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Resumo 

Cancro Gástrico (GC) é o quinto cancro mais incidente e a terceira maior causa de morte 

relacionada com cancro a nível mundial, em ambos os sexos. O cancro gástrico difuso hereditário 

(HDGC) é o tipo mais comum de GC hereditário, correspondendo a <1% de todos os casos de 

GC. O HDGC é caracterizado por cancro gástrico difuso (DGC) multigeracional, de início 

precoce, que pode ser acompanhado por outras doenças, como o carcinoma lobular da mama 

(LBC). Mutações germinativas do gene CDH1 justificam 10-40% dos casos de HDGC. No Norte 

de Portugal existe um número elevado de famílias (não relacionadas) com HDGC e a mesma 

variante de mutação no CDH1: c.1901C> T (A634V). Este fato levanta a hipótese da existência 

de um um efeito fundador nesta região. O nosso objetivo é definir a idade desse efeito fundador, 

calcular a frequência do desenvolvimento de DGC e LBC nestes pacientes e perceber, ao nível 

do RNA, o efeito da mutação c.1901C> T no gene CDH1. 

Para estimar a idade do efeito fundador, foram haplotipadas 4 famílias com HDGC para 

posterior aplicação do método Decay of Haplotype Sharing (DHS) desenvolvido por McPeek e 

Strahs. Para avaliar o efeito da mutação c.1901C>T no RNA, foi isolado e clonado RNA de 2 

portadores (com e sem doença clínica) e estudámos o seu impacto funcional por estudos de 

desequilíbrio alélico usando o SnapShot. 

De um total de 52 portadores da mutação, 8 (15.4%) desenvolveram DGC. Nas 

mulheres, de 26 portadoras, 2 (7.4%), com 49 anos, desenvolveram LBC. Dos 18 portadores que 

fizeram gastrectomia profilática (PG), 16 (88.9%) tinham focus de DGC. A única paciente que fez 

mastectomia profilática tinha focus de LBC. O RNA dos portadores da mutação c.1901C>T no 

CDH1 apresentou  uma deleção de  37bp a partir da posição c.1900 (exão 12) até ao início do 

exão 13. A deleção cria um  cryptic splice-site com alteração frameshift  que leva à introdução 

de um codão stop e, consequentemente, a uma proteína truncada. Adicionalmente, verificámos 

que o alelo mutado estava menos representado que o alelo wild-type. Assim, propomos  a 

mudança de nomenclatura desta mutação para c.1901C>T; r.1900_1936del; p.Ala634ProfsTer7.  

Estimamos que a idade da mutação c.1901C>T no gene CDH1 é de 490 anos, embora 

o CI tenha um intervalo muito abrangente (445 - 10 900 anos; 449,75 – 1 492 anos; 449,75 – 1 

475,5 anos). Uma vez que a mutação c.1901C>T no CDH1  nos pacientes com  HDGC é 

frequente no Norte de Portugal devido a este efeito fundador, é provável que se propague na 

população. Por este motivo, é importante continuar a estudar esta mutação e a identificar mais 

famílias com esta síndrome.   

Este estudo possibilitou a identificação do efeito fundador da mutação c.1901C>T no 

gene CDH1 no Norte de Portugal e a datação da origem deste event. Além disso, o estudo propõe 

uma nova classificação para esta mutação patogénica.  

Palavras-chave: Cancro gástrico difuso hereditário (HDGC); cancro gástrico difuso (DGC); 

carcinoma lobular da mama (LBC); mutação fundadora c.1901C>T no gene CDH1; activaçao de cryptic 

splice-site; vigilância de pacientes.  
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Abstract  

Gastric Cancer (GC) is the fifth most incident cancer worldwide and the third leading 

cause of cancer-related death in the world for both sexes. The hereditary diffuse gastric cancer 

(HDGC) is the most common type of hereditary GC, accounting for <1% of all GC cases. HDGC 

is characterized by early-onset multigenerational DGC which might be accompanied by other 

diseases such as lobular breast cancer (LBC). Germline mutations of the CDH1 gene, which 

occur in 10-40% of HDGC cases, are thought to be the underlying cause of disease in a subset 

of patients. In Northern Portugal, there is an unusually high number of HDGC unrelated families 

with the c.1901C>T variant in CDH1 (A634V), which leads to the hypothesis that a founder effect 

might have happened in this region. Our aim is to define the age of this founder effect, calculate 

the frequency of DGC and LBC development, and understand the effect of the c.1901C>T 

mutation on the CDH1 gene at the RNA level.  

To estimate the age of the founder effect, we haplotyped 4 HDGC families and applied 

the Decay of Haplotype Sharing (DHS) method for fine-scale linkage disequilibrium mapping 

developed by McPeek and Strahs. To assess the effect of the c.1901C>T CDH1 mutation on the 

RNA we isolated and cloned RNA from 2 carriers (with and without clinical disease) and studied 

its functional impact by allelic imbalance studies using SnapShot.   

In our cohort, from a total of 52 mutation carriers, 8 (15.4%) developed DGC. In women, 

from 26 carriers, 2 (7.4%), aged 49, developed LBC. Clinical data from these families indicated 

that from the 18 patients who underwent prophylactic gastrectomy (PG), 16 (88,9%) had already 

developed DGC foci. The only patient who underwent risk reduction mastectomy (RRM) had LBC 

foci. The RNA from c.1901C>T CDH1 mutation carriers showed a deletion of 37 bp from the 

c.1900 position (in exon 12) till the starting point of exon 13. This deletion creates a cryptic splice-

site with a shift in the reading frame that leads to a premature stop codon and thus to a truncated 

protein. Furthermore, we saw that the mutated allele was less represented than the wild-type (wt) 

in the patients studied. Accordingly, we propose a different nomenclature for the c.1901C>T; 

r.1900_1936del; p.Ala634ProfsTer7.  

According to the analysis done we calculated the c.1901C>T CDH1 mutation to be 490 

years old, although the CI are very broad (445 - 10 900 years; 449,75 – 1 492 years; 449,75 – 1 

475,5 years). Since the c.1901C>T CDH1 mutation in HDGC patients is highly prevalent in the 

Northern Portugal due to the founder effect, it is likely that it is spread in the population. Therefore, 

it is of utmost importance to continue to study this mutation and identify additional families with 

this syndrome.  

Taken together, this study allowed characterizing the clinical in phenotypes in c.1901C>T 

mutation carriers, identifying the first CDH1-related founder effect in HDGC families from Portugal, 

date the origin of the founder event and gather evidence towards the reclassification of this 

pathogenic mutation. 

Keywords: Hereditary Diffuse Gastric Cancer (HDGC); Diffuse Gastric Cancer (DGC); Lobular 

Breast Cancer (LBC); CDH1 c.1901C>T founder mutation; cryptic splice-site activation; patients’ 

management and surveillance.  
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Introduction  

 

Gastric Cancer 

Epidemiology and general features 
 

Gastric Cancer (GC) is the fifth most incident cancer with 951,000 new cases in 

2012 and 723,000 deaths, making it the third leading cause of cancer-related death in 

the world for both sexes (1, 2). The reported 5-year survival of GC ranges between 68.1% 

(early disease stages) to 5,2% (advanced stages) depending if the carcinoma is localized 

or metastatic (3). GC is the 4th most common cancer in men and the 3th most mortal. On 

the other hand, in women, GC is the 4th most incident and the 4th cause of cancer related 

death (Figure 1) (2).  

 
Figure 1- Gastric cancer: estimated incidence and mortality rates in both sexes, worldwide in 2012. (Adapted from 
Globocan 2012, WHO, IARC, 2012 (2)) 

 
Specifically in Portugal, 1834 men were diagnosed with GC, and 1387 died of this 

disease, whereas in women there were 1184 newly diagnosed cases and 898 reported 

deaths making GC the 4th and 3th cause of cancer associated deaths in men and women 

respectively, in 2012 (2, 4). Although Portugal has the highest rates of GC among 

Western European countries, its incidence has been steadily decreasing since 1970 

likely due to the improvements in diagnosis and screening of the disease, as well as 

changes in dietary habits and hygiene conditions (4). The high mortality associated with 

GC is a result of late diagnosis and limited therapeutic options.  

The majority of GCs are sporadic (approximately 90%), however roughly 10% 

(~100.000/year) of them occur in a familial setting (5). This means that the incidence of 
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a specific type of cancer(s) in a family is higher than what one would expected by chance. 

This familial clustering might be associated with shared genetic susceptibility, life-style 

and environmental factors (5). One to three percent of GC cases are the result of 

hereditary cancer predisposition syndromes (10.000 to 30.000/year), which is expected 

to arise as a result of a causal mutation in the germline of these patients. The three main 

GC-associated syndromes are gastric adenocarcinoma and proximal polyposis of the 

stomach (GAPPS), familial intestinal gastric cancer (FIGC) and hereditary diffuse gastric 

cancer (HDGC), the latter being the most common type of hereditary GC, accounting for 

<1% of all GC cases, where Diffuse Gastric Cancer (DGC) is the most prevalent cancer 

type, and/or Lobular Breast Cancer (LBC) the second (5, 6). Per year, it is predicted 

that ~10.000 patients diagnosed worldwide with DGC belong to HDGC families. 

GC has been also identified, although with less prevalence, as part of the tumor 

spectrum of other syndromes, namely the Li-Fraumeni syndrome, Lynch syndrome, 

Peutz-Jeghers syndrome, hereditary breast and ovarian cancer, MUTYH-associated 

adenomatous polyposis, familial adenomatous polyposis,  juvenile polyposis syndrome 

and PTEN hamartoma tumour syndrome (Cowden syndrome) (5, 7).  

The present Master Thesis work will mainly focus on GC occurring in the context 

of HDGC. 

 

Gastric Cancer histology and staging 
 

There are two major subtypes of GC, the DGC and intestinal gastric cancer (IGC), 

which are distinct in epidemiology, morphology, and molecular features (8, 9).  

The IGC usually develops under the sequence chronic atrophic gastritis, intestinal 

metaplasia, and dysplasia. This type is more frequent in males and older patients and is 

more often linked to environmental factors, as Helicobacter pylori infection (10, 11). DGC 

is more common in younger females and is believed to be more related to genetic 

predisposition (8, 12) .   

Histologically, the IGC is characterized by recognizable glands that arise on an 

intestinal metaplasia’s background (8). In contrast, the DGC presents poor cohesiveness 

and round small cells, that infiltrate the gastric wall (8).  

GC is staged following the TNM classification system. This system takes in 

consideration the extension of the tumor (T), the extent of lymph nodes affected (N), and 

the presence of distant metastasis (M). The TNM system is described in Table 1, 

according the American Joint Committee on Cancer (AJCC) eighth edition (13).  
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Table 2- TNM staging system for gastric cancer. Tumour (T), regional lymph nodes (N) metastases and distant 
metastases (M). (Adaptaded from AJCC, 2017 (13)). 

T 

TX Primary tumour cannot be assessed 

T0 No evidence of primary tumour 

Tis Carcinoma in situ 

T1a Tumour invades lamina propria or muscularis mucosae 

T1b Tumour invades submucosa 

T2 Tumour invades muscularis propria 

T3 Tumour penetrates subserosal tissue without invasion of visceral 

peritoneum or adjacent structures 

T4a Tumour penetrates serosa (visceral peritoneum) 

T4b Tumour directly invades adjacent organs or structures 

N 

NX Regional lymph nodes(s) cannot be assessed 

N0 No regional lymph node metastases 

N1 Metastases in 1-2 regional lymph nodes 

N2 Metastases in 3-6 regional lymph nodes 

N3a Metastases in 7-15 regional lymph nodes 

N3b Metastasis in 16 or more regional lymph nodes 

M 

M0 No distant metastasis 

M1 Distant metastasis 

 

 

Most of the patients are diagnosed with GC in an advanced stage due to the lack 

of symptoms. At an advanced stage, IGC is characterized by expansive growth and liver 

metastasis, whereas DGC disseminating spreads on the peritoneum and, also frequent, 

could metastasize to the bone (14). 

 

This work will mainly focus on DGC, as this is the only histotype so far associated 

with the established GC-associated HDGC syndrome. 

 

 

 

 

Hereditary Diffuse Gastric Cancer  
 

HDGC is characterized by early-onset, multigenerational DGC which might be 

accompanied by other diseases such as LBC and less frequently colorectal cancer 

(CRC) (15). The onset of the disease is, on average, 38 years (range: 14-69 years old), 

but it is variable within and between families (16, 17). Around 10-40% of families affected 

by HDGC have a germline mutation in the E-cadherin gene (CDH1), depending on their 

geographical origin, leading to loss of function and reduced expression of the protein (5, 
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7), and therefore regarded as the most likely molecular basis for HDGC (17). In CDH1-

mutant HDGC patients, E-cadherin expression is absent, reduced or aberrant in all 

precursor lesions, early and invasive GC. In normal adjacent mucosa, CDH1 expression 

should be normal (18). In CDH1 carriers mutation, many cancers occur before age 40 

years (16, 17).  

Given that a large proportion of HDGC families seem to fail a link to CDH1 coding 

mutations and deletions, and therefore remain genetically unexplained, other genes and 

also full exomes have been explored. Mutations in multiple other genes have been 

advanced  as a potential genetic cause for HDGC in families from several ethnicities, 

such as in CTNNA1, BRCA2, PRSS1, ATM, PALB2, SDHB, STK11, MSR1, MSH2, ATR, 

NBN, and RECQL5, however  at very low frequencies (19-21). From these, only germline 

mutations in CTNNA1 are believed to mimic the role of CDH1 as a cause of HDGC (22). 

For instance, biallelic MYD88 germline mutations were found in a single patient, being a 

rare event that increased GC susceptibility. In another study, Gaston D. et al, associated 

germline mutations in MAP3K6 with familial GC, however, the high number of MAP3K6 

variants found in controls shows that MAP3K6 variants are unlikely to be involved in high-

penetrant GC predisposition (22-24). 

The identification of the inherited alteration among individuals with family history 

of GC is of the utmost importance for early diagnosis and proper disease management. 

A genetic test in the proband (person serving as the starting point for genetic study of a 

given family) pinpoints which mutation is causing the disease and could be transmitted 

to the offspring within the family. Since approximately 10-40% of HDGC families have 

been described with germline mutations in CDH1, in order to manage these patients and 

their families,  clinicians should ask for a genetic screening on CDH1 gene (5, 7, 15, 20, 

25). For a better assessment of these patients’ disease status, guidelines for genetic and 

clinical management of HDGC families were created in 1999 and later revised and 

updated in 2010 and 2015 (Figure 2) (7, 15, 26). 
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Figure 2 - Algorithm for testing criteria and management of HDGC patients. (Adapted from van der Post, RS. et al. 
2015 (7)). 

 

 

Patients who fulfill the criteria for the development of HDGC should be followed 

by a multidisciplinary team so that they can be informed about their condition and the 

impact the disease could have in their lives, as well as in their relatives. CDH1 pathogenic 

mutation carriers should undergo prophylactic gastrectomy (PG), the unique treatment 

option available in HDGC (7). Relatives of carriers who refuse to be tested, and families 

that fulfill the criteria for HDGC with no CDH1 mutations, should undergo yearly 

surveillance by endoscopic screening with random biopsy (7). Carriers that refuse or are 

not possible to be submitted to PG are also included in this group (7).  

For women carrying CDH1 mutations, it is recommended to undergo yearly 

breast magnetic resonance imaging (MRI) and mammography from age 30 years 

onwards as they have a high lifetime risk of developing LBC. Risk reduction mastectomy 

(RRM) is also an option for these patients, that should be properly discussed in a 

multidisciplinary environment (7).  
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Penetrance 
 

Mutations in CDH1 are the best known HDGC related-cause. The spectrum of 

the disease includes, mainly, DGC and LBC. To better understand the risk of carriers, 

penetrance estimation should be useful for genetic counseling. Pharoah, PD., et al. were 

the firsts to report the incidence of DGC and LBC in 11 HDGC kindred with CDH1 

mutations, showing its incomplete and relatively high penetrance (27). The cumulative 

risk of gastric cancer by age 80 years was 67% in men (95% confidence interval [95% 

CI], 39-99) and 83% in women (95% CI, 58-99) (27). For women, the cumulative risk of 

breast cancer was 39% (95% CI, 12-84), while the combined risk of gastric cancer and 

breast cancer was 90% by age 80 years (27).  

Kaurah, P., et al. estimated the cumulative risk of DGC and LBC in 4 families with 

the founder 2398delC mutation (28). By age 75 years, the cumulative risk of GC was 

estimated to be 40% (95% confidence interval [CI], 12%-91%) for males and 63% (95% 

CI, 19%-99%) for females (28). The cumulative risk for LBC for females by the age of 75 

years was found to be 52% (95% CI, 29%-94%) (28).  

Hansford, S. et al. studied the largest series of CDH1 mutant patients by grouping 

analysis of cohorts that included: i) previously published families; ii) newly identified 

families with mutation, and; iii) previously unpublished families. The study concluded that 

the cumulative risk of GC development for carriers by age 80 years is 70% for men (95% 

CI 59% to 80%) and 56% for women (95% CI 44% to 69%). Additionally, the risk of 

developing LBC for female is 42% (95%CI, 23%-68%) by 80 years (20). 

Although being very high, the penetrance is different among the different studies.  

The studies exposed included different CDH1 mutations, revealing the importance of 

estimating DGC and LBC penetrance in each family/mutation context.  

 

 

 

Macroscopy and Histology of HDGC 
 

Cancers arising in patients who develop DGC in the context of HDGC are 

macroscopically indistinguishable from the sporadic diffuse gastric cancer (SDGC) 

patients. Both present features of linitis plastica, and can implicate all topographical 

regions of the stomach which makes it difficult to differentiate the two disease settings 

(29). In asymptomatic CDH1 mutation carriers submitted to prophylactic gastrectomy, 

the macroscopic features and mucosal thickness (when slicing) seem normal (30, 31). 

In some cases, upon standard white light endoscopy pale areas can be seen, which also 
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appears as white patches after fixation, a typical event in intramucosal diffuse carcinoma 

or single ring cell carcinoma (SRCC) (32). 

Microscopically, DGC in advanced HDGC is poorly differentiated and can have 

undifferentiated or mixed subtypes with mucinous and occasionally tubular components. 

DGC in the HDGC context is characterized by the presence of individual and small foci, 

ranging from 0-1 mm to 10 mm, that extends to all topographical region of the stomach 

(29, 33). The two intraepithelial hallmark lesions regarded as precursors of invasive 

cancers in CDH1 mutation carriers are in-situ SRCC (signet ring carcinoma cells 

generally with hyperchromatic and depolarized nuclei, within the basal membrane) and 

pagetoid spread of SRCC (structures with an inner layer composed of benign mucous 

cells and an outer layer of SRCC) below the normal epithelium of gastric glands and/or 

foveolae (29). In advanced stages of the disease, SRCC invades most of the gastric wall, 

which becomes rigid (linitis plastica), without forming a distinct mass.  Patients with 

HDGC normally have mild chronic gastritis, but rarely have Helicobacter pylori and 

intestinal metaplasia (29).  Carneiro, F. et al., proposed a model for the early 

development DGC in CDH1 mutation carriers (Figure 3) which depicts the morphologic 

evolution of the disease. Inactivation of the second allele of CDH1 leads to tumour 

initiation, however the other molecular effectors which fuel tumour progression and drive 

the development of a full blown carcinoma are not yet defined (29). 

 

 

Figure 3 - Proposed model for early development of diffuse gastric cancer in CDH1 mutation carriers. (Adapted from 
Carneiro, F. et al. 2004 (29)). 
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Surveillance and treatment options  
 

The high penetrance of HDGC justifies PG as a treatment in both symptomatic 

and asymptomatic CDH1 mutation carriers. This approach is currently the unique option 

for preventing DGC in the context of HDGC. Although this is highly recommended for 

asymptomatic carriers of CDH1 mutation, not all patients are eligible for surgery, nor all 

are ready for this procedure (through patient choice or existence of physical or 

psychological comorbidity) due to the big impact it has on their lives (34). This treatment 

brings 100% morbidity to the patients as this surgery affect the quality of life due to short-

term and long-term adverse events, reflected in long-term complications including rapid 

intestinal transit, dumping syndrome, diarrhea, eating habit alterations, weight loss and 

an increased risk for malabsorption, incidence of osteoporosis, osteomalacia, and 

malnutrition (26, 35-38). These comorbidities coupled with a 2% mortality rate associated 

with this procedure hampers patients’ decision and sometimes the clinical window in 

which clinicians can act may close  (39). In these cases, patients are followed by regular 

endoscopic surveillance with biopsy sampling to early detect precursor lesions, in-situ 

SRCC and pagetoid spread of SRCC, both characteristic of early HDGC (32, 38).  

Most of the tumors found in PG from asymptomatic CDH1 mutation carriers are 

intramucosal SRCC (29, 31, 33, 40). By definition these are invasive carcinomas, 

although they appear to remain indolent for a long time and are not accompanied by 

distant metastasis in this clinical setting (18). The majority of SRCC foci limited to the 

gastric mucosa (T1) in CDH1 carriers PG samples are <1 mm diameter and contain 

mitotically inactive SRCCs. Progression to advanced HDGC is associated with 

development of larger SRCC foci (>3 mm) containing increased numbers of poorly 

differentiated cancer cells, which are highly proliferative and invade the muscularis 

mucosae (T1a) and muscularis propria (T2) (41).  

According to Humar, B. et al, tissue dedifferentiation and c-Src kinase activation 

are crucial events required for the progression of early HDGC and SDGC. In this study, 

they showed, in 13 paraffin embedded tissues samples from CDH1 mutation carriers and 

10 sporadic early DGC cases, c-Src kinase activation (overexpression) in small signet 

ring cells located in the upper neck region which increased with the depth of invasion, 

correlating it with tumour progression. In light with these findings, the authors also 

proposed that c-Src antagonists may be suitable for the treatment of early stage cancer 

(42). 

Additionally, van der Post, RS. and Gullo, I. et al. showed that all early stage 

neoplasic lesions (Tis and T1) in HDGCs patients had “indolent” morphologic features. 

Also, these lesions  were negative for p53 and Ki-67 protein expression which greatly 
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contrasted with a more advanced setting of the disease (pT>1) where lesions showed 

an “aggressive” phenotype due to high Ki-67 labelling index and p53 overexpression in 

pleomorphic tumor cells (18). 

Lee, HE., et al.  showed that most HDGCs from PGs have two groups of cells, 

corresponding to a poorly differentiated and well-differentiated phenotype (43). The 

poorly differentiated cells are strongly positive for p16 by immunohistochemistry, lack 

mucin in pleomorphic tumor cells and present large atypical nuclei and dense pink 

cytoplasm. These are occasionally accompanied by subtle desmoplastic reaction as 

well. On the other hand, in the well-differentiated phenotype cells include the large 

SRCCs (mucin-rich) in the superficial mucosa and small SRCCs (mucin-poor) around 

the neck region. Both of these cells are negative for p16. Still in this study, 15/17 

advanced SDGCs (control samples) were positive for p16, and given the morphological 

similarities between the poorly-differentiated cells in HDGC and the tumor cells in SDGC 

with more aggressive behavior, an aberrant p16 expression may predict disease 

progression of early HDGC in asymptomatic patients (43). 

These are crucial findings that underlie the importance in understanding the 

mechanisms and the definition of pathognomonic features of this disease that can help 

understand how does the tumor progresses in order to aid clinical decision-making. 

 

Mi, EZ., et al. assessed the value of endoscopic surveillance for HDGC patients 

in patients with CDH1 germline mutations, in which gastrectomy was delayed and in 

patients with no pathogenic variants in CDH1 (41). The yield of SRCC foci on endoscopy 

and the change in yield with time on the endoscopic surveillance context, were the 

evaluated parameters in this study. The sensitivity of the detection of SRCC by random 

and targeted biopsy sampling were 75% and 41.7%, respectively (41). This study 

showed better results than others (9-16%), in a larger cohort, which can be explained by 

the use of an optimized and standardized endoscopic protocol performed by an 

experienced team of endoscopists (41).  The success of endoscopic screening for 

detection of SRCC in HDGC patients without CDH1 mutations is low, (9.7% ), which 

could be explained by the fact that half of the individuals in these families are probably 

wild-type and therefore, not at risk, or the mechanism/pathway that leads to DGC in these 

patients could be different, thus in this setting, SRCC may not be the precursor lesions 

(7, 41).  

 

Patients with symptomatic invasive HDGC are usually treated with the same 

ineffective chemotherapies as patients with sporadic gastric cancer (SGC) (5).  However, 

the therapeutic response of the HDGC patients is lower when compared to patients with 
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SDGC  or DGC with non-pathogenic CDH1 mutations (44, 45). Only 10% of these 

patients have potentially curable disease, and the 5-year survival rate still does not 

exceed 30% (7). 

 

 

CDH1 – gene and protein overview 
 

CDH1 is located on 16q22.1 chromosome’s region and has 16 exons that encode 

for the CDH1 or E-cadherin, a 120 kD transmembrane glycoprotein. CDH1 has: i) five 

extracellular cadherin repeats, encoded by exons 4 to 13, which mediates homophilic 

cellular interaction, ii) a transmembrane region encoded by exons 13 and 14, and; iii) a 

highly conserved cytoplasmic tail encoded by exons 14 and 16 that bind to the actin-

myosin cytoskeleton by association with various catenins (β, p120- and α-catenins), 

mediating structural integrity, cellular polarity, morphogenesis and epithelium function. 

CDH1 is localized at the junctions of epithelial cells and functions as a mediator of 

hemophilic calcium-dependent cell-cell adhesion (46-48).  

In the context of cancer, E-cadherin has tumor suppressor activity, and it is crucial 

to prevent cell invasion (49-52). Somatic mutations in CDH1 lead to a loss of function of 

E-cadherin by reducing the expression of the functional protein, contributing to cancer 

progression by increasing proliferation, invasion, and/or metastasis, since there is a loss 

of cell-cell adhesion in the cells of the tissue (46, 53, 54). CDH1 is commonly somatically 

mutated in many cancer types including gastric, breast, colorectal, thyroid and ovarian 

cancer (46, 55). 

 
 

CDH1 as a cause of HDGC 
 

Since 1998, when Guilford, P., et al. reported CDH1 mutations in Maori families 

and correlated them with HDGC, others have reported similar findings, confirming the 

autosomal-dominant pattern of inheritance associated with germline mutations of the 

CDH1 gene, which occurs in approximately 10-40% of HDGC cases (7, 17, 28, 56-59).  

As a tumour suppressor gene (TSG), CDH1 needs biallelic inactivation (of the 

remaining functional allele) by a second molecular hit, to cause aberrant E-cadherin 

expression and development of HDGC in germline mutation carriers. This is usually 

achieved by hypermethylation of the promoter in the normal allele. A second mutation or 

deletion may also arise as a second hit although not so frequently (40, 60-63). Strikingly, 

Oliveira, C. et al., showed that the same patient can present distinct second hits in distinct 

neoplasic foci, and that the same neoplastic lesion can present different second-hit 
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mechanisms (63). In contrast to SDGC in which there are some known hot spots in 

CDH1, in HDGC the genetic alterations are not site-specific and affect the entire coding 

sequence and all the functional domains of the protein (Figure 4) (64).  

There are 60-90% of HDGC families that lack CDH1 germline mutations. 

Surprisingly, in 70% of these CDH1 mutation negative HDGC families, allele-specific 

expression analysis revealed a germline phenotype of monoallelic CDH1 downregulation 

(65, 66). More than 90% of these patients showed loss or low expression of E-cadherin 

in their tumors (45, 63). This likely indicates alternative genetic mechanism targeting 

non-exonic regions of the CDH1 gene. 

 

 
Figure 4 – Mapping of germline CDH1 mutations. Plots of the mutations according to exon location. A and B panels 
represent known break points for deletions in the transcript/protein view (A) and in the genome view (B). Roman 
numerals i to v show the large deletions with known genomic coordinates. Cyto stands for cytoplasmic; S, signal 
peptide; and TM, transmembrane domain. (Adapted from Hansford, S. et al. 2015 (20)) 

 
 
 

 Up until now, more than 155 different CDH1 mutations were identified, of which 

126 are pathogenic and 29 are unclassified variants (20). Eighty percent of CDH1 

mutations are truncating, leading to the production of premature stop codons and 

therefore to the loss of E-cadherin expression and function (20). Five percent of these 

mutations are large deletions (from 357 bp to 275 kb in length), and this justifies the 

necessity to add multiplex ligation dependent probe amplification (MLPA) to the 

molecular diagnosis in HDGC families who test negative for CDH1 point mutations (7, 
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17, 25, 67).  The genotype–phenotype correlation is straightforward for truncating 

mutations, but the same is not true for the approximately 20% of missense mutations 

described to date (5, 68). 

 

Functional significance of missense mutations: facts and tools 

 

An additional layer of complexity exists when dealing with missense mutations, 

as some of these mutations can trigger or activate cryptic splice-sites (5), which are 

dormant splice-sites that when activated through mutations, are used extremely 

efficiently, resulting in a wide range of genetic diseases (69, 70).  

Missense mutations are expected to result in full-length E-cadherin molecules 

with a single amino acid substitution. In some instances, these single substitutions are 

sufficient to impair protein function to an extent that it becomes disease causative. So 

far, 18 missense mutations have been classified as potentially pathogenic, based on 

published data (5). 

 The pathogenicity of missense variants should take into account their recurrence 

in unrelated HDGC families and the allelic frequency in healthy controls, as well as co-

segregation within families (56, 71). However, it is difficult to predict the functional impact 

of missense variants because of the low number of affected individuals and small 

pedigrees that prevent segregation analysis, thus representing a major drawback in 

genetic counselling and clinical surveillance (5, 67, 71). It is therefore mandatory to 

perform additional studies to assess if and how the variant could affect the expression 

and function of E-cadherin, as well as related signaling and cellular mechanisms (5, 7, 

72).  

Kaurah P. et al, reported the effect of both 715G>A (G239R) and 2195G>A 

(R732Q) CDH1 missense mutations in RNA isolated from white blood cells and gastric 

tissue, respectively. They showed that the 715G>A (G239R) mutation caused deletion 

of the first 29 bp from exon 6 and the 2195G>A (R732Q) mutation resulted in a deletion 

of 32 bp at the start of exon 14 (28). Through minigene analysis, the authors showed 

that the 715G>A (G239R) mutation creates a preferential splice-site in exon 6 and that 

the 2195G>A (R732Q) mutation activates a cryptic acceptor splice-site in exon 14 (28). 

The c.1901C>T (A634V) missense mutation was also studied in colon cancer cell lines 

(73). The RNA from these cells had a deletion of the last 37 nucleotides of exon 12 and 

subsequent frameshift (73). These results reflect the importance of studying missense 

mutations since it may improve classification of a mutation towards pathogenicity of non-

pathogenicity. Additionally, the studies using RNA from patients, in the diagnostic field, 

are few probably due to the lack of implemented routine techniques. Therefore, the use 
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of in silico tools to predict the effect of variants in cryptic splicing is likely the most widely 

used tool for this purpose. 

The aforementioned limitations when studying HDGC families and human gastric 

samples, in the clinical and diagnostic context, led to the development of in-silico and in 

vitro approaches to predict the pathogenicity of CDH1 missense mutations (68, 74).  

The in silico approach use algorithms that take into account the degree of 

conservation of a particular nucleotide among species, the location and context within 

the protein sequence, the biochemical properties of the amino acid substitution, the 

presumed impact of the variant in protein native-state, and the possible effect in splice-

sites (68, 74). Because different bioinformatics tools are designed under different 

algorithms and might give different outputs/results, it is recommend to use multiple 

software tools (68, 75).   

Functional biochemical comparison between wild-type CDH1 and pathogenic 

mutated cell lines (with missense variants) showed that the latter had disruption of cell 

adhesion, incorrect binding of E-cadherin to adhesion-complex regulators, damage of E-

cadherin stability at the plasma membrane, and induction of cell migration or invasion 

(56, 74, 76). 

Melo, S., et al, established a pipeline that correlate familial data with in silico 

studies, expression analysis, and functional characterization of CDH1 missense mutants 

in vitro and in vivo in order to classify germline CDH1 missense variants as neutral or 

deleterious (pathogenic variants). However, the pipeline is not sufficient to ensure a 

confident result in 17% of the missense variants (68). 

Discriminating between pure missense mutations and single nucleotide changes 

inducing cryptic splicing is very important, as it will allow a better classification of the 

variant and its potential deleterious effect, however none of the instruments developed 

so far are perfect.  

If a germline missense CDH1 variant has been classified as deleterious, the 

carriers should enter a surveillance program and clinicians should discuss the 

therapeutic options, similarly to carriers of truncating CDH1 mutations. When it is not 

possible to access the pathogenicity of a variant, carriers should be closely followed and 

submitted to intensive endoscopic surveillance. The relevance of these mutations and 

their classification is crucial because in some missense variant carriers, microscopic foci 

of invasive cancer were detected in PG specimens (62).  
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Recurrence of CDH1 germline mutations in HDGC families 

 

In the HDGC context, there are no mutational hot spots in CDH1 and the 

variations affect the entire coding sequence (20). However, approximately one third of 

CDH1 pathogenic mutations found in HDGC, are present in apparently unrelated families 

(5), which may be due to both independent mutational events or common ancestry (28). 

Kaurah, P. et al. were the first to report recurrence of 8 mutations in different families 

(28). To understand if these mutations occurred in different families due to independent 

mutational events or founder effects, authors haplotyped 5 of these mutations in different 

families. Four of which (1901C>T, 1137G>A, 2064-2065delTG, and 2398delC) were 

found to be associated with similar haplotypes in more than one HDGC family. Four 

families within a genetically homogeneous, ethnically or geographically defined 

population were shown to harbour the 2398delC mutation, therefore it is a likely founder 

mutation. The 1137G>A and the 1901C>T mutations occurred on common haplotypes 

in 2 families, but in a third family they showed different haplotypes (independent event). 

This data has implications on the genetic testing and counseling of families with 

HDGC, since the genetic test could be directed to specific mutations, in areas where 

founder effects where previous detected. Also, knowing about the recurrence of these 

events, doctors could easily order the screening of a specific mutation when a new case 

appear in a potentially relevant population.  

From the 3 families with the pathogenic missense variant c.1901C>T [p.A634V] 

studied by Kaurah, P. et al, the two who shared common haplotypes were Portuguese. 

These families shared 6 of the 7 polymorphic markers studied, suggesting that they could 

share a common ancestor.  This mutation is expected to interfere with E-cadherin 

function due to a change in a single amminoacid. However, this alteration may also lead 

to the disruption of the full length CDH1 protein, due to the induction of cryptic splicing 

in exon 12 of the gene sequence, as demonstrated in a colorectal cancer cell line (28, 

56, 58, 73).  

In Northern Portugal, there is an unusually high number of HDGC unrelated 

families with the c.1901C>T variant in CDH1, which leads to the hypothesis of a founder 

effect that happened in this region (77). By definition, a founder effect is a phenomenon 

that leads to the colonization by a different genetic group. In this case, this founder effect 

may be due to a founder pathogenic mutation leading the fixation of the mutation (78). 

To address this question, Ana Aguiar, in the scope of her Master Thesis, haplotyped 4 

unrelated families from this region and reported that they shared approximately 2,7Mb 

of genetic material. In that work, it was shown that this could be a founder mutation in 

this geographic area, however, the length of the shared haplotype was not disclosed, 
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preventing the dating of the causing ancestral allele, and the formal proof of a common 

ancestry. 

Understanding the etiology and penetrance of this mutation is of the utmost 

importance for the clinical management of both the patients and their relatives in order 

to also determine whether unaffected carrier relatives are in risk for DGC and LBC. The 

CDH1 genetic testing presents itself as a valuable assessment of risk, however given 

the incomplete penetrance of this disease and the highly invasive prophylactic options 

(total PG or surveillance through gastroscopy with multiple random biopsies, which 

showed poor test sensitivity when performed by non-expert professionals) make this a 

challenge when considering therapeutic options, as a non-neglectable proportion of 

carriers never develop clinical disease (20).   
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Rational and Aims 

 
In this work, we aim to characterize and trace the origins of the founder effect in 

HDGC patients with c.1901C>T CDH1 mutation from Northern Portugal, and collect all 

data for future penetrance analysis of the disease in families with this mutation. Although 

previous studies with cancer cell lines showed that this mutation has an impact on 

splicing, in has never been proved that this was the case in the germline of HDGC 

patients, therefore this mutation remains classified as a missense mutation (A634V). To 

formally demonstrate whether the c.1901C>T CDH1 mutation is a missense, a splice-

site or a mixed mutation, we will analyze RNA from carriers. 

There are still many challenges regarding the proper clinical management of 

families with HDGC, for instance to whom prophylatic gastrectomy should be directed or 

even how would one predict which individuals will develop disease. This would allow a 

more accurate diagnosis and management in this and other HDGC families. Moreover, 

understanding the effect of this specific mutation at the RNA level could help defining 

new strategies to prevent disease development and even think about new treatment 

options. 

In order to understand better the molecular and clinical impact of this mutation in 

HDGC patients and families, we designed the following aims:   

- Date the origin of this founder effect by identifying point of recombination in 

16q22.1 chromosome’s region in different HDGC patients, thus allowing the comparison 

between different families from Northern Portugal, through haplotyping of different 

polymorphic markers.  

- Characterize and estimate the age of the c.1901C>T CDH1 mutation in the 

population to identify the point in time when these families started to share the common 

ancestor.  

- Determine the frequency of DGC and LBC in carriers with this variant based on 

the clinical information from the patients. 

- Understand the functional impact of the c.1901C>T mutation by analyzing RNA 

expression levels in c.1901C>T CDH1 mutation carriers with and without clinical disease. 

. 
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Methodology  

 

Samples 
 

Twenty-seven DNA samples and clinical information of all HDGC probands and 

their relatives were provided by Centro Hospitalar São João, Porto.  

Blood was collected from 2 selected patients for RNA studies. The 2 donors (BD1, 

BD2), were selected based on the following criteria: one (BD1) younger than 20 years 

with foci development assessed through PG and another (BD2) carrier, with more than 

35 years, from a different family, with LBC, besides SRCC foci found in the PG. BD1 and 

BD2 belongs to the family A and D, respectively.   

 All of the patients studied are currently enrolled in genetic counselling and follow-

up consultation/treatment at the Centro Hospitalar São João, and signed informed 

consents to be part of the study. This project had the approval from the Centro Hospitalar 

São João Ethics Committee (307-17) (Annex VII).  

Family A: The index case is a patient with DGC diagnosed at 30 years of age (II-

7), and died at 31. His son (III - 5; BD1) was tested when he was 19 years old for CDH1 

mutations and is carrier of c.1901C>T CDH1 mutation. At 19 years old, he was submitted 

to PG. In this family, another two members were positive for the mutation, the index’s 

mother (I-2) and the index’s sister (II-4), the latter also underwent PG (Figure 5). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5 - Pedigree of family A. In this pedigree information has been added regarding: presence of mutation in the 
germline; histological type of clinical disease presentation; risk reduction surgery; presence of foci in the risk reduction 
surgical specimen; age of onset (followed by y). 
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Family B: The index case (II-1), female, was diagnosed with DGC at 23 years old 

and died in the same year. Six of her 7 brothers were tested for this CDH1 mutation, but 

only one was positive (II-6). This brother underwent PG at the age of 35 and his stomach 

already presented multiple foci of diffuse carcinoma. Currently he is disease free. The 

brother who did not perform the genetic test (II-3) died at 27 years with DGC. His 2 

children were tested and one of them (III-1) is c.1901C>T carrier, but refuses 

surveillance. From the 10 individuals tested for CDH1 mutation in this family, 3 tested 

positive. Of these 1 deceased (the index case), and 1 underwent PG. One extra 

individual (II-3) is an obligate carrier since his son (III-1) carries the c.1901C>T. (Figure 

6). 

 

 

 

 

 

 

Figure 6 - Pedigree of family B. In this pedigree information has been added regarding: presence of mutation in the 
germline; histological type of clinical disease presentation; risk reduction surgery; presence of foci in the risk reduction 
surgical specimen; information about lack of surveillance; age of onset (followed by y). 
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Family C: The index case is a female (III-16) who was diagnosed with DGC at the 

age of 34 and died at 35. As her father (II-11) was positive for the c.1901C>T mutation, 

this family was also studied. From the 33 members studied, 16 were proven to be carriers 

and from those, 1 was identified with disease at the initial steps of surveillance: a female 

cousin who developed LBC at 59 (III-10). She was submitted to a bilateral mastectomy 

with curative approach on the affected breast and as risk reduction approach on the 

healthy breast, as well as PG. Currently, at the age of 64, she is disease free. The II-19 

individual, index’s aunt, died at 27 years with DGC, but she was not tested. The 

remaining carriers are under surveillance with regular endoscopy and multiple biopsies 

(for both genders) and also breast MRI (for females). In this family, 1 of the 16 proven 

carriers are deceased (the index), 1 individual deceased with DGC but lacking 

information regarding the CDH1 mutation status, 7 performed PG and of these, 1 female 

performed also bilateral RRM. The remaining carriers are under surveillance program 

(Figure 7 and 8). 

 

 

 

 

 

 

 

 

 

 

 

Figure 7 - Pedigree of family C. In this pedigree information has been added regarding: presence of mutation in the 
germline; histological type of clinical disease presentation; risk reduction surgery; presence of foci in the risk reduction 
surgical specimen; age of onset (followed by y). Image in Annex I. Figure 8 is a close-up of this figure and contain the 
respective legend. 
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 Figure 8 - Pedigree of family C. Close-up of the C.1 and C.2 branches, members used in the haplotyping study. In this 
pedigree information has been added regarding: presence of mutation in the germline; histological type of clinical 
disease presentation; risk reduction surgery; presence of foci in the risk reduction surgical specimen; information 
about lack of surveillance; age of onset (followed by y). 

 

 

Family D: The index case (III-8, BD2) is a female with 53 years that developed LBC at 

the age of 49, performed genetic test at the age of 50 and underwent curative 

mastectomy to the affected breast and RRM to the healthy one. Because she is a carrier, 

she also underwent PG. The index’s sister (III-2) also developed LBC at the initial steps 

of surveillance and her brother (III-15) was diagnosed and died with DGC when he was 

33 years old (not confirmed to be carrier). Overall, from the 21 family members tested, 

12 were positive:  1 is deceased, 2 underwent PG and unilateral RRM since, they were 

both diagnosed with LBC on the other breast and 9 are in the surveillance program. Two 

other family members deceased with DGC but we don’t have information about CDH1 

status (Figure 9).  
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Figure 9 - Pedigree of family D. In this pedigree information has been added regarding: presence of mutation in the 
germline; histological type of clinical disease presentation; risk reduction surgery; presence of foci in the risk reduction 
surgical specimen; age of onset (followed by y). Image in annexes: Annex II.  

 

 

Family E: the index case is a male patient who died at the age of 18 years with 

DGC (VI-10). Sixteen of the 34 relatives who performed genetic testing were positive for 

c.1901C>T. The individual IV-17 developed LBC at 49 years of age. Six of them 

underwent PG. One of them was the proband’s sister who was tested at the age of 13 

and underwent PG at the age of 14. Her pathology report revealed multiple foci of diffuse 

carcinoma. The individual V-18 has cleft lip and cleft palate (Figure 10 and 11).   

 

 

 

Figure 10 - Pedigree of family E. Information in the close-up of Figure 11. 
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Figure 11 - Close-up of the family E studied branch. In this pedigree information has been added regarding: presence 
of mutation in the germline; histological type of clinical disease presentation; risk reduction surgery; presence of foci 
in the risk reduction surgical specimen; presence of other features related with HDGC; age of onset (followed by y). 
Image in annexes: Annex III. 
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Methods  
 

Identification of the recombination point in 16q22.1 chromosome’s region: haplotyping 

of different polymorphic markers.  
 

Twenty-seven DNA samples provided by Centro Hospitalar São João, Porto were 

used to amplify, by Polymerase Chain Reaction (PCR), the polymorphic markers 

(upstream and downstream of CDH1) described in Table 2 and Figure 12. To this 

purpose, we used the Qiagen® Multiplex PCR Kit (Qiagen, Hilden) and the primers 

described in Table 2, under the conditions described in Table 3 on the T100™ Thermal 

Cycler (Bio-Rad, Foster City, CA, USA). The PCR for the markers D16S318, D16S3025, 

rs16260, rs1801552, D16S496, D16S496, D16S3067, D16S3095 were previously 

performed in the scope of Ana Aguiar’s Master Thesis. For each PCR reaction negative 

controls were also included. PCR products were then run on a 2% agarose gel for 

confirmation of the amplified sequences.  

Regarding the microsatellites analyses, 1 µL PCR products were mixed with 9,5 

µL Hi-Di™Formamide (Applied Biosystems, Foster City, CA, USA) and 0,5 µL of 

molecular size standard dye GeneScan™ 120 LIZ™ or GeneScan™ 500 ROX™ 

(Applied Biosystems, Foster City, CA, USA) depending on the molecular size of the 

amplified fragment. The mixture was run in BI PRISM® 3130xl Genetic Analyzer (Applied 

Biosystems, Foster City, CA, USA) and Peak ScannerTM software (ThermoFisher, 

Massachusetts, EUA) was used to the bioinformatic analysis of the results. 

For SNPs analysis the PCR products were purified by FastAP™ Thermosensitive 

Alkaline Phosphatase and Exonuclease I (Thermo Scientific, Wilmington), following 

manufacturer’s instructions, and then sequenced by Sanger sequencing approach. For 

this we used 2.5x BigDye® Terminator Cycle v3.1 (Applied Biosystems, Foster City, CA, 

USA), 1x BigDye® Terminator Buffer and 10 µM primer (Table 2), to a final volume of 

5μl. The reactions were submitted to an initial denaturation step of 95ºC for 2 minutes, 

followed by 35 cycles of 20 seconds denaturation at 95ºC, 20 seconds of annealing at 

55ºC and an extension of 60ºC for 10 minutes. The final extension was done at 60ºC for 

10 minutes. The reactions were done in a  T100™ Thermal Cycler (Bio-Rad, Foster City, 

CA, USA). Sequencing products were purified with 7% Sephadex® G-50 Fine (GE 

Healthcare, Uppsala) through a 4 minutes centrifugation at 3800 rpm (Eppendorf 5810R, 

Hamburg, Germany). After adding 10 µl of Hi-Di™Formamide (Applied Biosystems, 

Foster City, CA, USA), the purified products were run in ABI PRISM® 3130xl Genetic 

Analyzer (Applied Biosystems, Foster City) and the analysis was done using Mutation 

Surveyor® software (SoftGenetics, State College, PA, USA).  

http://www.bio-rad.com/en-ch/product/t100-thermal-cycler
http://www.bio-rad.com/en-ch/product/t100-thermal-cycler
http://www.bio-rad.com/en-ch/product/t100-thermal-cycler


32 
 

 

 

Figure 12 – Chromosome 16 and 16q22.1 region. Depiction of the polymorphic markers analyzed and their location 
within this region. Black box: CDH1 gene from the transcription Start Site (TSS) to the end of the 3-UTR. Polymorphic 
markers and their distance to 5’-UTR highlighted in blue. Polymorphic markers and their distance from 3’-UTR 
highlighted in red. 

 
 
 
 
Table 2 – List of dinucleotide markers in the vicinity of the CDH1 locus. Information regarding: Location of the marker, 
distance of each marker to the TSS (coordinate 16:68737225) or to the end of the 3-UTR (coordinate 16:68835548) 
of CDH1, Primers used and PCR product size.  

Polymorphic 
marker 

Location 
distance to 

CDH1 

Predicted size of 
the amplicon 

(bp) 

Primers F/ 
Primers R 

D16S514 
62304172 – 62304292 6432933 117 – 133 5’_CTATCCACTCACTTTCCAGG_3’ 

5’_TCCCACTGATCATCTTCTC_3’ 

D16S318 67261888 – 67262019 1475206 134 
5’_CTGTGGTGTCACATCAGGAA_3’ 
5’_GACTACACATGAACCGATTG_3’ 

D16S3025 68532493 – 68532600 204625 90-110 
5’_TCCATTGGACTTATAACCATG_3’ 

5’_AGCTGAGAGACATCTGGG_3’ 

rs16260 
(C>A) 

68737131 94 252 
5’_AACCGTGCAGGTCCCATAAC_3’ 
5’_CAAGCTCACAGGTGCTTTGC_3’ 

rs1801552 
(C>T) 

68823538 inside gene 262 
5’_ TGGCCTTAGAGGTGGGTGAC_3’ 

5’_CCAGGAAATAAACCTCCTCCAT_3’ 

D16S496 68914807 – 68915022 79259 216 
5’_ GTTTGGCAGAAAGGCTACTT_3’ 
5’_GCCCATCCTCCACTATCTAT_3’ 

D16S3067 69074765 – 69074908 239217 138 - 152 
5’_GCCACCTCACACTAGCCTG_3’ 

5’_TCACTCAAAATGGAGTCACTCTG_3’ 

D16S3095 69912327 – 69912484 1076779 134 - 162 
5’_TCAGTTGGAAGATGAGTTGG_3’ 
5’_TATAGTTTGTGTCCCCCGAC_3’ 

D16S3106 72153861 – 72154060 3318313 166 - 206 
5’_GAGACCTACAGTCTTTTGCATTAC_3’ 

5’_TTTTGAAGCTGAGCAGAAGG_3’ 

D16S3018 74138803 -74139062 5303255 244-270 
5’_GGATAAACATAGAGCGACAGTTC_3’ 

5’_AGACAGAGTCCCAGGCATT_3’ 

D16S3049 78887443 – 78887697 10051895 233 - 255 
5’_GCAATGAAGGCAACAAAGT_3’ 
5’_TTAAAAGACCTGGGGGAAT_3’ 

D16S3098 81414791 – 81414947 12579243 151 - 165 
5’_TTCCACACATAAGGTGAGTTT_3’ 

5’_TTGTCTGCTTCTTTACGGA_3’ 
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Table 3- PCR conditions used in the different experiments  

PCR target 
Touchdown range (ºC) 

 -1ºC/ cycle 
Ta (ºC) Program 

D16S514 57ºC – 53ºC 54ºC  
95C     15 min. 

 
95ºC      30 sec. 

Touchdown  1 min. 30 sec.    
72ºC     1 min. 30 sec 

 
 

95ºC    30 seconds 
Ta   1 min. 30 sec         

72ºC    1 min. 30 sec    
 

72ºC     10 min. 
4ºC     +∞ 

 
 
 
 

x nr cycles 
depending on 
Touchd. range 

 
 
x 35 cycles 
maximum 

D16S318 

Performed in a previous study 

D16S3025 

rs16260 

rs1801552 

D16S496 

D16S3067 

D16S3095 

D16S3106 n.a. 58ºC 

D16S3018 61ºC – 55ºC 55ºC 

D16S3049 55ºC – 53ºCº * 53ºC 

D16S3098 55ºC – 53ºCº * 53ºC  

 

* Touchdown range with -0,5ºC/cycle 

 
 
 
 

Characterize and estimate the age of the c.1901C>T CDH1  
 

The age of CDH1 c.1901C>T mutation was estimated by the Decay of Haplotype 

Sharing MAPping (DHSMAP) software, which is based on the Decay of Haplotype 

Sharing (DHS) method for fine-scale linkage disequilibrium mapping developed by 

McPeek and Strahs (79). By analyzing the decay of haplotype sharing at multiple 

markers flanking a mutation (microsatellites or SNPs) DHSMAP allows the calculation of 

time to the most recent common ancestor (TMRCA) of the mutation (79). 

Four families carrying the c.1901C>T mutation (Family B to E) were characterized 

for 8 microsatellite markers located at different distances from CDH1 (Figure 12) 

spanning a region of 19.2 Mb (16:62304172 to 16:81414947 GRCh38-hg38 assembly). 

All haplotypes were inferred according to their segregation in the families.  

For the calculation of CDH1 c.1901C>T age, two independent samples were defined: 

a first one, the cases, including all haplotypes carrying the mutation; and second one, 

the controls, containing multiple non-carriers haplotypes segregating in the families and 

thus representing a random population. Since this work is based exclusively in family 

data, we limited identical copies of the same segregating haplotype to single 

chromosomes. Based on this condition two different runs were performed with DHSMAP: 

a more conservative analysis (A, Table 6 - results section) was first assumed, which 

allowed only the inclusion of single CDH1 c.1901C>T chromosomes, one per each family 

(B, C, D and E). A second analysis (B, Table 6 - results section) permitted the inclusion 

of two derived haplotypes resulting from mutation or recombination events at D16S514 

marker in families B (individual III – 1) and D (individual IV – 6), respectively. Moreover, 

since for those individuals the D16S514 maker allele is in phase with CDH1 c.1901C>T 
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mutation could not be accurately inferred from family segregation, two alternative 

haplotype configurations were considered in DHSMAP analysis.   

 

 

 

Table 4 - Haplotypes from the 18 controls and from 4 c.1901C>T chromosomes found in each HDGC family. B, III-1 
and D, IV-6 are the 2 combinations of descendent affected haplotypes.  
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B 2 4 1 2 1 5 9 2 5 2 

C 2 4 1 2 1 5 6 1 6 5 

D 2 4 1 2 1 5 6 1 6 5 

E 1 4 1 2 1 5 6 1 6 5 

B, III – 1 1/3 4 1 2 1 5 0 2 5 2 

D, IV – 6 1/5 4 1 2 1 5 6 1 6 5 

C
O

N
T

R
O

L
S

 

B – C1 3 6 8 1 1 6 5 1 5 2 

B – C2 7 1 1 1 6 9 6 5 6 2 

B – C3 6 1 3 1 6 8 6 1 5 6 

B –C5 2 5 7 1 6 7 5 4 0 0 

C - C2 2 5 8 1 6 9 9 1 3 5 

C – C3 2 5 8 1 6 8 6 1 5 2 

C – C4 5 4 8 1 6 7 6 2 4 5 

C – C5 7 4 7 1 6 9 9 1 7 5 

C –C6 7 5 8 1 6 9 9 1 7 6 

C – C7 7 5 8 1 6 7 9 1 6 4 

D –C2 5 1 9 1 6 7 9 2 6 2 

D – C4 6 5 8 1 1 5 9 5 6 2 

D – C3 1 5 4 1 6 8 1 2 1 4 

D – C6 5 5 8 1 1 8 6 1 5 5 

E – C1 1 5 8 1 6 9 6 4 6 5 

E – C3 7 5 1 1 1 5 9 2 6 2 

E – C1,1 1 8 7 1 1 5 6 1 4 5 

E- C5 7 7 1 1 6 9 6 4 5 1 



35 
 

The genetic distance (23.2 cM for the 19.2 Mb region surrounding CDH1) used in 

DHSMAP for c.1901C>T calculations was extracted from chr.16 recombination maps 

generated for the Iberian sample of the 1000 Genomes project Phase I 

(/vol1/ftp/phase1/analysis_results/supporting/omni_haplotypes/). Mutation rates were 

assumed as 0.001 for microsatellites (80) and 2.5 x 10-8 for SNPs (81). 

Examples of DHSMAP input files used in c.1901C>T age estimation are provided in 

annex (Annex VI), showing all haplotypes used in the calculation of CDH1 c.1901C>T 

age, the 4 mutated chromosomes, 2 combinations of descendent affected haplotypes 

and 18 control chromosomes. “Pedfile” contains haplotype data for affected and non-

affected chromosomes and “Datafile” settings for DHSMAP. Table 4 shows the 

haplotypes from the chromosomes used in the analysis. 

 

 

 

Frequency of DGC and LBC in c.1901C>T CDH1 carriers  
 

To calculate the frequency of DGC and LBC the following conditions were taken 

into account: 

Patients with unknown CDH1 mutational status who died of DGC/LBC were 

considered to be positive and to have disease in the context HDGC only when there 

were carriers in the offspring.  

Since many of the healthy carriers are being followed by Centro Hospitalar São 

João and are in surveillance, they can be diagnosed with DGC and LBC at any time thus 

they undergo curative surgery upon onset of clinical disease. These cases were not 

considered to have done risk reduction surgeries (PG or RRM) and are highlighted with 

“Diagnosed in the context of surveillance” in table.  

 

 

 

In Silico predictions to access the c.1901C>T pathogenicity  
 

Bioinformatics approaches were used to predict c.1901C>T pathogenicity. The 

software used were SIFT (Sorting Intolerant From Tolerant), PolyPhen-2 

(Polymorphism Phenotyping v2), Mutation Taster and ClinVar. The transcript used was 

ENST00000261769.9, with the CCDS number CCDS10869, NM_004360, NP_004351, 

and Protein ID ENSP00000261769.  
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CDH1 expression at RNA level in c.1901C>T CDH1 mutation carriers  
 

PBMCs Isolation and RNA extraction 

Peripheral Blood Mononuclear Cells (PBMCs) were isolated from the blood 

samples collected from BD1 and BD2 patients. The blood was diluted 1:1 with PBS-FBS 

2% to allow the isolation of PBMCs by density-gradient separation using 15 ml  

Ficoll® Paque Plus (Sigma-Aldrich, St. Louis, Missouri, EUA) during 30 minutes, at 400 

xg at room temperature (RT), without break nor acceleration (Eppendorf 5810R, 

Hamburg, Germany). The PBMCs were collected and washed twice with PBS 1X, and 

centrifuged for 10 minutes at 300 xg (200 xg in the second wash) and RT. The pellet was 

ressuspended in 300 µl of Lyses/Binding Buffer from the kit mirVana™ miRNA Isolation 

Kit (Life Thecnologies, Carlsbad, CA, USA). This kit was used for RNA isolation, 

according to the manufacturer’s instructions. The RNA concentration was measured with 

Qubit™ RNA HS Assay Kit (Life Thecnologies, Carlsbad, CA, USA).  

 

cDNA synthesis and exon 11-13 amplification 

Reverse transcriptase (RT)-PCR was performed with 10 ng of input RNA, using 

the SuperScript™ VILO™ cDNA Synthesis Kit (Life Thecnologies, Carlsbad, CA, 

USA). The reaction was performed using the following conditions: 5x RT reaction Mix, 

10x Enzyme Mix, 10 ng of RNA in a final volume of 10 µL, during 30 minutes at 42ºC 

and 5 minutes at 85ºC.  

The amplification of the sequence between exon 11 and 13 was done with 

Qiagen® Multiplex PCR Kit (Qiagen, Hilden), according to the manufacturer’s 

instructions, and with the primers mentioned in the Table 5. The PCR was performed in 

the T100™ Thermal Cycler (Bio-Rad, Foster City, CA, USA). The PCR was performed 

on the T100™ Thermal Cycler (Bio-Rad, Foster City, CA, USA), after initial denaturation 

step at 95 ºC for 15 minutes, a touchdown from 65 ºC to 58ºC (5 cycles, -1ºC/cycle) was 

made, with a denaturation step at 95 ºC for 30 seconds and extension at 72 ºC for 1 

minute. In the next 30 cycles denaturation was done at 95 ºC for 30 seconds, annealing 

at 57 ºC for 1 minute and 30 seconds and extension for 1 minute.  The final extension 

was done for 10 minutes at 72ºC. Amplification was confirmed by electrophoresis in a 

2% agarose gel.  

PCR products were purified with the GE Kit, according to “Protocol for purification 

of DNA from solution or an enzymatic reaction” and eluted in a final volume of 20 µL of 

https://www.google.de/search?q=St.+Louis+Missouri&stick=H4sIAAAAAAAAAOPgE-LUz9U3sLC0SK5U4gAxzcoryrW0spOt9POL0hPzMqsSSzLz81A4VhmpiSmFpYlFJalFxQDMHhGVQwAAAA&sa=X&ved=0ahUKEwiR-dnQ3JTbAhXFXSwKHSmLBIgQmxMIqgEoATAQ
http://www.bio-rad.com/en-ch/product/t100-thermal-cycler
http://www.bio-rad.com/en-ch/product/t100-thermal-cycler
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DNase/RNase free water (Invitrogen, Carlsbad, CA, USA). The DNA concentration of 

the purified product was measured with NanoDrop 2000c Spectrophotometer (Thermo 

Scientific, Wilmington).  

 

 
Table 5 - Primers of the different PCR reactions performed 

Technical 
Application 

 Primers sequence 

cDNA 
amplification/ 
sequencing 

cDNA_ex11F 5’_CAGCACGTACACAGCCCTAA_3’ 

cDNA_ex13R 5’_CCTCCAAGAATCCCCAGAATG_3’ 

Colony-PCR 
M13F 5´-GTAAAACGACGGCCAG-3´  

M13R 5´-CAGGAAACAGCTATGAC-3´  

rs1801552 
amplification 

gDNA Exon13_F 5’_CATACCTAAATAAAACCCAAGCAGCTC_3’ 

gDNAExon13_R 5’_AACTTGGGAGTCTCTTTCCCACATC_3’ 

Snapshot cDNA_ex12F 5’_GGAATCCAAAGCCTCAGGTC_3’ 

Snapshot cDNA_ex13R 5’_CCTCCAAGAATCCCCAGAATG_3’ 

Snapshot 
SBE1 primer 
rs1801552 

5’_CTGTGCCTTCCTACAGACGCC_3’ 

1 Single-base extension 

 

 

Cloning and colony PCR 

PCR products were cloned into pCR® 2.1-TOPO® vector, TOPO® TA 

Cloning® Kit, (Invitrogen, Carlsbad, CA, USA).  The amount of PCR product to use in 

the ligation reaction was calculated with the formula: 473 (pcr product in bp) x 10 (ng of 

vector) / 3900 (vector’s base pair), equaling approximately 1,2 ng. Two ligation reaction 

were performed, with 1,2 ng and 2,5 ng of Purified PCR product respectively, according 

the manufacturer’s instructions, on the T100™ Thermal Cycler (Bio-Rad, Foster City, 

CA, USA). The whole volume from the ligation reaction was used to transform 50 µl of 

Mach1-T1 competent bacteria (protocol below). After a 30 minutes incubating period on 

ice, we heat shock the preparation for 30 seconds at 42ºC and put it on ice once again. 

The cells were incubated with 250 µl of S.O.C Medium (GRISPR Porto, Portugal) at 37ºC 

during 1 hour with 220 rpm. Per condition, we plated 100 µl and 150 µl of transformed 

bacteria, overnight at 37ºC in agar plates with ampicilin (10ug/mL). As a transformation 

control, 50 µl of Mach1-T1 cells were transformed with 5 µl of PUC19 vector.  

The colony PCR with Universal M13 primers was performed in 80 colonies with 

Qiagen® Multiplex PCR Kit (Qiagen, Hilden), according to the manufacturer’s 

instructions. M13 forward and reverse primers were provided by the TOPO® TA 

Cloning® Kit, (Invitrogene, Carlsbad, CA, USA) and used in the reaction at a 0,4 µM. 

After an initial 10 minutes denaturation step at 95ºC, we performed a touchdown reaction 

using annealing temperatures between 55ºC and 50ºC (-1ºC/cycle), followed by 30 

http://www.bio-rad.com/en-ch/product/t100-thermal-cycler
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cycles with 50ºC as the annealing temperature. The final extension was done at 72ºC, 

for 10 minutes. Amplification was confirmed by electrophoresis of the products in a 2% 

agarose gel. Some of the amplified products were sequenced (primers in Table 5) and 

analyzed with the conditions described in “Identification of the recombination point in 

16q22.1 chromosome’s region: haplotyping of different polymorphic markers”.  

 

Generation of Mach1-T1 strain 

The Mach1-T1 competent bacteria were generated in house. An E. coli strain 

colony was inoculated in a 100 mL falcon with 10 mL of simple LB medium (NZYTech, 

Lisbon, Portugal) overnight at 37ºC, 180 rpm. One hundred µl and 300 µl of the culture 

were inoculated into sterile Erlenmeyer’s with 50 mL of LB medium (NZYTech, Lisbon, 

Portugal) and were centrifuged at 180 rpm at 37 °C until OD600 ~ 0.5. After incubation for 

10-15 minutes on ice, the bacterial culture was transferred into 50 ml falcons and put on 

ice for 10 min. After centrifugation at 3500 rpm for 10 min, 4ºC, the medium was 

discarded and the cells ressuspended in 20 mL of cold 0.005M or 0.1M CaCl2 and 

incubated on ice for another 30 minutes-1 hour. The preparation was centrifuged for 10 

min at 3500 rpm at 4°C and the cells were re-suspended in 4 mL of cold 0.05 or 0.1 M 

CaCl2, 15% glycerol (85%, sterile).  Bacteria were frozen on dry ice and stored at -80ºC 

until use. The efficiency of the cells was 1,3 x 10^8 cfu/µg. 

 

rs1801552 genetic typing and DNA/cDNA amplification to Snapshot reaction 

rs1801552 is located on the 2076 position in exon 13 of the CDH1 gene. Exon 13 

was amplified in the genomic DNA of the 2 blood donors by PCR using the Qiagen® 

Multiplex PCR Kit (Qiagen, Hilden), according to the manufacturer’s instructions, and 

with the primers mentioned in Table 5. The PCR was performed on the T100™ Thermal 

Cycler (Bio-Rad, Foster City, CA, USA). After initial denaturation step at 95 ºC for 15 

minutes, a touchdown from 65 ºC to 62 ºC (6 cycles, -0,5 ºC/cycle) was done, with a 

denaturation step at 95 ºC for 30 seconds and extension at 72 ºC for 2 minutes and 30 

seconds. In the next 29 cycles denaturation was done at 95 ºC during 30 seconds, 

annealing at 65 ºC for 1 minute and 30 seconds and extension for 2 minutes and 15 

seconds.  The final extension was done for 10 minutes at 72ºC. Amplification was 

confirmed by running the products in a 2% agarose gel and sequenced using the 

conditions mentioned before.   

http://www.bio-rad.com/en-ch/product/t100-thermal-cycler
http://www.bio-rad.com/en-ch/product/t100-thermal-cycler
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Snapshot was performed on the PCR products of the genomic exon 13 

amplification (described above) of the sample BD2 and a new PCR that amplified the 

transition between exon 12 and 13 in the cDNA (primers described in the Table 5). To 

amplify the latter, the program done on exon 12 and 13 in the cDNA amplification 

consisted of an initial 10 minutes denaturation at 95ºC, followed by a touchdown reaction 

with annealing temperature 62ºC to 56ºC (-1ºC/cycle), followed by 29 cycles of 56ºC 

annealing temperature. The final extension was done at 72ºC, for 10 minutes. After an 

electrophoresis in a 2%, agarose gel the products were enzimatically digested with 

FastAP™ Thermosensitive Alkaline Phosphatase and Exonuclease I (Thermo Scientific, 

Wilmington), following manufacturer’s instructions.  

The Snapshot reaction was performed using the SNaPshot Multiplex Kit (Applied 

Biosystems, Foster City, CA, USA), according to manufacturer’s instructions, and the 

Single-base extension (SBE) primer described in Table 5.  The program consisted of 25 

cycles with an initial denaturation step at 96ºC for 10 seconds, an annealing step at 56ºC 

during 5 seconds and an extension step of 30 seconds at 60ºC.  The products were 

purified with FastAP™ Thermosensitive Alkaline Phosphatase (Thermo Scientific, 

Wilmington), according the manufacturer’s instructions. Then, 0,8 µl of the PCR product 

was mixed with 0,4 µl of molecular size standard dye GeneScan™ 120 LIZ™ (Applied 

Biosystems, Foster City, CA, USA) and 10 µl of Hi-Di™Formamide (Applied Biosystems, 

Foster City, CA, USA). The reactions were denatured at 95ºC for 5 minutes and run in 

the ABI PRISM® 3130xl Genetic Analyzer (Applied Biosystems, Foster City). Peak 

ScannerTM software (ThermoFisher) was used to the bioinformatics’ analysis of the 

results. 
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Results  

 

Identification of the recombination point in 16q22.1 chromosome’s region: 

through haplotyping to the age estimation of c.1901C>T CDH1, a founder mutation 

with 490 years old 
 

In total 15 mutation carriers, asymptomatic and symptomatic, and 12 non-carriers 

from 4 families diagnosed with HDGC were studied. The haplotypes for the different 

polymorphic markers studied are shown in the Annexes IV and V. The values presented 

correspond to the PCR product lengths (Annex IV) and mutational steps (Annex V). 

Based on the results and in the pedigrees, the haplotypes from the different 

chromosomes were inferred, which can be seen in the Table 4.  

Among the four CDH1 c.1901C>T chromosomes identified (one for each family) 

the ones from the Family C and D were found to be identical across the entire 19.2 Mb 

/23.2 cM region studied. The other two chromosomes shared the same ancestral 

haplotype at shorter extensions, in Family A the affected chromosome carried the same 

marker alleles in a 6.8 Mb/5.1 cM region (D16S514 to D16S3067) and in family E in a 

19.1 Mb/18.4 cM region (D16S318 to D16S3098) region. Notably, in Families B and D 

two events of mutation or recombination were detected modifying former haplotypes 

configurations at D16S514 marker (III – 1 individual from family B and IV – 6 from the 

family D). In the two approaches used to estimate the age of CDH1 c.1901C>T mutation, 

the one in which a single affected chromosome per family was considered, or the other 

one, in which those chromosomes together with two derived haplotypes were used in 

DHSMAP, the TMRCA estimates converged always to 19.58 generations ago. Basically, 

the results of these approaches only diverged in their 95% confidence intervals (CI) that 

were larger in the 4 chromosome analysis (17,8 – 436 generations).  

 

Table 6 – Estimation of the c.1901C>T CDH1 mutation and it 95% CI. A and B are the two different analyses 
performed. 

Samples Estimated age 95% CI 

(A) 4 independent chromosomes from 

families B, C, D and E 
489,64 years 445 - 10 900 years 

(B) Inclusion of 

two derived 

haplotypes 

Recombination event 489,64 years 449,75 – 1 492 years 

Mutation event 489,64 years 449,75 – 1 475,5 years 
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Considering that a generation is roughly 25 years, the TMRCA was calculated in 

489,64 years, with a CI of 445-10,900 years (see Table 6 for results). This means that 

the initial carrier of this mutation passed it to the offspring nearly 500 year ago, giving 

rise to a distribution in the population that is so far unpredictable. 

 

 

 

Frequency of DGC and LBC in c.1901C>T CDH1 carriers 
 

 
By gathering all index cases and individuals in surveillance in these families, we 

verified that from 25 male carriers, 4 developed DGC (16%), between 18 and 35 years 

(Figure 13). In women, from a total of 27 carriers, 4 (14,8,4%) developed DGC and 2 

(7,4%) had LBC.  Only one woman developed DGC after 35. Both women that developed 

LBC were aged 49 (Figure 13, Table 7).  

 
 

 
 

Figure 13 – Frequency of DGC and LBC in the c.1901C>T CDH1 families.  

 

The Table 7 resumes the numbers of DGC and LBC in the studied families, how 

many underwent risk reduction surgery and from these, how many had DGC/LBC foci, 

and the number of carriers without surveillance.  

The number of DGC cases among the different families is low, with a maximum 

of 2 cases per family with clinical disease under 45 years of age (range between 18 and 

45) (Figure 13, Table 7). In total 8 out of 52 carriers developed DGC (15,4%) and all of 

them deceased.   
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From the 18 patients who underwent PG, 16 (88,9%) were identified with DGC 

foci on the gastrectomy sample. Both members (a man and a woman) that had no foci 

in PG were from Family C (Figures 7 and 8, Table 7).  In women, the unique member 

that underwent RRM had LBC foci. Two women were detected with LBC during 

surveillance and besides curative surgery, they underwent RRM in the healthy breast. 

These women were not included in the RRM group. From 3 LBC patients, 2 had 

carcinoma foci in the healthy breast.  

 

Table 7 – Overview of the c.1901C>T families studied. Frequency of DGC and LBC, number of risk reduction surgery, age, number of 
specimens with foci of carcinoma and number of carriers without surveillance. 

Family 
Total of 

Members 
tested 

Total of 
Carriers/  
+ woman 

DGC 
Age DGC 
diagnosis 

RRG 
Age of 
RRG 

RRG 
with 
foci 

LBC 
Age LBC 

diagnosis 
RRM 

Age of 
RRM  

RRM 
with 
foci 

DGC 
and 
LBC 
foci 

Members 
without 

surveillance 

A 7 4/2 1 30 2 19 - 44 2 0 0 0 0 0 0 0 
B 10 4/1 2 23-27 1 35 1 0 0 0 0 0 0 1 

C 33 16/7 2 27-34 7 35-64 5 1* 59* 1 37 1 1 0 

D 21 12/8 2 35-45 2 51-63 2 2* 49-61* 0 0 0 2 0 

E 34 16/9 2* 18-59* 6 14-58 6 1 49 0 0 0 0 2 

*Diagnosed in the context of surveillance. 

 

 
The detection of carcinoma foci in 88.9% of the PG specimens and the fact that 

only 15.4% of the carriers studied developed DGC, confirms the incomplete penetrance 

of the disease. For DGC, this is particularly important as there are carriers older than 60 

and that do not develop clinical disease. Also, regarding LBC cases we report that only 

2 women developed disease, although foci of carcinoma were detected in 2 other women 

in the MRI (surveillance context) and in another after RRM.  

This clearly poses a problem regarding the diagnosis and treatment decision of 

these patients, therefore the study of this mutation at the molecular level may help 

unravelling why some patients with CDH1 mutation develop disease while others remain 

disease-free.  

 

 

In Silico predictions: c.1901C>T CDH1 pathogenicity 
 

The result from the bioinformatics analysis of the functional impact of c.1901C>T 

CDH1 mutation is shown in Table 8. Although SIFT, PolyPhen-2 and MutationTaster 

softwares were concordant assuming c.1901C>T as not pathogenic, the latter denoted 

a splice-site change. MutationTaster also showed that the protein might change 

downstream of the altered splice-site as a result of the mutation, affecting domains that 

are important for binding of α, β and γ-catenins. Additionally, another of the features 
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displayed was that the mutation might lead E-cadherin to be a substrate for ER-

associated degradation (ERAD). ClinVar on the other hand assumed this variant as 

Pathogenic/Likely pathogenic.  

In Table 8, the prediction scores are presented. For SIFT the scores range 

between 0 (deleterious) and 1.0 (tolerated). For PolyPhen-2, scores closest to 0 consider 

the variant as tolerated. In the general and final prediction, MutationTaster score is close 

to 1 indicating a high confidence of the prediction. Concerning the “Splice-site changes”, 

“Donor marginally increased” means that an existing splice-site got stronger and “Donor 

gained” means additional splice-site created.  

 

Table 8 – Bioinformatics prediction results. 

Program Impact Score 

SIFT Tolerated 1 (out of 1) 

PolyPhen-2 (HumVar model) Benign 0,007 (out of 1) 

MutationTaster 

Polymorphism;  
 
Protein might be changed; 
 
 
Splice-site changes: 
Donor marginally increased2  
Donor gained3  

0.82 (out of 1) 
 

64 (out of 215)1 
 
 

wt: 0.8212 / mu: 0.8235 

0.40 

ClinVar Pathogenic/Likely pathogenic n.a. 
1 This score does not contribute for the final result; 2 if change in the confidence score is greater than 10% 
3 if confidence score >0.3 

 

The c.1901C>T CDH1 mutation generates a cryptic splice-site that leads to 

premature truncation and decrease CDH1 RNA levels  
 

To evaluate, at the RNA level, the effect of the c.1901C>T mutation, we isolated 

RNA from PBMCs from patients BD1 and BD2. Following this we converted the RNA into 

cDNA and cloned it into bacteria.   

Colony-PCR showed 2 types of PCR products/ colonies: one large product (LP) 

and a smaller one (SP), as seen in figures 13 and 14. In 29 colonies amplified in sample 

BD1, the number of LP colonies was 25 (86.2%) and the number of SP was 4 (13.8%) 

(Figure 14). In the 48 colonies from BD2 sample, there were 41 (85.4%) LP colonies and 

7 (14.6%) SP colonies (Figure 15).  
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Figure 14- Colony PCR for 30 colonies from the BD1 sample. Electrophoresis in 2% agarose gel 
of the M13 PCR products. Small products highlighted with SP.   No amplification occurred for 
colony 5. 

 

Figure 15 - Colony PCR for 50 colonies from the BD2 sample. Electrophoresis in a 2% 
agarose gel of the M13 PCR products. Small products highlighted with SP. Wells 
number 23 and 31 are the result of bacteria that incorporated the empty vector 
(without the cloned product).   
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 To assess the differences between the two products (LP and SP), we sequenced 

the PCR products with primers that amplified a region between CDH1 exon 11 – 13. The 

sequencing results of the LP and SP products showed differences between them. The 

LP band corresponds to the WT allele at the c.1901 position of the mRNA (Figure 16), 

and the SP showed a deletion of 37 bp from the c.1900 position (in exon 12) till the 

starting point of exon 13 (Figure 17). This result is compatible with the creation of a 

cryptic splice-site at the c.1901 mutation site, that becomes stronger than the original 

one. 

Regarding the differences in the proportion of SP and LP colonies, we performed 

an allelic imbalance analysis, through Snapshot approach, to understand if the RNA 

levels of the two alleles were different. We sequenced, from PBMC’s DNA, an amplicon 

encompassing the rs1801552 SNP in the position c.2076 (exon 13) of CDH1, to assess 

if both samples were heterozygous for this SNP. Unlike BD1, that is homozygous for the 

SNP rs1801552, BD2 has a cytosine (C) at position 2076 in the LP sequences (Figure 

16), while the SP sequences has a thymine (T) at the same position. This confirms BD2 

as heterozygous for this position, therefore only sample BD2 was used for the allelic 

imbalance analysis (Figure 17).  

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 16- cDNA sequence of LP product. Sequencing of the colony 35 in sample BD2. c.1901C and c.2076C alleles highlited with an 
arrow.  

c.2076C 

c.1901C 

Exon 12 

Exon 13 
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We performed DNA amplification of exon 13 and of the junction between exon 

12-13 in the cDNA of BD2. The Snapshot output showed that in the DNA, the peaks from 

the allele C and the allele T have the same size, representing an equivalent amount of 

both alleles in the DNA. The cDNA on the other hand showed differences between the 

sizes of the two alleles, with a higher peak for the C allele than for allele T (Figure 18), 

reflecting a difference between the transcription of the two alleles.   

 

 

Figure 17 - cDNA sequence of SP product. Sequencing of the SP colony 43 in sample BD2. The same allele carries c.1901C and c.2076T, which have 
been highlighted with an arrow. 

Intron Intron Exon 12 Exon 13 

del 37bp ACC = 
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Figure 18 – Snapshot result on the rs1801552 in sample BD2 for genomic DNA (left) and cDNA (right). Black peaks 
reflect the Cytosine (C) allele in the position c.2076 (rs1801552), while red peaks represent the Thymine (T) allele 
in the same position. At the RNA level, the c.2076T allele is less represented in the PBMCs carriers. 
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Discussion 

 

HDGC is a syndromic disease in which patients can develop DGC and/or LBC. 

Mutations in CDH1 only account for 10-40% of the cases, therefore screening this gene 

for mutations is the standard approach for patients who meet the clinical criteria for 

HGDC (5, 7). 

The c.1901C>T CDH1 mutation was previously described in unrelated HDGC 

families in Portugal, England and New Zealand (28, 56, 58, 82). Our previous data 

demonstrates that the frequency of c.1901C>T CDH1 mutation in HDGC patients is 

higher than expected in Portugal. It is important to understand if there is a common 

ancestor due to a founder effect and, if yes, when did it occur, or if these families are 

independent from each other due to the occurrence of an independent mutation. 

Our haplotyping results revealed that in 4 families studied, carriers of the mutation 

shared around 1.8 Mbp from the chromosome 16. Strikingly, Families C and D share the 

same haplotype in all the polymorphic markers studied (total of 19,2 Mbp).  These results 

indicate that the carriers inherited the same genetic information from a common 

ancestor. Carriers of family B differ from family C and D in 5 polymorphic markers, 

showing that this family is carrying the common ancestor for a longer time.  The higher 

the genetic distance (cM) is from the variant, the lower is the number of haplotypes 

sharing ancestral DNA. Family E distinguishes itself from the Family C and D in one 5’ 

external polymorphic marker. The 2 different chromosomes identified in Families B and 

D differ within its family in the marker D16S514, which can be due to a recombination or 

mutational event. With these data, the age of CDH1 c.1901C>T mutation was estimated 

using the DHSMAP software (see Material and Methods for further details). Briefly, the 

method implemented through DHSMAP considers marker haplotypes from affected and 

non-affected chromosomes, and it models the decay of sharing of the ancestral 

haplotype by descendant chromosomes. The method assumes that the number of 

haplotypes sharing the ancestral haplotype is expected to decrease with genetic distance 

in result of recombination or due to the accumulation of mutations. Therefore, the 

younger the mutation is the extended haplotype will be, and more markers will be need 

to detect some divergences from the ancestral haplotype configuration.   

Along with the 4 independent chromosomes identified, one in each family, in two 

instances the haplotypes of their descendants were found to differed in D16S514 marker, 

as described above. Although, the derived haplotype could not be accurately inferred 

(Table 4; Annexes IV and V) those are likely to result from mutation, particularly, if 

differing from the ancestral allele by one mutational step, or otherwise they can be 
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attributed to recombination, especially if diverging from the ancestral allele by several 

mutational steps. For example, the affected chromosome identified in Family B clearly 

separates from the ancestral configuration detected in families’ C and D by a 

recombination event, not only because in D16S3095 largely differs from other affected 

chromosomes (9 vs 6 allele) but also because downstream markers deviate as well from 

the ancestral haplotype. Conversely, the affected chromosome detected in family E can 

result either from mutation, since it deviates from the ancestral by only one mutational 

step (1 vs 2 allele) or from recombination given that the same D16S514 allele exists also 

in non-affected chromosomes. However, in the absence of upstream markers, none of 

these hypotheses can be ruled out.        

After performing several DHSMAP tests the age estimates for CDH1 c.1901C>T 

were only found to differ in their confidence intervals and to converge to the same time 

frame, 490 years ago. A more conservative analysis (Table 6, A) with only one 

chromosome per family resulted in a large confidence interval of 445 – 10 900 years, 

that can be attributed to the limited sample size (4 chromosomes). Interestingly, when 

two descendent haplotypes differing only by a mutation or recombination event at 

D16S514, the obtained CI are considerably narrowed to 449,75 - 1492 years (first tested 

haplotype combination) or 449,75 – 1475,5 years (second tested haplotype combination) 

(Table 6, B). A problem in considering these two “new“ chromosomes is that as it was 

not possible to infer them, we are not sure to which chromosome each allele belongs. 

Although the predictions of the age of the mutation are the same, the confidence intervals 

from the more conservative hypothesis is very broad, and future works need to be carried 

out to improve these age estimate results. In order to increase the power of the study, 

more samples from different c.1901C>T mutant HDGC families should be added to the 

study. Anyway, the mutation is older than expected and cannot be attributed to a recent 

relatedness of the studied families. According to our estimates, the CDH1 c.1901C>T is 

likely to be segregating within the Portuguese population since the 16th century (1528). 

Indeed, the c.1901C>T CDH1 mutation was previously described in two Portuguese 

families, one English and another one from New Zealand (28, 56, 58, 82). Kaurah, P. et 

al., studied the haplotypes from both Portuguese and English families to unravel if they 

share the same haplotypes in the chromosome that carry the c.1901C>T mutation and, 

if there is a founder effect in this scenario (28).  The study showed that both Portuguese 

families shared haplotypes in the mutation carrier chromosome. However, when these 

were compared with the English family, Kaurah, P. et al., saw that these differed 

completely in their haplotype defined by D16S318, D16S3025, D16S496, D16S3067, 

and D16S3095 markers. Taking into account the distinct haplotype background of 

Portuguese and English families the authors concluded that the CDH1 c.1901C>T 
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mutation occurred twice due to independent mutational events. Concerning the family 

identified in New Zealand it would be interesting to check whether the haplotype share 

some level of ancestrally with the Portuguese or with English families. Historically, both 

populations have contributed to in New Zealand colonization between 1634 and later 

during the 19th century. Understanding which is the ancestral chromosome and which 

population it relates to (Portuguese or English), might be historically important as the 

question about if Portuguese “discovered“ New Zealand before Abel Tasman (1642) is 

currently under debate (83). Actually, there are some evidences that might place the 

Portuguese, namely Cristóvão de Mendonça, in New Zealand around 1522 (83, 84). 

However, it is important to take into consideration that if the ancestral chromosome is 

the same we cannot know for sure if it came from the late 1500s during the first 

colonization of New Zealand or if it was more recent (19th century). If the former is true, 

the Portuguese explorers would have left progeny there.  

  One of the main problems clinicians face when managing patients who are 

carriers of this mutation relates to the selection of those that should undergo PG, since 

not every carrier develops clinical disease. Therefore, it is important to know the 

penetrance of the disease in these patients to help treatment decision. In this work, we 

collected all the data needed to perform the penetrance of DGC for c.1901C>T CDH1 

mutation carriers. However, we were not able to complete the penetrance estimation, 

therefore that calculation will per performed in the near future.   

In our study, we verified that patients who developed DGC (15.4%) had between 

18 and 45 years. Strikingly, almost 90% of the PG specimens displayed DGC foci. This 

reflects the complexity of the disease, since the majority of the carriers seem to present 

indolent forms of DGC rather than clinical expression of the disease. Indeed, in these 

families, the few mutation carriers that clinically express DGC at extremely early age co-

exist with mutation carriers that do not develop disease despite their old age (65-80 years 

old).  These observations likely reveal that different individuals present different global 

genetic susceptibility to disease. Under this view, the ones developing disease at early 

age carry further variants that “help” triggering cancer, while the older asymptomatic 

carriers either lack the later variants or carry protective variants that prevent disease 

development, despite the presence of a causal CDH1 mutation. Finding these additional 

promoting or protecting factors will be pivotal for decision making with regard to risk 

reduction surgery.  

In addition to the endoscopic surveillance for DGC and/or PG performed in 

carriers from both genders, female carriers have an additional risk of developing LBC, 

and start breast MRI surveillance after 30 years of age. In this particularly large family 
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carrying the c.1901C>T mutation, 15% of the carrier women developed LBC between 49 

and 61 years. This seem to indicate that LBC occurs later than DGC, and supports the 

need for annual surveillance with MRI throughout life. To clarify the age bias between 

DGC and LBC, more families with the same mutation should be studied.  

It is important to continue studying this issue in order to identify the factors that 

trigger progression of indolent carcinomas into aggressive carcinomas in mutation 

carriers. Additionally, the question why some carriers develop clinical disease opposed 

to others that remain healthy, may underlie a protective genetic background in the latter 

which could be addressed by sequencing the exome of these individuals. Ultimately this 

would have a big impact in the clinical management of both these groups of patients.  

Regarding the classification of the c.1901C>T CDH1 missense mutation, 

according to the bioinformatics tools used in this work (Table 8), there is no consensus 

regarding the classification of the variant c.1901C>T. Two of them, SIFT and PolyPhen-

2, assumed that the variant has no functional impact. Both algorithms take into 

consideration the aminoacid conservation between species and the Alanine in the 

position 634 of E-cadherin can be also a Valine, so that, the missense mutation A634V 

could be assumed as a benign one. Also, Alanine and Valine have similar chemical 

structures and are both Aliphatic aminoacids. These similarities could explain the 

expected tolerance of the protein function to the alteration and, consequently, the 

obtained results. On the other hand, MutationTaster classified this variant as a 

polymorphism, but added that it could also classify as a splice-site change with potential 

effects at the protein level. By using the NNSplice prediction program (85).  

MutationTaster determines the position of this splice-site change relative to intron/exon 

borders. If a loss/decrease of a splice-site occurs at an intron/exon border or vice versa, 

this will be taken for a "real" splice-site change. A new site is displayed, if the score of 

the splice-site is greater than 0.3. Additionally, the algorithm denotes an increased in an 

existent splice-site, if the change in the confidence score is greater than 10%. For our 

variant, the latter was achieved and a new splice-site seems to be generated by the 

c.1901C>T missense mutation, as a score higher than 0.3 (our result is 0.4) gives 

confidence in the new splice-site prediction. In line with this, our colony PCR results on 

the cDNA from blood of patients BD1 and BD2 showed skipping of part of the exon 12 

(37 bp deletion) downstream of the c.1900 position (Figures 17 and 19).  cDNA from BD1 

and BD2 was cloned to test the in silico predictions. Two types of PCR products/ colonies 

(LP and SP), as seen in Figures 14 and 15. The proportion between LP and SP colonies 

within both samples were similar in the two patients, showing that LP colonies are the 

most prevalent (85.4% and 86.2%). As depicted in Figure 16, the LP sequences are wild-

type for the c.1901 position, when comparing with a reference sequence, while in SP 
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colonies (Figure 17), there is a deletion of 37 bp between the position c.1900 and c.1937 

(last nucleotide from the exon12). This deletion creates a cryptic splice-site with a shift 

in the reading frame that leads, after 21 nucleotides from the c.1900 position to a 

premature stop codon (Figure 19). Furthermore, the predicted classification of 

c.1901C>T as a missense mutation, leading to the substitution of an Alanine by a Valine, 

becomes incorrect. Indeed, a frameshift in the sequence with predicted premature 

truncation of the protein is created. 

 

Figure 19 – c.1901C>T CDH1 mutation. Representative scheme of the effect of the mutation in CDH1 mRNA and 
protein. The mutant c.1901T allele showed a deletion of 37 bp, from c.1900 to c.1937, with frameshift in the reading 
frame, leading to a premature stop codon. The c.1901T allele encodes a truncated form of CDH1 that lose the 
cytoplasmic domain, and not to a protein bearing a missense change.  

 

The next question we raised was if the difference between the proportion in LP 

and SP colonies, observed in both patients, could reflect downregulation of the mutated 

allele in the patient’s PBMCs. On the other hand, we did not discard a sampling bias 

when picking clones from the agar plates. To address this question, we performed allelic 

imbalance analysis using snapshot technology, on the DNA and RNA (converted to 

cDNA) isolated from BD2, the only sample heterozygous (CT) for the rs1801552 SNP. 

The Snapshot result in the germline DNA (Figure 18) showed that the rs1801552 SNP 

was represented 50:50 for C:T alleles, as expected given the normal human diploid 

genome. A similar analysis in the cDNA, revealed that the rs1801552 T-allele was 

considerably less represented than the C-allele in the PBMCs the patient. Given the fact 

that SP colonies always displayed the rs1801552 T allele, it was possible to conclude 

that the differences between the LP and SP colonies are due to differences in the mRNA 

levels. The reduction of mutated mRNA allele in the patient’ cells (and SP colonies) is 
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likely explained by Nonsense-mediated mRNA decay (NMD), a quality-control 

mechanism that selectively degrades mRNAs harboring premature termination 

(nonsense) codons (86). However, we did not test this hypothesis further. 

As stated before, the MutationTaster algorithm predicted the A634V missense 

substitution to change the protein downstream of the altered splice-site (including protein 

binding domains) and that could also become a substrate for reticulum endoplasmaticum 

associated degradation (ERAD), a mechanism of protein quality control that monitors the 

folding of membrane and secretory proteins (87).  In fact, if heterozygous mutant cells 

still have a residual amount of missense mutated mRNA, they could express a minimal 

amount of a full-length protein with a single aminoacid change, that would then be 

degraded via ERAD. Figueiredo, J. et al. showed that some CDH1 missense variants, 

five affecting intracellular domains and two extracellular domains, including A634V, led 

to an increase of the E-cadherin/Hakai interaction although not to the same level as other 

missense variants (76).  

In our study, we saw that the new premature STOP codon generated by the 

cryptic splice-site created by the c.1901C>T mutation is located before the binding 

domain of p120-catenin, and therefore it would prevent binding of this protein to the 

juxtamembrane domain of E-cadherin (absent in the mutant). If a mutant protein would 

be produced carrying a A634V change, this protein would better interplay with Hakai, an 

E3 ubiquitin-ligase for the E-cadherin complex that mediates its ubiquitination, 

endocytosis, and degradation in the lysosomes (88) . This would have resulted in E-

cadherin internalization and endocytosis, which could then be recycled back to the 

plasmatic membrane or targeted for degradation. The problem with the later hypothesis, 

is that the Hakai binding site is no longer present in the truncated form of E-cadherin.  

Since no targeted therapies are available for HDGC patients carrying CDH1 

mutations, and that these patients have worst outcome than CDH1 negative GC patients 

and SDGC patients, it is crucial to uncover and define molecules that might be targeted 

in these patients (44). An example of a molecule that could be studied is EGFR. E-

cadherin and EGFR belong to the same complex and co-localize at the basolateral areas 

of polarized epithelial cells (89, 90).  EGFR activation, upon ligand binding on the 

extracellular domain, cause conformational changes and dimerizes the receptor which 

becomes autophosphorylated in key tyrosine residues in the intracellular tyrosine kinase 

(TK) domain (91). The activation of downstream pathways controls cell survival, inhibition 

of apoptosis and proliferation (91). The downstream events can happen through 

phosphorylation of E-cadherin bound to β-catenin, plakoglobin (γ-catenin) and p120ctn 

(δ-catenin 1), leading to destabilization of the E-cadherin/catenin/actin complex. Despite 

different classes of receptor tyrosine kinases (RTKs) can deregulate E-cadherin-
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dependent adhesion through epithelial to mesenchymal transition (EMT)  (92, 93), E-

cadherin can also regulate the activation of RTKs, reflecting a bidirectional cross-talk 

(94).  

EGFR mutational status was studied in sporadic gastric cancer and some of the 

studies reported high levels of expression of this protein mostly due to gene amplification 

(95-98). Moutinho, C. and Mateus, AR., et al. showed, besides the EGFR increased copy 

number, the presence of missense mutations in exons 20 and 21 of the gene (localized 

in the kinase domain). Interestingly these alterations occur mainly in carcinomas of the 

diffuse type, contrasting with ERBB2 amplification that was detected mainly in intestinal 

carcinomas (99, 100). This study also suggests that EGFR target therapy could also be 

a valuable tool to these patients.  

The interaction of E-cadherin with EGFR is mediated through the extracellular 

domain (94), and as c.1901C>T CDH1 mutation affects this domain, this cross-talk could 

be compromised. E-cadherin A634V mutated cells showed high migratory capacity 

compared to E-cadherin mutated variants in intracellular domains (101, 102).  Mateus, 

AR., et al. demonstrated in cell lines that A634V affects EGFR/E-cadherin interaction 

through defects in the E-cadherin extracellular domain, affecting the inhibition effect of 

E-cadherin on EGFR kinase activity, which leads to the EGFR activation and thus 

enhanced cell motility mediated by RhoA activation (102). 

RhoA is a protein with functions in actin organization, cell migration, cytokinesis 

and cell cycle (103-105). RhoA gene was reported to be mutated  in 25.3% of SDGC in 

a whole-exome sequencing study, in both poorly differentiated cancer components and 

more differentiated tubular components in the mucosa meaning that this could be 

important in the initial stages of cancer progression (106, 107). Mutations in RhoA and 

also in CDH1 were highly specific to the DGC subtype (107). Although this study 

concerns the sporadic setting of DGC, there is a relation between CDH1, EGFR and 

RhoA pathways in A634V cell lines (102). Looking into these interactions we can 

hypothesize that RhoA mutations or altered expression in a CDH1 mutated pattern could 

be also a trigger to development of the disease in a HDGC context. RhoA could be 

another molecule to target as a therapeutic tool (108, 109).  

The Cancer Genome Atlas (TCGA) project data identified, in genomically stable 

subtypes of GC, an enrichment of RhoA mutations that modulate downstream signaling 

of RHOA.  In the same subtype, CLDN18–ARHGAP fusion was also identified, which is 

predicted to affect ARHGAP’s regulation of RHOA and/or cell motility, and may also 

disrupt wild-type CLDN18, impacting cellular adhesion (110). CLDN18-ARHGAP26 

rearrangement promotes both early cancer development and late disease progression 

(111).  
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 Claudiximab (IMAB362) is an anti-claudin 18.2 antibody that is in phase III clinical 

trial (112). Claudin 18.2 has prognostic value in GC and besides being expressed in 

normal gastric cells, Claudin 18.2 is also expressed in primary gastric cancers and in 

metastasis (113, 114).  The Claudin 18.2 expression studies showed downregulation of 

this molecule mainly in the intestinal type, when compared to the diffuse gastric cancers 

(significant expression in 46% versus 75%) (113). Claudin 18.2 expression  was also 

detected) in lymph node metastases (51%) (114). Assessment of the expression of 

Claudin 18 could be used as marker for predictive therapy response in HDGC harbouring 

the c.1901C>T mutation for using this antibody.  

 Besides this urgent necessity of finding new therapies, it would be interesting, as 

future work, to look into the c.1901C>T neoplasic signature to access ways to 

stop/prevent the evolution of neoplasic foci by finding a preventive therapy. To that end, 

we should address the second hits of the patients with CDH1 c.1901C>T mutation and 

sequence neoplasic foci to look into other mutations that might drive disease 

progression. Verifying if the c.1901T allele expression levels in the stomach are similar 

as we verify in the PBMCs, as we did in our study, is also interesting, because the 

presence of higher amounts of the truncated protein, as a result of mutated mRNA which 

is not degraded via NMD, could also play a role in the carcinogenesis. 

Regarding patient clinical care, the main aim for c.1901C>T CDH1 carriers is to 

prevent the evolution or development of the disease. We could use the EGFR activity or 

Claudin 18.2 expression levels to define a preventive strategy. For that we could study 

the EGFR activation status in limphoblastoid cell lines from our patients and then 

understand if the target therapy is able to block its activity. The same rational could be 

applied if Claudin 18.2 is highly expressed.  

Additionally, we could also isolate organoids derived from the patient’s lesion and 

normal adjacent tissue. The premise that organoids resemble the genetic landscape of 

what is found in the primary tumour makes them a suitable approach to study the 

dynamics of the tumour in vitro. Additionally, we could also perform drug screenings to 

help defining which kind of therapy would suit this patient. Another approach would be 

to follow the development of animal models carrying the CDH1 germline mutation 

c.1901C>T, and access if the impact of anti-EGFR therapy or Claudiximab during their 

growth could affect their health and prevent the evolution of the potential pre-neoplasic 

foci that they could have. Making use of the current technology in biomaterials it is 

possible to couple drugs with acid soluble capsules which allows them to be released 

specifically in the stomach, reducing the unnecessary exposure to the cells/organs and 

thus minimizing the side effects of the therapy (115, 116).   
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Conclusion 

 

We concluded that the c.1901C>T CDH1 mutation is a founder effect with 490 

years old. As the mutation is older than we expected, more families could have this 

mutation.  

In our cohort of HDGC mutation carriers, the frequency of DGC and LBC was 

15.4% and 7.4%, respectively. The incomplete penetrance of the disease and its 

unknown etiology highlights the importance of an accurate surveillance on the patients’ 

relatives.  Also, since almost 90% of the PG done in the carriers had carcinoma foci, we 

showed that the PG, besides a drastic therapy, is effective.    

The c.1901C>T CDH1 missense mutation was thought to lead to a substitution 

of Alanine to a Valine. With our RNA studies from carriers, we could conclude that the 

mutation, due to the activation of a cryptic splice-site and the 37 bp deletion that affect 

the reading frame, leads to premature truncation, mimicking a frameshift effect. 

Therefore, we propose the mutation to be classified as c.1901C>T; r.1900_1936del; 

p.Ala634ProfsTer7. 

 Since the c.1901C>T CDH1 mutation in HDGC patients is highly prevalent in the 

Portugal due to the founder effect, it is of the utmost importance to continue to study this 

mutation and identify additional families with this syndrome.  
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Annex I 

 

 

 

 

 

 

 

 

 

 

 

 

Legend 
        c.1901C>T carrier 
        Diffuse Gastric cancer 
        Lobular Breast Cancer 
PG – Prophylatic Gastrectomy  

RRM - Risk Reduction Mastectomy  
Foci – Multiple neoplasic foci in the stomach or breast 
CDH1+? – molecular test was not done 
OB.C – Oblicate carrier 
y – years old  

 

Figure 7 - Pedigree of family C. In this pedigree information has been added regarding: presence of mutation in the germline; histological type of clinical disease presentation; risk reduction 
surgery; presence of foci in the risk reduction surgical specimen; age of onset (followed by y).  
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Annex II 

 

 

 

 

 

 

 

 

 

 

 

 

Legend 
        c.1901C>T carrier 
        Diffuse Gastric cancer 
        Lobular Breast Cancer 
PG – Prophylatic Gastrectomy  

RRM - Risk Reduction Mastectomy  
Foci – Multiple neoplasic foci in the stomach or breast 
CDH1+? – molecular test was not done 
OB.C – Oblicate carrier 
y – years old  

 

Figure 9 - Pedigree of family D. In this pedigree information has been added regarding: presence of mutation in the germline; histological type of clinical disease presentation; risk reduction 
surgery; presence of foci in the risk reduction surgical specimen;  age of onset (followed by y).  
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Annex III 

 

 

 

 

 

 

 

 

 

 

 

 

 

Legend 
        c.1901C>T carrier 
        Diffuse Gastric cancer 
        Lobular Breast Cancer 
PG – Prophylatic Gastrectomy  

RRM - Risk Reduction Mastectomy  
Foci – Multiple neoplasic foci in the stomach or breast 
CDH1+? – molecular test was not done 
OB.C – Oblicate carrier 
y – years old  

Figure 11 - Close-up of the family E studied branch. In this pedigree information has been added regarding: presence of mutation in the germline; histological type of clinical disease presentation; 
risk reduction surgery; presence of foci in the risk reduction surgical specimen; presence of other features related with HDGC;  age of onset (followed by y). 
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Annex IV - Haplotyping results. Numbers represent the length of the PCR products for each marker.  

Family D16S514  D16S318 D16S3025 rs16260 c.1901C>T rs1801552 D16S496 D16S3067 D16S3095 D16S3106  D16S3018 D16S3049 D16S3098 

B 

II - 8 120/128 133/144 88/102 n.a. CC n.a. 210/220 144/152 146/148 192/200 257/264 243/245 153/153 

II - 4 120/126 133/144 93/102 n.a. CC n.a. 210/220 144/150 146/148 192/192 255/264 243/243 153/161 

II - 6 118/128 139/133 88/88 n.a. CT n.a. 210/220 142/152 148/154 194/200 257/269 243/245 153/153 

II -10 120/126 133/144 93/102 n.a. CC n.a. 210/220 144/150 146/148 192/192 255/265 243/243 153/161 

II - 5 120/128 133/144 88/102 n.a. CC n.a. 210/220 144/152 146/148 192/200 257/264 243/245 153/153 

III - 2 118/128 133/141 88/100 n.a. CC n.a. 220/220 148/152 146/148 198/200 n.a. n.a. n.a. 

III - 1 116/120* 139/141 88/108 n.a. CT n.a. 210/220 142/150 n.a. 194/194 257/269 243/245 153/153 

C 

III - 16 118/118 139/141 88/102 n.a. CT CT 210/220 142/152 148/154 192/192 261/263 239/245 159/159 

II  - 11 118/118 139/141 88/102 CC CT n.a. 210/220 142/150 148/148 192/192 253/261 243/245 153/159 

II - 12 118/124 139/141 102/102 CC CC CC 220/220 148/152 148/154 192/194 263/263 239/241 159/159 

III - 17 118/118 139/141 88/102 CC CT CT 210/220 142/152 148/154 192/192 261/263 239/245 159/159 

II - 1  118/118 139/141 88/102 CC CT TT 210/220 142/150 148/148 192/192 253/261 243/245 159/159 

II - 14 116/120 134/141 95/102 CA CC n.a. 220/220 134/148 148/156 198/201 264/266 241/245 157/159 

III - 6 118/128 139/141 100/102 CC CC CT 220/220 150/152 148/154 192/192 253/263 243/247 153/159 

III - 3 118/128 139/141 88/102 CC CT CT 210/220 142/152 148/154 192/192 261/263 245/247 159/161 

III - 2 118/128 139/141 100/102 CC CC CT 220/220 150/152 148/154 192/192 253/263 243/247 159/161 

IV - 4 118/128 139/141 88/102 CC CT TT 210/220 142/148 148/154 192/192 251/261 245/245 157/159 

D 

III - 8 118/124 139/133 88/104 CC CT CT 210/220 142/148 148/154 192/194 261/267 245/245 153/159 

IV - 5 116/118 139/141 88/94 CC CT CT 210/220 142/150 138/148 192/194 255/261 235/245 157/159 

III - 12 124/126 133/141 102/104 CC CC CT 210/220 142/148 154/154 194/200 261/266 245/245 153/161 

III - 9 118/124 139/133 88/104 CC CT CT 210/220 142/148 148/154 192/194 261/267 245/245 153/159 

III - 5 124/126 133/141 102/104 n.a. CC CT 220/220 148/152 154/154 194/200 261/267 245/245 153/161 

IV - 6 116/124* 139/141 88/102 CC CT CT 210/210 142/150 148/148 192/192 261/264 243/245 159/159 

E 

V - 6 116/116 141/148 100/102 n.a. CC CC 210/220 142/152 148/148 192/198 255/263 241/245 159/159 

V - 5 116/128 139/141 88/88 CC CT n.a. 210/210 142/142 148/154 192/194 261/265 245/245 153/159 

VI - 11 116/116 139/141 88/102 CC CT CT 210/220 142/152 148/148 192/192 261/263 245/245 159/159 

IV - 2 116/128 139/146 88/88 CC CT CT 210/220 142/152 148/148 192/198 257/261 243/245 151/159 

n.a. – no amplification in the PCR/ no DNA 
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Annex V - Haplotyping results. Numbers represent mutational steps.  

Family D16S514 D16S318 D16S3025 rs16260 c.1901C>T rs1801552 D16S496 D16S3067 D16S3095 D16S3106  D16S3018 D16S3049 D16S3098 

B 

II - 8 3/7 1/6 1/8 0 1/1 0 1/6 6/9 5/6 1/5 4/8 5/6 2/2 

II - 4 3/6 1/6 3/8 0 1/1 0 1/6 6/8 5/6 1/1 3/8 5/5 2/6 

II - 6 2/7 4/1 1/1 0 1/2 0 1/6 5/9 6/9 2/5 4/10 5/6 2/2 

II -10 3/6 1/6 3/8 0 1/1 0 1/6 6/8 5/6 1/1 3/8 5/5 2/6 

II - 5 3/7 1/6 1/8 0 1/1 0 1/6 6/9 5/6 1/5 4/8 5/6 2/2 

III - 2 2/7 1/5 1/7 0 1/1 0 6/6 7/9 5/6 4/5 0 0 0 

III - 1 1/3 4/5 1/10 0 1/2 0 1/6 5/8 0 2/2 4/10 5/6 2/2 

C 

III - 16 2/2 4/5 1/8 0 1/2 1/2 1/6 5/9 6/9 1/1 6/7 3/6 5/5 

II  - 11 2/2 4/5 1/8 1/1 1/2 0 1/6 5/8 6/6 1/1 2/6 5/6 2/5 

II - 12 2/5 4/5 8/8 1/1 1/1 1/1 6/6 7/9 6/9 1/2 7/7 3/4 5/5 

III - 17 2/2 4/5 1/8 1/1 1/2 1/2 1/6 5/9 6/9 1/1 6/7 3/6 5/5 

II - 1  2/2 4/5 1/8 1/1 1/2 2/2 1/6 5/8 6/6 1/1 2/6 5/6 5/5 

II - 14 1/3 1-2 /5 4/8 1/2 1/1 0 6/6 1/7 6/10 4/6 8/9 4/6 4/5 

III - 6 2/7 4/5 7/8 1/1 1/1 1/2 6/6 8/9 6/9 1/1 2/7 5/7 2/5 

III - 3 2/7 4/5 1/8 1/1 1/2 1/2 1/6 5/9 6/9 1/1 6/7 6/7 5/6 

III - 2 2/7 4/5 7/8 1/1 1/1 1/2 6/6 8/9 6/9 1/1 2/7 5/7 5/6 

IV - 4 2/7 4/5 1/8 1/1 1/2 2/2 1/6 5/7 6/9 1/1 1/6 6/6 4/5 

D 

III - 8 2/5 4/1 1/9 1/1 1/2 1/2 1/6 5/7 6/9 1/2 6/9 6/6 2/5 

IV - 5 1/2 4/5 1/3-4 1/1 1/2 1/2 1/6 5/8 1/6 1/2 3/6 1/6 4/5 

III - 12 5/6 1/5 8/9 1/1 1/1 1/2 1/6 5/7 9/9 2/5 6/9 6/6 2/6 

III - 9 2/5 4/1 1/9 1/1 1/2 1/2 1/6 5/7 6/9 1/2 6/9 6/6 2/5 

III - 5 5/6 1/5 8/9 0 1/1 1/2 6/6 7/9 9/9 2/5 6/9 6/6 2/6 

IV - 6 1/5 4/5 1/8 1/1 1/2 1/2 1/1 5/8 6/6 1/1 6/8 5/6 5/5 

E 

V - 6 1/1 5/8 7/8 0 1/1 1/1 1/6 5/9 6/6 1/4 3/7 4/6 5/5 

V - 5 1/7 4/5 1/1 1/1 1/2 0 1/1 5/5 6/9 1/2 6/8 6/6 2/5 

VI - 11 1/1 4/5 1/8 1/1 1/2 1/2 1/6 5/9 6/6 1/1 6/7 6/6 5/5 

IV - 2 1/7 4/7 1/1 1/1 1/2 1/2 1/6 5/9 6/6 1/4 4/6 5/6 1/5 
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Annex VI 

 Datafile 

   1 #program code; set to 1 when fine-mapping 

          1 #data type for affecteds;  

     #1, if haplotypes available  

     #2, if only genotypes available 

 

    10 #number of loci listed in pedfile 

    2 #number of columns (i.e. fields) to skip in pedfile before  

             #marker genotypes begin 

10 #number of markers from pedfile included in analysis 

          1 2 3 4 5 6 7 8 9 10  #markers, IN MAP ORDER, where loci in 

                     #pedfile are assumed to be given in order 

       #1:n 

 1 #map type  

     #1, if inter-locus distances in map order (1 fewer than incl. loci) 

     #2, if location on numberline, loci in map order 

     #3, if location on numberline, loci in pedfile order  

     #(for types 2&3, locus farthest left should be assigned  

            #position 0.0) 

 4.816201 0.201830 0.092137 0.040469 0.030340 0.458796

 0.837948 9.530264 7.22548483 

 #map, corresponding to map type 1 (all distances 

        #given in cM; see "Tips" for more info.) 

     #for map type=2, map is 0.0 0.2 0.4 0.6 0.8 1.0  

     #for map type=3, map is 0.2 0.0 0.4 0.6 0.8 1.0  

 

   3 #no. of affecteds given in pedfile 

   3 #no. affected individuals included in analysis 

    1  2  3  #Included affected individuals; subjects  

     #are labeled in the order in which they are  

         #given in pedfile 

  

 

   1 #controls type 

     #1, if haplotypes available for controls 

     #2, if genotypes available for controls 

            #3, if only allele freqs. avail. for controls, in pedfile order 

     #4, if only allele freqs. avail. for controls, in map order 

     #(see "Tips" for more info. on controls types 3/4) 

          1 #order of Markov Chain modelling background LD (1 or 2) 

          1 #Bayesian adjustment to estimated hap. freqs? (1=yes,0=no)  

   9 #number of controls given in pedfile (only if cont. type is 1/2) 

   9 #number of controls used in analysis (only if cont. type is 1/2) 

          4 5 6 7 8 9 10 11 12  #Included controls (only if cont. type is 1/2) 

           

   #if controls type is 3 or 4, i.e., only allele frequencies available, 
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   #the following is the format for reading in the allele frequencies, 

          #in place of the above (See "Tips" for more info. on this option): 

   #   #3 #controls type 

   #   #2   1 2 0.5 0.5 

   #   #2   1 2 0.5 0.5 

   #   #2   1 2 0.5 0.5 

   #   #2   1 2 0.5 0.5 

   #   #2   1 2 0.5 0.5 

   #   #2   1 2 0.5 0.5 

   #   #Each line corresponds to a marker. The first entry gives the 

   #   #number of alleles for that marker. This is followed by the list 

   #   #of alleles and a list of the corresponding frequencies (Note 

   #   #that the freqs. must sum to 1.0 for each marker) 

 

 1.00E-03 1.00E-03 1.00E-03 0.000000025 1.00E-03 1.00E-03

 1.00E-03 1.00E-03 1.00E-03 1.00E-03 

 

 #per meiosis per locus mutation rates             #(given in pedfile order) 

   1 #estimate heterogeneity parameter p?  

     #1, to estimate p 

     #0, to fix p at initial value 

   0.25 #initial value for p (between 0.0 and 1.0) used for E-M alg. 

 

   #Names given to results files; each filename must be given on 

   #a new line (for descriptions, see "Output") 

   resout_CDH1 

   ancout_CDH1 

   maxout_CDH1 

   oneout_CDH1 

 

   0 #E_int; interval from the midpoint of which to grow 

     #ancestral hap; 0, if unknown (See "Search Procedures"  

            #for description and "Tips" for advice) 

 

   0.1 #max_res (See "Search Procedures" for description and  

              #"Tips" for advice) 

 

   20 #map_res (See "Search Procedures" for description and  

            #"Tips" for advice) 

 

   20 #max_cand (See "Search Procedures" for description and  

             #"Tips" for advice) 

 

0 # anc_hap_known 

     #0, ancestral haplotypes will be estimated 

     #1, if set of ancestral haplotypes over which to search  

            #is specified 

     #if anc_hap_known=1, it is followed by the number of haplotypes 



71 
 

            #in the set and then the haplotypes themselves, e.g., 

              #number of candidate ancestral haplotypes to search over 

 

 

 

Pedfile 

 

1 0 2 2 4 4 1 1 2 2 1 1 5 5 9 6 2 1 5 6 2 5 

2 0 2 1 4 4 1 1 2 2 1 1 5 5 6 6 1 1 6 6 5 5 

3 0 3 5 4 4 1 1 2 2 1 1 5 5 9 6 2 1 5 6 2 5 

4 0 3 7 6 1 8 1 1 1 1 6 6 9 5 6 1 5 5 6 2 2 

5 0 2 2 5 5 8 8 1 1 6 6 9 8 9 6 1 1 3 5 5 2 

6 0 5 7 4 4 8 7 1 1 6 6 7 9 6 9 2 1 4 7 5 5 

7 0 7 7 5 5 8 8 1 1 6 6 9 7 9 9 1 1 7 6 6 4 

8 0 5 6 1 5 9 8 1 1 6 1 7 5 9 9 2 5 6 6 2 2 

9 0 5 1 5 5 8 4 1 1 1 6 8 8 6 1 1 2 5 1  5 4 

10 0 1 7 5 5 8 1 1 1 6 1 9 5 6 9 4 2 6 6 5 2 

11 0 7 1 7 8 1 7 1 1 6 1 9 5 6 6 4 1 5 4 1 5 

12 0 6 2 1 5 3 7 1 1 6 6 8 7 6 5 1 4 5 0 6 0 

 

 

   








