association comparing all the four groups was found for these common polymorphisms. 

Others, were insignificant biologically silent variants (turquoise). 

 

 

 

 

 

 

 

 

 

 

 



Chapter III Results | 136 

 

 

 

 
Table 3.4 Summary of CDH1 germline screening and frequencies in 190 individuals. 

*: mutation frequency was evaluated extending the BD casistic to108 BD, for a total of 108 BD+59 FDR =167 
healthy subjects 
Legend:  
GC, Gastric Cancer; FDR, First Degree GC-Relatives without neoplasia; AMAG, Autoimmune Metaplastic Atrophic 
Gastritis without neoplasia; BD, Blood Donors. 
Frequencies calculation in healthy subjects is relative to FDR+BD (n=111). 
Germline variants found: new variant (fuchsia); variant in the 5’UTR promoter region (orange); variant in the intronic 
boundaries (green); missense variant (yellow); silent variant (turquoise). Red colour letter indicates a gene polymorphism 
frequency ≥ of 1% in the control population (n=111). 

Gene 
position 

CDH1 
nucleotide 

change 

Germline 
variant type 

GC 
n=59 

FDR 
n=59 

AMAG 
n=20 

BD 
n=52 

 
Frequency 
in healthy 
subjects 
n=111 

Sample  
identification 

(ID code) 

5’ near 
gene 

-176C>T 5’ near gene 
substitution 

0 1 0 0  
0.90% 

S112 

Promoter -71C>G 5’UTR 
substitution 3 0 0 0 0.0%* S25;S27;S30 

Promoter -54G>C 5’UTR 
substitution 

0 1 0 0  
0.90% 

S63 

IVS1  
c.48+6C>T Intronic 9 12 6 8 18.02% Polymorphic variant 

 
IVS1 

c.48+7C>T Intronic 0 0 1 0 0.0%* S121 

 
IVS1 c.48+62_63Del/Ins 

Intronic  
Deletion 
Insertion 

48 45 14 43 79.28% Polymorphic variant 

Exon 3 c.345G>A Silent 
T115T 3 1 1 1 1.80% S6;S15;S47;S70;S120; 

S183 
 

IVS4 c.531+10G>C Intronic 0 4 0 1 4.50% S74;S75;S76;S107;S158 

 
IVS4 c.532-18C>T Intronic 0 1 0 0 0.90% S97 

Exon 6 c.820G>A Missense 
G274S 1 0 0 0 0.0%* S38 

Exon 7 c.892G>A 
Missense 
A298T 1 0 0 0 0.0% * S47 

Exon 10 c.1409C>T Missense 
T470I 1 0 0 0 0.0% * S39 

Exon 10 c.1416C>T Silent 
T472T 1 0 0 0 0.0% * S4 

Exon 11 c.1680G>C Silent 
T560T 

3 1 0 0 0.90% S9;S11;S50 

Exon 12 c.1774G>A Missense 
A592T 1 1 1 1 1.80% S49;S115;S125;S156 

Exon 12 c.1896C>T Silent 
H632H 

0 2 1 2 3.60% S65;S118;S126;S187; 
S188 

 
IVS12 

c.1937-13T>C Intronic 2 0 0 1 0.90% S10;S46;S190 

Exon 13 c.2073C>T Silent 
A691A 1 0 0 0 0.0% * S48 

Exon 13 c.2076C>T Silent 
A692A 24 29 10 23 46.85% Polymorphic variant 

Exon 14 c.2253C>T Silent 
N751N 

1 4 1 3  
6.31% 

S38;S83;S86;S91;S92; 
S123;S167;S186;S190 

Exon 14 c.2293C>T Silent 
D764D 

0 0 0 1 0.90% S161 

Exon 16 c.2634C>T Silent 
G878G 

0 0 0 1 0.90% S188 
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3.3. Bioinformatics predictive role for germline missense mutations 

 

The new c.820G>A (p.G274S) CDH1 variant affects a phylogenetically highly conserved residue in 

the EC2 proto-domain of E-cadherin comparing different species among Metazoa (Figure 3.5).   

 

 

Figure 3.5 The p.G274S amino acid residue of the E-cadherin protein is phylogenetically conserved.  Alignment of  
E-cadherin AA residues 270-278 highlights conservation of Gly274 (red) in various species (yellow). 
 

The four missense mutated residues we found are all localised in the E-cadherin extracellular domain. 

The codon position in the immature and mature (after the N-terminal cleavage) proteins and data from 

the PolyPhen and SIFT in silico analyses are reported in Table 3.5. All four missense variants are 

potentially damaging by PolyPhen, but only the p.A298T and p.A592T substitutions may affect 

protein function by SIFT Blink analysis. 
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Table 3.5 Summary of germline missense variants detected in CDH1 gene and predicted functional effect by SIFT  
and PolyPhen-2 tools. 
 

 

 

 

 

 

 

 

 

 

CDH1 
Exon 

Nucleotide 
change 

AA 
change 
(Pre-

protein) 

AA 
change 
(Mature 
protein) 

Extracellular  
Protomer 

PolyPhen-2 
Analysis 

SIFT Blink 
Analysis 
(score) 

References Sample 
ID 

 

6 

 

c.820G>A 

 

G274S 

 

G120S 

 

EC2 

 

Probably 

damaging 

 

Tolerated 

(0.57) 

 

144 

 

S38 

 

7 

 

c.892G>A 

 

A298T 

 

A144T 

 

EC2 

 

Probably 

damaging 

 

Affect Protein 

Function 

(0.02) 

 

65 

 

S47 

 

10 

 

c.1409C>T 

 

T470I 

 

T316I 

 

EC3 

 

Probably 

damaging 

 

Tolerated 

(0.16) 

 

57 

 

S39 

 

12 

 

c.1774G>A 

 

A592T 

 

A438T 

 

EC4 

 

Possibly 

damaging 

 

Affect Protein 

Function 

(0.04) 

 

68, 148-150 

 

S49 

S115 

S125 

S156 



Chapter III Results | 139 

 

 

3.4. Germline missense variants structural modelling 

 

All four germline missense substitutions were found in the codifying CDH1 region in the E-cadherin 

extracellular domain. 

 

3.4.1. CDH1 c.820G>A mutation: p.G274S in pre-protein, p.G120S in mature 

protein 

 

 

Figure 3.6 JMol representation of EC1-EC2 domains of the human E-cadherin extracellular domain at the mature 
protein level. The yellow circle highlights the G120 position. This residue is highly conserved by the JMol software 
prediction. 
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The molecular modelling shows that the mutated residue p.G120S involves a conserved position as 

highlighted by JMol representation (Figure 3.6), and is localised on the surface of the EC2 domain 

(Figure 3.6; Figure 3.7 A). Glycine and serine have quite different chemical properties because the 

first is a key residue for the flexibility of main chain conformation and the second is a polar residue 

that can be involved in H-bonds formation. 

 

 

Figure 3.7 Structural modelling of EC1-EC2 extracellular domains of E-cadherin mature protein in presence of the 
G120S substitution by PyMOL and Coot softwares. (A) Cartoon representation highlights G120 (yellow) position on 
the surface of EC2 domain (grey). G120 is near to calcium sites (green) and in proximity of the next EC3 connection 
(domain not shown).  
(B) Structural representation of S120 substitution in EC2 domain. Position of S120 is spotlighted in yellow. S120 is near to 
calcium sites (green) and to an EC1 domain of another dimer interface from a subsequent E-cadherin molecule (blue). 
 
 

With respect to the main chain conformation, p.G120S substitution is not dramatic for local structure 

and neither torsional angles are stressed by Ramachandran Plot analysis (data not shown).  
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On the other hand, structural modelling analysis highlights that the serine is near to the calcium sites 

and to the cis-dimer interface that involves the EC1 domain of a subsequent E-cadherin molecule 

(Figure 3.7 B). This EC1 domain exchanges the tryptophan arm with another trans EC1 domain 

contributing to the intercellular junction.40 It should be noted that the serine residue is a potential site 

for post translation modifications, such as phosphorylation or glycosylation. 
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3.4.2. CDH1 c.892G>A mutation: p.A298T in pre-protein; p.A144T in mature 

protein 

 

Figure 3.8 Structural modelling of the extracellular domain of the E-cadherin mature protein in presence of the 
A144T substitution. In A-B PyMOL and Coot softwares representations of EC1-EC2 protomers based on human 
sequence (PDB code: 2O72). (A) Cartoon representation highlights A144 (yellow) position: A144 is near to calcium sites 
(purple) and in proximity of the dimerization interface between EC1 (blue)-EC2 (green) domains.  
(B) Structural representation of A144T substitution in EC2 domain. Position of T144 is spotlighted in yellow. Threonine in 
position 144 is quite dramatic for local structure because interact with two Aspartic acid residues (green) directly involved 
in calcium sites, and these bond lengths are particularly stressed being less than 3Å. 
 

The exon 7 p.A298T AA change is positioned near the interactive region between EC1 and EC2 

(Figure 3.8 A-B). This alanine to threonine polar residue substitution may drive H-bond formation 

through its oxydrilic group and may interfere with the local structure of the protein, which is an 

important region for Ca2+ interactions. Threonine in position 144 is sterically obtrusive because it 

interacts with two aspartic acid residues (D136 and D138) that are directly involved in Ca2+ binding, 

and the bond lengths are particularly stressed, being less than 3Å (Figure 3.8 B). 
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3.4.3. CDH1 c.1409C>T mutation: p.T470I in pre-protein, p.T316I in mature 

protein 

 
 
Figure 3.9 Structural modelling of the extracellular domain of the E-cadherin mature protein in presence of 
theT316I substitution. EC3 and EC4 protomers representations by Coot software use based on murine E-cadherin 
sequence (PDB code: 3Q2W). (A) The T316 (yellow) is O-glycosilated (blue) and present on the surface of EC3 domain. 
(B) The hydrophobic lateral chain of I316 (yellow) cannot O-glycosilated and promotes protein-protein interactions. 
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The exon 10 p.T470I substitution changes the AA on the EC3 surface in the mature protein. In the 

murine E-cadherin sequence (PDB code: 3Q2W) (Figure 3.9 A), threonine is usually found O-

glycosylated in both E-cadherin and N-cadherin, suggesting an important role for this residue in the 

structure of the protein. However, the change to isoleucine, a non-polar AA with a hydrophobic side 

chain that cannot undergo post-translational modification, suggests no particular intermolecular 

tension (Figure 3.9 B). We hypothesize that in the extracellular medium, the presence of an isoleucine 

residue at the same position may favour protein-protein interactions, and this mutation could thus 

assume a protective significance. 
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3.4.4. CDH1 c.1774G>A variant: p.A592T in pre-protein, p.A438T in mature 

protein 

 

Figure 3.10 Structural modelling of the extracellular domain of the E-cadherin mature protein in presence of the 
A438T substitution. EC3 and EC4 protomers representations by Coot software use based on murine E-cadherin 
sequence (PDB code: 3Q2W). (A) The methylenic side chain of A438 (yellow) allows conformational freedom on the 
surface of EC4 domain. (B) T438 (yellow) substitution is not dramatic for local structure but it could be represent a 
potential site for post-translational modifications. Calcium ions are highlighted (green). 
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The fourth mutation in Table 3.5 (exon 12, p.A592T) at the codon 438 in the mature protein was found 

in all (GC, AMAG, FDR, BD) groups. Alanine on the EC4 surface of the mature E-cadherin (Figure 

3.10 A) provides conformational freedom, even when in proximity of the Ca2+ binding sites. A 

threonine substitution here has a limited effect on the local structure and torsional angles of the 

protein, but the oxydrilic lateral chain could be post-translational modified and influence its structure 

and function (Figure 3.10 B).  
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3.5. Potential effects on CDH1 splicing 

 

3.5.1. The missense germline mutation c.820G>A does not induces cryptic splicing 

of CDH1 

 

Using cDNA produced from PBMC retrieved from the patient harbouring the c.820G>A mutation and 

from two controls, we verified in vivo if this germline variant could induce cryptic splicing of CDH1. 

The PCR fragment generated using primers flanking the mutation in the mutated carrier and in two 

control samples did not show differences when run in a 4% agarose gel (Figure 3.11) or any alteration 

after bidirectional sequencing using the same primers. These results demonstrated that the c.820G>A 

missense mutation does not create a cryptic splice site. 

 

 

 

 

Figure 3.11 Evaluation of potential effect on splicing of the new missense mutation by amplification of CDH1 exons 
5-7 transcripts flanking exon 6. Molecular Weight (MW): 1Kb DNA ladder; lane 1 negative control, no template; lane 2 
PCR product from the mutated patient; lane 3,4 PCR products from two independent controls. PCR products were run in a 
4% agarose gel stained with SYBR Green dye. 
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3.5.2. The intronic germline mutation IVS12 c.1937-13T>C induces cryptic 

splicing of CDH1  

 

 

Figure 3.12 Evaluation of potential effects on splicing on CDH1 gene of the intronic variants found. Total mRNA was 
extracted from PBMC of each represented sample and retrotrascribed to single strand cDNA to amplify: (A) Exons 1-5. In 
the second lane AMAG (S121) carrying the IVS1 c.48+7C>T; in the third lane FDR (S97) carrying the IVS4 c.532-
18C>T; the size of the RT-PCR product was about 768 bp. (B) Exons 10-13. GC(S10), GC (S46) and the blood donor BD 
(S190) carrying the IVS12 c.1937-13T>C. RT-PCR product size is about 686 bp. Yellow arrows evidences the aberrant 
transcripts lacking the exon 11of CDH1; (C) β-actin was used as internal amplication control. MW: 1Kb DNA ladder. PCR 
products were run in a 4% agarose and gel stained with SYBR Green dye. 
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To test if the non-polymorphic intronic variants detected in our series (Table 3.4, green coulor) could 

potentially induce cryptic splicing in CDH1, we used cDNA produced from PBMC of the selected 

subjects and that from two healthy control subjects (S190 had the same alteration close to exon 13 as 

S10 and S46 GC patients). 

For the IVS1 c.48+7C>T and IVS4 c.532-18C>T intronic mutations, we amplified the region covering 

part of exon 1 to part of exon 5. The PCR fragments showed no differences when run on 4% agarose 

gels (Figure 3.12 A) or after bidirectional sequencing using the same primers.  

Following this, we performed RT-PCR analysis with the set (ii) primers to evaluate if the IV12 

c.1937-13T>C intronic variant could affect splicing. This alteration led to an abnormal CDH1 

transcript, as demonstrated by RT-PCR (Figure 3.12 B, yellow arrows), obtaining a smaller band in 

addition to the band that represents exons 10-11-12-13. Upon isolation and sequencing, we found that 

this band resulted in a skipped transcript lacking exon 11, with exon 10 directly joined to exon 12. 

This aberrant transcript was also detected in the healthy BD S190 carrying the same germline 

alteration (Figure 3.12 B). 
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3.6. Immunohistochemistry 

 

3.6.1.  Immunohistochemistry analysis on gastric tumour sample carrying the new 

CDH1 germline missense mutation c.820G>A: H&E, E-cadherin, β-catenin and α-

actin stains 

 

Tumour of GC patient S38 was classified as moderately differentiated adenocarcinoma according to 

WHO classification and mixed histotype (Lauren’s classification) (Figure 3.13 B).  

E-Cadherin immunohistochemical analysis showed both membrane and cytoplasmic staining in most 

tumour cells (Figure 3.13E), although in the diffuse component the membranous staining was 

prevalent (Figure 3.13 F).  

We found a reduced membranous expression of β-catenin in the tumour sample in the diffuse 

component (Figure 3.14 G-H). α-actin immunoistochemistry showed a negative staining for gastric 

epithelia and no differences between tumour and normal tissue of the patient we observed (Figure 3.14 

A-D). Unfortunately, due to lack of tumour material, we were not able to characterise the second hit 

inactivating the remaining germline unaltered allele. 
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Figure 3.13 H&E sections and immunohistochemical staining for E-cadherin in normal and tumour gastric tissue of 
S38 patient. (A) H&E staining in normal gastric tissue (X250). B) H&E staining in the tumour tissue (X250). C-D) E-
cadherin expression on normal gastric mucosa (X250 and X400, respectively). E) Tumour gastric bioptic mucosa of patient 
harbouring the new missense mutation in CDH1 gene shows strong membranous and citoplasmic E-cadherin staining. 
Most of cells show an intestinal histotype (X250). (F) Tumour gastric bioptic mucosa of patient showing the diffuse 
component with prevalent membranous E-cadherin expression (X630) 
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Figure 3.14 Immunoistochemical staining for α-actin and β-catenin in normal and tumour gastric tissue of GC 
patient S38. (A-B) α-actin expression in normal gastric mucosa (X200 and X400 respectively). (C-D) α-actin expression 
in tumoral gastric mucosa (X200 and X400, respectively). (E-F) β-catenin staining in normal gastric tissue (X200 and 
X400 respectively). (G-H) Evident reduction of β-catenin expression in the diffuse component of the tumour tissue 
compared to normal tissue (on the top left corner of G) photomicrograph, X200) and higher magnification (X400). 
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3.6.2.  Immunohistochemistry analysis on gastric tissue samples from GC patients 

S10 and S46 carrying both the CDH1 intronic mutation IVS12 c.1937-13T>C: 

H&E, E-cadherin and β-catenin stains 

 

 

Figure 3.15 H&E sections and immunohistochemical staining for E-cadherin and ß-catenin in gastric tissues of GC 
patients S10 and S46. (A) H&E staining in normal gastric tissue. (B) H&E staining in the tumour tissue of GC patient S10 
with signet ring cell carcinoma: signet ring cells are highlighted by black arrows. (C) H&E staining showing the diffuse 
histotype of the tumour tissue of GC patient S46. (D)  E-cadherin staining in normal gastric tissue. (E) Reduction of E-
cadherin staining in the signet ring cells of tumour tissue of GC patient S10 respect to adjacent normal cells; signet ring 
cells are highlighted by black arrows. (F) Loss of E-cadherin expression in the diffuse tumour of GC patient S46 compared 
to normal tissue (on the right side of the photomicrograph). (G) β-catenin staining in normal gastric tissue. (H)  Weakly β-
catenin staining in signet ring cells (black arrows) of tumour tissue of GC patient S10. (I)  Loss of β-catenin staining in the 
tumour tissue of GC patient S46 compared to normal tissue (on the right side of the photomicrograph). All the 
photomicrographs were taken at 400X magnification. 
 

IHC analysis on the tumour gastric tissue of GC S10 case showed a reduced expression of membrane-

bound E-cadherin in the signet ring tumour cells (Figure 3.15 E, black arrows), while both membrane 

and cytoplasmic staining were present in the normal epithelium. The same patient showed reduced β-
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catenin staining in the signet ring cells as compared with the strong expression of this protein in the 

normal adjacent cells (Figure 3.15 H). The loss of both E-cadherin and β-catenin staining was also 

noticeable for the GC S46 patient (Figure 3.15 F; 3.15 I).   
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3.7. In vitro functional assays 

 

3.7.1. In vitro functional studies of the new missense CDH1 germline mutation 

c.820G>A (p.G274S) 

 

Figure 3.16 In vitro functional analysis of the germline E-cadherin missense mutation G274S. (A) Parental CHO cells 
or transiently transfected with the empty vector (Mock) or with WT and p.G274S hE-cadherin were analysed for cell-cell 
aggregation ability by slow aggregation assays. (B) For each cell line, matrigel invasion assays were performed. The graph 
shows the relative number of invasive cells ± SD of four independent experiments (* represents p≤0.05). (C) E-cadherin 
and α-Tubulin expression levels were detected in whole cell lysates by Western Blot. α-Tubulin was used as a loading 
control. (D) Cells were fixed and immunostained with anti-human E-cadherin antibody (green). Nuclei were counterstained 
with DAPI (blue). The pictures were taken under a 40X objective. 
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In order to test the functional significance of the mutation p.G274S, we transiently transfected CHO 

cells with constructs encoding the WT protein and the mutant, as well as the empty vector (Mock). 

Transfected cells were analysed for cell-cell adhesion competence, invasive capacity, and E-cadherin 

expression levels and subcellular localization.  

The slow aggregation assay shows that the mutant p.G274S does not have an impact on the cell-cell 

adhesion ability of the cells. Cells expressing the mutant protein formed similar aggregates than those 

presented by WT expressing cells (Figure 3.16 A). The invasion assay shows that the mutant cells 

behave likewise the WT cells. Contrary to Parental and Mock cells, which are invasive, both WT and 

mutant E-cadherin were able to suppress cell invasion through a Matrigel matrix (Figure 3.16 B). 

Analysis of total E-cadherin expression by Western Blot, revealed that the mutation does not interfere 

with the amount of E-cadherin present in the cell (Figure 3.16 C). Analysing E-cadherin subcellular 

localization, we verified that WT E-cadherin is correctly located at the plasma membrane, as well as 

the mutant p.G274S (Figure 3.16 D). Altogether, the in vitro assays indicate that the mutant p.G274S 

does not affect the E-cadherin protein function, its expression pattern or subcellular localization. 
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3.8. Real-time RT-PCR 

 

3.8.1. Real-time RT-PCR for E-cadherin in LCLs 

 

 

Figure 3.17 E-cadherin relative quantification result graphic by real time RT-PCR. Relative quantification of E-
cadherin mRNA levels in samples from LCLs of GC patient S10 harbouring the IVS12 c.1937-13T>C intronic variant, 
FDR S97 carrying the IVS4 c.532-18C>T, and two controls (BD S190 has the same CDH1 alteration of GC S10). LCLs 
were generated from the seeding of 2,5x106 PBMC immortalized by B.95.8 EBV and cultured in suspension. About 8 
million of cells were harvested for each sample after immortalization. The blood donor S189 was considered as the 
reference (value of 1) and results are representative of at least three independent experiments. Data are represented as 
means ± SD. *, p<0.05 comparing GC S10 with BD S190. **, p<0.01 comparing GC S10 with mRNA relative level of E-
cadherin in BD S189 and in FDR S97.  

 

E-cadherin mRNA level was quantified in the immortalized LCLs obtained from the peripheral blood 

cells of GC S10, FDR S97, BD S189 and S190 subjects. GC S10 and BD S190 both carry the IVS12 

c.1937-13T>C splice-site mutation, while FDR S97 carries the intronic IVS4 c.532-18C>T. 

The BD S189 sample was used as a control, as it had no germline alterations in the CDH1 gene.  
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Figure 3.17 shows the wild-type E-cadherin expression level normalized to β-actin and relative to E-

cadherin expression in the control BD S189 (relative quantification). 

We observed an approximate 60% decrease in E-cadherin expression in GC S10, while only about a 

2% reduction in BD S190, similar to the control (p<0.05, with respect to GC S10). For FDR (S97), we 

observed a similar E-cadherin expression as that in the control BD S189, supporting the results in 

Figure 3.12 A.  

 



C h a p t e r  I V  D i s c u s s i o n  | 159 

 

 

 

 

 
 
 
 
 
 
 
 
 
 

 
 

Chapter IVChapter IVChapter IVChapter IV    
    

DiscussionDiscussionDiscussionDiscussion 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 



C h a p t e r  I V  D i s c u s s i o n  | 160 

 

 

 

4.1. Discussion 

 

Gastric cancer (GC) remains the fourth most common malignancy worldwide, even though its 

incidence and associated mortality rates have decreased in recent decades. Despite this, GC patients 

have still a poor prognosis.151 Identification of individuals with an increased risk of developing GC 

and the early detection of GC are promising approaches to reduce morbidity and mortality of GC.152  

GC prognosis is closely related to the stage of disease at diagnosis, with a worse outcome for those 

patients with an invasive tumour.153 

Both EOGC60 and sporadic EODGC75 develop in younger GC patients (≤ 45 and ≤ 35 years old 

respectively) and are characterised by a poor overall survival.154,155  

It should be noted that most GCs are sporadic and often develop following H. pylori-associated 

gastritis.156,157 However, familial aggregation studies also stress the importance of a genetic 

predisposition in the sporadic development of GC. About 10% of GC cases display familial clustering, 

suggesting that a genetic predisposition is an important risk factor for GC.158  

CDH1 encodes E-cadherin, a known tumour suppressor protein that plays a major role in maintaining 

epithelial tissue architecture and controlling cellular adhesion.13,22 

CDH1 gene mutations are thought to affect protein function and lead to deregulated cell-cell adhesion 

in epithelial tissues and enhanced metastatic potential in tumours.159 

In 1998, Guilford and colleagues described for the first time germline mutations of the CDH1 gene in 

a kindred of Maori ethnicity with familial GC.57 Subsequently, different types of mutations (especially 

nonsense, splice-site and frameshift mutations and, less so, the missense variants) have been reported 

in families of varying ethnicities with diffuse GC.76,160 CDH1 promoter hypermethylation is also the 

most common second genetic hit in the GC carcinogenic process.161,162 CDH1 mutations are associated 

with an increased susceptibility to colon, bladder, prostatic, breast and gynaecological cancers163-165 
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and, importantly, the partial or complete loss of E-cadherin expression correlates with poor tumour 

prognosis and invasive and metastatic cancers.48,53 

Despite increasing efforts to determine the genetic basis of familial GC, only this single gene, CDH1, 

has been identified to have a causative role in the onset of hereditary diffuse GC (HDGC), an 

autosomal dominant GC susceptibility syndrome constituting 1-3% of all GC.166  

The penetrance of CDH1 mutations is high for HDGC, although it is not complete.58 Research 

estimates that CDH1 inactivating mutations underlie approximately 30-50% of HDGC in patients from 

various ethnic backgrounds.167  

Regarding Italy, GC prevalence presents a significant South-North geographical gradient, with a 

particularly high incidence of GC in some central areas, such as the Tuscany and Marche regions.168,169 

The first CDH1 germline mutation to be described in an Italian family was in 2006 in a patient who 

met the IGCLC criteria for HDGC.170  

The most widely accepted GC histopathological classification (Lauren’s classification)92 distinguishes 

two types of GC: intestinal type and diffuse type. Diffuse GC has a higher incidence of metastatic 

disease and a generally worse prognosis as compared with the intestinal subtype.94 

However, unlike for the diffuse type, to date, no germline mutations have been identified as the cause 

for intestinal type GC.171 This lack of evidence has led to the hypothesis that familial clustering for 

intestinal type GC is determined by shared environmental factors as opposed to an inherited genetic 

predisposition.  

Furthermore, most studies limit the screening of CDH1 mutations to patients with HDGC,167 familial 

GC172 or GC patients at very early onset,77 with few studies reporting CDH1 germline mutations in 

sporadic GC cases without familial aggregation or in subjects at risk of developing GC.148,173 

Moreover, the potential functional effects of CDH1 variants are not always explored.  

In this study, we extended upon the analysis of CDH1 germline mutations with a series of random, 

consecutive GC cases and individuals at risk for GC, namely first degree GC-Relatives (FDR) and 
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autoimmune metaplastic atrophic gastritis (AMAG) patients sent to our institution in North-East of 

Italy for a gastrointestinal endoscopy with biopsy. 

To explore the role of CDH1, E-cadherin expression, structural, bioinformatics and functional analyses 

were performed in samples with a CDH1 germline mutation. The aim of the present study was to 

evaluate CDH1 mutations in these individuals to identify a possible hereditable marker that might 

improve the early detection of GC.  

A complex panel of germline variants was detected for CDH1 (Table 3.4) in our series. In the 59 GC 

series, we found six different alterations in nine distinct GC patients (15.2%): 67% of the missense 

type (p.G274S; p.A298T; p.T470I; p.A592T) and 33% of non-missense type (-71C>G; c.1937-

13T>C). Excluding the polymorphic p.A592T, the remaining are mutations with frequencies <1% in 

the control population.  

At the time of diagnosis, the proband S38 harboured a novel missense germline c.820G>A (p.G274S) 

mutation. The subject was an old male with a mixed histotype. This new variant was not detected in 

167 free-cancer individuals, suggesting that it was not a polymorphism.  

Phylogenetic comparative analysis shows that Gly274 is highly conserved among different species 

(Figure 3.5) and this data was also confirmed by JMol software prediction (Figure 3.6). Controversial 

results came from SIFT and PolyPhen-2 analysis (Table 3.5). Generally, considering all the missense 

germline variants detected, SIFT results were more close to our modelling and functional approaches 

respect to PolyPhen-2 algorithm. 

Our molecular modelling studies highlighted that p.G120S change in mature protein is not dramatic 

for local structure (Figure 3.6 and 3.7) but the serine residue represents a potential site for post 

translation modifications, such as phosphorylation or glycosylation. 

Different human diseases including cancer are associated with changes in glycan structures and 

increasing body of evidence indicates that E-cadherin dysfunction cannot be explained only at the 

genetic/epigenetic level.174 Indeed, a recent review focuses on N-glycan regulation of the adhesive 
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functions of E-cadherin in cancer biology.175 Thus, O-glycosylation could be a key modification able 

to affect both structural stability of the extracellular domain and adhesive properties of E-cadherin. 

However, data from our in vitro assay did not support an effect of p.G274S mutation on adhesion 

mobility of cells. Immunohistochemistry stains performed on gastric tumour tissue of S38 patient 

showed both membrane and cytoplasmic staining in most tumour cells (Figure 3.13 E), although in the 

diffuse component the membranous staining was prevalent (Figure 3.13 F). 

This result partially accords with histotype characterization of mixed gastric carcinoma reported by 

Almeida176 based on Jawhari’s E-cadherin immunoexpression pattern interpretation (membranous 

versus non-membranous).177 We confirm that the most frequent pattern of E-cadherin expression in the 

intestinal component of mixed tumour is cytoplasmic-membranous, while the diffuse counterpart did 

not show a predominant cytoplasmic pattern, as observed in a minority of cases reported as mixed 

tumours (12.5%).176   

The carboxil-terminal domain of E-cadherin can interact with cytoskeleton through its binding with 

cytoplasmic molecules like p120, α-, β-, γ-catenins and also actin microfilaments via α-catenin.16 

Abnormal expression of each of the main components of the E-cadherin-β-catenin complex have been 

demonstrated in gastric cancer, and is more frequent in the diffuse and poorly differentiated type than 

in the intestinal one.178 We found a reduced membranous expression of β-catenin in the tumour sample 

of GC patient S38 in the diffuse component (Figure 3.14 G and 3.14 H). β-catenin plays a key role in 

cadherin function and it was suggested by the demonstration that cadherin mutants lacking the β-

catenin-binding domain were often poorly adhesive.179  Studies performed on gastric carcinoma on the 

expression of β-catenin have provided conflicting and questionable results, and the role played by β-

catenin mutations in gastric carcinogenesis remains also unclear. Noticeable, reduced/absent 

membranous β-catenin expression was significantly associated with isolated-cell/diffuse histotype 

both in “pure” diffuse GC and in isolated-cell/diffuse component of mixed carcinomas.180 Cytoplasmic 
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and/or nuclear β-catenin expression was particularly prevalent in mixed carcinomas and was 

significantly associated with lymphatic vessel invasion and lymph node metastases.  

In tumours, E-cadherin down regulation is linked to enhanced ß-catenin transcriptional activity, a main 

effector of the Wnt pathway.16 The expression of a large number of genes, including those for cyclin 

D1, c-myc, vascular endothelial growth factor, and survivin, is controlled via the β-catenin-Tcf/Lef 

pathway,181 and E-cadherin can compete with TCF transcriptional factor for β-catenin binding, 

preventing its translocation to the nucleus. Even if several studies report that E-cadherin loss can 

potentiate Wnt signalling driven at many points in the pathway, probably many additional levels of 

complexity are present.54 Some intriguing studies revealed that E-cadherin-mediated cell-cell adhesion 

and polarity (rather than changes in E-cadherin expression) may affect the strength or duration of 

Wnt/β-catenin signals through a poorly defined mechanism.182-184 A more suitable and amazing 

hypothesis recently emerging, is that the high-affinity E-cadherin-β-catenin interaction may be 

disrupted during oncogenesis by tyrosine phosphorylation of β-catenin and/or E-cadherin (by 

oncogenic kinases such Src), thereby perturbing E-cadherin adhesion as well as releasing β-catenin to 

signal.185 

In conclusion, we found a novel c.820 G>A germline CDH1 missense mutation which pathogenic role 

remains still elusive144 and, as recommended by the consensus guidelines for clinical management, we 

probably discovered a CDH1 variant of uncertain significance62 however with potential impact. 

Nonetheless, our findings suggest a role in Lauren’s mixed gastric cancer and highlight the need to 

investigate the functional contribution of germline E-cadherin variants in sporadic gastric cancer 

population.  

The c.892 G>A (p.A298T) substitution in exon 7 of CDH1 has already been described in a young 

(age, 36 years) Caucasian (Northern Europe) proband in a HDGC family.65 In our series, this variant 

was detected only in S47, a 74-year-old male with a mixed histotype. The potential pathogenic effect 

of this mutation was assessed through in vitro functional studies (aggregation and invasion assays) in 
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different laboratories.20,135 The potential altered protein function was supported from SIFT (Table 3.5) 

and also from our modelling studies (Figure 3.8). Moreover, a recent study, using the in silico protein 

design FoldX algorithmic approach,186 reasserts the pathogenic role of the p.A298T substitution, based 

on a calculation of native-state stability changes (∆∆G>0.08 kcal/mol).187 Authors characterised 

patients harbouring this missense mutation as having a younger age at diagnosis or a diffuse GC 

istotype.   

The c.1409C>T substitution, resulting in p.T470I AA exchange, was identified only in S39, a 57-year-

old male with a diagnosis of GC. This change was first described in a family of Maori ethnicity with 

EOGC, but the subject showing this mutation was not affected by GC at the time of study.57 Here, we 

found that the p.T470I AA change is tolerated by SIFT and also by modelling analysis (Figure 3.9). 

The tumour bioptic tissue specimen was available for IHC evaluation but, unfortunately, the tumour 

material was insufficient to perform E-cadherin or β-catenin IHC staining. 

The c.1774G>A substitution (p.A592T) was detected in each clinical group. This variant has been 

previously identified as a somatic mutation in thyroid tumours188 and also at the germinal level in 

colon and lobular breast cancers.68,149,150 Our structural analysis suggests a non-pathogenic role of this 

variant (Figure 3.10) as already confirmed by published in vitro148 and in silico studies.135,187  

In contrast to all these data, SIFT analysis suggest a damaging role for this variant. 

In the CDH1 5’UTR region, we identified a C-to-G change before the start codon (-71C>G), that 

represented the most common variant associated with GC in our series, occurring in three (5.1%) out 

of 59 GC patients. In a Finnish study, this variant was reported in one of 13 (7.7%) GC patients and in 

two of 51 controls (3.9%),146 and also in two EOGC patients of Northern American origin (3.4%).77 

However, these studies did not report data about this variant in relation to the E-cadherin expression 

status. This germline substitution was found in our series in one intestinal, one mixed, and one diffuse 

GC histotypes. All the three probands, all over 50 years at diagnosis, were negative for HP infection. 

No control subjects showed this mutation. An evaluation or a correlation between CDH1 
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hypermethylation and E-cadherin expression was unable to be performed due to a lack of tumour 

material. Thus, the predicted pathogenicity of this promoter variant still remains to be elucidated.59  

Moreover, the 5’UTR (-71C>G) was not detected in the first degree relative of the S25 GC proband 

(S25 affected by GC is the father of FDR S89). 

In our GC series, we found the intronic IVS12 c.1937-13T>C variant in two GC female probands 

(2/59 = 3.4%) (S10 and S46), both positive for HP infection, and in one BD, BD S190 (1/52 = 1.9%). 

This alteration was previously reported in lobular breast cancer with high frequency (12/53 = 23%),189 

in HDGC families (2/27 = 7.4%)70 and in EOGC patients (7/79=8.9%),77 but also in a relative control 

population (25/100 = 25%).77 Our assays demonstrate for the first time that this substitution leads to an 

aberrant CDH1 transcript harbouring a deletion of exon 11 (Figure 3.12 B). CDH1 exon 11, together 

with partial sequences of the flanking exons 10 and 12, codifies for the EC4 domain of the mature E-

cadherin.22 As a consequence, this out-of-frame deletion leads to the formation of a premature stop 

codon at position 384 of the EC4 protomer. It is possible that the translated protein lacks the EC5 

protomer, the transmembrane domain and the cytoplasmic tail of E-cadherin, which is involved in β-

catenin binding. Both the GC S10 (Figure 3.15 E and F) and GC S46 (Figure 3.15 H and I) patients 

showed a reduction in the expression of E-cadherin and β-catenin by IHC analyses; the GC S10 

patient, with a signet ring cell carcinoma, was diagnosed at the age of 61 years, and the GC S46 

patient, with a diffuse adenocarcinoma, was diagnosed at the age of 58 years. Unfortunately, we did 

not have sufficient gastric tumour tissue to quantify E-cadherin mRNA expression level. However, 

evaluation of E-cadherin expression from the EBV immortalized B-lymphocytes showed a strong 

reduction (60%) in GC S10 harbouring the mutation as compared with the control BD189 without 

CDH1 alterations, and BD S190 carrying the same CDH1 variant (Figure 3.17). Our data suggest that 

the healthy BD S190 individual may exploit some compensatory mechanism that counteracts the E-

cadherin down regulation. An aberrant CDH1 splicing was also described in a HDGC patient,65 

attributed to another intronic substitution IVS11 c.1711+5G>A, and in some chronic lymphocytic 
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leukaemia cases (CLL).190 Intriguingly, in CLL, a decrease in E-cadherin expression greater than 50% 

was found in 62% of all analysed samples; although no genetic alteration in exon 11 or in its flanking 

intronic regions was observed.190  

Of particular interest were the findings in the FDR group, even if, among the 15 subjects with a first 

degree affected in our GC series, any relevant CDH1 alteration was detected. Anyway, we observed 

one substitution in the 5’UTR promoter region and one close to the 5’UTR in two subjects, and an 

intronic mutation close to exon 5, IVS4 c.532-18C>T in another proband. The 5’UTR-54G>C variant 

was found in one FDR subject who was 72 years old and positive for HP infection.  

5’ near gene -176C>T variant was detected in a 32-year-old FDR female subject; and the intronic 

IVS4 mutation in a 41-year-old subject; the HP status was not determined in these two cases. The 

5’UTR-54G>C mutation was already described as a rare variant that decreased the transcriptional 

activity of CDH1 in a healthy 41-year-old Japanese subject, with no clinically detectable tumour at the 

time of the enrollment.147 We hypothesize that this mutation introduces a CpG island in the promoter 

region of CDH1, which could favour CDH1 inactivation via hypermethylation, an early event in HP 

gastritis191 that increases patient susceptibility to GC. The 5’ near gene -176C>T was also already 

submitted to the dbSNP database, but its significance is unknown. Lastly, the intronic transition IVS4 

c.532-18C>T, was first reported as a splice variant in two EOGC patients from England and Portugal, 

respectively143 and, in another study, in two HDGC German patients and one of the 50 control subjects 

enrolled in the same cohort.148 Recently, this variant was proposed to be not pathogenic60 and 

according to the reported results we did not notice any influence on splicing (Figure 3.12 A). 

Controversially, this variant was reported to represent a splice site variant more recently.75 

AMAG patients have a 3-fold increased relative risk of developing GC, and this is the first study in 

which patients with AMAG have been screened for CDH1 germline mutations. We found a new 

intronic mutation (Figure 3.3 A) close to exon 1 (IVS1 c.48+7C>T) in a female 51-year-old subject 

with hypergastrinemia, but we did not find any truncations or frameshifts associated with the 
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production of the protein (Figure 3.12 A). Other variants in AMAG patients were polymorphic, and 

thus we excluded a potential effect of these on E-cadherin function.  

 

4.1.1. Conclusions 

 

In conclusion, our results show that pathogenic CDH1 germline variants (p.A298T) can also be 

detected in sporadic GC patients without fulfilling the strict criteria for HDGC. We also report the 

finding, in a sporadic GC, of a new missense germline mutation (p.G274S) with an uncertain 

significance. Furthermore, we demonstrate for the first time a potential deleterious effect on splicing 

and a decreased E-cadherin expression for the intronic IVS12 c.1937-13T>C mutation. Our detection 

of the same genetic alteration and splicing effect in one BD, but with a limited effect on E-cadherin 

mRNA level, is intriguing and deserves further studies. Performing CDH1 screening in individuals at 

risk for GC, we detected the IVS4 c.532-18C>T variant already reported in EOGC cases, and a new 

IVS1 intronic mutation in one AMAG patient, although there was no influence on CDH1 splicing in 

both cases. The overall percentage of the missense mutations (67%) in our series is predominantly of 

the non-missense type, suggesting that the North-East of Italy should be considered as a middle-to-

high-risk area for the incidence of E-cadherin mutations.75 Moreover, variants identified in the FDR 

and AMAG subjects that, until now, have only been described for GC patients, and recent findings of 

novel mutations in sporadic GC patients,192 encourage us to continue to screen for CDH1 genetic 

alterations that, in addition to other risk factors, could be used to define a high-risk group of patients 

that would benefit from an early GC diagnosis.  
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