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Abstract 

 Hereditary diffuse gastric cancer (HDGC), caused by CDH1 germline pathogenic, or likely-

pathogenic variants, predisposes to early onset diffuse gastric (DGC) and lobular breast cancer 

(LBC). The CDH1 c.1901C>T pathogenic variant was previously defined as founder variant in the 

Northern Portuguese population, reported among different families, sharing a common ancestor. 

The main goal of this thesis is to characterize these HDGC families, through establishment of 

extended family pedigrees and an updated comprehensive database with relevant data, to be used 

in disease risk calculation for carriers of this variant. Secondly, we aim to explore the transcriptomic 

landscape of selected cases with different DGC stages to uncover genes and pathways disrupted in 

HDGC setting, thus becoming targets for possible therapeutics, or markers in surveillance genetic 

testing. 

 Detailed clinical and demographic data of individuals from 9 known families carrying the 

c.1901C>T variant followed at Centro Hospitalar Universitário São João (CHUSJ) were compiled, 

followed by the development of a reference database with updated clinical records. Pedigrees were 

built using an open-source software, subsequently trimmed for penetrance estimation analysis. 

Lifetime risk estimations were performed resorting to Kaplan-Meier risk curves and the Genotype-

Restricted Likelihood (GRL) method.  

 Extended pedigree information was obtained for the 9 families through genetic testing in several 

hospitals and/or patient reports at genetic counselling appointments, resulting in a clinical database 

comprising a total of 400 individuals, with 13.0% (52/400) cases of gastric cancer (GC) and 5.8% 

(12/208) of breast cancer (BC). Specifically, for the CDH1 c.1901C>T variant, 42.8% (171/400) 

individuals underwent genetic testing at CHUSJ, of whom 43.8% (75/171) were found positive. 

Penetrance estimations by the GRL method with the Weibull model revealed 13.8% of cumulative 

risk by the age of 65 years for DGC, and 11.8% for LBC. 

 This work represents a steppingstone in the first intrafamilial lifetime-risk estimations for 

carriers of a single founder variant (CDH1 c.1901C>T) in the Portuguese population. It is 

projected that this robust clinical database will guide current and future studies on genomic and 

transcriptomic landscape of these HDGC families, with the goal to produce results that will 

contribute for guidelines’ development with implications in patients’ management. 

 

 

  



IX 

 

 

 

 

 

 

 

 



X 

 

Resumo 

 A síndrome do cancro gástrico difuso hereditário (CGDH), causado por variantes patogénicas 

germinativas no gene CDH1, predispõe o desenvolvimento precoce de cancro gástrico difuso 

(CGD) e cancro lobular da mama (CLM). A variante genética c.1901C>T deste gene foi reportada 

como variante patogénica fundadora numa população do norte de Portugal, partilhada por diversas 

famílias. O principal objetivo deste projeto é a caracterização genética e clínica destas famílias, 

através da criação de pedigrees das mesmas e de uma base de dados robusta e atualizada, para o 

desenvolvimento de cálculos de risco de doença para os portadores desta variante. Adicionalmente, 

pretendemos explorar o perfil transcriptómico de CGD em vários estadios para recolher gene e 

vias enriquecidas que estejam afetados num perfil avançado de cancro, sendo reconhecidos como 

potenciais alvos de terapêutica, ou biomarcadores em prevenção de CGDH. 

 Foram compilados dados demográficos e clínicos de indivíduos de 9 famílias com portadores 

conhecidos da variante c.1901C>T seguidas no Centro Hospitalar Universitário São João (CHUSJ), 

seguindo-se o desenvolvimento de uma base de dados de referência com registos clínicos 

atualizados. Foram elaborados pedigrees recorrendo-se ao uso de software open-source e 

adaptados para uma análise de estimativas de penetrância. Análises de estimativas de risco foram 

realizadas com o auxílio do método Genotype-Restricted Likelihood (GRL). 

 Informações para os pedigrees foram obtidas através de testes genéticos em diversos hospitais 

e/ou de relatos de pacientes em consultas de oncogenética em diversos institutos, compilando um 

total de 400 indivíduos, com 130.0% (52/400) de casos de cancro gástrico e 5.8% (12/208) de 

casos de cancro da mama. Para a variante CDH1 c.1901C>T, 42.8% (171/400) dos indivíduos 

foram testados no CHUSJ, dos quais 43.8% (75/171) foram dados como positivos. As análises de 

penetrância pelo modelo GRL com a função de Weibull revelaram estimativas de risco cumulativo 

de 13.8% para CGD, e 11.8% para CLM à idade de 65 anos. 

 Este trabalho apresenta-se como uma base para o estabelecimento de estimativas de risco 

intrafamiliar, sendo a primeira para portadores da variante fundadora CDH1 c.1901C>T numa 

população portuguesa. É esperado que a base de dados resultante seja um pilar importante para 

estudos futuros de genómica e transcriptómica em famílias de CGDH, com o objetivo de contribuir 

no estabelecimento de guidelines mais conservadoras e personalizadas para a prevenção de CGDH. 
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1. Introduction 

1.1. Hereditary Diffuse Gastric Cancer 

 

 According to data from the Global Cancer Observatory (GCO), Gastric Cancer (GC) is the 5th 

most common cancer worldwide and the 4th most common cause of oncological-related 

mortality1,2. GC encompasses two main types of disorders, of which Diffuse Gastric Cancer (DGC) 

correlates to around 40%3,4. 

 A familial setting in GC corresponds to roughly 10% of the reported cases, from which 

hereditary cancer syndromes represent approximately 1-to-3%5–7. One of the most common 

hereditary syndromes is Hereditary Diffuse Gastric Cancer (HDGC), an autosomal dominant 

syndrome characterized by the predisposition to early-onset development of not only DGC, but 

also of lobular breast cancer (LBC)8,9. Additionally, cleft lip/palate is also associated with 

HDGC10,11. Early onset of DGC is observed in approximately 10% of gastric cancers and is a 

phenomenon associated with HDGC, and with an aggressive manifestation before 45 years of 

age7,12. 

 This syndrome is mostly associated with pathogenic germline variants in the CDH1 gene13–17, 

that encodes for the calcium-dependant transmembrane glycoprotein E-cadherin, essential in cell-

cell adhesion in epithelial tissue 18. In patients with HDCG, E-cadherin is lost or with a reduced 

expression in precursor lesions, usually due to inactivation of the second allele, leading to GC 

development19–21. 

 E-cadherin is expressed in most epithelial tissue cells and is a known tumour suppressor protein 

for DGC13,14,19. Its interaction with α- and β-catenin (the latter being a known proto-oncogene22–24) 

is essential for cell-cell adhesion. Additionally, E-cadherin is also a strong element in establishing 

cell polarity and signalling, tissue architecture, as well as in mediating mechanisms such as 

proliferation and differentiation18,24. Reduced or supressed expression of this protein leads to loss 

of tissue integrity, resulting in poorly differentiated cells and in an increase of cell mobility and 

invasiveness24–26. The spread of these defective cells leads to linitis plastica event – the thickening 

and stiffness of the gastric wall15. 

 In 1998, Gilford et al described a genetic cause for DGC, following the study of a Māori family 

with multigenerational early-onset DGC, presenting a strong linkage between CDH1 germline 

variants and disease13. Today, CDH1 pathogenic or likely pathogenic variants are correlated with 

around 40% of all HDGC reported cases, although the molecular cause of several familial cases is 

still unsolved 5,27,28. It is known that some HDGC families also display germline variants in the α-

catenin encoding gene, CTNNA1, which leads to consider this gene association to HDGC, 

suggesting a different HDGC gene association other than CDH1 29,30.  In line with this, several 

cancer-related genes variants have been identified in HDGC patients, such as PALB2, BRCA1, 

BRCA2, MSH2, but none of these demonstrate a sufficiently strong association with DGC or LBC 

development28,31. 
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1.1.1. Diffuse Gastric Cancer (DGC) 

 

 Gastric cancer is subdivided into two main subtypes: intestinal gastric cancer (IGC) and diffuse 

gastric cancer (DGC)32. To classify GC stages, the TNM classification from the 8th edition of the 

American Joint Committee on Cancer is in use33. This classification is subdivided into tumour size 

(T), lymph nodes metastasis extension (N), and the existence of distant metastasis (M), which is 

further detailed in table 1. 

 

Table 1. TNM classification for gastric cancer. Adapted from the 8th Edition AJCC Cancer Staging Manual 

(AJCC, 2017)33 

T Category 

TX Primary tumor cannot be assessed 

T0 No evidence of primary tumor 

Tis Carcinoma in situ: intraepithelial tumor without invasion of the lamina propria 

T1 Tumor invades lamina propria, muscularis mucosae, or submucosa 

T1a Tumor invades lamina propria or muscularis mucosae 

T1b Tumor invades submucosa 

T2 Tumor invades muscularis propria 

T3 Tumor penetrates subserosa connective tissue without invasion of visceral peritoneum or adjacent structures 

T4a Tumor invades serosa (visceral peritoneum) 

T4b Tumor invades adjacent structures and organs 

N Category 

NX Regional lymph node(s) cannot be assessed 

N0 No regional lymph node metastasis 

N1 Metastasis in 1 to 2 regional lymph nodes 

N2 Metastasis in 3 to 6 regional lymph nodes 

N3 Metastasis in 7 or more regional lymph nodes 

M Category 

MX Distant metastasis cannot be assessed 

M0 No distant metastasis 

M1 Distant metastasis 

 

 The gastric cancer associated with HDGC is the DGC. This type of cancer, differently from 

IGC, occurs most often in younger individuals7,12,34. Advanced DGC in an HDGC setting is 

associated with poor prognosis and often detected at later stages of disease. It is characterized by 

the diffuse infiltration of cells with poor differentiation that originate from the gastric epithelium 

and become invasive, leading to proliferation through the mucosa, submucosa and the muscle 

layers (Figure 1, panel 5), often designated as ≥pT2 tumours32,35,36. 

 There are some precursor lesions associated with DGC. In a premalignant stage, signet ring cells 

(SRCs) can be found in-situ or in a pagetoid spread (pTis lesion) below a layer of epithelial cells but 

still restricted within the basement membrane (Figure 1, panel 2)35–38. In early DGC, the tumour 
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invades the lamina propria (pT1a), with SRCs becoming increasingly poorly differentiated (Figure 

1, panels 3 and 4)34,35. These early lesions may be difficult to detect at this stage, as they are usually 

small foci of intramucosal SRCs, one of the reasons behind the usually late diagnosis of the 

disease39. In immunohistochemistry essays in tissue from HDGC patients, these early neoplastic 

lesions, such as Tis and T1 have been shown to have “indolent” features without expression of Ki-

67 and p53, while advanced tumours exhibit pleomorphic cells with reaction to these markers40. 

These findings can be key to understand progression to advanced gastric cancer. 

 

 
Figure 1. Histological classification of Diffuse Gastric Cancer (DGC) stages. Premalignant stages (pTis) 

comprising in situ lesions (H&E staining blue outline) and pagetoid spread (yellow). Early cancer stages (pT1a, pT1a+), 

comprising SRCs and poorly differentiated cells invading the lamina mucosa, outlined in black and red respectively. 

And advanced cancer stage (≥pT2), where the tumour invades the submucosa and muscle layers, outlined in green. 

Adapted from Monster et al, 202235. 

 

 Different from other gastric adenocarcinomas, DGC tends to metastasize more within the 

peritoneum or to bone41.   

 Some clinical features have been associated with patients with HDGC, such as the presence of 

chronic gastritis in the gastric mucosa. However, unlike IGC, Helicobacter pylori infection and 

intestinal metaplasia are not commonly found in association with this syndrome36,39,42. Nonetheless, 

it is recommended that in case of presence, H. pylori infection should be eradicated30,43. 
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1.1.2. Lobular Breast Cancer (LBC) 

 

 Lobular breast cancer (LBC) is one of the two main types of breast cancer (BC), representing 

approximately 15% of the disease diagnosis, a number that has been increasing in the recent 

deceades44–46. However, LBC is still a rare cancer in hereditary context, when compared to sporadic 

LBC. It is associated with the loss of function of E-cadherin, encoded by CDH1, thus it is possible 

to consider LBC another HDGC-related cancer9,30. 

 LBC is histologically different from other types of breast cancer, and more difficult to detect. 

Tumour cells originate in the lobular tissue of the breast, infiltrating the surrounding tissue usually 

in a single file of cells or in small clusters, with a more diffuse distribution and not affecting the 

organ architecture too much47,48. It is also associated with a higher risk of affected women to 

develop bilateral BC49. 

 TNM classification is also the current in use for breast cancer, and LBC as an extent. Regarding 

the tumour (T) category, it is classified basically regarding the size of the tumour. Carcinoma in situ 

findings are classified “Tis”, specifically for lobular breast cancer it can also be identified as LCIS. 

T1mi, -a, -b, and -c are classifications for tumours from below 0.1cm (T1mi) to 2cm (T1c), T2 

identifies tumours from 2 to 5cm, and T3 larger than 5cm33. T4 is the only classification in this 

category that specifies not size, but the extent of the tumour to chest wall or tissue, including 

inflammatory breast cancer. The N category classifies the extent of cancer to axillary (N1), 

breastbone (N2) or below the collarbone and internal mammary nodes (N3), while the M category 

informs of the existence of distance metastasis (to other organs) or not33. Some findings can also 

be risk factors for invasive breast cancer, such as the non-invasive, abnormal proliferation of cells 

within breast lobes, lobular intraepithelial neoplasia (LIN), and should not be disregarded during 

surveillance procedures50. 

 

1.1.3. Clinical Criteria for HDGC Screening 

 

 Genetic screening for CDH1 germline variants is currently applied when there is a suspicion of 

HDGC within a family, according to criteria established in 1999, with the latest revision in 2020 by 

the International Gastric Linkage Consortium (IGCLC)30,51. That is, to be tested, a patient must 

meet at least one of the following: family or individual criteria. 

 Family criteria include: i) the presence of two or more cases of gastric cancer in the family, with 

at least one being DGC; ii) one or more cases of DGC and LBC in different family members; or 

iii) more than 2 LBC cases in family members below 50 years of age30. 

 As for individual criteria, a possible HDGC proband must have i) DGC before the age of 50 

years old, ii) any age of Māori descendance, iii) DGC and family history of cleft lip/palate; iv) DGC 

and LBC both before 70 years old; v) bilateral LBC before 70; or vi) in situ or pagetoid spread signet 

ring cells in stomach epithelium before 50 years old30. 
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 Tests are performed in individuals from legal age of consent meeting these criteria and, when 

possible, a multigenerational family pedigree is advisable. Younger family members may be 

considered for screening according to family history30. 

 Individuals are tested primarily for CDH1 and CTNNA1 variants, with focus on pathogenic 

and likely-pathogenic variants interpreted according to ACMG/AMP guidelines30. Since individuals 

carrying any of these variants are more susceptible to HDGC development, they start to be 

followed by a team of health professionals for surveillance. 

 Index patients usually show advanced gastric cancer at a young age, and further study of family 

history may reveal cases of DGC or LBC in other members. Many of these cases still have an 

unknown genetic cause for HDGC after CDH1/CTNNA1 screening, with only around 40% of 

families presenting a known CDH1 pathogenic or likely-pathogenic variant27,28. 

 In 2023, Garcia-Pelaez et al showed that some families with LBC who did not meet the HDGC 

criteria established in 2020 displayed pathogenic and likely-pathogenic CDH1 variants52. These 

findings suggest the need for future reformulation of HDGC criteria to include a broader family 

and individual LBC criteria. In addition, this study reclassified six LBC-related CDH1 variants as 

benign, likely-benign, or uncertain significance variants. This highlights the need for careful and 

critical considerations when performing variant classification and their actionability for a thorough 

clinical procedure’s application. 

 

1.1.4. HDGC Surveillance and Treatment 

 

 After HDGC genetic criteria is met, either familial or individual, the individual is subjected to 

an established management procedure (Figure 2). If the patient is positive for any variant of 

uncertain significance, is advised to stay under surveillance with considerable periods of interval 

(2+ years). In case of a pathogenic CDH1 or CTNNA1 variant being detected and there are DGC 

cases in the family, risk reducing gastrectomy (RRG) is recommended, specially before the age of 

30, due to the high risk and low efficacy of other surveillance methods to detect early stages of 

DGC30. This approach is not recommendable after 70 years old, due to the risk associated with the 

procedure. 

 Patients can opt to not perform RRG, in those cases patients are advised to monitoring by 

regular endoscopy with multiple random biopsies (annual), and, when present, eradication of 

Helicobacter pylori is advisable. In addition, CTNNA1 variant carriers that remain asymptomatic are 

recommended to follow the same surveillance methods, with the consideration of a possible 

RRG30. 

 Breast magnetic resonance imaging (MRI) is the best surveillance LBC method for women from 

HDCG families. MRI is still an effective method to identify possible early manifestations of 

tumours, further validated or not by biopsy. Clinicians may recommend bilateral risk reducing 

mastectomy (BRRM) to patients, most of the times depending on family history and cancer 

incidence within the pedigree30. 
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 All the options should be considered with the utmost caution by a multidisciplinary team of 

clinicians and the patient, as risk reducing measures are usually invasive, with consequences for the 

rest of the patient’s life, without guarantee that without it the disease would progress during their 

lives. 

 

 

 
Figure 2. Schematic representation of the pathways of management and surveillance of individuals from 

HDGC families. These patients either meet the criteria for HDGC genetic testing or were found to be carriers of 

CDH1 pathogenic variants through other source. Adapted from Blair et al, 202030. 

 

1.1.5. HDGC-related Cancer Lifetime Risk and Epidemiology 

 

 HDGC is currently estimated to have an incidence between 5 and 10 individuals per 100 000 

births8,53. Risk estimations for advanced DGC is still variable among studies, with an incomplete 

penetrance of the disease in HDCG families with CDH1 germline variants30,54,55. It has an average 
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age of onset below 40 years old and lifetime risk estimations have been varying between 40% and 

67% in men and 63% to 85% in women for DGC, and a range from 39% to 52% for women in 

LBC13,54,56–58. There may be possible overestimations due to the sample pool and how the families 

were ascertained59. In latest studies, following a more restrictive IGCLC criteria from 2015, it was 

reported DGC lifetime risk estimations of 37% to 42% in males and 24% to 33% for females, 

while values for LBC were set at 55%59,60. DGC lifetime and cumulative risks vary substantially 

between studies and according to stricter or loosened guidelines, or the size and structure of the 

study group30,59. 

 

1.1.6. CDH1 Founder Variants – The c.1901C>T Variant 

 

 The focus of this thesis will be HDGC families that share a single pathogenic germline variant 

between them, the CDH1 c.1901C>T variant. It is located in the exon 12 of the CDH1 gene 

(Chr16: 68822190, GRCh38) and consists in the substitution of a cytosine (C) to a thymine (T) in 

the 1901 position of the gene. It was classified as a missense variant, with the alteration of an 

Alanine (A) to a Valine (V) at the codon 634. 

 This variant was first reported in 2002 on cell lines from human colon carcinoma61. It was 

identified for the first time in a Portuguese proband with early onset DGC in 200314, and reported 

in a family with two members with DGC, fulfilling HDGC criteria, in 200462. Until 2021, eight 

more families were identified63,64 with HDGC-cancer affected members, with four sharing a 

common ancestor through haplotype analysis63. Thus, c.1901C>T was proven to be the first CDH1 

founder variant in a region of Portugal63,65. 

 Barbosa-Matos et al also confirmed that the c.1901C>T variant promoted premature truncation 

triggered by cryptic splicing63, which supports the pathogenic classification according to 

ACMG/AMP guidelines66. 

 

1.2.  Lifetime Risk Estimations of Genetic Variants in 
Hereditary Cancer 

 

 Lifetime risk estimations are a useful resource to produce information about the likelihood that 

an individual with a particular trait has to develop a condition at some point during their lifespan. 

This is used abundantly in cancer research67,68. Hereditary cancer is thus a suitable field to apply 

these estimations. 

 It can be said that the first study of cancer segregation within a family was in 1866 when Pierre 

Paul Broca started to describe his wife’s family breast cancer’s history, with a group of ten affected 

women across three generations69. Fast forward more than 100 years and many genes were starting 

to be uncovered as possible causes for the development of cancer or cancer-related syndromes 
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such as TP5370, BRCA1/2 for breast and ovarian cancer71, or genetic cancer syndromes related to 

hereditary colon cancer72. 

 In the last two decades, the estimations for lifetime risk and penetrance assessment have been 

developing and are now a firmly rooted in cancer genetics research. 

 

1.2.1. Lifetime Risk Estimations for CDH1 Germline Variant Carriers 

 

 In 1999, Guilford et al reported for the first time a set of germline variants in the CDH1 gene 

that were associated with familial gastric cancer13. Resorting to the family pedigrees, it was possible 

to observe that the segregation of cancer across the family was of dominant inheritance of genetic 

susceptibility, but incomplete penetrance.  

 In a 2001 study, Pharoah et al included 11 families with 11 different CDH1 nonsense variants 

for penetrance estimation57. Selection criteria was based on Caldas et al, 199956, and families were 

considered if there were three or more cases of diffuse gastric cancer and at least one positive tested 

individual for a CDH1 nonsense variant associated with disease. These families included 476 

individuals, with 80 gastric cancer cases with an average age of onset of 40 years, with 44 cases with 

histological confirmation of DGC, and seven cases of breast cancer (mean age: 53), two confirmed 

LBC. The cumulative risk of gastric cancer was 67% for men and 83% for women at 80 years of 

age, with the cumulative risk for breast cancer in women was 39%57. There may have been the 

problem of overestimation in these results due to ascertainment bias or another gene-interacting 

external factor. 

 In 2007, Kaurah et al estimated the cumulative risk of gastric cancer for 4 families carrying a 

CDH1 deletion to be 40% (95% confidence interval [CI] of 12%-91%) for males and 63% (95% 

CI of 19%-99%) for females by age of 75 years. For breast cancer, the cumulative risk at 75 years 

was calculated to be 52% (95% CI of 29%-94%) 54. The method applied for analysis was the same 

as used by Pharoah et al in the previous study57, using a conditional likelihood method applied in 

MENDEL software73, where this likelihood was maximised with the phenotype of the family at 

ascertainment and the genotype of the index case. Parameters consisted in log relative risks of 

gastric and breast cancer based on the general population incidence data. Posterior cumulative risk 

per gender was extracted from these calculations. Only patients with clinically diagnosed gastric 

and breast cancer were considered. 

 Hansford et al used the information 75 families with reported CDH1 variants to perform 

penetrance analysis, resorting to the MENDEL program, with log relative risks of both gastric and 

breast cancer based on general population risk, with assumed rare mutation frequency (0.001)58,73. 

For breast cancer, the relative risk was considered constant with age, which could be a limiting 

factor of this study. Obtained cumulative risk of gastric cancer was 70% (95% CI of 59%-80%) for 

men and 56% (95% CI of 44%-69%) for women by age of 80 years. In addition, breast cancer 

cumulative risk in women by 80 years was 42% (95% CI of 23%-68%)58. 

 In 2019, Roberts et al designed a penetrance study for CDH1 pathogenic variants with the goal 

to diminish the ascertainment bias for the high cumulative risk values presented in the previously 
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mentioned penetrance studies59. This analysis included 41 families with a complete pedigree from 

a cohort of 75. Only 25 of these families met the 2015 IGCLC74 criteria in use at the time of the 

study. Surveillance, Epidemiology, and End Results (SEER) Program75 was used for the incidence 

of general population inference. Standard Incidence Ratio (SIR) was used to obtain cumulative risk 

estimations and the number of individuals with cancer was modelled resorting to a Poisson 

binomial distribution59. Cumulative risk for gastric cancer was 42% (95% CI, 30%-56%) for men 

and 33% (95% CI, 21%-43%) for women by age 80 years. For breast cancer in women, the 

cumulative risk was estimated at 55% (95% CI, 39%-68%)59. This study bases the cumulative risk 

estimations on the SIR-SEER incidence ratio, assuming a proportional incidence of disease. 

 Penetrance estimations for CDH1 pathogenic variants highlight some limitations that are 

transversal to practically all studies. Ascertain bias is thoroughly present in these studies, leading to 

possible overestimation. Besides, multiple pathogenic variants are considered in each penetrance 

analysis, diluting the true effect penetrance of each variant. This highlights the need for penetrance 

estimations in each variant context. 

 

1.2.2. Lifetime Risk Estimation Studies for CTNNA1 Germline Variant 
Carriers 

 

 Recently in 2022, Coudert et al estimated for the first time the risk for DGC of carriers with 

germline pathogenic variants in the CTNNA1 gene76. In this study, they applied the genotype 

restricted likelihood (GRL) method to obtain penetrance estimations77. This method considers the 

genotype of tested family relatives, conditioned by phenotypes observed and the index’s carrier 

status to calculate its estimations. Two models were used, a parametric function – Weibull – and a 

3-points nonparametric (NP) function. This study included 13 CTNNA1 families with gastric 

cancer, with 46 carriers of 12 different pathogenic or likely-pathogenic CTNNA1 variants. Due to 

lack of genotype information in some families, only eight were considered for risk analysis. 

Cumulative risks were 49% with the Weibull and 57% with NP methods, by age 8076. It was also 

reported that risk ratios to general population were higher at early ages, being in line with the early 

onset of DGC in hereditary settings8,30,78. 

 An important characteristic of this study is the inclusion of pT1a lesions found in 

histopathological reports as additional cancer events for the risk estimations.  It is worth noticing 

that, however innovative, this study, as the others above, consisted of penetrance studies for several 

different pathogenic variants from a gene, which may also have its limitations.  
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1.3. The Transcriptome of HDGC Cancers and Pre-
malignant Lesions 

 

 The standard histopathological system of patients’ tissue analysis often fails to recognize the 

molecular heterogeneity of gastric cancer. Cancer research has been revolutionized by the 

emergence of Next Generation Sequencing (NGS) which comprises, among other tools, RNA-

sequencing79,80. This high-throughput technique can help to improve molecular knowledge on 

carcinogenesis81, complement immunohistochemistry reports in search for cancer biomarkers82, 

reveal regulatory regions important to gene regulation in cancer context83, of identify novel targets 

for cancer therapy84,85. Through this technology, profiles of differentially expressed transcripts in 

normal/tumour tissue of GC can be drawn and, ultimately, potential markers of malignancy can 

be identified. These can be integrated with the clinical and pathological characterization of patients 

to provide a more informed decision of diagnosis and prognosis. 

  In the literature several transcriptomic analysis reports can be found for GC. Tong et al 

proposed that aberrant expression of kinase genes in gastric cancer could pose as triggers for gastric 

cancer progression, invasion and metastasis, posing as possible biomarkers for the disease86. 

 An interesting finding in Carino et al report from 2021, showed several differentially expressed 

genes for both diffuse and intestinal gastric cancer, with only partial overlap between samples of 

both cancer types. It was reported a significant enrichment in pathways involved in cell division 

and adhesion, methylation and lipid metabolism. Additionally, PI3K-AKT and CXCL1-CXCR2 

pathways were revealed as possible targets for DGC87. These are signalling pathways involved in 

cell growth, proliferation and angiogenesis (PI3K-AKT), and regulation of chemotaxis and 

inflammation (CXCL1-CXCR2). These are important finding due to the dysregulation of these 

pathways could result in cancer growth, invasiveness, and metastasis87. 

 Transcriptomic landscape of cancer is still an evolving field and novel techniques keep 

surginging every year. 
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2. Rational and Aims 

 

 The work of this thesis is divided into two main aims. As first goal, we intend to establish a 

robust clinical and demographic database of 11 known families with HDGC from the Northern 

region of Portugal. These families share the same pathogenic c.1901C>T CDH1 founder variant 

across different generations, with known cases of diffuse gastric cancer and/or lobular breast 

cancer. This database will pose as the basis for a first-time study of intrafamilial lifetime risk 

estimations of HDGC among carriers of a single known pathogenic variant. We aim to find an 

explanation for the low penetrance of disease among carriers of this variant, while at the same time 

understand why most of the affected patients manifest the disease at an early age and with an 

aggressive phenotype, usually with a poor prognosis. 

 Secondly, we will study the transcriptomic landscape of more than 20 thousand genes of selected 

cases with different DGC and LBC stages to find genes that could be differentially expressed 

among normal, tumour and metastatic tissues. We aim to uncover genes and transcriptomic 

programs that could be essential for tumour development and proliferation and become targets for 

possible therapeutics or markers in surveillance genetic testing. 

 We plan to answer these questions in a logical step-by-step approach through the following 

specific aims: 

 - Establish a robust database with data of different clinical features and manifestations from 

individuals belonging to c.1901C>T variant carrier families. 

 - Generate extended pedigrees for 11 c.1901C>T variant carrier families to better understand 

variant and disease segregation. 

 - Study clinical features shared among carriers and the surveillance procedures applied to 

patients with or without manifestation of HDGC disease from the moment of testing until last 

news reporting. 

 - Estimate the disease lifetime risk in c.1901C>T variant carrier families. 

 - Disclose the transcriptional profile of CDH1 c.1901C>T-related DGC and LBC. 

 With this work we intend to develop a unique and robust clinical database of HDGC patients 

to improve data access and serve as the foundation for clinical research and management. We aim 

to uncover intrafamilial lifetime risk estimations for HDGC that could be helpful in establishing 

more precise management and surveillance guidelines in the future, which are still leaning towards 

a more invasive approach. 
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3. Material and Methods 

3.1.  The FCT funded project LEGOH 

 

 This master’s thesis work is included in the LEGOH project (PTDC/BTM-TEC/6706/2020), 

with the title “Life-time Risk Estimations and Genetic Modifiers of Hereditary Diffuse Gastric 

Cancer”. Its main goal is to, for the first time, generate intrafamilial lifetime risk estimations for a 

single CDH1 variant in HDGC setting, and establish a cancer predisposing molecular profile to 

impact early disease detection and HDGC management within affected families. 

 The pathogenic founder variant in focus in this study is the CDH1 c.1901C>T variant. It was 

first reported in Portugal in 2003, related to early onset gastric cancer probands (cite Suriano, 2003 

Hum Mol Genet). 

 Every data collected is under the scrutiny of the project PI, Professor Carla Oliveira PhD, and 

its dedicated team of researchers and clinicians. 

3.2.  Study Cohort 

 

 This study cohort is comprised of individuals from different HDGC families related to 11 

proband cases. These were individuals either tested at Centro Hospitalar e Universitário de São João 

(CHUSJ) or Institute of Molecular Pathology and Immunology of the University of Porto 

(IPATIMUP), while some were collected with CHUSJ patients’ hearsay or reports from other 

institutions of known relatives of each family. Blood samples were collected from individuals 

participating in genetic counselling appointments to be used for genetic screening of the 

c.1901C>T variant. 

 Usage of all data provided and analysed in this master’s thesis work is under CHUSJ ethics 

committee approval and with signed consent of all living participants or under clinical investigation 

law (21/2014). All individuals participated in genetic counselling appointments and the majority of 

living c.1901C>T carriers is still under surveillance at CHUSJ. 

 All the demographic and clinical data was obtained through a thorough research of patient 

information in several CHUSJ sources. These were clinical appointment diaries, genetic testing 

reports, electronic health records of each patient, histopathology reports from biopsies, 

gastrectomy and mastectomy procedures. All information was gathered with the supervision and 

guidance of clinicians involved with these patients’ care and surveillance, and with full discretion 

regarding ethics and data protection. 

 For the extended database, all data retrieved from patient hearsay about family history was taken 

into account with protection of confidential data and with full approval of all parts. Gathered 

information can be observed in future penetrance and lifetime risk estimations analysis with 

complete anonymity of the cohort. 
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 The cohort was divided into 11 families according to the proband of each one. Identification 

was attributed according to follow up of these families at CHUSJ, from F1 to F11. Families that 

were posteriorly found to share proximal ancestry or intermarriage with resulting offspring were 

merged and considered as a single family. 

 

3.3.  Generating a clinical and demographic database and 
extended pedigrees of HDGC families 

 

3.3.1. The extended HDGC cohort families and pedigrees 

 

 Development of extended pedigrees was enacted with a thorough and systematic approach. The 

focus was to gather information about known carrier status, DGC and LBC events and respective 

age of onset, and age of last news regarding aforementioned information. 

 Individuals tested and followed at CHUSJ had signed consent for full disclosure of needed data 

either from clinical records or histopathological reports. For the extended pedigree cases, this 

information was provided by CHUSJ patients with full anonymity and, whenever possible, 

doublechecked with clinicians from other institutions following individuals from the same families. 

 Pedigrees were drawn to verify the c.1901C>T variant segregation across these families. 

Depending on family size and available data, at least three generations of each family were traced 

back to better acknowledge the effect of this segregation. Unless tested at CHUSJ, branches of 

families descending from known noncarriers of the c.1901C>T variant were removed to avoid 

population noise. 

 Pedigrees were developed resorting to PhenoTips software (https://phenotips.com/) for an 

easier handling of genomic and health records data collected from each individual in the study. 

 In addition to familial kinship, DGC and LBC (in females) events and age of onset was collected, 

when possible, from aforementioned patients’ hearsay, older CHUSJ clinical records and from 

other medical institutions. Gathered information was used for intrafamilial lifetime risk analysis for 

the CDH1 c.1901C>T variant. 

 

3.3.2. The CHUSJ genetic screening cohort 

 

 With the partnership of a clinical team from CHUSJ, all pertinent available data was collected 

from the genetically tested and/or under surveillance individuals at this institution. The data to be 

extracted was stratified according to the goals of the study: development of intrafamilial lifetime 

risk analysis for the CDH1 c.1901C>T variant and genomic and transcriptomic landscape studies 

across HDGC families. 

https://phenotips.com/
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 According to these goals, the types of data collected were subdivided into five categories and 

further detailed in Table 2: 

- Demographic data: year of birth/death, age, pedigree information.  

- Clinical data: carrier status, carriers follow-up, nutritional data. 

- DGC related data: presence/stage of disease, histology, surveillance, prophylactic and 

treatment measures applied. 

- LBC related data: presence/stage of disease, histology, surveillance, prophylactic and 

treatment measures applied. 

- Other cancer manifestation data: type, age of onset, histology. 

 

Table 2: Description of attributes used to build demographic and clinical database. 

Database attribute entry Description of information provided 

Family ID Family identification tag 

LEGOH ID Individual identification in LEGOH project 

Individual General Database ID Individual identification tag 

Gender Gender of the individual 

Mother ID Family Member ID of the mother of the individual 

Father ID Family Member ID of the father of the individual 

Carrier Status Carrier status of the CDH1 c.c.1901C>T variant 

Proband Proband/index case of a HDGC family 

 Family Pedigree Generations Generation of the individual in the family pedigree 

Year of Birth Year of Birth of the individual 

Age in 2023 Age of the individual in 2023 

Age @ Last News for Penetrance Studies - DGC 
Age at last considered event for DGC penetrance study (last 

appointment, prophylactic surgery, treatment, death) 

Age @ Last News for Penetrance Studies - LBC 
Age at last considered event for LBC penetrance study (last 

appointment, prophylactic surgery, treatment, death) 

Age @ Last Appointment Age at last medical appointment 

Year of Last Appointment Year of last medical appointment 

Age of Death Age of death 

Age @ Molecular Study Age of genetic testing for CDH1 c.1901C>T variant 

Molecular Study Year Year of genetic testing 

Hospital at Diagnosis Hospital where molecular diagnosis was performed 

Confidence of Carrier Status 
Confidence in molecular diagnosis result (if tested or validated at 

CHUSJ) 

Surveillance Status Status of patient surveillance 

LEGOH Classification LEGOH project classification in groups of interest 

Gastric Cancer (GC) Diagnosis of diffuse gastric cancer 

GC Year of Diagnosis Year of diffuse gastric cancer diagnosis 

GC Age Onset (Years) Age at which diffuse gastric cancer was diagnosed 

Timing of GC detection and histology  Detection event and stage of disease 

GC Classification 
Diffuse gastric cancer classification - premalignant, early or 

advanced 

GC Stage Gastric cancer stage by TNM staging system 
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Treatment for DGC Information about gastric cancer therapy performed 

Tumour Immunohistochemistry (Yes/No) Analysis of tumour with specific immunohistochemistry markers 

Year of Latest Gastric Biopsy Year of the last recorded gastric biopsy 

Age @ Latest Gastric Biopsy Age at last recorded gastric biopsy 

Neoplastic Lesion in Gastric Biopsy Results Neoplastic lesion findings during gastric biopsy 

Gastric Biopsy Results: Gastritis Gastritis findings during gastric biopsy 

Gastric Biopsy Results: Presence of Mucosa 
Abnormalities 

Mucosa abnormalities findings during gastric biopsy 

Presence of Helicobacter Pylori Helicobater pylori findings during gastric biopsy 

Gastrectomy Information about performed gastrectomy 

Year of Gastrectomy Year of performed gastrectomy 

Lesions in Gastrectomy Neoplastic lesion findings during gastric gastrectomy 

Type of Lesions in Gastrectomy 
Detailed information of neoplastic lesion findings during 

gastrectomy 

Gastrectomy Results: Mucosa Abnormalities Mucosa abnormalities findings during gastric gastrectomy 

Age at Gastrectomy Age at gastrectomy procedure 

Years since Gastrectomy Years passed from gastrectomy to 2023 

Gastrectomy with CHUSJ complementary report Information about CHUSJ gastrectomy reports completion 

Observations after Gastrectomy 
Relevant events and findings after gastrectomy procedure until 

2023 

Height (cm) Height of patient (only in those submitted to gastrectomy) 

Weight (kg) - Before/After Gastrectomy Weight of patient before and after gastrectomy procedure 

BMI before Gastrectomy BMI before gastrectomy 

BMI after Gastrectomy BMI after gastrectomy 

Latest Nutritionist follow up Year of last nutritional medicine appointment 

Breast Cancer (BC) Diagnosis of lobular breast cancer 

BC Age Onset (Years) Age at which lobular breast cancer was diagnosed 

Timing of BC detection and histology  Detection event and stage of disease 

BC classification Lobular breast cancer classification - premalignant or advanced 

BC Stage Breast cancer stage by Nottingham and TNM staging systems 

Treatment for BC Information about breast cancer therapy performed 

BC Unilateral or Bilateral Information regarding lobular breast cancer affected breast 

Year of latest Breast Biopsy Year of the last recorded breast biopsy 

Breast Biopsy Results Neoplastic lesion findings during breast biopsy 

Mastectomy Right (Yes/No) Information of right breast mastectomy 

Mastectomy Left (Yes/No) Information of left breast mastectomy 

Mastectomy Unilateral or Bilateral Information of which breast was removed 

Year of Mastectomy Year of performed mastectomy 

Lesions in Mastectomy Neoplastic lesion findings during gastric gastrectomy 

Type of Lesions in Mastectomy 
Detailed information of neoplastic lesion findings during 

gastrectomy 

Age at Mastectomy Age at mastectomy procedure 

Other Cancers Information of other reported cancers 

Year of Other Cancer Diagnosis Year of other cancer diagnosis 

Other Cancers Age of Onset Age at which other cancers were diagnosed 

Other Cancers (Histology) Detailed information of neoplastic lesion of other cancer types 
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 This data was essential for further studies about surveillance methods applied and their 

efficiency, as well as statistical analysis of pathways-of-care of and look for correlations between 

clinical features and DGC or LBC development. 

 

3.3.3. Criteria for Carrier Status and Cancer Onset 

 

 For the database comprised of patients tested and followed at CHUSJ, criteria for carrier status 

were based solely on genetic testing, with the presence or not of the c.1901C>T variant. 

 When considering the extended families, carrier status was judged on two different accounts: 

either the carrier status was confirmed by genetic screening at another institution, or the individual 

had to be an obligated carrier (OC). For an individual to be classified as an OC, it had to meet one 

of the following criteria: 

- Be both the offspring and parent of variant carriers; 

- Be both the parent and sibling of variant carriers and HDGC affected individuals. 

 Regarding the verification of an individual with a cancer event, these were divided into 

histologically confirmed DGC and/or LBC – by CHUSJ electronic heath records and 

histopathology reports – and unknown cancer histology. 

 Individuals with unknown cancer histology were considered affected for lifetime risk analysis if 

they were reported as displaying either gastric of breast cancer, and were at least second-degree 

relatives with a confirmed variant carrier. 

 Selection of non-tested individuals for risk estimations was based on either: 

- Individuals with confirmed carrier status at another institution or previously classified OC; 

- Direct descendants of c.1901C>T variant carriers; 

- Mates of variant carriers with offspring; 

- Siblings of variant carriers; 

- Cancer affected individuals with at least second-degree relation to variant carriers. 

 

3.3.4. Statistical and surveillance analysis of CHUSJ HDGC patients’ 
database 

 

 After establishing the HDGC clinical database, basic statistics were used to describe the 

information gathered from patients tested and under surveillance at CHUSJ. General frequency 

and penetrance of DGC and LBC cases were calculated considering every known case of cancer 

across the database, and all c.1901C>T carriers, respectively. 

 Surveillance at CHUSJ status was considered when patients’ health records – either biopsy, 

gastrectomy, and/or mastectomy – were found at CHUSJ database, implying that the patient 

underwent surveillance procedures at some point at the institution. Considering this assumption, 
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patients that are no longer under follow up, either by death, loss of contact, changing of institution 

or due to old age, are considered under surveillance until the age of last news. 

 Frequency of different surveillance and preventive measures were calculated based on carriers 

that were currently or previously under follow-up at CHUSJ. 

 Fisher’s exact tests were performed to find possible statistical significance between clinical 

features, outcomes and/or preventive measures of these patients. Median tests were used in some 

clinical features analysis such as age at genetic test, risk reducing gastrectomy (RRG) and gastric 

cancer event, to find differences between male and female. 

 

3.4.  Lifetime risk estimations for the CDH1 c.1901C>T 
variant in a Northern Portuguese cohort 

 

 Only cases meeting criteria described in 3.3.1. and 3.3.3. were considered for lifetime risk 

estimations. Individuals reported that were descendants from known c.1901C>T noncarriers, had 

no information about cancer event and its age of onset, or lacked any information about age at 

which information was collected were excluded from further analysis. These estimations inferred 

how the variant may be segregating within the familial population taking into account all known 

cases. 

3.4.1. Cumulative incidence of DGC and LBC in Northern Portugal 

 

 DGC and LBC cumulative incidence across the Northern Portuguese population was inferred 

resorting to data from European Cancer Information System (ECIS) provided by the European 

Commission (https://ecis.jrc.ec.europa.eu/index.php). 

 The data collected regarded gastric cancer and breast cancer incidence between the years 2000 

and 2010. This information was subdivided in values for each sex – in gastric cancer – and in age 

intervals of 5 years, ranging from birth until 85+ years. Based on literature and HDGC-related 

cancers statistics, 30% of gastric cancer incidence was considered for DGC, while for LBC it was 

attributed 10% of breast cancer incidence. 

 An incidence curve was achieved using an in-house R-based function and the ggplot2 package 

(https://ggplot2.tidyverse.org/). 

 

3.4.2. Cumulative and relative risk of DGC and LBC in the HDGC cohort 

 

 Kaplan-Meier risk curves were used to depict cumulative risk estimates of DGC and LBC for 

the HDGC families in this study. Data was stratified in three different groups: variant carriers, 

noncarriers, and unknown genotype. 

https://ecis.jrc.ec.europa.eu/index.php
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 For DGC, two distinct lifetime risk estimations were performed. One which considered pT1a 

lesions found in gastrectomy tissue as a cancer event, and another which considered only advanced 

(pT2 or higher) cancer as event. In the LBC analysis only pT1 or higher was characterized as events 

for the analysis, considering any female with in situ lesion as healthy. 

 Cases with unknown histology for both DGC and LBC risk estimates were considered as events 

if they met the criteria described in 3.3.3. 

 The Kaplan-Meier curves describe the cumulative risk of DGC (or LBC) in carriers from birth 

to 80+ years old in intervals of 5 years. Superior and inferior 95% confidence intervals (CI) were 

also calculated. 

 Log-rank tests were performed in the Kaplan-Meier curves, comparing groups with cancer 

events, to assess if there was statistically significant differences between different estimations. 

 Standardized Incidence Ratios (SIR) with 95% CI for both DGC and LBC were calculated from 

observed cancer cases divided by expected cancer cases, to estimate the incidence of DGC and 

LBC within the HDGC cohort and general population of Northern Portugal, resorting to the 

following age intervals: [0,35], (35,50], and (50,100]. These intervals were chosen to provide a better 

distribution of cases and stability to SIR calculations. 

 

3.4.3.  The Genotype-Restricted Likelihood (GRL) method 

 

 The GRL method was used for a robust penetrance analysis of the c.1901C>T variant in 

intrafamilial HDGC context. This method maximises the probability of observed genotypes from 

the tested family relatives at ascertainment, conditioned by phenotypes observed in the cohort and 

the carrier status of the index case to estimate the lifetime risk for variant carriers77. 

 For possibly affected individuals, a modified parametric Weibull function was used to model 

risk estimations, while always considering that a portion of the cohort would never be affected. 

This method considers that the variant originates from only one parent in its calculations, it follows 

mendelian rules of variant segregation and considers the effect of variant inheritance as dominant. 

A non-parametric function with three fixed nodes at 35, 50 and 80 years of age was used to cross 

check the results obtained with the Weibull model, that does not make distribution assumptions 

and is better suited to small sample size. A ratio of the risk estimations between the study’s cohort 

and the Northern Portuguese population incidence was performed as well. 

 Allele frequency was defined at 1/2000, given to fact that the variant is considered ultrarare in 

the European population, and an autosomal dominant model was used. North of Portugal overall 

risk for both sexes was employed for risk ratios to general population. 

 Similar to the Kaplan-Meier estimates, the GRL calculations were performed in three distinct 

analyses: GC advanced cases only as phenotypes, considering pT1a lesions as GC cases as well, 

and BC cases in the LBC estimations. 

 A sensitive analysis was used to evaluate the uncertainty of each families’ impact in the GRL 

method. This was performed using the “leave-one-out” method, where risk curves were estimated 

with the absence of each family. 
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3.5.  Selection criteria of HDGC cases and controls for 
different output analysis 

 

 Regarding the second part of the LEGOH project’s goal, groups of interest were devised for 

further genomic and transcriptomic analysis. 

 For genomic analysis, each individual was classified according to the onset of disease and age at 

the time of occurrence, with focus on two distinct groups. Carriers that developed the disease 

before 35 years old were classified as Young Affected Carriers, while carriers that remained 

asymptomatic beyond 65 years of age were classified as Old Asymptomatic Carriers. However, 

despite being an important output analysis of the developed clinical database, genomic data analysis 

will not be tackled in this master’s thesis. 

 For transcriptomic analysis, some cases of DGC and LBC, confirmed by histology, were 

selected. Criteria for the selection was a sufficient count of histological blocks for RNA extraction, 

and, whenever possible, enough material of tumour and normal tissue per sample, for pairing 

analysis. However, on many occasions this was not possible, especially for advanced DGC cases, 

due to lack of availability of normal tissue. 

3.6.  RNA-sequencing analysis for DGC and LBC 

 

3.6.1. Tissue samples and parameters for RNA-sequencing 

 

 RNA was extracted from Formalin-Fixed Paraffin-Embedded (FFPE) blocks using the 

MagMAXTM kit (Thermo Fisher Scientific, Massachusetts, USA). 

 Sample selection for the extraction comprised biological material from tumoral, metastatic and 

normal tissue from patients followed at CHUSJ. 

 RNA was sequenced using the Ion AmpliSeqTM Transcriptome Human Gene Expression Kit 

(Thermo Fisher Scientific, Massachusetts, USA), with amplification of more than 20K genes, 

suitable for degraded samples, such as the ones from FFPE blocks. 

 

3.6.2. RNA-sequencing data analysis 

 

 Search for differential expressed genes was performed in a first stage recurring to the 

Transcriptome Analysis Console (TAC) software from Thermo Fisher Scientific. A .CHP file per 

sample was used for the analysis, for probe sets and signal intensity values information. 

 Two analyses were performed, one for diffuse gastric cancer samples. Comparisons between 

normal tissue, tumour and metastasis (lymph node and distant) were performed. 
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 The statistical method used was e-Bayes, with information of each sample’s individual being 

accounted as a confounding variable in the analysis. 

 Significant log2 fold change was set at below -2 and above 2, with significant p-value being 

considered as <0.01. No p-value correction was considered for differentially expressed genes at 

each comparison, due to the low output it yielded. Principal Component Analysis (PCA) and 

hierarchical clustering heatmap were obtained from TAC analysis. 

 ClusterProfiler (v.4.4.4) R package was used to identify significantly enriched Gene Ontology 

functions in biological processes (BP), molecular function (MF), and cellular component (CC) 

categories for each analysis (FDR adjusted p-value < 0.1). 
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4. Results 

4.1.  A pioneering and comprehensive clinical database for 
HDGC families carrying the CDH1 c.1901C>T variant 

 

4.1.1. Extended database and pedigrees analyses – Cataloguing a 400 
individuals’ cohort with a founder genetic event 

 

 All data regarding individuals from HDGC families sharing the CDH1 c.1901C>T variant was 

thoroughly examined and compiled to create a robust demographic and clinical database that will 

be the basis for several analysis, such as lifetime risk estimations, genomic and transcriptomic 

analysis. 

 This work highlights the importance of well collected and curated data for scientific research 

and health care providing. 

 Family pedigrees were ascertained from 11 probands carrying the CDH1 c.1901C>T variant. 

From the 11 families, a total number of 400 individuals were reported, either through genetic 

screening at CHUSJ, older clinical records, hearsay of individuals on genetic counselling 

appointments, or confirmation by exterior institutions. 

 A first step was performed to disregard all individuals without relevant data for risk studies. 

According to criteria described in 3.3.1. and 3.3.3., 115 individuals without known age of last news 

were excluded, and 285 individuals were considered for lifetime risk analysis (Figure 3). From these, 

171 had carrier status confirmation through genetic screening at CHUSJ. The c.1901C>T was 

found in 95 individuals – 40 female and 35 male carriers. Lastly, electronic health records from 67 

patients were retrieve with information of surveillance procedures at CHUSJ. 
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Figure 3. Diagram depiction of case selection and retrieved clinical data. 

 

 Pedigrees were drawn in PhenoTips from data provided by electronic health records or patients’ 

hearsay. These were a tool to observe the CDH1 variant segregation within each family, and the 

number of HDGC-related cancers across family generations. For data protection, these pedigrees 

were used for research purpose only, but a simplified representation was provided in Figure 4. The 

extended pedigrees also show the extent of this family study, ranging from 3 generation levels 

reported – families such as F6, F7, F10 and F11 (the most recent) – to families with five (F1, F2) 

and six (F3) generation levels and a considerable number of cases reported. 

 It can be observed that three of these families were merged due to shared proximal ancestry (F8 

and F9) or intermarriage with offspring (F2 and F8). From now one these families will all be 

compiled under the F2 denomination. 
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Figure 4. Pedigree representation of nine HDGC families sharing the CDH1 c.1901 variant. The nine families 

of the study are identified in different colours, with family generations ranging from three up to six levels. 

 

4.1.2. Database for lifetime risk estimations – 285 individuals with known 
age of last news 

 

 The backbone of the database is comprised of 285 individuals from which age of last news is 

known. This variable is assumed from the last reported information about the individual, either 

genetic testing, perished by disease, last surveillance procedure, removal of targeted organs, or 

HDGC-related cancer diagnosis from hearsay. 

 The cohort is comprised of 95 known carriers of the c.1901C>T variant, 105 noncarriers and 

85 individuals with unknown genotype (Figure 5). Known variant carriers present 38 cases of 

gastric cancer, from which 36 are confirmed DGC. Both advanced DGC (≥pT2 tumour) and early 

DGC (pT1a lesion) are considered as DGC events, 10 and 26 respectively. Female known carriers 

in this cohort also present 6 LBC cases. Four women diagnosed with LBC also presented early 

DGC findings. 
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 Gastric and breast cancers were also reported in individuals with unknown genotype, from 

which it was impossible to retrieve the histological classification of the tumour as well. Gastric 

cancer was reported from 14 individuals, while breast cancer was exhibited in six females. One of 

the women was diagnosed with both gastric and breast cancer in her life. 

 

 
Figure 5. Chart depicting carrier status and HDGC-cancers onset in the 285 individuals' cohort. Carrier status 

was classified as carrier, noncarrier, or unknown genotype. Tumour histology of patients with gastric cancer (GC) and 

breast cancer (BC) was also attributed when proven. UnkH – Unknown histological classification of tumour (GC and 

BC). *Four variant carrier women had both LBC diagnosis and early DGC findings in surveillance. #One woman with 

unknown genotype presented both GC and BC. 

 

 Picking up from this broader database and extended pedigrees with age of last news, extensive 

clinical data was aggregated for patients tested at CHUSJ for posterior surveillance analysis. 

4.1.3. Surveillance at CHUSJ – A gigantic pool of data, a drop of curated 
information 

 

 A more detailed section of the database was comprised of demographic and clinical information 

from the 171 individuals tested at CHUSJ. Carrier status of these individuals was confirmed after 

genetic testing. From these, 96 were noncarriers of the c.1901C>T variant (including two proband 

mates), while 75 carriers of the variant were reported, comprising the 11 probands and 64 family 
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members. Gender of variant carriers was split into 40 females and 35 males (Table 3). Three 

patients are yet to start surveillance at CHUSJ due to recent positive tests (all males), and five other 

patients (2 females and 3 males) were lost to follow-up before beginning surveillance procedures. 

Regardless, these patients had signed a consent for their clinical data to be assessed within the 

LEGOH project. From the 75 confirmed c.1901C>T variant carriers, 67 are or were at some point 

under surveillance at CHUSJ (treatment or management), with more relevant clinical data collected.  

 

Table 3. Carrier status of individuals tested at CHUSJ. 

 

 

 

 

 

 

  

 The cohort sampling was distributed among 9 different HDGC families, with families F1, F2 

and F3 overrepresented compared to more recently studied families such as F10 and F11 (Table 

4). Advanced DGC cases span across almost every family except F5 and F10. F5 index case was 

screened for CDH1 variants for LBC onset, and F10 proband had a non HDGC cancer, but was 

tested due to family history of various GC events and geographical location of the family. In fact, 

both F10 and F11 do not follow traditional criteria for HDGC affected families but started being 

tested because of being from a region of Portugal with a high incidence of HDGC-related gastric 

cancer. The proband of F11 was clinically diagnosed with DGC abroad, before genetic testing, and 

requested for the family to start being followed at CHUSJ.  

 

Table 4. Carrier status and DGC and LBC events across each HDGC family 

 

  

Cases reported at CHUSJ Total (n = 171) Female (n = 93) Male (n = 78) 

Positive Carriers 75 40 35 

Noncarriers 94 53 41 

Mates (Noncarriers) 2 0 2 

Families Ascertained 
(n = 9) 

Carriers 
(n = 75) 

Non-carriers 
(n = 94) 

Mates 
(n = 2) 

Advanced DGC 
(n = 10) 

Early DGC 
(n = 26) 

LBC 
(n = 6) 

F1 16 19 1 2 6 1 

F2 (+ F8 & F9) 23 24 1 2 4 3 

F3 19 19 - 2 10 1 

F4 4 8 - 1 2 - 

F5 5 9 - - 3 1 

F6 2 3 - 1 - - 

F7 3 7 - 1 1 - 

F10 1 1 - - - - 

F11 2 4 - 1 - - 
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Diffuse Gastric Cancer (DGC) 

  

 Clinically expressed DGC was reported in 10 (13.3%) patients (Table 4), seven were index cases 

(probands with manifestation of disease), one was a family member diagnosed before genetic 

testing, and two other cases were diagnosed in biopsy results under surveillance at CHUSJ.  

 From these, four of the seven probands perished due to disease, before being submitted to 

HDGC surveillance. Three probands and one relative were submitted to curative gastrectomy with 

two probands succumbing to DGC (Figure 6). From the two advanced tumour cases detected after 

genetic testing, one of the patients died due to DGC. 

 Three carriers opted to forfeit surveillance at CHUSJ due to old age. 

 

 
Figure 6. Chart depicting the surveillance pathways for DGC in patients from HDGC families. Surveillance or 

clinical events are depicted in black with information of individuals considered. Dark red represents the path of 

individuals clinically diagnosed with advanced DGC. Blue path englobes individuals under surveillance. Light blue 

represents the path of patients with pT1a findings. Green depicts successful (patient survival) curative or risk reducing 

gastrectomy. *Light grey corresponds to individuals that opted out on surveillance due to old age. 

 

 Early DGC foci were found in the biopsies of five patients under surveillance, which were 

submitted to curative gastrectomy, all surviving the procedure and the post operatory. 

 From the 49 carriers with normal biopsy results, 24 (49.0%) opted to perform risk reducing 

gastrectomy (RRG). Only three patients (12.5%) had no lesions. A total of 20 patients (83.3%) 

presented pT1a foci, with seven presenting in situ lesions or pagetoid spread. Another patient 

presented only these premalignant lesions in the histology reports. 

 

 Lobular Breast Cancer (LBC) 

 

 LBC only affects women, hence male carriers were removed from analysis. 
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 Three women were lost to follow-up and three female carriers tested at CHUSJ perished due to 

DGC before being submitted to LBC surveillance. One patient opted out of surveillance due to 

old age after genetic testing. 

 LBC was detected in three carriers before genetic testing (4.3%), with two being family 

probands, F2 and F5. These all revealed different histological findings: pT2 + lobular intraepithelial 

neoplasia (LIN), pT1c + LIN, and unknown histology. All patients performed curative mastectomy 

and survived (Figure 7). 

 At MRI surveillance, seven of 30 women (23.3%) had possible malignant findings. After breast 

biopsy, two were diagnosed with LBC, two had LIN findings and three revealed normal biopsy 

results. 

 The two women with LBC detected at MRI underwent curative mastectomy, showing pT1c and 

pT2 tumours in addition to LIN findings. One of these women perished after mastectomy.  

 

 
Figure 7. Chart depicting the surveillance pathways for LBC in patients from HDGC families. Surveillance or 

clinical events are depicted in black with information of considered individuals. Red represents women clinically 

diagnosed with LBC. Blue denotes women that perished due to DGC before surveillance, and dark red that perished 

from DGC after surveillance for LBC. Light yellow represents the path of patients with LIN findings. Pink is the path 

of patients that opted for risk reducing mastectomy and green depicts normal findings and women still under 

surveillance. *Light grey corresponds to a woman that opted out on surveillance due to old age. 

 

 Along with the two women that revealed LIN at breast biopsy, four more (17.4%) underwent 

risk reducing mastectomy (RRM). All six women survived RRM, with three revealed LIN findings 

at RRM. 

 The remaining 22 women were kept under surveillance procedures, however one has perished 

due to DGC. 

 Additionally, it is worth noticing that the proband of F9 (grouped into F2 family) was 

misdiagnosed with LBC – posterior histopathology tissue analysis showed that the patient only had 

lobular intraepithelial neoplasia – which for all descriptive and subsequent analysis purposes was 

not considered as a clinically expressed LBC case. 
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 Clinical findings in gastric biopsy and gastrectomy reports 

 

 It was possible to collect information about histological and other clinical features from 

histopathological reports of tissue from biopsy or gastrectomy. Clinical records were thoroughly 

analysed to extract the most from the information provided at CHUSJ. 

 One of the most well establish findings was the presence of Helicobacter pylori in the carriers 

under surveillance. From the 67 patients, 36 (53.7%) presented H. pylori in the lining of the stomach, 

at least in one of the biopsies (Table 5). Eradication of the bacteria may occur between surveillance 

events. 

 Other retrieved information regarded the presence of gastritis signings in the stomach lining in 

42 patients (62.7%) and intestinal metaplasia in 10 (14.9%), according to biopsy reports. This 

information sometimes does not match histopathology reports from curative or risk reducing 

gastrectomy. There is not a defined pattern in how the information is recorded into these reports. 

 It is also observable a significant lack of information in individuals where DGC was diagnosed. 

This may be the result of a combination of factors: no information from older probands’ reports, 

a focus on lesions reporting and undervaluing of secondary features. 

 

Table 5. Clinical findings in carrier reports at CHUSJ 

  
  

Patients 
(n = 67) 

  
Presence of 

Helicobacter 
pylori 

(n = 36) 

Biopsy findings Gastrectomy findings 

  
Gastritis 
(n = 42) 

Intestinal 
metaplasia 

(n = 10) 

Gastritis 
(n = 21) 

Intestinal 
metaplasia 

(n = 5) 

Tufting 
(n = 4) 

DGC diagnosis 
before genetic 

testing 
8 1 0 0 1 0 0 

DGC diagnosis 
at surveillance 

2 1 1 0 0 1 0 

pT1a diagnosis 
at surveillance 

5 3 4 3 0 1 1 

Normal biopsy 
and RRG with 
pT1a lesions 

20 14 13 2 15 1 2 

Normal biopsy 
and RRG with 

no lesions 
4 1 4 2 2 2 1 

Normal biopsy 
without RRG 

25 16 20 3 - - - 

Opted out of 
surveillance 

3 - - - - - - 

 

 Fisher’s exact test was used to find possible correlations between disease progression and 

neoplastic findings with clinical features such as gastritis, intestinal metaplasia, and Helicobacter pylori 
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presence. None were found in analyses either in normal biopsy or with findings. The only 

significant association (p-value <0.05) was found between gastritis and presence of Helicobacter 

pylori. 

 The reduced number of histopathological records with complete clinical feature’s reports was a 

barrier for the statistical analysis performance. Perhaps a possible solution could be resorting to 

fill-in reports or checklists. This topic will be exposed in more depth in the chapter 5. 

 Median tests were performed to find significant differences between genders at genetic testing, 

RRG and disease onset. None were found. 

 

4.2.  Populational incidence and penetrance estimations – 
pT1a lesions as a potential incremental factor in risk 
estimations 

 

 To develop lifetime risk estimations for the CDH1 c.1901C>T across the families from the 

cohort in study, a statistical basis was assembled for comparison. Incidence of gastric and breast 

cancer in the Northern Portugal population from 2000 to 2010 was collected to define general 

population cancer incidence. From these values, 30% and 10% was considered for DGC and LBC 

respectively. Incidence curves for DGC were drawn with values across age intervals of five years 

and separation between gender (Figure 8, panel A). It was possible to observe a slightly higher 

incidence of DGC in male individuals. A combination of both sexes was assembled for a general 

incidence curve (Figure 8, panel B). 

 An LBC incidence curve was performed through the same method, considering that only 

women develop this cancer phenotype (Figure 8, panel C). 

 

 
Figure 8. Incidence curves for DGC and LBC in the Northern Portugal population between 2000 and 2010. A 
– DGC incidence split into male and female values. B – Combined DGC incidence, depicting general North Portugal 
region DGC incidence. C – LBC incidence in females from the North Portugal region. 
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4.2.1. Kaplan-Meier and SIR analyses reveal higher HDGC-related disease 
risk in carriers before 50 years of age 

 

 Kaplan-Meier curves were generated to present the absolute cumulative risk of DGC and LBC 

development across three defined groups: c.1901C>T variant carriers, noncarriers, and individuals 

with unknown genotype. 

 

 Diffuse Gastric Cancer (DGC) 

 

 Two different analyses were performed. One considered both advanced and early cancer 

manifestations as DGC event, while another only took advanced cancer as event. For both, 

unknown cancer histology was considered a DGC event, if there was a reported case of gastric 

cancer with no histopathological confirmation. 

 Considering both advanced DGC and pT1a lesions as cancer events the cumulative risk of 

carriers is considerably higher (~60% at 65 years) than individuals with unknown genotype (~27 

at 65 years). The reason behind these observations may lie on the fact that, in this cohort, pT1a 

lesions are only reported in individuals with known carrier status (Figure 9). These lesions are 

usually detected only in histological analysis of biopsies or gastrectomy tissue. Thus, access to this 

information was easier for patients under surveillance or previously tested at CHUSJ. Much of this 

data was absent from individuals with unknown carrier status. 

 Another finding of this Kaplan-Meier is the fact that, in known variant carriers, advanced DGC 

events stop showing after 55 years while pT1a lesions are reported in gastrectomy until as late as 

65 years of age (Figure 9).  

  

 
Figure 9. Kaplan-Meier cumulative risk estimations for DGC onset considering both pT1a lesions and ≥pT2 

tumours as events. Curves for c.1901C>T carriers, individuals with unknown genotype and noncarriers, with a 

supplementary table of number of individuals observed for each group in intervals of 10 years. UnkH – Unknown 

histological classification of tumour. 
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 These findings highlight a possible overestimation of DGC risk, especially after 50 and if, from 

this age onwards, the RRG is really the most valid option for HDGC management. This 

overestimation gets support from a log-rank test performed on the Kaplan-Meier risk curves 

(considering only carriers and unknown genotype groups), with a resultant p-value of 5 x 10-4, 

highlighting the bigger number of events in the carrier group. 

 These results are corroborated when the Kaplan-Meier is generated considering only advanced 

DGC as event. It is possible to witness a much lower cumulative risk of DGC, at around 19% for 

carriers of the c.1901C>T variant at age 65, with even the risk from the unknown genotype group 

surpassing it from 60 onwards – approximately 27% (Figure 10). It is possible that some GC cases 

with unknown histology may have accounted another histologically different GC, but these were 

considered based on the criteria described in 3.3.3. Contrasting to the previous Kaplan-Meier, log-

rank test had a p-value of 0.7, demonstrating no statistically significant difference between both 

groups. 

 

 

 
Figure 10. Kaplan-Meier cumulative risk estimations for DGC onset considering only ≥pT2 tumours as 

events. Curves for c.1901C>T carriers, individuals with unknown genotype and noncarriers, with a supplementary 

table of number of individuals observed for each group in intervals of 10 years. UnkH – Unknown histological 

classification of tumour. 

 

 Proceeding to relative risk calculations, standard incidence ratio (SIR) for DGC was devised. 

This ratio comprised the 95 known carriers from the extended pedigree. Age of last news intervals 

were set to three intervals: from 0 to 35, the threshold for young affected carrier’s group for patients 

with HDGC-related cancer onset, 36-to-50, and 50 onwards. These intervals were defined based 

not only in groups of interest, but also to evenly distribute observations, to ensure more stability. 

 It can be observed that DGC carriers within these families at young age (<35 years old) have 

an extremely high incidence (~34 times more) of DGC compared to the general population from 

the same region (Table 6). Disease risk for c.1901C>T variant carriers was still superior in the age 

range from 36 to 50 years old, while from 50 onwards, the risk of is lower than in the normal 
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population, highlighting the earlier age of onset of DGC in HDGC compared to sporadic gastric 

cancer. 

 Confidence intervals (95% CI) present a wide range of values, which may be indicative of lower 

stability of the SIR, probably due to the low sample size of the observed cohort. Nonetheless, for 

the two first groups, inferior 95% CI is still above 100, meaning that, within the limits of this data, 

the probability of developing DGC until 50 years is higher than in the general population. In 

addition, superior 95% CI in the 51-to-100 interval is also below 100, showing half of the risk of 

general population to develop DGC, supporting that this disease tends to early onset. 

 In these calculations, only pT2 tumours and above were considered as DGC events, for SIR 

values considering pT1a lesions as well, consult Supplementary Table 1. 

 

Table 6. Standard Incidence Ratio for DGC (only pT2) 

  

 Lobular Breast Cancer (LBC) 

 

 Kaplan-Meier risk curves were also estimated for LBC. This comprised only 147 female 

individuals. Risk curves only start at 30 and 42 years of age for unknown genotype and c.1901C>T 

carriers, respectively. Maximum cumulative risk for females with unknown genotype from 65 years 

onwards is set at 27%, and for carriers is approximately 34% (Figure 11). There was no statistically 

significant difference between carriers and unknown genotype groups (log-rank p-value = 0.9). 

 

 
Figure 11. Kaplan-Meier cumulative risk estimations for LBC onset. Curves for c.1901C>T carriers, individuals 

with unknown genotype and noncarriers, with a supplementary table of number of individuals observed for each group 

in intervals of 10 years. UnkH – Unknown histological classification of tumour. 

DGC age of last news 
c.1901C>T carriers 

(n = 95) 
DGC cases* 

(n = 12) 
SIR 

SIR 95%CI 
inferior 

SIR 95%CI 
superior 

[0,35] 34 7 3402.04 1367.80 7009.51 

(35,50] 31 4 370.88 101.05 949.59 

(50,100] 30 1 9.48 0.24 52.81 
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 For LBC SIR estimations, the sample consisted of 50 female carriers from the extended pedigree 

database. In Table 7, higher incidence ratio of LBC in the families’ cohort compared to Northern 

Portugal population is only observed at the 35-to-50 years of age interval. Female carriers within 

these families are approximately four times more at risk than women from the same age group in 

the region of study. It is still worth notice that the confidence intervals’ range is extremely high, 

indicating that statistical power is not ideal and the potential existence of some bias. 

 

Table 7. Standard Incidence Ratio for LBC 

 

 

4.2.2. GRL method highlights a higher risk of DGC between 20 and 40 
years in HDGC families compared to the North Region of Portugal 

 

 Risk estimates were performed resorting to the GRL method developed by Bonaïti et al, with 

maximization of known genotypes conditioned by the observed phenotypes. For cumulative risk 

two methods were performed, Weibull and a 3-point non-parametric (NP). 

 

 Diffuse Gastric Cancer (DGC) 

 

 Observed in Figure 12 panel A, DGC cumulative risk in the cohort families given by this method 

is constant at around 17.5% for both Weibull and NP models when considering pT1a lesions 

alongside ≥pT2 tumours as cancer. When labelling only advanced tumour cases as cancer, there 

was a considerable diminishing of cumulative risk for both Weibull model (13.8% at age 65) and 

3-point NP (5.2% at age 65).  Both models maintain a similar increase of risk across age until 45 

years old, where NP model stays constant and Weibull model continues to increase based on 

function assumptions. 

 DGC risk ratios against the Northern Portuguese population reveal a peak of relative risk 

between 20 and 30 years considering pT1a and ≥pT2 tumours as DGC, with both models behaving 

similarly (Figure 12, panel B). Risk estimations at age 30 are 2445.5 and 2466.7, decreasing to 32.3 

and 32.5 at age 65, from Weibull and non-parametric models respectively. When considering only 

≥pT2 tumours as cancer, the relative risk to population is much lower than the calculation of both 

histological types together, peaking at age 35, with relative risk at 156.3 (Weibull) and 214.8 (NP) 

and decreasing to 25.4 and 9.5 at age 65. 

LBC age of last news 
c.1901C>T female 
carriers (n = 50) 

LBC cases 
(n = 6) 

SIR 
SIR 95%CI 

inferior 
SIR 95%CI 

superior 

[0,35] 11 0 0 0 6550.90 

(35,50] 23 4 465.56 126.85 1192.02 

(50,100] 16 2 38.26 4.63 138.22 
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 It is possible to observe a decrease in both cumulative and relative ratio risk estimations when 

leaving pT1a lesions out of DGC event consideration. 

 The observed differences between both models – for either pT1a consideration or not – reveals 

that choice of model will probably not influence the outcome of the risk estimations by much, at 

least until after 50, be it cumulative or relative risk. 

 

 
Figure 12. GRL risk estimations for DGC onset. A. Cumulative risk for DGC onset for both pT1a and ≥pT2 

tumours (Weibull – green; NP – blue). Cumulative risk for DGC onset for ≥pT2 tumours only (Weibull – red; NP – 

black). B. Risk ratio for DGC onset for both pT1a and ≥pT2 tumours in HDGC against general population (Weibull 

– green; NP – blue). Risk ratio for DGC onset for ≥pT2 tumours only in HDGC against general population (Weibull 

– red; NP – black). 

 Slight differences in the risk curves for the same condition may be the result of the way both 

models behave. The Weibull function, as a parametric model, assumes that the model shape will 

behave in specific ways. This makes it less robust in cases with a small sample size or with some 

instability in the event distribution within the cohort. 

 

 Lobular Breast Cancer (LBC) 

 

 Regarding the LBC risk estimations, the methods applied demonstrate very close estimations in 

both the cumulative risk and risk ratios to population (Figure 13, panels A & B).  

 Cumulative risk with the Weibull model follows an almost constant pattern, reaching a 

cumulative risk estimation of 11.8% at age 65. NP predicts very similar numbers as the Weibull 

model, fluctuating between higher and lower values in comparison across the different ages, and 

estimates a risk of 11.5% at age 65. After 61 years, no more cases were reported in the cohort, but 

it is possible to observe that the Weibull model predicts a continuous increase, while NP model 

stagnates around age of 80 years. 

 HDGC-related LBC relative risk for these families followed almost the same curve in both both 

Weibull and the 3-points NP models as well. The relative risk to general population at 30 years, 
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where it peaks was 243.1 and 212.2 with Weibull and 3-points NP, respectively. Both curves show 

a decrease in relative risk, reaching around 27 in both models’ estimations. 

 

 
Figure 13. GRL risk estimations for LBC onset. A. Cumulative risk for LBC onset (Weibull – green; NP – blue). 

B. Risk ratio for LBC onset in HDGC against general population (Weibull – green; NP – blue). 

 

 Sensitive Analysis 

 

 A sensitive analysis was performed to verify if one of the families was an outlier in the risk 

analyses. Risk curves were generated, each without one of the families. Both Weibull and 3-points 

NP models were evaluated, with DGC cases comprising only ≥pT2 tumours. 

 In the Weibull model analysis both cumulative and relative risk display similar curves when 

considering out each of the families. In the cumulative risk estimations, the most notorious 

differences manifest after 40 years, with F1 out diminishing the risk considerably, and F2 and F5 

out returning curves with a higher risk ratio (Figure 14, panel A).  In the relative ratio to Northern 

Portuguese population, leaving F1, F4 and F11 out analyses are the most different from the trend, 

starting with a higher risk at younger ages and then declining rapidly from 30 years onwards(Figure 

14, panel B). The weight of these families can be associated with the extent of genetic testing and 

patients kept under surveillance of each family. 
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Figure 14. Leave-one-out sensitive analysis for risk estimations of DGC onset. A. Cumulative risk for DGC 

onset considering only ≥pT2 tumours in black. A curve for every estimation leaving one of the families out of 

consideration. B. Risk ratio for DGC onset considering only ≥pT2 tumours in HDGC against general population in 

black. A curve for every estimation leaving one of the families out of consideration. 

 

 The non-parametric method showed evenly curves in the risk ratio analysis, with one family left 

out being very different from the rest (Supplementary Figure 1). Results are attenuated compared 

with the Weibull model, which is attributed to the more flexibility and less distribution assumptions. 

 LBC leave-one-out sensitive analysis was not performed due to low sample size. 

 

4.3.  RNA-sequencing – A valuable output from the 
developed HDGC clinical database 

 

 Histological samples from tumoral, metastatic, and normal tissue of DGC patients followed and 

treated at CHUSJ was used for RNA extraction and subsequent RNA-sequencing analysis. 

 This analysis was performed with 30 samples from 16 patients. These were distributed among 

11 normal tissue samples, 9 pT1a samples, 4 ≥pT2 tumour samples, and 6 tissue from metastasis 

(5 long-distance, 1 from lymph node). It was possible to obtain paired samples (tumour + normal) 

from 9 individuals with pT1a foci and 2 with ≥pT2 tumour. 

 All the individuals were known carriers of the CDH1 c.1901C>T variant from the HDGC 

cohort. 
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 RNA-sequencing analysis was performed using e-Bayes ANOVA algorithm, and log2 Fold-

Change threshold was established as below -2 or above 2. A p-value of <0.01 for significant 

differentially expressed genes was considered. No p-value adjustment was introduced in the 

analysis between pair of tissue types, due to the low sample size and no revelatory output. 

 RNA-sequencing for LBC was not performed due to the low number of samples at disposal 

until to this date. More RNA samples are being extracted, both from LBC patients’ breast tissue 

and from carriers that performed risk-reducing mastectomy without lesions (Figure 7). 

 

4.3.1. Metastatic and advanced tumour tissue samples group well defined 
clusters; normal and pT1a samples mix amongst themselves 

 

 In a first step, a PCA mapping was performed to check for possible clusters of the studied 

samples. The four metastasis and four ≥pT2 separated into two same tissue groups, in proximity, 

but well established as two different groups (Figure 15). 

 Findings in the PCA analysis reveal that there is no distinction in the gene expression between 

pT1a and normal tissue. Furthermore, some samples are scattered across the PCA plot, with six (3 

normal gastric tissue, 3 pT1a) being well apart from the rest. These samples belong to the same 

three patients, however there was no other known batch effect that could be exclusive of these 

(RNA concentration, type, and time of extraction). 

   

 
Figure 15. Principal Component Analysis of 30 RNA-sequencing samples from 16 HDGC patients 
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 Further analyses corroborated the PCA findings. An heatmap with all 30 samples and an F-Test 

value of <0.01 revealed 586 genes in significant variance between the four conditions of the analysis 

(Figure 16). Additionally, there was a clear distinction between two main groups. Metastasis and 

≥pT2 samples grouped in one part of the heatmap (each tissue type in its own subgroup), while 

pT1a lesions and normal gastric tissue clustered together and among themselves. 

 

  
Figure 16. Heatmap of 30 samples from 16 HDGC patients comparing four different tissue classifications. 
Log2 transformed scale of gene expression per sample. Colour gradient red-to-green from low to high expression 
values. 

 

 Selecting genes with an FDR F-test below 0.05, there was a 20-gene output with some 

interesting findings. It is possible to observe the downregulation of MUC6 and PSCA in the ≥pT2 

and metastatic tissue, while UCA1, a lncRNA associated with cancer progression and metastasis, 

is slightly upregulated in the same tissue (Table 8). 
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Table 8. Differentially expressed genes in a four-way comparison of the gastric tissue types and metastasis 

 
 

 These findings are all preliminary, the sample size is small compared with a gene panel of nearly 

21,000 genes, and RNA is still being collected from FFPE blocks at the time of this writing. 

 However, these first analysis revealed some interesting takes for the future, and it was decided 

to analyse which pathways may be enriched in comparisons between each pair of tissue type. 

 

4.3.2. DGC enriched pathways  

 

 Pathway enrichment analysis was performed with a selection of genes differentially expressed 

between each pair of tissue type, with a p-value threshold of <0.01. Enriched pathways were 

retrieved with a <0.1 threshold of FDR correction. 

 Enriched pathways depicted in Figure 17 were a selection from the filters mentioned above, to 

highlight important pathways for DGC tumour environment, proliferation, and invasion. It is 

possible to observe dysregulation of pathways such as cell-matrix adhesion, focal adhesion, 

ERK1/ERK2 cascade, and serine/threonine kinase signalling pathway. Most of these pathways 

appear dysregulated in the ≥pT2 vs normal gastric tissue comparison. 

  

 

ID Metastasis Avg (log2) ≥pT2 Avg (log2) pT1a Avg (log2) Normal Avg (log2) F-Test FDR F-Test

EPN3 2.58 3.54 6.64 6.34 1.19E-07 0.0015

CKB 5.63 8.54 10.43 10.37 1.40E-07 0.0015

PDIA2 1.67 2.22 7.12 7.34 5.81E-07 0.0033

MUC6 2.37 5.17 10.28 9.77 6.41E-07 0.0033

FLJ42875 1.18 1.68 6.18 6.65 2.28E-06 0.0082

CHRNA3 -0.03 2.86 0.16 0.12 2.62E-06 0.0082

CLIC6 3.21 4.64 8.57 8.47 2.77E-06 0.0082

UCA1 3.06 2.44 -0.06 -0.12 4.04E-06 0.0100

LGALS9B 1.2 1.83 5.92 5.79 4.32E-06 0.0100

RAP1GAP 3.62 4.13 7.96 8.03 5.09E-06 0.0100

IGF2BP3 3.63 2.9 0.21 0.17 5.30E-06 0.0100

CPA2 0.26 1.29 7.7 7.5 6.49E-06 0.0112

SLC5A5 0.67 1.95 6.7 6.39 7.09E-06 0.0113

MFSD4 1.31 3.43 7.41 7.33 9.71E-06 0.0136

DPCR1 1.38 4.63 8.93 8.61 9.82E-06 0.0136

PSCA 2.81 4.64 10.84 11.06 1.31E-05 0.0170

MARCH3 3.96 4.01 0.82 1.01 1.44E-05 0.0176

KCNQ3 2.26 2.8 -0.22 -0.22 1.62E-05 0.0187

SLC26A9 2.05 2.57 6.06 5.8 3.67E-05 0.0402

TACR2 0.14 6.77 1.43 1.6 4.55E-05 0.0474
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Figure 17. Selected enriched pathways for each sample type comparison. Enriched pathways with FDR p-value 

<0.1. Size of FDR p-value inversely proportional to its true value. Colour gradient red-to-green for z-score (decrease 

to increase). 
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5. Discussion 

 

 Hereditary cancer research is a multifaceted process that requires the full cooperation of 

multidisciplinary teams to have fruition. It is worth noticing that a valuable and robust output is 

only possible if in every step of the process, data can be safeguarded, obtained, and transmitted 

properly. In the presented work, it is possible to observe the power that missing data can have on 

the final analysis, the limitations of the available resources, and all the needed care to handle 

sensitive data and how to process it to present results in full anonymity. 

 As stated in the results section, this work highlights the importance of well collected and curated 

data for scientific research and health care providing. Data from 11 families was accessed – that 

later became 9 – that is being collected since the first isolated case of early onset DGC that was 

carrying the c.1901C>T variant was identified in Northern Portugal, in 200314. Data that was 

collected across a 20-year span, by different health professionals, with the multiple new guidelines 

and updates that were introduced either in criteria for genetic testing, management, and surveillance 

of HDGC, or histopathological records’ specifications30,56,74,88. Some data was also collected in 

retrospective from before 2003, as more families were ascertained, and past cases of gastric cancer 

were identified within these families. Therefore, it is important to be aware of the limitation of data 

availability for some of the individuals and the incomplete information of certain variables assessed 

in the compiled database. Nevertheless, in a context of an hereditary rare disease and comparing 

to other available datasets this work established the largest dataset for a specific variant that is the 

most recurrent variant in Europe63,89. 

 At the start, the information of 400 individuals was gathered, from which it was apparent that 

sufficient information would not be possible to obtain to include some of these in the analysis 

pipeline. The most obvious gap were the individuals identified through patients’ hearsay. The 

database was therefore trimmed to 285, to include individuals with at least information of age of 

last news for DGC and/or LBC, the minimum information required for penetrance and risk 

estimation analysis. CHUSJ was a source of vast amount of more detailed data, including confirmed 

genetic tests for the c.1901C>T variant, pathways of surveillance and management of carriers 

within the institution, histopathological reports from biopsies, gastrectomy, and mastectomy tissue. 

 

 Although the CDH1 c.1901C>T variant is an ultrarare variant with no population frequency 

information in clinical variants databases90, the observed population frequency of the variant in the 

CHUSJ cohort from North of Portugal is 43.8% and 33.0% in the tested and extended database 

individuals, respectively. Certainly, it has to be taken into consideration that this is a familial study 

and focused on a singular condition which, in conjunction with previous studies identifying this 

variant as pathogenic/likely-pathogenic and the considerable frequency of DGC and LBC cases 

among these families, highlights the functional impact this variant has on the development of 

HDGC52,54,63,64,91. 
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 However, as it is possible to observe in this familial cohort, the penetrance of disease is clearly 

incomplete, with only 13.2% of positive carriers reported at CHUSJ (or 48% if one considers pT1a 

lesions found in RRG) displaying DGC, and 15% of female carriers developing LBC. This suggests 

some possible external factor to disease onset, either it being environmental or, as suggested in 

literature, possible co-segregation of genetic modifiers, that may be either protecting against or 

promoting disease onset57,58,63. It also reveals that better estimates could be achieved if performed 

without the one-size-fits-all approach form previous studies. It should be taken into account the 

peculiarities of each family. The family history, which variant is present, how it segregates, the 

incidence of cancer within the family and its age of onset. 

 Interesting findings in the cohort were the presence of superficial and chronic gastritis, and 

Helicobacter pylori across all individuals. Although statistically significant correlation was not found 

between any of these findings and cancer onset (or not), it was observed that more than half of the 

individuals with pT1a lesions at biopsy or at RRG presented, at some surveillance intervention, 

both conditions. Additionally, the same applies to carriers undergoing surveillance but showed no 

lesions and chose to not perform RRC until this date. Although most of the studies find no 

significant association of H. pylori infection and HDGC5,36,39, it is still a subject under study in family 

gastric cancer onset43,92–94, and eradication is advisable in CDH1 variant carriers30. 

 Fisher’s exact test applied to the clinical findings of this cohort suggest no association is evident 

between H. pylori (and gastritis) and DGC development. Although the number of infection cases 

is high among pT1a cases, it is also present in approximately 55% of non-affected individuals. This 

seems to be in line with the reported high incidence of H. pylori in the Portuguese population95. 

However, cautious conclusions should be taken from these analyses. The cohort sample size for a 

robust statistical test was small and many patients had incomplete health records registry or 

histopathological reports of gastric biopsy/RRG tissue. Most of the advanced cancer patients had 

no information about underlying conditions (such as gastritis, H. pylori infection, intestinal 

metaplasia, or other assorted findings). Some of this stems from the fact that reports were written 

in paper and thus lost to digital survey (only the cancer stage was introduced) and other because 

only the main finding was reported. The same happened in some biopsy and RRG reports from 

pT1a patients. 

 It is important to tackle the way that the histopathology reports – and, as an extension, the 

clinical health records – are compiled for better management of useful information, either to clinic 

or research. There is no question that the most important function in healthcare is the life and 

quality of life of the patient. Direct care to the patient should and always will be the main priority. 

However, small adjustments to the indirect care could be performed to ensure that the patient, 

families, and general population could benefit in long term. Introduction of defined tick box fillings 

in reports for pertinent secondary findings could be a solution for some data. Even if there is no 

possible confirmation or not of certain condition, a “not applicable/not available” option is more 

informative than none in retrospective studies that may be using that data later. 

 Surveillance context of LBC in the CHUSJ group follows the criteria established in the most 

recent guidelines for HDGC30, with female carriers performing MRI in annual intervals, and adding 

mammography and ultrasound from the age of 40 years30. Biopsies are only performed after a 

suspicion mass is detected, so little histological information is obtainable from reports. From 10 
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women with biopsy reports, seven have performed mastectomy (five of them bilateral), with four 

cases of pT1c or higher, one of unknown histology and 3 LIN findings, with only one perishing 

from consequences of LBC. Only three women without any LBC warning sign decided to undergo 

RRM. This reveals that breast monitoring has been quite successful in early detection and carefully 

following any suspicion of malignancy among HDGC families at CHUSJ. However, there was a 

case of misclassification, the proband of F9 (later annexed to F2), with in situ lesion detected in one 

of the breasts and finding with unknown malignancy potential on the other during biopsy, was 

diagnosed with LBC and submitted to bilateral mastectomy. It was later reported both breasts had 

LIN findings, after mastectomy tissue assessment. The procedure was well evaluated, and the 

mastectomy would be the right decision, in context of surveillance, considering the woman showed 

premalignant lesions and was 44 years old, where mastectomy is not unadvisable. The woman was 

the first case of that family branch to be identified as CDH1 c.1901C>T variant carrier, and thus 

the decision to perform bilateral mastectomy was probably correct, besides the LBC misdiagnosis. 

 

 Cumulative and lifetime risk estimations for DGC and LBC for carriers of CDH1 the 

c.1901C>T variant in the context of HDGC have been calculated in several publications and 

different family populations for the past 20 years54,57–59. These have been evolving with time, 

becoming less biased through family ascertaining and cohort composition, and both the obtained 

risk and range of 95% confidence intervals have been steadily decreasing from 67% (95%CI, 39%-

99%) cumulative risk of DGC at age 80 for males and 83% (95%CI, 58%-100%) for women, 

described in Pharoah et al in 200157, to 42% (95%CI, 30%-56%) in men and 33% (95%CI, 21%-

43%) in women, in 201959. LBC cumulative risk for women increased, although it became more 

precise, going from 39% (95%CI, 12%-84%) in 2001, to 55% (95%CI, 39%-68%) in 2019. It is 

important to emphasize that all risk estimations have their own cohort of study, calculation 

methods and limitations. One that is transversal to all, and probably being mitigated with time is 

the bias towards people that are tested for CDH1 variants. 

 Another possible limitation of the reported penetrance and risk studies for HDGC is the use of 

families sharing different CDH1 pathogenic variants54,57–59. This work represents a big shift from 

previous studies as it is the first that has the goal to develop lifetime risk estimations for a single 

CDH1 variant – c.1901C>T – shared between nine different families, all from the same region in 

North of Portugal. As a region with a well-established industrial sector and economic stability 

within the country, families tend to settle and rarely leave, which may have been the reason to find 

so many families sharing the same variant, establishing a founder effect63,65. 

 First risk analysis was performed with Kaplan-Meier non-parametric statistical method. There 

were three cumulative risk analyses developed, one for DGC considering both ≥pT2 and pT1a 

lesions as cancer events, while another one only considering ≥pT2 as an event. The third estimation 

was performed for LBC in women from the cohort. Kaplan-Meier risk estimates revealed a 

cumulative risk at age 65 of approximately 60% and 19% for c.1901C>T carriers considering both 

≥pT2 and pT1a as events or just ≥pT2, respectively. Individuals with unknown genotype had 

approximately 27% or cumulative risk at age 65. Log-rank tests reveal a statistically significative 

higher risk when accounting with pT1a lesions as cancer events together with advanced tumour, 
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compared to ≥pT2 alone. For LBC, cumulative risk of known carriers of the c.1901C>T variant 

was around 34% at 65. 

 These results were corroborated with the penetrance estimations performed with the Genotype 

Restricted Likelihood (GRL) method developed by Bonaïti et al in 201177. It was already used and 

with output publications of risk estimates for variants in MLH1, MSH2 and MSH6 genes in the 

context of Lynch syndrome96, and CTNNA1 variant carriers risk estimations for DGC76. 

 Risk estimations with GRL have revealed a cumulative risk of around 13.8% (Weibull model) 

at age 65 for cancer being considered only advanced tumour staging, and a risk of 17.5% when 

both pT1a findings and ≥pT2 tumour are considered cancer. Both models maintain a similar 

increase of risk across age until 45 years old, where NP model stays constant and Weibull model 

continues to increase based on function assumptions. 

 DGC risk ratios against the Northern Portuguese population reveal a peak of relative risk 

between 20 and 30 years considering pT1a and ≥pT2 tumours as DGC, with both models behaving 

similarly (Figure 12, panel B). Risk estimations at age 30 are 2445.5 and 2466.7, decreasing to 32.3 

and 32.5 at age 65, from Weibull and non-parametric models respectively. When considering only 

≥pT2 tumours as cancer, the relative risk to population is much lower than the calculation of both 

histological types together, peaking at age 35, with relative risk at 156.3 (Weibull) and 214.8 (NP) 

and decreasing to 25.4 and 9.5 at age 65. Cumulative risk for LBC in women retrieved was 11.8% 

at 65 years old. 

 Estimations from both Kaplan-Meier curves and through the GRL method reveal that in the 

North of Portugal cohort have a cumulative risk lower than what is reported in literature. It is 

possible that these estimations are lower for a few different reasons. This study is the first one 

where risk and penetrance estimates are being calculated for a single CDH1 variant, following 

families from the same geographical region, with a total of 11 starting probands, 171 tested 

individuals, known genotype of 29 more, and 85 individuals considered from hearsay, older CHUSJ 

reports, or confirmation by other institutions. Some of these families were already being followed 

for decades at the institution, with tests performed across generations, and without bias towards 

affected patients. Of course, there is always the bias that all these tests occur within the context of 

HDGC, the population of study will always be within the boundaries of hereditary cancer. 

However, that was the goal that was behind this thesis and, as an extent, the FCT-funded project 

where it stems from; to estimate intrafamilial lifetime risk for CDH1 carriers in the context of 

HDGC. With risk estimations of 19.0% in Kaplan-Meier calculations and 13.8% with the GRL 

Weibull method, there is a strong incomplete penetrance of disease in carriers of the c.1901C>T 

variant across these families. An outcome that could be attributed to genetic modifiers, that may 

be influencing the development of disease either with a protective or enhancing effect. 

 Overall, cumulative risk ratios obtained in this study, suggest that the CDH1 c.1901C>T variant 

has a lower penetrance and risk for HDGC disease development than what has been reported in 

other studies for CDH1 variants. 

 Risk ratio calculations with GRL and Standard Incidence Ratio (SIR), also reveal that the 

probability of developing DGC at a younger age of onset is much higher in HDGC families when 

compared to the general population. Specially between 20 years and 35 the relative risk of 

developing HDGC is 156 higher than in population from Northen Portugal by the GRL method 
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and 34 times higher considering SIR calculations until 35 years. These findings are concurrent with 

what is attributed to DGC in the context of HDGC, this disease strikes at an early age of onset30,53. 

 Furthermore, across this work, estimations with pT1a lesions as cancer events were also 

considered. It is possible to observe an increase in the risk estimations, with numbers such as 60% 

(Kaplan-Meier) and 17.5 (GRL Weibull) of risk at 65 years. It was one of the goals to observe how 

much these lesions would influence risk estimations for DGC and to understand their role and 

possible meaning withing the context of HDGC surveillance. It is important to notice that, 

however higher the risk considering pT1a lesions, these are indolent lesions with uncertainty of 

disease progression, and surveillance procedures when in the light of these findings is still a hot 

topic64,97. 

 It is established that pT1a findings at endoscopy with random biopsies patients from HDGC 

families under surveillance, are advised to remove the stomach as a preventive measure3,30,39,97. 

However, risk reducing gastrectomy (RRG) is an invasive method with possible complications and 

morbidity consequences98,99. It is therefore important to assess the risk of DGC development in 

the presence of pT1a lesions, and weight the better solutions for each particular case. Van der Post 

et al proposes a possible modification of surveillance protocol, advising on a more thorough 

investigation on the type of pT1 lesion found, with focus on lesions that would suggest expansion 

towards the submucosa layer97. 

 In the RNA-sequencing preliminary findings, it is possible to observe that, when comparing 30 

samples from these c.1901C>T variant sharing families, pT1a samples tend to group together with 

normal tissue samples in both PCA and hierarchical clustering outputs. In fact, applying more strict 

filters to the differential expression (DE) analysis (considering FDR p-value adjustment of <0.1), 

no genes are found to be differentially expressed between pT1a and normal tissue. Taking the genes 

from Table 8 from the results section, it is possible to observe that log2 of average signal in normal 

and pT1a samples is constantly similar among the genes with highest statistical DE in the 

comparison across all 4 tissue types. There is the possibility of many of these pT1a lesions used for 

RNA-sequencing analysis being of small size, and with normal tissue contamination, but it is 

interesting to find such high similarity between samples of both tissues. 

 The goal of this work is not to suggest that pT1a lesions should not be considered a risk factor 

for DGC development, but, in line with Van der Post et al97, that a more critical interpretation of 

these lesions should be performed before the enactment of more invasive preventive measures. 

RRG is still the recommended procedure for CDH1 pathological variant carriers with history of 

DGC within the family30. To notice, most of the gastrectomy procedures found in the families of 

the present study are RRG without previous findings in gastric biopsy. It is important to reflect on 

the power that findings of pT1a lesions have in determining which preventive path to follow for 

each patient, and if, and how, could a better stratification based on histology of these lesions be 

beneficial for patient care. 

 

 Preliminary RNA-sequencing analysis reveals some interesting pathway enrichment between 

advanced tumour and normal tissue samples. It is possible to observe that many pathways related 

to cell-cell adhesion, extracellular matrix organization, the Mitogen-Activated Protein 

Kinase/Extracellular Signal-Regulated Kinase (MAPK/ERK) pathway are being disrupted when 
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comparing advanced tumour to normal (and in some, pT1a) tissue. Further exploration of this data 

is underway, with the intent to also add more samples, but it is already interesting to find that many 

pathways related to processes such as cell growth, differentiation, and immune response are being 

statistically significantly disrupted in tumour tissue. 

 

 

  



50 

 

6. Conclusion 

 This work highlights the importance of a well-established and robust database of clinical and 

genetic data in the study of HDGC, with the goal to improve patient care and surveillance methods. 

Three different output analysis were possible with information from the established database, and 

further outcomes are underway. 

 It was possible to characterise the CHUSJ families with the CDH1 c.1901C>T variant, in terms 

of distribution of carriers, disease events, groups of interest, histopathological findings, and 

surveillance procedures, while developing extended pedigrees for each of the families. 

 Lifetime risk estimations with the GRL method revealed that the cumulative risk of DGC in 

the c.1901C>T cohort was 13.8 at age 65, while LBC had a cumulative risk of 11.5 at the same age. 

These findings suggest a lower risk for carriers of this specific CDH1 variant compared to previous 

reports from lifetime risk estimations of several CDH1 variants. This was the first intrafamilial risk 

study consisting of one single variant across families from the same region. 

 A preliminary RNA-sequencing analysis was performed, revealing almost no differences 

between expression patterns of pT1a and normal tissues, opening the door to explore the 

significance of these lesions in surveillance of HDGC. Pathways involved in cell growth, 

differentiation and immune response were also found to be dysregulated in advanced tumour tissue 

(≥pT2), instigating further studies on the transcriptomic landscape of HDGC. 
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7. Future Work 

 Further studies to RNA-sequencing data are underway, where it will be explored the nature of 

the similarities between pT1a and normal tissue found on the preliminary analysis. It will also be 

assessed the significance of the enriched pathways in the advanced tumour tissue, specially how it 

possibly associates to cancer growth, invasiveness, and aggressiveness. 

 Genomic data is also being explored, where studies are being performed to try to reveal genetic 

modifiers in selected groups of patients that could be having a protective or enhancing effect on 

the outcome of disease progression in carriers of the c.1901C>T variant. Groups of interest were 

established bases on age and onset (or not) of the disease. 

 This database with serve as the basis for all studies relevant for HDGC analysis in these families, 

be it either statistical, surveillance or treatment studies, so the continuous imputation of new data 

from these families, within ethical committee permissions, will be a priority. 
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9. Annexes 

 

 

Supplementary Table 1. Standard Incidence Ratio for DGC (≥pT2 and pT1a) 

 

 

 

 

 

 

 

 
Supplementary Figure 2. Leave-one-out sensitive analysis for risk estimations of DGC onset (with pT1a). 

A. Cumulative risk for DGC onset considering both pT1a and ≥pT2 tumours in black. A curve for every estimation 

leaving one of the families out of consideration. B. Risk ratio for DGC onset considering both pT1a and ≥pT2 tumours 

in HDGC against general population in black. A curve for every estimation leaving one of the families out of 

consideration. 

DGC age of last news 
c.1901C>T carriers 

(n = 95) 
DGC cases* 

(n = 38) 
SIR 

SIR 95%CI 
inferior 

SIR 95%CI 
superior 

[0,35] 34 19 9234.12 5559.54 14420.23 

(35,50] 31 11 1019.91 509.13 1824.90 

(50,100] 30 11 75.83 32.74 149.42 


