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A beautiful life dedicated to cancer research.
In memory of Raquel Seruca (1962–2022)



Foreword

Any oncologist would agree that the dissimilarity between cancer of the stomach and
breast excels all others. Etiology, prognosis, pathophysiology, and treatment, for
example, differ in such a way that one can rightfully speak of two entirely different
diseases. Besides, they originate in organs far away from each other in the human
body with no direct or indirect relationship. The purpose, control, and functions are
quite different as well. On top, breasts start to grow at the onset of puberty, where the
stomach functions already in utero. Indeed, both are at the ends of the spectrum.

Non-cardiac gastric cancer can be subdivided into two distinct pathologic entities,
intestinal and diffuse, which have different epidemiologic and prognostic features.
The latter leads to gastric oncogenesis through the E-cadherin–catenin complex,
which plays a critical role in the maintenance of normal tissue architecture. Mutation
of any of its components results in the loss of cell-to-cell adhesion, thereby
contributing to neoplasia. E-cadherin/CDH1 gene germline mutations have been
recognized in families with an inherited predisposition to diffuse gastric cancer.
Amplification and/or overexpression of putative trophic factors have also been
observed in gastric cancer. Finally, Helicobacter pylori (H. pylori) infection is also
involved through various mechanisms. Gastric cancer is traditionally linked to poor
food preservation and food infections. Apart from refrigeration and freezing, food
can be preserved through smoke, salt, and against clostridium with nitrates. All these
additives prove carcinogenic in one way or the other. In those regions in the world
where refrigeration is possible, gastric cancer declines. Electricity and hygiene are in
this sense essential to prevent cancer. Avoidance of helicobacter infection or eradi-
cation is another way. Treatment of local cancer is surgery with, in some well-
defined cases, radiotherapy. Systemic adjuvant treatment conveys little benefit. In
case of metastatic disease, only chemotherapy or, in some cases, targeted therapy can
be offered. But prognosis remains universally poor with only 30% of patients
surviving the first 5 years.

The epidemiology of breast cancer is entirely different and mainly related to
pubertal developmental interferences on the target organ. Ionizing irradiation,
calorie-rich nutrition, (xeno-) estrogens, and poor physical activity are all involved
and have major influence on the developing organ. Screening and early detection are
pivotal and, once occurred, local surgery with or without radiotherapy is the corner-
stone of a most effective treatment. The benefit of adjuvant treatments is well
established. And for systemic disease a plentitude of treatments is available,
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depending on the molecular profile. Prognosis is quite good in most patients with a
disease-free survival amounting to beyond 80% after 5 years.

viii Foreword

And yet, this book deals about similarities.
These two extremes in oncology share an interesting origin that becomes evident

during oncogenesis. Both gastric and breast cancer are prevalent and mortalities in
absolute numbers score high without much variation in the last decade. Both cancers
are a collection of different diseases and will generate alternative signal regulating
pathways as many other cancers might do. But the similarity is deeper, at the
genomic level. Both share a unique germline mutation that puzzled researchers for
already several decades now.

More than any work before, the content of this work illustrates clearly how
modern oncologists look at clinically different diseases. Central is the mutation in
the CDH1 gene that causes an autosomal-dominant gastric and breast cancer syn-
drome. The mutational variants can be classified into the usual missense, non-sense,
splicing, insertions, and deletions. In diffuse gastric tumors, the predominant defects
are exon skipping, which causes in-frame deletions. By contrast, most mutations
found in infiltrating lobular breast cancers are out-of-frame mutations, which are
predicted to yield secreted truncated E-cadherin fragments.

CDH1 encodes for E-cadherin, which is an essential molecule for epithelial
homeostasis and control of cell adhesion. Individuals with germline mutations in
the CDH1 gene consistently demonstrated absence of loss of heterozygosity,
suggesting the hypothesis that CDH1 promoter methylation might function as the
“second genetic hit” in carcinogenesis. Loss or aberrant expression results in dis-
turbed cell-to-cell adhesion, increased cell invasion, and metastasis. Myosin V and
F-actin, and many other factors, are required for the formation of a continuous
apicolateral E-cadherin layer, the zonula adherens. When this is missing because
of mutation in the CDH1 gene, subsequent diseases can develop.

Compelling experimental evidence exists for a potent invasion suppressor role of
this cell-to-cell adhesion molecule E-cadherin. In addition, a tumor suppressor effect
has been suggested. Partial or complete loss of E-cadherin expression correlates with
malignancy. Loss of E-cadherin expression increases diffuse growth pattern in both
lobular and ductal types of breast cancer and to some extent in other cancers. Indeed,
CDH1 are also found in a small, clinically unimportant, proportion of colorectal
cancers. The diffuse growth pattern is well illustrated in typical histological features
such as the ”Indian file” growth pattern.

One of the main questions is: Why mostly the breast and stomach are affected
while germline mutation confers a risk in all organs? For sure, the relationship
between the mutation and cancer is too simplistic to explain oncogenesis in both
organs and a “first hit” has to be considered. In the breast, one can think of the
hormonal environment with epigenetic imprinting, which is known to be carcino-
genic. In the stomach, CDH1 promoter methylation is the second hit in more than
half of the sporadic diffuse gastric carcinoma cases harboring CDH1mutations. This
“second hit” theory is well received when considering that initiation precedes
promotion in which cell dis-adhesion typically plays a prominent role.
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Phenotypes in breast and stomach cancer, related to CDH1, have been recently
subject to increased attention to see what they have in common, in the hope that this
knowledge will reflect on treatment outcome and cure rates. Indeed, it is the most
modern attitude to clinically apparent cancers.

Subsequent to the clinical expediency there appear opportunities for prevention.
Approximately less than 10% of all cancers, including breast and stomach cancer,
are caused by inherited pathogenic genes. Carriers of these pathogenic variants
suffer from hereditary cancer syndromes and present an accumulating risk of
developing cancer during the course of their lives. The detection of the genetic
risk, the germline presence of a DNA mutation in the CDH1 gene, has many
advanced clinical implications: management of genetic conditions in carriers such
as awareness and knowledge about the potential genetic risk, sharing clinical
information with family members, diagnostic tests, risk reduction procedures, cop-
ing with (additional) stress, and more are all aspects that need attention in the
comprehensive care of people at increased risk for these deadly diseases. CDH1
germline mutations increase the risk for diffuse gastric cancer, lobular breast cancer,
or the combination of gastric and lobular breast cancer, and hereditary syndromes
segregate families accordingly.

Awareness of the hereditary breast cancer syndrome changed process flow in the
breast clinic. If the lobular subtype is present with positive family history for breast
cancer and in the absence of the standard markers (BRCA1/2, CHEK2), there is an
indication for sequencing CDH1 and also CTNNA1 in case of CDH1 negativity. A
personal or family history of multiple lobular breast cancers at a young age, even
without diffuse gastric cancer, should prompt CDH1 mutation screening. It is
paramount to identify mutation carriers early, so that they can benefit from prophy-
lactic gastrectomy before they develop symptomatic, highly lethal cancer. For
hereditary diffuse gastric cancers that fit the clinical diagnosis of the syndrome but
do not carry the CDH1 or CTNNA1mutation, a new clinical entity of the “hereditary
diffuse gastric cancer-like” group was created in 2020.

It is the group of Prof. Giovanni Corso that studied the CDH1 mutation for many
years now in a comprehensive way, and with success. Both cancers share germline
mutations that result in a very special form of disease that is mutually related and
expressed both in the breast and stomach. No other organs share this kind of
molecular biology-driven characteristics in a significant way. As described above,
research about these common pathways is extremely important to understand why
two entirely different organs can create identical unique cancers.

When the picture becomes more complete, it is time to communicate the knowl-
edge to the scientific and clinical world. Gradually, this knowledge should become
available to all breast clinics and departments of gastroenterology in a way that
carriers of the syndrome should not be missed. Indeed, lives of relatives are at stake.

Prof. Corso invited top scientific groups to create a thorough description of
hereditary breast and gastric cancer, with epidemiology, care for mutation carriers,
mutation variants, pathology phenotypes, endoscopic screening, surgery, and sys-
temic treatments. The result is a truly multidisciplinary view on this interesting topic
with attention to the implementation in clinical departments.
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The question might be: Do the authors add useful knowledge to the approach of
this hereditary syndrome so that mortality and incidence will decline?

First, increased knowledge about the syndrome is always a step in the right
direction. Basic research in epidemiology, genetics, pathology, diagnosis,
treatments, and related disorders certainly will help understanding and empower
cancer strategies.

Breast patients follow an entirely different clinical journey compared to patient
with gastric diseases. And yet, individuals with CDH1mutations should be followed
for both the breast and stomach. The only way to succeed proper care is to spread the
information in both senology and gastroenterology where it can be picked up in
proper patient care.

Early diagnosis is imperative but difficult to organize. Selection of individuals at
high risk, the carriers of CDH1 mutations, is necessary to increase success rates.
Then there is the technology. For breast cancer, MRI-based imaging is the method of
choice, while for diffuse gastric cancer only endoscopy with mucosal sampling is
necessary. Tissue sampling of high quality is the cornerstone for diagnosis when
suspicion is generated. Not only histological diagnosis and immunohistochemistry
but also molecular profiling, including DNA mutation, is necessary in both
syndromes.

Preventive measures in case of CDH1 mutation are limited to prophylactic organ
ablation. The role of surgery is therefore most important and new research defines
when, how much, and how to correct function or esthetics. Drug repurposing as well
as chemoprevention looks attractive additional but remote alternatives. Implementa-
tion in the future counts on contemporary research.

Altogether, although confined to stomach and breast hereditary CDH1
syndromes, the field covered is extensive and ambitious in depth. A superb piece
of science to build on for future generations.

European Cancer Prevention and
University of Hasselt
Hasselt, Belgium

Jaak Ph. Janssens



Contents

Part I Epidemiology

1 Family History and the Risk of Breast and Gastric Cancer . . . . . . . 3
Martino Bussa, Federica Turati, Rossella Bonzi, and Carlo La Vecchia

2 Worldwide CDH1 Germline Mutation Frequency . . . . . . . . . . . . . . 15
Giulia Massari, Valentina Tagliaferri, and Giovanni Corso

3 Hereditary Lobular Breast Cancer: A Newly Defined Syndrome . . . 37
Vanessa Blair, Antonia Girardi, and Giovanni Corso

Part II Genetics

4 Genetic Counselling and Prevention in Families at High Risk
for HDGC and Other Hereditary Syndromes . . . . . . . . . . . . . . . . . 47
Cristina Zanzottera and Bernardo Bonanni

5 CTNNA1, a New HDGC Gene: Inactivating Mechanisms
and Driven Phenotypes . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 55
Silvana Lobo, Paulo S. Pereira, Patrick R. Benusiglio,
and Carla Oliveira

6 Revisiting the Biological and Clinical Impact of CDH1 Missense
Variants . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 79
Joana Pereira, Soraia Melo, Patrícia Carneiro, Maria Sofia Fernandes,
Joana Figueiredo, and Raquel Seruca

7 Other Syndromes and Genes Associated with Gastric Cancer
Predisposition . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 99
Gianluca Tedaldi, Celina São José, and Carla Oliveira

8 Computer-Assisted Interpretation of Cancer-Predisposing
Variants . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 117
Emanuele Bonetti, Gianluca Vozza, and Luca Mazzarella

xixi



xii Contents

Part III Pathology

9 Histopathology of Hereditary Diffuse Gastric Cancer:
From Grossing and 3D Microscopy to Immunophenotypic
and Molecular Profiling . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 133
Irene Gullo, José Garcia-Pelaez, Rui Morais, Yuchun Ding,
Carla Oliveira, and Fátima Carneiro

10 HER2 Testing in Breast and Gastric Cancer with CDH1
Germline Mutations . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 149
Mariia Ivanova, Elham Sajjadi, Lorenzo Zattoni, and Nicola Fusco

11 Pathology and Somatic Alterations in Hereditary Lobular
Breast Cancers . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 167
Francesca Maria Porta, Marta Cruz Blanco, Mariia Ivanova,
Nicola Fusco, and Elena Guerini-Rocco

Part IV Endoscopy and Imaging

12 Endoscopy: Is There Anything New? . . . . . . . . . . . . . . . . . . . . . . . 183
Cristina Trovato

13 Endoscopic Surveillance and Pathology of Biopsies in CDH1,
CTNNA1, and HDGC-Like Families . . . . . . . . . . . . . . . . . . . . . . . . 189
Jolanda M. van Dieren, Tanya M. Bisseling, Liudmila L. Kodach,
and Chella R. S. van der Post

14 Lobular Carcinoma of the Breast: Spectrum of Imaging
Findings and New Emerging Technologies on the Horizon . . . . . . . 203
Anna Rotili, Luca Nicosia, Filippo Pesapane, Anna Bozzini,
and Enrico Cassano

Part V Surgery

15 Prophylactic Total Gastrectomy: Techniques . . . . . . . . . . . . . . . . . 217
Maria Bencivenga, Giovanni De Manzoni, and Franco Roviello

16 Prophylactic Total Gastrectomy: How Many? . . . . . . . . . . . . . . . . . 225
Francesco Ferrara, Giulia Massari, Valentina Tagliaferri,
and Giovanni Corso

17 Hereditary Lobular Breast Cancer Syndrome: Role of Surgery . . . 233
Francesca Magnoni, Antonia Girardi, and Paolo Veronesi

18 Breast Reconstruction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 243
Francesca De Lorenzi, Francesco Borelli,
and Mario Alessandri-Bonetti



1

Contents xiii

Part VI New Issues

19 Psychological Burden and Preferences in CDH1 Mutation
Carriers: Beyond the Cancer Diagnosis . . . . . . . . . . . . . . . . . . . . . . 263
Marianna Masiero and Gabriella Pravettoni

20 Drug Repurposing in Gastric Cancer: Current Status
and Future Perspectives . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 281
Marina Leite, Raquel Seruca, and Jorge M. Gonçalves

21 The Chemoprevention of Hereditary Diffuse Gastric Cancer . . . . . 32
Lyvianne Decourtye-Espiard and Parry Guilford

22 Malformations and Malformative Syndromes Associated
with CDH1 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 343
Roseline Vibert, Jamal Ghoumid, and Patrick R. Benusiglio

23 Hereditary Breast Cancer Non-CDH1 Associated . . . . . . . . . . . . . . 361
Rosa Di Micco, Emanuela Esposito, Giuseppe Accardo,
Andrea Sibilio, Andriana Kouloura, Mara Costa,
and Oreste Davide Gentilini

Part VII Patient Advocacy

24 My Hereditary Gastric Cancer . . . . . . . . . . . . . . . . . . . . . . . . . . . . 389
Maria Troina

25 Hereditary Breast Cancer Syndrome, My Experience . . . . . . . . . . . 399
Francesca Stella

Part VIII Miscellaneous

26 β-Hemoglobinopathies and Early Onset of Cancers
in Adulthood: Epidemiology in Southeastern Asia
and Brunei with Emphasis for Prevention and Treatment . . . . . . . . 405
Meric A. Altinoz, Francesca Magnoni, Aysel Ozpinar,
and Giovanni Corso



About the Editors

Giovanni Corso MD, PhD Breast surgeon at the
European Institute of Oncology in Milan, Italy, and
senior researcher at the University of Milan, Italy.
Elected president of the European Cancer Prevention
Organization (ECPO), and editor-in-chief of the
European Journal of Cancer Prevention.

Paolo Veronesi MD Director of the Breast Surgery
Division at the European Institute of Oncology in
Milan, Italy, and full professor in surgery at the Univer-
sity of Milan, Italy. President of the Umberto Veronesi
Foundation (FUV).

Franco Roviello MD Director of the Surgical Oncol-
ogy Unit at the Hospital “Le Scotte” in Siena, Italy, and
full professor in surgery at the University of Siena, Italy.
President of the Italian Society of Surgical Oncology
(SICO).

xvxv



Part I

Epidemiology



Family History and the Risk of Breast
and Gastric Cancer 1
Martino Bussa, Federica Turati, Rossella Bonzi, and Carlo La Vecchia

Abstract

Epidemiologists have used family history, usually of first-degree relatives, as a
marker for genetic risk, knowing that family history reflects the consequences of
genetic susceptibilities, shared environment, and common behaviors. The role of
family history on breast and gastric cancer risk has been evaluated in multiple
studies. As for breast cancer, informative, valid, and precise estimates of the role
of family history derive from a reanalysis of individual data from 52 epidemio-
logic studies including over 58,000 women with breast cancer and 100,000
controls, which estimated an approximately twofold increased risk for women
with family history; the risk increased with the number of affected relatives,
decreased with age and was greater the younger the relatives were when their
breast cancer was diagnosed. As for gastric cancer, a meta-analysis published in
2018 and based on 36 case-control and 4 cohort studies found a significant pooled
relative risk of about 2; in line with that, a subsequent analysis based on individ-
ual participant data from 17 studies participating in the Stomach cancer Pooling
(StoP) Project found an 80% increased risk in subject with at least on first-degree
relative affected by gastric cancer.

1.1 Familial Breast Cancer

Worldwide, breast cancer is the most common cancer in women, accounting for
around 12% of all female cancers [1]. Most breast cancers are sporadic and not
associated with high penetrance gene mutations. A woman’s risk of developing

M. Bussa · F. Turati (✉) · R. Bonzi · C. La Vecchia
Department of Clinical Sciences and Community Health, Università degli Studi di Milano, Milan,
Italy
e-mail: federica.turati@unimi.it
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breast cancer is increased if she has a family history of the disease. In fact, family
history is a widely recognized risk factor for breast cancer. About 20% of breast
cancer patients have a family history of the disease and in one-fourth of these cases
breast cancer appears to be inherited in an autosomal dominant fashion [2].

4 M. Bussa et al.

Hereditary breast cancer is associated with germline mutations in the BRCA1 and
BRCA2 genes and is characterized by early onset and bilateral disease. Rare
mutations in these susceptibility genes confer a 10–30 times higher risk of develop-
ing the disease compared to the general population [3]. BRCA1 and BRCA2 are high
penetrance genes involved in DNA repair and DNA damage response [4, 5]. BRCA1
was located on chromosome 17q using linkage analysis in site-specific breast cancer
families [6]. BRCA2 is localized on chromosome 13 [7]. Breast cancer risk is
increased in women carrying a germline mutation in either BRCA1 or BRCA2.
These mutations are responsible for the Hereditary Breast/Ovaric Cancer (HBOC)
Syndrome. BRCA1 and BRCA2 mutations are inherited in an autosomal dominant
fashion but behave as recessive alleles in somatic cells [8].

Disruptive mutations in the BRCA1 gene include an 11-base pair deletion, a
1-base pair insertion, a stop codon, a missense substitution, and a regulatory
mutation [9].

The association between family history of breast cancer and breast cancer risk has
been investigated in numerous epidemiologic studies. A comprehensive systematic
review and meta-analysis published in 1997 and including 52 case-control and
33 cohort studies gave a pooled estimate of familial relative risk (RR) of 1.9 (95%
confidence interval, CI 1.7–2.0) for any affected relative and 2.1 (95% CI 2.0–2.2)
for an affected first-degree relative. In analyses by type of relative affected, the
pooled RR were 1.8 (95% CI 1.6–2.0) for daughter, 2.0 (95% CI 1.8–2.1) for
mother, 2.3 (95% CI 2.1–2.4) for sister, and 3.6 (95% CI 2.5–5.0) for mother and
sister. Risks were increased in subjects under age 50 and when the relative had been
diagnosed before age 50 [10].

After that review, Negri et al. [11] conducted in Italy a hospital-based case-
control study on 2569 women aged less than 75 years with histologically confirmed
incident breast cancer and 2588 control women admitted to hospitals for
non-neoplastic condition. Compared with women with no history of breast cancer
in first-degree relatives, the odds ratio (OR) for family history was 2.4 (95% CI
1.9–3.0), corresponding to an overall population attributable fraction (PAF) of
approximately 7%. Women with only the mother affected had an OR of 2.26
(95% CI 1.6–3.2), those with only sister(s) an OR of 2.56 (95% CI 1.9–3.5), and
those with both the mother and sister(s) affected an OR of 2.36 (95% CI 0.8–7.0).
The PAF at all ages was 2.86% for mothers’ history (95% CI 1.78–3.93), 3.15% for
sisters’ (95% CI 2.10–4.19), and 1.11 for other/combined (95% CI 0.46–1.76) [12].

In a population-based study of the Swedish Family-Cancer Database on 10.2
million individuals and more than 5500 familial breast cancers, Hemminki et al. [13]
estimated familial standardized incidence ratios (SIR) of breast cancer of 1.79 by
breast cancer in the mother only, 2.03 by breast cancer in a sister only, and 2.82 by
breast cancer in both a mother and sister, and a PAF for familial breast cancer of
7.05% (3.61% for mother history, 3.01% for sister, 0.43% for both). The PAF values



Cases
(n = 58,209)

Controls
(n = 101,986)

Risk ratio
(99%CI)a

decreased by age when the daughter had a mother history of breast cancer but not
when she had a sister history, and were not associated with the morphologic type of
breast cancer.
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Table 1.1 Risk ratios for breast cancer by number of first-degree relatives with a history of breast
cancer, and for having a relative diagnosed with breast cancer at <40 years in strata of woman’s
agea from the Collaborative Group on Hormonal Factors in Breast Cancer analysis [14]

Risk ratio for
women
<50 years
(99%CI)

Risk ratio for
women ≥50
years (99%
CI)

Number of first-degree relatives with breast cancer

None 50,713 94,548 1.0 (0.97–1.03) Ref. Ref.

1 6810 6998 1.80 (1.70–1.91) 2.14
(1.92–2.38)

1.65
(1.53–1.78)

2 603 404 2.93 (2.37–3.63) 3.84
(2.37–6.22)

2.61
(2.03–3.34)

3 or
more

83 36 3.90 (2.03–7.49) 12.5
(1.70–85.16)

2.65
(1.29–5.46)

Relative’s age at diagnosis of breast cancer <40 yearsb

Woman’s age (years)

<40 125 41 5.7 (2.7–11.8)

40–49 132 76 3.0 (1.8–4.9)

50–59 94 107 2.0 (1.2–3.4)

≥60 87 122 1.4 (0.9–2.1)

CI: confidence interval
a Risk ratios are calculated as floating absolute risk (FAR, with FAR = 1.0 for women with no
affected relative)
b The ref. category of the risk ratio is the group of women in the same age category with no affected
relative

In 2001, a re-analysis of individual data from 52 epidemiologic studies on
familial breast cancer including 58,209 women with breast cancer and 101,986
control women confirmed the increased risk of breast cancer among women with a
family history of the disease [14] (Table 1.1). Risk ratios for breast cancer were 1.80
(95% CI 1.69–1.91), 2.93 (95% CI 2.36–3.64), and 3.90 (95% CI 2.03–7.49) for
one, two, and three or more affected first-degree relatives, respectively. The excess
risk decreased with age and was greater the younger the relatives were when their
breast cancer was diagnosed. Similar increased risks were observed according to the
type of affected relative. In any case, most women who developed breast cancer did
not have an affected first-degree relative. Authors estimated cumulative incidence of
breast cancer up to age 50 of 1.7%, 3.7%, and 8.0% for women with zero, one, or
two affected first-degree relatives, respectively, in more-developed countries;
corresponding estimates for incidence up to age 80 were 7.8%, 13.3%, and 21.1%,
and for death from breast cancer up to age 80 were 2.3%, 4.2%, and 7.6%.
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More recently, Kuchenbaecker et al. [15] estimated cumulative risks of breast
cancer for BRCA1 and BRCA2 mutation carriers using data from a prospective
cohort. The cumulative risk of developing breast cancer by age 80 years was 72% for
BRCA1 mutation carriers and 69% for BRCA2 mutation carriers, respectively. The
cumulative risk to age 50 years were higher for BRCA1 carriers. In addition, breast
cancer risk was higher if BRCA1 mutations were located outside vs within the
regions bounded by positions c.2282 to c.4071 (hazard ratio, HR = 1.46; 95% CI
1.11–1.93).

Research has made significant further efforts to identify other susceptibility genes
for breast cancer that also operate in the DNA damage response. TP53 is a tumor
suppressor gene that causes Li Fraumeni syndrome [16]. TP53 mutation carriers are
predisposed to a variety of different tumors, including sarcomas, brain tumors, breast
cancers, and adrenocortical carcinomas, diagnosed before the age of 45 years [17]. In
265 families with a germline TP53 mutation or affected with Li-Fraumeni syndrome,
breast cancer was the most frequent malignancy (30.6%), followed by soft tissue
sarcoma (17.8%), brain tumor (14%), and adrenocortical carcinoma (6.5%). All of
the breast cancers were in female TP53 mutation carriers [18].

The ATM gene encodes a protein kinase with an important role in DNA repair
[19]. Biallelic mutations in the ATM gene cause ataxia-telangiectasia, a rare autoso-
mal recessive neurological disorder characterized by cancer predisposition, in par-
ticular lymphomas and leukemia [20]. By contrast, heterozygous female ATM
mutation carriers are at elevated risk of breast cancer [21]. Thompson et al. [22]
observed a significant excess of female breast cancer in heterozygous female ATM
mutation carriers (RR = 2.23, 95% CI 1.16–4.28) compared with the general
population, but the RR was 4.94 (95%IC, 1.90–12.9) in women younger than age
50 years. A meta-analysis published in 2016 estimated a pooled RR of 3.0 (95% CI
2.1–4.5) of breast cancer in female obligate ATM heterozygotes [23].

Another gene that confers susceptibility to breast cancer is the CHEK2 gene,
which encodes a kinase protein involved in DNA repair [24]. The
CHEK2*1100delC mutation confers an about twofold increased breast cancer risk
in women and a tenfold increased risk in men. This truncating mutation was found in
5.1% of individuals with breast cancer from families without BRCA1 or BRCA2
mutation [25]. By contrast, its frequency is of 1.1% in the healthy population. In a
large case-control study conducted in Poland a truncating CHECK mutation
(1100delC) was present in 227 (3%) of 7496 women with breast cancer and in
37 (0.8%) of 4346 controls (OR = 3.6, 95% CI 2.6-5.1). The OR was higher for
women with a first- or second-degree relative with breast cancer (OR = 5.0, 95% IC
3.3–7.6) than for women with no family history (OR = 3.3; 95% CI 2.3–4.7)
[26]. The authors estimated the lifetime risk of breast cancer for CHEK2*1100delC
carriers to be 20% for women with no affected relative. Female homozygotes for the
CHEK2*1100delC have a risk of breast cancer increased more than twice the risk of
heterozygous carriers [27].

In conclusion, epidemiological evidence indicates an approximately twofold
increased breast cancer risk associated with family history of the disease. In any
case, most women who develop breast cancer do not have an affected relative. Still,



in high-income countries women with a first-degree relative with breast cancer have
an over 10% lifetime cumulative risk of developing breast cancer [14].
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1.2 Familial Gastric Cancer

Gastric cancer is a global health problem, with more than one million incident cases
worldwide each year, ranking fifth for incidence and fourth for mortality globally in
2020 [1]. The classification of Lauren distinguishes two main types of gastric
carcinoma, diffuse gastric cancer and intestinal-type gastric cancer, which display
different molecular, epidemiologic, and morphologic features [28].

Although gastric cancer is usually sporadic, it occurs more frequently among
close relatives of affected patients than in the general population. Familial aggrega-
tion is observed in about 10% of cases [29, 30]. The importance of family history, a
proxy of hereditary and genetic factors, as a risk factor for gastric cancer has been
evaluated in several studies, mostly case-control studies [31]. In general, these
studies gave estimates of the familial RR of gastric cancer ranging from 1.5 to
3, with however a few studies from Asia, where the rate of the disease is notoriously
higher compared with Western countries, providing dramatically elevated RR, over
6–7. Differences in the strength of the association across studies conducted in
various populations may be in part attributed to their different baseline
characteristics, lifestyle habits, and rates of gastric cancer.

Among the earliest studies, a hospital-based case-control study in Italy studied the
familial occurrence of cancer in 154 patients with gastric cancer registered in 1986
and 1987 and in 154 controls matched by age and sex by tracing a careful genealog-
ical tree of first-degree relatives [29]. Thirty first-degree relatives with gastric cancer
were reported in case families (3.3%) versus 15 in control families (1.5%), for a
corresponding OR of 3.14 ( p< 0.01). The excess of gastric cancer was more marked
in siblings (OR = 4.33, p < 0.02) than in parents (OR = 1.61, not significant). No
significant excess of other types of cancers in case families was observed. In another
Italian hospital-based case-control study conducted in 1985–1991 and including
628 cases and 1776 controls, the prevalence of family history of gastric cancer
was 12.6% among cases and 4.9% among controls. The corresponding OR adjusted
for age, sex, area of residence, education, and number of siblings was 2.6 (95% CI
1.8–3.6), being similar for having affected parents (OR = 2.4, 95% CI 1.7–3.4) and
affected siblings (OR = 2.5, 95% CI 1.3–4.6), and directly related with the number
of first-degree relatives affected. In terms of PAF, approximately 8% of gastric
cancers in that population were related to the familial component [30].

Several case-control studies were published thereafter. Among the larger ones, a
study from Poland [32] showed an over threefold increase in risk for a history of
gastric cancer in first-degree relative (OR= 3.5, 95% CI 2.0–6.2) based on 464 cases
and 480 controls. The OR for family history was 6.6 for affected parents (95% CI
4.20–10.40) and 10.1 for affected siblings (95% CI 6.10–16.82) in a hospital-based
case-control study carried out in Turkey with 1240 cases and 1240 controls [33, 34],
and 3.67 (95% CI 2.01–6.71) in a case-control study from Spain with 404 cases and



404 controls [35]. In a large population-based case-control study conducted in Japan
(1400 cases, 13,467 controls) the OR for family history was greater in the younger
age group (≤43 years) than in the older age group (>43 years), i.e., 6.3 (95% CI
4.1–9.9) and 4.4 (95% CI 3.9–5.0), respectively [36].
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Only a few prospective cohort studies, mainly from Asia, evaluated family
history as a risk factor for gastric cancer, with mixed results. In a large cohort
study, in which 19,028 individuals from the Japanese Public Health Center cohort
II were followed-up from 1993 to 2009, gastric cancer history in first-degree
relatives was associated with an increased risk gastric cancer with a HR of 1.30
(95% CI 1.25–1.35), based on 412 incident cases [37]. In a Japanese case-control
study nested in a cohort, family history of gastric cancer in first-degree relatives was
associated with an increased risk of the disease in women, but not in men, after
controlling for Helicobacter pylori infection and other confounding variables, with
RR of 1.73 (95% CI 0.82–3.65) and 0.89 (95% CI 0.40–1.97), respectively
[38]. Only one cohort study was conducted in a Western population, specifically
in Finland. A total of 307 incident gastric cancer cases among 20,720 male smokers
were identified during the follow-up period. Gastric cancer history in any first-degree
relatives was associated with an approximately 1.5-fold increased gastric cancer,
after adjustment for age, number of siblings, body mass index, smoking, alcohol,
education, and fruit and vegetable intake (HR = 1.56, 95% CI 1.15–2.12) [39].

In 2018, a meta-analysis including 40 observational studies was published. The
pooled RR for family history of gastric cancer was 2.31 (95% CI 1.99–2.68) from all
studies (n = 40), 2.56 (95% CI 2.12–3.10) from case-control studies (n = 36), and
1.30 (95% CI 1.26–1.34) from cohorts (n = 4). Family history of gastric cancer was
significantly associated with non-cardia (pooled RR= 1.97, 95% CI 1.72–2.25), but
not with cardia gastric cancer (pooled RR = 1.46, 95% CI 0.89–2.39). The associa-
tion appeared stronger for family history of gastric cancer in siblings (pooled
RR = 2.84, 95% CI 1.91–4.24) than in parents (pooled RR = 2.16, 95% CI
1.68–2.76) [39].

More recently, the association between family history of gastric cancer and gastric
cancer risk was investigated within a large consortium of epidemiological studies on
gastric cancer, the Stomach cancer Pooling (StoP) Project [40]. The analysis was based
on 5949 cases of gastric cancer and 12,776 controls from 17 case-control studies from
11 countries. Most studies were conducted in Europe (82.3% of the controls and
77.9% of the cases). Family history of gastric cancer resulted directly related with
gastric cancer with a pooled OR of 1.8 (95% CI 1.64–2.04), in the absence of material
heterogeneity among studies (I2 = 6.1%, Pheterogeneity = 0.838) (Fig. 1.1). The pooled
OR was higher for having affected siblings than affected parents (OR =1.6,
95% CI 1.20–2.05, and OR = 1.5,95% CI 1.28–1.80, respectively). There were no
significant differences among subgroups by sex, age, geographic area, or study period.
In that pooled investigation, family history has a greater pooled OR on non-cardia
(OR = 1.82, 95% CI 1.59–2.05) than cardia gastric cancer (OR = 1.38, 95% CI
0.98–1.77). The occurrence of non-cardia gastric cancer is mainly attributed to
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Helicobacter pylori atrophic gastritis and, therefore, is more likely associated with
familial clustering [41]. On the other hand, cardia gastric cancer is more likely related
to lifestyle factors, such as obesity, gastroesophageal reflux, western diet, and tobacco
smoking [40–45].
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The familial aggregation of gastric cancer is due to a complex interaction between
genetic inheritance and environmental and lifestyle factors. It is known that between
10% and 20% of people who develop gastric cancer have family history, but only
part of this can be attributed to a hereditary syndrome. The estimates based on family
history involve both genetic and shared environment factors, specifically H. pylori,
which is the primary risk factor in gastric carcinogenesis and tends to cluster in
families [46]. However, in the pooled analysis within the Stop Project the association
with family history of gastric cancer was similar in subgroups defined by H. pylori
infection [40].

A combination of linkage and mutation analysis identified in an extended
New Zealand Maori family with early onset diffuse gastric cancer the gene for the
cell-to-cell adhesion protein E-cadherin as a cancer-susceptibility gene [47]. Epithe-
lial cadherin is a cell adhesion protein predominantly expressed in epithelial tissue.
This cell adhesion molecule plays an important role in establishing cell polarity and
maintaining epithelial tissue morphology. E-cadherin molecules are generally
localized at the basolateral surface of the cell, in a region of cell-cell contact that is
known as zonula adherences junctions [48, 49]. E-cadherin is encoded by CDH1 that
maps to chromosome 16q22.1. Sequencing of the E-cadherin gene revealed a G T
nucleotide substitution (position 1008) of 7 exon, leading to a truncated gene
product. To confirm the role of E-cadherin in hereditary gastric cancer susceptibility,
the authors identified E-cadherin germline truncating mutations in two other families
of Maori ethnicity with early-onset diffuse gastric cancer. This first genetic linkage
study demonstrated the role of E-cadherin germline mutations in familial diffuse
gastric cancer [47]. Shortly afterward, E-cadherin germline truncating mutations
were detected in three families of European origin with familial diffuse gastric
cancer [50] and subsequently, E-cadherin germline mutations have been identified
in similar families from several countries reinforcing the role of CDH1 in suscepti-
bility to diffuse gastric cancer in other populations. The first CDH1 germline
missense mutation has been described in an Italian family with hereditary diffuse
gastric cancer [51]. All of these families have diffuse-type gastric cancer and CDH1
germline mutations have not been described in eight families of European origin
with intestinal gastric cancer [50]. This specificity of tumor type has led to the iden-
tification of this new familial cancer syndrome, designated Hereditary Diffuse
Gastric Cancer (HDGC), characterized by high prevalence of diffuse gastric cancer
and lobular breast cancer [52, 53]. Heterozygous carriers of a E-cadherin germline
mutation have a high lifetime risk of developing gastric cancer and lobular breast
cancer. The cumulative risk of gastric cancer in CDH1 mutation carriers increases
steadily from early adulthood. The estimated cumulative risk of diffuse gastric
cancer in mutation carriers by age 80 years was 67% for men (95% CI 39–99%)
and 83% for women (95% CI, 58–99) [54]. In 1999, specific clinical criteria have
been set to select individuals for CDH1 genetic screening. Using the first guidelines



established in 1999 the detection rate of CDH1mutations was approximately 40% in
individuals fulfilling the clinical criteria [55]. However, the guidelines were subse-
quently revised given that CDH1 germline mutations were also identified in
individuals who did not meet testing criteria. Hansford and colleagues [56] reported
in the largest series of CDH1 mutations carriers that the cumulative risk of diffuse
gastric cancer by age 80 years was 70% (95% CI 59–80%) for men and 56%
(95% CI 44–69%) for women, whereas breast cancer lifetime risk for women was
42% (95% CI 23–68%). HDGC caused by germline CDH1 mutations is an autoso-
mal dominant cancer syndrome.
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Different patterns of CDH1 germline mutations have been described as missense,
non-sense, deletion, and splice-site. Insertions are less frequently described,
constituting about 10% of all CDH1 mutations. Corso and colleagues [57] verified
that the predominant mutation type varies across geographical regions. Deletions are
more frequent in Europe (34%), splice-site in America (48%), missense in Asia
(68%), and non-sense in Oceania (78%). There are few other genes which are
involved in HDGC predisposition, including CTNNA1. Like CDH1, CTNNA1 is
involved in intercellular adhesion. Germline CTNNA1 alterations cause HDGC on
occasion and should be considered in screening of prospective families [53].

It is therefore important to take into account the presence of a gastric cancer
history in first-degree relatives to carry out gastric cancer early diagnosis.
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Abstract

E-cadherin (CDH1 gene) germline mutations are associated with the development
of the autosomal cancer syndrome known as hereditary diffuse gastric cancer.
Different patterns of CDH1 germline mutations have been described as truncat-
ing, deletion, insertion, Splice-site, non-sense, silence, and at last, missense
alterations. The frequency of the different E-cadherin germline mutations in
countries with different incidence rates for gastric carcinoma has been reported
as extremely variable. In particular, the missense variant frequency seems to be
higher in high-incidence areas of gastric cancer, when compared with
non-missense mutations. In this chapter, we described the worldwide frequency
of CDH1 germline mutations in gastric cancers coming from different geographi-
cal areas.
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2.1 Introduction

The first description of CDH1 germline mutations was reported in Māori kindred and
families with diffuse gastric cancer (DGC) and lobular breast cancer (LBC) aggre-
gation [1]. In 1999, the International Gastric Cancer Linkage Consortium (IGCLC)
defined the hereditary diffuse gastric cancer (HDGC) syndrome and established
clinical criteria for CDH1 genetic screening of individuals and families at risk
[2]. Using those first guidelines, the detection rate of CDH1 mutations was approxi-
mately 40% in individuals fulfilling the clinical criteria [3]. However, the guidelines
were subsequently revised given that CDH1 germline mutations were also identified
in individuals who did not meet testing criteria [4–6]. Hansford and colleagues
reported that in individuals meeting the IGCLC 2010 criteria and with CDH1
germline mutation [5], the cumulative lifetime GC risk at 80 years of age was 70%
(95% CI, 59–80%) for males and 56% (95% CI, 44–69%) for females, whereas
breast cancer lifetime risk for females was 42% (95% CI, 23–68%) [7].

To date, more than 155 CDH1mutations affecting the entire coding sequence and
functional domains of E-cadherin have been identified in the context of HDGC
[5, 7]. Whereas the majority of HDGC patients display CDH1 truncating mutations
that induce a deleterious effect and are thus a bona fide DGC cause, around 20%
harbor mutations of the missense type, which represent a major clinical challenge
[5]. Indeed, missense variants are difficult to assess phenotypically, thus leading to
critical issues concerning genetic counseling and clinical management. Further, their
incomplete penetrance masks their identification and classification, contributing to
variant dissemination among populations [8]. Importantly, failure to incorporate
information and ascertain pathogenicity of missense variants perpetuates
misestimating of CDH1 penetrance and the diagnostic dilemma surrounding affected
families. In an era of high-throughput genome sequencing and multiplex gene panel
testing, this problem is becoming unwieldy with the identification of an increasing
number of variants of unknown significance (VUS), not only in disease but also in
individuals without a family history of GC [9, 10]. This, along with the fact that the
majority of cancer screening programs do not recommend CDH1 testing in the
absence of specific clinical criteria, urges the need to streamline CDH1 screening.
More so, there is a lack of systematic results regarding CDH1 genetic screening
across countries, creating a void in terms of mutation geographic distribution
[11]. This has prompted us to perform a comprehensive evaluation of germline
mutations associated with HDGC, which may explain the large variability in GC
epidemiology and provide insights to define priorities for effective screening and
improved management.

2.2 Gastric Cancer Epidemiology

In the first half of the past century, GC was the most common cause of cancer-related
deaths worldwide [12]. Although steadily declining, in 2017 GC remained the third
cause of cancer-related deaths, after lung and colorectum, with almost over 850,000



deaths globally [13]. It was also the third cause of years of life lost (YLL), after lung
and liver cancer [14].
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The epidemiology of stomach cancer has important geographical heterogeneity,
and its incidence can vary fivefold to tenfold between high-risk and low-risk
countries [13]. Part of this geographical diversities correlates withH. pylori infection
rates across populations; however, other environmental factors also contribute to the
GC risk. Cigarette smoking has been shown to be a risk [15]. Salt and salt-preserved
foods increase the risk of stomach cancer. In general, GC is more common among
males, which might be due to the higher prevalence of risk factors, such as smoking,
or hormonal factors contributing to this difference. Although survival rates have
generally improved over the past several decades, the overall prognosis remains poor
[16]. The 5-year survival rate is about 20%, with the notable exceptions of 65% in
Japan [17] and 71.5% in South Korea [18], where population screening has
improved the early diagnosis of gastric tumors at early stages.

A total of 1.22 million incident cases were estimated, with the highest incidence
reported in Asia Pacific and East Asia, of which almost 50% were in China [14]. In
the European Union, about 100,000 GC-related deaths were predicted for 2020 [19].

Almost two-thirds of GC cases occur in developing countries with 42% in China
alone [20]. In fact, the geographical distribution of GC is widely heterogeneous, with
high-risk areas including East Asia (China, Japan, and Korea), Eastern Europe, and
parts of Central and South America [12, 21–24]. Incidence rates are lower (<10 per
100,000 in men) in Southern Asia, North and East Africa, North America, Australia,
and New Zealand [21]. Eastern Europe is the highest European risk area for GC with
an incidence of 70,000 per year (Belarus area) [25]. Portugal and Italy also represent
relevant European areas for stomach cancer prevalence, with incidence reports
around 41,100 and 33,400 per year, respectively [26].

A recent report from the GBD 2017 Stomach Cancer Collaborators reported a
detailed world map of age-standardized incidence rates of stomach cancer in 2017
[13]. The highest age-standardized incidence rate was seen in the high-income Asia
Pacific region (29.5 per 100,000 population), particularly in Japan and South Korea,
and east Asia (28.6 per 100,000 population). In east Asia, China alone had nearly
half of the global incident cases in 2017 (562,000). Eastern Europe (17.7) and
Andean Latin America (16.6) regions had the next highest age-standardized inci-
dence rates. Mongolia (35.6) and Afghanistan (32.8) had the overall highest
age-standardized incidence rates. The lowest incidence rates were seen in southern
and eastern sub-Saharan Africa and high-income North America. East Asia had the
highest age-standardized death rate (18.7), followed by Andean Latin America
(17.1) and central Asia (14.3). The high-income Asia Pacific region, which ranked
first in age-standardized incidence rate, had the fourth highest age-standardized
death rate. The two countries with the highest age-standardized incidence rate also
had the highest age-standardized death rates: Mongolia (37.6) and Afghanistan
(33.6). The lowest age-standardized death rates were seen in high-income North
America and Australasia.

In general, widespread decline in GC incidence and mortality have been mainly
associated with the implementation of Helicobacter pylori eradication programs,



along with socio-economic improvements and advances in diet and food preserva-
tion. In contrast, cancer of the gastric cardia has increased in several high-income
countries due to the increase in overweight and obesity, known etiological factors of
gastroesophageal reflux [27].
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Fig. 2.1 Worldwide distribution of germline CDH1 mutations. USA and New Zealand have
reported the highest concentration of germline CDH1 variants, followed by China, Italy, and France

Although environmental risk factors account for variations in incidence and
mortality rates worldwide, family history is a major risk factor for gastric cancer
[28]. A number of genetic loci have been associated with GC risk, which may
directly impact disease progression or interact with environmental factors in the
causal pathway [12, 29].

GC presents familial aggregation in about 10%, and only 3% show a clear
inherited cancer predisposition, so-called “hereditary”, associated with a
documented germline mutation. Among these, germline defects in CDH1, encoding
the epithelial cadherin, have been particularly explored in the context of both
familial and sporadic gastric cancer development [30]. The worldwide distribution
of germline CDH1 mutations is highly heterogeneous (Fig. 2.1).

2.3 Frequency of E-Cadherin Germline Mutations

In Table 2.1, we reported all CDH1 germline mutations identified in stomach cancer
from 1998 to 2021. The higher frequency of germline mutations was identified in
Europe (47.1%), following Asia (22.8%), North America (15.5%), Oceania (7.7%),
and South America (6.8%) (Fig. 2.2). Asia reported the higher frequency of missense
mutations, in comparison with the other continents (Fig. 2.3).

Recently, we have conducted a systematic study aiming to collect all CDH1
germline mutations described in the literature and detected in stomach cancer [31].
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Fig. 2.2 Geographic distribution of germline CDH1 mutations per continent

Fig. 2.3 Frequency of germline CDH1 missense mutations in the world

Given that prevalence of GC is not homogenous worldwide, the geographical
distribution of mutations was classified above as “series and family studies” groups.
In the series study group, it has been verified that 45.5% of CDH1 alterations were
detected in individuals from European origin, with lower percentages identified in
Asian and American individuals (26.3 and 16.0%, respectively), as well as in
Oceania (11.5%). Remarkably, it has been verified that the predominant mutation
type varies across geographical regions. Deletions are more frequent in Europe
(34%), splice-site in America (48%), missense in Asia (68%), and non-sense in



Oceania (78%). The high prevalence of missense mutations in Asia is mainly
attributed to Korean and Japanese populations. Despite obvious differences in the
number of mutations reported in each setting (series or family study), it has been
demonstrated that, in the family study context, 51.9% of mutations are of European
origin, 26.6% of American, 15.6% of Oceania, and 5.9% of Asian origins. In this
group, a distinct distribution pattern of mutation classes was also observed world-
wide. Deletions (33%) and missense (33%) alterations are the most common alter-
ation type in Europe, non-sense in America (69%), deletions in Asia (47%), and
splice-site in Oceania (87%). A striking difference was found in Europe, where the
relative frequency of splice-site alterations decreases from series to family studies,
while the missense category increases. Likewise, in the American continent, splice-
site alterations decrease from 48% in the series study group to 10% in the family
group, which in turn depicts a substantial increase of non-sense mutations. The
opposite effect is verified in Oceania: splice-site alterations, that were not identified
in the series study, appear in 87% of the family study subjects; whereas the
non-sense relative frequency decreases from 78% to 4%. Another difference is
detected at the Asian region and involves missense variants, where a very high
frequency of these variants (78%) occurs in the series study but not in the family
study group. This could be a result of low penetrance of missense variants, in turn
leading to their underestimation and, consequently, segregation within populations.
We observe that, along with other host genetic and environmental factors, CDH1
missense variants are associated with the high incidence of gastric cancer in Asian
populations. CDH1 missense mutations occur as sparse events in countries with
low-incidence for GC, such as the USA, New Zealand, France, Canada, and the UK,
but are frequent in Korea, Japan, China, and Italy, which are high-incidence
countries (9% vs. 51% respectively) (Fig. 2.2) [29].
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2.4 Conclusion

CDH1 mutations are more frequently identified in countries with low incidence for
GC, the application of criteria for genetic screening is critical for a higher detection
rate, as well as for the identification of mutations with proven clinical relevance.
Recent results from systematic analysis clearly have corroborated that following
guidelines for screening, and surveillance of patients at high risk has the potential to
diagnose and treat GC at an earlier stage, improving survival rates. In the absence of
clinical criteria and of familial genotype-phenotype correlation, detection of a CDH1
mutation imposes a clinical management issue given that the consensual risk-
reducing recommendation regarding DGC is a radical and life-changing gastrec-
tomy. Those individuals should be closely monitored through an intense surveillance
program, which should both contribute to early diagnosis and to enlighten disease
etiology.
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Note
Parts of this chapter are based on the open access publication by Corso G. et al.
2021 [103].
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Abstract

Germline CDH1 mutations were first identified in 1998 in families with a strong
history of early-onset gastric cancer. Now, 25 years on, it appears that CDH1
pathogenic variants are associated with a significantly increased risk for only two
cancer types, diffuse gastric cancer and lobular breast cancer. Only the diffuse
type of gastric cancer is associated with germline CDH1 variants, hence the
syndrome was named hereditary diffuse gastric cancer. Lobular breast cancer
most commonly appears in the context of classical hereditary diffuse gastric
cancer syndrome, segregating with gastric cancer in the family. However, in
recent years pathogenic CDH1 variants have been identified in individuals or
families with lobular breast cancer without any gastric cancer in the family,
leading to a new entity being defined: ‘hereditary lobular breast cancer’. Recent
studies, as well as the International Gastric Cancer Linkage Consortium, remark
on the importance of distinguishing between these two syndromes because it is
likely the penetrance risks differ and this has clinical implications.
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3.1 Introduction

The term ‘hereditary lobular breast cancer’ (HLBC) has only recently appeared in
the breast cancer lexicon [1]. The 2020 consensus guidelines on the diagnosis and
management of hereditary diffuse gastric cancer (HDGC) defined HLBC, and
incorporated it into a comprehensive pathway of care for CDH1 pathogenic variant
carriers [2]. The definition of HLBC that has been proposed is:

. . .. . . hereditary lobular breast cancer is defined in this context by the presence of a
pathogenic CDH1 variant in either an isolated individual with LBC, or a family with one
or more LBC cases in first-degree or second-degree relatives, but no known DGC in either
situation. By definition, families with HLBC are recategorized as Hereditary Diffuse Gastric
Cancer if in the future, a case of diffuse gastric cancer is found.

Irrespective of whether HLBC will prove to be a truly ‘independent’ familial
cancer syndrome—where for some, as yet unknown, reason members of these
families never get diffuse gastric cancer—the management of HLBC families
remains challenging. The finding of clinically occult microscopic foci of signet-
ring cell gastric cancer in stomachs from women found to have a CDH1 pathogenic
variant (PV) after a diagnosis of LBC, who then underwent prophylactic gastros-
copy, raises the possibility that it is all one syndrome ‘HDGC’ with variable
penetrance for LBC and DGC [3].

3.2 History of HDGC Guidelines

For over 20 years, the International Gastric Cancer Linkage Consortium (IGCLC), a
group of scientists, clinicians and family representatives working in HDGC, meet
3–5 yearly to review the literature and reach consensus on management of HDGC.
Updated guidelines have been published after each meeting. Since early on, it was
known there was an increased risk of LBC in HDGC [4]. As evidence accumulated
with time, each successive IGCLC guideline contained more information on the
management of LBC in HDGC patients.

Since its inception in 1999, the focus of the IGCLC has primarily been on gastric
cancer risk management in HDGC, with less emphasis on LBC, in part because of
the more rapid research developments in the former. Whilst the latest HDGC
guideline covers risk management of LBC in HDGC and HLBC in more depth
than previously, and there are other BC guidelines (e.g. NCCN, ESMO, EviQ) which
cover management of patients with CDH1 PV, there remains a real need for more
research in HLBC, to facilitate LBC-specific individually tailored care in this unique
group of patients.
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3.3 Criteria for Screening the CDH1 Gene in LBC

The finding of a germline CDH1 pathogenic variation in an individual with a family
history of LBC but no DGC was first described in 2008 [5]. Somewhat surprisingly,
this was nearly 10 years after pathogenic variants in the CDH1 gene (which codes for
the cell-to-cell adhesion molecule E-cadherin) were first identified as the cause of
HDGC in three large Maori families from Aotearoa-New Zealand [6].

The vast majority of HDGC families are identified due to an index case of DGC,
not LBC. Some HDGC families are identified because the proband has LBC, and a
DGC is subsequently identified in the family; however, it is curious how few patients
with LBC and a family history of LBC have been found to have a CDH1 pathogenic
variant [7].

Clinical criteria for selection of LBC patients for CDH1 pathogenic variant
screening, in the absence of any personal or family of DGC, first appeared in the
2015 IGCLC guidelines [8]. The wording was ‘testing could be considered’ in
bilateral LBC or a family history of ≥2 cases of LBCs <50 years. Recent years
have seen these original criteria for testing CDH1 in LBC evolve slightly. The
current criteria are summarised in Fig. 3.1 and are simple to apply. The minor
differences that have been made to the criteria for testing CDH1 relate to the age
when LBC is diagnosed in family members (see legend in Fig. 3.1).

3.4 Other Breast Cancer Predisposition Genes Associated
with LBC

There are other breast cancer predisposition genes besides CDH1, that are associated
with an increased risk of LBC. A large UK study in LBC patients showed PVs in
BRCA2 were more common than PVs in CDH1 [9]. Depending on assessment by
clinical genetics, a limited breast cancer panel test including BRCA2, CHEK2, ATM,
and PALB2 in addition to CDH1 may be appropriate in a patient with LBC
[10]. Globally, while there are some differences in acceptance of which genes should
be on a breast cancer panel test—testing the above genes would be considered
reasonable in a patient with LBC meeting criteria for CDH1 testing. It is notable
that PVs in the BRCA1 gene do not appear to be associated with LBC [10].

3.5 LBC and Family History But No PV Detected

In most individuals who meet the criteria for CDH1 testing, no PV will be found.
This is referred to as an ‘inconclusive’ result because whilst no abnormality has been
found in the CDH1 gene (nor any other genes if a limited breast cancer panel test was
done), it remains possible there is an unknown gene (or combination of genes)
causing the increased breast cancer risk in the family. An ‘inconclusive’ result is the
most likely outcome in genetic testing and is explained as part of the genetic
counselling process fundamental to informed consent.
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Fig. 3.1 Hereditary lobular breast cancer: diagnosis and management. Note: Some guidelines
recommend all women with breast cancer be ‘offered’ the option of genetic testing and there has
been a rise in panel testing in breast cancer. Other breast cancer predisposition genes associated with
LBC are: BRCA2 and ATM (associated with high risk of LBC, OR > 4), CHEK2 and PALB2
(associated with moderate risk of LBC, OR = 2–4). Pathogenic variants in BRCA1 do not appear
associated with LBC. The frequency of pathogenic variants in a population-based cohort of LBC
was 5–6%, similar to IC-NST
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Patients who meet the criteria for CDH1 testing, in whom no PV is found
(in either CDH1 or another LBC-associated gene), need to have risk management
recommendations made after a risk-estimate based on assessment of their personal
and family history. Mirroring the term ‘HDGC-like’ coined by the IGCLC to
identify patients with DGC who meet the criteria for CDH1 testing, in whom no
PV is found, the term ‘HLBC-like’ is suggested for this subset of women. Having
clear classification of different sub-sets of patients with LBC will help optimise
individualised care and facilitate research.

3.6 Classification and Pathogenesis

Greater than 70% of breast cancers are classified as invasive carcinoma-no special
type (IC-NST), a term now used in place of the older ‘ductal breast cancer’, as per
the WHO classification system. LBC is the most common of the ‘special types’ of
breast cancer, making up approximately 10–15% of all breast cancers. High hor-
mone receptor positivity and low proliferation index are typical of LBC [11].

Accurate pathological classification of breast cancer is an essential first step to
facilitate identification of HLBC families. The era of relying solely on lobular-type
morphology on H&E stained slides to do this has long passed. One of the character-
istic features of invasive LBC is the loss of E-cadherin expression and function in
about 90% of cases [12]. But E-cadherin immunohistochemistry (ICH) can show
aberrant staining, leading to the misdiagnosis of a LBC as a IC-NST. The important
role of p120 IHC in the classification of LBC in this situation is discussed in detail
elsewhere.

A good illustration of the fact that phenotypic clues from histological classifica-
tion can provide hints to potential genotype is the fact that BRCA2 mutations are
associated with both IC-NST and LBC, whereas CDH1 pathogenic variants are
uniquely associated with LBC and pathogenic variants in BRCA1 do not appear to
be associated with LBC.

The presence of an inherited CDH1 pathogenic variant and subsequent acquisi-
tion of a second-hit causes CDH1 inactivation and loss of E-cadherin expression.
This loss or deregulation of E-cadherin function results in decreased cell-cell
adhesion and increased cell proliferation. E-cadherin-deficient cells accumulate in
the lobules giving rise to the spectrum of changes referred to as ‘lobular
intraepithelial neoplasia’ (atypical lobular hyperplasia, lobular carcinoma in situ).
Over time, if in situ cells get further genetic damage, they can gain the potential to
invade the basement membrane and surrounding breast tissue, and progress into an
invasive lobular carcinoma [1].

Firstly, Benusiglio in 2013 and then Petridis in 2014, identified new CDH1
germline pathogenic variants in women with LBC or LCIS but without a family
history of gastric carcinoma [13, 14]. Subsequently, other CDH1 mutations have
been identified with a frequency of about 3% in the screened population [15]. The
latest review of the literature reported a total of 34 CDH1 pathogenic variants
identified to date in LBC or BC (without definition for lobular subtype) in 28 families



identified by screening to have the mutated gene [16]. To date, the overall mutation
frequency appears low, and HLBC is therefore a relatively rare breast cancer
predisposition syndrome.
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3.7 Conclusion

HLBC is a newly defined entity where there is a predisposition to lobular type breast
cancer related to inheritance of a CDH1 pathogenic variant, without any gastric
cancer in the family. It remains unclear whether HLBC families will ultimately prove
to be part of the HDGC syndrome and only with time will it become clear whether
cases of gastric cancer will develop in HLBC families, or not. Likely, not all HLBC
families will be at equal risk of developing DGC, due to both environmental factors
and other inherited genetic influences. Given the small number of HLBC families
identified to date, the lifetime risk of developing LBC in HLBC is as yet unknown,
but potentially is similar to that seen in women from HDGC families.

It is hoped that by increasing awareness of HLBC as an entity, this will increase
the diagnosis of this rare subgroup of breast cancer patients. Obviously, this starts
with the appropriate selection of LBC patients for testing for PVs in CDH1 and other
LBC-associated breast cancer predisposition genes. The rarity of HLBC means
collaboration is key to advancing research in LBC and HLBC. The emerging
paradigm of HLBC provides a unique opportunity to carry out research to improve
LBC-specific diagnosis, investigation and treatment.
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The diagnosis of a hereditary cancer predisposition syndrome allows to define

The identification of at-risk individuals with a little or no family history of

Genetic Counselling and Prevention
in Families at High Risk for HDGC and Other
Hereditary Syndromes

4

Cristina Zanzottera and Bernardo Bonanni

Abstract

Genetic counselling is a structured process that involves several steps: identifica-
tion of the individuals in which it can be indicated to perform genetic testing in
relation to their personal and family history, explanation to candidates of the
meaning of genetic testing for themselves and family members, and, if the test is
performed, communication of the result and discussion about its implications.

personalized preventive options for at-risk individuals, healthy or affected by
cancer. The discussion of preventive options requires a multidisciplinary
approach, which considers current clinical practice recommendations, the
patient’s clinical status and wishes, but also family history.

cancer represents a challenge in terms of oncological risk definition and clinical
management.

4.1 Introduction

Most cancers are sporadic and only a minority of them can be considered hereditary,
i.e. linked to the presence of pathogenic or likely pathogenic germline variants
(commonly referred to as mutations) in a single gene capable of conferring a
significantly increased risk of developing the disease during life. It has been
estimated that about 1–3% of gastric cancers and about 5–10% of breast cancers
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can be considered hereditary, although the genes currently known justify only a
proportion of families with a history suggestive for high genetic risk [1–4].
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To date, the diagnosis of a hereditary cancer predisposition syndrome is made on
the basis of clinical criteria, that consider personal and/or family history, and
molecular results, i.e. the finding of a germline mutation: hereditary breast and
ovarian cancer (HBOC), caused by germline mutations in the BRCA1 and BRCA2
genes, is undoubtedly the most frequent and best-known cancer syndrome in the
population [4], while rarer, but not less relevant, are conditions such as hereditary
diffuse gastric cancer (HDGC) and hereditary lobular breast cancer (HLBC), related
to germline mutations in the CDH1 gene [5, 6].

As a rule, to select individuals who might benefit from a genetic evaluation, it is
important to pay attention to situations such as:

– Early age at diagnosis.
– Family aggregation (i.e. more individuals in the same branch of the family

affected by the same cancer).
– Presence, in the same individual or in more individuals of the same family branch,

of specific malignant tumours or dysmorphisms, congenital malformations, skin
changes and/or characteristic benign neoplasms.

The main hereditary cancer predisposition syndromes have specific clinical
criteria for genetic testing, which can be easily retrieved in the literature and/or in
the main guidelines (e.g. NCCN guidelines).

4.2 Hereditary Diffuse Gastric Cancer

Regarding HDGC, after the identification of the first CDH1 mutation in Māori
families characterized by aggregation for diffuse gastric cancer in 1998 [7], the
International Gastric Cancer Linkage Consortium (IGCLC) defined selective clinical
criteria for CDH1 genetic testing: these criteria have been progressively revised in
multidisciplinary expert meetings, lastly in 2019 [5]. Revisions became needed
primarily due to the observation of the association between lobular breast cancer
and germline CDH1 mutations, even in the absence of a positive family history for
gastric cancer. Furthermore, the increasing accessibility to genetic testing, particu-
larly for breast cancer, has led to identification of CDH1 mutations in individuals
with less significant family history of cancer [5, 6, 8]. Currently, CDH1 genetic
testing is recommended when one of the following criteria has been met [5]:

Family criteria:

1. ≥2 cases of gastric cancer in the family regardless of age, with at least one diffuse
gastric cancer (DGC).

2. ≥1 case of DGC at any age and ≥1 case of lobular breast cancer (LBC)
<70 years, in different family members.

3. ≥2 cases of LBC in family members <50 years of age.
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Individual criteria:

1. DGC at age < 50 years
2. DGC at any age in individuals of Māori ethnicity
3. DGC at any age in individuals with a personal or family history (first-degree

relative) of cleft lip or cleft palate
4. History of DGC and LBC, both diagnosed at age <70 years
5. Bilateral LBC, diagnosed <70 years
6. Gastric in situ signet ring cells or pagetoid spread of signet ring cells in

individuals <50 years of age

4.3 Other Hereditary Cancer Syndromes

Consequently, the collection of personal and family history, defined as the descrip-
tion of the genetic relationships and medical history of a family, is the first step in the
genetic counselling process [5, 6]. Data collection can be performed before or during
the consultation: the most common tool used is a family medical history question-
naire, administered prior to counselling in order to request the necessary information
and documentation [6]. Several studies have demonstrated that self-reported family
history is often inaccurate and, where possible, cancer cases should be confirmed by
medical reports [9–11]. Not all cancers are syndromic and different histologies of a
cancer can lead to suspicion of different hereditary cancer predisposition syndromes:
for instance, non-lobular breast cancer and intestinal-type gastric cancer are not
recognized as part of HDGC [5], while they might be consistent with a diagnosis of
other conditions, such as HBOC and Lynch syndrome, respectively. Gastric cancer
can be involved in other syndromes besides HDGC, such as Peutz-Jeghers syndrome
(PJS), juvenile polyposis syndrome (JPS), Lynch syndrome (LS), Li-Fraumeni
syndrome (LFS), classical familial adenomatous polyposis (FAP) and gastric adeno-
carcinoma and proximal polyposis syndrome (GAPPS), MUTYH-associated adeno-
matous polyposis (MAP) and also HBOC, even if the risk, when estimated, is
generally low: we should also mention a syndromic condition whose genetic causes
have not yet been identified, namely familial intestinal gastric cancer (FIGC) [1, 2].

Therefore, accurate family history data collection with histological confirmation
is often crucial to evaluate the indication to perform genetic testing and to identify
the most appropriate candidate [5, 6]. Genetic testing is generally performed initially
in an individual with cancer, who in the majority of cases is the member of the family
with the earliest age of onset of cancer. Predictive genetic testing should be offered
to adults, able to formulate an informed consent; in the case of an affected minor
patient, the consent of both parents must be discussed and obtained to proceed with
genetic testing. When there are no affected individuals living and/or available to
carry out genetic investigations, but the family meets the clinical criteria, genetic
testing in a healthy individual can be considered.

An informed consent implies that the individual to whom the test is proposed is
informed about the possible clinical manifestations of a genetic condition, any



treatments available and/or the strategies to prevent it and the risk of recurrence and
transmission in family members. Therefore, genetic counselling is a complex medi-
cal process that involves biological, medical and psychological aspects, before and
after genetic testing.
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4.4 Genetic Testing Evaluation

The delivery and discussion of the result of genetic testing is another fundamental
step of genetic counselling process because the different results allow to define the
oncological genetic risk of the patient and, in some cases, also the subsequent
therapeutic options. In particular, in individuals at high genetic risk, i.e. carriers of
germline mutations, it is possible to offer customized preventive options, including
clinical-instrumental surveillance and, where applicable, chemoprevention and risk
reduction surgery.

Furthermore, the identification in an individual of a mutation allows to offer to
interested relatives the possibility of a targeted test to confirm their carrier status
(‘cascade screening’), so as to identify other potentially at-risk family members to
whom propose personalized prevention. Therefore, a predictive genetic testing
involves not only the individual being tested but also his or her family and
counselling should help patients to understand the importance of sharing their
diagnosis to at-risk family members [5].

In healthy at-risk individuals, testing should be offered starting from the legal age
of consent (generally 16–18 years). Testing of younger individual can be considered
based on family history, i.e. in case of a documented family history of cancer at a
young age, as can happen in conditions such as FAP, LFS and also HDGC [12–14].

Hereditary cancer predisposition syndromes are characterized by an increased
lifetime risk of developing cancer, although an increased risk does not mean
certainty of disease. The dimension of the risk is influenced by genetic background,
lifestyle factors [2, 4] and, in some cases, the type of mutation [12, 13, 15,
16]. Consequently, penetrance of a mutation can be very variable between families
and family history should be considered to estimate the risk of a single individual.
For example, considering families meeting all the more stringent 2010 HDGC
clinical criteria, the cumulative risk of gastric cancer in association with a CDH1
mutation has been estimated to be up to 70% in men and 56% in women [8]. How-
ever, a report including families not fulfilling all the 2015 HDGC clinical criteria
estimated a lower risk, 42% for male and 33% for women: the estimates were even
lower considering only families with a little or no history of gastric cancer, 27% for
male and 24% for women [17].
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4.5 Surveillance

Breast is the organ most frequently involved in hereditary cancer predisposition
syndromes, followed by ovaries, colon and endometrium; less frequently skin,
stomach, pancreas, urinary tract, thyroid or others can be involved. Targeted sur-
veillance is generally the primary strategy for prevention, while risk reduction
surgery is considered only for some organs (e.g. breast, ovaries, uterus, colon,
stomach), when the increased genetic risk and/or the scarce diagnostic-therapeutic
possibilities justify the procedure. Prognosis and clinical condition of the patient
(e.g. age, associated diseases, life expectancy) should also be considered.

Endoscopy, even when performed following Cambridge protocol by experienced
endoscopists, has not yet reached full effectiveness in early diagnosis of DGC;
therefore, CDH1 mutation carriers should be advised to consider prophylactic total
gastrectomy, possibly in early adulthood, especially in the presence of positive
family history for gastric cancer. However, in families with no family history of
DGC, e.g. HLBC families, the management of potential gastric risk is not straight-
forward and the indication to consider prophylactic total gastrectomy is debated,
because of increased perioperative risks and prolonged recovery due to long-term
sequelae. Consequently, multidisciplinary counselling is always required to compre-
hensively discuss benefits and risks of surveillance and risk-reducing surgery: the
patient’s choice to undergo prophylactic surgery must be aware and motivated so
that he/she does not express regrets afterwards [2, 5].

High risk for breast cancer, i.e. greater than 40% in lifetime, is a common element
in several hereditary cancer predisposition syndromes [2] and generally intensive
surveillance through MRI is recommended. This risk could also be managed with
risk-reducing mastectomy, in order to reduce the risk of developing cancer and
cancer-related mortality. While risk-reducing mastectomy is now a widespread
practice in women with HBOC, supported by literature data [18], there is not yet
sufficient scientific evidence to systematically recommend risk-reducing mastec-
tomy in CDH1 female carriers. However, in selected cases, the surgical strategy
could be discussed on the basis mainly of family history and in accordance with
patients’ wishes [5, 6].

4.6 Conclusion

Genetic counselling is a complex process and, in recent years, it has become even
more so due to wider access of the population to genetic testing. More public
awareness, suitability and cheapness of new technologies and consequent greater
adoption of cancer gene panels allowed to identify a growing number of mutation
carriers belonging to families with a little or no family history of cancer [19]. The
management of prevention in these individuals represents a challenge and a territory
worth further investigation.
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CTNNA1, a New HDGC Gene: Inactivating
Mechanisms and Driven Phenotypes 5
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Abstract

This chapter focuses on CTNNA1, the second gene to be acknowledged as a
hereditary diffuse gastric cancer (HDGC) predisposing gene. CTNNA1 loss of
function was first found in a family meeting HDGC criteria in 2013. CTNNA1
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loss of function germline variants affect a smaller fraction of HDGC families, as
compared to CDH1 variants. CTNNA1 missense germline variants predispose
specifically to macular dystrophy patterned 2, an autosomal dominant eye
disorder.

Throughout this book chapter, we will deepen the knowledge on CTNNA1 and
αE-catenin protein and their involvement in HDGC, we will review CTNNA1
germline variants distribution and association with disease phenotypes, and
describe CTNNA1-related mechanisms underlying tumor formation and develop-
ment in sporadic cancer. In particular, we will address predisposition related to
CTNNA1 germline pathogenic variants and development of diffuse gastric cancer,
CTNNA1 germline likely pathogenic variants and development of breast cancer of
unknown histotype; data available on CTNNA1 germline variants and lobular
breast cancer; predisposition related to CTNNA1 germline missense variants,
classified as variants of unknown significance for HDGC, and development of
macular dystrophy patterned 2; the importance of αE-catenin to connect and
stabilize the adherens junction complex and the actin cytoskeleton; the multiple
interactions of αE-catenin with different proteins and regulation of several sig-
naling pathways; and the role of αE-catenin dysregulation in different types of
sporadic cancer.
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5.1 Introduction

Currently, there are two genes, for which inactivating germline variants predispose
for HDGC, CDH1 and CTNNA1, which encode for E-cadherin and αE-catenin,
respectively [1]. Germline CDH1 inactivation is the main cause of HDGC and has
been known for more than 20 years [2, 3], while CTNNA1 loss of function is a more
recent discovery and affects a smaller fraction of HDGC families [1, 4, 5].

Catenins are a group of proteins that associate with the classic cadherins, which
are Ca2+-dependent proteins involved in cell-cell adhesion and are found in adherens
junctions from well-polarized cells, such as epithelial cells [6–10].

The catenin family of proteins includes β-catenin, α-catenin, plakoglobin, and
p120-catenin. From these, α-catenin differentiates itself by its lack of an Armadillo
group in its composition and by its binding to both the adherens junctions and the
cytoskeleton. α-catenins comprise αE-catenin, αN-catenin, and αT-catenin, which
are encoded by CTNNA1, CTNNA2, and CTNNA3 genes, respectively [11].

In this book chapter, we will deepen the knowledge regarding CTNNA1/αE-
catenin and its role in HDGC, by assembling state-of-the-art information regarding
gene and protein functions. We will also review the distribution of CTNNA1
germline variants and their associated phenotypes and describe currently known
mechanisms underlying tumor formation and development.
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5.2 Brief Overview on CTNNA1/aE-catenin

The human CTNNA1 gene is located on chromosome 5 (5q31.2) and encodes the
epithelial α-catenin (αE-catenin). Its expression was originally associated with
epithelial cells only, however, it is currently known that αE-catenin is expressed in
most cell types [12]. The human canonical CTNNA1 transcript
(ENST00000302763.12) comprises 18 exons, 17 of which are coding and one 5′
non-coding exon. Furthermore, αE-catenin (NM_001903) protein is composed of
906 amino acids, with a molecular weight of 102 kDa [13–17]. αE-catenin is entirely
cytoplasmic and holds four main domains on its architectural structure: a N-terminal
β-catenin binding domain that also functions as the β-catenin/αE-catenin dimeriza-
tion domain; a Vinculin binding domain; a regulatory M fragment with which
several proteins interact; and a C-terminal domain that binds F-actin to regulate
the actin cytoskeleton (AC) (Fig. 5.1). Besides being binding partners, Vinculin and
αE-catenin present high homology at the amino acid sequence level [8, 10,
13]. Vinculin is important for cell-cell and cell-matrix adhesion and regulates
F-actin by directly binding it from the cytoskeleton to the cell membrane, stimulating
its polymerization and recruiting actin remodeling proteins [18–20]. Furthermore,
αE-catenin is present in cells in two different conformations: monomers and
homodimers. The different conformations present in cells bind to different proteins
and, consequently, have different functions [21].

5.3 aE-catenin Connects the Adherens Junction Complex
with the Actin Cytoskeleton

αE-catenin is the protein responsible for connecting the adherens junction complex
(AJC) to the AC in human epithelial cells (Fig. 5.1) and, therefore, αE-catenin
normal expression is extremely important for proper maintenance of both AJC and
AC [7, 9, 14, 15, 22, 23].

5.3.1 aE-catenin and the Adherens Junction Complex

Cell-cell adhesion is the key feature for tissue development in vertebrates and
invertebrates and involves specialized intercellular junctions, namely adherens
junctions and their associated molecules from the cadherin and catenin families
[14, 22, 24, 25]. The AJC is typically found in epithelial tissues, however, it is also
present in fibroblasts, cardiac muscle, and neurons [26]. It is the AJC that enables
epithelial cells to organize into monolayers, triggering several important features of
epithelial tissues, such as tissue integrity and polarity, barrier function, cell shape
and movement [22, 24, 27–29]. Furthermore, formation of the AJC is mandatory for
proper epithelial organization in early stages of embryonic development and its
regulation is extremely important to reorganize cells during embryogenesis, tissue



homeostasis, and wound healing, through the epithelial to mesenchymal transition
[15, 22, 28, 29].
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Fig. 5.1 αE-catenin interactions in epithelial cells. Upper panel, schematic representation of the
connection of the adherens junction complex and the actin cytoskeleton through αE-catenin.
Briefly, E-cadherin molecules bind to each other through their extracellular domain, while the
cytoplasmic domain connects to β-catenin and p120-catenin. β-catenin, in turn, binds to the
N-terminal domain of αE-catenin. The C-terminal domain of αE-catenin binds to the actin filaments
of the actin cytoskeleton. This connection is not proven to be direct, hence, the most accepted model
being the indirect/allosteric binding of αE-catenin to both complexes. In this model, αE-catenin
monomers bind to β-catenin, creating αE-catenin/β-catenin heterodimers, while αE-catenin
homodimers bind the actin filaments. Lower panel, schematic representation of proteins interacting
with αE-catenin, and respective αE-catenin binding domains. These interactions, which are located
in specific protein domains, enable stabilization of the adherens junction complex and the actin
cytoskeleton

The principal component proteins of the epithelial AJC are E-cadherin, β-catenin,
αE-catenin, and p120-catenin. E-cadherin forms homophilic contacts with other
E-cadherin molecules on adjacent cells through its extracellular membrane. Then,
the C-terminal region of E-cadherin binds to the 12 Armadillo repeats of β-catenin in
the cytoplasm. This is important for stabilizing the unstructured cytoplasmic
E-cadherin domain, preventing its degradation [15, 30, 31]. A 1:1:1 stoichiometric
complex is formed with the binding of the N-terminal domain of αE-catenin to
β-catenin [15, 32]. It has been proposed that αE-catenin builds the bridge to the
AC. While the three abovementioned proteins are key players to regulate cell-cell



adhesion, p120-catenin regulates the AJC itself. p120-catenin binds to E-cadherin
juxta-membrane domain which, in turn, stabilizes E-cadherin, preventing its inter-
nalization [15, 22, 28, 29, 33] (Fig. 5.1).
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5.3.2 aE-catenin and the Actin Cytoskeleton

The F-actin cytoskeleton is composed of actin filaments that assemble into complex
structures, such as bundles and networks. The actin filaments are composed of
monomeric, globular actin molecules that can polymerize into filaments [34–
37]. The rapid building, dismantling, and reorganization of the actin filaments is
imperative for several cell aspects, such as shaping, motility, and force generation
[37, 38]. There are proteins, named actin-binding proteins, that facilitate the actin
polymerization to form the filaments. Indeed, several of these proteins interact with
αE-catenin. Formin, an αE-catenin interactor, accelerates the development of linear
actin filaments [8, 12, 14, 37]. On the other hand, αE-catenin can inhibit the Arp2/3-
dependent actin polymerization of branched actin filaments [8, 37].

After F-actin polymerization, the filaments assemble into bundles and branched
actin networks, higher order structures that provide a stable cell shape and regulate
biological function. Several proteins that interact or bind to αE-catenin facilitate
F-actin bundlings, such as vinculin, α-actinin, and formin [8, 12, 14, 37]. Indeed, αE-
catenin undergoes conformational changes that expose vinculin binding sites, which
in turn, stabilizes the interaction with E-cadherin and the AC. This supports the
growth of the AJC and is followed by increased F-actin density, which expands the
ability of cells to withstand externally applied forces [18, 39–41] (Fig. 5.1).

5.3.3 Direct vs Indirect Binding of the Adherens Junction Complex
to the Actin Cytoskeleton

Throughout the past decades, scientists have been trying to understand how does αE-
catenin bind the AJC to the AC. Two main theories have been put forward. The first
relies on αE-catenin as a physical linkage between cadherins and the AC, while the
second theory is based on αE-catenin as an allosteric regulator of these two
molecules [21, 42, 43]. The first theory was the most widely accepted, although
this model lacks experimental support to prove the physical linkage. The simplest
model is based on the fact that αE-catenin can bind to E-cadherin/β-catenin through
its N-terminal domain and can also bind to the AC, through its C-terminal domain,
implying a physical linkage between the AJC and the AC through the direct binding
of both molecules to αE-catenin. However, this model is hard to reconcile with the
characterization of the allosteric regulation of αE-catenin. In the N-terminal domain
of αE-catenin there is a binding site to β-catenin, which is common to the αE-catenin
homodimerization site. This implies that the binding of αE-catenin to β-catenin or
αE-catenin homodimerization are mutually exclusive events [21, 44]. αE-catenin
exists in cells as both a monomer and a homodimer and these different



conformations are associated with distinct functions [21]. The allosteric regulation
theory relies on these different αE-catenin conformations in cells. The monomeric
αE-catenin binds to β-catenin, which in turn binds to E-cadherin with an increased
affinity. Nevertheless, this monomeric αE-catenin from the cadherin-catenin com-
plex has very low affinity to bind to F-actin [13]. In fact, work conducted by Drees
and Yamada [23, 42] successfully demonstrated that αE-catenin cannot bind actin in
the presence of β-catenin, which may be due to conformational changes occurring in
the monomeric αE-catenin when it binds to the cadherin-catenin complex. There-
fore, a more complex model was developed, where the physical linkage is indirect,
occurring through the binding of E-cadherin/β-catenin to αE-catenin and the inter-
action of αE-catenin to actin-binding proteins vinculin, α-actinin, afadin, ZO-1, and
formin that subsequently bind to F-actin [21]. A study conducted by Abe and
colleagues [45] successfully demonstrated that an actin-binding protein, EPLIN,
was responsible for the indirect physical linkage of E-cadherin/β-catenin to the
AC, through the ligation of αE-catenin to this molecule. The authors state that in
the absence of EPLIN, the linkage is not formed causing changes in adherens
junctions conformations.
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5.4 CTNNA1 Germline Variants Predispose to HDGC

5.4.1 Brief Overview of HDGC

Hereditary diffuse gastric cancer (HDGC) is an autosomal dominant cancer syn-
drome that predisposes to diffuse gastric cancer (DGC) and invasive lobular breast
cancer (LBC) development [1, 46]. CDH1 germline truncating variants are found in
10%–40% of cases suggestive of HDGC [3, 46]. Several studies have determined
that the cumulative risk of developing gastric cancer (GC) in CDH1 variant carriers
varies from 37% to 64% in men and 24% to 47% in women. Moreover, women have
an additional cumulative risk of developing breast cancer (BC) from 39% to 55%
[1, 46–49] and a combined risk of developing BC and GC of 78% by age 80 [46].

Knowledge acquired on the last two decades on CDH1 germline variant carriers
has been useful to update clinical criteria guiding CDH1 genetic testing and respec-
tive guidelines on how to manage CDH1-positive HDGC families [1, 50–52].

Through the last years, several candidate genes, like CTNNA1 [5, 46, 53], PALB2
[46, 54], or MAP3K6 [55], have been reported in early-onset and familial DGC
patients. Nevertheless, CTNNA1 is the only gene to be widely accepted as a true
HDGC predisposing gene. The first family carrying a CTNNA1 germline variant was
identified in 2013, where several family members presented early-onset DGC and
clearly fulfilled HDGC criteria [5]. Since then, 41 families bearing CTNNA1
germline variants and presenting cancer phenotypes, either the classical HDGC-
associated phenotypes or others, were identified [4].
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5.4.2 HDGC Guidelines for CTNNA1 Germline Variant Carriers

CTNNA1 was officially considered an HDGC predisposing gene, alongside CDH1,
in the HDGC guidelines published in 2020 [1]. According to the guidelines
(Table 5.1), carriers of germline CTNNA1 pathogenic variants (PV) are
recommended to undergo annual endoscopy screening with multiple random
biopsies, in accordance with the Cambridge protocol. Prophylactic total gastrectomy
(PTG) should also be discussed, as illustrated by the observation of pT1a foci in
asymptomatic carriers [56]. However, less emphasis should be put on PTG, as
compared to carriers of CDH1 PV, since data currently available on CTNNA1
families are, at this stage, limited.

5.4.3 Clinical Classification of CTNNA1 Germline Variants
and Distribution in HDGC Ascertained and Non-ascertained
Cohorts

The proper clinical classification of CDH1 germline variants has been pivotal to
identify actionable CDH1 variants (pathogenic—PV and likely pathogenic—LPV)
and, consequently, improve management of patients with HDGC. CDH1 germline

Table 5.1 HDGC updated clinical practice guidelines [1]

HDGC updated clinical practice guidelines (Blair et al., 2020)

Family criteria

1 ≥2 cases of gastric cancer in family regardless of age, with at least one diffuse gastric cancer
(DGC)

2 ≥1 case of DGC at any age, and ≥ 1 case of lobular breast cancer (LBC) at age< 70 years, in
different family members

3 ≥2 cases of LBC in family members <50 years of age

Individual criteria

4 Isolated case of DGC at age < 50 years

5 DGC at any age in individuals of Māori ethnicity

6 DGC at any age in individuals with a personal or family history (first-degree relative) of cleft
lip or cleft palate

7 History of DGC and LBC, both diagnosed at age < 70 years

8 Bilateral LBC, diagnosed at age < 70 years

9 Gastric in situ signet ring cells or pagetoid spread of signet ring cells in individuals<50 years
of age

Clinical criteria were updated from the HDGC clinical guidelines from 2015 [52] to include more
families with HDGC-related phenotypes. It is recommended to perform genetic testing for CDH1
mutation if one of the following criteria is met and cancer diagnosis is confirmed. If more than one
cancer is confirmed, at least one should have histology confirmed. If possible, other relevant cancer
phenotypes should be confirmed. Individuals fulfilling criteria that are negative for a CDH1
mutation should be subsequently considered for CTNNA1 analysis
Individuals fulfilling these criteria proving negative for CDH1 actionable variants should be
subsequently considered for CTNNA1 sequencing



variants clinical classification has extensively improved upon development of spe-
cific variant curation guidelines by the American College of Medical Genetics and
Genomics (ACMG), the Association for Molecular Pathology (AMP), the National
Institute of Health NIH funded Clinical Genome Resource (ClinGen), and the CDH1
variant curation expert panel (CDH1 VCEP) [57, 58]. In contrast, no specific variant
curation guidelines exist so far to classify CTNNA1 variants. Consequently, it is
difficult to properly address CTNNA1 variants in the clinical setting and disclose
their actionability in HDGC. Recently, we used the CDH1-specific guidelines to
clinically classify published CTNNA1 germline variants [4]. Even though both genes
are tumor suppressor genes, partners in the AJC, and both present autosomal
dominant patterns of inheritance in HDGC, the insufficient clinical data on
CTNNA1 variant carriers may have slightly biased the variant classification of
CTNNA1 variants [4]. Our systematic review [4] gathered 41 families from six
original articles bearing CTNNA1 germline variants [5, 46, 53, 56, 59, 60]. From
these, the cohorts by Clark et al. and Shirts et al. were large cohorts, where the main
goal was to genetically screen individuals with personal and/or family cancer
history, regardless of the type of cancer. Therefore, in these two non-ascertained
cohorts the finding of CTNNA1 germline variants was incidental [59, 60]. On the
other hand, the remaining four cohorts [5, 46, 53, 56] were smaller, included families
and individuals fulfilling HDGC clinical criteria, and were ascertained for testing of
CTNNA1 germline variants, by fulfillment of clinical criteria for HDGC [1]. The
frequency of CTNNA1 germline variants in ascertained cohorts is significantly
higher than in non-ascertained cohorts (2.1% vs. 0.036%), supporting CTNNA1 as
a HDGC predisposing gene.
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5.4.4 Distribution of CTNNA1 Germline Variants in HDGC
and Non-HDGC Families

The 41 families bearing CTNNA1 germline variants described in the literature [5, 46,
53, 56, 59, 60] presented 31 different variants [4]. The majority of these were
considered truncating and predicted to have a high impact on protein structure and
function (Fig. 5.2). Thirty-two percent of families carrying CTNNA1 variants ful-
filled HDGC clinical criteria, i.e., criteria warranting germline genetic testing;
however, a large fraction of families did not [1]. The observation of cases carrying
truncating variants, while not suggestive of HDGC, may be explained by missing
clinical data regarding relatives, and incomplete DGC penetrance [46].

From the families meeting HDGC clinical criteria, almost all carried a pathogenic
variant, specifically frameshift or nonsense variants. These variants were scattered
across the gene and, in these families, a strong association with early-onset DGC was
observed.

One cluster of variants (all truncating) was found to be located in the last exon of
CTNNA1. Interestingly, these were found only in families lacking HDGC clinical
criteria (Fig. 5.3). As in most genes, CTNNA1 last exon and the 55 nucleotides
upstream the last exon-exon junction is predicted to be a nonsense mediated mRNA



decay (NMD) incompetent region. As so, it is expected that a transcript with a
truncating variant that produces a premature stop codon in this region most likely
evades NMD, producing an abnormal αE-catenin protein still retaining residual
function [61]. This was previously described for CDH1 germline variant carriers
[62, 63] and, if true for CTNNA1, it would support the establishment of a transversal
NMD incompetent region for both HDGC predisposing genes, which would ulti-
mately improve the clinical and molecular classification of CTNNA1 germline
variants.
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Fig. 5.2 Molecular and clinical classification of CTNNA1 variants in families with and without
HDGC. Left panel, Frequency analysis regarding the molecular classification of variants: total
cohort (upper graph); HDGC and non-HDGC cohorts (lower graphs). Right panel, Frequency
analysis regarding the clinical classification of CTNNA1 variants: total cohort (upper graph);
HDGC and non-HDGC cohorts (lower graphs). Clinical classification was performed using the
ACMG/AMP CDH1-specific curation guidelines [57]. P—pathogenic; LP—likely pathogenic;
VUS—variant of uncertain significance; LB—likely benign; B—benign

5.4.5 Genotype-Phenotype Correlations in CTNNA1 Germline
Variant Carriers

In 2021, we published a genotype-phenotype correlation study using data from
105 individuals from 41 families carrying CTNNA1 germline variants [5, 46, 53,
56, 59, 60], where 41 were probands and 64 were direct blood relatives [4]. Two
major phenotypes stood up among all: DGC and BC. Almost all DGC cases were
observed in families carrying PV and an early age of onset is observed in these cases,
with a mean age of onset of ~40 years old and a standard deviation of 17 years old
(~40 ± 17 years old) in probands. As for BC cases, most were present in families
bearing CTNNA1 LPV. In these families, the age of onset for BC cases was also
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Fig. 5.3 Gene location of CTNNA1 germline variants found in the literature. HDGC clinical
criteria separate the two cohorts: families with HDGC criteria on the right and families without
HDGC criteria on the left. The colored groups represent the clinical classification of CTNNA1
variants according to the ACMG/AMP CDH1 specific curation guidelines [57]: Red—pathogenic
variants; Pink—likely pathogenic variants; Yellow—variants of uncertain significance; Green—



earlier than expected for the normal population, with a mean age of onset of
~57 ± 15 years old for probands, and ~51 ± 15 years old for relatives (Fig. 5.3).
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While CDH1 families bearing LPV and PV present a very similar disease
spectrum, CTNNA1 families carrying PV significantly differ from those carrying
LPV. Most CTNNA1 PV-carrier families fulfill HDGC clinical criteria, while no
LPV-carrier families did (Fig. 5.4). Indeed, BC and DGC cases in CTNNA1 germline
variant carrier families are hardly observed in concomitance within the same family
[4]. Contrarily to what is observed in CDH1 variant carriers, CTNNA1 LPV,
classified according to the CDH1-specific ACMG/AMP guidelines for variant clas-
sification [57], may not reach 90% likelihood of pathogenicity, hence, only CTNNA1
PV should be considered actionable in HDGC.

Furthermore, LBC cases are rare in CTNNA1 germline variant carrier families,
which may indicate a weaker association between CTNNA1 and LBC, compared to
CDH1 [1]. Another possibility is that BC in CTNNA1 PV-carriers is actually of the
lobular type, but that specific information was not provided in previous publications.
There is no evidence at this stage for an association of CTNNA1 PV or LPV with
ductal (no special type) breast cancer (DBC). Given the scarce information of the
relationship between BC predisposition and CTNNA1 germline variants, clinical
management of BC in families carrying CTNNA1 germline variants is currently
evaluated on a case-by-case basis, according to the International Gastric Linkage
Consortium recommendations [1].

A cluster of families bearing CTNNA1 germline truncating variants in the last
exon and classified as variants of unknown significance (VUS) did not present
HDGC-associated phenotypes. Individuals from these families presented only BC
and DBC, which hints toward an association of variants located after the NMD
recognition boundary and different types of cancer. Further research is required to
establish an NMD recognition boundary and better define CTNNA1 variants more
closely related to HDGC. This is expected to decrease the uncertainty related to the
clinical management of patients bearing truncating variants in this region of the gene
[57, 63].

5.5 CTNNA1 Germline Missense Variants Predispose to MDPT2,
But Not HDGC

CTNNA1 germline missense variants have been associated with macular dystrophy
patterned-2 (MDPT2) and, more recently, familial exudative vitreoretinopathy
(FEVR) [64, 65].
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Fig. 5.3 (continued) benign or likely benign variants. Exons with a darker gray tone are out-of-
frame exons while with a lighter gray tone represent in-frame exons. Each geometric figure
represents a different molecular variant type and the respective number of geometric figures in
each variant represents the number of families carrying that variant. Variants are represented with
the respective nucleotide and amino acid change. aa—Amino acid; nc—nucleotide
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Fig. 5.4 Genotype-phenotype correlations in families carrying CTNNA1 germline variants. Anal-
ysis of the phenotypes found in families carrying CTNNA1 germline variants independently of the
HDGC clinical criteria met. All phenotypes in the X axis with “p” means the phenotype encoun-
tered in probands while “r” means the phenotypes encountered in relatives. Full-colored bars
represent families carrying a CTNNA1 variant and that meet HDGC while dotted bars represent
families carrying a CTNNA1 variant and that do not meet HDGC criteria. BC—breast cancer of
unspecified histotype; DBC—ductal breast cancer; DGC—diffuse gastric cancer; GC—gastric
cancer; HEAL—healthy; IGC—intestinal gastric cancer; LBC—lobular breast cancer; OTH—
others

MDPT2 is an autosomal dominant disease of the retinal pigment epithelium
(RPE) which was first described by Deutman and Colleagues in 1970 [66] as
bilateral pigment accumulation in the macular area, resembling a butterfly wing
patterning (also named butterfly-shaped pigmentary). From a certain age in adult-
hood, individuals with this disorder may present a slightly diminished best-corrected
visual acuity and color vision [67, 68], which can ultimately progress to retina
atrophy and underlying choroid in the macula [68, 69] and also to subretinal
neovascularization [70], both resulting in severe vision loss.

FEVR is a severe inherited retinal disorder that is characterized by an incomplete
vascularization of the peripheral retina and by the absence/abnormality of the
secondary and tertiary capillary layers in the deep retina [71]. As a consequence,
there is neovascularization and exudate, vitreous hemorrhaging, vitreous
membranes’ traction, macula displacement, and retina folding and detachment
[72]. FEVR presents an incomplete penetrance and its clinical features are highly
heterogeneous, being complete blindness the most severe disease phenotype [73].



5 CTNNA1, a New HDGC Gene: Inactivating Mechanisms and Driven Phenotypes 67

In 2016, Saksens and Colleagues [64] reported three families with hereditary
MDPT2. All had typical butterfly-shape pigment dystrophy and using whole exome
sequencing, they identified three different heterozygous CTNNA1 germline missense
variants (CTNNA1: c.953 T > C; c.1293 T > G; and c.919G > A) (Fig. 5.3). All
missense variants were located in very conserved protein regions. Notably, the
authors created a mouse model carrying a coding missense homozygous mutation
in the murine CTNNA1 homolog gene [64]. This mouse line presented a similar
disease phenotype in the RPE, with the CTNNA1 variant co-segregating with disease
for several generations. Moreover, the authors demonstrate that CTNNA1 RNA and
protein were still expressed in the RPE, which indicates that disease phenotypes may
be a consequence of the perturbation of CTNNA1 function, specifically in the RPE.
In 2021, Tanner and Colleagues [74] identified six additional MDPT2 families
carrying CTNNA1 germline missense variants, thus confirming the association.
Four distinct novel missense variants were identified and co-segregated with
MDPT2 (Fig. 5.3). Interestingly, all four variants are located in the same region as
the first three reported variants, which indicates that non-truncating changes in the
vinculin binding and M-fragment domains may result specifically in macular dys-
trophy phenotypes.

A third study [65] identified heterozygous CTNNA1 germline variants in three
different families with FEVR out of 47 families studied. Contrarily to MDPT2, in
this case, CTNNA1 germline variants are scattered across the gene and only two are
missense, being the other a frameshift variant (Fig. 5.3). Interestingly, the authors
found that the frameshift variant caused the most severe phenotype among the three
variants. The missense variant located in the β-catenin binding/homodimerization
domain and the frameshift located in the vinculin binding domain completely lost the
ability to bind to β-catenin, which consequently overactivated the expression of the
Norrin/β-catenin signaling pathway and disrupted the AJC in cells.

5.6 Possible Mechanisms Underlying Tumor Formation
and Development Due to CTNNA1/aE-catenin Impairment

The AJC is extremely important to maintain proper cell-cell adhesion, cellular
polarity, and tissue organization. Impairment of the main proteins of the AJC is
demonstrated to disrupt its normal function, resulting in initiation, development, and
progression of several tumor types [28, 29, 75].

Besides the clear association of CTNNA1/αE-catenin impairment with develop-
ment of early-onset DGC, CTNNA1/αE-catenin-specific single nucleotide missense
alterations in conserved regions result in the development of MDPT2. Furthermore,
it has been shown that αE-catenin is downregulated somatically in other types of
cancer [9, 12, 14, 15, 22], such as lung [76, 77], breast [78–80], colon [81], and
prostate cancer [82] and also myeloid leukemia [83, 84]. Below, we will present
possible molecular mechanisms underlying the tumor formation and development
associated with αE-catenin impairment.
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5.6.1 Wnt/b-catenin Signaling Pathway

The β-catenin protein links the AJC to the Wnt/Wingless signaling pathway.
β-catenin stops being phosphorylated by glycogen synthase kinase-3 when Wnt
ligands are present. This reduces degradation and stabilizes β-catenin which, in
turn, enters the nucleus, binds to TCF/LEF-1 transcription factor and ultimately
activates transcription of specific genes that are involved in cell proliferation,
migration, and invasion [85] (Fig. 5.5). The activation of this signaling pathway is
highly associated with tumor initiation and development in several different types of
cancer [86–93].

It was demonstrated by Ji and colleagues [94] that ectopic expression of
αE-catenin in glioma cells favored β-catenin retention in the cytoplasm and, upon
αE-catenin knockdown by short hairpin RNA, β-catenin nuclear translocation is
promoted. Furthermore, Choi and colleagues [95] demonstrated that αE-catenin
interacts directly with the catenin inhibitory domain of the APC tumor suppressor
gene. The stable binding of αE-catenin to APC promotes β-catenin ubiquitination
and degradation. Also, the authors show that APC is translocated to the nucleus
when interacting with αE-catenin, producing the APC:αE-catenin:β-catenin com-
plex that interacts with CtBP:CoREST:LSD1 histone H3K4 demethylase and con-
sequently inhibits transcription of Wnt target genes. Moreover, Giannini and
colleagues [96] reported that αE-catenin is present at the nuclei of two colon cancer
cell lines. Upon αE-catenin deficiency, cells displayed increased β-catenin-TCF
transcriptional activity, which promotes transcription of Wnt target genes. This
was repressed by αE-catenin ectopic expression fused to a nuclear localization
signal.

Overall, the above studies demonstrate that α-catenin is capable of suppressing
the Wnt/β-catenin by different mechanisms, such as β-catenin degradation, preven-
tion of β-catenin translocation to the nucleus, or recruitment of APC to the β-catenin-
TCF complex (Fig. 5.5). Nevertheless, further investigation is required to understand
if β-catenin inhibition by α-catenin mediates a tumor-suppressing effect [9].

5.6.2 NF-kB Signaling Pathway

The nuclear factor κB signaling pathway (NF-κB) is extremely important in several
cell mechanisms, such as survival, proliferation, angiogenesis, apoptosis, migration,
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Fig. 5.5 (continued) β-catenin-TCF complex by inhibiting β-catenin nuclear translocation or by
recruiting APC to the complex in the nucleus; promoting β-catenin degradation in the cytoplasm.
(Middle) αE-catenin suppresses NF-κB signaling pathway by: inhibiting the ubiquitination of
NF-κB inhibitor and inhibiting NF-κB inhibitor association to the proteasome. (Right side) αE-
catenin regulates the Hippo-YAP signaling pathway by: blocking dephosphorylation of YAP and
blocking YAP nuclear translocation



invasion, and immune response. Furthermore, hyperactivation of this signaling
pathway is common in cancer development, being observed in both hematopoietic
and solid tumors. The NF-κB family comprises five subunits that form both homo
and heterodimers. In normal conditions, dimers are mainly located in the cytoplasm
where they are associated with NF-κB inhibitor and, consequently, are transcription-
ally inactive. Several cytokines, growth factors, and kinases can activate NF-κB
through the canonical or non-canonical pathways [9, 97, 98].
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A study conducted by Vasioukhin and colleagues [99] demonstrated that deple-
tion of αE-catenin in mouse skin resulted in several skin and limb defects and also in
death at an early age. A microarray profiling of αE-catenin-knockout mice showed a
high number of NF-κB targeted genes being upregulated; nevertheless, the mecha-
nism by which αE-catenin impairment upregulates these genes was not reported.
Furthermore, Piao and colleagues [100] discovered that αE-catenin works as a tumor
suppressor in basal-like breast cancer cases that do not express E-cadherin. This
appears to be mediated by αE-catenin with NF-κB inhibitor which, in turn,
upregulates the NF-κB signaling pathway specifically in this type of cancer. The
authors used several breast cancer cell lines to deplete αE-catenin and further
reconstituted its expression and discovered that α-catenin ectopic expression
inhibited breast cancer cell proliferation, while α-catenin knockdown increased
cell proliferation, cell migration and acquired anchorage-independent growth. Bio-
chemical analysis on these cells showed that α-catenin physically interacts with and
stabilizes NF-κB inhibitor by blocking its lysine 48-linked poly-ubiquitination and
its association with the proteasome (Fig. 5.5). αE-catenin is downregulated in basal-
like breast cancer and these results demonstrate the tumor-suppressing effect of αE-
catenin in this type of tumor, mediated by NF-κB signaling pathway regulation.

5.6.3 Hippo-YAP Signaling Pathway

Hippo-YAP is a signaling pathway highly important to properly regulate organ size
and its dysregulation results in tumor initiation and development [101, 102]. In
particular, it has been shown that deregulation of the Hippo-YAP signaling pathway
resulted in development of hepatocellular carcinoma in mice [103–108], in higher
proliferation of colon cancer cells [109], and in higher tumorigenesis and metastasis
capacity of breast cancer cells [110–113].

Silvis and colleagues [114] depleted α-catenin in stem and progenitor cells of hair
follicles. This resulted in skin squamous cell carcinoma development in mice and,
interestingly, the phenotype in α-catenin depleted mice was very similar to the one
found in mice overexpressing YAP in the skin [115]. Furthermore, the authors show
that proliferation of α-catenin-deficient cells is blocked when YAP is depleted by
RNA interference. YAP sequestration increases due to α-catenin which, conse-
quently, inhibits YAP transcriptional activity. The YAP regulation mediated by
α-catenin does not involve the regulation of Hippo but, instead, is solely mediated
by α-catenin and YAP interaction. The association of α-catenin with YAP is
mediated by the 14-3-3 protein, which inhibits YAP dephosphorylation and



activation (Fig. 5.5) and, upon α-catenin depletion, skin tumors may develop due to
increased YAP nuclear localization and transcriptional activity [114, 115]. Whether
deregulation of the Hippo-YAP pathway by α-catenin depletion occurs in other
types of cancer is yet to be determined.
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5.6.4 Hedgehog Signaling Pathway

The Hedgehog signaling pathway was first identified in Drosophila as an important
segmental patterning mediator during embryonic development and is highly
conserved in vertebrates [116–118]. In mammals, the Hedgehog signaling pathway
is especially important during embryonic development by regulating cell prolifera-
tion, migration, and differentiation and, afterward, is silenced in most adult tissues.
Nevertheless, the central nervous system and the lungs rely on continuous Hedgehog
signaling for tissue homeostasis and repair following injury [9, 119–122]. Deregula-
tion of the Hedgehog signaling pathway has been demonstrated to promote devel-
opment of several cancer types, such as lung, breast, brain, colon, and pancreatic
cancer [119, 123].

Lien and colleagues [124] explored the function of α-catenin in the brain and
discovered that αE-catenin is expressed by neural progenitors and αN-catenin by
differentiated neurons. The authors depleted αE-catenin specifically in the brain of
mice which resulted in very early death, with mice exhibiting enlarged heads with
massive brain hyperplasia. Interestingly, a microarray analysis demonstrated that the
most upregulated genes upon αE-catenin knockdown in the brain are two well-
known target genes of the Hedgehog signaling pathway, hinting that αE-catenin loss
in the central nervous system activates the Hedgehog signaling pathway. Neverthe-
less, further studies are required to understand by which mechanism this occurs.

5.7 Concluding Remarks

• CTNNA1 germline variants, classified as PV, predispose to early-onset diffuse
gastric cancer.

• CTNNA1 germline variants, classified as LPV, do not predispose to diffuse gastric
cancer and are associated with breast cancer of unknown histotype.

• There is still insufficient data supporting an association between CTNNA1
germline variants and lobular breast cancer.

• CTNNA1 germline missense variants predispose to macular dystrophy patterned
2, but not to hereditary diffuse gastric cancer.

• αE-catenin is responsible for connecting the adherens junction complex to the
actin cytoskeleton.

• αE-catenin interacts with several proteins and regulates four different signaling
pathways highly associated with cancer development.
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• Impairment of CTNNA1 leads to the development of multiple types of sporadic
cancer, possibly due to its important role in the adherens junction complex, the
actin cytoskeleton and in several cancer-associated signaling pathways.
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Abstract

E-cadherin, encoded by CDH1, plays an undisputable role in mechanical and
biochemical signals that are crucial for cell integrity and tissue organization.
Hence, E-cadherin deregulation results in severe tissue imbalances as those
seen in cancer and congenital disorders. In particular, hereditary diffuse gastric
cancer, lobular breast cancer, cleft lip/palate, and the blepharocheilodontic syn-
drome have been recognized as CDH1-associated entities. Among a plethora of
CDH1 genetic alterations identified in disease contexts, missense variants repre-
sent a huge burden for genetic counselling and patient management. Indeed,
establishment of their biological and clinical impact is not always straightfor-
ward, contributing to misestimation and inaccurate classification. Herein, we
provide an overview of the state of the art concerning CDH1 missense variants,
their geographical distribution and their relevance in distinct clinical spectra. We
highlight the unequivocal value of an integrative pipeline to assess functional
significance of variants, encompassing familial and population data analysis, in
silico modelling, in vitro assays and in vivo studies. Importantly, we discuss how
this strategy may improve genetic counselling of patients and their families,
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whilst opening up avenues of research addressing the aetiology of E-cadherin-
mediated disorders.
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6.1 Introduction

Familial clustering of gastric cancer occurs in approximately 10% of cases, with 3%
arising in the setting of hereditary diffuse gastric cancer (HDGC), an inherited cancer
predisposition syndrome most often ascribed to CDH1 inactivating germline
mutations [1, 2]. More than 155 CDH1 variants have been described in the context
of HDGC, spanning the entire coding sequence and all protein functional domains
[3]. Current guidelines recommend that, when diagnosed with a pathogenic germline
variant, individuals should consider prophylactic total gastrectomy, which remains
the mainstay of gastric cancer risk reduction [4]. Counselling of these individuals
must balance the burden of gastric cancer risk and the psychological strain imposed
by the dilemma of having to select between life-altering prophylactic surgery and
intense endoscopic surveillance [4, 5].

Traditionally, detection of CDH1 variants has been a consequence of the identifi-
cation of individuals at risk for HDGC based on clinical criteria, which on itself has
evolved significantly over the past 20 years [4, 6–8]. The emergence of multigene
panel testing and advances in high-throughput sequencing technologies have uncov-
ered a bulky amount of genetic variations, not only in the HDGC context but also in
individuals without any personal or family history of diffuse gastric cancer. In fact,
CDH1 alterations are identified in a disease spectrum that comprises lobular breast
cancer, colorectal cancer, cleft lip/palate, and blepharocheilodontic syndrome aside
from diffuse-type gastric adenocarcinoma [9]. This unveils a serious challenge for
clinical management of carriers and their families, given the difficulty of predicting
variant phenotypic significance. In particular, in contrast to CDH1 truncating
mutations, which have a clear deleterious effect, mutations of the missense type
require an extensive analysis that includes variant annotation, functional evaluation
and validation in large sample sizes [10].

A critical issue surrounding CDH1 missense variants is the incorporation of
clinical information establishing their pathogenicity, which leads to misestimation
of disease penetrance and, consequently, to inaccurate classification and propagation
among populations. More so, screening programs vary with respect to the applied
clinical criteria, as well as across health systems from diverse countries [11],
contributing to absence of systematic results regarding CDH1 screening and
classification.

In this review, we highlight the current knowledge surrounding CDH1 missense
variants, focusing on their biological and clinical impact. Ultimately, we discuss
future perspectives on variant classification guidelines, and whether these should
cover disease-specific criteria and mutation geographic distribution.
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6.2 CDH1 Missense Variants in Distinct Clinical Phenotypes

The CDH1 gene encodes E-cadherin, which is a calcium-dependent cell adhesion
molecule essential for the maintenance of cell integrity and tissue organization
[12]. E-cadherin has a unique ability to integrate cell-cell linkages, contractile forces,
and biochemical signals regulating epithelial homeostasis. While its extracellular
domain is responsible for homophilic binding of E-cadherin molecules on adjacent
cells, the intracellular portion couples intercellular adhesion with the cytoskeleton
[13]. At the biochemical level, this cytoskeletal network controls protein trafficking,
modulating activity of Rho GTPases and growth factor receptors, as well as integrin
delivery with impact in cell morphology and behaviour [14, 15]. Hence, it is not
unforeseen that E-cadherin alterations result in cellular de-differentiation, invasion
and tissue disorder.

Consistent with the complex role of E-cadherin in epithelia, CDH1 germline
variants have not only been associated with several cancer phenotypes, but also with
severe congenital malformations [9]. Of note, there is no evidence supporting a
genotype-phenotype correlation considering mutation type or localization, which
impairs the establishment of precise management strategies and surveillance
schemes.

Missense variants are reported in all clinical spectra, with the larger proportion
identified in the HDGC setting (n = 46), possibly as a consequence of long-term
research and focused patient screening. Lobular breast and colorectal cancers were
subsequently associated with CDH1 alterations, 9 and 4 of which, respectively, are
of the missense-type (Table 6.1). In fact, missense mutations constitute the most
frequent alteration in hereditary lobular breast cancer [16, 17]. Cleft lip/palate and
the blepharocheilodontic syndrome were recently recognised as additional
manifestations of CDH1 loss and, to date, 15 and 7 missense variants were identified
in these settings, respectively.

A striking observation is that variants affecting the same nucleotide, or even
exactly the same missense variant, can be detected in patients displaying indepen-
dent clinical entities. For instance, the CDH1 c.88C > A (p.P30T) variant was
described in HDGC, lobular breast cancer and cleft lip/palate [18–20]. Likewise,
the CDH1 c.2413G > A (p.D805N) was associated with HDGC and cleft lip/palate
phenotypes [3, 20]. Ghoumid and colleagues state that CDH1 missense variants
yield similar effects in both blepharocheilodontic and HDGC syndromes [21],
corroborating these observations. However, this issue has raised some controversy,
namely by Kievit et al. who argue that the mutant protein in the blepharocheilodontic
syndrome context dimerises with wild-type forms, exerting a dominant negative
effect in the formation of adherent junctions [22].

Despite extensive research efforts, mechanisms underlying these pleiotropic
outcomes remain to be identified. We envision that loss of E-cadherin induces an
abnormal cell-extracellular matrix (ECM) interaction, implicating biomechanical
imbalances and specific tissue rearrangements in the genesis of cancer development
and morphogenetic defects. In this sense, we believe that the specificities of the ECM
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Table 6.1 CDH1 missense variants in different clinical phenotypes. For each missense variant
described, the altered amino acid, exon, protein domain affected, clinical phenotype, as well as the
corresponding reference are displayed. HGVS, human genome variation society nomenclature; EC,
extracellular cadherin domain; HDGC, hereditary diffuse gastric cancer; DGC, diffuse gastric
cancer; GC, gastric cancer; LBC, lobular breast cancer; BC, breast cancer; CRC, colorectal cancer;
PC, prostate cancer; CL/P, cleft lip with or without cleft palate; BCDS, blepharocheilodontic
syndrome

HGVS
Protein
change Exon Domain

Clinical
phenotype References

2T > C M1T 1 Signal
peptide

HDGC [74]

3G > A M1I 1 Signal
peptide

HDGC [3]

3G > C M1I 1 Signal
peptide

HDGC [75]

48G > C Q16H 1 Signal
peptide

HDGC [37]

79C > T P27S 2 Signal
peptide

HDGC [3]

88C > A P30T 2 Precursor HDGC [18]

185G > T G62V 3 Precursor HDGC [31, 76]

286A > G I96V 3 Precursor HDGC [3]

313T > A S105T 3 Precursor HDGC [77]

353C > G T118R 3 Precursor HDGC [71, 78]

371G > A R124H 3 Precursor HDGC [18]

387G > T Q129H 3 Precursor HDGC [77]

515C > G P172R 4 EC1 HDGC [79]

554A > T E185V 5 EC1 HDGC [39]

635G > A G212E 5 EC1 HDGC [33]

641T > C L214P 5 EC1 HDGC [3, 31, 71]

670C > T R224C 5 EC1 HDGC [80, 81]

695C > G S232C 6 EC1 HDGC [39]

715G > A G239R 6 EC1 HDGC [3, 78, 82, 83]

731A > G D244G 6 EC1 HDGC [84]

808T > G S270A 6 EC2 HDGC [81, 85]

892G > A A298T 7 EC2 HDGC [3, 31, 86]

977T > A I326N 7 EC2 HDGC [87]

1018A > G T340A 8 EC2 HDGC [88]

1118C > T P373L 8 EC2 HDGC [89]

1130C > G P377R 8 EC3 HDGC [81]

1225T > C W409R 9 EC3 HDGC [86]

1243A > C I415L 9 EC3 HDGC [90]

1285C > T P429S 9 EC3 HDGC [75]

1460T > C V487A 10 EC4 HDGC [84]

1676G > A S559N 11 EC4 HDGC [77]

1679C > G T560R 11 EC4 HDGC [3]

1748T > G L583R 12 EC4 HDGC [57]



HGVS Exon Domain References

(continued)

6 Revisiting the Biological and Clinical Impact of CDH1 Missense Variants 83

Table 6.1 (continued)

Protein
change

Clinical
phenotype

1774G > A A592T 12 EC4 HDGC [91]

1796C > G T599S 12 EC5 HDGC [82]

1806C > A F602L 12 EC5 HDGC [77]

1901C > T A634V 12 EC5 HDGC [55]

2195G > A R732Q 14 Cytoplasmic HDGC [86]

2245C > T R749W 14 Cytoplasmic HDGC [52, 82]

2248G > A D750N 14 Cytoplasmic HDGC [3]

2269G > A E757K 14 Cytoplasmic HDGC [52]

2315T > A L772Q 15 Cytoplasmic HDGC [18]

2343A > T E781D 15 Cytoplasmic HDGC [82]

2396C > G P799R 15 Cytoplasmic HDGC [91]

2413G > A D805N 15 Cytoplasmic HDGC [3]

2494G > A V832M 16 Cytoplasmic HDGC [55]

1849G > A A617T 12 EC5 DGC [92]

2195G > A R732Q 14 Cytoplasmic DGC [93]

604G > A V202I 5 EC1 GC [94]

820G > A G274S 6 EC2 GC [95]

1409C > T T470I 10 EC3 GC [96]

1679C > G T560R 11 EC4 GC [93]

8C > G P3R 1 Signal
peptide

LBC [19]

88C > A P30T 2 Precursor LBC [19, 97]

1223C > T A408V 9 EC3 LBC [19]

1297G > A D433N 9 EC3 LBC [19]

1679C > G T560R 11 EC4 LBC [93]

1813A > G R605G 12 EC5 LBC [19]

1876T > G F626V 12 EC5 LBC [97]

2195G > A R732Q 14 Cytoplasmic LBC [93]

2494G > A V832M 16 Cytoplasmic LBC [19]

715G > A G239R 6 EC1 BC [93]

1774G > A A592T 12 EC4 BC [19, 98]

1901C > T A634V 12 EC5 BC [93]

2512A > G S838G 16 Cytoplasmic BC [98]

1018A > G T340A 8 EC2 CRC [99]

1225T > C W409R 9 EC3 CRC [86]

1774G > A A592T 12 EC4 CRC [100]

2195G > A R732Q 14 Cytoplasmic CRC [93]

808T > G S270A 6 EC2 PC [85]

1774G > A A592T 12 EC4 PC [101]

2329G > A D777N 15 Cytoplasmic PC [101]

1774G > A A592T 12 EC4 Glioma [102]

2450C > T A817V 16 Cytoplasmic Glioma [102]
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in each tissue context will be a determinant factor for the phenotypic manifestations
of the same genotype.
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Table 6.1 (continued)

Protein
change

Clinical
phenotype

88C > A P30T 2 Precursor CL/P [20]

337A > G K113E 3 Precursor CL/P [20]

468G > C W156C 4 EC1 CL/P [103]

752C > T T251M 6 EC1 CL/P [104]

760G > A D254N 6 EC1 CL/P [104, 105]

768T > A N256K 6 EC1 CL/P [104]

1108G > T D370Y 8 EC2 CL/P [20]

1235T > C V412A 9 EC3 CL/P [106]

1273G > A V425I 9 EC3 CL/P [106]

1489G > A E497K 10 EC4 CL/P [104]

1565C > T T522I 10 EC4 CL/P [106]

1766A > T N589I 12 EC4 CL/P [104]

1888C > G L630V 12 EC5 CL/P [106]

2351G > A R784H 15 Cytoplasmic CL/P [105]

2413G > A D805N 15 Cytoplasmic CL/P [20]

760G > T D254Y 6 EC1 BCDS [21]

760G > A D254N 6 EC1 BCDS [22]

768T > G N256K 6 EC1 BCDS [22]

770A > T D257V 6 EC1 BCDS [21]

862G > C D288H 7 EC2 BCDS [22]

1118C > G P373R 8 EC2 BCDS [22]

2028C > A D676E 13 EC5 BCDS [107]

6.3 Insights from Population Variation and Geographic
Distribution of Variants

Ever since the identification of CDH1 germline mutations in the Maori population,
which dates back to 1998, a growing number of reports have documented a variety of
CDH1 alterations worldwide [2]. Indeed, CDH1 alterations have been detected in
different ethnic populations from distinct geographical parts of the globe [23],
reflecting the variable screening programs and surveillance protocols, and ultimately
gastric cancer incidence around the world [24]. Overall, a significantly higher gastric
cancer frequency is found in developing regions such as Eastern Asia (China, Japan,
Korea), Eastern Europe, and South America, whereas Africa, Northern America,
Northern Europe, Australia, New Zealand, and South-Eastern Asia are regarded as
low incidence areas [24]. Regardless of this general trend in gastric cancer incidence,



it is clear that sporadic and hereditary forms contrast in their geographical
distribution.
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E-cadherin plays an unequivocal role in HDGC, and CDH1 germline alterations
are causative events in about 40% of patients [6, 10, 25]. With the increasing reports
of CDH1 mutations, their worldwide distribution, type of mutation and screening
settings in which they are identified are becoming more apparent [23, 26, 27]. Studies
addressing incidence of CDH1 germline mutations from low- and high-risk regions
of gastric cancer have shown that E-cadherin genetic screenings performed in
low-risk areas led to the identification of a higher frequency of CDH1 germline
mutations [11]. Concerning mutation type distribution, a recent study reported that
deletions are more frequent in Europe, splice site in America, missense in Asia and
non-sense in Oceania [23]. Missense mutations, in particular, represent 21% of
mutations identified in Europe, 20% in America, and 68% in Asia, with a residual
percentage in Oceania. The high incidence of missense mutations in Asia is mostly
attributed to Korea and Japan, where extensive screening and early diagnosis
programs are in place [28]. However, it is interesting that application of clinical
criteria shifts the most frequently identified mutation types in all regions across the
globe. Of note, missense mutations in this setting decreased in Asia (6%), possibly as
a result of their low penetrance and consequent underestimation, and increased in
Europe (33%), reflecting the awareness of missense clinical significance and dedi-
cated research programs [23]. By establishing a comprehensive characterization
score of missense variants, it was possible to observe that unbiased screening over
selects individuals harbouring CDH1 variants with an unclear association to gastric
cancer risk. In contrast, the identification of individuals carrying missense mutations
with clinical relevance is more likely to occur based upon family criteria [23].

This data demonstrates how effective screening programs, combining clinical
criteria and accurate classification systems, can undoubtedly influence gastric cancer
aetiology. More so, we highlight that demographic distribution of disease incidence
cannot be explained by CDH1 variants alone, but may also reflect the involvement of
environmental factors and other genetic interactions.

6.4 Integrative Pipeline to Determine Variant Functional
Significance

Irrespective of recent advances, an accurate prediction on whether or not variants are
responsible for disorders is far from established. Further, most of CDH1 rule
specifications for the ACMG/AMP variant curation guidelines are not recommended
for missense changes and a large proportion of variants remains unclassified [29].

To address the challenges in the management and surveillance of carriers and
their families following the identification of missense variants, a complementary set
of analysis encompassing familial and population data, in silico models, in vitro
assays and in vivo studies can be implemented (Fig. 6.1) [10, 30]. We believe that
variant pathogenicity cannot be determined based on standalone evidence from a
single approach since all methods have limitations.
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Fig. 6.1 Pipeline to address the significance of CDH1 missense variants. A comprehensive
analysis of family pedigree, taking into account the diverse clinical presentations of CDH1
mutations, as well as variant frequencies across different ethnic groups can provide crucial
information on possible causative effects. In silico models estimate the degree of conservation of
mutated amino acids within species, their impact on splicing and on protein structure. In contrast,
in vitro assays can be explored to investigate the impact of CDH1 variants at the cellular level,
namely on protein expression and localization, cell-cell aggregation ability, anti-invasive capacity,
and intercellular organization. Drosophila melanogaster emerged as a valuable tool to evaluate cell
migration dynamics and detect abnormal epithelial features in a physiological environment

6.4.1 Familial and Population Data

Familial and population data provide critical information for evaluation of CDH1
variant effects and should be applied as a first-line approach. This includes analysis
of mutation co-segregation with the disease within pedigrees, mutation recurrence in
unrelated families, and mutation frequency in healthy control populations [31, 32].
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The comprehensive examination of a family pedigree, taking into account diverse
clinical presentations of CDH1 mutations, may highlight a causative role for mis-
sense variants and predict disease risk in germline carriers [33]. Still, these studies
can be demanding given the small size of the families and lack of information from
patient relatives [31, 32]. The identification of recurrent variants segregating with
gastric and breast cancer in unrelated families is also a strong indication of an
associated deleterious effect [34]. Therefore, genetic counsellors must be constantly
updated with respect to databases that assemble genetic conditions and familial
history across clinical laboratories.

Variant frequencies have been used as an argument for classification according to
the rare allele model, in which the evolutionary theory predicts that disease alleles
should not be common. However, this model is not consistent with simulations of
allele frequency distribution of data retrieved from genome-wide association studies
(GWAS) [35].

Genomic databases such as the 1000 Genomes Project (http://browser.1000
genomes.org), the Trans-Omics for Precision Medicine Program (TOPMed; https://
www.nhlbiwgs.org/), or The Genome Aggregation Database (gnomAD; https://
gnomad.broadinstitute.org/) compile data with a few to several thousand of
participants from different ethnic groups from large sequencing consortiums. None-
theless, limitations like low-quality data, lack of details on the origin of studies, or
absence of information regarding possible associated phenotypes can impact variant
interpretation [36]. In line with this, low (<1%) or very low (<0.1%) population
frequencies cannot exclude pathogenicity per se, in particular when clinical and
experimental evidence support the deleterious nature of the variant. Cancer
syndromes, including HDGC and hereditary lobular breast cancer, occur during
adulthood and do not affect reproductive success, thus allowing transmission of
deleterious variants across populations. More so, missense mutations are subtle
alterations in genetic terms, often resulting in mild effects on protein level and
activity, which is reflected in low penetrance and less striking phenotypes
[31, 37]. Despite the controversy surrounding their functional significance over the
years, it is undeniable that pathogenic missense variants result in clinical
manifestations indistinguishable from those caused by truncating mutations [9, 38].

6.4.2 In Silico Models

Computational applications have been projected into the spotlight due to their
usefulness in predicting the degree of conservation of mutated amino acids within
species, their impact on splicing and, ultimately, on protein structure [6, 31]. Patho-
genicity predictions are usually based on homology concepts, assuming that amino
acids conserved across different species are relevant and that their substitution is
likely to compromise protein function [31, 39]. Focusing on CDH1 missense
alterations, standard tools encompass SIFT (Sorting Intolerant from Tolerant;
http://sift.jcvi.org/) [40]; PolyPhen-2 (Polymorphism Phenotyping v2; http://
genetics.bwh.harvard.edu/pph2/) [41]; and PROVEAN (Protein Variation Effect

http://browser.1000genomes.org
http://browser.1000genomes.org
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Analyzer; http://provean.jcvi.org) [42]. The use of multiple programs is indeed
highly recommended as different outputs can be obtained, depending on the algo-
rithm under testing [36]. One major drawback of in silico models is that the
significance of each amino acid is considered independently and, as such, they do
not contemplate compensatory effects of neighbouring positions [31, 43]. To over-
come this limitation, structural models of E-cadherin have been developed and
currently cover the prodomain, the extracellular, and the catenin-binding domains
[39]. Structural-based estimations can be obtained through calculation of protein
native-state stability changes using FoldX (http://foldxsuite.crg.eu/) [44]. Specifi-
cally, an energetic difference between the mutant and the wild-type reference greater
than 0.8 kcal/mol indicates a destabilized protein structure. Variants that induce
higher energetic penalties have been correlated with in vitro loss of function and with
a younger age at diagnosis or death by diffuse gastric cancer [33, 39]. Unfortunately,
models were built using Xenopus and mouse data and, therefore, prediction perfor-
mance is restricted to regions with reliable alignment with the human sequence.
Furthermore, due to low structural content of the juxtamembrane domain, no model
is available for accurate energy calculations and, as a consequence, mutations
affecting this region cannot be analysed.
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Additional analyses may include the study of alternative splicing and processing
of introns in nuclear pre-mRNA using the Netgene2 algorithm (http://www.cbs.dtu.
dk/services/NetGene2/) [45, 46]. Nevertheless, the identification of cryptic splice
sites in the CDH1 gene is limited to available transcriptional data and requires
molecular validation [34].

6.4.3 In Vitro Assays

In the last two decades, Seruca’s group has been devoted to improve the assessment
of the functional significance of CDH1 variants [10, 47–50]. In this context, several
experimental assays have been developed to characterize variant effects at the
cellular level, namely E-cadherin expression and localization, cell-cell adhesive
function, invasive profile, and cell topology. The pipeline is streamlined and takes
advantage of an immortalized E-cadherin negative cell line (Chinese Hamster
Ovary—CHO) transfected with vectors encoding wild-type and mutant E-cadherin
forms subsequently analysed through Western Blot, immunofluorescence,
bioimaging applications, slow aggregation, and matrigel invasion assays [33, 51].

According to this protocol, variants inducing low E-cadherin levels may reveal
severe protein defects and activation of protein quality control mechanisms,
culminating in premature degradation of E-cadherin and absence of functional
activity [33, 39, 52]. A band mobility shift is seen on occasions, suggesting that
the variant may affect protein glycosylation—a pivotal process for E-cadherin
folding, trafficking, and stability at the plasma membrane [34, 53].

By coupling immunostaining with advanced bioimaging techniques, it has been
possible to provide a faithful characterization of E-cadherin expression patterns, thus
enabling the discrimination of deleterious and neutral variants [49, 54]. In contrast to
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wild-type E-cadherin, which is mainly expressed at the plasma membrane, deleteri-
ous variants can be diffusely distributed throughout the cell or present aberrant signal
accumulation in cytoplasmic regions/organelles [49]. Interestingly, some deleterious
variants are expressed at the plasma membrane but affect the stability of homophilic
cadherin linkages on neighbouring cells, resulting in increased protein turnover rates
[48, 49, 55]. Fluorescence microscopy images are further explored to compare
intercellular organization and morphological aspects of cells expressing wild-type
and mutant E-cadherin [50]. In this regard, cells expressing wild-type and dysfunc-
tional variants yield very different cell networks, with the latter composed by
triangles with bigger areas and edges indicative of cell-cell loosening and cytoplasm
extension [50].
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To evaluate the ability of establishing cell-cell adhesion, slow aggregation assays
are mostly used due to their simplicity and consistency among replicates. Herein,
cells with a competent adhesion complex spontaneously aggregate upon seeding on
a semi-solid agar substrate [56]. In contrast, cells expressing dysfunctional
E-cadherin present an isolated phenotype or form small cellular aggregates with
different cohesion degrees as verified by quantification of aggregate area and density
[33, 47, 48, 57].

Ultimately, the invasion-suppressor role of E-cadherin is investigated through
matrigel invasion chambers. Wild-type and mutant cells are seeded on top of a
device coated with matrigel, an artificial ECM whose composition resembles that of
the basement membrane [58, 59]. Cells able to degrade the matrix layer and reach the
lower side of the device are classified as invasive, while those remaining on top of
the matrigel are considered non-invasive [10].

6.4.4 In Vivo Approaches

Having settled cellular and functional processes using in vitro systems, in vivo
strategies become essential for concept validation and guidance towards translational
research. Although frequently used in in vivo studies, mice models present several
drawbacks in the context of gastric cancer [60–62], prompting research in alternative
living systems.

Drosophila melanogaster has emerged as a valuable model organism to study the
molecular mechanisms and genetic processes triggered by E-cadherin missense
variants, mainly owing to its versatility and genetically tractable options [63].

The generation of fly lines carrying HDGC-associated variants was first reported
in 2006 [64]. At that time, a GAL4/UAS system was used to induce expression of
two E-cadherin missense variants in the Drosophila-developing wing epithelium,
the so-called wing imaginal disc. By inspection of this simple monolayer epithelium,
it was verified that cells expressing A634V and V832M variants infiltrate
neighbouring regions, in contrast to cells expressing wild-type E-cadherin that
maintain their epithelial morphology and adhesive properties [64]. Of note, the
two E-cadherin mutants showed distinct patterns of invasion, with the A634V



extracellular mutant invading collectively whereas the V832M intracellular mutant
invaded in an isolated manner [64].
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In addition to this system, the Drosophila ovary has also been exploited to
evaluate variant impact on epithelial organization and on border cell migration
during oogenesis [33, 65]. Figueiredo et al. have engineered a model in which the
G212E variant was expressed in the Drosophila follicular epithelium, enabling
direct comparison between expressing and non-expressing clones within a mosaic
tissue [33]. The authors observed that clones expressing the G212E mutant induce
epithelial invaginations and disrupt tissue architecture and integrity [33]. Further, the
apical marker aPKC was found to be decreased in G212E-expressing cells, when
compared with non-expressing tissue, confirming loss of apical-basal polarity [33].

An innovative model was designed to demonstrate the damaging nature of the
R749W variant. By monitoring migration dynamics of border cells overexpressing
wild-type and mutant E-cadherin forms across the Drosophila germline, it could be
seen that wild-type E-cadherin cells travel only 49% of the expected distance,
whereas the motile performance of cells expressing the R749W mutant is similar
to that of cells expressing an inert UAS-driven transgene [65].

In conclusion, in vivo models have been a breakthrough for the management of
CDH1 variant carriers and their families, as well as for research applications
addressing molecular and cellular cues taking into consideration the tissue environ-
ment [33, 66].

6.5 Molecular Mechanisms Triggered by CDH1 Variants

Aside from a great potential in pathological assessment, it is indisputable that
experimental approaches have been contributing to the understanding of basic
mechanisms and molecular features underlying E-cadherin dysfunction in disease.

Evidence has revealed that the effects of E-cadherin variants may take place upon
translation initiation. Variants affecting just the signal peptide of E-cadherin, without
changing the remaining predicted sequence, were found to impair the binding of
cellular components that are crucial for protein translation and subsequent translo-
cation into the endoplasmic reticulum (ER, Fig. 6.2) [51].

The ER is the site of maturation for secretory and membrane proteins and the
synthetic output of this organelle is tightly controlled, certifying both quality and
quantity of emergent proteins. In 2008, it was first described that E-cadherin protein
levels and activity are critically modulated by mechanisms of protein quality control
associated with ER (endoplasmic reticulum-associated degradation, ERAD), and
therefore their subversion could be an alternative mechanism for E-cadherin loss
during cancer progression [52]. Accordingly, R749W and E757K variants affecting
the juxtamembrane region of E-cadherin generated misfolded proteins, which were
recognized and promptly degraded by the proteasome [52]. In a subsequent study,
DNAJB4 molecular chaperone was pinpointed as an important mediator of this
checkpoint by distinguishing wild-type from mutant proteins, thus determining
their fate both in vitro and in vivo [67]. Remarkably, it was demonstrated that



chemical chaperones such as dimethyl sulfoxide (DMSO) and 4-phenylbutyrate
(4-PBA) may assist the folding of missense mutant forms and even rescue
E-cadherin functional activity, emerging as promising therapeutic approaches in
patients harbouring missense variants [52, 68].
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Fig. 6.2 Molecular mechanisms underlying pathogenicity of CDH1 variants. (a) Variants affecting
the signal peptide of E-cadherin may impair protein translation and translocation into the endoplas-
mic reticulum (ER). (b) Irregular patterns of E-cadherin at the plasma membrane and diffuse
cellular aggregates may arise due to abnormal protein glycosylation. (c) Disruption of the binding
site of various partners, namely p120, β-catenin or type I gamma phosphatidylinositol phosphate
kinase (PIPKIγ), compromises E-cadherin trafficking and function. (d) E-cadherin mutations yield
misfolded proteins, which are recognized by mechanisms of protein quality control, leading to their
premature degradation. (e) Loss of E-cadherin activates EGFR and Notch signalling pathways
awarding cells increased motile and survival abilities. (f) Aberrant integrin activation is associated
with increased cell-ECM interaction and dissemination of E-cadherin mutant cells. Schematic
representation of E-cadherin highlighting protein domains associated with altered molecular
mechanisms

Occasionally, missense variants disrupt NX(S/T) consensus sequences, where
X can be any amino acid with the exception of proline, interfering with the transfer
of N-glycans to the side chain of asparagine (N ) [53, 69]. For instance, it was verified
that the T560R variant impairs N-glycosylation in E-cadherin’s fourth extracellular



domain (EC4), resulting in an irregular pattern of E-cadherin at the plasma mem-
brane and in diffuse cellular aggregates on an agar substrate, illustrative of immature
protein forms [34].
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Variants affecting the intracellular portion of E-cadherin are also a dilemma for
trafficking pathways, since this region serves as a binding site for a set of partners
responsible for protein exocytosis and endocytosis [48]. Specifically, a weak inter-
action between E-cadherin and either β-catenin or type I gamma
phosphatidylinositol phosphate kinase (PIPKIγ) decreases the quantity of
E-cadherin molecules trafficked from the Golgi to the plasma membrane. In contrast,
in the absence of p120-catenin linkages, E-cadherin becomes available to be targeted
by Hakai, leading to its ubiquitination and degradation [48].

Attesting the importance of E-cadherin as a signalling molecule, a number of
variants have been associated with increased activation of EGFR and its downstream
effectors, including RhoA, Src kinase and p38 MAPK [70, 71]. Of note, these
signals correlate with motile capabilities and formation of filopodia, lamellipodia
and other cytoskeletal structures [55, 70, 71]. Along with dissemination skills,
E-cadherin dysfunction awards cells increased resistance to apoptosis through a
Notch-dependent upregulation of Bcl-2 [72, 73].

More recently, research has been focusing on the dynamic interplay between
E-cadherin mutant cells and the ECM. It is documented that loss of E-cadherin
induces increased secretion and deposition of Laminin γ2, promoting evasion of cell
death and invasion of tissues [66]. Furthermore, cells expressing E-cadherin mis-
sense variants exhibited enhanced ECM adhesiveness and higher traction forces in
substrates combining fibronectin and collagen IV, collagen VI or laminin. This bias
on ECM preference suggested the activation of Integrin β1, which integrates the
most promiscuous class of integrins [65]. Consistent with this, depletion of Integrin
β1 increased cell-cell cohesion and hindered invasion of all E-cadherin mutants
tested. The E-cadherin/Integrin β1 crosstalk was validated in a Drosophila model
and in transcriptomic data of 262 gastric carcinoma cases retrieved from the cancer
genome atlas (TCGA) [65]. Loss of E-cadherin and increased Integrin β1 expression
were found associated with advanced tumour grade and poor patient overall survival
in primary gastric cancer [65].

All these findings have certainly shed light on the severe effects caused by loss of
E-cadherin expression due to pathogenic CDH1 mutations, and sparked research on
the development of innovative therapeutic strategies and prognostic biomarkers.
Ultimately, we expect to be able to rescue the aggressive behaviour elicited by
E-cadherin dysfunction, improving patient management and overall survival.

6.6 Conclusion and Future Challenges

It is clear that pathogenic CDH1 missense alterations result in tissue damage, a
hallmark of cancer and congenital abnormalities. These deleterious effects may arise
following deregulation of intracellular signalling, activation of oncogenic pathways
and abnormal interaction with the ECM. Thus, we propose that there should be a
concerted approach to evaluate the significance of missense alterations, which



should comprise functional data, disease-specific criteria and mutation geographic
distribution. In this sense, a critical issue will be the development of improved
guidelines to estimate the accurate risk of cancer and/or developmental
malformations for patients bearing CDH1 missense variants.
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In the future, we should be dedicated to groundbreaking research programs to
unveil the paradigm surrounding CDH1/E-cadherin pleiotropy. We postulate that,
by addressing the ECM composition of those tissues most frequently associated with
CDH1-mediated disorders, we may expose molecular, microenvironmental and
genetic factors determinant for the manifestation of distinct clinical phenotypes.
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Besides hereditary diffuse gastric cancer (HDGC), associated with germline

Moreover, gastric cancer risk is associated with pathogenic variants in genes
involved in DNA mismatch repair, such as MLH1 and MSH2 (Lynch syndrome),
apoptosis, including TP53 (Li-Fraumeni syndrome) and double-strand break
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Furthermore, gastric cancer can be a manifestation of gastrointestinal

Recent advances in molecular techniques, such as next-generation sequencing,

Consequently, in patients with early onset gastric cancer and/or strong gastric

repair, such as BRCA1/BRCA2 and PALB2 (hereditary breast and ovarian cancer
syndrome).
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polyposis syndromes, such as those associated with APC (familial adenomatous
polyposis), MUTYH (MUTYH-associated polyposis), BMPR1A/SMAD4 (juve-
nile polyposis syndrome), STK11 (Peutz-Jeghers syndrome), and PTEN (Cowden
syndrome) genes.

led to the identification of many new genes involved in the predisposition to
gastric cancer, some of which are low or moderate penetrant that predispose to
other syndromes.

cancer family history, the use of multigene panel testing should be considered in
cancer risk assessment, including different surveillance recommendations for
each syndrome.

7.1 Introduction

Familial predisposition to gastric cancer (GC) has been categorized into three main
syndromes with primary predisposition to the stomach: (1) hereditary diffuse gastric
cancer (HDGC), (2) familial intestinal gastric cancer (FIGC), and (3) gastric adeno-
carcinoma and proximal polyposis of the stomach (GAPPS). While tumor burden
and main genetic causality are established for HDGC (CDH1, CTNNA1) and
GAPPS (APC), FIGC remains genetically unexplained and understudied. Neverthe-
less, other genes that predispose for other cancer syndromes encompass GC within
their tumor spectrum: (1)MLH1,MSH2,MSH6, and PMS2 (Lynch syndrome, LS, or
hereditary nonpolyposis colorectal cancer, HNPCC), (2) TP53 (Li-Fraumeni syn-
drome, LFS), (3) BRCA1, BRCA2, and PALB2 (hereditary breast and ovarian cancer,
HBOC), (4) APC (familial adenomatous polyposis, FAP), (5) MUTYH (MUTYH-
associated polyposis, MAP), (6) BMPR1A and SMAD4 (juvenile polyposis syn-
drome, JPS), (7) STK11 (Peutz-Jeghers syndrome, PJS), and (8) PTEN (PTEN
Hamartoma Tumor syndrome, PHTS) (Table 7.1) [1].

7.2 HDGC

Pathogenic or likely pathogenic variants in CDH1 predispose to HDGC, an autoso-
mal dominant syndrome characterized by diffuse gastric cancer (DGC) and lobular
breast cancer (LBC) [2].

In recent years, next-generation sequencing (NGS) approaches have evolved
exponentially, leading to the identification of new genes in HDGC. In 2013, the
first germline truncating variant in CTNNA1, encoding the α-E-catenin protein, was
described in an HDGC family [3]. To date, and after multiple HDGC families being



identified to carry CTNNA1 truncating variants, CTNNA1 remains the only gene,
besides CDH1, clearly associated with the HDGC syndrome [4, 5]. Germline
mutations in MAP3K6 and MYD88 have also been reported in HDGC families
[6, 7]; however, the specific role of these genes remains unclear and their involve-
ment in GC predisposition is still questionable [4]. In 2015, a targeted analysis with a
panel of 55 cancer-related genes performed on 144 CDH1-negative cases found
candidate mutations in 16 probands (11%), including high and moderate penetrance
mutations in CTNNA1, BRCA2, STK11, SDHB, PRSS1, ATM, MSR1, and PALB2
[8]. Very recently, a whole exome analysis on 54 CDH1-negative GC patients did
not identify obvious candidates for GC predisposition [9], while, a gene panel-based
analysis of 333 HDGC and non-HDGC cases identified 11 mutation carriers of
PALB2, BRCA1, and RAD51C, which are genes involved in DNA homologous
recombination (HR) [10]. A recent meta-analysis, performed on NGS published
data, identified a list of genes carrying deleterious variants in families meeting the
2020 HDGC clinical criteria [11]. Pathogenic or likely pathogenic variants were
found in candidate genes involved in DNA damage response pathways [11],
encompassing ATM [12, 13], BRCA1 [13], BRCA2 [8, 13], PALB2 [8, 10, 13, 14],
RAD51C [10], and ATR [14]. In fact, PALB2 and ATM were the most frequently
mutated genes in the HDGC setting [11]. The former has been extensively associated
with breast cancer predisposition [15], while the latter has been associated with both
breast and gastric cancer susceptibility [16, 17]. Interestingly, PALB2 loss of func-
tion variants have been shown to be enriched in the HDGC setting, compared to the
general population [14]. While PALB2 association with HDGC holds promise, ATM
pleiotropy prevents a clear association with this disease.
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Table 7.1 Hereditary syndromes associated with GC

Syndrome Gene GC risk (%) References

GAPPS APC (promoter 1B) IGC 13% [18]

FIGC Probably polygenic Variable [19]

LS MLH1 IGC 5–10% [20–24]

MSH2 IGC 9% [23, 24]

MSH6 IGC ≤1%–7.9% [23–26]

PMS2 Low [23, 24]

EPCAM Low [24, 27]

LFS TP53 IGC or DGC 2–5% [28, 29]

HBOC BRCA1/BRCA2 IGC 2% [29, 30]

FAP APC IGC 4–7% (Asian population), low (Western
population)

[24, 31]

MAP MUTYH IGC 2–5% [24, 32]

PJS STK11 IGC 29% [24, 33]

JPS SMAD4/BMPR1A IGC or DGC 10–30% [24, 34]

CS PTEN Low [29, 35]

IGC: intestinal-type gastric cancer
DGC: diffuse-type gastric cancer
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7.3 GAPPS

In 2012, GAPPS, was described as an autosomal dominant syndrome [18]. The key
clinical features of GAPPS include fundic gland polyposis (FGP) of the stomach
with occasional hyperplastic and adenomatous polyps, focal foveolar-type dysplasia,
hyperproliferative aberrant pits and development of adenomas with gastric type
dysplasia or intestinal-/mixed-type gastric adenocarcinoma [18, 36, 37]. Current
diagnostic criteria are depicted in Table 7.2 [36, 38].

In 2016, linkage analysis on six selected families mapped the gene to the 5q22
chromosomal region. Through Sanger sequencing, point mutations in APC promoter
1B, that co-segregated with the disease in all three families, were identified
[38, 39]. Therefore, GAPPS is considered a part of a broad phenotypic spectrum
of inherited polyposis associated with APC germline defects, but with tropism to the
stomach (see paragraph “Familial Adenomatous Polyposis”). Since then, 12 addi-
tional families were found to harbor APC promoter 1B single nucleotide variants
(SNVs) [40–43]. Two SNVs were found co-segregating within a family with severer
phenotype, but their individual contribution remains unclear [38].

GAPPS phenotypes are diverse among individuals, in the number of polyps, from
30 to hundreds and GC age of onset ranging from 23 to 75 years of age [18, 43]. In
fact, third-generation individuals display a much severer phenotype than first-
generation obligated carriers [18]. Altogether, these observations suggest incomplete
penetrance of APC promoter 1B SNVs that may be aggravated by environmental
factors and moderate/low penetrance variants. Risk to develop intestinal- or mixed-
type GC is 13% (Table 7.1) [18].

Surveillance of GAPPS families includes endoscopic surveillance with biopsies
and prophylactic gastrectomy, due to a rapid malignant progression of FGP [18, 40,
43].

Table 7.2 GAPPS clinical criteria for genetic testing

Genetic
screening

Essential
criteria

Body and fundus gastric polyps APC promoter
1B SNVsNo evidence of colorectal or duodenal polyposis

>100 proximal stomach polyps or >30 polyps in a first degree
relative GAPPS diagnosed patient

Predominantly fundic gland polyposis, which may have
dysplasia

Relative with dysplastic FGPs or GC

Supportive
criteria

Autosomal dominant inheritance pattern

Presence of hyperproliferative aberrant pits, hyperplastic
polyps, and gastric-type adenomas



Clinical criteria

7 Other Syndromes and Genes Associated with Gastric Cancer Predisposition 103

7.4 FIGC

FIGC is the HDGC counterpart that predisposes to intestinal-type gastric cancer
(IGC). Current clinical criteria have been defined by the international gastric cancer
linkage consortium (IGCLC) in 1999, depending on the GC incidence in the
population and are depicted in Table 7.3 [44, 45]. Countries with a high GC
incidence, such as Japan and Portugal, should use criteria analogous to those
proposed for Lynch syndrome [46], while in countries with a low GC incidence,
including USA and UK, FIGC selection criteria are more restrictive.

To date, no germline defects have been found to be recurrently associated with
FIGC predisposition, which currently has unknown age of onset, tumor spectrum,
and penetrance. Thus, clinical criteria have not been updated or validated since firstly
described in 1999 [44]. Recently, the average IGC age of onset in FIGC families was
found to be 10 years earlier than observed for the sporadic setting [19]. At the
somatic level, TP53, BRCA2, ATM, FOXF1, FHIT, SDHB, MSH6, CTNNA1, and
PXN were found mutated at higher frequencies in tumors from FIGC patients than in
sporadic IGC, which also correlates with increased MSI frequency. The FIGC tumor
spectrum is broad and predisposes to IGC, but also to colorectal and breast cancer, at
lower frequencies [19]. A recent meta-analysis found BRCA2 as the most frequently
mutated gene in the germline DNA of FIGC probands, reaching 17% [11], a
frequency that was similar to that of BRCA2 somatic variants in sporadic IGC
(9%) and higher than that of sporadic DGC (5%) [47].

Carvalho and colleagues [19] hint toward FIGC as a polygenic syndrome, since
germline defects in major genes were not found in a large FIGC cohort. These
authors also proposed redefinition of clinical criteria for FIGC to at least 2 GC cases
diagnosed at any age, with one histologically confirmed as IGC [19].

Considering the number of genes that can be involved in this disease, the lifetime
GC risk is not easy to determine due to the high genetic variability (Table 7.1).

Current surveillance is evaluated and applied on a case-by-case basis, yet
recommendations include endoscopy in first-degree relatives, 10 years earlier than
the earliest IGC age of onset [48], or gastroduodenoscopy at 40 years of age or
5 years earlier than the youngest IGC diagnosed in the family [49]. Eradication of
H. pylori infection is recommended in FIGC families, due to its high frequency in
this setting [49].

Table 7.3 FIGC clinical criteria

Genetic
screening

High
GC incidence
countries

At least three relatives with IGC, one first-degree of the
other two

Unknown
germline cause

At least two successive generations affected

GC diagnosed <50 years of age in at least one relative

Low
GC incidence
countries

At least two first/second-degree relatives with IGC, one
diagnosed <50 years of age

At least three relatives with IGC at any age
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7.5 Non-polyposis Syndromes

7.5.1 Lynch Syndrome

Lynch syndrome (LS) predisposes to colorectal and endometrial cancers and follow
an autosomal dominant inheritance pattern [50]. LS is caused by pathogenic variants
in MLH1, MSH2, MSH6, and PMS2, that encode the DNA mismatch repair (MMR)
proteins [51], or by large deletions of the EPCAM gene, located upstream of MSH2
[52]. MMR proteins work in a coordinated mode to repair the DNA mismatches that
arise during DNA replication and recombination [53].

LS patients also have an increased risk of developing other tumors [54, 55],
encompassing a lifetime risk to develop gastric cancer, estimated to be 1–10%,
according to the altered gene (Table 7.1).

Regarding GC surveillance, LS patients with anMLH1/MSH2 pathogenic variant,
a family history of GC, and other risk factors should undergo upper endoscopy every
3–5 years beginning at age 40 [24].

Moreover, patients with LS, who have a deficiency of the MMR system (dMMR),
can benefit from chemoprevention based on the daily use of aspirin [56] and, in case
MSI cancers develop, may be treated with anti-PD-1/PD-L1 therapy [57, 58].

7.5.2 Li-Fraumeni Syndrome

The TP53 gene is located on chromosome 17p13.1 and encodes the p53 protein, a
tumor suppressor that responds to different cellular stresses to regulate expression of
target genes, thereby inducing cell cycle arrest, apoptosis, senescence, DNA repair,
or metabolism changes [59]. Due to its crucial function in maintaining the genomic
stability, p53 has been defined as “the guardian of the genome” and, indeed, TP53
somatic alterations are present in approximately 50% of sporadic tumors [60],
conferring to p53 an important role as a biomarker for the diagnosis, tumor progres-
sion, poor prognosis, and reduced sensitivity for anticancer drugs [61].

Germline pathogenic variants in the TP53 gene are associated with Li-Fraumeni
syndrome (LFS), a rare autosomal dominant disorder characterized by a high
predisposition to several types of cancer, such as brain tumors, breast cancer,
sarcomas, acute leukemia, and adrenocortical tumors [28, 62–71].

The lifetime risk of GC for patients with LFS, although not consensual, has been
estimated to be 2–5% (Table 7.1) [28, 72, 73].

Given the risk of developing gastrointestinal cancers, the guidelines suggest that
LFS patients should undergo upper endoscopy and colonoscopy every 2–5 years
starting from age 25 years [29]. Moreover, in children, the recommendations are to
perform clinical examination and abdominal ultrasound every 6 months, annual
whole-body MRI, and brain MRI from the first year of life, if the TP53 variant is
known to be associated with childhood cancers. In adults, the surveillance should
include every year clinical examination, whole-body MRI, breast MRI in females
from 20 until 65 years, and brain MRI until 50 years [63].
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7.5.3 BRCA1- and BRCA2-Associated Hereditary Breast and Ovarian
Cancer

The BRCA1 gene, located on chromosome 17q21.31, encodes a nuclear protein
involved in DNA repair, cell cycle checkpoint control, and maintenance of genomic
stability forming a large multi-subunit protein complex known as BRCA1-
associated genome surveillance complex (BASC) [74–77].

The BRCA2 gene is located on chromosome 13q13.1 and encodes a nuclear
protein involved in repairing damaged DNA, recruiting the recombinase RAD51
to the DNA double-strand breaks (DSBs) through the formation of a BRCA1-
PALB2-BRCA2 complex [74, 75, 78, 79].

Germline pathogenic variants in BRCA1 and BRCA2 genes are associated with
the hereditary breast and ovarian cancer (HBOC) syndrome [80], characterized by a
high risk of developing breast and ovarian cancer in females [81–83], breast and
prostate cancer in males [84–87] and pancreatic cancer in both sexes [88–90].

Further, BRCA1 pathogenic variants have been associated with an increased risk
of colon cancer [91] and BRCA2 pathogenic variants have been associated with
uveal melanoma [92, 93].

Recently, pathogenic variants in BRCA1/2 and other genes involved in breast/
ovarian cancer predisposition have been associated with an increased GC risk [8, 10,
12–14]. The IGC risk is estimated to be 2% in BRCA1/2 pathogenic variant carriers
(Table 7.1) [30], however prevention should be evaluated on the basis of family
history [24].

Moreover, the discovery of the therapeutic potential of inhibitors of the poly
adenosine-diphosphate ribose polymerase (PARP) in carriers of germline/somatic
BRCA1/2 pathogenic variants with ovarian, breast, prostate, and pancreatic cancers
led to a revolution in the treatment of these tumors [94–100]. PARP inhibitors have
shown their efficacy also in patients with pathogenic variants in genes involved in
the HR pathway [101–104]. These results pave the way for the future use of PARP
inhibitors in all tumors with a deficiency of the HR system, independently of the
germline or somatic nature of the alteration, including GC [105].

7.6 Polyposis Syndromes

7.6.1 Familial Adenomatous Polyposis

The APC protein is a tumor suppressor that acts as a Wnt signaling antagonist, and
regulates transcriptional activation, cell migration and apoptosis [106]. Pathogenic
or likely pathogenic alterations in the APC gene (chromosome 5q22.2) predispose to
familial adenomatous polyposis (FAP) [107, 108]. This autosomal dominant syn-
drome is characterized by polyposis and carcinomas in the gastrointestinal tract, as
well as, extra-gastrointestinal carcinomas, such as thyroid [34]. While classical FAP
predisposes to hundreds to thousands of colonic and rectal polyps that may develop
into colorectal carcinoma, attenuated FAP (AFAP) displays a much milder



phenotype [34, 109]. Families with AFAP present fewer and latter-onset of both
polyps and carcinomas, as well as cancer-decreased risk [110]. The phenotype
severity is dependent on the mutation location within the APC gene [111], as
above mentioned for GAPPS with unique predisposition to the stomach [38].
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FAP and AFAP also predispose to gastric polyps in >60% and 93% of patients,
respectively [112]. However, gastric adenocarcinoma risk ranges between 4% and
7% in the Asian population, with no increased risk for the western population
(Table 7.1) [24, 31]. In fact, FGP and focal low-grade dysplasia in the stomach
commonly do not undergo malignant transformation [113, 114]. Nevertheless,
increased risk is observed in the presence of FGP stomach carpeting, polyps larger
than 20 mm, tubular adenomas, high-grade dysplasia polyps, pyloric gland
adenomas, and in specific geographical areas [31, 115, 116]. According to these
high-risk features and family history, specialized surveillance or gastrectomy may be
recommended [24].

7.6.2 MUTYH-Associated Polyposis

The MUTYH gene is located on chromosome 1p34.1 and encodes the MutY DNA
glycosylase, involved in oxidative DNA damage repair and, if unrepaired, apoptosis
signaling [117].

MUTYH-associated polyposis (MAP) distinguishes from (A)FAP by presenting
a recessive inheritance pattern with reduced risk for colonic and duodenal adenomas
(fewer than 100) and carcinomas (5%). Thus, biallelic pathogenic or likely patho-
genic variants in MUTYH (chromosome 1p34.1) predispose to MAP [118]. Risk to
develop IGC ranges from 2% for females to 4% for males (Table 7.1) [32].

Current surveillance measurements include upper endoscopy and side viewing
duodenoscopy every 3 months to 4 years beginning at age 30–35 years with
subsequent follow-up based on initial findings [24, 119, 120].

7.6.3 Juvenile Polyposis Syndrome

The BMPR1A gene, located on chromosome 10q23.2, encodes the bone morphoge-
netic protein receptor type IA, a transmembrane serine/threonine kinase that binds
members of the TGF-β superfamily and plays a role in signal transduction, apoptosis
and cell differentiation [121].

The SMAD4 gene (chromosome 18q21.2) encodes a member of the Smad family
of signal transduction proteins that are activated by transmembrane serine-threonine
receptor kinases in response to TGF-β and bone morphogenetic protein signaling
pathways. SMAD4 is a transcription factor that acts as a tumor suppressor and
inhibits epithelial cell proliferation [122].

Germline pathogenic variants in BMPR1A and SMAD4 genes are associated with
juvenile polyposis syndrome (JPS), an autosomal dominant disorder, that



predisposes to hamartomatous polyps in the gastrointestinal tract, specifically in the
stomach, small intestine, colon, and rectum [123].
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The majority of juvenile polyps are benign, however can undergo malignant
transformation. Lifetime estimates of developing gastrointestinal cancers in families
with JPS range from 11% to 86%, with variability by region, time period included,
and associated gene [124–128]. In fact, approximately 15% of JPS individuals
develop cancer [127, 129]. While, the GC incidence is approximately around
10–30% in JPS patients with gastric polyps (Table 7.1) [130, 131], the risk of
colorectal cancer ranges between 17% and 22% by 35 years of age and approaches
68% by 60 years of age [132]. In JPS context, small bowel and pancreatic cancers
have also been reported [133–137]. Individuals with SMAD4-related JPS are more
likely to have a personal or family history of upper gastrointestinal polyps than
individuals with a BMPR1A pathogenic variant. The gastric phenotype in individuals
with a SMAD4 pathogenic variant tends to be more aggressive with significant
polyposis, anemia, and a higher GC risk [125, 127, 128].

According to the clinical practice guidelines for JPS, the gastric surveillance
recommended for individuals with a BMPR1A or SMAD4 pathogenic variant
includes colonoscopy and upper endoscopy every 3 years beginning at age 15 or
earlier if symptomatic. If polyps are found, after polyp treatment an annual screening
is recommended until no polyps are found, followed by a screening every 3 years
[24, 138, 139].

7.6.4 Peutz-Jeghers Syndrome

The STK11 gene (formerly LKB1) is located on chromosome 19p13.3 and encodes a
serine/threonine kinase that acts as a tumor suppressor, regulating energy metabo-
lism and cell polarity [140].

Germline pathogenic variants in the STK11 gene are associated with Peutz-
Jeghers syndrome (PJS), an autosomal dominant syndrome. PJS is characterized
by melanocytic macules of the lips, buccal mucosa and digits, multiple gastrointes-
tinal hamartomatous polyps, and an increased risk for different tumors,
encompassing colorectal, gastric, pancreatic, breast, and ovarian cancers [141].

In STK11 pathogenic variant carriers, the lifetime GC risk is estimated to be 29%
(Table 7.1) [33, 34, 142, 143]. For this reason, the clinical guidelines suggest that
PJS patients should undergo upper endoscopy with polypectomy every 2–3 years,
starting at the age of 18; shorter intervals may be indicated based on polyp size,
number, and pathology [24].

7.6.5 PTEN Hamartoma Tumor Syndrome

The PTEN gene (chromosome 10q23.31) encodes a phosphatase which antagonizes
the PI3K signaling pathway and negatively regulates the MAPK pathway [144].
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Germline pathogenic variants in PTEN are associated with the PTEN hamartoma
tumor syndrome (PHTS) that includes Cowden syndrome, Bannayan-Riley-
Ruvalcaba syndrome, PTEN-related Proteus syndrome, and PTEN-related proteus-
like syndrome [145].

Cowden syndrome (CS) is an autosomal dominant disorder that predisposes to
benign hamartomas and increased lifetime risk of breast, thyroid, uterine, colorectal,
and other cancers, including stomach [145–147]. Upper or lower gastrointestinal
polyps occur in more than 90% of individuals with a PTEN pathogenic variant
[148]. In the stomach, the most common findings are hyperplastic polyps,
hamartomas, and ganglioneuromas [149–151].

Cowden syndrome does not have increased risk of gastric malignancy
(Table 7.1); however, complications of benign neoplasm can occur [35]. Indeed,
some CS patients have symptoms including hemorrhage, obstruction, and pain
[35]. According to the guidelines, PHTS patients should undergo upper and lower
endoscopy with removal of polyps beginning at age 35 years with frequency
dependent on degree of polyposis identified [145].

7.7 Conclusions

GC is one of the most common and deadly tumors and, among risk factors for the
development of this cancer, genetic predisposition plays an important role.

Besides HDGC, associated with CDH1 and CTNNA1 pathogenic variants, other
genetic syndromes characterized by high risk to develop GC have been described:
GAPPS, associated with genetic variants in the APC promoter, and FIGC, still
lacking a clear genetic cause.

In addition to these three syndromes, genes including TP53, BRCA1/2, and MMR
genes, whose variants are associated with other cancer genetic syndromes, also
include an increased risk for GC (Table 7.1).

Moreover, genes associated with the development of gastrointestinal polyps, such
as APC, MUTYH, BMPR1A, SMAD4, STK1, and PTEN may also evolve in GC
(Table 7.1).

The evidence of GC risk associated with these syndromes and the availability of
recommendations for the management of variant carriers suggest that these genes
should be included in a gene panel for the identification of patients at risk of
developing GC.

In summary, new genes are constantly emerging from NGS studies, showing that
GC predisposition is distributed over several genes, with only a small portion of
genes being recurrently mutated.

These findings address the choice of wide panels, including the genes involved in
the main cancer syndromes. This creates new diagnostic opportunities but also
increases the risk of an incorrect genetic diagnosis [152]. Importantly, the identifi-
cation of a pathogenic germline variant can not only guide the choice of the best
chemoprevention and prophylactic surgeries but also the choice of novel targeted
therapies, toward personalized medicine based on the genetic characteristics of each
patient.

https://www.ncbi.nlm.nih.gov/books/n/gene/glossary/def-item/pathogenic-variant/
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Computer-Assisted Interpretation
of Cancer-Predisposing Variants 8
Emanuele Bonetti, Gianluca Vozza, and Luca Mazzarella

Abstract

The increasing scope of genomic profiling in cancer care has led to a specific
issue related to the interpretation of genetic variants as benign or pathogenic in
clinical settings for adequate patient management. In the last few years, several
bioinformatic tools have been developed in order to assist the decision-making
process during the evaluation of mutations in cancer-predisposing genes and the
actionability of druggable variants [1–3].

8.1 The Problem of Variant Interpretation in Genetics

The increasing scope of genomic profiling in cancer care has led to a specific issue
related to the interpretation of genetic variants as benign or pathogenic in clinical
settings for adequate patient management. In the last few years, several bioinfor-
matic tools have been developed in order to assist the decision-making process
during the evaluation of mutations in cancer-predisposing genes and the
actionability of druggable variants [1–3].

Initially, these tools were designed to assess the impact of missense mutations on
the protein structure and/or function (Functional Prediction Tools, FPTs) or to
evaluate the degree of conservation in the sequence in a specific site (Conservation
Tools, CTs). In origin, FPTs were developed in order to evaluate the functional
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impact of missense mutations in random mutagenesis experiments before the rise of
the modern NGS technologies. For instance, the in silico predictor SIFT, Sorting
Intolerant From Tolerant, was born in 2003 and the first human genome sequence
was published in 2001 [4].
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FPTs can be divided into two major categories: (1) predictive tools based on
machine learning that are classification algorithms which use a set of features
concerning physical and chemical properties; (2) deterministic tools that are
algorithms which use scoring function and thresholds to identify amino acid
substitutions and their potential impact on the protein function.

CTs, differently from FPTs, provide scores that define degree of conservation
across species, with some tools focusing on mammals and other extending to
vertebrates. As an example, PhyloP scores measure evolutionary conservation of a
certain site in the genome considering vertebrates (phyloP100way_vertebrate,
100 vertebrates), mammals (phyloP30way_mammals, 30 mammals), and primates
(phyloP17way_primate, 17 primates).

The majority of FPT algorithms implement different scoring functions and
outputs that could result in a prediction like Benign, Possibly damaging and
Probably damaging (Polyphen); Damaging and Tolerant (SIFT); Disease causing,
Disease causing automatic, Polymorphism and Polymorphism automatic (Mutation
Taster). A comprehensive list of FPTs and CTs is shown in Fig. 8.1 [5].

In 2011, the first comprehensive collection of functional predictions and conser-
vation scores of putative non-synonymous Single Nucleotide Variants (nsSNVs)
was published as dbNSFP. The first version contained an amount of 75,931,005
nsSNVs. In the latest version were included also splice-site SNVs reaching
84,013,490 variants [6, 7].

Alongside the development of FPTs and CTs, with the advent of NGS
technologies, large-scale initiatives concurred the generation of the catalog of
human genetic variation, the so-called “human variome” [8]. The first effort in this
sense was the 1000 Genomes Project that resulted in the sequencing of 1092
genomes in 2012 that became 2504 in 2015. These genomes were collected world-
wide in order to be representative of each ethnicity [9].

In 2016, as part of the Exome Aggregation Consortium (ExAC) published in
Nature the first large-scale analysis of protein coding genetic variation, a collection
of 60,706 human exomes made of 7,404,909 variants and their allele frequencies
within the population where the majority of individuals was European [10]. Right
after ExAC publication, the genome Aggregation Database (gnomAD) was released
and it contained two major callsets: exome sequencing data from 123,136
individuals and whole genome sequencing from 15,496 individuals (Fig. 8.2) [11].

The assumptions of in silico prediction tools for which the impact of the mutation
on the protein structure or the degree of conservation correlates with their intrinsic
ability to be disease causing were not exact and the main reasons were: (1) the lack of
known protein structures; (2) compensatory effect of other mutations. Thus, there is
no general consensus in tool predictions[12]. Moreover, the introduction of popula-
tion databases revealed that a huge number of variants predicted to be disease
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causing showed too high allele frequencies in sub-populations thus defining them as
polymorphisms.
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8.1.1 Clinical Databases

From 1996, before the development of in silico tools and population databases,
classification of variants was based on the Human Gene Mutation Database
(HGMD), the very first catalog of human variations associated with phenotypes
related to human inherited diseases [13–16].

During the next two decades, several different databases were developed
(Table 8.1), the most relevant one is ClinVar which is a freely accessible public
archive of variants of medical interest and their phenotypes supported by evidence.
So far, ClinVar is populated with 1,194,065 variants associated with 15,582
conditions (ClinVar release 2022-02-28) that are classified following the classifica-
tion reported in Table 8.2 [17].

Unfortunately, the most represented significance class is “uncertain significance”
(505,691) and it is easily verifiable that this number is exponentially increasing over

Table 8.1 Population, disease, and sequence databases [19]

Database Type Description Website

Exome
Aggregation
Consortium

Population
Database

Variants found in 61,486 individual
exome sequencings

https://gnomad.
broadinstitute.org/
It has been integrated
in gnomAD

Exome
Variant
Server

Population
Database

Variants from European and African
American exomes sequencing

http://evs.gs.
washington.edu/
EVS

1000
Genomes

Population
Database

Variants from genomic and targeted
sequencing in 26 equally distributed
populations. Part of the data comes from
related individuals

https://www.
internationalgenome.
org/

dbSNP Population
Database

Short genetic variants http://www.ncbi.
nlm.nih.gov/snp

dbVar Population
Database

Structural variants http://www.ncbi.
nlm.nih.gov/dbvar

ClinVar Disease
Databases

Variants of medical interest with
phenotypes and supporting evidence

http://www.ncbi.
nlm.nih.gov/clinvar

OMIM Disease
Databases

Relationships between genes and
genetic conditions

http://www.omim.
org

NCBI
Genome

Sequence
Databases

Source of information on genomes
(sequences, chromosomes, assemblies,
and annotations)

http://www.ncbi.
nlm.nih.gov/genome

RefSeqGene Sequence
Databases

Source of genomic reference standard
sequences

http://www.ncbi.
nlm.nih.gov/refseq/
rsg

https://gnomad.broadinstitute.org/
https://gnomad.broadinstitute.org/
http://evs.gs.washington.edu/EVS
http://evs.gs.washington.edu/EVS
http://evs.gs.washington.edu/EVS
https://www.internationalgenome.org/
https://www.internationalgenome.org/
https://www.internationalgenome.org/
http://www.ncbi.nlm.nih.gov/snp
http://www.ncbi.nlm.nih.gov/snp
http://www.ncbi.nlm.nih.gov/dbvar
http://www.ncbi.nlm.nih.gov/dbvar
http://www.ncbi.nlm.nih.gov/clinvar
http://www.ncbi.nlm.nih.gov/clinvar
http://www.omim.org/
http://www.omim.org/
http://www.ncbi.nlm.nih.gov/genome/
http://www.ncbi.nlm.nih.gov/genome/
http://www.ncbi.nlm.nih.gov/refseq/rsg
http://www.ncbi.nlm.nih.gov/refseq/rsg
http://www.ncbi.nlm.nih.gov/refseq/rsg


time (y = 3 × 10-12e(-0.0009x), with R2 = 0.94) [18]. Even though ClinVar has been
extensively used in clinical practice, the need for an integrated classification system
led to the definition of standardized guidelines for clinical variants interpretation.
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Table 8.2 ClinVar variants by category (ClinVar release 2022-02-28) [22]

Submission significance Variants Genes Conditions Submitters

Uncertain significance 505,691 17,134 7841 769

Likely benign 350,859 10,604 3702 300

Benign 239,739 15,785 5038 272

Pathogenic 137,047 11,569 9778 1566

Likely pathogenic 73,612 5428 6097 1110

Not provided 23,343 2184 1490 154

Drug response 2672 120 152 31

Other 2149 120 1127 20

Risk factor 1062 537 533 65

Association 414 187 116 45

Affects 263 99 91 17

Protective 92 65 57 9

Confers sensitivity 17 7 3 2

Association not found 2 2 1 1

8.1.2 Standard Guidelines for the Interpretation of Sequence
Variations

The first guidelines for the interpretation of genetic variants were published in 2000
by the American College of Medical Genetics (ACMG), followed by a substantial
update in 2007, ACMG. However, a clear turning point was marked in 2015 with the
publishing of a rule-based methodology by the ACMG in a joint effort with the
Association for Molecular Pathology (AMP) and the College of American
Pathologists (CAP). These guidelines use standard terminology such as “benign,”
“likely benign,” “pathogenic,” “likely pathogenic,” and “uncertain significance” and
the process for the classification relies on criteria that use typical types of evidence
for variants as population databases, disease databases (Table 8.1), in silico
predictions tools (Fig. 8.1), functional impact information. The criteria are listed in
Table 8.3 [19–21].

After the definition of a strict rule-based system for germline variant interpreta-
tion, in 2017, ACMG, AMP, American Society of Clinical Oncology (ASCO), and
CAP defined a new set of rules to determine the clinical relevance in somatic variants
in cancer as well. This system is based on four tiers (tier I, variant with strong clinical
significance; tier II, variant with potential clinical significance; tier III, variant with
uncertain clinical significance; tier IV, variant deemed to be benign).

Interpretation for germline variants is strictly focused on association between
pathogenicity of a variant and disease causality. Differently, interpretation of
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Table 8.3 List of ACMG-AMP-CAP 2015 guidelines criteria [19]

Criterion Description
Pathogenic Very Strong 1

(PVS1)

Null variants in genes where loss of function is a known 

mechanism of disease. (non-sense, frameshift, splice-site)

Pathogenic Strong 1 (PS1) Same amino acidic change of an established pathogenic 

variant regardless of nucleotide change.

Pathogenic Strong 2 (PS2) De novo maternity/paternity confirmed variants in patients

without family history.

Pathogenic Strong 3 (PS3) Damaging effect supported by functional studies (in-vitro/in-

vivo).

Pathogenic Strong 4 (PS4) The variant prevalence in affected individuals is significantly 

higher compared to the controls.

Pathogenic Moderate 1 (PM1) Variant located in pathogenic mutational hot-spot or critical 

functional domain 

Pathogenic Moderate 2 (PM2) Absent in population databases or at extremely low frequency 

if recessive.

Pathogenic Moderate 3 (PM3) For recessive disorders, detected in trans with a pathogenic 

variant.

Pathogenic Moderate 4 (PM4) Variant that causes length changes in protein as a result of in-

frame deletions/insertions.

Pathogenic Moderate 5 (PM5) Aminoacidic residue change that occurs where a missense 

change determined to be pathogenic has already been seen.

Pathogenic Moderate 6 (PM6) Putative de novo without familial confirmation.

Pathogenic Supporting 1 (PP1) Co-segregation in multiple affected family members in a 

previously known disease-causing gene.

Pathogenic Supporting 2 (PP2) Missense variant in a gene in which missense variants are a 

common mechanism of disease.

Pathogenic Supporting 3 (PP3)

)

Deleterious effect on the gene product supported by in-silico
evidence.

Pathogenic Supporting 4 (PP4) Patient’s phenotype or family history is highly specific for a 

disease.

Pathogenic Supporting 5 (PP5) Variants reported as pathogenic with no available evidence to 

perform an independent evaluation.

Benign Stand-Alone 1 (BA1) Allele frequency is higher than 5% in population databases.

Benign Strong 1 (BS1) Allele frequency is greater than expected for disorder.

Benign Strong 2 (BS2) Observed in a healthy adult individual with full penetrance 

expected at an early age.

Benign Strong 3 (BS3) No damaging effect supported by functional studies (in-

vitro/in-vivo).

Benign Strong 4 (BS4) Lack of segregation in affected members of a family.

Benign Supporting 1 (BP1) Missense variant in a gene for which primarily truncating 

variants are known to cause disease.

Benign Supporting 2 (BP2) Observed in trans with a pathogenic variant for a fully 

penetrant dominant gene/disorder or observed in cis with a 

pathogenic variant in any inheritance pattern.

Benign Supporting 3 (BP3) In-frame deletions/insertions in a repetitive region without a 

known function.

Benign Supporting 4 (BP4) No deleterious effect on the gene product supported by in-
silico evidence.

Benign Supporting 5 (BP5) Variant found in a case with an alternate molecular basis for 

disease.

Benign Supporting 6 (BP6) Variants reported as benign with no available evidence to 

perform an independent evaluation.

Benign Supporting 7 (BP7) A synonymous variant with no in-silico evidence of splicing 

impact.

Greeen: Benign
Red: Pathogenic



somatic variants is related to the impact of a variant on clinical care. In fact, a somatic
mutation can be informative about sensitivity, resistance, and toxicity of a drug
and/or a treatment; can serve as an inclusion criterion in clinical investigations; it can
impact the outcome in diagnosis and prognosis assessment and in surveillance for
early cancer detection. Figure 8.3 shows the levels of evidence for these criteria
(levels A, B, C, D). Levels A and B are necessary to define tier I variants. Levels C
and D define tier II variants [23].
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Fig. 8.3 Evidence levels in 2017 guidelines [23]

8.1.3 Computer-Assisted Prioritization of Variants

The clinical relevance assessment process of genetic variations (both germline and
somatic) is called prioritization [24–26].

The aforementioned criteria allowed the development of bioinformatics tools
based on these standardized algorithms, namely InterVar that was developed by
Quan Li and Kai Wang on the basis of 2015 guidelines for germline variants. A
InterVar retrieves information about each variant from publicly available databases



using automatic annotation systems and it is able to compute a score based on the
guidelines’ criteria and then convert the score to the corresponding class [27].
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Fig. 8.4 InterVar annotation and prioritization flowchart [27]

The criteria provided by the standard guidelines defined in 2017 for somatic
variants interpretation cannot directly be converted into a scoring system analogous
to the 2015 standard guidelines for germline variants interpretation. Thus, the same
InterVar authors developed CancerVar in 2020, defining a new scoring system
related to the guidelines’ evidence levels (A, B, C, D) that allows the somatic
variants interpretation (Fig. 8.3) [28].

The consequent automation of the prioritization process is useful to reduce and
even completely remove the human error bias and to reduce the time needed to
assess clinical relevance to hundreds or even thousands of variants. These tools can
be easily integrated in variant calling bioinformatic pipelines as well. A description
of how the information is retrieved is available for InterVar in Fig. 8.4.

8.1.4 Machine Learning-Assisted Prioritization

Differently from canonical prioritization tools as InterVar that applies a standardized
assessment process to define pathogenicity of variants, Machine Learning (ML)-
assisted tools to relate data in a not predefined manner and generate predictions.

ML systems can be divided into two major categories: supervised and unsuper-
vised. In this chapter, we are not going to discuss unsupervised ML. As the name
suggests, supervised ML requires a so-called ground truth, in our specific case a set
of variants known to be pathogenic or benign. The ground truth is divided into
two sets: the training set and the test set. So, the training set is used to train the
chosen algorithm to recognize the classes of interest (i.e., pathogenic and benign).
The test set is a subsample of the ground truth (usually 30%) used to test the
classification ability of the ML algorithm. A common caveat of ML algorithms is
that they may be non-generalizable. This means that when the ML algorithm is
applied outside of the ground truth, the performance could dramatically decrease
(overfitting). To avoid this issue, best practice suggests testing the algorithm on
external validation sets where the class is assigned in a different manner with respect
to the ground truth.

In order to best know the where and when of the application of a ML algorithm, it
is strongly suggested to know the parameters of the ground truth used to train and



test the algorithm itself. For instance, Learning from Evidence to Assess Pathoge-
nicity (LEAP), a ML-based tool, starting from the ACMG guidelines integrates
different features namely health conditions and history and covariates to classify
the pathogenicity level of variants in a set of 24 multi-cancer predisposing genes (cit.
leap paper) [29]. In this context, the training set from the ground truth used was a set
of 14,226 missense variants in genes associated with elevated risk for hereditary
cancer and 5398 missense variants in genes associated with elevated risk for
cardiovascular disorders. The variants were classified as “pathogenic,” “likely path-
ogenic,” “benign,” “likely benign,” and “uncertain significance” following the 2015
ACMG guidelines and then reviewed by expert scientists and a board of certified
geneticists and pathologists. It is clear that LEAP is designed to assess the pathoge-
nicity (hence the ability of the variant to predispose to cancer or to cardiovascular
diseases) only in its field of application. So, ML algorithms like LEAP should be
strictly applied within their specific context of development.
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By going to a broader spectrum of applications of ML, Nicora and colleagues
developed a Penalized Logistic Regression-based algorithm that was trained on
clinically observed genetic variants associated with a large set of diseases from
several public resources (ClinVar, ARUP Mutation Database, Carver Mutation
Database, and Emory Genetics Laboratory Variant Classification Catalog)
[30]. The most established database in the list used in clinical practice is ClinVar.
Common biases in ClinVar are the conflicting interpretations provided by multiple
submitters for a single variant or the classification provided by a single submitter. In
order to get rid of the classification biases in the ClinVar database, they removed all
of the “conflicting interpretation of pathogenicity” (CIP) variants. The collected
dataset had 5649 confirmed pathogenic variants and 8509 confirmed benign variants
classified following the 2015 ACMG/AMP guidelines by submitters. Furthermore,
the algorithm was trained using two approaches: (1) “A” approach that is based
solely on a set of 2015 ACMG/AMP criteria (“Pathogenic Very Strong” (PVS),
“Pathogenic Strong” (PS), “Pathogenic Moderate” (PM), “Pathogenic Supporting”
(PP), “Benign Stand-Alone” (BA1), “Benign Strong” (BS), and “Benign
Supporting” (BP)); (2) “B” approach that integrates further publicly available
information about allele frequencies in population, in silico prediction scores.

Both approaches achieved the same results in precision and sensitivity (accuracy
score “A”: 97.84%, accuracy score “B”: 98%) pointing out that publicly available
databases are powerful resources for clinical classification of variants even when
they are consequently integrated with information provided by submitters.

The algorithm that has been trained on the highest number of variants is
RENOVO, a random-forest machine learning algorithm that classifies variants as
pathogenic or benign based on publicly available information and provides a
Pathogenicity Likelihood Score (PLS) that represents the percentage of decision
trees that classified as “pathogenic” the variant of interest. PLS ranges from 0 to 1; to
facilitate the interpretation, it has been converted to 6 pathogenicity intervals. The
intervals are HP Benign (High Precision, 99% precision, PLS < 0.0092), IP Benign
(Intermediate Precision, between 90 and 99% precision, 0.0092 ≤ PLS< 0.235), LP
Benign (Low Probability, less than 90% precision, 0.235 ≤ PLS < 0.5), LP



Criterion Covered in RENOVO
Pathogenic Very Strong 1 (PVS1) YES

Pathogenic Strong 1 (PS1) NO

Pathogenic Strong 2 (PS2) NO

Pathogenic Strong 3 (PS3) NO

Pathogenic Strong 4 (PS4) NO

Pathogenic Moderate 1 (PM1) YES

Pathogenic Moderate 2 (PM2) YES

Pathogenic Moderate 3 (PM3) NO

Pathogenic Moderate 4 (PM4) YES

Pathogenic Moderate 5 (PM5) NO

Pathogenic Moderate 6 (PM6) NO

Pathogenic Supporting 1 (PP1) NO

Pathogenic Supporting 2 (PP2) YES

Pathogenic Supporting 3 (PP3)) YES

Pathogenic Supporting 4 (PP4) NO

Pathogenic Supporting 5 (PP5) NO

Benign Stand-Alone 1 (BA1) YES

Benign Strong 1 (BS1) YES

Benign Strong 2 (BS2) YES

Benign Strong 3 (BS3) NO

Benign Strong 4 (BS4) NO

Benign Supporting 1 (BP1) YES

Benign Supporting 2 (BP2) NO

Benign Supporting 3 (BP3) YES

Benign Supporting 4 (BP4) YES

Benign Supporting 5 (BP5) NO

Benign Supporting 6 (BP6) NO

Benign Supporting 7 (BP7) YES

Pathogenic (0.5 ≤ PLS < 0.7849), IP Pathogenic (0.7849 ≤ PLS < 0.8890), HP
Pathogenic (PLS ≥ 0.8890). The training set included “stable” variants
(n = 332,231) that maintained the same classification status as pathogenic/likely
pathogenic or benign/likely benign over time (i.e., from the time of first insertion to
the extraction date); the test set included “unstable” variants (n= 18,312), for which
the status changed over time, in most cases with a conversion from CIP/VUS at the
time of insertion to pathogenic/likely pathogenic or benign/likely benign at the time
of extraction. Features from publicly available databases were assigned to the
training set in order to cover the highest number of ACMG/AMP criteria
(Table 8.4). VUS (n = 216,716) and CIP (n = 30,440) datasets have been used to
test RENOVO reclassification ability on these kinds of variants that are the most
difficult to handle in clinical settings. In terms of accuracy, there are no significant
differences with other ML algorithms (RENOVO accuracy on training set: 98.79%;
accuracy on test set: 95.28%). While other algorithms tend to slavishly follow the
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Table 8.4 Table showing the ACMG criteria covered by RENOVO

Column 1 shows the criterion name and code, pathogenic criteria are red colored, benign criteria are
green colored. Column 2 shows a “YES” or a “NO” if the criterion is covered or not in RENOVO
[18]



2015 ACMG/AMP guidelines classification system with a slight improvement in the
ability to reclassifying variants of uncertain significance (for instance, InterVar
reclassify only 15% of RENOVO VUS dataset), RENOVO algorithm proposed a
reclassification of 67% of ClinVar VUS/CIP with an estimated precision higher than
90% [18].
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ML is a powerful resource when it comes to interpreting clinically relevant
variants but it must be handled with care and the clinician must be aware that the
2015 ACMG/AMP guidelines represent the only recognized approach to variant
interpretation. Publicly available data for the interpretation of variants is dramati-
cally increasing over years. However, many of these data remain highly specific for
those diseases that are most thoroughly studied due to their incidence in the popula-
tion. This places some limits to the use of guidelines and even to the ML algorithms
that can be biased, for instance, by unbalanced ethnicities (consider that the majority
of variants reported in gnomAD come from Non-Finnish and American Europeans).
On the other hand, the increasing knowledge reported in public databases could be
used to retrain and keep up-to-date ML algorithms and, furthermore, apply them in a
disease-specific context.
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Pathology



In this chapter, we focus on the pathological spectrum and multiple
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Abstract

Hereditary diffuse gastric cancer (HDGC) is one of the three inherited syndromes
that affect primarily the stomach, besides gastric adenocarcinoma and proximal
polyposis of the stomach (GAPPS) and familial intestinal gastric cancer (FIGC).
HDGC is an autosomal dominant cancer syndrome, caused by germline variants
in the CDH1 and CTNNA1 genes and is associated with an increased risk of
development of diffuse gastric cancer and lobular breast cancer.

phenotypes of HDGC from carriers of germline CDH1 variants. Particularly,
the chapter will address the following topics: (1) histopathological features of
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HDGC intramucosal lesions, as detected in prophylactic total gastrectomy
specimens, including the presentation of a novel three-dimensional model;
(2) recommendations for handling prophylactic total gastrectomy specimens;
(3) immunohistochemical and molecular characteristics of HDGC signet ring
cell carcinoma foci; (4) macroscopic, endoscopic and histological findings of
advanced HDGC; (5) morpho-molecular details distinguishing indolent and
aggressive HDGC phenotypes.
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9.1 Introduction

According to the recent GLOBOCAN cancer estimates, gastric cancer was respon-
sible for over one million of new cancer cases and 769,000 deaths in 2020, being the
fifth most frequently diagnosed malignancy and the fourth cause of cancer-related
death in both sexes worldwide [1]. The majority of gastric cancer cases are sporadic.
Familial clustering is described in up to 10% of patients and 1–3% of these cases are
related to known pathogenic germline variants [2].

Gastric cancer patients present a poor prognosis when diagnosed at advanced
stage. Early detection and removal by surgery or endoscopic techniques are the
mainstay approaches for the effective management of gastric cancer patients. There-
fore, the recognition of a possible heritable cause is of the utmost importance for
identifying families with higher risk of developing gastric cancer, to ultimately
provide germline variant carriers with targeted surveillance strategies and/or risk-
reduction surgery.

Pathologists play an important role for the identification of heritable syndromes,
by integrating information about gender, age at diagnosis, personal and family
clinical history, imaging findings, tumour macroscopic appearance, histological
classification, and molecular subtyping. As an example, the diagnosis of diffuse
gastric cancer in a 51-year-old woman does not fulfil a recommended criterium for
CDH1/CTNNA1 genetic testing [3], but should prompt the search for in situ signet
ring cell lesions, elsewhere in the stomach, as well as discussion with the multidisci-
plinary team about personal and family history of lobular breast cancer and diffuse
gastric cancer. This standardized and careful approach may lead to the identification
of previously unrecognized HDGC cases. On the same ground, the diagnosis of
gastric cancer with lymphoid stroma and/or poorly differentiated, solid gastric
cancer should raise the suspicion of the diagnosis of gastric cancer with microsatellite
instability [4, 5]. In the case that cancer cells show mismatch repair protein defi-
ciency, searching for germline mutations should be considered.

Three major autosomal dominant hereditary syndromes affect primarily the
stomach: hereditary diffuse gastric cancer (HDGC), caused by CDH1 or CTNNA1
germline defects, gastric adenocarcinoma and proximal polyposis of the stomach
(GAPPS) [6], a familial adenomatous polyposis variant with an exclusive gastric
phenotype, caused by germline mutations in the promoter 1B of the APC gene; and



r

familial intestinal gastric cancer (FIGC), whose genetic cause is still poorly defined
and is likely polygenic [7].
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Gastric cancer is also part of the tumour spectrum of other heritable syndromes,
including Lynch syndrome, familial adenomatous polyposis, juvenile polyposis,
Peutz Jeghers syndrome, Li–Fraumeni syndrome and hereditary breast and ovarian
cancer [8] (Table 9.1).

This chapter will be focused on the pathological spectrum and multiple
phenotypes of hereditary diffuse gastric cancer from CDH1 carriers. The clinical
and pathological spectrum of other hereditable causes has been reviewed in detail
elsewhere [9].

HDGC is a cancer syndrome characterized by an increased risk of diffuse gastric
cancer and lobular breast cancer. The current guidelines for HDGC clinical manage-
ment, published by the International Gastric Cancer Linkage Consortium (IGCLC),
define HDGC by the presence of a pathogenic or likely pathogenic germline CDH1
(which codifies E-cadherin) or CTNNA1 (which codifies alpha-catenin) variant(s), in
either an isolated individual or in a family harbouring diffuse gastric cancer.
Moreover, the IGCLC acknowledged also individuals and families that are consid-
ered HDGC-like on the basis of clinical criteria but who have no identified patho-
genic CDH1 or CTNNA1 variant(s) [3]. Similarly, hereditary lobular breast cancer
(HLBC) is defined by the presence of a pathogenic CDH1 variant in either an
isolated individual with LBC or a family with one or more LBC cases in first- or
second-degree relatives, but no known DGC in either situation. HLBC in CDH1
carriers (individuals or families) is re-categorized as HDGC if signet ring cell
carcinoma foci and/or its precursor lesions are identified in the stomach [3].

The HDGC genetic testing criteria have been broadened in the most recent
clinical guidelines and include all individuals with a diagnosis of diffuse gastric
cancer below the age of 50 or families presenting with clustering of diffuse gastric
cancer and/or lobular breast cancer [3]. Moreover, all Māori with diffuse gastric
cancer [21], families with diffuse gastric cancer and cleft lip/palate [22] o
individuals with HDGC precursor lesions should also be tested for CDH1 and
CTNNA1 gene mutations. For the complete set and details of the 2020 HDGC
genetic testing criteria, the reader is referred to the recently updated HGDC
guidelines paper [3].

9.2 The Indolent Phenotype of HDGC: 3D Modelling,
Morphological, Immunohistochemical and Molecular
Features

The current knowledge on HDGC initiation and development stems from the
meticulous and insightful histopathological analysis of HDGC lesions found in
prophylactic gastrectomy specimens. According to the model proposed by Carneiro
et al in 2004, the morphological steps of development of early HDGC include: (a) in
situ signet ring cell carcinoma, composed of neoplastic signet ring cells replacing the
non-neoplastic gastric epithelium; (b) pagetoid spread of signet ring cells,
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Table 9.1 Heritable gastric cancer syndromes, germline variants and histological subtype

Heritable
GC
syndrome

Lifetime
risk of GC

Inheritance
pattern

Causal
gene(s)

Main hereditable gastric cancer syndromes

HDGC 33%
(females)
42%
(males)

AD CDH1
CTNNA1

Diffuse GC [10, 11]

GAPPS 13% AD APC
Promoter
1B

Intestinal and mixed
GC arising in the
context of Fundic
gland polyposis of the
proximal stomach

[6]

FIGC 66% AD Probable
polygenic
cause

Intestinal GC [7]

Hereditable syndromes also associated with increased risk of gastric cancer

FAP 4–7%
(Asian
population)
Not
increased in
Western
countries

AD APC Intestinal GC arising
from intestinal-type
and pyloric gland
adenomas

[12, 13]

Lynch
syndrome

Up to 10%
(more
frequent in
MLH1 and
MSH2
carriers)

AD MLH1
MSH2
MSH6
PMS2
EPCAM

Intestinal GC (most
cases)

[14, 15]

Peutz-
Jeghers
syndrome

29% AD STK11 Intestinal GC [16]

Juvenile
polyposis

10–30% AD SMAD4
BMPR1A

Intestinal or diffuse
GC arising from
juvenile polyps with
dysplasia

[17]

Li-
Fraumeni
syndrome

2–5% AD TP53 Intestinal or diffuse
GC

[18]

Hereditary
breast and
ovarian
cancer
syndrome

2% AD BRCA1
BRCA2

Intestinal GC [19]

MAP 2%
(females)
5% (males)

AR MUTYH Intestinal GC [20]

AD, autosomal dominant; FAP, familial adenomatous polyposis; FGPs, fundic gland polyps; FIGC,
familial intestinal gastric cancer; GAPPS, gastric adenocarcinoma and proximal polyposis of the
stomach; GC, gastric cancer; HDGC, hereditary diffuse gastric cancer



constituted by a row of signet ring cells located between the preserved gastric
epithelium and the basal membrane; (c) early intramucosal invasive signet ring
cell carcinoma, in which signet ring cells invade the lamina propria [23] (Fig. 9.1).
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Fig. 9.1 Precursor and indolent lesions in HDGC: (a) intramucosal signet ring cell carcinoma
focus with layered structure; (b) pagetoid progression of signet ring cells; (c, d) E-cadherin
immunoreactivity in intramucosal signet ring cell carcinoma; although expression seems to be
preserved at low magnification (c), a closer inspection (d) revealed abnormal E-cadherin expression
in signet ring cells, including cytoplasmic expression (red arrow), dotted membranous expression
(black arrows) and faint/absent membranous expression (blue arrows)

In situ signet ring cell carcinoma and pagetoid spread of signet ring cells are
pre-invasive (in situ) lesions that, by definition, are contained within the basement



membrane of gastric epithelium. The detection rate of in situ signet ring cell
carcinoma and pagetoid spread of signet ring cells is about 30%, not as frequent as
the detection of intramucosal cancer foci (95.3%), suggesting that invasion of the
lamina propria may occur without morphologically detectable pre-invasive lesion
(s) [23, 24]. For the histopathological diagnosis of these rare lesions, it is advised to
seek for a second opinion by an independent pathologist with experience in the field
[3], in order to reduce the risk of false-positive diagnoses of nonspecific changes that
may mimic signet ring cell lesions.
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Intramucosal signet ring cell carcinoma foci disrupt the basal membrane to invade
the lamina propria. Tiny foci usually invade the superficial portion of the gastric
mucosa, while larger focimay involve the whole thickness of the mucosa and usually
display a layered structure, with large signet ring cells with abundant mucin at the
luminal surface, that progressively decrease the content of the cytoplasmic vacuoles
towards the base of the lesion (Fig. 9.1). The comparison of the chromosomal
aberrations of superficial and deep neoplastic cells in HDGC lesions failed to
demonstrate distinct molecular profiles between the two cell types [25], suggesting
that both represent different phenotypes within the spectrum of “differentiated”
signet ring cell carcinoma [9].

With the help of computational science, we were able to generate a three-
dimensional model of signet ring cell carcinoma foci within one gastric section
from a CDH1 c.1901C > T variant carrier (unpublished data). The results from the
3D reconstruction support the concept of the tumour multifocality of HDGC and the
heterogeneity of the distribution of the lesions, as shown in one single section
(Fig. 9.2, Supplementary Videos 9.1 and 9.2).

Consistent with the E-cadherin loss of function due to the bi-allelic inactivation of
CDH1, E-cadherin expression is abnormal in most of precursor lesions in CDH1
carriers [23, 26, 27]. However, intramucosal carcinoma foci may harbour a heterog-
enous pattern of E-cadherin expression, which may vary from completely absent to
membranous and preserved expression. Abnormal E-cadherin staining patterns in
intramucosal lesions include cytoplasmic, incomplete, dotted and/or attenuated
membranous staining and perinuclear immunoreactivity (Fig. 9.1). Taking into
account the heterogeneity of E-cadherin expression in intramucosal lesions,
pathologists should not use E-cadherin immunohistochemical expression as a surro-
gate biomarker for the differential diagnosis of diffuse gastric cancer in the sporadic
versus hereditary context.

Intramucosal signet ring cell foci in CDH1 carriers are considered indolent lesions
with low potential of progression into advanced cancer. Bearing in mind the high
rate of CDH1 carriers not developing advanced lesions (170/174, 97.7%) [24],
intramucosal signet ring cell carcinoma foci most probably have a long latency
period before (even if) progressing to advanced diffuse gastric cancer. Moreover,
several immunohistochemical studies showed that intramucosal lesions show low
proliferation [28–30] and express biomarkers of terminally differentiated cells
[29, 31, 32]. From the molecular pathology standpoint, Nasri et al. found that
intramucosal signet ring cell carcinoma foci share molecular features of precancer-
ous lesions, including low levels of genomic instability and small chromosomal
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Fig. 9.2 Three-dimensional
reconstruction of HDGC
intramucosal foci. After
cutting of several sections
(~300) and selection of
intramucosal signet ring cell
carcinoma foci in
haematoxylin and eosin-
stained slides (upper figure), a
3D reconstruction was
created. The green area
represents the boundaries of
normal gastric mucosa, while
red areas represent invasive
intramucosal cancer foci. Foci
were multiple and at different
levels within the same
fragment



aberrations enriched at fragile sites, rather than molecular characteristics of overt
malignancy (aneuploidy or large-scale chromosomal rearrangements) [25].
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In a recent study by David Huntsman and collaborators [33], single-cell
transcriptomic analysis was performed in a murine organoid model of HDGC.
CDH1 loss resulted in alterations in genes involved in cell junction organization
and extracellular matrix production, including upregulation of Krt7 and Krt19.
Further, in prophylactic gastrectomy specimens from known carriers of CDH1
pathogenic germline variants, intramucosal signet ring cell carcinoma foci showed
aberrant expression of E-cadherin as well as concomitant overexpression of CK7.
Although the number of lesions from CDH1 carriers analysed in this study was not
disclosed, CK7 immunohistochemistry may represent a promising biomarker for
detection of signet ring cells in the gastric mucosa of CDH1 carriers (Fig. 9.3).

9.3 Prophylactic Total Gastrectomy in CDH1 Carriers

Carriers of CDH1 variants from families with confirmed HDGC are advised to
undergo prophylactic total gastrectomy regardless of endoscopic findings, since
currently there are no proven effective gastric cancer screening strategies for
CDH1 carriers [3]. Prophylactic total gastrectomy can also be considered in CDH1
carriers from families with hereditary lobular breast cancer (HLBC) phenotype and
in CTNNA1 carriers from HDGC families. Some patients may wish or need to
postpone surgery and undergo endoscopic surveillance. In this case, patients and
clinicians should consider that endoscopic evaluation of gastric mucosa is challeng-
ing in HDGC patients, because lesions spread beneath the intact foveolar epithelium
and within non-neoplastic glands: several studies have shown that the yield of
detection of early HDGC lesions by endoscopy is variable and below 50%, even
in centres with experienced endoscopists, pathologists and high-definition endos-
copy [34]. This rationale is behind the current clinical guidelines for HDGC
management, published by the International Gastric Cancer Linkage Consortium
(IGCLC), recommending prophylactic total gastrectomy as the only curative
approach in HDGC patients [3].

Single or multiple signet ring cell carcinoma foci are detected in the large majority
(~95%) of prophylactic total gastrectomies from CDH1 carriers [24]. Visible lesions
are found in a minority of cases (12%) and may appear on macroscopic examination
as pale patches, nodules and tiny ulcers or scars [24]. The detection of lesions not
visible to the naked eye, as well as the meticulous description of cancer foci number,
dimension and location are dependent upon the application of rigorous grossing and
sampling protocols.

The gold standard practice, according to the IGCLC, includes sectioning and
embedding of the entirety of the total gastrectomy specimen, and recording the
location of each tissue block (using a photo template, a schematic chart, etc.).
Histopathological examination of the entire gastric mucosa, preferably performed
by a pathologist with experience in the field, is also considered the gold standard
practice. A recent study, reviewing data from 174 prophylactic total gastrectomy
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Fig. 9.3 CK7 expression in non-neoplastic mucosa and diffuse gastric cancer in a CDH1 carrier:
(a, b) normal gastric mucosa does not show CK7 expression, while (c, d) intramucosal and (e, f)
advanced HDGC lesions display CK7 expression



specimens in CDH1 carriers, found that when the entire gastric mucosa is not
examined, histopathological analysis may fail to detect lesions in up to 37% of
cases. In contrast, when the entirety of the gastric mucosa is examined, only 5% of
specimens are classified as negative [24].
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The IGCLC acknowledged that for routine histopathology laboratories with
constrained resources, total examination of the gastric mucosa may be not feasible.
Therefore, it has been established that the pathological diagnosis should include the
following minimal elements: (1) lymph nodes status, (2) sections of gastric mucosa
from all gastric regions and (3) surgical margins, to confirm that the totality of gastric
mucosa has been resected. If the gastric mucosa is not analysed in its entirety and no
precursor or invasive lesions are identified, the report should not define the specimen
as “negative”. The pathologist should estimate the percentage of the gastric mucosa
analysed and state that no precursor lesions or invasive carcinoma were identified
after the analysis of several sections (specifying the number of sections collected for
analysis).

The preferred approach for the analysis of prophylactic total gastrectomies, as
proposed by the IGCLC, represents a compromise between diagnostic practice and
research. According to this approach, the gastric mucosa is embedded in its entirety,
but the pathologist may stop examining the gastric mucosa when at least one
invasive carcinoma focus is detected. The remaining tissue blocks of the totality of
the gastric mucosa are kept in the tissue archive for further research [3].

The anatomical localization of the cancer foci is variable and discordant results
have been published: several authors reported a proximal clustering [30, 35–38],
while others showed no restriction to any specific topographic region of the stomach
[39, 40]. Curiously, in New Zealand Māori kindred most of the foci were found
within the body-antrum transitional zone and distal stomach [41, 42]. The number
and dimension of cancer foci are also variable both within and between kindreds, and
are not related to age or gender of CDH1 carriers, ranging from one to hundreds of
tiny (<0.1 mm to 16 mm) foci [23, 24]. The cause of this variability remains to be
clarified.

Prophylactic total gastrectomy specimens may harbour gastric carcinoma invad-
ing beyond the lamina propria in approximately 1–5% of cases. In a series
encompassing 174 specimens, four cases showed invasion beyond the mucosa
and, in one case, with invasion of the subserosa (pT3), lymph node metastases
were identified. Of these, endoscopy failed to detect the invasive lesion in two
cases (40%) [24].

Artificial intelligence applied to digital and computational pathology may repre-
sent a time-saving, innovative methodology to screen haematoxylin and eosin
sections from prophylactic total gastrectomy specimens and assist pathologists to
detect HDGC lesions. Several authors have developed deep learning models for the
detection of signet ring cell with high sensitivity and very low false positive rate,
even in the context of hereditary diffuse gastric cancer [43–46]. The application of
artificial intelligence on CDH1 gastrectomy specimens might represent the future
solution for a rapid and cost-effective screening.
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9.4 HDGC Progression: Aggressive Gastric Phenotype in CDH1
Carriers

The picture of HDGC diagnosed at advanced, symptomatic stage (usually in family
probands) is completely different from intramucosal lesions. Along progression and
invasion of the gastric wall, the neoplastic cells acquire an aggressive/poorly
differentiated phenotype and may rapidly spread into the peritoneal cavity and
lymph nodes.

The stomach wall is diffusely infiltrated by cancer cells and appears thickened
and rigid (so-called “leather bottle” stomach or linitis plastica). Despite the deep
invasion of the gastric wall, the surface foveolar epithelium and superficial lamina
propria may be intact, also in advanced lesions, and linitis plastica may be
underdiagnosed during endoscopic examination, as well as superficial endoscopic
biopsies may fail to detect cancer cells [47]. Endoscopic ultrasonography combined
with fine needle aspiration biopsies of the gastric wall and/or suspicious lymph
nodes may represent useful diagnostic tools to detect such deeper lesions [48–
50]. Endoscopy features that may rise the suspicion of linitis plastica include poor
distensibility and difficulty of insufflation, large and thickened gastric folds, multiple
erosions and ulcers, stenosis and diffuse infiltration of the stomach, as well as
thickening of the gastric wall with layer fusion by endoscopic ultrasonography
[51, 52] (Fig. 9.4).

Besides displaying “aggressive” histopathological features (Fig. 9.4), advanced
lesions show high proliferative activity and biomarkers of different oncogenic
events, including p53 aberrant expression, c-Src kinase activation and p16
overexpression [28, 29, 31, 53]. These data suggest that aggressive features in
HDGC may be triggered by complex molecular aberrations. Therefore, large chro-
mosomal rearrangements, as well as epigenetic events, not studied in detail so far,
may represent a relevant mechanism to explain the transition from indolent to

Fig. 9.4 Advanced HDGC infiltrating the gastric wall: (a) endoscopic ultrasonography revealing
diffuse thickening of the gastric wall (13.5 mm), particularly due to expansion of the mucosa and
muscularis propria, and partial layer fusion (arrow); (b) the tumour displays poorly differentiated,
pleomorphic poorly cohesive cancer cells with high mitotic activity (blue arrows) infiltrating the
muscularis propria



aggressive behaviour [54]. Particularly, concomitant molecular aberrations of CDH1
and TP53 could cooperate to the development of HDGC aggressive phenotypes and
may be the central players for the cascade of molecular events important for HDGC
progression, as observed in murine models [55] and in organoids derived from
sporadic gastric cancers [56].
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In the study of gastrectomy specimens, the pathologists have the important role of
examining thoroughly the gastric mucosa distant from the tumour bulk: the finding
of multifocal intramucosal foci and precursor lesions are important clues for the
presence of CDH1 germline variants [57] and are now part of the criteria for CDH1/
CTNNA1 genetic testing [3].

9.5 Conclusion

Pathologists have a fundamental role in recognizing hereditary cancer syndromes. In
the setting of HDGC, the detection of in situ signet ring cell lesions and multiple
signet ring cell carcinoma foci, especially distant from the tumour bulk, should raise
the suspicion of HDGC and lead to appropriate genetic testing.

The role of pathologists, both in the clinical and research settings, is also to
recognize distinct phenotypes of diseases. As described in this chapter, HDGC is a
very heterogenous disease showing a plethora of morphological and molecular
phenotypes with prognostic and therapeutic relevance. As an example, the finding
of “aggressive” morphological and immunophenotypic/molecular features in endo-
scopic biopsies from CDH1 carriers is suggestive of advanced disease and should be
reported by the pathologist to prompt staging and clinical intervention.

A comprehensive analysis of the molecular landscape of indolent and aggressive
lesions from CDH1 carriers, in the frame of detailed morphologic analysis by a
pathologist with experience in this field, should be the cornerstone of future studies
for the discovery of new biomarkers for HDGC early detection and progression.
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In this chapter, we sought to provide a comprehensive overview of the
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Abstract

The role of human epidermal growth factor receptor-2 (HER2) is involved in
epithelial cells growth and differentiation and has been widely studied in a
plethora of cancers. HER2 alterations have been known to drive tumor cell
proliferation, migration and reduce apoptosis. Tumor expression of HER2 marker
has prognostic and predictive significance in breast and gastroesophageal cancers.
These two cancer types may arise as constituents of hereditary diffuse gastric
cancer syndrome (HDGS), which is linked to E-cadherin coding CDH1 gene
alterations. Precisely, HDGS features a high prevalence of diffuse gastric and
lobular breast cancers. HER2 alterations may simultaneously occur with CDH1
mutations; however, the role of HER2 overexpression in these patients and two
biomarkers’ relationship is not fully understood.
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10.1 Introduction

Receptor tyrosine-protein kinase erbB-2, also known as human epidermal growth
factor receptor-2 (HER2), is a transmembrane glycoprotein with tyrosine kinase
activity involved in controlling epithelial cell growth and differentiation. Dimeriza-
tion of the receptor leads to various signal pathways activation resulting in cell
proliferation and tumorigenesis. Although being present and widely studied in breast
cancers (BC) and gastric cancers (GC), HER2 alterations (amplification,
overexpression, or other mutations) are present in a plethora of other cancer types
(esophageal, colon, lung, uterine cervix, endometrial, ovary, bladder, head and neck,
and other cancers).

HER2 alterations could potentially drive the activation of its downstream signal-
ing pathway resulting in increased tumor cell proliferation, reduced apoptosis, and
enhanced migration. HER receptors are essential for cell proliferation, differentia-
tion, adhesion, and survival which are activated through a variety of signaling
pathways [1–5].

The expression of HER2 marker has both prognostic and predictive meaning,
where the development of HER2-targeted therapies has dramatically influenced
treatment strategies and clinical outcomes in patients with HER2-positive breast
and gastric/gastroesophageal cancers, while results in other cancer types haven’t
been impressive so far [2, 3, 5].

This chapter provides a comprehensive overview on the biology of HER2
biomarker in cancer cells, HER2 testing in breast and gastric cancer with CDH1
germline mutations, and highlights differences between HER2 expression in breast
and gastric and gastroesophageal cancer.

10.2 The Biological Nature of HER2

HER2 is a 185 kD transmembrane glycoprotein located at the long arm of human
chromosome 17 (17q12). This protein is a member of the epidermal growth factor
receptor family (EGFR/ErbB) tyrosine kinase family which includes HER1/Erb1,
HER2/Erb2, HER3/Erb3, and HER4/Erb4. HER proteins are ubiquitously expressed
in epithelial, mesenchymal, and neuronal normal cells and progenitors and share
common structural features, including single subunit glycoproteins with an extracel-
lular ligand-binding site, a transmembrane lipophilic segment, and an intracellular
tyrosine kinase catalytic domain. Upon ligands binding to their extracellular
domains, HER proteins become activated through auto- and cross-phosphorylation
triggering asymmetric dimerization of kinase domains. This process subsequently
leads to kinase activation and signal transduction through oncogenic pathways
(phosphoinositide-3-kinase (PI3K)/AKT/mTOR and RAS/RAF/MEK/ERK
pathways). Unlike the other family members, HER2 lacks a ligand-binding domain
and can be activated upon heterodimerization with HER1 and HER3 receptors.
HER2-containing heterodimers have a great ligand binding affinity and signaling
potency hence are the preferred dimerization partner of choice among the HER



family members. Dimerization and subsequent phosphorylation initiate a variety of
signaling pathways, including principally the mitogen-activated protein kinase
(MAPK), and phosphatidylinositol-4,5-bisphosphate 3-kinase (PI3K), pathways
which are mainly involved in survival, proliferation, and cell-cycle progres-
sion (Fig. 10.1). The particular feature that contrasts HER2 among other family
members is its resistance to internalization and degradation, so it can remain on the
cell surface for a prolonged period after its activation, although the mechanisms are
not yet fully understood. It is clear, however, that these properties pinpoint the
receptor’s property of transforming cells [2, 5–12].

10 HER2 Testing in Breast and Gastric Cancer with CDH1 Germline Mutations 151

The activation of HER2 signaling is observed in approximately 20% of breast
cancers (BC) as the result of overexpression, owing to ERBB2 amplification or
activating somatic mutations, of which the most common are missense mutations
in the tyrosine kinase and extracellular domains or duplications/insertions in a small
stretch within exon 20. However, missense mutations of HER2 do not show com-
plete transforming potential in absence of other oncogenes to confer a fully
transformed phenotype. Co-occurring mutations, for example, with PIK3CA,
found in approximately 1/3 of HER2-mutant breast cancers, augment the tumor
pathway activation and could represent a future direction for target therapy develop-
ment. Other less common biomarkers, involved in the pathways, of possible targeted
therapy options are MSI/MMR, TMB, and NTRK. Generally, HER2 mutations are
almost exclusively present in cancers without HER2 amplification and are associated
with lobular breast, gastric, endometrial, and lung cancers [2, 6–16].

HER2 amplification on one side is a factor of a poor prognosis, due to the effect
on cell proliferation, migration, and invasion. But on the other hand, it offers the
possibility of a targeted treatment approach [2, 6–17].

Fig. 10.1 HER2 signaling pathways and effects on cell cycle
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HER2 expression and HER2 gene amplification in gastric cancers (GC) account
for up to 30% of tumors and are associated with a worse prognosis. Some studies
indicate the role of HER2 in promoting epithelial-to-mesenchymal transition (EMT)
in GC, and HER2 staining was found to correlate with tumor size, serosal invasion,
lymph node metastases, and poor survival [2, 18–20].

It is known that HER2 plays an important role in neoplastic phenotype acquisition
by gastroesophageal mucosa. In esophageal cancers, HER2 overexpression has been
reported in 0–83%, with a higher rate in adenocarcinoma (10–83%) compared to
squamous cell carcinoma (0–56%). Immunohistochemical assays (IHC) reveal
HER2 expression in esophageal precancerous lesions with a gradually increasing
rate within the dedifferentiation of paraneoplastic lesions. These results were con-
firmed by a dual-color silver in situ hybridization (SISH) probe, that demonstrated
HER2 amplification with its rates gradually rising from low-grade intraepithelial
esophageal neoplasm to esophageal adenocarcinoma [2, 21]. The Barett’s esophagus
(BE), a known precursor of esophageal adenocarcinoma, is characterized by squa-
mous epithelium displacement in gastroesophageal junction and intestinal metapla-
sia [2, 22, 23]. HER2 activation in esophageal epithelial cells was shown to be one of
the key drivers of BE’s neoplastic transformation, promoted by hyperinsulinemia
and high C-peptide levels [24]. HER2 positivity in esophageal adenocarcinoma
(EC) and adjacent Barett’s esophagus (BE) has shown an association with reduced
tumor aggressiveness, lower tumor grade, and improved patient survival
[23, 25]. The HER2 expression has not been found prognostic in EC without
adjacent BE; however, its heterogeneous expression was a predictor of worse
cancer-specific survival in EC, and overexpression with HER2 gene amplification
in esophageal squamous cell carcinoma is associated with lower rates of survival
[2, 23, 26–28].

Amplification or overexpression of HER2 occurs in approximately 15–30% of
breast cancers and 10–30% of gastric/gastroesophageal cancers and serves as both
prognostic and predictive biomarkers. Given that HER2 is a potent (proto)oncogene,
these tumors are more aggressive than HER2-negative cancers [29]. Such tumors are
associated with increased disease recurrence and poor survival outcomes if anti-
HER2 treatment is not administered to the patients. HER2-targeted therapy has
increased overall survival in HER2-positive breast and gastric cancers and has
become the standard-of-care treatment for this group of patients [2].

10.3 HER2 Testing: Current Testing Guidelines

10.3.1 Breast Cancer

HER2 testing is currently recommended for all newly diagnosed breast cancers and
possible retesting is considered in some cases of tumor progression or neoadjuvant
treatment [4, 30, 31].

The HER2 testing relies on immunohistochemistry (IHC) scoring and/or gene
amplification at in situ hybridization (ISH). IHC identifies and describes HER2



protein expression pattern and its intensity on the membrane of cancer cells, while
ISH detects the presence of the gene amplification using HER2 and CEP17 probes.
The first part of HER2 testing requires IHC analysis on a formalin-fixed paraffin-
embedded tissue block involving expression score evaluation (range from 0 to 3+).
According to the American Society of Clinical Oncology (ASCO) and College of
American Pathologists (CAP) updated guidelines (2018), the HER2 test positivity is
defined as protein overexpression (score 3+, complete strongly positive membrane
staining in>10% of tumor cells) at IHC and/or gene amplification ISH. The score of
2+ (weak to moderate membrane staining in >10% of tumor cells) is considered
equivocal and requires ISH as a reflex test, which requires an average HER2 copy
number ≥ 6.0 signals/cell to consider the sample as HER2 positive. The IHC HER2
score of 0 and 1+ (negative or weak membrane staining in>10% of tumor cells), and
HER2 2+ without gene amplification are considered HER2-negative. The 2018
ASCO/CAP guidelines summary of HER2 evaluation in breast cancers by ISH is
presented in Table 10.1 [5, 31–33].
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It is known that equivocal HER2 status may be associated with higher tumor
grade, larger size, lymph node metastasis, and with lower overall and disease-free
survival.

Nevertheless, recently introduced novel anti-HER2 therapies led to questioning
the traditional scoring system, as it has been shown that patients with low HER2
breast cancer expression (score 1+/2+ without gene amplification), or who result
negative for HER2 ISH/IHC assessment, may be considered “HER2-low” and
benefit from HER2 antibody-drug conjugates (ADC). Furthermore, the advancement
of HER2 targeting therapies and positive results of novel ADC versions have led to
the “HER2-ultra low” (score 0 with incomplete faint staining in ≤10% of tumor
cells) concept introduction, where patients may also receive a potential benefit of
ADCs administration [4, 31, 32, 34–37]. New ADC versions as trastuzumab-
duocaramzine (SYD-985) and trastuzumab-deruxtecan (DS-8201) have
demonstrated favorable outcomes in preliminary data in metastatic breast cancer
with low HER2 expression Although the ASCO/CAP guidelines have clearly
defined criteria for HER2 status assessment in breast cancer, HER2-low expression
formally has not been defined. The data from ongoing trials may provide more
information on the correlation between response to treatment and HER2 expression
patterns as well as with possible other response predictors [4, 35, 36, 38].

Overall, IHC and ISH probes show excellent correlation and a high concordance
rate between core biopsy and excision statement. However, one should be aware of
HER2 tumor heterogeneity in BC which occurs at variable frequencies (1–34%) in
“mosaic”/“clustered” or “scattered” patterns, and could be the reason of HER2
equivocal status by ISH and/or IHC. Hormone receptor status also has its impact
on the intrinsic molecular subtypes distribution of HER2-positive carcinomas [2, 16,
21, 34].

In breast cancers, the Expert Panel recommends that laboratories using single-
probe ISH assays include concomitant IHC review as part of the interpretation of all
single-probe ISH assay results [32]. This could raise the question if the current
HER2 assessment has full compliance with HER2 signaling dysfunction. One
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Table 10.1 The 2018 ASCO/CAP guidelines summary of HER2 evaluation in breast cancer by
ISH. AMP, amplified; IHC, immunohistochemistry; ISH, in situ hybridization

Final HER2
assignment

Dual-
probe
ISH

ISH
algorithm

Group 1
HER2/CEP17
ratio ≥ 2.0 and average
HER2 copy
number ≥ 4.0 signals/
cell

/ AMP/positive

Group 2
HER2/CEP17
ratio ≥ 2.0 and average
HER2 copy
number < 4.0 signals/
cell

Concurrent IHC score 0/
1+

NOT
AMP/negative
with comment

Concurrent IHC score 2+,
recount ISH: Preliminary
result confirmed

NOT
AMP/negative
with comment

Concurrent IHC score 2+,
recount ISH: Other ISH
result

Result should
be adjudicated
per internal
procedures

Concurrent IHC score 3+ AMP/positive

Group 3
HER2/CEP17
ratio < 2.0 and average
HER2 copy
number ≥ 6.0 signals/
cell

Concurrent IHC score 0/
1+

NOT
AMP/negative
with comment

Concurrent IHC score 2+,
recount ISH: Preliminary
result confirmed

AMP/positive

Concurrent IHC score 2+,
recount ISH: Other ISH
result

Result should
be adjudicated
per internal
procedures

Concurrent IHC score 3+ AMP/positive

Group 4
HER2/CEP17
ratio < 2.0 and average
HER2 copy
number ≥ 4.0
and < 6.0 signals/cell

Concurrent IHC score 0/
1+

NOT
AMP/negative
with comment

Concurrent IHC score 2+
(HER2 double-
equivocal), recount ISH:
Preliminary result
confirmed

NOT
AMP/negative
with comment

Concurrent IHC score 2+
(HER2 double-
equivocal), recount ISH:
Other ISH result

Result should
be adjudicated
per internal
procedures

Concurrent IHC score 3+ AMP/positive

Group 5
HER2/CEP17
ratio < 2.0 and average
HER2 copy

/ NOT
AMP/negative
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number < 4.0 signals/
cell

should also keep in mind that HER2-negative tumors tested in core biopsy samples
may undergo a change of HER2 status due to intra-tumor heterogeneity, which is
often the main reason of IHC and ISH assays discordance and some authors advocate
simultaneous IHC and ISH conduction. Current ASCO/CAP guidelines (2018)
recommend repeating HER2 testing on the resection specimen in case of HER2-
negative or equivocal core biopsy result if the biopsy material was scarce, the tumor
is of a high grade or presents unseen on biopsy morphological features. All the above
guidelines apply for invasive breast cancer assessment regardless of their ductal or
lobular morphology [4, 34, 36, 39–43].
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Table 10.1 (continued)

Final HER2
assignment

Group 5
HER2/CEP17
ratio < 2.0 and average
HER2 copy
number < 4.0 signals/
cell

/ NOT
AMP/negative

Single-
probe
ISH

HER2
copy
number

Average HER2 copy
number < 4.0 signals/
cell

/ NOT
AMP/negative

Average HER2 copy
number ≥ 4.0
and < 6.0 signals/cell

Concurrent IHC score 0/
1+ and/or concurrent
dual-probe ISH group 5

NOT
AMP/negative

Concurrent IHC score 2+ Perform dual-
probe ISH for
final result

Concurrent IHC score 3+
and/or concurrent dual-
probe ISH group 1

AMP/positive

Average HER2 copy
number ≥ 6.0 signals/
cell

/ AMP/positive

10.3.2 Gastric Cancer

HER2 overexpression and/or amplification in patients with gastric cancer (GC) has
been reported from 10 to 30%. A large number of studies indicate HER2 as a
negative prognostic factor in GC, defining aggressive tumor behavior and higher
recurrence frequency, but also responsiveness to HER2-targeted therapy [2, 11, 44].

Although the incidence of HER2 positivity in patients with BC and GC is similar,
there are some important differences in tumor expression assessment to consider. In



contrast to BC, around 90% of HER2-positive GCc are reported to harbor HER2
overexpression in less than 5% [2, 6, 17, 45, 46].
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Similar to BC, current ASCO/CAP and National Comprehensive Cancer Net-
work (NCCN) guidelines (2016, 2017) consider HER2 testing using IHC and ISH
assays. HER2 3+ score is considered positive and it is recommended that equivocal
(2+) HER2 score should be examined by ISH, while NCCN suggests that any HER2
staining less than 3+ should be followed by ISH testing. HER2 2+ (equivocal) score
is considered as weak to moderate incomplete (basolateral) membranous staining in
>10% of tumor cells in the resection or only one cohesive cluster of >5 cells in
biopsies). Score 1+ is considered as faint membranous reactivity in >10% of tumor
cells in resection specimen or one cohesive cluster of >5 cells in biopsies. Score 0 is
accounted as no or weak membranous reactivity in <10% of cells (resection) or one
cohesive cluster of >5 cells in the biopsy. Scores 1+ and 0 are referred to HER2
negativity.

In GC, only the equivocal (2+ by IHC) samples are considered for ISH which
accounts as positive at HER2:CEP17 ratio ≥2. Specimens with an IHC score of 0 or
1+ are considered negative and do not warrant further testing. The concordance
between IHC 3+ and ISH positivity, reported in the literature, is very high (>90%).

The heterogeneity of HER2 expression is a common feature in HER2-positive
GC, most often detected in the mixed histological type. Unlike BC, a complete
membrane staining is not required for the gastric tumor to be considered as HER2-
positive. This is partially explained by the histology of GC itself, where gland
formation and mucin production may result in incomplete, basolateral, or lateral
patterns of HER2 staining. Another common explanation is related to bacterial
effects of Helicobacter pylori, which is a common agent in GC etiology. However,
the heterogeneity of HER2 genotype may lead to discrepancies between IHC and
ISH results and has been observed in about 5% of patients. The heterogeneity of
HER2 genotype in gastric cancer may lead to discrepancies of the results between
IHC and ISH. Ideally, the same tissue block should be used for ISH and IHC assay.
The molecular heterogeneity of GC is referred to intratumor variation in genotype or
gene expression resulting in focal positivity by IHC or ISH. False positivity also may
be observed in areas of intestinal metaplasia or high-grade dysplasia, adjacent to
ulcer or necrotic sites, and not taken into account [2, 17, 44–46].

One of the biggest trials reporting HER2 expression in GC, Trastuzumab for
GAstric cancer (ToGA), analyzed 3807 stomach and gastroesophageal junction
cancer patients’ specimens using both ICH and ISH assays. The HER2 positivity
rate was 22.1% and those patients were randomized into two groups: chemotherapy
only or chemotherapy with trastuzumab administration.

The results demonstrated the high efficacy of HER2 targeting therapies in HER2-
positive GC or gastroesophageal junction cancer patients. The median overall
survival and health-related quality of life were significantly higher for patients
receiving trastuzumab and chemotherapy compared to chemotherapy alone. Even
though the most benefit was derived by patients with HER2 3+/2+ ISH amplified
score, further addition of trastuzumab didn’t show any advantage upon further
follow-up. Patients with IHC scores 0 and 1+ have shown HER2 ISH positivity in



14–24% of cases and did not significantly benefit from the addition of trastuzumab,
and it has been stated that ISH positivity alone does not correlate with response to
trastuzumab therapy. Overall, the data shown support that the determination of
HER2 status in patients with resectable GC is not useful in survival prognosis
assessment. However, GC patients with good performance status who would be
candidates for systemic therapy should undergo HER2 testing and be offered
trastuzumab if tested positive. Nowadays, the focus on HER2 expression/amplifica-
tion status alone is not able to capture the underlying mechanisms of disease
progression and resistance [6, 11, 17, 44, 46–50] (Fig. 10.2).
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Fig. 10.2 HER2 immunohistochemical assessment patterns in breast and gastric cancer according
to current ASCO/CAP guidelines (2018)

10.4 HER2 Testing in Hereditary Breast and Gastric Cancers

Hereditary diffuse gastric cancer syndrome (HDGS) is linked to CDH1 gene
alterations.

CDH1 is located on chromosome 16q22.1 and encodes the cell-to-cell adhesion
protein E-cadherin, and its germline variants are playing a crucial role in HDGS with
a high prevalence of diffuse gastric cancer (DGC) and lobular breast cancer (LBC)
[51, 52].

E-cadherin is a protein responsible for differentiated epithelium stability mainte-
nance through intracellular adhesion complexes. The main role of E-cadherin in
tumorigenesis thus is cell invasion suppression, deregulating infiltrative and



metastatic ability of the tumor triggered by loss of cells adhesion and increased cell
motility acquisition. Some authors link loss of E-cadherin with epithelial-to-
mesenchymal transition phenomena, which enhances tumor metastatic potential.
Loss of E-cadherin is also associated with activation of EGFR through tumorigenic
RAS/RAF/MEK, FAK/c-Src, and PI3K/AKT/mTOR pathways, which drive cell
proliferation and motility [53–55].
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Somatic CDH1 alterations are associated with a poor prognosis in DGC and LBC.
The CDH1 gene mutations occur most frequently as a missense type and it is known
that CDH1 mutation carriers have a cumulative risk of 70–79% of HGCS for men
and 56% for women by age of 80, and a cumulative risk of LBC 42–46% by age of
80 years for women. The role of this gene is not yet well assessed in other cancer
types; however, the risk of occurrence of colorectal and signet-ring cell gastric
carcinomas, prostate, ovarian, thyroid, and tongue cancers in CDH1 variants and
mutation carriers is noted. The studies assessing the possible role of CDH1
mutations are ongoing [51–62].

10.4.1 Hereditary Lobular Breast Cancer

Breast cancer (BC) is one of the most common female cancers in the world and
nearly 20% of BCs express high level of human epidermal growth factor receptor
2 (HER2). HER2 is involved in the growth of cancer cells and determines the
aggressive clinical course of BC. Overexpression of HER2 in BC occurs mainly
due to ERBB2(HER2) gene amplification and one of the established therapeutic
targets in HER2-positive BC cancer patients is anti-HER2 therapy. There is a variety
of agents as trastuzumab, pertuzumab, lapatinib, neratinib, and trastuzumab
emtansine (T-DM1), approved for the treatment of HER2-positive BC. The notable
effect of trastuzumab addition to chemotherapy has dramatically improved overall
survival of those patients [4, 11, 35, 36].

Rare HER2 mutations typically occur in absence of HER2 amplification (<2%)
and continue raising attention due to their potential driver role inHER2 nonamplified
tumors. They are most frequently found in invasive lobular breast cancer (LBC),
especially high-grade, accounting for 5–15% of total breast cancers, and
characterized by estrogen receptor (ER) positivity, frequent HER2 negativity, and
loss of E-cadherin function. One of the main reasons of E-cadherin loss are CDH1
mutations, observed in up to 83% of LBCs and some of these patients may simulta-
neously carry both CDH1 and HER2 mutations. The role of E-cadherin loss in case
of LBC promotes loss of cell-to-cell adhesion, increased cell proliferation, and
lobular hyperplasia, where deregulated cells create a lobular intraepithelial neoplasia
pattern with subsequent basement membrane disruption [33, 52, 63–67].

The female CDH1 mutation carriers are at a high risk of LBC and HGDC
development, although the frequency of a germline CDH1 mutation is very low
(~1%) in women with early-onset or familial LBC without a family history of
GC. The risk of developing LBC in absence of HDGC history is unknown. How-
ever, recent studies demonstrate that LBC may be the first manifestation of HGDC



syndrome even in absence of a family history of DGC. It was also supposed that
familiar LBC with CDH1 germline mutations may be an independent inherited
syndrome, therefore the concept of hereditary lobular breast cancer (HLBC) has
been proposed. Hereditary basis of LBC has been supported by a high frequency of
bilateral disease and overall familiality in population studies. Regarding LBC
presenting CDH1 germline pathogenic alteration, no information is available about
overall survival and it does not seem to have an impact in prognosis [33, 52, 57, 59,
68].
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Pathologic assessment of BC patients currently requires evaluation of tumor size,
lymph node status, histological grade, estrogen receptor (ER), progesterone receptor
(PR), and HER2 expression. These factors, however, do not predict BC prognosis
accurately. The pathology of LBC usually represents ER/PR-positive and HER2-
negative phenotype. In this context it is plausible to pinpoint that CDH1
hypermethylation is strongly associated with ER-negative and HER2-negative BC
and aggressive tumor behavior. These findings reflect the knowledge of HER2
belonging to the family of EGFR, whose pathway is activated by loss of
E-cadherin. Loss of E-cadherin is associated with HER2-negativity, lower tumor
differentiation, and bigger size. The useful feature in diagnosing these patients is
thus the IHC E-cadherin expression, where its loss is associated with worse overall
survival. The role of HER2 in relapsed LBC has also been suggested, while some
other studies demonstrate no association between CDH1 and HER2 genes even
though they are both cancer drivers [5, 33, 61, 62, 67, 69–71].

Comprehensive genomic profiling of relapsed CDH1-mutated ILC revealed
actionable genomic alterations with a high incidence of HER2 mutations. It has
been shown that simultaneous presence of CDH1 and HER2 mutations lead to a
worse prognosis, nevertheless, the effect is not completely clear. LBCs are consid-
ered majorly unresponsive to tyrosine kinase inhibitors and chemotherapy; however,
identification of HER2 mutations could permit using targeted therapy as
trastuzumab. Current reports illustrate the case of metastatic HER2-nonamplified
breast cancer with identified HER2 and CDH1 mutations in retropectoral muscle
metastases who had impressive clinical results with HER2-targeting therapy
laptanamib. These data warrant HER2 status assessment in all ILC cases with
CDH1 aberrations [5, 33, 61, 62, 64, 67–69, 72].

There are currently no widely used criteria for CDH1 genetic screening of LBC
predisposition without gastric cancer association; however, an international expert
panel on hereditary LBC has developed suggested criteria for CDH1 testing [33, 61].

In light of ongoing studies, current HER2 scoring, probably, should be
reconsidered, issuing new guidelines in HER2 molecular analysis in LBC patients
with confirmed CDH1mutations, to provide clinically useful information to improve
patients’ management, clinical outcomes, and prognosis, as the HER2 aberrations
revealed may give consideration to HER2-targeted therapy even in absence of HER2
amplification [5, 33, 61, 62, 67–69, 72].
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10.4.2 Hereditary Diffuse Gastric Cancer

There are two major subtypes of gastric cancer (GC) in the world: diffuse and
intestinal GC, and both of them are associated with a spectrum of molecular, genetic,
and epigenetic abnormalities. Molecular profiling has provided a new framework for
GC classifications by molecular abnormalities, proposed by The Cancer Genome
Atlas (TCGA) Research Network and the Asian Cancer Research Group (ACRG),
defining four GC subtypes: EBV-positive, microsatellite-unstable, genomically sta-
ble, and chromosomally unstable [73–76].

The ERBB2(HER2) gene amplification assays identify patients susceptible to
targeted anti-HER2 therapy. HER2 is overexpressed in up to 20% of gastric and
gastroesophageal junction cancers and the assessment of HER2 in these patients is
mandatory. The Trastuzumab for GAstric cancer (ToGA) trial has demonstrated that
addition of trastuzumab to chemotherapy in HER2-positive GC improves overall
survival, and has become a standard treatment. Interestingly, other trials involving
pertuzumab, lapatinib, and T-DM1 have failed to provide significant improvements
in the outcomes of patients with HER2-positive GC [11, 17, 21, 77, 78].

In overall GC, the expression of HER2 is higher in intestinal vs. diffuse type
(31.8% vs. 6.1%). While intestinal-type GC maintains typical membranous staining,
diffuse-type GC may represent membranous and cytoplasmic staining, probably due
to extracellular domain shedding [78, 79].

Diffuse type GC (DGC) accounts for about 10% of GC and is known for its
aggressive clinical behavior and familial aggregation. Hereditary diffuse gastric
cancer (HDGC) is estimated to be <1% of all GC cases. HDGC is frequently
associated with E-cadherin coding gene CDH1 alterations and up to 50% of sporadic
diffuse gastric cancers (DGC) have somatically inactive E-cadherin mutations.
Clinical studies reveal that GC patients with CDH1 mutations are characterized by
tumor aggressiveness, have shorter survival times and overall worse prognosis. All
subjects with a family history of GC, suspected to HGDC, undergo DNA CDH1
testing and are recommended to undergo the prophylactic gastrectomy if tested
positive [52, 53, 56, 68, 80–82].

The relation between HER2 overexpression and CDH1 alterations and their effect
on patient survival is unknown. Histologically, DGC lacks the expression of adhe-
sion molecules and poor differentiation. While CDH1 mutations can be reflected
with CDH1 protein loss by IHC and are detected in 40% of DGC, its relationship
with HER2 is not well studied, although DGC with CDH1 mutations were reported
to have a lower rate of HER2 positivity compared to intestinal-type GC. Indeed, one
of the largest cohort studies of CDH1-mutated cancers aiming to discover novel
therapeutic studies was conducted in 1596 patients and did not reveal a significant
rate of HER2 amplification. The HER2 enrichment in DGS is analogous to those of
LBC, therefore the female preponderance in DGC raises the concern for
misdiagnosed LBC [56, 80, 82–86].

It has been shown that overall in GC patients, higher E-cadherin levels correlate
with HER2 positivity and show better overall survival when maintaining a high
E-cadherin expression and HER2-positive status compared to HER2-negative. Poor



survival in HER2-positive GC is related to loss of E-cadherin, mediated by
Wnt/β-catenin pathway, where the disruption of the binding of β-catenin to
E-cadherin leads to loss of the latter from the cell surface promoting tumor growth.
HER2 overexpression is associated with Wnt-β-catenin activation and with an
increase in CDH1 mRNA production. The HER2 targeting therapy is reported to
reduce the CDH1 mRNA in GC, leading to reduction of E-cadherin release and
Wnt/β-catenin activation [11, 83, 87].
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The loss of E-cadherin is also known as a hallmark of epithelial-to-mesenchymal
transition (EMT), which is related to cancer metastatic potential, by changing cancer
cells’ phenotype, so better understanding of the relationship between E-cadherin and
HER2 overexpression may be useful to uncover the pathogenesis of GCs [56, 60, 83,
88].

By now, the choice of treatment for GC and DGC patients is only guided by
validated biomarkers as HER2 and microsatellite instability/PD-L1. Tumor hetero-
geneity in GC may lead to loss of HER2 signaling after trastuzumab therapy, which
raises questions about the marker’s utility and requires more studies. Novel findings
support a possible functional role of E-cadherin in response to anti-HER2 treatment;
however, the role of CDH1 mutations in this context requires more studies to define
molecular interactions between HER2 and E-cadherin and their role as predictive
factors for targeted therapy [81, 83, 87].
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Pathology and Somatic Alterations
in Hereditary Lobular Breast Cancers 11
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Abstract

The most frequent special histological type of breast cancer is represented by
invasive lobular carcinoma (ILC), which makes up about 15% of all invasive
breast carcinomas. The molecular signature of ILC is the dysregulation of
E-cadherin due to CDH1 abnormalities. Although CDH1 germline mutations
are very uncommon in women with early-onset and/or familial ILC, they are
the most common detrimental non-BRCA mutations and are thought to be the
origin of a significant fraction of lobular breast cancer. Since the morphology and
immunophenotype of hereditary and non-hereditary ILCs are nearly identical, no
specific histopathological findings can be used to distinguish between the two.
High-throughput sequencing studies revealed that ILCs represent a separate entity
at the genomic level. This chapter addresses the very important topic of ILC
morpho-molecular characteristics in the setting of germline and/or somatic CDH1
abnormalities.

11.1 Introduction

Invasive lobular carcinoma (ILC) is the most common special type of breast cancer
and accounts for ~15% of invasive breast carcinomas [1]. Dysregulation of
E-cadherin due to CDH1 aberrations is considered the molecular hallmark of ILC
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[2, 3]. Although the frequency of CDH1 germline mutations is very low (~1%) in
women with early-onset or familial ILC, these mutations represent the most frequent
deleterious non-BRCA mutations, and they are considered founder genetic events in
a substantial proportion of lobular breast cancer [4–6]. No specific histopathological
features can help discriminate between hereditary and non-hereditary ILCs because
their morphology and immunophenotype are substantially identical [7]. However,
ILCs display peculiar clinic-pathologic characteristics as compared to other breast
cancer histotypes [1]. Moreover, high-throughput sequencing analyses showed that
ILCs also represent a distinct entity at the genomic level [2, 3, 8, 9]. This chapter
provides a comprehensive overview of the morpho-molecular characteristics of ILC
in the context of germline and/or somatic CDH1 aberrations.
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11.2 Pathology of Lobular Breast Cancer

Individuals with ILC typically have a diagnosis at an older age and come to the
physician’s attention with larger tumors than patients with invasive breast cancer
(IBC) of no special type [10]. Hereditary ILC is often bilateral and multicentric,
appearing as ill-defined palpable mass(es) or widespread breast nodularities
[11]. Classic ILC is composed of non-to-poorly cohesive small, roundish, monomor-
phic neoplastic elements, with uniform nuclei, inconspicuous nucleoli, and infrequent
mitotic figures interspersed into a variably dense fibrous stroma arranged in loose or
linear growth pattern. ILC exhibits a targetoid concentric distribution around ducts
and lobules and is usually associated with little host reaction [1, 12–16].

It is possible to identify different ILC variants, including solid, alveolar,
trabecular, tubule-lobular, signet ring cell, pleomorphic, and histiocytoid which
differ from classical ILC in their morphologic characteristics and behavior
(Fig. 11.1).

The traditional ILC and other ILC variants are occasionally mixed [13]. The
discohesive tumor cells that make up the solid variant of ILC grow in solid nests and
may exhibit pleomorphism or enhanced mitotic activity. The tumor cells of alveolar
ILC are grouped in distinct clusters or aggregates of 20 cells or more, which are
divided by thin fibrous septa. Tumor cells develop in bands thicker than two cells in
the trabecular ILC. The tubule-lobular type of ILC has a hybrid tubular and lobular
appearance. The growth pattern of pleomorphic ILC is identical to that of classic
ILC, but the tumor cells exhibit increased cytological atypia and pleomorphism as
well as a higher rate of mitosis [1, 12–16].

Classic ILC are of low or intermediate histological grade and the majority are
characterized by the positivity of hormone receptors and lack of HER2 expression;
however, HER2-positive and/or triple-negative (estrogen and progesterone receptor-
negative and HER-2 negative) phenotypes have been reported, particularly in ILC
variants [1, 12–18]. Consistently, more than 80% of ILCs fall into the category of
luminal molecular subtypes according to gene expression profile studies [3, 19]. Her-
2-enriched and basal-like lobular tumors are rare, usually of non-classic variant, and
associated with a worse prognosis [20]. Similar to invasive ductal carcinoma (IDC),



tumor staging, and nodal status are important prognostic factors also in patients with
ILC. Moreover, a high Ki67 proliferation index was found to be associated with a
high risk of early and late recurrence [19, 20].
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Fig. 11.1 Invasive lobular carcinoma, histiocytoid variant. These tumors are morphologically
characterized by sheets/cords of cells with abundant granular cytoplasm and variably eccentric
nuclei. Among the possible differential diagnoses of histiocytoid lobular carcinoma, it is worth
mentioning some non-neoplastic conditions, such as reactive histiocytic infiltrates and fat necrosis.
Hematoxylin and eosin, original magnification 100×; inset 400×. Note. Personal archive

In addition to traditional prognostic and predictive factors, other actional
biomarkers, such as tumor-infiltrating lymphocytes (TILs) and PD-L1 expression,
have been recently included in the pathological characterization of IBC. PD-L1
expression in ILC has been observed both on lymphocyte and tumor cells. Overall,
the level of TILs and PD-L1 reported in ILCs are lower than those observed in IDC
and with different patterns, suggesting that ILC may be associated with a distinct
immune microenvironment [21–24].

As mentioned above, most ILCs are currently classified as HER-2 negative.
According to the American Society of Clinical Oncology (ASCO) and College of
American Pathologists (CAP), the HER2 test positivity is defined by protein
overexpression (score 3+) at immunohistochemistry (IHC) and/or HER2 score 2+
with gene amplification at in situ hybridization (ISH), while score 2+/ISH negative,
score 1+ and score 0 were considered negative [25]. However, the introduction of
novel anti-HER2 antibody-drug conjugates requires an in-depth categorization of
this “HER2-negative” group, distinguishing tumors with no HER2 expression by
IHC (or in less than 10% of tumor cells; score 0) from those with low HER2



expression (HER2-low IBC) showing immunohistochemistry HER2 score 1+ or 2+/
ISH- [26–28]. Considering ILC, fewer cases have been observed among HER2-low
IBC compared to HER2-zero tumors [29, 30].
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Fig. 11.2 Histological features of lobular carcinoma in situ (LCIS). (a) Monomorphic proliferation
of polygonal discohesive cells with clear cytoplasm that distend the acini with the maintenance of
the lobular architecture. (b) Non-invasive lesion with lobular phenotype, showing eccentric large
pleomorphic nuclei, conspicuous nucleoli and large eosinophilic granular cytoplasm, consistent
pleomorphic lobular carcinoma in situ. Hematoxylin and eosin, original magnification 200×.
Adapted from: Guerini-Rocco and Fusco. Premalignant and preinvasive lesions of the breast. In:
Breast Cancer: Innovations in Research and Management. Veronesi U, Goldhirsh A, Veronesi P,
et al., editors. Springer International Publishing; 2017. p. 103–20 [33]

Non-invasive lobular neoplasia, including lobular carcinoma in situ (LCIS) and
atypical lobular hyperplasia (ALH), are frequently seen in combination with ILC
[31–34]. ALH and LCIS are considered risk indicators and non-obligate precursors
of invasive breast cancer [35, 36]. The neoplastic cells of ALH/LCIS morphologi-
cally resemble those of ILC distending the acini with the maintenance of the lobular
architecture. Moreover, akin to the invasive counterpart, these types of non-invasive
lobular neoplasia lack E-cadherin expression, confirming the early oncogenicity of
CDH1 alterations in hereditary and non-hereditary lobular breast cancer [35–37]
(Fig. 11.2).

11.3 CDH1 Aberrations: The Hallmark of Lobular Breast Cancer

The CDH1 gene (16q22.1) encodes for the E-cadherin protein, which is responsible
for cell adhesion and suppresses cell motility and invasion [38, 39]. The rationale for
the use of E-cadherin as a biomarker in ILC is related to its very biology. This protein
has an extracellular domain responsible for cell-to-cell adhesion via
homodimerization with other E-cadherin molecules on adjacent cells [40]. The
intracellular domain interacts with the actin cytoskeleton indirectly, through a
complex formed by several mediators such as α-, β-, and p120-catenins. Therefore,
the presence and functionality of E-cadherin are crucial not only in maintaining



cell-to-cell adhesion but through the interaction with these mediators, in different
intracellular pathways [40, 41] (Fig. 11.3).
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Fig. 11.3 Molecular events mediated by loss of E-cadherin in hereditary lobular carcinoma.
E-cadherin is a 120 kDa glycoprotein encoded by the CDH1 gene, located on chromosome
16q22.1, and belongs to the classical Cadherin subgroup. It has an extracellular domain formed
by five extracellular ~100 amino acid residue motifs, termed extracellular cadherin repeats. The
calcium binding sites are located in the pockets between the repeats. This extracellular domain is
mainly responsible for cell-to-cell adhesion via homodimerization with other E-cadherin molecules
present on adjacent cells. E-cadherin has a single transmembrane domain that links the extracellular
domain with the smaller intracellular domain. The intracellular domain interacts with the actin
cytoskeleton indirectly, through a complex formed by several mediators such as α-, β-, and p120-
catenins. Therefore, the presence and functionality of E-cadherin are crucial not only in maintaining
cell-to-cell adhesion but through the interaction with these mediators, which plays also a role in a
variety of intracellular pathways

The loss of E-cadherin functionality caused by CDH1 mutations results in the
facilitation of epithelial-to-mesenchymal transition and tumorigenesis [42]. This
molecular aberration is directly reflected by the non-to-poorly cohesive morpholog-
ical appearance of lobular carcinoma cells and by the loss of immunohistochemical
expression of E-cadherin and cytoplasmic expression of p120-catenins [43]. How-
ever, up to 15% of ILC may show E-cadherin expression and abnormal E-cadherin
immunoreactivity has been seen in other breast cancer subtypes, including total
absence or diminished membrane staining, and punctate or cytoplasmic expression
[44, 45] (Fig. 11.4).

In the TCGA series, CDH1 genomic aberrations have been detected in nearly
12% of all breast cancers including truncating, missense and splice-site mutations,
copy number, and structural variants. Somatic CDH1 mutations have been reported



in 50–80% of lobular breast cancer [2, 3, 6] (Fig. 11.5). These mutations mostly
co-occur with heterozygous loss of 16q and they are frequently associated with
downregulation of CDH1 transcript and protein levels [46]. Interestingly, the com-
plete loss of CDH1 expression alone is not sufficient for invasive carcinoma
development, as demonstrated in transgenic animal models. Indeed, other genetic
alterations, such as Smad4 and p53, are required to promote invasiveness and
metastasis [47–49]. Besides alterations affecting the CDH1 gene, epigenetic
modifications and upregulation of transcriptional inhibitors have also been described
as mechanisms of E-cadherin inactivation [50]. An important and frequent epige-
netic modification is hypermethylation of the CDH1 promoter. This alteration has
been studied in hereditary and non-hereditary lobular breast cancers, which suggests
epigenetic silencing as an alternative CDH1 downregulation mechanism. CDH1
DNA hypermethylation has been demonstrated to be inversely proportional to
E-cadherin levels in tumor cells [51].
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Fig. 11.4 Spectrum of E-cadherin immunoreactivity in breast cancer. Representative micrographs
of (a) lobular carcinoma showing loss of E-cadherin immunohistochemical expression (dashed
arrow) and adjacent normal terminal duct-lobular units with strong membranous E-cadherin
staining (full arrow); invasive breast cancers of no special type showing partial loss (b) and strong
(c) membranous immunoreactivity for E-cadherin. E-cadherin immunohistochemistry, original
magnification 200×. Adapted from: Corso G, Figueiredo J, De Angelis SP, et al. E-cadherin
deregulation in breast cancer. J Cell Mol Med 2020;24:5930–6 [50]

Fig. 11.5 Distribution of CDH1 mutations in breast cancer. (a) Oncoprint visualization of the
CDH1mutations across different histological subtypes of breast cancer. (b) Lollipop plot presenting
frequencies and types of CDH1 mutations. TGCA Combined Study (3835 samples) from https://
www.cbioportal.org/, accessed 20th July 2022)

https://www.cbioportal.org/
https://www.cbioportal.org/
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Interestingly, it has been observed that CDH1 promoter hypermethylation is
associated with reduced HR expression, increased disease progression, a higher
metastatic rate, and a more aggressive clinical course overall. It is more frequent
in patients presenting with sentinel lymph node metastases at diagnosis and is
correlated with disease progression to distant metastases [52, 53]. This has led to
the proposal of CDH1 hypermethylation as a prognostic biomarker to predict poorer
outcomes [54]. Another mechanism of E-cadherin inactivation is represented by the
overexpression of its transcriptional inhibitors, namely Snail, SLUG, zinc finger E-
box-binding (ZEB1 and 2), and TWIST transcription factors [55]. Among these
molecules, the one with the highest affinity for the CDH1 promoter is Snail, which
acts by recruiting the mSin3A/Histone Deacetylase1 and 2 (HDAC1/2). Subsequent
deacetylation of histones H3 and H4 results in silencing of the gene, thus effectively
inhibiting E-cadherin synthesis [56, 57]. ZEB1 and ZEB2 behave similarly to Snail
in suppressing CDH1 transcription, but their mechanisms of action appear to be
independent. Thus, it has been hypothesized that at least two transcriptional
downregulation complexes of E-cadherin do exist, but whether they participate in
tumorigenesis within the same cell remains to be established [58]. High levels of
ZEB1 have been found in aggressive BCs and associated with advanced-stage and
lymph node metastases. Therefore, ZEB1 has been proposed as an additional
prognostic biomarker in breast cancers, in particular in lobular breast cancer
[41, 50, 59–61].

E-cadherin and many RTKs tend to co-localize at the basolateral portion of the
cell membrane. In particular, the complex formed by the E-cadherin intracellular
domain and EGFR has been extensively studied to be involved in adhesion-
dependent bidirectional crosstalk. On one hand, cell-to-cell adhesion via
E-cadherin inhibits the EGFR signaling pathway, including downstream mediators
such as MAPK/ERK with downregulation of cell cycle progression and cellular
proliferation [62]. Conversely, it has been demonstrated that cell adhesion tran-
siently activates the EGFR/MAPK signaling cascade, and has a role in tissue growth
[63]. Moreover, the upregulation of several RTKs pathways is known to inhibit E-
cadherin-dependent cell-to-cell adhesion and promote epithelial-to-mesenchymal
transition (EMT), suggesting that E-cadherin plays a role in tumorigenesis even
when not directly affected by inactivating mutations [64]. E-cadherin is also known
to form a complex with β-catenin. The E-cadherin/ β-catenin complex is crucial in
maintaining not only cell-to-cell adhesion but also tissue’s architectural homeostasis.
Beta-catenin is well known for being a central component of the WNT signal
transduction pathway. It has been demonstrated that when catenin is bound by
E-cadherin, the result is the promotion of tissue stasis by inhibition of cell prolifera-
tion and architectural stabilization. The disruption of the cadherin-catenin complex
causes an increase of cytoplasmic un-bound β-catenin. This alters the WNT signal-
ing pathway shifting the balance toward cell growth and proliferation. This effect has
been demonstrated to be unrelated to E-cadherin adhesive properties and to be
entirely dependent on its β-catenin binding region. In addition, β-catenin has an
inhibitory effect on PTEN, a well-known tumor suppressor gene, further promoting
uncontrolled cell proliferation [65, 66]. Another signaling pathway influenced by the



interaction between E-cadherin and catenins at the cell membrane is that of the Rho
GTPases. The Rho GTPases are a family of proteins involved in the interaction of
E-cadherin with the cytoskeleton, a process influenced also by p120-catenin. They
promote and regulate the organization of the cytoskeletal network during the forma-
tion of adherens junctions. The two Rho GTPase subfamilies most known for being
influenced by E-cadherin are Rac and Rho. In normal conditions, E-cadherin
activates Rac1 and inhibits Rho through the interaction of p120, increasing cell
adhesion and cellular structural stability. Loss of E-cadherin causes an increase in
unbound p120, which in turn creates an inversion of this balance. This not only
promotes loss of cell-to-cell adhesion by disruption of the adherens junctions but
also enhances cellular motility and migration due to rearrangement of the cytoskele-
tal network. Therefore, the Rho GTPase family has an important role in the process
of EMT mediated by E-cadherin loss [67, 68]. Moreover, increased levels of p120
upregulate the NF-kB pathway, which contributes to tumorigenesis by promoting
inflammation, cell proliferation, and apoptosis escape [69]. During EMT, when cells
have detached from their tissue of origin they start to migrate within the extracellular
matrix. E-cadherin loss has been demonstrated to enhance cellular motility in this
new environment by upregulation of secretion and activity of metalloproteinases
(MMP) [70]. These molecules play a role in matrix digestion and remodeling and,
when their activity is increased, tumor cell migration is facilitated. In addition,
MMPs have been shown to inactivate E-cadherin by cleavage of its extracellular
domain, further demonstrating the close interplay of these two effectors in tumor
spread [71]. Besides the loss of cell-to-cell adhesion and EMT, E-cadherin loss also
increases the resistance of cells to apoptotic stimuli. This effect is mediated by the
inverse relationship between E-cadherin expression and the Notch pathway. Reduc-
tion in E-cadherin levels is correlated with upregulation of this pathway, leading to
an increase in intracellular levels of Bcl-2. The Bcl-2 family of proteins is known to
be involved in the regulation of programmed cell death. Specifically, they have an
anti-apoptotic role, thus their upregulation following E-cadherin loss promotes
tumor resistance to apoptotic stimuli and improves the survival of neoplastic cells
[72]. The interplay between E-cadherin and a plethora of intracellular signaling
pathways demonstrates how the role of this molecule in tumorigenesis goes well
beyond the loss of cell-to-cell adhesion. This also highlighted the need for detailed
characterization and reporting of CDH1 variants identified, especially at the
germline level.
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11.4 The Genomic Landscape of Lobular Breast Cancer

During the last decades, broad genomic profiling with high-throughput next-genera-
tion sequencing technologies has shown that breast cancers are highly heterogeneous
at the molecular level harboring few recurrent genomic aberrations and potentially
actionable drivers [2, 4, 5, 73–77]. Overall, PIK3CA and TP53 are the most
frequently mutated genes with different mutation rates based on breast cancer
subtype. Nearly 40% of estrogen receptor-positive/luminal breast cancer harbor



somatic driver mutations in the PIK3CA gene. TP53 mutations can be detected in
20–30% of luminal tumors but nearly 85% of basal-like/triple-negative breast
cancers. Indeed, these triple-negative tumors show also high genomic instability
and DNA repair gene aberrations, including BRCA1/2 alterations [75, 77]. ILC
represents a special breast cancer type also at the genomic level. As mentioned
above, ILC is characterized by a higher rate of CDH1mutations as compared to IDC
(63% versus 2% in the TCGA study). Other recurrently mutated genes (reported
rate > 2%) in ILC included: PIK3CA, TBX3, RUNX1, FOXA1, ERBB2, ERBB3,
PTEN, MAP3K1, AKT1, ARID1A, and TP53. Besides CDH1 heterozygous deletion
(16q loss) detected in more than 90% of the cases, other recurrent copy number
variations involve gain of CCND1, FGFR1, andMYC genes. Although amplification
of the HER2 gene is not frequently seen in ILC, somatic mutations of ERBB2 have
been reported in 2%–15% of cases [2–6, 8, 9, 78]. Overall, as compared to estrogen
receptor-positive luminal breast cancer, invasive lobular carcinoma is enriched for
CDH1 mutations and loss, mutation of TBX3 and FOXA1, mutation, and loss of
PTEN with activation of AKT pathway but low mutation rate of GATA-3 [3]
(Fig. 11.6).
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Triple-negative (hormone receptors-negative and HER2-negative) ILC is a rare
disease accounting for nearly 1% of triple-negative breast cancers and it has a poor
prognosis. Although no significant differences in gene mutation frequency have
been found compared to hormone receptor-positive/her2-negative cases, enrichment
for alterations in ErbB and androgen receptor signaling pathways were observed in
triple-negative ILC. Moreover, these tumors show a genomic profile distinct from
triple-negative IDCs, including higher frequencies of CDH1, ERBB2, PI3KCA, and
FOXA1 mutations [8, 79, 80].

Considering primary and metastatic ILC, similar repertoires of genomic
alterations have been described. However, in the metastatic setting higher
frequencies of TP53, ESR1, NF1, and ERRB2 alterations have been reported. Indeed,
these genomic alterations may represent mechanisms of endocrine therapy resis-
tance. Moreover, a higher tumor mutational burden has been observed in metastatic
ILC as compared to primary tumors [81].

11.5 Conclusion

Lobular breast cancers display peculiar characteristics including morphologic, phe-
notypic, and transcriptomic features, genomic aberrations, immune microenviron-
ment composition, and clinical behavior. Given the rarity of and maybe low
awareness about hereditary CDH1-related ILC, few studies have been specifically
focused on this entity and, so far, similar characteristics have been reported. Dedi-
cated investigations are warranted to elucidate the molecular profiles of ILC that
arise in women harboring CDH1 germline mutations. Indeed, there are numerous
questions to be uncovered in the molecular mechanisms driving tumorigenesis and
disease progression. A focused characterization of the molecular profile of hereditary
CDH1-related ILC may enhance our understanding of these tumors and ultimately
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Fig. 11.6 Recurrent genomic alterations in CDH1-mutated invasive lobular carcinoma. Oncoprint
visualization of the most frequently mutated genes in lobular breast carcinomas harboring somatic
CDH1 mutations. TGCA Firehose Legacy series (99 samples) from https://www.cbioportal.org/,
accessed 20th July 2022

https://www.cbioportal.org/


might aid in establishing effective prevention, screening, and tailored treatment
strategies for women carrying CDH1 germline mutations.
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Cristina Trovato

Abstract

Current guidelines recommend upper endoscopy in CDH1 carriers prior to
surgery and then annually for individuals deferring prophylactic gastrectomy.
However, endoscopic detection of cancer foci in HDGC is suboptimal and
imperfect for facilitating decision-making. Alternative endoscopic modalities
such as chromoendoscopy, endoscopic ultrasound, and other non-white light
methods have been utilized, but are of limited utility to further improve cancer
detection and risk stratification in HDGC.

12.1 Text Content and Description

Current guidelines recommended upper endoscopy in CDH1 carriers prior to surgery
and then annually for individuals who defer prophylactic total gastrectomy. How-
ever, when endoscopic surveillance is offered, the limitations should be discussed
with the patient.

The IGCLC endoscopy surveillance protocol (Cambridge method) prescribes a
careful examination in a dedicated session of at least 30 min with high-definition
white light in a centre of expertise. Prior to obtaining random gastric biopsies,
targeted biopsies of all suspicious lesions, in particular pale areas (considered
more likely to have abnormal signet ring cells), erythema, erosion, or other gastric
abnormalities, should be taken. After sampling all visible lesions, five random
biopsies should then be taken from six anatomic regions (prepyloric, antrum,
transitional zone, body, fundus, and cardia) [1–3].
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The primary goal of surveillance endoscopy is to assess for gastric mucosal
changes that may signal progression of early cancer foci and exclude more infiltra-
tive (>T1a) lesions. In addition, the results of surveillance endoscopy can provide
patients with the opportunity to make more informed decisions about gastrectomy.
However, endoscopic surveillance often fails to detect microscopic disease and
histological evaluation of surgical specimens demonstrates cancer foci in up to
45–60% of cases with a negative endoscopic evaluation [ , ].54
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Given its poor reproducibility and high false-negative rates, techniques of early
gastric cancer surveillance other than the Cambridge method have been explored.

At early stage, in diffuse gastric cancer (DGC) the neoplastic cells begin
infiltrating the mucosa, while preserving a normal surface epithelium. Thus, endos-
copy findings can remain normal until the late stages of the disease leading to a delay
in the diagnosis and a very poor prognosis. Moreover, signet-ring cell carcinoma
(SRCC) foci can be sparse (less than 2% of the gastric mucosa) and each focus is
very often less than 1 mm in greatest diameter [6].

A model developed by Fujita et al. estimated that for a 90% detection rate, the
theoretical number of biopsies necessary is 1768 per patient, but this is not clinically
feasible [7]. Moreover, the main disadvantage of taking an extensive number of
biopsies is the formation of scar tissue, which can then mimic the superficial pale
appearance of SRCC lesions.

To improve the diagnostic performance for early HDGC lesions, it is essential to
recognize and well describe the characteristic endoscopic features of those tumours.
Early-stage, superficial SRCC can be seen as non-elevated pale lesions during
gastroscopy (Fig. 12.1). This was first demonstrated by Shaw et al. using
chromoendoscopy with Congo red–methylene blue staining to enhance the visibility
of such lesions [8]. Mi et al. reported that targeted biopsies (of typical pale lesions)
can result in detection of SRCC foci in more than 40% of patients, yielding a
sensitivity of 28% [9]. However, we have to consider other studies demonstrating
that pale areas are very non-specific for SRCC [10–12].

More recent publications have demonstrated that pale lesions can also be found
using white-light endoscopy combined with narrow-band imaging (NBI) to enhance
their visibility. Multiple lesions of early HDGC in white-light imaging, narrow-band
imaging (NBI), and magnifying endoscopy with NBI were showed also in a video
report [13].

Van Dieren et al. reported that, in a cohort of CDH1 mutation carriers, SRCC
lesions were identified by an extensive endoscopic surveillance protocol in 69% of
SRCC-positive patients who underwent a gastric resection. NBI was added as
standard to the guideline protocol for close inspection of the entire mucosal wall
following white-light endoscopy. After targeted biopsies had been taken, six random
biopsies were taken from five anatomic regions (antrum, transitional zone, body,
fundus, and cardia). In this paper, the yield of targeted biopsies (11%) was much
higher for identification of SRCC lesions than the yield of random biopsies (0.9%).
The low number of SRCC detected through random sampling demands a critical
reappraisal of random biopsy sampling in the IGCLC guideline [4].
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Fig. 12.1 Example of non-elevated pale lesion representing foci of superficial pT1a signet-ring
cell carcinoma viewed using high-definition scope with i-Scan system (Pentax, Tokyo, Japan)

The Bethesda protocol is a systematic visualization and biopsy approach of the
gastric mucosa adapted from a method previously described by Yao [14]. After a
standard endoscopic examination, 22 separate anatomic sites were examined and
photographed. Four non-targeted biopsies were obtained from each of the 22 sites.
Abnormal findings were biopsied in addition to the systematic biopsies. On a per
endoscopy basis, the false-negative rates of detection using Cambridge method and
Bethesda protocol were 80% (12/15) and 37.7% (17/45), respectively
( p < 0.01) [15].

Chromoendoscopy, which aids in identifying mucosal pale areas, was reported to
improve SRCC detection rates; however, this technique is limited to detecting only
larger cancer lesions. Moreover, due to concerns about dye toxicity,
chromoendoscopic examination is currently not recommended as a standard of
care for HDGC [1, 12, 16].

Further development of endoscopic techniques, such as electronic enhanced
imaging techniques, confocal endomicroscopy, magnification and artificial intelli-
gence, is warranted to improve the detection rate of SRCC foci.

The implementation of artificial intelligence (AI) technologies across multiple
gastrointestinal (GI) endoscopic applications has the potential to transform clinical
practice favourably and improve the efficiency and accuracy of current diagnostic
methods.

Recently, AI-assisted convolutional neural network (CNN) computer-aided diag-
nosis (CAD) system, based on magnifying endoscopy with narrow-band imaging



(ME-NBI) images, was proposed and evaluated for diagnosis of early gastric cancer
(EGC), but has not been studied in HDGC. This system may have great potential for
future application to real clinical settings, which could facilitate ME-NBI diagnosis
of EGC in practice [17].
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Confocal endomicroscopy (CEM) is indicated for microscopic visualization of
the mucosa during endoscopy at an approximately 1000-fold magnification and
might limit the sampling error of untargeted biopsies [18]. However, in a recent
phase II clinical trial, confocal endomicroscopy alone has low sensitivity for occult
cancer detection in CDH1 variant carriers, although it appeared no worse than the
current recommended method and required fewer biopsies per patient [19].

Note
Parts of this chapter are based on the open access publications by Corso et al. 2020
[20] and Corso et al. 2022 [21].
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Abstract

In this chapter, the endoscopic surveillance indications, limitations, and histolog-
ical findings in CDH1, CTNNA1, and HDGC-like families are discussed. Annual
endoscopic surveillance following an extensive protocol in an expert center is
accepted as an alternative for individuals with a pathogenic CDH1 variant who
wish to postpone surgery. Since there are a limited number of CTNNA1 families
described, the penetrance data is limited, and the indication for a prophylactic
gastrectomy is unclear. Prophylactic gastrectomy can be discussed depending on
the personal and family history, but annual endoscopic surveillance in an expert
center is mostly preferred in carriers of a pathogenic CTNNA1 variant. Surveil-
lance instead of prophylactic total gastrectomy is also advised in pathogenic
CDH1 variant carriers with an unclear risk of diffuse gastric cancer, such as
those families who present exclusively with breast cancer, or who do not meet
HDGC genetic testing criteria. First-degree relatives and affected individuals
from families with a variant of unknown significance and HDGC-like families
may be considered for annual endoscopic surveillance for at least 2 years.
Endoscopically, early signet ring cell lesions are subtle alterations such as pale
areas and sessile lesions, and this may change regarding form, erosion, and
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vascular pattern, when lesions invade more deeply. Corresponding histological
findings in biopsies from HDGC(-like) individuals can be subdivided into three
categories: (1) small intramucosal signet-ring cell carcinoma, which can be
considered as indolent, very early DGC lesions—T1a; (2) small to intermediate
lesions with increased atypical cells, still restricted to the mucosa of the
stomach—T1+ and; (3) advanced diffuse-type gastric cancer in which tumor
cells are diffusely infiltrative—DGC ≥ T2.
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13.1 Endoscopic Surveillance in CDH1 and CTNNA1

In carriers of a CDH1 or CTNNA1 pathogenic germline variant, early gastric cancer
presents often as subtle lesions that are typical for this group. Both the early
superficial lesions and the more advanced lesions can be very difficult to find. As
such, surveillance endoscopy performed in hereditary diffuse gastric cancer (HDGC)
demands specific experience. The percentage of persons with a CDH1 pathogenic
germline variant that are identified with signet ring cell carcinoma (SRCC) lesions
during endoscopy shows a great variation in the literature and differs between 9 and
61% [1–7]. In most publications SRCCs are mainly found in random biopsies,
although some experienced centers also report a yield of 28–43% of mutation
carriers with positive targeted biopsies (Table 13.1). The large variation in the
yield of targeted biopsies may depend on experience of the endoscopist with this
specific group of patients and the inspection time. Most lesions are identified during
the first endoscopy and less often during follow-up endoscopies [3, 7]. Because there
are few patients with CTNNA1 pathogenic germline variants, very little is known on
the yield of surveillance in this group.

Annual surveillance usually starts when a person (>18 years) tested positive for a
pathogenic germline variant in CDH1 or CTNNA1. There is no strict upper age limit
to end the surveillance, this depends on the person’s fitness and co-morbidity. But in
general, surveillance in those older than 70 is probably not purposeful. The use of
high-definition endoscopes, the use of contrast enhancement techniques such as
narrow band imaging/i-scan/optical enhancement/Fujinon intelligent
color-enhancement, the experience of the endoscopist and the pathologist, and the
adherence to the protocol are all likely factors to increase the detection rate. The
surveillance endoscopy is preferentially performed under conscious sedation with
midazolam or with propofol sedation, as discomfort and unrest is not beneficial for
an optimal inspection. The stomach is flushed with water or mucolytics to remove
adherent mucus and bile. The extent of inflation and deflation should be tested two to
three times. Then a thorough 30-minute close inspection of the entire mucosal wall
with white light and contrast enhancement techniques is done. All suspected lesions
are biopsied separately and sent for histopathological investigation. Besides these
targeted biopsies, also 30 random biopsies are taken (5 cardia, 5 fundus, 10 body,
5 transitional zone, 5 antrum) [8]. It is also recommended to exclude Helicobacter
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Small intra-mucosal (pT1a) foci of signet-ring cells are considered to be early
lesions for infiltrative diffuse gastric cancer. Shaw et al were the first to report that

Pylori. Dependent on the H. pylori test (e.g., histological analysis or bacteria
culture), it might be necessary to take additional biopsies.
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13.2 Type of Lesions Found in Gastroscopic Surveillance
in CDH1 (Panel Fig. 13.1)

1. Endoscopic and Histological Features of Typical Intra-mucosal Type 1 lesions
(T1a)

Fig. 13.1 Panel figure of endoscopic lesions and corresponding histology in biopsies of HDGC.
Type 1 lesions: Pale SRCC lesions often have a round well-demarcated contour (a and c), but may
be more spiculated (b). Microscopically, T1a foci are characterized by an accumulation of typical
mucin-filled signet ring cells restricted to the upper layer of the mucosa (d). Type 2 lesions: T1+
lesions can show subtle depression (e and g) or elevation (f) and a changed chaotic, vascular pattern
(g) or coarse pit pattern (f). Type 2 lesions display smaller pleiomorphic tumor cells intermingled
with classic signet ring cells (h). Type 3 lesions: Endoscopically DGC can be seen as thickened
folds (i and k) or as a more localized elevated tumor with ulceration (j). Microscopically, there is a
diffuse atypical tumor mass of polymorphic atypical small cells with only some typical signet-ring
cells (l). Other pale lesions: Scar tissue is characterized by a typical biopsy-forceps shape (m).
Microscopically hardly any abnormality is seen, only subtle fibrous tissue, some irregular vessels
and some irregularity of glandular architecture (n). Intestinal metaplasia is endoscopically visible as
white plaques, often spreading over a greater area, either in antrum. or corpus or both (o). And
microscopically typical goblet cells are seen in the glands (p)



small, millimetric non-elevated pale lesions found during gastroscopy
represented these intramucosal clusters of signet ring cells [ ]. These authors
used chromoendoscopy with Congo-Red to enhance the visibility of these lesions
[ ]. However, since Congo-Red has been labeled as potentially carcinogenic, this
technique is not used for screening anymore. More recent publications have
demonstrated that the visibility can also be enhanced by adding narrow band
imaging to white light endoscopy [ , ]. The pale SRCC lesions often have a
round well-demarcated contour, sometimes they are more garland-shaped or
spiculated. Alternative diagnoses of non-elevated pale lesions are scar tissue/
fibrosis (often induced by earlier biopsies) or intestinal metaplasia [ ]. Although
scar tissue induced by earlier biopsies often have a typical biopsy-forceps shape
and intestinal metaplasia is often more garland-shaped than SRCC lesions, it can
be very difficult to differentiate these diagnoses with the bare eye. Therefore, a

3

83

1

1

Whereas the indolent T1a (type 1) lesions display a monomorphic clustering
of signet ring cells in the upper half of the lamina propria, the more invasive T1+
(type 2) lesions are characterized by an increased amount of smaller pleiomorphic
tumor cells with enlarged irregular nuclei without or a minority classic signet ring
cells. These cells have a tendency to spread deeper in the lamina propria and may
already invade the muscularis mucosa. Also some degree of stromal reaction may
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biopsy is recommended if there is doubt about the endoscopic diagnosis.
The T1a foci are microscopically characterized by an accumulation of typical

mucin-filled signet ring cells restricted to the lamina propria, especially the upper
layer of the mucosa, without infiltration beyond the mucosa. Most of these foci
are small, less than 1 mm up to several millimeters. Signet ring cells in these T1a
foci are considered differentiated hypoproliferative cells. Precursor signet ring
cell lesions as in-situ and pagetoid spreading signet ring cells are not regularly
found in surveillance biopsies. It is unclear whether T1a foci found in HDGC
patients are persistent lesions that may progress into advanced DGC or are
dynamically formed and dissipated, therefore the natural course of these lesions
is difficult to predict [9]. It is likely that intramucosal SRCCs can have an indolent
phase, since many T1a SRCCs without deeper invasion are typically found in
propylactic gastrectomies.

2. Endoscopic and Histological Features of Atypical and Infiltrative Type 2 Lesions
(T1+)
As discussed, it is unknown if all indolent signet ring cell lesions have the ability
to change to a more aggressive behavior and it is also unknown what exactly can
trigger this change. Endoscopic aspects of early lesions losing their indolence
have been scarcely described. However, aspects of some lesions with a changed
endoscopic morphology have been described in recent publications [3, 8]. Lesions
that invade more deeply than the mucosa can display erosion or ulceration, subtle
depression or elevation of the lesion, a changed, chaotic vascular pattern, and also
a coarse pit pattern can be seen. As mentioned, data on the lesions that are losing
their indolence are scarce, but the described features should probably be regarded
as endoscopic alarm symptoms. The endoscopic features should also be linked to
the histopathological aspect of the lesion.



be seen. The progressive accumulation of poorly differentiated cells, as seen in
pT1+ tumors, suggests that gradual changes in early-stage lesions may drive their
transition into advanced DGC over time. In line with this, advanced DGC tumors
in gastrectomy specimens frequently contain signet ring cells near the lumen,
which may indicate the former existence of an early lesion. The type 2, T1+
lesions are rarely seen, possibly because this intermediate stage between T1a and
advanced stage is a short-lived stage. Alternatively, it can be hypothesized that
the development of type 1 to type 2/3 lesions represents independent events. In
this case, tumor cells either form indolent non-persistent T1a lesions made up of
classic signet ring cells or form from the start atypical lesions that have the ability
to progress into advanced cancer [ ].9
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3. Endoscopic and Histological Features of Truly Advanced Lesions: Diffuse Gas-
tric Cancer, Type 3 Lesions (≥T2)
The aspect of advanced diffuse gastric cancer is not uniform. Sometimes a focal
tumor (mass) can be seen. Ulceration can also be present. However, more often,
diffuse gastric cancer presents not as a focal circumscribed mass, but as a diffuse
abnormal aspect of the stomach with thickened rigid gastric folds (linitis plastica)
which makes the stomach difficult to insufflate with air. The fact that a clear
circumscript lesion is often lacking and that the appearance of the thickened folds
can also resemble gastritis can make it a very difficult endoscopic diagnosis.
Especially since it is also known that biopsies from these thickened folds can
often be false-negative as tumor cells mostly grow underneath the mucosa.

Microscopically biopsies of advanced DGC are characterized by a mixture of
diffusely growing atypical pleiomorphic cells with or without classic signet ring
cells. There may be some degree of stromal reaction. Progression toward
advanced DGC is accompanied by an increased abundance of poorly
differentiated cells with proliferative capacity. Histologically it is difficult or
even impossible to discriminate type 2 from type 3 lesions, since biopsies are
restricted to the mucosa with only some amount of submucosal tissue. An
indication for widely spreading DGC is when the entire gastric biopsies are filled
with a diffusely growing atypical tumor proliferation with hardly any pre-existent
mucosa.

13.3 Considerations on the Goals of Surveillance Endoscopy

Gastroscopic surveillance has its limitations as both advanced diffuse gastric cancer
and superficial signet ring cell lesions can be very difficult to detect. Therefore,
prophylactic gastrectomy should be offered to all (healthy) carriers of a pathogenic
CDH1 germline variant with a positive history of DGC in the family [8]. At least a
single endoscopy is advised in all patients who consider or have already decided that
they want to undergo a prophylactic gastrectomy. In these patients the purpose of the
endoscopy is mainly to exclude invasive gastric cancer (≥T2), as this warrants
adequate staging imaging and, in case of no further dissemination, neo-adjuvant
systemic treatment [10]. Also other abnormalities or disease entities should be



excluded or treated such as Barrett’s metaplasia in the distal esophagus and
Helicobacter pylori infection. Both conditions might influence treatment. In case
of a Barrett’s esophagus, the surgery (the level of the anastomosis) might be adapted.
Alternatively, an endoscopic resection of the Barrett segment should be considered.
In case of a proven Helicobacter pylori infection in a patient aiming for endoscopic
surveillance, the Helicobacter pylori should be eradicated, since it is an additional
WHO-classified risk factor for the development of gastric cancer. Also, the stomach
mucosa is easier to inspect endoscopically if there is no significant inflammation.
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There can be multiple reasons for carriers to postpone surgery and choose for
endoscopic surveillance instead. The fact that there is also a fair chance that life-
threatening gastric cancer will never occur, individual co-morbidity, age, and the
enormous impact of a prophylactic gastrectomy on the quality of life are possible
reasons to choose for surveillance instead of a prophylactic gastrectomy. Also,
families with unknown cancer risks may prefer surveillance, e.g., families without
gastric cancer or with exclusively breast cancer (defined as hereditary lobular breast
cancer—HLBC) and variants of unknown significance. As such, the risk of life-
threatening gastric cancer is probably lower in families that do not fulfill HDGC
criteria, such as families identified with multigene panel testing, HLBC families, or
families with CDH1 variants of unknown significance [4, 11]. If someone chooses to
undergo surveillance, it is important that they are aware of the limitations of
surveillance. These limitations should be extensively discussed with those who
consider to undergo surveillance instead of a prophylactic total gastrectomy. They
must be informed that surveillance can delay identification and treatment of gastric
cancer. Also, surveillance should only be performed in expert centers where both
endoscopists and pathologists have ample experience with this specific group of
patients [8].

The overall goal of surveillance endoscopy is to determine if surgery can be
postponed safely. Surveillance is probably not purposeful in those who are not able
or willing to undergo treatment, especially total gastrectomy. Patients who want to
postpone surgery often want to decide about the timing of surgery depending on the
results of the gastroscopy. Some prefer to continue annual surveillance until a certain
timepoint in their life where they feel more prepared for the impactful surgery, for
example after finishing their education, after starting up their career or after birth of
their children. Others will also choose for continuing surveillance despite the
discovery of an early T1 lesion, although gastrectomy is formally advised, but
they opt to wait until (significant) T1(+) lesions are found. Intensifying the surveil-
lance interval to biannually is then recommended to carefully re-inspect the area of
the detected lesion and possible progression towards a type 2 lesion. The surveil-
lance is then aimed on finding increased atypia either endoscopically or histologi-
cally, implying a ≥ T1a + lesion. These findings warrant a gastrectomy.

The goal of gastric surveillance should not be to find every single SRCC lesion.
There is a very high a priori chance of having SRCC lesions as a CDH1 mutation
carrier. A literature study of histopathological examination after total gastrectomy in
174 asymptomatic CDH1 mutation carriers showed that 95% of the gastrectomy
specimens contained T1a signet ring cell lesions when a total embedding protocol is



used [12]. Yet, only a small proportion of the T1a lesions are found during endo-
scopic surveillance, even in experienced centers. In a publication with one of the
highest reported yields of endoscopic SRCC detection by targeted biopsies, it was
calculated that at least 94% of the superficial T1a lesions were not detected during
endoscopy when a comparison was made with the number of lesions detected by
pathological examination of the resection specimen [3].
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Furthermore, the chance for CDH1 mutation carriers of developing life-
threatening, metastatic gastric cancer is now estimated at 42% for men and 33%
for women [11]. These data confirm the fact that the superficial T1a lesions can
display a very indolent behavior. Altogether, the high a priori chance of having
superficial T1a lesions, the low chance of finding them even in state-of-the-art
endoscopic surveillance and their indolent behavior raise questions on the relevance
of finding these in surveillance endoscopy. Therefore, the detection of superficial
T1a lesions without atypical features must not lead to a prompt advice to undergo
surgery in a surveillance setting, especially in older-aged mutation carriers and
mutation carriers with significant co-morbidity. Probably, the relevance of finding
superficial T1a lesions varies between persons. The finding of two superficial T1a
lesions during endoscopic surveillance in a 25-year-old healthy person may stimu-
late this person to start planning surgery within a few years. Whereas the finding of
two superficial T1a lesions in endoscopic surveillance in a 65-year-old person with a
history of a myocardial infarction may lead to the decision to continue endoscopic
surveillance until there are reasons to think that there is development of a more
invasive (≥T1a+) lesion.

In all, the most important lesions to detect in endoscopy are the T1+ lesions that
tend to infiltrate deeper toward the submucosa. This is the moment that surgery
should not be postponed unnecessarily as deeper infiltration is associated with an
increased risk of metastasis.

Although endoscopists are of course aware of features of advanced diffuse gastric
cancer, there is always a chance that even this can hide from endoscopic view. As
such, there are some reports on interval cancers in CDH1 mutation carriers under
surveillance [6, 13]. Random biopsies may reveal hidden infiltrative diffuse gastric
cancer, although negative biopsies unfortunately do not exclude the diagnosis
because of the tendency of the tumor to grow in the submucosa.

13.4 Considerations on Biopsies (Random Versus Targeted)
During Surveillance

As mentioned above, there is a large variation in the literature in the endoscopic
detection of early DGC lesions (Table 13.1) [1–7, 14–18]. Despite the prescription
of a 30-minute inspection to scan for abnormalities, most publications mention only
detection of signet ring cells in random biopsies and not in targeted biopsies
(Table 13.1). Probably, the great diversity among surveillance outcomes implicates
a difference in the quality, experience and extensity of the surveillance endoscopy,
and possibly also a diversity in penetrance between families. To perform endoscopy



with random biopsies no specific training in recognition of SRCC lesions is required
and experience with surveillance of these patients is not essential. However, the low
yield of SRCC lesions by random biopsies makes this approach less attractive. A
model estimated that for a 90% detection rate, 1768 biopsies would be needed per
patient to capture at least a single cancer focus [19]. A disadvantage of extensive
random biopsies is the formation of scars. These scars can mimic the superficial pale
SRCC lesions and widespread scars can therefore hamper adequate surveillance.
However, the great diversity among surveillance outcomes in CDH1 cohorts
implicates that random biopsies cannot be omitted in the surveillance protocol,
even in centers with considerable experience. Limiting the number of random
biopsies in centers with high detection rates in targeted biopsies can be considered.
Further development of endoscopic techniques to improve the yield of targeted
biopsies is warranted. Hopefully, high-definition endoscopes, magnification,
imaging-enhancing techniques, and artificial intelligence will help in further improv-
ing detection rates of SRCC foci in the near future.
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13.5 Endoscopic Surveillance in CTNNA1 Mutation Carriers

Only a limited number of families with germline CTNNA (encoding α-1-catenin)
mutations have been reported, consequently, there is very minimal experience with
endoscopic surveillance and it is difficult to make strong recommendations. Prophy-
lactic gastrectomy approaches may be justified in families presenting with multiple
gastric cancer cases. In a reported mutation carrier with a negative pre-operative
endoscopy, the specimen did show a fewmucosal signet ring cell foci [20]. However,
by using good quality endoscopes and experience with endoscopic surveillance for
diffuse-type gastric cancer, annual endoscopic surveillance in an expert HDGC
center should be considered as is currently recommended by the International
Gastric Cancer Linkage Consortium [8]. Prophylactic total gastrectomy can be
considered depending on the results of endoscopy and biopsies and the penetrance
of DGC in each family. Given the lack of knowledge about breast cancer in families
carrying CTNNA1 pathogenic variants, breast surveillance may be considered on a
case-by-case basis [8].

13.6 What Is Known on Gastric Inlet Patches in Mutation
Carriers?

In about 1:100 to 1:1000 gastroscopies a gastric inlet patch (GIP) is observed. A GIP
is a patch consisting of ectopic columnar gastric mucosa with or without oxyntic
glands. In case of the presence of a GIP, the relative frequency of an adenocarcinoma
is higher in the GIP than outside the GIP [21]. In a small case series in eight carriers
of a CDH1 pathogenic germline variant 50% appeared to have a GIP. However, in
biopsies of those no divergent gastric mucosa was found, thus no early signet cell
lesions were observed [22]. To our knowledge, there are no reports on CDH1



mutation carriers who developed a clinically relevant carcinoma in a GIP. To
increase the awareness and the knowledge on the possibility of SRCCs to develop
in these GIPs, the current IGCLC guideline suggests inspection and biopsies if GIPs
are present in mutation carriers.
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13.7 What Is Known on Helicobacter pylori Infection in HDGC?

There is no clear association between H. pylori infections and the development of
diffuse gastric cancer. The only clear association is the one between H. pylori
infection and the development of intestinal gastric cancer, which is not associated
with germline CDH1/ CTNNA1 mutations. However, there are publications that
report H. pylori infections in patients with advanced HDGC [3, 23]. Although
these numbers are too small to draw firm conclusions, it may be hypothesized that
H. pylori infection or chronic inflammation may trigger the development of invasive
gastric cancer in CDH1 mutation carriers.

13.8 Endoscopic Surveillance in HDGC-Like Families

In over 70% of all individuals who fulfill the criteria for genetic testing for HDGC, a
CDH1 or CTNNA1 pathogenic germline variant cannot be detected. Therefore, for
all cases fulfilling specific HDGC criteria, but without a CDH1 or CTNNA1 patho-
genic germline variant, the term “HDGC-like group”was introduced in the guideline
of 2020 [8]. Families that are considered to be HDGC-like fulfill HDGC genetic
testing family criteria 1 or 2. These two criteria include: (1) two or more gastric
cancer cases in a family regardless of age, with at least one confirmed DGC; or
(2) the combination of at least one DGC at any age and one lobular breast cancer at
age < 70 years, in different family members [8]. Next to these two criteria, there are
too few data to support surveillance endoscopy in first-degree relatives of young
individuals with DGC without any family history or pathogenic CDH1/CTNNA1
variant.

For individuals from this HDGC-like group, data to support the optimal endo-
scopic screening remain scarce. The lifetime risk for HDGC-like first-degree family
members is unknown, but estimated to be far lower compared to carriers of a CDH1
or CTNNA1 pathogenic germline variant. As such, a total prophylactic gastrectomy
in family members for which the individual risk of developing DGC is unknown is
not advised. Also, endoscopy data are limited. A few studies showed a 10-fold lower
detection rate of early signet ring cell cancer lesions in this group compared to
proven HDGC carriers in expert centers [7, 24]. In our study, we detected as a
by-catch in 4% dysplasia and in 42% intestinal metaplasia—an estimated higher
incidence than in the general population [24]. The meaning of this observation in this
group is unclear, since both dysplasia and intestinal metaplasia are risk factors for the
development of gastric cancer, but mostly associated with intestinal cancer



[25, 26]. Also, the optimal interval for endoscopic screening in this population is
uncertain [24].
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Based on this limited evidence, the current recommendation for first-degree
relatives of HDGC-like affected individuals is to consider endoscopic screening on
an annual basis in an expert center for at least 2 years. Surveillance is recommended
to begin at 40 years of age, or 10 years prior to the youngest case of DGC within the
family, with a minimum age of 18 years. The chance of a positive biopsy is probably
highest during the first endoscopy, therefore after two negative endoscopies, as a
patient-shared decision, an extension to every 2 or 3 years can be considered (Blair,
Lancet Oncol 2020).
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Abstract

Invasive lobular carcinoma (ILC) is the second most common histologic form of
breast cancer, representing 5% to 15% of all invasive breast cancers. Due to the
peculiar growth pattern, invasive lobular carcinoma remains clinically and radio-
logically challenging in many cases. Mammography has some well-known
limitations in detecting ILC for the subtle findings related to its slow-growing
and insinuating nature. Contrast-enhanced spectral mammography (CESM) is a
new diagnostic method that enables the accurate detection of malignant breast
lesions similar to that of breast MR. Breast magnetic resonance imaging (MR) is
considered the most accurate imaging modality in detecting and staging invasive
lobular carcinoma and it is strongly recommended in preoperative planning for
all ILC.

14.1 Introduction

Invasive lobular breast cancer (ILC) is the second most common histologic type of
invasive breast cancer behind invasive ductal carcinoma (IDC), accounting for 5%–
15% of all invasive breast cancers [1].

The incidence of ILC is increasing steadily as a result of improved diagnostic
techniques and the increased use of hormone replacement therapy in post-
menopausal women [2–4].

Deficient E-cadherin expression, caused by an inactivation of the CDH1 gene, is
an important immunohistochemical marker of ILC. E-cadherin is strongly related to
cell-cell cohesion, and affects morphology and motility of cells. Therefore, loss of
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E-cadherin expression may be the cause for the discohesive pattern of ILC growth,
with single cells or files of cells invading the stroma with little effect on the overall
tissue architecture [5]. Classic ILCs typically present low to intermediate mitotic
index, low nuclear pleomorphism, and low histologic grade. They are generally
hormone receptor-positive and rarely show HER2 protein overexpression or ampli-
fication. These features are generally associated with a good prognosis, yet some
studies suggest that long-term outcomes of ILC are inferior to stage-matched
invasive ductal carcinoma (IDC) [6]. Lobular tumors are significantly more likely
to be Luminal A and have lower frequencies of TP53 pathway defects than ductal
tumors [7].
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In general, ILC tends to be more common among older and white women, more
likely to be larger tumor size, and diagnosed at a later stage of disease as compared to
IDC. Additionally, ILC is more often multifocal and bilateral [8–11].

The pathological diagnosis of ILC relies on the non-cohesive nature, single file or
targetoid pattern of the cells, according to the fifth edition of the World Health
Organization’s Classification of Breast Tumours [12].

This peculiar growth pattern and its failure to elicit a desmoplastic response make
ILC difficult to detect clinically, since lesions are often poorly circumscribed and fail
to form discrete palpable masses and radiologically. In addition, current imaging
modalities are not very specific to differentiate ILC from other invasive breast
cancers, resulting in higher false-negative rates compared to other invasive breast
cancers [13].

14.2 Imaging Findings of ILC

In the first evaluation of interval cancers after the initiation of breast cancer screening
with mammography in the Netherlands, it became clear that ILC was a common
pathologic diagnosis in the missed carcinoma group [14], attributed to the diffuse
infiltrative pattern of the tumors and the poor desmoplastic reaction of the
surrounding tissue.

The limitations of mammography in the detection and evaluation of invasive
lobular carcinoma (ILC) have long been recognized. The sensitivity of
mammograms in detecting ILC is about 57%–81%, with 35% of cases visible only
on one view, more commonly on the cranio-caudal projection, and 30% of cases not
visualized at all [15, 16].

Furthermore, it is well documented that mammographic sensitivity is inversely
correlated with the degree of fibroglandular tissue density. When breast tissue is
described as heterogeneous or extremely dense, the sensitivity of mammography for
the detection of invasive tumors can be as low as 30–48% [17].

Berg et al. specifically examined the performance of mammography as a function
of both tumor type and breast density. Mammographic sensitivity was 81% for IDC
compared with 34% for ILC; when only those patients with dense breast tissue were
considered, sensitivities decreased dramatically to 60% for IDC and 11% for
ILC [18].

https://www.sciencedirect.com/topics/medicine-and-dentistry/mammography
https://www.sciencedirect.com/topics/medicine-and-dentistry/lobular-carcinoma
https://www.sciencedirect.com/topics/medicine-and-dentistry/lobular-carcinoma
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Fig. 14.1 Mass with spiculated and indistinct margins identified on mediolateral oblique and
craniocaudal mammographic view. (a, b) Mediolateral oblique (a) and craniocaudal (b) views of
the right breast show a low-density, irregular mass with spiculated margins (arrow) at the posterior
depth in the inner-inferior quadrant of the right breast

Due to these diagnostic challenges, it is crucial for breast imaging radiologists to
be aware of the atypical and subtle mammographic patterns of ILC.

The mammographic presentations of invasive lobular carcinoma include:

• A mass (up to 65% of cases) with irregular margins mostly speculated (Fig. 14.1)
but sometimes circumscribed.

• Architectural distortion (10–34%) (Fig. 14.2) and asymmetric, focal density equal
to or less than of normal breast parenchyma.

• Microcalcifications are uncommon (0 to 24%).
• Normal or benign mammographic findings in invasive lobular carcinoma are

reported in 8 to 16% of cases.

In several series, it has been reported that up to 53% of ILC tumors present as
spiculated masses on mammography [19, 20], while other investigators report that
the majority of ILC tumors (68%) present as asymmetric densities or as masses with
poorly defined margins [13]. All series report that a well-circumscribed mass is an
uncommon mammographic presentation of ILC, seen in less than 1% of lobular
tumors. Overall, the most common mammographic manifestations of ILC include
spiculated, ill-defined masses, architectural distortion, and poorly defined asymmet-
ric densities. The low sensitivity of mammography for detecting ILC is due to the



low density of the tumor cells and lack of desmoplastic stromal reaction. Hilleren
et al. [19] noted that 50% of spiculated ILC masses have an opacity less than or equal
to that of normal breast parenchyma on all views obtained. Therefore, the morphol-
ogy of the ILC tumor is not so much the problem as is the lack of contrast differences
between ILC tumors and surrounding, and even overlapping, normal breast tissue.
This allows these tumors to be camouflaged despite being in plain view on mammo-
gram images. Architectural distortion accounts for approximately 14 to 25% of cases
of mammographically detected ILC [19, 20]. Architectural distortion is identified on
mammography when the normal architecture of the breast parenchyma is distorted
but no discernable or discrete mass is obvious to the reader. It can include spicules
radiating from a central point, as well as focal retraction or distortion of the edge of
the parenchyma.
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Fig. 14.2 Architectural distortion in a 57-year-old woman who presented with nipple retraction
and focal hardness in the right breast. (a, b) Craniocaudal (a) and mediolateral (b) mammograms
show an area of architectural distortion (arrow) in the inner-inferior quadrant of the right breast. (c)
US shows an irregular, spiculated mass with posterior shadowing

The ultimate goal of screening mammography programs worldwide is to detect
breast cancer at an early stage. High-quality, high-resolution detailed images that
exploit contrast differences between normal and diseased breast tissue are the



fundamental elements that allow detection of malignancy on mammograms. The
accuracy of two-dimensional mammography (DM) can be improved by the use of
breast tomosynthesis (DBT) or contrast-enhanced digital mammography (CEDM).
DBT, digital breast tomosynthesis (DBT), also known as three-dimensional mam-
mography, has the potential to explore breast tissues by producing thin slices of the
mammographic view. DBT reduces the tissue-masking effect and improves lesion
conspicuity with a better evaluation of parenchymal distortion, asymmetries, and
ill-defined masses, which are common findings in ILC [21]. Several studies have
shown that DBT has better capabilities than DM in lesion detection and characteri-
zation. The rate of detection of architectural distortions can improve up to 57%,
when DBT was added to DM. Mass margins are better perceived, improving the
evaluation of breast masses and allowing ill-defined margins to be appreciated as
spiculated margins. The higher sensitivity of DBT improves the visibility of invasive
lobular cancers, by more clearly depicting architectural distortions and speculations
[22–25].
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Contrast-enhanced mammography (CEM) is a relatively new technology in
breast imaging which allows both a morphologic evaluation comparable to routine
digital mammography and a simultaneous assessment of tumor neovascularity,
similar to breast magnetic resonance (MR). CEDM generates a high-resolution,
low-energy, full-field digital mammography image and a post-iodinated contrast
recombined image to assess tumor neoangiogenesis. In the preoperative loco-
regional staging of ILC patients, the performance of CEDM outperforms standard
DM in the evaluation of the extension of disease and in measurement of lesions,
leading to improved surgical outcomes [26–28] (Fig. 14.3).

Fig. 14.3 Forty-seven-year-old woman with heterogeneously dense breast on routine mammogra
phy with architectural distortion in the right breast (arrow). (a, b) Craniocaudal and mediolateral
MLO views show suspicious architectural distortion; extent is difficult to determine because of
dense breast tissue. (b–d) Recombined image, after administration of iodinated contrast agent,
demonstrates a suspicious non-mass enhancement. Patient underwent mastectomy. Histopathology
demonstrated 6.5 cm of Grade 2 classic ILC. CEDMwas more accurate than DM in assessing tumor
extent

https://www.sciencedirect.com/topics/medicine-and-dentistry/mammography
https://www.sciencedirect.com/topics/medicine-and-dentistry/mammography
https://www.sciencedirect.com/topics/medicine-and-dentistry/mastectomy
https://www.sciencedirect.com/topics/medicine-and-dentistry/histopathology
https://www.sciencedirect.com/topics/medicine-and-dentistry/lobular-carcinoma
https://www.sciencedirect.com/topics/medicine-and-dentistry/digital-mammography
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Breast magnetic resonance (MR) is the most sensitive tool for the diagnosis of
ILC. Breast MR is routinely used in the preoperative staging to better determine the
extent of newly diagnosed breast cancer and several medical societies, including the
American Society of Breast Surgeons, the National Comprehensive Cancer Network
and the European Society of Breast Imaging, recommend its use in the preoperative
work-up of patients with ILC, particularly in women with dense breast. The retro-
spective sensitivity of breast MR imaging for ILC is high. In a meta-analysis of
studies of MRI use in women with ILC, the overall sensitivity was 93.3% (95%
CI 88–96%). Only few studies are prospective in design [29, 30].

The sensitivity of breast MR, in these prospective studies, ranged from 95 to
100% for ILC in line with the results from the retrospective studies. Furthermore,
MRI is more likely to demonstrate an ILC span that is concordant with final surgical
pathology size compared to conventional imaging which tends to underestimate the
size of ILC and the T category of stage, the latter of which can affect treatment
planning and clinical trial eligibility (Fig. 14.4).

Several studies suggest that preoperative MRI could provide particular value in
the assessment of ILC by allowing better depiction of disease, particularly for
women who are considering breast conservative surgery and for those with dense
breast.

MRI findings of ILC include:

1. Solitary mass with irregular margins.
2. Multiple small enhancing foci connected by enhancing strands which correlate

pathologically with non-contiguous tumor foci with malignant cells streaming in
a single-file fashion in the breast stroma or enhancing clusters with
non-enhancing intervening tissue which correspond to small tumor aggregates
separated by normal tissue.

3. Areas of non-mass enhancement of various distributions and characteristics.

ILC generally shows longer time to peak enhancement, lower enhancement
intensity, and less frequent wash-out kinetics than for IDC (Fig. 14.4), probably
related to distinct patterns of vascular endothelial growth factor expression and
angiogenesis [31–36].

Diffusion-weighted imaging (DWI) has been widely integrated into clinical
practice for breast imaging. The major strength of DWI is that it can provide
quantitative information about the motion of water molecules and biological
characteristics of tumors without a contrast agent injection. Many studies have
already demonstrated DWI as an imaging tool for improving breast cancer diagnosis
and characterization [37–39]. DWI can help distinguish between benign and malig-
nant lesions [40] and could reduce false positives and unnecessary biopsies
[41, 42]. DWI can also be used to detect the early response to neoadjuvant chemo-
therapy (NAC) and in evaluating residual cancer after NAC [43, 44]. Therefore,
DWI has the potential to be used as an unenhanced magnetic resonance imaging
(MRI) for breast cancer screening [45, 46]. Jeong et al. reported that the visibility of
ILC was lower compared to invasive carcinoma of NST on DWI, and mean ADC

https://www.sciencedirect.com/topics/medicine-and-dentistry/magnetic-resonance-imaging-of-breast
https://www.sciencedirect.com/topics/medicine-and-dentistry/lobular-carcinoma


was higher in ILC than that of invasive carcinoma of NST, both data might be related
to the peculiar infiltrative growth pattern of ILC responsible of low cellularity area
within the tumor which would cause high ADC area. In addition, small ILC may
cause a false-negative diagnosis on DWI [47]. In the literature, there are few studies
on the role of DWI in the assessment of ILC; larger prospective studies are needed to
prove the effectiveness of DWI in this pathology.
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Fig. 14.4 Fifty-four-year old woman with a palpable lump on the left breast. (a) Axial
T1-weighted image shows an architectural distortion (circle). (b–d) Subtracted images show a
regional non-mass enhancement of low intensity on the first post-contrast dynamic sequence (b) and
delayed maximum enhancement (c–d)

Note
Parts of this chapter are based on the open access publication by Johnson et al.
(2015) [48].

The figures in this chapter are taken from personal archives.
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Prophylactic Total Gastrectomy:
Techniques 15
Maria Bencivenga, Giovanni De Manzoni, and Franco Roviello

Abstract

Prophylactic total gastrectomy (PTG) represents the treatment of choice for
carriers of pathogenetic CDH1 mutations in the context of hereditary diffuse
gastric cancer (HDGC) syndrome. PTG consists in a total gastrectomy: it could be
performed both through open or minimally invasive surgery depending on the
surgeon’s expertise, but the higher rate of postoperative complications reported
after laparoscopic procedures should be taken into account especially in the
specific context of a prophylactic surgery. The intra-operative control of resection
margins with frozen section is mandatory to exclude residual of gastric mucosa.
D1/D1+ is suggested but D2 dissection can be considered. Roux-en-Y recon-
struction is preferred. Long-term follow-up shows a good quality of life after this
type of surgery despite the weight loss.

15.1 Introduction

Hereditary diffuse gastric cancer (HDGC) is the most common hereditary form of
gastric cancer.

It represents an autosomal dominant syndrome determined by the presence of
pathogenic germline mutations of CDH1 gene, codifying for the membrane protein
E-cadherin, in either an isolated individual with diffuse gastric cancer (DGC), or in a
family with one or more DGC cases in first-degree or second-degree relatives.
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According to the new guidelines, mutations in a second gene encoding for another
membrane protein, the α-catenin (CTNNA1), also play a role in the development of
this inherited syndrome [1].
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The classification of the pathogenic impact of different types of germline CDH1
has recently been reported by the American College of Medical Genetics and
Genomics and the Association for Molecular Pathology [2]. The classes IV and V
of CDH1 variants are considered pathogenic or likely pathogenic variants (P/LP) and
they include nonsense, missense, frameshift, splice sites, single exon or multi-exon
deletions: these are the mutations included in the definition of HDGC [2]. Other
types of CDH1 gene variants are classified as variants of unknown significance
(VUS). Subjects harboring such VUS together with the cases characterized by a
familial aggregation of diffuse gastric cancer without, however, the identification of
pathogenic variants of the CDH1 and CTNNA1 genes, of note, are included in the
new category of HDGC-like [1].

Prophylactic total gastrectomy (PTG) represents the treatment of choice for
carriers of pathogenic/likely pathogenic CDH1 mutations, because of the lack of
effective endoscopic screening and surveillance programs.

In fact, the global accuracy of the Cambridge Protocol, the most frequently used
protocol for endoscopic surveillance varies from 28% to 43% and these values
become even lower in case of asymptomatic carriers (about 26%). Other endoscopic
protocols have been introduced (such as the Bethesda Protocol), with the aim to
decrease the false negative cases, but they are more challenging to perform because
of the high number of biopsies required (almost 90).

Similar to many other studies in the past, a recent cohort study [3] shows the
results of 15 years of experience (2006–2020) at Memorial Sloan Kettering Cancer
Center. A total of 78 asymptomatic patients with pathogenic or likely pathogenic
(P/LP) germline CDH1 variants and a completely negative preoperative endoscopy
underwent total gastrectomy. In these patients, signet ring cells (SRC) foci were
detected in surgical specimen in 66 cases (85%) and in 12 (15%) did not. The
majority of them present the involvement of mucosa (pT1a). These data underline
the poor accuracy of endoscopic surveillance protocols suggesting that at time, PTG
represents the only safe risk reduction strategy.

Of note, the International Gastric Cancer Linkage Consortium (IGCLC) [1]
recommended gastric surveillance instead of a PTG in HDGC-like families.

15.2 Timing

The optimal timing for PTG is unclear; International Gastric Cancer Linkage
Consortium recommends the procedure between the age of 20 and 30, after a
multidisciplinary consultation. PTG should be avoided before age of 20 and in
patients older than 70, considering the high morbidity and mortality rates of surgery.

The global distribution of PTG was recently analyzed by a systematic review
published in 2022 [4]. A total of 224 surgical procedures classified as PTG were
identified, with an age range of 18–71 years. The majority of PTGs were performed



in the USA (112 [50%]) followed by the Netherlands (40 [17.8%]), Canada
(28 [12.5%]), Belgium (8 [3.6%]), Spain (8 [3.6%]), Denmark (7 [3.1%]), Portugal
(6 [2.7%]), Austria (6 [2.7%]), Mexico (4 [1.8%)]), Iran (2 [0.9%]), Australia
(1 [0.4%]), Chile (1 [0.4%]), Germany (1 [0.4%)], and Italy [1 (0.4%)], respectively.
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In 219 PTG cases, histology data were available. In 32 (14.6%) cases “no cancer”
was detected after PTG, in 159 (72.6%) cases at least one focus of SRC was
identified and in 28 (12.8%) cases an invasive tumor was detected, unfortunately
what is meant with invasive tumor was not specified. The higher frequency of “no
cancer” detections after histopathology examination was reported from the USA
group (19.6%) in comparison to the others, probably according to the low incidence
of Gastric Cancer in this area [5].

15.3 Technique

Technically PTG can be performed either open or minimally invasive (laparoscopic
or robot-assisted) based on the experience of surgeon.

However, it should be reminded that laparoscopic total gastrectomy (LATG)
remains a technically demanding procedure with unsolved safety issues even in
Eastern countries.

Indeed, in a retrospective study by Kodera et al. [6], data from 11,740 clinical
stage I gastric cancer patients treated throughout Japan were collected, 7793 of
whom underwent open and 3974 laparoscopic surgery. A propensity score-matched
analysis was performed between the two groups. Of note, the incidence of anasto-
motic leakage reached a significant difference, being lower in open compared to
laparoscopic surgery (3.6% in OTG vs. 5.4% in LATG, p < 0.001).

Moreover, although the length of hospital stay was significantly longer in the
open surgery group, the incidence of readmission and reoperation within 30 days
after gastrectomy was higher in the laparoscopic group (2.7% vs. 1.7% for readmis-
sion, p= 0.002, and 4.5% vs. 3.3% for reoperation, p= 0.009) [6]. These retrospec-
tive results from a nationwide survey raise some doubts about surgical safety in an
unselected population.

In another study, the phase II KLASS-03 trial, with a more selected population,
including 160 patients undergoing LATG, the complication rate was 20.6%, which
is comparable to historical controls, 15 patients (9.4%) exhibited grade III or higher
complications according to the Clavien-Dindo classification, and anastomotic leak-
age was present in only three patients (1.9%) [7].

The authors investigated whether the anastomotic technique of esophagojejunal
anastomoses (45 extracorporeal circular stapled, 64 intracorporeal circular stapled,
and 51 intracorporeal linear stapled anastomosis) impacts the incidence of postoper-
ative complications. Early postoperative complications were similar between groups
but long-term complications, specifically esophagojejunostomy stenoses were sig-
nificantly more frequent in the intracorporeal circular stapling group [8].

Taking together the evidence from the Japanese survey and the Korean trial,
LATG is still associated with esophagojejunal anastomosis issues such as leakages



or stenosis, and these findings should be considered when planning the surgical
strategy especially in this specific context of PTG.
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Indeed, PTG have same specific technical issues: the operation both for open and
laparoscopic approaches follows the steps already described for standard procedures
[9, 10], including a demolitive and a subsequent reconstructive phase.

As in a standard total gastrectomy, the demolitive phase includes the following
steps:

– Colo-epiploic detachment and access to the retroactivity of the epiploons; the
dissection continues along the greater curvature up to the left gastroepiloic
pedicle that is ligated at its origin with complete removal of nodes at Station
4sd, then the gastrosplenic ligament is separated up to the left side of the
esophageal hiatus by dividing the short gastric vessels from the surface of the
spleen to dissect the nodes at Stations 4sa and 2 and to mobilize the upper part of
the greater curvature of the stomach.

– The right gastroepiploic vessels are then dissected en bloc with lymphatic tissue
(Station 6). The lesser omentum is then opened from pars faccida to the hepatic
pedicle. With this dissection, the lymph nodes near the lesser curvature are
removed (Station 3). Next, the proper hepatic artery is cleaned to identify the
right gastric artery. This maneuver allows to dissect the lymph nodes of Station
5. Then, the release of the first part of the duodenum is completed and its
transection can be performed.

– Dissection of the gastro-pancreatic folder and ligation of the left gastric artery and
vein at level of upper margin of the pancreas allows the dissection of Station 7.

– Division of the phrenoesophageal membrane (LaimerBertelli membrane) and the
section of the two vagus nerves leads to the release of cardia and liberation of
abdominal esophagus, allowing a complete en bloc removal of right para-cardial
nodes and of nodes along the first branch of left gastric artery (Station 1).

In the specific context of a PTG, the proximal section should be performed about
3 cm above the gastroesophageal junction and a frozen section of the proximal
margin has to be checked intraoperatively by the pathologist in order to exclude
residual gastric mucosa before moving on to the reconstructive phase.

In case of residual gastric mucosa, an additional proximal section has to be
performed: this further impacts on technical challenges of performing esophago-
jejunal anastomosis through laparoscopic approach in PTG.

To this regard, a Dutch retrospective study [11] reports that in 25 of 26 patients
undergoing PTG, an intraoperative frozen-section examination of the proximal
resection margin was used to verify the complete removal of gastric mucosa. In
9 of these patients (36%) proximal resection presented residual of gastric mucosa at
the pathological examination so that a new resection was performed.

In the Memorial Sloan Kettering Cancer Center cohort [3] 57 of 101 asymptom-
atic patients had frozen section of the proximal margin during surgical operation, all
of which ultimately contained squamous mucosa. Of the remaining 44 patients who
had only a gross examination of the proximal margin without intraoperative frozen



section confirmation, 3 (6.8%) ultimately had gastric mucosa (n = 2) or SRCC
(n = 1) in the final proximal margin. Unfortunately, a distinction between open and
minimally invasive approaches was not reported in this study while it would be of
help to understand the impact of the laparoscopic approach on proximal margin
status.
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In the near future, robotic surgery would appear to be a good option for these
cases. Evidence is accumulating [12, 13] on a low complication rate, especially at the
anastomotic level, when comparing laparoscopic and robotic approaches.

An umbrella review [14] highlights that RG has a longer operation time compared
to laparoscopic gastrectomy but inferior blood loss, reduction in hospital stay, and a
more rapid recovery of bowel function. Moreover, there was no difference in terms
of total complication rate, mortality, morbidity, anastomotic leakage, anastomotic
stenosis, intestinal obstruction, and in conversion rate to open technique.

Of note, an interesting finding is the association of robotic gastrectomy with a
greater ability to perform a wider proximal margin: this assumes a value especially
for PTGs.

Usually, in open surgery the anastomosis is performed with a circular stapler, the
same is done in minimally invasive robot-assisted gastrectomy by introducing the
stapler through a mini-laparotomy, while in laparoscopic total gastrectomy, different
anastomotic techniques are reported.

15.4 Lymphaadenectomy

In case of PTG, a D1/D1 + lymphadenectomy is indicated, but also a D2
lymphadenectomy could be considered.

According to Japanese Guidelines [15] in case of a total gastrectomy,
D1 + lymphadenectomy includes Stations 1 to 7 (as a D1 dissection) and stations
8a, 9, and 11p. A D2 lymphadenectomy, to be correctly performed, in addition to the
D1 stations (1 to 7) includes Stations 8a, 9, 11p, 11d, and 12a.

In case of HDGC, the presence of submucosal invading foci (pT1b) cannot be
excluded, and these have a not negligible frequency of positive lymph nodes (about
17–25%).

Looking at the risk of lymph node metastases in early gastric cancer (EGC), a
previous study by our group [16] by analyzing a total of 652 cases of resected EGC
from three Italian surgical centers with high experience in gastric cancer surgery
(>30 cases/year) reported an incidence of lymph node metastases significantly
higher in tumors penetrating the submucosa (P < 0.001) and in the diffuse/mixed
tumors according to Lauren (P < 0.001). The multivariate analyses confirmed that
submucosa invasion and Lauren diffuse/mixed type were independent predictors of
nodal involvement.

A recent metanalysis [17] reporting the incidence of lymph nodes metastases in
EGC according to standard and extended criteria generally used for endoscopic
resection showed that cases which could be classified in the expanded criteria due



to undifferentiated histological type presented a higher incidence of lymph nodes
metastases compared to other mucosal EGC (about 2.6% vs. 0.11%).
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These data confirm that histological type (especially diffuse type) and submuco-
sal invasion are risk factors for an increased incidence of lymph node metastases.
This should be considered also when managing HDGC syndrome, in asymptomatic
patients or with negative endoscopic surveillance, given to the high rate of presence
of tumor foci found on the surgical specimens and the possibility that these can
invade the submucosa.

There are some anatomical landmarks that guide the execution of the
lymphadenectomy [10]:

– Skeletonization of the celiac trunk in the tract included among the origin of the
common hepatic artery and the splenic artery allows the dissection of lymph
nodes of Station 9.

– Section of the posterior parietal peritoneum along the superior margin of the
pancreas in order to skeletonize the common hepatic artery until the origin of the
gastroduodenal trunk, allow the complete dissection of nodal Station 8a.

– Skeletonization of the splenic artery leftward in its proximal tract until the origin
of the posterior gastric artery (Station 11p) and around the splenic artery to the tip
of the pancreas tail (Station 11d).

– Extending rightward the dissection of the proper hepatic artery the
hepatoduodenal ligament allows the removal of the anterior lymph nodes of the
hepato-duodenal ligament (Station 12a); this dissection can be considered com-
plete if it is conducted until the portal vein becomes visible.

15.5 Other Issues

Regarding the reconstruction technique, a Roux-en-Y is generally preferred with the
aim to reduce bile reflux. A jejunal pouch reconstruction has been suggested by
some surgeons but there are no clear data indicating advantages of this more
complex technique [18].

Furthermore, during the operation, it is necessary to check the presence or not of
Meckel’s diverticulum, common site of gastric heterotopia, and, if present,
remove it.

After performing a PTG, the pathological analysis of the surgical specimen must
be guaranteed by an expert pathologist. Furthermore, as suggested by the guidelines
[1] the entire stomach should be analyzed, with many slices, to identify all micro-
scopic foci. A total gastric mapping requires approximately 120–270 blocks, with up
to three slices per block.

This underlines the importance of centralization of PTGs not only for the surgical
aspects that are discussed above, but also for the pathological analysis which can be
really complex from an organizational point of view.



15 Prophylactic Total Gastrectomy: Techniques 223

15.6 Adverse Effects

As for total gastrectomy performed for sporadic gastric cancer, PTG is also
associated with several side effects, such as early and late dumping syndrome,
malabsorption, and postprandial fullness. This procedure in fact is associated with
the decrease of vitamin B12 and protein absorption, bacterial overgrowth due to loss
of parietal and chief cells of the stomach, reflux, dumping, and weight loss [19]. Of
note, PTG is usually performed in young people with a long-life expectancy and
needs such as maternity, therefore nutritional support is essential specifically
after PTG.

A recent study [20] on a cohort of American patients, shows the long-term results
after PTG. Each patient had significant weight loss (mean 23%) but all had a normal
body mass index. In total, 40% had bile reflux gastritis controlled with sucralfate.
Each returned to work and, if given the choice, said that they would undergo the
surgery again.

15.7 Conclusions

In conclusion, PTG is currently the safest indication in patients carrying pathogenic
CDH1 mutations. However, since after a PTG often the neoplastic foci found on the
surgical specimen are early and limited to the mucosa, the biggest challenge for the
future is to understand if it is possible to more accurately determine the risk of
neoplastic progression of gastric foci, based on the characteristics of CDH1mutation
and molecular analyses carried out on tumors samples from the same family with the
final aim to indicate PTG only in selected cases.
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Prophylactic Total Gastrectomy:
How Many? 16
Francesco Ferrara, Giulia Massari, Valentina Tagliaferri,
and Giovanni Corso

Abstract

Individuals with CDH1 germline mutations are at high risk of developing diffuse
gastric cancer and prophylactic total gastrectomy represents the only life-saving
treatment. Literature has reported a total of 224 surgical procedure in high-risk
individuals, associated with germline CDH1 pathogenic mutations. The majority
were described in the USA, the Netherlands, and Canada. Gastric tumor was
identified in almost 85.4% of cases after prophylactic surgery, and a high rate of
“no cancer” at histopathology was identified in the USA. Considering the muta-
tion type, most of alterations were nonmissense versus missense sub-types. In this
chapter, we will describe the penetrance risks for gastric cancer in CDH1 carriers
and their implication for prophylactic gastrectomy.

16.1 Introduction

Prophylactic total gastrectomy (PTG) has been proposed by many authors for
patients with asymptomatic CDH1 mutation carriers, the genetic background for
the development of hereditary diffuse gastric cancer (HDGC). Although the age at
which this procedure can be done has not yet been precisely defined, it has been
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proposed by many authors in the second decade of life, to eliminate the risk of
developing lethal GC [1]. In HDGC caused by CDH1 germline mutations, the risk of
developing GC should be higher than 80% and the average age at diagnosis of GC is
younger than 40 years of age, with a range from less than 20 to more than 70 years
[2]. Since the risk of developing GC is high and the value of health surveillance for
high-risk lesions is still limited, prophylactic gastrectomy is recommended for
mutation carriers in these families [3].
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16.2 Criteria for CDH1 Genetic Test

Firstly, in 1999, the International Gastric Cancer Linkage Consortium (IGCLC)
defined families with the HDGC syndrome associated with CDH1 germline
mutations as those fulfilling one of the following features: (a) two or more
documented cases of diffuse gastric cancer (DGC) in first- or second-degree
relatives, with at least one diagnosed before the age of 50; (b) three or more cases
of documented DGC in first- or second-degree relatives, independent of the age of
onset [4].

However, due to the increase in the CDH1 germline mutation rate, those initial
criteria have become insufficient. Recently, novel international guidelines for CDH1
genetic screening have been published as follows:

Family Criteria: (a) ≥2 cases of GC in family regardless of age, with at least one
DGC; (b) ≥1 case of DGC at any age and ≥ 1 case of LBC at age < 70 years in
different family members; (c) ≥2 cases of LBC in family members<50 years of age.

Individual Criteria: (d) DGC at age<50 years; (e) DGC at any age in individuals
of Māori ethnicity; (f) DGC at any age in individuals with a personal or family
history (first-degree relative) of cleft lip or cleft palate; (g) history of DGC and LBC,
both diagnosed at age <70 years; (h) bilateral LBC, diagnosed at age <70 years;
(i) gastric in situ signet ring cells or pagetoid spread of signet ring cells in individuals
<50 years of age [3]

16.3 Penetrance Risk

DGC is the main cancer phenotype associated unequivocally with the germline
E-cadherin pathogenic mutations. To date, it is assessed that about 80–90% of GC
appears as sporadic forms, 10–20% are within a familial setting; however, only
1–3% are related to documented germline causes. In accord with the latest literature-
review, the majority of HDGC families segregate only for DGC, without association
with other cancers’ phenotypes [5]. Ninety-five families present a classic HDGC
phenotype, accounting in about 66% of all screened pedigrees (unpublished data,
personal archive). Penetrance risk for DGC development in germline CDH1 muta-
tion carriers is not “fixed”, it appears variable depending on several factors: country
of origin (high- vs. low-risk area for GC), mutation subtypes



–

–

(truncating vs. nontruncating), family history (positive vs. negative), adopted clini-
cal criteria (stringent vs. extended).
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Table 16.1 Estimated penetrance risks reported in literature in accord with the different tumor
sub-type

Criteria % (95% CI)

Tumor phenotype Gender IGCLC Overall Familial Unselected

Stomach Male 70 (59–80) 42 (30–56) 64 (43–87) 37.2 (8.7–89.5)

Female 56 (44–69) 33 (21–43) 47 (29–60) 24.7 (6.1–68.9)

Breast Female 42 (23–68) 55 (39–68) – 42.9 (33.4–53.9)

Prostate Male – 3.2 (1–9.4) 6.3 (1.6–23.9) 2.7 (0.8–8.7)

Colorectum Male – 7 (0–17) –

Female – 4 (0–11) –

Hansford and colleagues reported that in individuals meeting the IGCLC 2010
criteria and with CDH1 germline mutation [6], the cumulative lifetime GC risk at
80 years of age was 70% (95% CI, 59–80%) for males and 56% (95% CI, 44–69%)
for females [7]. More recently, Roberts and colleagues reported that in individuals
with CDH1 pathogenic variants identified byMultiGene Panel Testing (MGPT) who
did not meet established clinical testing criteria, the CI of GC at age 80 years was
significantly lower: 42% (95% CI, 30%–56%) for men and 33% (95% CI, 21%–
43%) for women. Stratifying by number of reported cases of GCs per family, the
estimated cumulative incidence of GC was 64% (95% CI, 43%–87%) for men and
47% (95% CI, 29%–60%) for women in families reporting three or more GCs and
27% (95% CI, 15%–41%) for men and 24% (95% CI, 12%–36%) for women
reporting two or fewer GCs [8]. Moreover, in unselected GC patients with CDH1
mutations, the cancer risk decreases further. Xicola et al. have estimated an overall
cumulative risk of GC by age 80 around 37.2% for men and 24.7% for women [9]. It
is interesting to note that the presence of a positive family history for GC, increases
the GC risk in germline CDH1 mutations carriers (Table 16.1).

16.4 Indication

Measures to contain the risk are PTG or gastric endoscopic surveillance. In HDGC
with exclusive DGC manifestation, endoscopic surveillance seems insufficient to
detect early gastric lesions associated to CDH1 mutations, because tumor is often
multifocal, tumor cells infiltrating the mucosa, with a normal surface epithelium, and
each focus is very often less than 1 mm in greatest diameter [10]. However, yearly
endoscopic surveillance is the only alternative to PTG, if patient refuses it. It is also
recommended the eradication of Helicobacter Pylori if present.

The latest IGCLC guidelines recommend PTG in CDH1 variant carriers from
families with confirmed HDGC, irrespective of endoscopic findings. Surgery should
be proposed between 20 and 30 years of age, but not recommended in elderly
individuals (>70 years old), due to the increased perioperative risks [3].
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In this context, although PTG is considered the unique life-saving option in
germline CDH1 pathogenic carriers, we must consider some important points:
individuals with germline CDH1 nontruncating mutations [11] and without a clear
family history for GC seem associated with a lower penetrance of GC risk. This
surgical procedure should be considered only in case of a clear HDGC phenotype,
and with documented germline CDH1 pathogenic variants. Individuals with variants
of unknown significance alterations are not eligible for PTG [3], and some authors
discourage PTG also in case of nontruncating mutation carriers in absence of a clear
family history for GC.

DiBrito et al. [12] have reported a series of PTGs about ten patients with germline
CDH1 mutation and fulfilling the standard IGCLC clinical criteria [6]. The tumor
identification rate in this small population was high (50%), but, when considering
only cases actually treated with PTG, 38% of patients (without cancer before
surgery) presented cancer in resected gastric specimens. In detail, they performed
a total of ten PTGs; two patients presented GC in preoperative endoscopy, whereas
eight individuals were “potentially” eligible for PTG because no cancer was detected
by endoscopy before surgery. However, final pathological examination revealed
cancer in five patients, including three of the eight with negative endoscopic
findings. Rightly so, the authors discussed the benefits of PTG, stating that a very
high rate of tumor identification after PTG (between 67% and 100%) is reported in
the literature. Nevertheless, criticism has been leveled at the real benefits of PTG in
cases that do not fulfill these criteria, particularly in the absence of significant family
aggregation of GC.

The introduction of multigene panel testing for measuring hereditary cancer
susceptibility has seen an increase in the number of CDH1 mutations detected
[13]. Although a rare event, such mutations have been discovered in patients who
do not fulfill the clinical criteria established by the IGCLC. Rightly so, some authors
have discussed the real benefits of PTG in incidental findings or in the absence of
familial aggregations of GC [14].

HDGC is a complex and multifactorial cancer syndrome with inherited predispo-
sition, showing different phenotypes, but with predominant aggregation of DGC and
lobular breast cancer (LBC). The exact genetic mechanisms causing (or excluding)
gastric-breast tumorigenesis are still unclear, as these pathways could overlap or
totally diverge. Recent studies identified CDH1 germline mutations also in patients
with just LBC and without aggregation of DGC [15].

Using multigene panel testing, Hamilton et al. [13] retrospectively described
several CDH1 germline mutations (16 pathogenic and 41 variants of uncertain
significance), only 26.3% of which associated to a family history of GC. PTG was
performed on nearly 40% of the individuals carrying pathogenic variants and on
none of those with variants of uncertain significance. It remains unclear on what
basis the individuals who underwent PTG were chosen. The authors speculated that
the risk of GC may be lower in individuals with pathogenic CDH1 and no family
history of GC than in those with a positive family history.

This study poses a new question: should PTG be always recommended to
asymptomatic individuals who are positive to the CDH1 test? Recent clinical



evidence has clearly demonstrated that a distinct HDGC genotype-phenotype exists;
we can distinguish at least three different clinical settings for the HDGC syndrome:
(a) the “classic” HDGC syndrome with aggregation of DGC and with or without
history of LBC, (b) the “syndromic” HDGC with aggregation of only LBC and
without DGC history (so-called HLBC) [16], and (c) incidental findings (asymptom-
atic individuals), with unclear family history and absent or insignificant aggregation
of DGC and/or LBC.
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For cases of “classic” HDGC syndrome, PTG remains the only life-saving option
because of the high risk of developing DGC. However, for families with an HLBC
pattern and for incidental findings, PTG should be considered with caution, because
the association with DGC in CDH1 germline mutant carriers is not conclusive, and
no genetic studies are available that evaluate the real risk of developing DGC in
these families, whose risk of developing LBC or other tumors might be higher.
Based on these considerations, we point out that, at present, PTG is not
recommended as standard practice and that there is no standard strategy for reducing
the risk of GC in families that do not meet the established IGCLC clinical criteria.

16.5 Geographic Distribution

Information about the country of origin in the worldwide distribution of CDH1
mutations is lacking in 55% of literature reports. About 45% of alterations have been
described and detected in individuals from European origin, with lower percentages
identified in Asian and American subjects (26.3% and 16.0%, respectively), as well
as in Oceania (11.5%). The predominant mutation type varies across geographical
regions. Deletions are more frequent in Europe (34%), splice-site in America (48%),
missense in Asia (68%), and nonsense in Oceania (78%). The high prevalence of
missense mutations in Asia is mainly attributed to Korean and Japanese
populations [5].

In a recent systematic review, 224 surgical procedures classified as PTG, with an
age range of 18–71 years, have been found in the literature. Most of PTGs have been
performed in the USA [112 (50%)] followed by the Netherlands [40 (17.8%)],
Canada [28 (12.5%)], Belgium [8 (3.6%)], Spain [8 (3.6%)], Denmark [7 (3.1%)],
Portugal [6 (2.7%)], Austria [6 (2.7%)], Mexico [4 (1.8%)], Iran [2 (0.9%)],
Australia [1 (0.4%)], Chile [1 (0.4%)], Germany [1 (0.4%)], and Italy [1 (0.4%)],
respectively (Fig. 16.1) [17].

At histopathology findings, 32 (14.6%) cases showed “no cancer” after PTG, in
159 (72.6%) cases at least one focus of signet ring cell carcinoma (SRCC) was
identified and in 28 (12.8%) cases an invasive tumor was identified. A higher rate of
“no cancer” detections was reported in the USA and Belgium in comparison to the
others, however considering the three countries with the highest number of reported
PTGs (USA, Canada, and the Netherlands). Canada and the Netherlands reported a
lower number of “no cancer” results in histopathology findings after PTG in
comparison to the USA.
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Fig. 16.1 Global geographic distribution of prophylactic total gastrectomies performed in the
world. Most of these surgical procedures were reported in the USA (original figure)

So PTGs are primarily performed in Western countries, in particular in the USA,
the Netherlands, and Canada. The higher frequency of “no cancer” detections in the
USA compared to the other countries coincides with higher rates of CDH1 germline
alterations identified at the time of genetic screening in countries with a lower
incidence of GC. However, since in high-risk areas for GC, the genetic screening
for CDH1 is rarely obtained, due to the high likelihood of obtaining a negative result
maybe for environmental factors, it is possible that the geographic distribution of
performed PTGs is heterogeneous and might reflect the frequency of CDH1 test
results [18].

In the USA, the lower rate of SRCC at PTG specimens may be associated with the
absence of family history of GC, but in these subjects, there is no indication to
perform a PTG because the risk of developing a CDH1-associated SRCC amongst
asymptomatic individuals with a CDH1 gene alteration, but with a negative family
history of GC, is lower than in those with a relevant family history of GC. Moreover,
the progression of foci of SRCC to aggressive DGC is not clear [19].

Most of PTGs have been performed in individuals carrying a CDH1 nonmissense
mutation (86.9% vs. 13.1% missense), so physicians are often reluctant to propose
PTG in patients with CDH1 missense mutations. HDGC missense mutation carriers
are very difficult to manage since this type of mutation occurs in 30% of cases.
Furthermore, most of the CDH1 rule specifications in the American College of
Medical Genetics and Genomics and the Association for Molecular Pathology
(ACMG/AMP) variant curation guidelines are not recommended for use in missense
changes, and a large proportion of variants remain unclassified. So, in these cases it
is recommended to perform a complementary set of analyses and to date there are no
international guidelines for the performance of PTG in patients with missense
mutations of unknown significance [20].



16 Prophylactic Total Gastrectomy: How Many? 231

16.6 Conclusion

CDH1 mutations are more frequently identified in countries with low incidence for
GC, and the application of criteria for genetic screening is critical for a higher
detection rate, as well as for the identification of mutations with proven clinical
relevance. In the HDGC spectrum associated with CDH1 germline pathogenic
alterations, PTG remains the only life-saving option due to the high risk of develop-
ing a gastric carcinoma, and it should be strongly recommended. In other CDH1-
associated conditions, this surgical approach is still a matter of debate, which should
be discussed in a multidisciplinary forum, also involving the patient in the decision-
making process.

Note
Parts of this chapter are based on the cited publications by Corso et al. (2022) [11],
Corso et al. (2022) [12], and Corso (2020) [21].
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The chapter offers a surgical perspective on current knowledge of this issue,

Hereditary Lobular Breast Cancer
Syndrome: Role of Surgery 17
Francesca Magnoni, Antonia Girardi, and Paolo Veronesi

Abstract

Hereditary lobular breast cancer is a novel and rare inherited syndrome, and it
represents a multifaceted and fascinating clinical entity. In recent years, it has
been arousing intense scientific research, actively involving clinicians and
researchers specializing in different fields, in order to clearly and precisely outline
its specific management, which is currently particularly nuanced and controver-
sial. In this sense, prophylactic and therapeutic surgery plays a significant role in
the management of affected women: diversified clinical, genetic, and individual
considerations should be contemplated in a multidisciplinary fashion, adhering to
available international scientific evidence and guidelines.

also reporting a technical and specialized study of preventive mastectomy.

17.1 Introduction

Breast cancer (BC) is the foremost cause of cancer and cancer death in women, with
about two million cases and 700,000 deaths registered worldwide [1]. Lobular breast
carcinoma (LBC) is the second most common “special” morphological subtype of
BC and comprises up approximately 10–15% of all breast cancer cases [2]. It is
typically characterized by small, noncohesive epithelial cells dispersed individually
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in a single-file linear pattern in a fibrous stroma with loss of expression of the cell
adhesion molecule E-cadherin [3], resulting in cellular unregulated growth,
metastases, and worse prognosis [4].
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The majority of LBCs are hormone receptor positive with low proliferation index
[5–7]. It represents a nonaggressive prognostic phenotype, with low histological
grade and a generally favorable response to endocrine therapy [8]. However, when it
is correlated to the E-cadherin dysfunction, it shows a cellular discohesive pattern
and a loss in tissue basic structure: the presence of a CDH1 mutation causes
deregulation of E-cadherin function, resulting in decreased cell-cell adhesion and
increased cell proliferation (so-called lobular hyperplasia) [9] . The E-cadherin
dysfunction, master regulator of the lobular phenotype [10], results in a marked
predisposition to wide metastatic spread, synonyms of considerable invasiveness,
with worse impact on outcome compared with nonspecial type BC [3].

The surgical management of this fascinating and complex type of malignancy, in
the presence of germline E-cadherin mutations, at present is extensively studied: it
always requires careful and specialized clinical and genetic counseling, adhering to
patient’s wishes.

17.2 Hereditary Lobular Breast Cancer

Familial and genetic factors are recognized risk factors for BC, particularly for early-
onset cancers and familial clusters [11]. Additionally, enhanced diagnostic tools in
genetic assessment are implementing the ability to identify high-risk women with
elevated risk for breast cancer through genetic testing [12], involving the consider-
ation that several risk management options are available to support women at higher
than average risk of BC.

BRCA2mutations are associated with both ductal and LBC, whereas deregulation
of CDH1 is uniquely associated with LBC. One of the characteristic features of
invasive LBC is the loss of E-cadherin expression and function in about 90% of
cases [13].

A germline mutation of CDH1 is responsible for hereditary diffuse gastric cancer
(HDGC), an autosomal-dominant inherited syndrome [14].

Hereditary lobular breast cancer (HLBC) is an infrequent inherited disease
associated with CDH1 germline mutation, without apparent correlation with the
HDGC [9]. Indeed, the presence of pathogenic CDH1 mutations in either an isolated
individual with LBC, or a family with one or more LBC cases in first-degree or
second-degree relatives is correlated with HLBC, but without a family history of
DGC in either situation [15]. Moreover, if LBC is a precursor manifestation of the
HDGC syndrome or an isolated and independent cancer inherited predisposition is
still uncertain. Several genetic studies have recognized novel germline CDH1
mutations in LBCs correlated with the HDGC syndrome [16, 17], indeed LBC is
associated with HDGC and E-cadherin constitutional mutations have been reported
in both gastric and breast cancers [18].
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The cumulative incidence of cancer risk for BC in the HLBC setting is unknown
[19]. Likely, the risk to develop diffuse gastric cancer (DGC) is not the same in all
families carrying pathogenic CDH1 mutations, due to the role of environmental
factors which could play a synergic role in gastric cancer (GC) development [20].

Thus, women with pathogenic CDH1 variants present an elevated lifetime risk of
invasive LBC, in addition to an increased risk of GC [21]: female CDH1 mutation
carriers meeting the International Gastric Cancer Linkage Consortium (IGCLC)
2010 criteria [22], have in fact a risk of BC of 42% (95% CI, 23–68%), mostly
being LBC [23–25]. LBC with pathogenic CDH1 mutation is associated with two
different clinical phenotypes, “mixed” HDGC and HLBC [19]. In HLBC syndrome,
BC can occur in the absence of a family history of DGC.

In HLBC syndrome, LBC manifestation emerges sooner than in “mixed” HDGC.
Preventive strategies (surveillance or prophylactic surgery) should be taken into

account, based on these different phenotypes.
In a recent study [19], some interesting discussion points emerged. The overall

CDH1 mutation frequency is higher in the HLBC family group (70.5%), in compar-
ison to the “mixed” HDGC group. Authors demonstrated that LBC patients with
CDH1 mutations more frequently present an “isolated” BC phenotype without DGC
manifestation. Furthermore, they underlined an earlier onset of LBC in families with
HLBC compared to those with “mixed” HDGC, in which GC occurs earlier. These
data suggest that HLBC is a possible independent syndrome, in which LBC
predominates.

17.3 CDH1 Gene Mutation Carriers’ Management

Clinical management of heritable CDH1 gene mutation carriers is challenging and
object of considerable scientific research [26]. The IGCLC clinical criteria stated as
mandatory for CDH1 genetic screening, in the presence of personal or family history
of HDGC and LBC, one diagnosed <50 years [9, 22]. Testing has been also
considered an option for families with bilateral LBC or family history of two or
more cases of LBC <50 years [9, 22]. To date, IGCLC endorsed that E-cadherin
genetic screening associated with LBC can be reconsidered in both LBC in the
setting of the HDGC syndrome, and HLBC not associated with GCs [9].

The presence of CDH1 germline mutations identified in cases of LBC not
associated with the classical HDGC syndrome have required the need to define
specific new criteria for recognition of patients at risk of HLBC. Indeed, bilateral
LBC with or without family history of LBC, with age at onset <50 years, and
unilateral LBC with family history of LBC, with age at onset <45 years have been
validated as affective criteria by a novel working group dedicated to clinical and
genetic management of HLBC [26–28].

Breast surveillance in CDH1mutation carriers lacks a unique and shared protocol
due to the limited cases of identified CDH1 germline mutations reported in literature
and not the substantial data concerning BC risk in these subjects [9]. In mutated
CDH1 women, timely radiological breast monitoring is however recommended, due



to the high risk of LBC developing [17], even if there are no international guidelines
on breast radiological surveillance in these individuals, unlike for ascertained
BRCA1/2 genetic mutations’ carriers [26].
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Corso and colleagues recommended the use of annual breast MRI followed by
mammography and ultrasound at 6-months interval, as defined for BRCA1/2 carriers
[29]. In addition, updated clinical practice guidelines recommended starting surveil-
lance for HDGC and HLBC at 30 years of age, with yearly MRI from 30 to 50 years
of age and potentially for longer. Such recommendations also pointed out the
uncertain benefit of adding mammography in young women and the role of supple-
mental screening ultrasound in dense breasts when MRI is not feasible [15].

17.4 Prophylactic Surgery

The risk management of CDH1 mutation carriers should firstly distinguish between
never affected individuals and patients diagnosed with BC [29].

Recent ASCO 2020 guidelines revealed a de-escalation and personalization in
breast surgery recommendations in LBC patients, indeed they stated with a moderate
recommendation that both BRCA and moderate-penetrance gene mutations’ carriers
could be eligible for breast-conserving therapy, when this is clinically proper
[30, 31].

No conventionally accepted protocol for prophylactic surgery has been defined,
given the low number of CDH1 germline mutations identified and the few data on
the risk of BC development in CDH1 mutant carriers [9].

Data are insufficient to recommend contralateral surgery to reduce the risk of BC
for affected CDH1 mutation carriers [9] and prophylactic surgery to healthy
individuals with CDH1 mutation, even if also family history, ability to undergo
high-risk screening procedures, and patient preference are main factors to take in
account in the decision process [26, 32].

For carriers of the CDH1 mutation, the literature suggests that prophylactic
mastectomy (PM) could be discussed in selected cases, after a genetic counseling
as well as after a multidisciplinary discussion and in accordance with women’s
preferences [9, 26, 32].

As there is currently no firm evidence in favor of PM, the possibility of risk-
reducing surgery should be discussed in relation to the potential presence of LBC in
the personal medical history of CDH1 mutation carriers. As we recently have
reported [26], a specific plan on surgical management for CDH1 carriers has been
recently defined: information on risk-reducing surgery should be provided to CDH1
positive patients with diagnosis of LBC, who have a clinical indication for mastec-
tomy or already had a mastectomy as part of their cancer treatment [29, 33]. Prophy-
lactic surgery should be offered as well to individuals with a positive family history
for LBC and a well-documented CDH1 pathogenic alteration in a first-degree
relative [29, 33].
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17.5 Technical and Clinical Implications of Prophylactic
Mastectomy

Well-known and validated is the role of “conservative mastectomy” [34], meant as
skin and nipple-sparing. The first approach combines the total excision of the
mammary gland, sparing the skin, the second, preserves both the skin and the
nipple-areola complex (NAC).

The intent of preventive mastectomy is to obtain maximum risk reduction,
removing enough breast tissue for optimal risk reduction, as well as to provide the
best cosmetic outcome thanks to reconstructive surgery. Given the greater attention
to women’s body image and sexual and psychological well-being, skin and nipple-
sparing mastectomy with immediate reconstruction in both therapeutic and prophy-
lactic settings have been increasing significantly [35].

Indeed, scientific evidence reported that, as defined for BRCA mutation carriers
[36], the gold standard for CDH1 mutation carriers appears to be represented by
nipple-sparing mastectomy (NSM) with immediate reconstruction, which, thanks to
the preservation of the skin envelope and the nipple-areola complex, can optimize
the oncological and esthetic results [29] with excellent oncological safety and low
complications rate [37–40]. NSM presents, albeit in a low percentage, a risk of
complications, which should be discussed with CDH1-mutated women in the multi-
disciplinary evaluation of the possible risk reduction options.

The possible oncological failure after prophylactic mastectomy in literature is
described as a residual risk of about 5%, to be related to the possible presence of
residual glandular tissue or ectopic breast tissue [41]. Review by Muller et al.
highlights the extremely low risk of cancer development following breast risk-
reducing surgery. Specifically, from the 3716 cases of prophylactic NSM, only
nine cases (0.2%) of BC exterior NAC and one case (0.004%) within the NAC
were reported [40].

Nipple-sparing mastectomy is catheterized by a surgical morbidity: Jakub et al.
described an overall complication rate of 15–20% [42]. In a recent large meta-
analysis of NSMs, an overall complication rate of 22% and a nipple necrosis rate
of 5.9% were reported [37], Galimberti et al. confirmed the oncological safety of the
NAC preservation, describing a nipple necrosis rate of 3.5% and 2.2%, in invasive
and in situ cancers respectively, slightly lower than reported elsewhere [39].

In relation to quality of life, literature reports a high overall patient satisfaction
rate after bilateral prophylactic mastectomy, maybe due to patients experiencing less
anxiety over BC after the procedure: most patients (70%) are satisfied with the
surgery, the majority (65%) of women maintain a positive body image following
prophylactic mastectomy and 95% of women had no regret following bilateral
prophylactic mastectomy [43]. Moreover, this procedure appears generally well
accepted thanks to the NAC conservation and consequent esthetic outcome improve-
ment [38, 44].

Nipple-sparing mastectomy requires a double-time approach, the gland dissection
and the reconstructive surgery, preserving NAC. A correct technical method requires
maximum attention to completely and precisely remove the mammary gland, with



respect of all its anatomical limits, saving skin envelope and the inframammary folds
to achieve a better immediate breast reconstruction. The dissection is very close to
the dermis but maintaining a thin portion of subcutaneous fat to preserve the
sub-dermal vascularization. Breast surgeons must also pay high attention to accu-
rately remove the glandular tissue underneath the nipple, but without however
damaging its vitality [9, 45].
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The upper outer linear skin incision is the most used, but surgical approach can be
personalized in relation to several clinical peculiarities: indeed, different skin
incisions for NSM have been proposed in literature. According to the breast size,
areola size, different types of breast ptosis, further “non-standard” surgical accesses
were documented. Hemi-periareolar, round block, vertical pattern, and wise pattern
skin incisions were described by Corso and Colleagues as the heterogeneous, safe,
and effectual evolutions of conventional NSM [46].

Besides, the development of technology in these recent years has led to important
achievements, as well in surgery. In particular, robotic technique has been applied
also in prophylactic breast surgery and it has been successfully tested in terms of
technical accuracy, feasibility, satisfaction, and tolerance rate for women. The
advantage of this minimally invasive technique consists in its capability to perform
a complete NSM through a small extra-mammary skin access. Compared to the
conventional standard NSM, it offers a good esthetic outcome, with the same
technical effectiveness [47]. A randomized single center clinical trial comparing
open NSM and robotic NSM has been recently closed,reporting at a median follow-
up of 28.6 months no local events, low complications rate, and high postoperative
quality of life [48].

17.6 Conclusions

HLBC represents an heterogenous and rare inherited predisposition associated with
CDH1 germline mutation, requiring accurate and expert multimodal approach. In
this context of not straightforward clinical management [49], an international multi-
disciplinary workgroup of experts on HLBC revised key issues in this regard [29].

Selected CDH1 mutant carriers could discuss prophylactic surgery in a multidis-
ciplinary counseling and in highly specialized cancer centers. Indeed, prophylactic
mastectomy should be considered in CDH1 carriers with a strong aggregation for
LBC, adhering to the established clinical criteria. Thus, contralateral prophylactic
mastectomy can be a choice for patients with diagnosis of LBC, also following
previous ipsilateral breast surgery [29].

Moreover, bilateral prophylactic mastectomy can be suggested in asymptomatic
individuals with family history of LBC and well-documented CDH1 pathogenic
alterations in a first-degree relative. Clinical surveillance is still considered the best
approach in case of CDH1 mutations of unknown significance, (so called VUS). In
asymptomatic CDH1 carriers who do not fulfill the clinical criteria, BC surveillance
is preferred [29].
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Abstract

Postmastectomy reconstruction is nowadays an integral part of breast cancer
treatment, often performed in the immediate setting.

different scenarios can be identified. Firstly, healthy women seeking for prophy-
lactic mastectomies. Secondly, cancer patients requiring mastectomy at the tumor
site and simultaneous risk-reducing mastectomy of the healthy breast. Thirdly,
cancer patients who have been treated for primary cancer requiring risk-reducing
mastectomies in a further stage. In this chapter, we present a schematic guide for
reconstruction for each subpopulation of subjects and their peculiarities.

Postmastectomy reconstruction is nowadays an integral part of breast cancer treat-
ment and care, and in the vast majority of cases it is performed in the immediate
setting. Breast reconstruction is a women’s right with positive psychological effects,
able to preserve body integrity and femininity. It requires a close collaboration
between general and plastic surgeons if a double team approach is used. However,
the rates of reconstruction are largely varying according to different countries and
single institutions [1, 2] and among women themselves [3, 4]. In fact, younger
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women and those without a previous diagnosis of breast cancer are more likely to
have breast reconstruction than older women or those with a previous diagnosis of
cancer large (D cup or larger) ptotic breast or those with multiple previous scars.
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Breast reconstruction is personalized and tailored to each patient, taking in
consideration patient anatomy and comorbidities, cancer staging, and oncologic
rules if present and even patient desires. Patient expectations are very high and
women are seeking for outstanding cosmetic results especially in case of prophylac-
tic surgery; therefore, preoperative counseling is mandatory, providing information
about the type of reconstruction and the expected results.

Among women with hereditary gastric and breast cancer syndromes, three differ-
ent scenarios can be identified. Firstly, healthy women seeking for prophylactic
mastectomies. Secondly, cancer patients requiring mastectomy at the tumor site and
simultaneous risk-reducing mastectomy of the healthy breast. Thirdly, cancer
patients who have been treated for primary cancer requiring risk-reducing
mastectomies in a further stage. In this chapter, we present a schematic guide for
reconstruction for each subpopulation of subjects and their peculiarities.

18.1 Prophylactic Mastectomies in Healthy Women

Among women with inherited predisposition of gastric and breast carcinoma, several
strategies can be offered to reduce the risk, including surveillance and lifestyle,
chemoprevention, and risk-reducing surgery.

In case of healthy breasts and risk-reducing surgery, a conservative mastectomy is
usually performed with “esthetic” surgical incisions. Nipple and areola complex can
be preserved. Surgical incisions may be hidden in natural folds of the healthy breast
(i.e., inframammary fold, axillary region) or just around the areola, resulting in very
natural breasts (Figs. 18.1 and 18.2).

However, although the goal of prophylactic mastectomy is to achieve maximum
risk reduction as well as reducing general distress and anxiety related to cancer, it

Fig. 18.1 Preoperative and postoperative results after bilateral risk-reducing mastectomy and
direct-to-implant reconstruction through a periareolar skin incision



represents a major surgery, it results in irreversible loss of breast sensitivity, it can be
associated to minor and/or major complications resulting in unsatisfactory cosmetic
outcomes. Moreover, the risk of local cancer recurrences exists. For these reasons,
preoperative counseling is very important in unaffected CDH1 carriers, underling
pros and cons of risk-reducing surgery tailored to every single woman. If women
with small breasts may benefit of breast augmentation and improve their body
contour, those with large (D cup or larger) and ptotic breasts or those with multiple
previous scars are more prone to the onset of postoperative complications and
anesthetic results. They are not ideal candidates for nipple-areola-sparing mastec-
tomy and sometimes are better candidate to skin-sparing mastectomies [5, 6]. How-
ever, in the last decades, carefully designed reduction patterns have been
successfully applied to retain a natural skin envelope (skin-reducing mastectomies)
and to even maintain the areola and the nipple [7]. Also, in case of very large breast,
the nipple and areola complex can be grafted on the reconstructed mound.
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Fig. 18.2 Preoperative and postoperative results after bilateral risk-reducing mastectomy and
direct-to-implant reconstruction with scars located at the level of the inframammary fold

Finally, in unaffected CDH1 carriers, psychological counseling and support are
very important to improve coping skills and the decision-making process among
different risk-reducing strategies and several reconstructive options. The approach is
personalized and takes in consideration the patient’s personality, age, lifestyle,
psychological well-being, social support, and self-efficacy.

Among healthy women requiring risk-reducing surgery, immediate reconstruc-
tion with definitive silicone gel implants is the most popular method of reconstruc-
tion [8]. Over the last decades, we observed an evolution of materials able to achieve
really outstanding cosmetic outcomes. It is a simple procedure, for those women
who do not like having significantly long surgeries with associated donor-site
morbidity. It allows risk reduction and reconstruction in a single procedure. Even
the knowledge of breast implant-associated large-cell lymphoma (BIA-ALCL) did
not change the way of reconstruction, eventually moving to different implant
surfaces [9, 10].
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On the contrary, a minority of women prefer using autologous tissues, if applica-
ble, because of the similarity to natural breast, stability of the long-term result, and
anxiety about using foreign material/implants. Autologous reconstruction
encompasses a broad range of procedures incorporating the patient’s own tissues
to recreate the breast mound (pedicled and free flaps, fat grafting).

In case of bilateral reconstructions as required after risk-reducing surgery, the
differences in the long-term with both options are not significant [11]. In fact,
unilateral implant reconstruction generally fails to fully “match” the contralateral
breast without a bra and over time, this asymmetry actually worsen as the contralat-
eral natural breast becomes more ptotic and changes in size with patient weight gain
or loss. On the contrary, bilateral reconstructions with implants may be really
satisfactory especially in case of small to medium breasts when nipple and areola
are preserved or if reducing patterns in large breasts are successfully used.

18.1.1 Submuscular Implant-Based Reconstructions

Subpectoral implant reconstruction was first described in 1981 and it has been
considered the standard of care for several decades. Since the beginning, the surgical
technique has been modified with the introduction of more conservative approaches
for mastectomy and newer generation implants.

In total submuscular approach, the implant is placed under the pectoralis muscle
and/or serratus muscle and/or serratus fascia. In this way, the implant is covered and
protected by a highly vascularized tissue. For this reason, the submuscular approach
has traditionally been perceived to be the “safest” with regard to postoperative
complications such as wound dehiscence and mastectomy flap necrosis, infection,
and implant loss. Moreover, a total submuscular pocket allows a complete separation
of the implant space from the axillary space, being protective in case of fluid
collection from the axilla.

The subpectoral technique is considered the first choice in patients with
comorbidities such as uncontrolled diabetes, obesity, smokers, as well as those
with a history of previous breast surgery and multiple scars (Fig. 18.3). These
patients may benefit from implant placement either completely or partially under
the pectoralis muscle to provide an additional vascularized layer between mastec-
tomy flaps and the implant. Also, breast size and ptosis are critical points to consider.
Increasing breast size and ptosis will result in a higher risk of impaired skin perfusion
of the mastectomy flaps, therefore a muscular coverage may be desirable.

In 2011, Salgarello et al. [12] described a subpectoral/subfascial implant pocket
that represents an evolution of the classical submuscular pocket. In the upper pole,
the implant is covered by the pectoralis major muscle that is elevated in continuity
with the superficial pectoralis fascia up to the inframammary fold. Therefore, in the
inferior pole, the implant is covered by the fascial system. This approach allows a
larger pocket able to provide lower pole fullness and projection and the immediate
insertion of the definitive implant.
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Fig. 18.3 Preoperative and postoperative outcomes after bilateral risk-reducing mastectomy and
subpectoral implant reconstruction in a woman who previously underwent bilateral breast augmen-
tation through periareolar incisions

Nowadays, submuscular reconstruction is still the first choice in skinny patients
with minimal subcutaneous tissue. In these patients, the pectoralis major muscle may
hide implant contour and prevent implant rippling in the upper pole.

Disadvantages of this technique include pain and discomfort in the immediate
postoperative period due to muscular harvesting and dissection as well as during
tissue expansion. Morbidity with serratus elevation is a further possible concern.
Limited projection in the inferior pole is due to an imbalance between the
submuscular pocket and the mammary skin envelope, which is often larger than
the submuscular pocket. Finally, a noteworthy disadvantage associated with
submuscular implant positioning is the “animation deformity” or “dancing breast”.
It is caused by the manipulation and contraction of the pectoralis muscle over the
implant and it is often most prominent in patients who exercise frequently or lift
weights.

18.1.2 Submuscular ADM-Assisted Reconstructions

An Acellular Derma Matrix (ADM) is a processed tissue graft created from either
donated human cadaveric tissue or animal skin tissue. To create a graft, donated
tissue goes through a series of steps to be decellularized. ADMs act as biological
scaffolds, promoting angiogenesis and allowing for accelerated tissue ingrowth and
cellular repopulation, thus inducing tissue regeneration. They were first utilized as
dermal substitutes for the treatment of severe burns.

In breast reconstruction, the ADM can be used as an “inferior sling” sutured along
the inferior border of the pectoralis major muscle for implant and soft-tissue suste-
nance. Therefore, the ADM gives support in the inferolateral pole, allowing the



creation of a well-defined inframammary fold, granting esthetic lateral contour and
preventing implant migration.
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The use of ADMs in postmastectomy reconstructions introduces the
standardization of the dual-plane approach: subpectoral implant pocket in the
upper pole and ADM in the inferior pole.

Submuscular ADM-assisted reconstructions may overcome some limitations of
the total submuscular pocket as constricted lower pole, blunted inframammary fold,
superior implant displacement, increased time for subsequent expander filling,
increased pain upon expansion. In addition, reduced risk of implant malposition
and reduced rate of capsular contracture are described in the literature.

Moreover, ADM extension of the muscular pocket in the inferior pole may allow
the creation of larger-sized pockets, therefore facilitating direct-to-implant
reconstruction.

Although still debate exists regarding the increased risk of ADM-related
complications, the use of a dermal matrix seems to be associated with increased
risk of seroma and infection.

Finally, the choice among different ADMs in breast reconstruction can be
influenced by the market price of these biological matrices, therefore surgeons
must weigh considerations of cost and patient eligibility in their decision-making
process.

18.1.3 Skin-Reducing Pattern in Large and Ptotic Breasts

Postmastectomy reconstruction of large and ptotic breasts is technically challenging
and it is associated with increased postoperative complications mainly related to
impaired vascular supply of nipple and areola and mastectomy flaps. In these
patients, a conspicuous reduction of the skin envelope is required to adjust to implant
pocket and final scarring is similar to that from cosmetic surgery (inverted T scar).

In 2006, Nava et al. [7] described a single step procedure named skin-reducing
mastectomy able to reconstruct large and ptotic breasts, to minimize the risk of
complications and to obtain cosmetically satisfying results. The innovation of this
technique consists of de-epithelialization of the area below the nipple and areola
toward inframammary fold and the creation of a 1-cm-thick dermal flap, which is
then sutured to the inferior border of the pectoralis major muscle (inferior dermal
pedicle). The musculo-dermal implant pocket allows the use of large definitive
anatomical implants in the immediate setting with good projection at the
inferior pole.

Afterwards, nipple and areola can be grafted in the appropriate location, or they
may be pedicled superiorly in case of shorter distance between native areolar
position and new areola placement. Final scars correspond to the inverted T pattern.
A contralateral mastopexy or reduction of the healthy breast is simultaneously
performed to achieve good symmetry and cosmetic outcomes.
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Fig. 18.4 Preoperative and postoperative outcomes after bilateral risk-reducing mastectomy and
immediate reconstruction with definitive implants according to skin-reducing pattern

In very risky patients, an expander can be placed in the musculo-dermal pocket,
and it can be deflated in case of mastectomy flap necrosis, allowing surgical
debridement and approximation of well-vascularized edges (Fig. 18.4).

18.1.4 Prepectoral Reconstructions

According to prepectoral reconstruction, the implant is positioned subcutaneously,
in the space between the pectoralis major muscle and the mastectomy skin flap;
therefore, the subcutaneous layer (together with the mastectomy skin) is the sole
tissue layer overlying the implant. This approach was first attempted in the 1970s. At
that time, mastectomy technique was quite extensive and aggressive, skin flaps often
showed impaired vascularization and necrosis and prepectoral reconstruction was
abandoned because it was associated to an increased risk of implant exposure and
failure.

Recent knowledge and advances toward more conservative nipple and areola-
sparing mastectomies led to improved skin flap viability after oncologic resection,
determining the “came-back” of the prepectoral approach.

Assessment of the subcutaneous breast layer is of utmost importance in deter-
mining whether the prepectoral approach could be a safe alternative and the first
choice for breast reconstruction. Preoperative estimation of mastectomy flap thick-
ness is mandatory using the pinch test in the upper pole. Preoperative mammograms
are helpful to determine the amount of subcutaneous tissue in the upper breast pole
[13] to select the right candidates for prepectoral reconstruction. In patients within
minimal subcutaneous tissue, the subpectoral place is still the better solution to
prevent implant rippling in the upper pole or combined procedures such as fat
grafting and/or ADM placement may be needed to obtain satisfactory cosmetic
outcomes.
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Preoperative evaluation of comorbidities and life-style habits are similarly impor-
tant to highlight those patients with an increased risk of skin necrosis after
mastectomy.

However, although preoperative assessment is very important to drive indication
for reconstruction, intraoperative evaluation of mastectomy skin flap and their blood
supply is mandatory after the oncologic resection. Laser-assisted indocyanine green
angiography is a useful tool to assess mastectomy flap perfusion intraoperatively,
thereby decreasing the rate of mastectomy flap necrosis [14]. This technology allows
surgeons to preserve viable and healthy tissues while balancing the need to debride
poorly vascularized components of the mastectomy skin flaps.

Over the decades, the advancements in surgical technique and technology allow a
safer use of the prepectoral space than in the past, outlining the advantages of this
approach. Compared to submuscular implant positioning, prepectoral placement
significantly reduces postoperative pain, muscle spasm, and need for pain relievers
since no pectoralis muscle dissection is needed. This ultimately leads to a faster
upper limb functional recovery, a faster hospital discharge and recovery after
surgery, decreasing postoperative inactivity, and allowing a faster resumption of
work activities. Specific cost saving data are described in the literature with regard to
prepectoral reconstruction than subpectoral procedure [15]. Finally, pectoralis mus-
cle animation is obviously avoided using the prepectoral space.

Acellular dermal matrices or synthetic meshes have been introduced in the last
decades [16–18] to reduce capsular contracture and implant pressure above the
mastectomy skin flap in the prepectoral space. Biological matrices may mitigate
the inflammatory forces contributing to capsular contracture, serving as a barrier to
the host’s foreign body immune response and as a relatively inert spacer resulting in
less capsular contracture. Moreover, they mechanically support the implant in the
subcutaneous space, preventing pressures over the mastectomy flaps and stabilizing
implant position.

However, aggressive management of postoperative complications, such as
seromas and skin necrosis, is mandatory in prepectoral reconstruction to prevent
implant exposure and failure.

In 2020, data on the largest multicenter study on prepectoral Braxon-assisted
reconstructions have been published [19]. They include 1450 procedures and report
a low rate of complications that led to implant loss in 6.5% of the cases at 5-year
follow-up. Capsular contracture was associated with postoperative radiotherapy, but
the overall rate was low (2.1%). In addition, even if early reconstructive algorithms
excluded patients with planned radiotherapy from prepectoral implant placement
because of concerns for skin dehiscence without muscle support; however, data from
the iBAG study suggest that subpectoral placement avoids implant contracture by
the fibrotic irradiated pectoralis major muscle, producing a more appropriate contour
without the feared increase in skin dehiscence.

An alternative to matrices in the prepectoral space is represented by the use of
micropolyurethane foam-coated implants, first described by De Vita et al. [20] and
showing promising satisfactory results in terms of cosmetic outcomes, low
complications, and morbidity [21].



18 Breast Reconstruction 251

Fig. 18.5 Preoperative and postoperative results after bilateral skin-reducing mastectomy and
immediate reconstruction with prepectoral micropolyurethane foam-coated implants

Fig. 18.6 Preoperative and postoperative results after bilateral skin-reducing mastectomy and
immediate reconstruction with prepectoral micropolyurethane foam-coated implants

In large and ptotic breasts, prepectoral reconstruction may represent an alternative
to skin-reducing patterns in selected cases, avoiding more sophisticated surgical
approaches and related complications (Figs. 18.5 and 18.6).

18.1.5 Reconstruction After Nipple-Areola-Sparing Robotic Surgery

Robotic nipple-areola-sparing mastectomy represents an innovate approach able to
enhance the visualization of the superficial mastectomy plane and providing a more
precise dissection of subcutaneous tissue from glandular tissue, therefore preventing
vascular compromise of mastectomy flaps. The risk of nipple and areola ischemia or



necrosis, overall complication rate, and blood loss are therefore lower in comparison
to standard surgical approach in most of the studies.
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Fig. 18.7 Intraoperative views of robotic approach for risk-reducing mastectomy and
reconstruction

In addition, the resulting short and hidden scar perfectly responds to the rising
demand of high cosmetic results by healthy women asking for risk-reducing surgery.

Reconstruction is performed with definitive implants placed both in the
subpectoral place or prepectoral space according to patient anatomy and thickness
of the subcutaneous layer at the upper pole of the breast.

Compared with conventional nipple-sparing mastectomy and reconstruction,
robotic nipple-sparing mastectomy is associated with higher overall satisfaction
and wound/scar-related outcome in patient-reported esthetic results, nevertheless
longer operation time and higher overall medical cost are associated to this proce-
dure (Fig. 18.7).

18.1.6 Combined Procedures (Fat Grafting) for Conservative
Implant-Based Reconstructions

Among different types of breast reconstruction, fat grafting has been used not only as
a single exclusive reconstructive technique (autologous reconstruction), but also in
combination to other procedures to correct breast contour deformities and to improve
overall cosmetic outcomes. In fact, although the initial scepticism surrounding the
oncological safety of fat grafting in cancer patients, strong evidence demonstrated no
increased risk of cancer recurrence and mortality [22].

Autologous fat transplant has been associated to improved skin trophism and
vascularization and reduced postoperative pain after mastectomy.

It is frequently associated to implant-based postmastectomy reconstructions
allowing camouflage of small defects, asymmetries, and visible implant borders
and rippling, providing scar release and correction of skin depression and even
potential reduction in capsular contracture.

It is a safe and a low-cost procedure; however, it is associated to a variable and
unpredictable reabsorption rate and more procedures are sometimes necessary to
achieve desired results.
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Several sessions of fat grafting have been offered to postmastectomy patients with
implants to improve softness at the reconstructed breast. Patients who received
immediate reconstruction with expanders may progressively deflate the expander
and simultaneously they can be grafted to achieve more natural results.

18.2 Cancer Patients Requiring Mastectomy at the Tumor Site
and Prophylactic Mastectomy on the Healthy Breast

Although breast conservation is feasible in CDH1 mutation carriers when clinically
appropriate, the vast majority of affected CDH1 carriers ask for therapeutic mastec-
tomy and prophylactic mastectomy.

With regard to mastectomies for cancer treatment, tumor location and staging
certainly influence the surgical approach and skin incisions. For those tumors
superficially located, the skin over the tumor is removed within the mastectomy
specimen influencing the resulting scar.

A radial skin incision at the outer quadrant of the breast is frequently performed
both for glandular removal and axillary sampling [23], whether sentinel node biopsy
or complete axillary dissection (Fig. 18.8).

In cases of deeply located tumors, “esthetic” skin incisions are available as well
and an additional axillary incision is sometimes performed to remove axillary nodes.

Regardless of the type of mastectomy, options for reconstructions include both
prostheses and autologous tissues [1].

Even in this subgroup of patients, implant-based reconstructions are more popular
worldwide in comparison with autologous reconstructions [24]. In these cases,
definitive silicone implants or temporary prostheses are used according to oncologic
resection and the amount of spared local tissues. Less frequently, autologous flaps
are necessary for reconstruction after locally advanced cancers.

Fig. 18.8 Preoperative and postoperative results after bilateral nipple-areola-sparing mastectomy
and immediate reconstruction with definitive implants
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Contralateral prophylactic mastectomy can be carried out using a similar skin
incision to achieve good symmetry of the reconstructed mounds; only in cases of
“unfavorable” not hidden incisions at the tumor site, a different approach can be
performed in the healthy breast.

18.3 Risk-Reducing Surgery After the Treatment of Primary
Cancer

A heterogeneous group of women belong to this group, mainly those women who
have been treated for breast cancer and at the time they were not aware about the
inherited predisposition of lobular breast carcinoma. They may ask for risk-reducing
surgery or they may develop a local relapse or a second tumor in the healthy breast.

Postmastectomy reconstructions after previous conservative surgery are more
challenging. It occurs in those patients with hereditary gastric and breast cancer
syndromes who have been treated for primary cancer with conservation and asking
for risk-reducing mastectomies after genetic testing. In fact, mastectomy and recon-
struction in irradiated breasts lead to higher postoperative complications due to
impaired flap vascularity and healing process after radiotherapy, the presence of
previous scars, and increased capsular contracture in case of implant use. It has been
demonstrated that in implant-based reconstruction, radiotherapy is significantly
associated with higher risk or reoperation [25]. The adverse effects of radiotherapy
given both before and after implant-based reconstruction are well-documented [26].

Autologous reconstructions have been lately indicated as method of choice for
irradiated breasts. However, more recently, the use of biological matrices and
implants has been advocated to decrease capsular contracture rate in irradiated
breasts and successfully reconstructions have been described in the literature
[27, 28]. Since the two methods are not comparable in terms of safety, an accurate
selection of patients for matrix-implant reconstruction in irradiated tissues is man-
datory to lower postoperative complications [28].

18.3.1 Autologous Reconstruction: DIEP Flap for Bilateral
Reconstructions

Although autologous reconstructions have been gaining popularity in the last
decades and several studies report higher patients’ satisfaction scores and quality
of life in well-trained hands [29]; however, they do not represent the most popular
method of reconstruction in native breasts. In fact, they often carry increased
surgery-related risks, longer operating time, longer hospital stay and costs. More-
over, specific microsurgical skills are needed. Therefore, this type of reconstruction
is usually reserved to selected patients, especially to those women previously treated
with external breast irradiation [30].

The free Deep Inferior Epigastric Perforator (DIEP) flap is the most popular
procedure among autologous breast reconstructions. The DIEP flap relies on blood



vessels (deep inferior epigastric artery and deep inferior epigastric vein) that perfo-
rate the rectus abdominus muscle to supply the overlying abdominal skin. The flap
includes the abdominal skin and subcutaneous fat below the umbilicus without
sacrificing the rectus abdominis muscle or rectus sheath fascia. After its transplanta-
tion to the mammary region to reconstruct the breast mound, an abdominoplasty is
performed to close the donor site [31].
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Patients with hereditary gastric and breast cancer syndromes who have been
treated for primary cancer with conservation and irradiation and asking for risk-
reducing mastectomies after genetic testing, may benefit from bilateral DIEP flap.
Similarly, it occurs for those patients previously treated by conservation and requir-
ing therapeutic bilateral mastectomies. It allows a very natural long-lasting bilateral
reconstruction, assuming that subcutaneous tissue is available and well represented
in the abdominal region for bilateral flaps.

Rarely, in case of bilateral risk-reducing mastectomies and previous irradiation of
one breast, a monolateral DIEP flap is planned on one side and an implant-based
procedure is performed in the contralateral not irradiated breast. In fact, the two
methods of reconstruction act differently and breast asymmetries occur with time.

18.3.2 Latissimus Dorsi Flap and Implant

The latissimus dorsi (LD) flap has been used for the reconstruction of mastectomy
defects for more than 100 years and nowadays it still represents an attractive tool for
breast reconstruction [32]. Its strengths include a consistent vascular anatomy and a
robust and long pedicle as well as a quick postoperative after surgery. Several
refinements and indications have been described over the years, including the
correction of partial breast defects after conservation, both in the immediate setting
(oncoplastic replacement procedures) and in delayed setting for breast asymmetries.
Autologous LD flap can be used for total breast reconstruction with or without
implants, or as a salvage procedure for secondary reconstructions (implant or free-
flap failure). Over the years, we have observed an evolution of oncologic surgical
techniques and the development of new tools for reconstruction. LD flap has almost
been abandoned for the correction of partial breast defects, asymmetries, and
oncoplastic procedures. Fat grafting has replaced LD flap in the delayed setting
and perforator flaps are used in the immediate setting. Nevertheless, LD reconstruc-
tion is still performed for reconstruction in irradiated breasts or after implant
failure [33].

Patients with hereditary gastric and breast cancer syndromes who have been
treated for primary cancer with conservation and asking for risk-reducing
mastectomies after genetic testing, may benefit from implant-based reconstruction
in the native not irradiated breast and LD flap with implant at the irradiated site. In
this setting, an autologous flap combined with implant can reduce capsular contrac-
ture rate. Moreover, a well-vascularized muscle flap can also improve the quality and
texture of the irradiated mastectomy skin.
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Fig. 18.9 Preoperative and postoperative results after bilateral risk-reducing mastectomy and
reconstruction with implants. On the left side, a myocutaneous LD flap has been performed for
reconstruction in irradiated tissues. Dorsal scar at the donor site

The implant-associated complications are generally lower than those after
implant reconstruction alone and are comparable to results of two-stage expander/
implant reconstructions.

In case of very tick unilateral LD flap, different sized anatomical implants are
used to achieve good symmetry after bilateral mastectomies (Fig. 18.9).

18.3.3 ADM-Assisted Implant-Based Reconstructions
and Prepectoral Reconstructions

Although autologous tissues represent the first choice in irradiated breast, the use of
biological matrices and implants has been recently advocated to decrease capsular
contracture rate in irradiated breasts [27] and successfully reconstructions have been
described in the literature [19].

Matrices can be used as a sling and sutured to the inferior border of the irradiated
pectoralis major muscle to create the implant pocket, otherwise the irradiated muscle
is often fibrotic and inelastic, and it hinders the insertion of a definitive prosthesis.

Secondly, matrices can be used to completely wrap definitive implants positioned
in the prepectoral space. In both cases, an accurate selection of patients for matrix-
implant reconstruction in irradiated tissues is mandatory to lower postoperative
complications. In fact, any delay in wound healing process at the mastectomy site
is associated to a higher risk of wound-related complications and implant failure,
since no muscle implant coverage is possible in case of matrix-assisted
reconstructions.

In the Audit about prepectoral Braxon-assisted reconstructions, 198 irradiated
breasts have been reconstructed using Braxon matrix in the prepectoral space. Forty-
three patients received preoperative irradiation and postmastectomy Braxon-assisted
prepectoral reconstruction. One hundred-fifty patients received postoperative irradi-
ation after Braxon-assisted reconstruction. Although irradiation appears as a statisti-
cally relevant risk factor for the development of postoperative seroma, capsular



contracture, rippling, and implant loss in this cohort of patients, capsular contracture
at 2-year follow-up is 5.1% and implant loss is 11.1% (Fig. 18.10).
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Fig. 18.10 Preoperative and postoperative results after bilateral risk-reducing mastectomy and
implants in a patient previously treated with breast conservation and irradiation of the felt breast for
primary cancer. On the left side, AMD has been used as an extension of the pectoralis major muscle
for implant pocket

Note
Patients’ consent was obtained to publish the figures in this chapter.
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Abstract

CDH1 gene mutation carriers have to deal with a significant emotional burden
associated with the increased risk of developing invasive and aggressive cancer,
difficulties in managing the uncertainty related to the genetic testing information,
and challenging preference-sensitive decisions about risk-reducing measures
might potentially affect all life trajectories. Evidence collected in this domain
have stated that identifying a cancer mutation might be a disruptive event in the
lives of the mutation carriers. Having a cancer mutation does not mean an
increased risk for themselves, but also for their relatives who might have inherited
it. Considering the complexity of the cancer mutations, it is mandatory to
introduce into clinical practice tailored psychological consultation for mutation
carriers and their families to help them with challenges and uncertainties
connected with their condition. Here we will explore three key themes:
(1) patients’ experiences of uncertainty, emotional responses, and burden in
CDH1 carrier’s trajectory; (2) psycho-cognitive mechanisms behind the
preferences’ constructions in mutation carriers throughout the care pathway;
and finally, (3) role of the psychological consultation for mutation carriers and
their family and decision aids in clinical practice.
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19.1 From the Body to the Mind: Clinical and Psychological
Challenges in Gene Mutation Carriers

A growing body of evidence has highlighted [1] that mutation carriers must face an
increased risk of cancer in their lifetime compared to the general population. Genetic
knowledge has contributed to tailoring cancer risk and improving prevention actions
by introducing ad hoc clinical protocols (e.g., elective surveillance, risk-reducing
surgeries, and chemoprevention); however, it poses fundamental psychological and
social challenges to the carriers and their families related to the management of the
genetic risk information and uncertainty, treatment decisions, and long-term
consequences. Considering the specific case of CDH1 mutation, carriers have to
deal with an increased risk of developing hereditary diffuse gastric cancer (HDGC)
and hereditary lobular breast cancer (HLBC) [1, 2]. Although the HLBC condition is
rare, about 3% of families fulfilling specific criteria are CDH1 carriers. However, an
increased rate of CDH1 mutation in lobular breast cancer has been observed, and
often clinicians are untrained in managing it [1], particularly in dealing with the
psychological consequences for mutation carriers. In these cases, referral for psy-
chological support to handle the psychological morbidities is essential.

Moreover, mutation carriers have an increased risk of developing other cancers,
including colorectal and prostate [3]. An additional element that increases the
clinical complexity of this mutation and exacerbates the uncertainty is the difficulty
of early identification of HDGC throughout the instrumental examination [4, 5] and,
consequently, the low survival rate observed at 5 years from the diagnosis (about less
than 30%). Clinical evidence indicates that this cancer develops below the lining of
the stomach and displays a lack of observable symptoms. These peculiar clinical
features of the tumor affect the early detection by standard screening programs and
the efficacy of the antitumoral treatments [6].

These characteristics of tumors carrying the CDH1 gene mutation mean that
carriers have to deal with a significant emotional burden associated with the
increased risk of developing an invasive and aggressive cancer [6], difficulties in
managing the uncertainty related to the genetic testing information, and challenging
decisions about risk-reducing measures that might potentially affect all life
trajectories and quality of life (QoL) [7, 8]. Even if risk-reducing measures such as
prophylactic total gastrectomy (PTG) may contribute to the relief of anxiety related
to the increased risk for HDGC, patients who underwent these procedures reported
nutritional problems, fatigue that interfered with work, social and leisure activities,
and body imagine concerns [9]. An analog tendency has been observed in HLBC
patients who decide to undergo risk-reducing mastectomy (RRM). From a psycho-
oncological perspective, mutation carriers might react to positive genetic testing in
different ways; and the emotional and behavioral responses are strictly related to the
inner psychological features of the individual (e.g., personality, resilience, and
coping strategies), environmental and relational variables (e.g., social and family
support). With this in mind, healthcare professionals working with mutation carriers
must understand how individuals perceive their increased risk and differences in
individual responses to the risk of disease. It requires shifting the mindset of the



healthcare professionals, where body and mind are interconnected and where “car-
ing for the disease” also means “caring for the person” behind the cancer diagnosis.
Here we will explore three key themes: (1) experiences of uncertainty, emotional
responses, and burden in CDH1 carrier’s trajectory; (2) psycho-cognitive
mechanisms behind the preferences’ constructions in mutation carriers throughout
the care pathway; and finally, (3) role of the psychological consultation for mutation
carriers and their family and decision aids in clinical practice.
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19.1.1 The Uncertainty Hole in Cancer Genetic Testing

After learning one’s genetic predisposition through genetic testing, mutation carriers
experience uncertainty and fear about a future cancer diagnosis and struggle with
how to protect their future health and also of their relatives. In this vein, the
uncertainty is related to an increased risk of developing a secondary tumor in patients
with a previous history of cancer (survivors) and a primary tumor for the unaffected
carriers (also named as previvors referring to individuals who have a cancer muta-
tion, but they have not a previous history of cancer [10]). In addition, a critical
dilemma exacerbating the uncertainty and future treatment decisions is the risk of
not-developing cancer [11]. Indeed, if a CDH1 carrier has an 80% probability of
developing, for example HDGC, at the same time, he/she has a 20% probability of
not developing gastric cancer [12]. The disease is not a “certain event” in mutation
carriers’ trajectory, but a “probable event” that might occur in the future. Thus, a first
step to achieve a complete understanding of the mutation carriers’ experience is to
appreciate both the sources of the uncertainty in the genetic field and how carriers
make sense of this uncertainty.

Originally, uncertainty was outlined by Brashers and colleagues (2006), “as
events or situations that might be expressed as ambiguous and complex and in
which the information is poor and unpredictable” [13] (p. 478). Individuals might
react to the uncertainty using different emotional responses; the type of emotional
response affects the following behaviors and adaptation process to the new condi-
tion. Previous research in health domains has identified three different emotional
responses (negative vs. positive vs. combined) that may occur in individuals
responding to the uncertainty related to the genetic risk information. First, negative
emotional responses are activated when the individual perceives uncertainty as a
potential danger for himself. For example, mutation carriers might feel their uncer-
tainty as a threat and experience fear, anxiety, and worry for themselves and their
relatives. Some authors have suggested that mutation carriers live underneath “the
Sword of Damocles” [14] (p. 130), thinking that cancer might arise at any time: it is
not a question of if cancer will occur but when [15] (p. 21). In the “if condition”, the
cancer is a probable event; instead of the “when condition”, it is a certain event.
Thus, carriers who think that cancer is an inevitable event in their life trajectory may
experience high emotional distress such as anxiety, worry, depression, and fear of
recurrence. Negative emotional responses might bring mutation carriers to seek more
information about their condition (and treatment options) and manage their risks



through elective surveillance or prophylactic surgery. However, high levels of
negative emotions might also bring to deny the result of genetic testing as a
defensive mechanism to control the fear and worry of cancer onset or recurrence.
Otherwise, uncertainty might also elicit a positive emotional response; thus, uncer-
tainty is framed as a sort of window of opportunity prompting the patient to act, in
which all are considered probable in the future. Besides, this interpretation of
uncertainty might stimulate positive emotions such as optimism and consequently
might promote a better adaptation and QoL. Finally, when uncertainty merges
different elements, both hazard and opportunity, emotional patterns might be
characterized by a synthesis of fear and excitement [13] pushing one to adopt risk
behaviors. In this situation, carriers might be more prone to avoid the risk and
consequently bring the inaction [13, 16].
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Dean and colleagues (2016) [10, 15] highlighted that mutation carriers have to
deal with three sources of uncertainty related to the information received after
positive genetic testing that may impact future health decisions and associated
behaviors. The first level concerns the lack of clear (or partially incomplete) scien-
tific evidence that might cause informational uncertainty. While for some specific
mutations, such as in breast and ovarian cancer (BRCA1/2), the clinical
recommendations about treatments and information available are reliable and con-
firmed by a long series of clinical studies, for other mutations this is not always
possible [5]. Thus, mutation carriers might not have sufficient information to decide
between different treatment options such as chemoprevention versus active surveil-
lance versus prophylactic surgical option.

For CDH1 mutation, the international scientific community has not reached a
consolidated and shared consensus regarding the efficacy of electing surveillance
with endoscopy for the early detection of HDGC, highlighting a lack of satisfactory
sensitivity for this type of instrumental test [17]. In this situation, the patients’
decision burden is profoundly amplified because the patients have conflicting infor-
mation about care options; this informational uncertainty might push carriers to
decide to undergo invasive and demolitive surgery, such as PTG, even if this
treatment option does not reflect the patients’ preferences and needs. The second
level refers to ambiguity uncertainty that happens when the information provided by
healthcare providers (e.g., by counselors, geneticists, or oncologists) is scarce and
diverging from the information that the patients have collected using their personal
sources of information (e.g., searching in some forum, website or discussing
with relatives). This informational mismatching creates a sort of “decisional imbal-
ance” in mutation carriers for the best care pathway to follow, increasing worry and
anxiety for disease management, and future clinical outcomes. Finally, the third level
refers to stochastic uncertaintywhen mutation carriers are unsure about future health
outcomes connected with cancer and antitumor treatments [10]. Consistently, CDH1
mutation carriers must foresee and evaluate critical health consequences related to
the treatments. For example, in the case of the PTG treatment option, patients might
experience a series of long-term problems such as weight loss, reflux, dumping
syndrome, diarrhea, and fatigue with a negative impact on their QoL [18]. Similarly,
HLBC patients have to ponder the long-term consequences related with RRM such



as body image problems, self-esteem, and motherhood concerns. In both cases, the
mental construction of the future health consequences is quite challenging. Indeed,
carriers have to mentally represent the expected outcomes of a decision that might
have long-term consequences. In this regard, mutation carriers at risk for HLBC and
characterized by the uncertainty intolerance might decide to undergo RRM without
considering the impact on their body image amply. They may experience
unsatisfaction with the choice and postdecisional regret.
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In conclusion, the clinical uncertainty is a principal constituent of the disease
experience [19] and can never be wholly eradicated. However, carriers’ uncertainty
should be managed by healthcare professionals. Indeed, when uncertainty is not well
managed during clinical encounters, it may provoke harmful psychosocial
consequences (e.g., anxiety and depression), inadequate coping strategies, patient
and doctor relationship difficulties, poor decision-making, loss of control, and lower
quality of life [15, 20]. Thus, an essential step in managing the uncertainty is
comprehending how carriers appraise uncertainty and which type of emotional
responses are played, such as the coping strategies used to manage it [21]. In this
perspective, an in-depth understanding of the psychological, social, and behavioral
repercussions of the CDH1 mutation and its bearing on individual biography is
essential to improve the management of the mutation carriers in clinical practice.

19.1.1.1 Emotional Responses and Psychological Consequences
of Genetic Susceptibility Testing

Given the clinical complexity and seriousness of this rare syndrome and uncertainty
levels, CDH1 carriers have to face a high emotional burden that might occur
immediately after identifying the mutation or in the following period. From a
psychological point of view, identifying a cancer mutation might symbolize a sort
of biographical disruption [22] in the lives of the mutation carriers [23]. Michael
Bury initially introduced the notion of biographical disruption, which is the diagno-
sis of chronic disease brings to a multilevel transformation in individuals’ life.
Lately, this concept has been applied to cancer mutation carriers’ condition [24],
highlighting that the discovery of a mutation has a significant bearing on the carriers’
lives, engendering an imbalance in each system in which the individual is nested
(e.g., social, family, and working context). Having a cancer mutation does not mean
an increased risk for themselves but also for their relatives (e.g., sister and daughter)
who might have inherited this mutation. For these reasons, some authors suggested
that it is central to understand the psychological adjustment to inherited cancer risk
using systemic evolution [25]. The disclosure of the test result to the family members
can be a significant burden for the carriers, and feelings of guilt toward family
members [26, 27] considering that mutations might be transmitted and might shift
couple’s reproductive choice.

For example, studies on BRCA1/2 mutation carriers reported that patients fear for
their future health and the possibility of “transfer” of this gene mutation to their
children, predisposing them to cancer and raising concerns about when to tell and
test their child [14]. Also, some authors observed that mutation carriers vicariously
experience the consequence of their relatives’ decisions in which a mutation has



been identified [25]. For example, studies on hereditary nonpolyposis colorectal
cancer patients (HNPCC) highlighted [25, 28, 29] a circular and dynamic guilt
process in which patients expressed guilt for their children and their carrier siblings.
In contrast, noncarrier HNPCC individuals expressed guilt to relatives with heredi-
tary cancer. Likewise, partners of carriers might experience higher anxiety and
depression, both of the risk that their partner might develop cancer and concerns
about the increased risk for their children [25]. Further, mutation carriers might
experience stigmatization driving them to perceive themselves as different from
other people, increasing the risk of developing identity problems [27]. In this way,
the discovery of a cancer mutation might bring carriers to experience feelings of
loneliness and isolation [11].
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Carriers’ adjustment and attempts to deal with this biographical disruption might
be explained by considering individual coping strategies and emotional responses.
Originally, coping strategies were defined by Lazarus and Folkman as “cognitive
and behavioral efforts to manage specific external and/or internal demands that are
appraised as taxing or exceeding the sources of the person” [30] (p. 141). In the first
coping model, different categories of coping strategies were defined as problem- and
emotion-focused. The first one refers to the individual attitude to try to act on the
problem to deal with the stressful event, while the second one refers to managing
emotions elicited by the stressful event. Bennett and colleagues highlighted (2008)
[31] that there are no elective coping strategies in genetic risk information, but both
might help deal with this complicated situation. Implementing specific coping
strategies partially depends on how the human mind elaborates health threats or
dangerous cues. Miller’s model [32] highlighted that individual reaction to health
threats is explained by a complex relationship between an individual’s mental
representations, beliefs, affects, goals and values, self-regulatory strategies,
interactions, and the health-relevant information [32]. In this vein, the individual
response associated with discovering a genetic mutation is congruent with the mental
models of the carriers and sensemaking processes used to attribute a meaning to
experience [33]. Generally, positive genetic testing results might elicit different
coping strategies used by carriers to cope with the increased cancer risk. Some
carriers might react by changing or adopting healthy lifestyles (e.g., healthy diet,
regular physical exercise, and stress-reducing measures) or adopting risk-reducing
measures (e.g., following screening recommendations, performing active surveil-
lance, or elective surgery). Otherwise, other people might develop catastrophic or
fatalistic thoughts reducing the adaptation to the new situation and increasing the
fear of cancer onset and anxiety.

Emotional responses to positive genetic testing might be deeply different [26] and
are central in determining the individual adaptation, bolstering a better QoL, and
driving care decisions. Overall, they might move from negative emotions such as
fear, anger, and worry to more positive emotions such as a sense of relief or reduced
anxiety and worry. Indeed, some mutation carriers might be frustrated and angry
since genetic heritage cannot be modified or changed [27]; they might also be
worried about the future impact on their lives. Negative emotions elicited by the
situations might bring the mutation carriers to focus exclusively on the negative



aspects (e.g., I will die of cancer), producing distortions in risk perception (e.g.,
overrating their personal risk) and, consequently, suboptimal decisions [34]. Bennet
and colleagues [31] highlighted that a high perception of vulnerability and not
having control over their lives influence individual emotional well-being, increasing
the attitude to formulate intrusive thoughts and negative future expectations and
increasing distress (e.g., anxiety and depression). The type of negative thoughts and
their frequencies may define emotional responses to health threats. For example,
high levels of intrusive thoughts and negative expectations result in higher emotional
distress [31]. On the other hand, some studies have reported that the identification of
the cancer mutation might be helpful (generating positive emotions) because it has
permitted a better understanding of the clinical conditions, removing doubts (e.g.,
Have I or not a cancer mutation?) and worries (e.g.,Will I develop cancer?), to take
a conscious care decision, and finally to better organize their future [11]. Coherently,
Hamilton and colleagues stressed that carriers might preserve higher levels of
anxiety, but they reduce cancer-related distress [4].
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A key point in understanding the emotional processes is the interconnection
between the attentional style and emotional responses. A growing body of evidence
has highlighted that emotional responses to potential health-threatening cues might
be modulated by attentional style and underlying cognitive mechanisms [35]. In
particular, individuals characterized by a high monitoring style (also defined as
blunter referring to the attitude to scan for and attend to threatening cues) are more
prone to feel a higher level of emotional distress compared to individuals
characterized by low monitoring (referring to the attitude to distract themselves
from threat-relevant information). Thus, differences in monitoring style between
subjects can explain how the individuals encode and decode a specific situation.
Considerable evidence on cancer mutation carriers has consistently stated that high
monitors (information seekers) are more inclined to develop intrusive thoughts and
encode ambiguous information as highly threatening. In this way, they intensely
increase perceptions of personal risk for cancer, suggesting that high monitors
compared to low monitors (defined as information avoiders) tend to overestimate
the risk of experiencing a higher emotional distress [36, 37].

Another issue that should be considered is the difference between previvors
(defined as healthy subjects with a cancer mutation) and survivors (defined as
patients with a previous history of cancer diagnosis) in emotional response to genetic
testing [15]. More in detail, in survivors compared to the previvors, the detection of a
cancer mutation might disrupt or block the adaptation process, suffering an exacer-
bation or reactivation of adverse feelings (e.g., anxiety, depression, worry, fear of
recurrence) related to the cancer diagnosis [38] and increasing risk of recurrence.
Coherently with this assumption, survivors who underwent genetic testing tend to
forestall their emotional responses less precisely, thinking that; this harms QoL and
reduces adherence to the treatments, clinical follow-ups, and screening
recommendations [39].

These findings highlighted the critical role of emotions and coping strategies in
the adaptation process following a biographical disruption related to positive
genetic testing. In this environment, characterized by a higher uncertainty related



to their condition, mutation carriers have to make critical treatment decisions in order
to manage their increased cancer risk and future health status. Thus, it is essential to
understand which inner and external mechanisms are involved in carriers’ decision-
making processes.
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19.2 Inner and External Mechanisms Behind the Construction
of the Mutation Carriers’ Preferences

CDH1 mutation carriers have to face challenging preference-sensitive decisions
about risk-reducing measures (prophylactic surgery vs. elective surveillance) that
might affect all life trajectories and QoL. The treatment decision is deeply complex
and requires evaluating short- (e.g., fear of the side-effects and consequences on
QoL related to the PTG and/or RRM) and long-term consequences (e.g., worry about
loss of earnings, need for a family time, childbearing). From a medical perspective,
genetic testing contributes to tailoring cancer risk, increasing prevention strategies,
and reducing mortality; nevertheless, it increases uncertainty about treatment
decisions and requires the carriers to identify their best treatment options. According
to the normative decision theory, people should weigh the pros and cons of different
treatment options by estimating each outcome’s probability and utility and selecting
the best option. However, individuals are not always able to do this. For example,
when a carrier is informed that a mutation in CDH1 may increase the probability
(e.g., respectively around 50–80% for DGC and around 40–50% for LBC compared
to the healthy population without mutation) of developing DGC and LBC, such
probability could be perceived as close to certainty on a psychological level. Thus,
carriers might choose a more invasive treatment option in order to reduce the risk
(for example, PTG or RRM) without correctly evaluating the impact of this choice
on their life, increasing the risk of developing regret or inability to manage the
physical and psychological consequences of such demolitive surgeries. Several
studies have observed that genetic risk information is frequently transformed in
“patients’ mind [40]” (p. 734), creating a significant gap between objective and
perceived risk. For example, studies on BRCA1/2 carriers have highlighted that
women tend to overestimate their risks and remain up to 24% higher than their
objective cancer risk [40]. This imbalance in the risk evaluation happens because
individuals use a double way to interpret the risk: risk as feelings (respectively
instinctive reactions to danger) and risk as analysis (respectively, logic and scientific
deliberation to evaluate the risk and make a decision) [41, 42]. When people use the
first way (risk as feeling) to evaluate the risk, they base their decisions on intuition,
experience, or salient memories. For example, a woman with positive genetic testing
for CDH1 with a friend recently diagnosed with breast cancer might evaluate their
risk as higher and decide to undergo aggressive treatments such as RRM instead of
active surveillance. Otherwise, the second way (risk as analysis) provides a system-
atic and evidence-based risk evaluation. Generally, the individuals tend to process
the risk preferentially using an intuitive way, producing distortion in the risk
perception and consequently sub-optimal decisions [42, 43].
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Coherently with this assumption, in the descriptive theory of the decision,
Kahneman and Tversky [44] observed that human decision-making under uncer-
tainty is independent of a rational and objective evaluation of information. However,
it is linked to the representation of the choice dilemma, which is based on individual
mental construction of the reality and their status quo (referring to a set of elements
such as knowledge, values, beliefs, and emotions). Furthermore, the mind processes
the information using two distinct modules, called system 1 (automatic, associative,
and fast) and system 2 (analytical, reason-based, verbal, and relatively slow and
requiring cognitive effort). People tend to use system 1 to reduce cognitive efforts,
and when problems are routine and under time constraints. In contrast, individuals
use system 2 when the features of the decisional task are complex, the uncertainty is
high, and there is time to reason. This double way of processing information is
related to the human mind’s limited cognitive and computational abilities. Indeed,
according to the Bounded Rationality Theory by Herbert Simon, individuals are
characterized by bounded rationality due to limited cognitive and computational
abilities (for example limitations related to the attention, perception and memory
processes) and environmental constrains. This bounded rationality brings them to
use heuristic processes to face with the high number of daily decisions
[45]. Heuristics are defined as mental shortcuts used by individuals to make
decisions; heuristics operate throughout the experiential system (System 1) instead
of the deliberative system (System 2). Although heuristics might be defined as
advantageous or adaptive in specific decision-making contexts, because they allow
the individuals to respond to complex information that they would be unable to
process rationally, dependence on heuristics might lead to disadvantageous
decisions reducing the degree to which individuals evaluate objective risks, and
integrate them into their decisions [46–48].

Growing evidence has highlighted that carriers’ treatment decisions might be
deeply affected by these intuitive processes and led by emotions rather than by a
rational evaluation of the risks and the benefits associated with the treatment options.
More in detail, when the uncertainty levels are high such as in genetic testing
decisions, people base their decisions on heuristics to reduce cognitive strains. In
particular, health literature on decision-making has highlighted the critical role of the
following heuristics: availability, representative, affect heuristics, and anchoring
[41, 43, 44, 49].

In this regard, Garland and colleagues (2011) [50] highlighted that having a
family member (e.g., sister, uncle, father, or mother) who died from gastric cancer
or received a cancer diagnosis might prompt PTG instead of electing surveillance
with endoscopy in CDH1 mutation carriers. Indeed, this event increases the salience
and vividness of the association between “gastric cancer and death” and conse-
quently causes a high degree of risk aversion, and PTG is the only treatment option
considered. Similarly, the negative memories related to the negative consequences of
the PTG (e.g., extreme weight loss, altered eating habits, chronic pain, and fatigue)
and their impact on QoL and psychosocial sequels might act as a prompt to refuse
PTG. Further, mutation carriers with no experience of gastric cancer or gastric
cancer-related deaths might decide to postpone (or in some situation also to reject)



PTG [17]. This cognitive mechanism is well-known as availability heuristics, and it
refers to the attitude of making judgments about the probability of a specific event
based on how easily a case comes to mind [44].
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A second mental shortcut that might be detected is called representative
heuristics. It refers to the attitude of evaluating the probability of a specific event
based on similarity with a stereotype or previous knowledge. As suggested by Peters
et al. [43] (2006), the representative heuristic may better explain this process when
individuals have to evaluate if women are more likely to die of breast cancer or
cardiovascular disease. Generally, people are more prone to answer that the proba-
bility of dying of cardiovascular diseases, such as heart attack, is less than men. This
happens because heart disease is a condition more stereotyped in men. Coherently,
other studies on breast cancer patients stressed that individuals tend to feel a higher
risk of developing breast cancer according to their perception of how similar they are
to the “standard” woman (stereotype) who gets breast cancer [48, 51]. Thus, muta-
tion carriers sometimes might a-priori identify who in their family will develop a
genetic mutation based on similarity to an affected parent [52].

Another type of heuristic that might affect patients’ treatment decisions is
anchoring, referring to the attitude of the individuals to make a decision starting
from an initial value (acting as an anchor) that consecutively is adjusted in order to
provide the final decision; however, the performed adjustment is insufficient
[44]. For example, a CDH1 mutation carrier with a personal experience of cancer
(for example, mother died of LBC or DGC) may anchor their risk estimation at
around 100%. As Peters suggested [43], the following adjustments might be made
starting from 100%, but they might be lacking in obtaining a clear picture of
their risk.

Finally, pioneering studies by Paul Slovic and colleagues [41, 49, 53] have
introduced the affect heuristic, defined as a reasoning shortcut in which affect
(sensation of “goodness” or “badness” induced by a specific cue) drives the evalua-
tion and the selection of the information that is relevant to make a decision. Affect
drives human decisions, when the decision is complex, the level of uncertainty is
high, and the under-time pressure. In these conditions, human decisions are mainly
driven by affective impressions instead of a rational evaluation of the situation
[43]. This frame well describes the decisional environment that mutation carriers
have to face. For example, patients with LBC might decide for a RRM instead of
active surveillance because the fear and anxiety related to the risk of having a breast
tumor go beyond an objective evaluation of the risk; without considering the
consequences of this demolitive surgery on their “body and mind”, and long-term
QoL. On the other hand, considering the specificity of the decision to perform a PTG
[54], it might be driven by the subjects’ emotional activation; people who are
constantly worried about getting cancer would be much more burdensome than
not having a stomach.

In conclusion, behind the peculiarity of the CDH1 mutation, evidence suggests
that the decision to perform prophylactic surgery or elective surveillance depends on
a set of interconnected emotional, cognitive [55], and contextual factors. Consider-
ing this complexity, the international guidelines, medical and patient associations



have advocated the fundamental importance of introducing into clinical practice
tailored psychological consultations [7] in order to support mutation carriers (and
also their family), both in decision-making about care options and in the manage-
ment of the emotional and social burden related with the discovering of CDH1
mutation using a systemic approach.
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19.2.1 A Landmark in the Management of CDH1 Mutation Carriers:
Introducing Psychological Consultation into Clinical Practice

The international guidelines have suggested introducing psychological support for
CDH1 carriers to support risk-reducing decisions and improve emotional well-being
[1, 7]. As stated by Hoskins and colleagues [17], the counseling between mutation
carriers, their families, and healthcare professionals is a crucial step in the clinical
management of the mutation. In particular, since the psychological burden and the
multilevel factors affect treatment decisions, tailored psychological support is man-
datory for the patients, their families, and primary caregivers. Indeed, a cancer
mutation does not affect only the patient but also his/her family. As discussed
previously, partners of mutation carriers might experience higher anxiety and
depression, both due to the risk that their partner might develop cancer and concerns
about the increased risk for their children [24]. Furthermore, carriers might perceive
psychological and emotional burdens in communicating with their own family about
positive genetic testing, and this event requires a complete “revision of their life”. In
this regard, psychological consultation should be introduced akin to standard genetic
counseling but with different functions for the patients and their careers. Genetic
counseling is a crucial component of the clinical management of patients with a
CDH1 mutation. Carriers receive clinical information during genetic counseling,
such as “(1) three-generation family pedigree, (2) histopathological confirmation of
cancer diagnosis and/or precursor lesions, and (3) a discussion on lifespan risks of
emerging DGC and LBC” [56] (p. 362). Overall, this clinical consultation mainly
addresses cancer risk (both for DGC and LBC), short- and long-term consequences,
treatment options, and expected outcomes. In addition, genetic counseling aims to
inform carriers about the risk and benefits of genetic testing, when performed before
the genetic testing. Nevertheless, genetic counseling alone is not always sufficient to
inform mutation carriers and help them comprehend their preferences and needs
regarding risk-reducing treatments. Carriers do not receive specific support to make
a decision [57] and have reported several unmet needs.

For these reasons, it is mandatory to introduce a routine and tailored psychologi-
cal consultation for carriers in clinical practice. The psychological support should
aim to: (1) monitor carriers understanding the risk related to a cancer mutation and
short- and long-term consequences, helping the carriers to develop awareness about
hindering cognitive mechanisms that affect their decision and risk evaluation;
(2) evaluate needs and preferences related to treatment options integrating them
into clinical decision; (3) help them to cope with emotional and relational burden that
might occur after the discovery of mutation; and finally (4) repair biographical



disruption in order to help carriers in becoming empowered. More in details, carriers
and their families should be supported to develop a coherent and data-driven view of
their risk related to the CDH1 mutation and integrate their needs and preferences into
clinical decisions. Indeed, the information provided during genetic counseling is
necessarily uncertain and complex. It might raise concerns in carriers about possible
future changes in health status, physical and relational functioning, and QoL. It is
essential to consider that prophylactic surgeries such as PTG and RRM might have
iatrogenic consequences on body image, identity, sexuality, and relationships.
Moreover, studies on BRCA1/2 mutation carriers have reported that women, despite
surgery (RRM and oophorectomy), tend to feel at risk of developing a cancer [11]
that might cause long-term psychological morbidities. Thus, an in-depth discussion
about the advantages and disadvantages of prophylactic surgery should be
conducted, exploring the values, preferences, and expectations associated with the
treatment options, increasing the congruency between expectations and outcomes
[40]. Additionally, genetic cancer-related information has a high emotional burden
that might affect the individual intrinsic capacity to process the information received
and finally take a decision. Individuals tend to adopt cognitive heuristics to make
decisions in this specific context characterized by high emotional activation, time
pressure, and uncertainty [58, 59]. Thus, psychological consultation should support
carriers to face reasoning fallacies and to allow them to have a clear picture of their
risk. For example, a trained psychologist might help the carriers to explore all
treatment options in-depth, analyze risks and benefits, and manage their mental
representations, beliefs, and expected outcomes during the consultation. So, muta-
tion carriers will be guided to elicit their preferences and needs for each treatment,
and the decision will be co-developed. In this vein, tailored psychological consulta-
tion may support carriers in coping with their known genetic risk and making
informed and shared decisions with their healthcare professionals.

274 M. Masiero and G. Pravettoni

Consistently with this last point, existing research has reported the possibility of
integrating into the clinical practice new devices named patient decision aids
(PtDAs). The International Patient Decision Aid Standards [60] have defined the
PtDAs as evidence-based devices developed to support patients to be involved in
decision-making about their health [58]. PtDAs are used when patients have to face
complex decisions in which more than one option is available and suitable, each of
them has equal benefits and risks, the treatment options are preference-sensitive, and
evidence is limited [61]. The PtDAs might have a different form (e.g., booklet,
video, interactive online programs) and might be used by patients before clinical
consultations or during consultations [58]. This type of device should help patients
understand the risks and benefits of each treatment and their preferences and values
regarding outcomes of options. Indeed, a key aspect is the capacity of such a device
to integrate into the clinical decision the patient perspective. To integrate patients’
values and preferences into the clinical decision, PtDAs provide treatment options in
a detailed manner; thus, individuals can construct the experience (referring to the
physical, emotional, and social variables associated with the expected outcomes)
associated with each option. In this way, patients can understand which benefits and
harms are most significant to them [61, 62].
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The introduction into the clinical practice of the PtDAs might be fruitful from
several points of view, such as: improving knowledge and risk perception, reducing
decisional conflict and postdecisional regret, and finally permitting patients to
construct their health preferences and make a decision coherent with their values
and preferences [63]. Notwithstanding, as suggested by Stacey and collegues [61],
for the implementation into clinical practice, some specific actions should be taken
into account. Firstly, the PtDAs should be designed and developed according to
patients’ needs; secondly, physicians should be available and trained to use these
evidence-based clinical tools and skilled in shared decision-making. Only in this
manner, can the PtDAs be integrated into the clinical practice as a concrete support
for patients and healthcare professionals.

19.3 Conclusions

A growing body of evidence, reviewed here, indicates that CDH1 mutation carriers
must face an increased risk of cancer in their lifetime compared to the general
population causing critical physical problems, psychological morbidities, and nega-
tively impacting on QoL. In particular, mutation carriers have to face a significant
emotional burden related to the increased risk of developing an invasive and
aggressive cancer (or multiple cancer syndromes), difficulties in managing uncer-
tainty, and challenging preference-sensitive decisions about risk-reducing measures
affecting all life trajectories. Overall, the identification of a cancer mutation
symbolizes, for the mutation carriers, a sort of biographical disruption [22], engen-
dering an imbalance in each system in which the individual is nested.

Notwithstanding, to our knowledge poor studies are available on CDH1 mutation
carriers, psychological morbidities related to their condition, and decision-making.
Authors have highlighted as this type of population has several unmet needs
(physical, psychological, and social) that should be considered [4, 7, 11]; and for
which specific protocols should be designed and implemented in clinical practice.

The scientific community has highlighted the importance of introducing tailored
psychological support for carriers to help them cope with challenges and
uncertainties connected with their risk status into clinical practice [7]. As confirmed
by the evidence [64–67], tailored psychological support may help carriers in
decision-making about care options and managing the emotional and social burden
related to the identification of a CDH1 mutation. As well as, it may contribute to
reduce direct and indirect costs for healthcare professionals such as patient
complaints. Further benefits can be gained, by introducing decision aids to help
patients and health care providers achieve a shared and informed decision. Future
research should be aimed at exploring this critical field.
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Current Status and Future Perspectives 20
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Abstract

Gastric cancer remains an important contributor to the global cancer burden
ranking the 5th most common and the 4th most deadly cancer, according to the
latest cancer statistics. Despite the recent advances in the treatment of gastric
cancer, with combinatorial and targeted therapies, the overall survival and cure
rates are still poor, in particular for patients with advanced metastatic disease.
Several reasons may explain the yet unsatisfactory clinical outcome of gastric
cancer disease, from biological to experimental and conceptual, which should be
tackled in an integrated manner to allow the development of better therapeutic
options. Drug repurposing (DR, also known as drug repositioning) is gaining
considerable attention as an additional strategy to the mainstream de novo drug
discovery process. DR provides suitable drugs to expand the cancer chemother-
apy options because it may explore the vast number of approved agents with
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known safety profiles. The opportunity to use repurposed drugs is grounded in the
progress of the knowledge of cancer “physiology” and the consequent identifica-
tion of more targetable pathways. It is also fostered by the possibility of the
combined use of computational and bioinformatic tools, drug screening automa-
tion, sequencing technologies, and chemistry. Herein, after a brief introduction to
gastric cancer facts and currently approved therapies, we review the current status
of DR in gastric cancer mainly focusing on non-oncological drugs (i.e., drugs
approved for diseases other than cancers) that have been under pre-clinical and
clinical evaluation for cancer and compare the potential advantages and
limitations of DR over the traditionally de novo development process. It will
also be described the main strategies used to identify potentially “repurposable”
drugs and discussed the challenges ahead for DR in gastric cancer.
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20.1 Gastric Cancer Facts

Gastric cancer represents a major health problem, accounting for 5.6% of the global
cancer incidence burden and 7.7% of all cancer-related deaths, with an estimated
1,089,103 newly diagnosed cases and 768,793 related deaths worldwide in 2020
[1, 2]. This high mortality rate is associated with the overall poor prognosis of the
disease, with an average 5-year survival rate below 30%, mainly due to late diagno-
sis [3, 4]. The median overall survival is even lower: around 1 year, for patients
diagnosed at advanced stages of the disease with distant metastases, which
corresponds to more than 90% of the diagnosed patients [5].

Gastric cancer is a heterogeneous disease, comprising several tumor types. It
includes gastric adenocarcinomas, which represent around 95% of all stomach cases,
and several rare types, such as gastric lymphomas, mesenchymal tumors, and
neuroendocrine tumors [6, 7]. Gastric adenocarcinomas are the focus of this review
and will be hereafter abbreviated as GC.

20.2 Therapeutic Agents Currently Approved for Gastric Cancer

Despite the multiple and invaluable efforts of the last decades to reduce the inci-
dence, improve therapy, and reduce mortality, GC is still a burden with yet unsatis-
factory clinical outcome. Tumor resection (endoscopically or surgery) continues to
be the main potential curative treatment for early and advanced localized gastric
cancer. Chemotherapy, immunotherapy, or radiotherapy are used to decrease tumor
volume and recurrence, and prolong the overall survival of patients. For advanced
metastatic or recurrent GCs, chemotherapy becomes the mainstream treatment. It is
used as a palliative to control the disease and improve patients’ quality of life, though
other treatment modalities can also be added to gain additional benefits [8, 9]. The
number of approved therapeutic agents available to treat GC patients is scarce (see
Table 20.1) when compared to those available for the treatment of other solid



malignancies [13]. It comprises platinum compounds (cisplatin), fluoropyrimidines
(5-FU, capecitabine, and S-1), anthracyclines (doxorubicin, and epirubicin), taxanes
(paclitaxel, and docetaxel), topoisomerase I inhibitors (irinotecan), and biological
drugs (anti-HER2, anti-VEGFR2, and anti-PD1) alone or in conjugates
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Table 20.1 Approved compounds for gastric adenocarcinoma therapy by the European and/or
USA regulatory authorities [10–12]

Chemical compound Drug type Drug category

Capecitabine Small
molecule

Antimetabolite (An oral prodrug of
5-fluorouracil, 5-FU)

Cisplatin Small
molecule

Alkylating agent
Platinum-containing agent

Docetaxel Small
molecule

Antimitotic-Antimicrotubule (Taxane)

Doxorubicin Small
molecule

Anthracycline antibiotic

Fam-Trastuzumab
Deruxtecan-nxki

Biological Antibody–drug conjugate (ADC) (Humanized
anti-HER2 antibody linked to a topoisomerase
inhibitor, deruxtecan)

Epirubicin Small
molecule

Anthracycline antibiotic (An 4′-epi-isomer of
doxorubicin)

Fluorouracil (5-FU) Small
molecule

Antimetabolite

Irinotecan Small
molecule

Topoisomerase I inhibitor (A prodrug
derivative of camptothecin)

Larotrectinib Small
molecule

Tyrosine kinase inhibitor (Selective TRK
inhibitor)

Mitomycin C Small
molecule

Antibiotic

Nivolumab Biological Immune checkpoint inhibitor monoclonal
antibody (Anti-PD-1 receptor blocking
antibody)

Pembrolizumab Biological Immune checkpoint inhibitor monoclonal
antibody (Anti-PD-1 receptor blocking
antibody)

Ramucirumab Biological Anti-angiogenic monoclonal antibody (Anti-
VEGFR2 blocking antibody)

Tegafur-Gimeracil-Oteracil
(S-1)

Small
molecule
combination

Antimetabolite combination (Tegafur, a 5-FU
prodrug, plus two modulators of 5-FU
metabolism, Gimeracil and Oteracil)

Trastuzumab Biological HER2-signaling inhibitor monoclonal antibody

Trifluridine-Tipiracil
Hydrochloride (TAS-102;
S95005)

Small
molecule
combination

Antimetabolite combination (Pyrimidine analog
TFT and the thymidine phosphorylase inhibitor,
TPI)

Legend: 5-FU Fluorouracil, HER2 Human Epidermal Growth Factor Receptor 2, PD-1
Programmed Cell Death 1, TFT Pyrimidine analog 5-trifluoro-2′-deoxythymidine, TPI Tipiracil
hydrochloride, TRK Tropomyosin receptor kinase, VEGFR2 Vascular Endothelial Growth Factor
Receptor 2



(Fam-Trastuzumab Deruxtecan-nxki) [10]. These agents are the base of many
established chemotherapeutic regimens approved for the treatment of advanced or
recurrent gastric cancer patients [8, 10–12]. They are often used in combination as an
attempt to increase overall survival in spite of the cost of additional toxicity [8, 14–
16]. Ongoing clinical trials are investigating new doses, schemes, and combinatorial
regimens that use cancer drugs approved for the treatment of other tumors [17] to
improve the modest clinical gains generally obtained. Therefore, GC still remains a
therapeutic challenging condition, and advances are urgently needed to expand the
therapeutic options to reduce the rate of disease recurrence and mortality and extend
survival and quality of life. To face this unmet therapeutic need, DR has to be
considered as a valid approach.
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20.3 Drug Repurposing as a Complementary Strategy
to the Traditional De Novo Drug Development

In the early days, drug discovery relied exclusively on “trial-and-error” and seren-
dipity to find compounds (drugs) that could be used to treat or cure diseases. Drugs
were usually obtained from plants or other organisms. The development of chemis-
try allowed the isolation of the active compounds present in the complex extracts
obtained from natural sources and, later, the production of the drugs in the labora-
tory, relieving the pressure on nature as the only source of medicines. With the
increase of knowledge of chemical synthesis, the capacity to synthesize new chemi-
cal entities expanded and allowed the development of large synthetic combinatorial
libraries. From the last quartile of the twentieth century onwards and fostered by
biotechnology and the genome sequencing, the number of pharmacological
receptors increased exponentially, allowing the identification of a huge diversity of
drugs (small molecules, antibodies, antibodies–drug conjugates, gene and cellular
therapies) able to interact with the new receptors, at a faster pace than ever [18–
21]. This is portrayed in the IQVIA Institute’s last report, showing that the global
number of novel active substances launched in 2021 exceeded those of the last
decade in various areas; oncology is one of them [22].

De novo drug discovery, i.e., the development of new (previously unknown)
molecular entities with biological activity is grounded on two main approaches: the
traditional phenotypic-based method, and the targeted-based approach [23–27]. In the
phenotypic-based approach, several potential drugs are tested and those that showed
efficacious in causing a given biological response in the appropriate disease model are
selected. Usually the mechanism of action and targets are unknown, although they can
be determined retrospectively. Targeted-based drug discovery, the most common
strategy, simplified in Fig. 20.1, typically includes the identification (and validation)
of a therapeutic target, which is a molecule (a pharmacological receptor) relevant for
the disease, the design of the drugs to target the molecule, and the devising of an
appropriate assay to access the effects of the drug/receptor interaction. After the testing
of multiple potential drugs, the most promising candidates may be subjected to several
rounds of optimizations and refinements in their structure until one molecule is found



with the appropriate selectivity and activity profiles. Once the lead compound is
optimized, it is then tested in the appropriate pre-clinical models to determine its
efficacy, safety, delivery/formulation, and pharmacokinetics, using in vitro cell-based
and in vivo non-human animal models.
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Fig. 20.1 Comparison between the drug development process required to bring a drug into the
market using traditional de novo drug development versus drug repurposing approaches. In drug
repurposing, the process is shorter because it bypasses or abbreviates many preapproval
steps, already been performed for the original indication of the drug, at the research and develop-
ment, and at the pre-clinical and safety assessment steps in phase I trial. Note that in some
circumstances, phase I clinical trials can be needed in drug repurposing. Sources: [28, 29]

After successful pre-clinical results, and upon the approval of an Investigational
New Drug (IND) application by a drug regulatory agency, the IND needs to
complete a series of clinical testing in humans (phases I, II, and III) before being
authorized to be placed in the market by drug regulatory agencies. All these studies
must follow the methodological procedures, namely those defined by the Interna-
tional Council for Harmonisation of Technical Requirements for Pharmaceuticals for
Human Use (ICH), to demonstrate its efficacy, safety, and benefit-risk. Even after its
approval for clinical use, drug effectiveness and safety are continuously monitored
(phase IV) in the context of a long time use in the real world, with a number and
diversity of patients impossible to reproduce in the phase III studies. Overall, this de
novo drug discovery and development process is lengthy, time-consuming, and
entails a high risk of failure throughout the entire pipeline, particularly in the
animal-to-human translation studies and during clinical development, when unex-
pected toxic effects or low clinical efficacy can occur [19, 28, 30–36]. It is estimated
that, on average, it takes 10–17 years to bring an oncology medicine to the market,
with a median cost of $2771.6 million. Recovery of such a huge investment implies
high selling costs of the new drugs, a financial burden that might limit the access to
innovative oncology treatments, at least in low- and middle-income countries
[28, 37, 38]. Consequently, a new paradigm is needed to find effective and afford-
able oncological drugs. Exploring the potential in cancer of drugs already approved
for non-oncological indications by DR is an obvious option.

DR is a term originally coined by Ashburn and Thorn to designate the process of
finding new uses for already existing approved drugs [28]. Other terms with



comparable meanings have emerged since then, such as drug repositioning, drug
redirecting, drug profiling, drug re-tasking, and therapeutic switching [39, 40]. The
terminology may be recent but, in fact, drug repurposing has been put into practice
throughout the history of medicine, as exemplified by the use of antimicrobials for
cancer therapy and by the use of several cytotoxic drugs in the treatment of types of
tumors different from the one for which the drug was initially approved. DR in
oncology may represent an optimization of resources by shortening the costs and
time to deliver a new clinical indication to drugs with known clinical safety profiles.
Steps of the traditional drug development pipeline, such as the design and screening
of compounds, the pre-clinical studies, and the first-in-human clinical trials (phase I),
can be dispensable or abbreviated, resulting in substantial savings compared to
standard de novo drug development as illustrated in Fig. 20.1.
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The use of a repurposed drug in an oncology setting might still require additional
phase I clinical trials to establish the effective drug dose and respective safety, which
might be different from those of the original indication. If the effective drug
concentration range lies within the concentration range already tested for the previ-
ous clinical indications, the development of repurposed drugs could need between
3 and 12 years, which is lower than the time needed for a normal drug development
[28, 37].

The DR process is not completely absent of constraints. It can still fail in phases II
and III, more likely due to lack of efficacy rather than to safety issues. In addition,
technical and regulatory specificities of the drug repurposing process might delay its
implementation and development, in particular, legal aspects related to intellectual
property and patent ownership of repurposed drugs, and limited funding and
resources to develop drug repurposing projects [37, 41].

20.4 Strategies for DR

As mentioned above, the first successful examples of repurposed drugs were discov-
ered fortuitously. Nowadays, the search for candidate drugs for repurposing involves
more systematic and rational approaches. The evolution is facilitated by the
advances in technology, by increased knowledge of the biology of the disease,
and, mainly, by a better understanding of the mechanisms of action of many drugs.

DR relies on two major principles, upon which several strategies are designed.
First is the recognition that drugs, besides their best-known biological target (pri-
mary intended target), have several off-targets (secondary targets). Second, diseases
sharing causative or disease-relevant targets could be, in principle, treated with drugs
acting on the same targets and signaling pathways [42]. In fact, the advances in the
knowledge of the pathophysiology of cancer are revealing that cancer shares disease-
relevant pathways with other non-cancer diseases, which supports the use in cancer
of drugs shown to be effective in these non-oncological diseases. In addition to this,
the fact that currently approved drugs are rarely single-target agents represents a
significant source of potential repurposable therapeutic agents for the treatment of
diseases distinct from that of the drug’s original indication in which akin targets and



associated signaling pathways might be mechanistically important [43–45]. This is
particularly important in oncology given the high demand for new therapeutic drugs
to overcome the resistance to the first and subsequent lines of treatment.
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Drug repurposing approaches can be broadly divided into experimental-based
and in silico- or computational-based methodologies (extensively detailed in [37]),
both of which are increasingly used simultaneously to accelerate the repurposing
process. Experimental-based approaches rely on in vitro and in vivo disease models.
They are used to identify drugs that modulate (revert or stimulate) phenotypic
characteristics of a given disease (phenotypic screening) or to identify the targets
of a given drug for which the associated phenotypic activity was not yet mechanisti-
cally understood. Computational approaches, on the other hand, include data
mining, machine learning, and network analysis of different types of drug-, dis-
ease-, and patient-related large-scale data, aiming to identify potential new drug–
disease associations [46]. There is a wide diversity of computational approaches,
focused on either the drug or the disease. The signature matching is the most
common approach that infers similarities to identify therapeutic applications, targets,
and mechanisms of action, comparing drug–drug data (e.g., shared chemical
structures, target profiles, “omics” data) or drug–disease signatures (e.g., comparison
of disease-associated expression profiles with and without drug treatments). Others
include, for instance, the molecular docking that uses computational algorithms and
structural molecular biology data to predict the binding complementarity between
targets and drugs and thus identify novel interactions that can be further explored for
repurposing, and the network or pathway mapping, which involves the construction
of networks based on gene expression patterns, protein or disease data that is
intersected with drug databases to identify potential repurposing drugs that could
modulate the disease-relevant pathways [37, 47, 48].

20.5 Non-cancer Repurposed Drugs in Gastric Cancer:
Pre-clinical Studies and Clinical Trials

The repurposed drugs that are currently being evaluated in the context of GC are
summarized in Table 20.2. Their original therapeutic indication is
presented according to the Anatomical Therapeutic Chemical (ATC) classification
adopted by WHO, and as shown, is diverse, including antibiotics, antiparasitics,
antipsychotics, antidepressants, and antidiabetics, among others. All are under
pre-clinical or clinical research evaluation to be used in GC treatment or prevention
(references of studies are indicated). Nevertheless, to date, none of the compounds
have been translated into clinical practice.
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Table 20.2 Non-cancer repurposed drugs investigated in pre-clinical and clinical studies for the
treatment or prevention of gastric cancer

Pre-
clinical
study
references

Clinical trials (study
type, identifier,
country, start date,
status, results)

Abacavir Anti-infectives for systemic
use/Nucleoside and nucleotide
reverse transcriptase inhibitors

[49 ND

Ademetionine Alimentary tract and
metabolism/amino acids and
derivatives

[50–52 ND

Albendazole Anthelmintics/antinematodal
agents

[53, 54 ND

Allopurinol Musculo-skeletal system/
antigout preparations

ND Interventional;
primary purpose:
Treatment

– ND—[55]

Alpha-Lipoic Alimentary tract and
metabolism/various alimentary
tract and metabolism products/

[56 ND

Amiloride Cardiovascular system/
diuretics/other potassium-
sparing agents

[57, 58 ND

Amlodipine Cardiovascular system/
selective calcium channel
blockers with mainly vascular
effects

[59, 60 ND

Anakinra Antineoplastic and
immunomodulating agents/
interleukin inhibitors

[61 ND

Aripiprazole Nervous system/other
antipsychotics

[62 ND

Artesunate Antiparasitic products,
insecticides, and repellents/
antimalarials

[63–65 ND

Aspirin
(Acetylsalicylic
Acid)

Nervous system/other
analgesics and antipyretics

[66–72,
74–81]

Observational;
primary purpose:
Prevention

– NCT03743883;
UK; 2018—[82]

– NCT04081831;
Hong Kong; 2019—
[83]
Interventional;
primary purpose:
Prevention

– NCT04214990;
Korea; 2020—
Recruiting

– NCT04214990;

(continued)



Drug name
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Table 20.2 (continued)

Pre-
clinical
study
references

Clinical trials (study
type, identifier,
country, start date,
status, results)

Korea; 2020—
Recruiting

Atenolol Cardiovascular system/beta-
blocking agents, selective

[84 ND

Atorvastatin Cardiovascular system/lipid-
modifying agents/HMG CoA
reductase inhibitors

[85, 86 ND

Auranofin Musculo-skeletal system/
specific antirheumatic agents/
gold preparations

[87, 88 ND

Azithromycin Anti-infectives for systemic
use/macrolides, lincosamides,
and streptogramins

[89 ND

Bazedoxifene Genito urinary system and sex
hormones/Other sex hormones
and modulators of the genital
system/selective estrogen
receptor modulators

[90 ND

Cabergoline Nervous system/dopamine
agonists

[91 ND

Caffeine Nervous system/
psychostimulants, agents used
for ADHD and nootropics/
xanthine derivatives

[92–94 ND

Candesartan Cardiovascular system/
angiotensin II receptor blockers
(ARBs)

[95–97 ND

Cannabidiol Nervous system/other
antiepileptics

[98, 99 ND

Captopril Cardiovascular system/ACE
inhibitors

[100 ND

Celecoxib Musculo-skeletal system/Anti-
inflammatory and
antirheumatic products,
non-steroids

[64, 101–
122]

Interventional;
primary purpose:
Treatment

– ND; China—
[123]

– ND; China;
2004—[124]

– ND; China—
[125]

– ND; China;
2010—[126]

– ND; China;
2010—[127]
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Table 20.2 (continued)

Pre-
clinical
study
references

Clinical trials (study
type, identifier,
country, start date,
status, results)

Chloroquine Antiparasitic products,
insecticides, and repellents/
antimalarials

[128 ND

Chlorpromazine Nervous system/antipsychotics [128, 129 ND

Cimetidine Alimentary tract and
metabolism/drugs for peptic
ulcer and gastro-esophageal
reflux disease/H2-receptor
antagonists

[130–133] Interventional;
primary purpose:
Treatment

– ND; Denmark;
1982—[134]

– ND; UK; 1990—
[135]

Colchicine Musculo-skeletal system/
antigout preparations

[136, 137 ND

Ciclosporin Antineoplastic and
immunomodulating agents/
calcineurin inhibitors

[138, 139 ND

Enalapril Cardiovascular system/ACE
inhibitors, plain

[140 ND

Deferasirox All other therapeutic products/
iron-chelating agents

[141, 142 ND

Deferoxamine All other therapeutic products/
iron-chelating agents

[142 ND

Digoxin Cardiovascular system/digitalis
glycosides

[143 ND

Dipyridamole Blood and blood-forming
organs/platelet aggregation
inhibitors excl. heparin

[144, 145] Interventional;
primary purpose:
Treatment

–ND; Japan—[144]
–ND; Japan—[146]

Disulfiram Nervous system/drugs used in
alcohol dependence

[147–150 ND

Doxycycline Anti-infectives for systemic
use/tetracyclines

[151, 152 ND

Eflornithine
(α-difluoro-methyl
ornithine; DFMO)

Antiparasitic products,
insecticides, and repellents/
other agents against
leishmaniasis and
trypanosomiasis

[153–162] Interventional;
primary Purpose:
Prevention

– NCT02794428;
USA; 2016—
Recruiting

Esomeprazole Alimentary tract and
metabolism/proton pump
inhibitors

[163–165 ND
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Table 20.2 (continued)

Pre-
clinical
study
references

Clinical trials (study
type, identifier,
country, start date,
status, results)

Fasudila Cardiovascular system/other
peripheral vasodilators

[166 ND

Fenofibrate Cardiovascular system/lipid-
modifying agents, plain/fibrates

[167 ND

Fingolimod Antineoplastic and
immunomodulating agents/
selective immunosuppressants

[168 ND

Fluoxetine Nervous system/
antidepressants/selective
serotonin reuptake inhibitors

[169–171 ND

Glibenclamide Alimentary tract and
metabolism/blood glucose-
lowering drugs, excl. insulins/
Sulfonylureas

[172 ND

Hydroxychloroquine Antiparasitic products,
insecticides, and repellents/
antimalarials

[173 ND

Ibuprofen Musculo-skeletal system/anti-
inflammatory and
antirheumatic products,
non-steroids

[77, 174,
175]

ND

Imipramine Nervous system/
antidepressants/non-selective
monoamine reuptake inhibitors

[176 ND

Indometacin Musculo-skeletal system/anti-
inflammatory and
antirheumatic products,
non-steroids

[66, 67,
74, 101,
104, 177–
181]

ND

Itraconazole Anti-infectives for systemic
use/antimycotics for systemic
use/triazole and tetrazole
derivatives

[182–184 ND

Ivermectin Antiparasitic products,
insecticides, and repellents/
antinematodal agents/
avermectins

[182 ND

Ketamine Anesthetics, general/other
general anesthetics

[185 ND

Levamisole Antiparasitic products,
insecticides, and repellents/
antinematodal agents/
imidazothiazole derivatives

ND Interventional;
primary purpose:
Treatment

– ND; Japan;
1976—[186]

– ND; Japan;
1977—[187]

(continued)
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Table 20.2 (continued)

Pre-
clinical
study
references

Clinical trials (study
type, identifier,
country, start date,
status, results)

– ND; Japan;
1979—[188]

– ND; Italy; 1977—
[189]

– ND; Korea;
1991—[190]

– ND; USA—[191]

Lercanidipine Cardiovascular system/
selective calcium channel
blockers with mainly vascular
effects/dihydropyridine
derivatives

[60 ND

Lidocaine Nervous system/anesthetics,
local/amides

[192–197 ND

Linagliptin Alimentary tract and
metabolism/blood glucose-
lowering drugs, excl. insulins/
dipeptidyl peptidase 4 (DPP-4)
inhibitors

ND Interventional;
primary purpose:
treatment

– NCT03281369;
multi-Locations;
2017—recruiting

Lithium Nervous system/antipsychotics ND Interventional;
primary purpose:
Treatment

– NCT03153280;
Ireland; 2022—
Recruiting

Losartan Cardiovascular system/
angiotensin II receptor blockers
(ARBs), plain

[100, 198 ND

Lovastatin Cardiovascular system/lipid-
modifying agents, plain/HMG
CoA reductase inhibitors

[145, 199–
208]

Interventional;
primary purpose:
treatment

– ND; Korea;
1996—[209]

Loxoprofen Musculo-skeletal system/anti-
inflammatory preparations,
non-steroids for topical use

[210 ND

Maraviroc Anti-infectives for systemic
use/direct-acting antivirals/
other antivirals

[211 ND

Mebendazole Antiparasitic products,
insecticides, and repellents/
antinematodal agents/
benzimidazole derivatives

[212–214 ND

Mefloquine Antiparasitic products,
insecticides, and repellents/

[215 ND



Drug name
Drug indication (ATC
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Table 20.2 (continued)

Pre-
clinical
study
references

Clinical trials (study
type, identifier,
country, start date,
status, results)

Melatonin Nervous system/hypnotics and
sedatives/melatonin receptor
agonists

[216–233] Interventional;
primary purpose:
treatment

– ND; Italy—[234–
236]

Metformin Alimentary tract and
metabolism/blood glucose-
lowering drugs, excl. insulins/
biguanides

[237–265] Interventional;
primary purpose:
treatment

– NCT04033107;
China; 2019—
recruiting

– NCT04114136;
USA; 2020—
recruiting

Metronidazole Anti-infectives for systemic
use/other antibacterials/
imidazole derivatives

[266] Interventional;
primary purpose:
treatment

– ND; Russia;
1982—[267]

Miconazole Anti-infectives for systemic
use/antimycotics for systemic
use/imidazole derivatives

[268 ND

Mifepristone Genito urinary system and sex
hormones/progesterone
receptor modulators

[269, 270 ND

Naftopidilb Genito urinary system and sex
hormones/drugs used in benign
prostatic hypertrophy/alpha-
adrenoreceptor antagonists

[271 ND

Niclosamide Antiparasitic products,
insecticides, and repellents/
anticestodals/salicylic acid
derivatives

[272 ND

Nimesulide Musculo-skeletal system/anti-
inflammatory and
antirheumatic products,
non-steroids/other anti-
inflammatory and
antirheumatic agents,
non-steroids

[273 ND

Noscapine Respiratory system/cough
suppressants, excl.
combinations with

[274 ND
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Table 20.2 (continued)

Pre-
clinical
study
references

Clinical trials (study
type, identifier,
country, start date,
status, results)

Octreotide Systemic hormonal
preparations, excl. sex
hormones and insulins/
hypothalamic hormones/
somatostatin and analogs

[69, 107,
275–280]

Interventional;
primary purpose:
treatment

– ND; China—
[123]

Olanzapine Nervous system/
antipsychotics/Diazepines,
oxazepines, thiazepines, and
oxepines

ND Interventional;
primary purpose:
treatment

– NCT03575637;
China; 2018—
Unknown

Olmesartan Cardiovascular system/agents
acting on the renin-angiotensin
system/angiotensin II receptor
blockers (ARBs), plain

[140 ND

Omeprazole Alimentary tract and
metabolism/proton pump
inhibitors

[281 ND

Orlistat Alimentary tract and
metabolism/peripherally acting
antiobesity products

[282, 283 ND

Ouabain Cardiovascular system/digitalis
glycosides

[284 ND

Pantoprazole Alimentary tract and
metabolism/proton pump
inhibitors

[285–
291],

ND

Paroxetine Nervous system/
antidepressants/selective
serotonin reuptake inhibitors

[292 ND

Perhexiline Cardiovascular system/other
non-selective calcium channel
blockers

[293 ND

Pioglitazone Alimentary tract and
metabolism/blood glucose-
lowering drugs, excl. insulins/
thiazolidinediones

[294 ND

Pravastatin Cardiovascular system/lipid-
modifying agents, plain/HMG
CoA reductase inhibitors

ND Interventional;
primary purpose:
treatment

– ND; Netherlands;
2005—[295]

Propofol Nervous system/other general
anesthetics

[296–304 ND
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Table 20.2 (continued)

Pre-
clinical
study
references

Clinical trials (study
type, identifier,
country, start date,
status, results)

Propranolol Cardiovascular system/beta-
blocking agents, non-selective

[84, 305–
309]

Interventional;
primary purpose:
treatment

– NCT04005365;
China; 2019—
Unknown

Rabeprazole Alimentary tract and
metabolism/proton pump
inhibitors

[310]

Ranitidine Alimentary tract and
metabolism/drugs for peptic
ulcer and gastro-esophageal
reflux disease (gord)/H2-
receptor antagonists

ND Interventional;
primary purpose:
treatment

– ND; UK; 1989—
[311]

Risperidone Nervous system/
antipsychotics/Other
antipsychotics

[312 ND

Ropivacaine Nervous system/anesthetics,
local/Amides

[192 ND

Rosiglitazone Alimentary tract and
metabolism/blood glucose-
lowering drugs, excl. insulins/
thiazolidinediones

[313–317] Interventional;
primary purpose:
treatment

– NCT04114136;
USA; 2020—
Recruiting

Simvastatin Cardiovascular system/lipid-
modifying agents, plain/HMG
CoA reductase inhibitors

[318–322] Interventional;
primary purpose:
treatment

– NCT01099085;
Korea; 2009—[323]

– NCT03086291;
Korea; 2018—
Recruiting

– NCT01813994;
Korea; 2014—
Completed

Sirolimus
(Rapamycin)

Antineoplastic and
immunomodulating agents/
selective immunosuppressants

[241, 324–
331]

ND

Sitagliptin Alimentary tract and
metabolism/blood glucose-
lowering drugs, excl. insulins/
dipeptidyl peptidase 4 (DPP-4)
inhibitors

[332 ND

Sulfasalazine Alimentary tract and
metabolism/Intestinal anti-

[333–336] Interventional;
primary purpose:

(continued)
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Table 20.2 (continued)

Pre-
clinical
study
references

Clinical trials (study
type, identifier,
country, start date,
status, results)

treatment
–ND; Japan—[337]
–ND; Japan—[338]

Sertraline Nervous system/
antidepressants/selective
serotonin reuptake inhibitors

[339 ND

Sulindac Musculo-skeletal system/anti-
inflammatory and
antirheumatic products,
non-steroids/acetic acid
derivatives and related
substances

[102, 103,
340, 341]

ND

Telmisartan Cardiovascular system/agents
acting on the renin-angiotensin
system/angiotensin II receptor
blockers (ARBs), plain

[342–344 ND

Terbinafine Dermatologicals/antifungals
for systemic use

[321 ND

Thalidomide Antineoplastic and
immunomodulating agents/
other immunosuppressants

ND Interventional;
primary purpose:
treatment

– NCT02401971;
China; 2015—
Unknown

– NCT05198856;
China; 2022—not yet
recruiting

Thioridazine Nervous system/
antipsychotics/Phenothiazines
with piperidine structure

[345 ND

Tigecycline Anti-infectives for systemic
use/tetracyclines

[152 ND

Tranexamic acid Blood and blood-forming
organs/antifibrinolytics/amino
acids

[199 ND

Tranilastc Respiratory system/other
antihistamines for systemic use

[346–350 ND

Ulinastatind Blood and blood-forming
organs/antifibrinolytics/
proteinase inhibitors

[351 ND

Ursodeoxycholic
acid

Alimentary tract and
metabolism/bile acids and
derivatives

[352, 353 ND

Valproic acid Nervous system/antiepileptics/
fatty acid derivatives

[206, 354–
357]

Interventional;
primary purpose:

(continued)
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Table 20.2 (continued)

Pre-
clinical
study
references

Clinical trials (study
type, identifier,
country, start date,
status, results)

treatment
– ND; Japan;

2012—[358]

Valsartan Cardiovascular system/agents
acting on the renin-angiotensin
system/angiotensin II receptor
blockers (ARBs), plain

[100 ND

Verapamil Cardiovascular system/
selective calcium channel
blockers with direct cardiac
effects/phenylalkylamine
derivatives

[59, 359–
362]

Interventional;
primary purpose:
treatment

– ND; China;
2008—[363]

Verteporfin Sensory organs/
antineovascularization agents/

[364–367 ND

Vitamin C
(Ascorbic Acid)

Alimentary tract and
metabolism/ascorbic acid
(vitamin C), incl.
combinations/ascorbic acid
(vitamin C), plain

[368–376] Interventional;
primary purpose:
treatment

– ND; China;
1994—[377]

– ND; Japan;
1995—[378]

– ND; China;
2017—[379]

– NCT03015675;
China; 2017—
Unknown

– NCT04033107;
China; 2019—
Recruiting

Vitamin D and
analogs

Alimentary tract and
metabolism/vitamins/vitamin D
and analogs

[380–386] Interventional;
primary purpose:
secondary prevention
relapse

– ND; Japan;
2010—[387]

Vitamin K Blood and blood-forming
organs; vitamin k and other
hemostatics/vitamin K

[388, 389 ND

Zidovudine
(Azidothymidine,
AZT)

Antivirals for systemic
use/nucleoside and nucleotide
reverse transcriptase inhibitors

[390, 391 ND



Drug name
Drug indication (ATC
classification)

]
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Table 20.2 (continued)

Pre-
clinical
study
references

Clinical trials (study
type, identifier,
country, start date,
status, results)

Zileuton Respiratory system/other
systemic drugs for obstructive
airway diseases

[392, 393 ND

Legend: Approved only in: aJapan and China; bJapan; cJapan and South Korea; dJapan, China,
India, and South Korea
ND Not determined
The literature search for the pre-clinical studies was performed on the PubMed® database (https://
pubmed.ncbi.nlm.nih.gov/) using the curated list of non-cancer drugs with anticancer activity from
the ReDO_DB—Drug Repurposing Database (https://www.anticancerfund.org/en/redo-db;[73])
and the clinical studies were selected from the Clinical Trials Database (https://clinicaltrials.gov/)
as well as on PubMed® database using the Clinical Trial filter. The therapeutic indication was
defined according to the ATC classification (from the WHO Collaborating Centre for Drug
Statistics Methodology)

20.6 Concluding Remarks and Future Perspectives

GC remains a deadly disease, staying far behind other malignancies in what concerns
the availability of therapeutic options that significantly impact survival rates, with
patients at advanced stages of the disease still having low life expectancy after
diagnosis. Further research is thus urgently required, in particular, to find more
therapeutic options that can be used to limit tumor growth, spread, and drug
resistance, providing more effective, safer, and affordable long-term control of the
disease. Until now, the number of non-cancer repurposed drugs that were
investigated or are under clinical investigation for GC is limited and the results of
the few clinical studies did not allow yet translation to GC of the new therapeutic
candidates. The focus ahead should be also to better characterize the readily avail-
able drugs and assess them in controlled clinical trials to gather as much evidence as
possible so they can be rationally included as part of therapeutic regimens in
GC. Although it makes sense to explore the potential of repurposed drugs in
oncology, it should be kept in mind that the conventional paradigm is based on a
private investment upfront, compensated by a latter recovery of the investment. With
the DR, it would hardly bring profits to directly compensate for the upfront invest-
ment and, therefore, new drug development models must also be invented to
overcome the financial constraints and to expand the opportunities of clinical
validation to test if DR can really bring to the market alternative medicines effective
in GC.
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Abstract

Mutations in the CDH1 gene are the genetic hallmark of hereditary diffuse gastric
cancer (HDGC), a cancer syndrome characterised by high rates of both diffuse
gastric cancer and lobular breast cancer. Clinical guidelines recommend that
CDH1 mutation carriers undergo a prophylactic gastrectomy, or, alternatively,
endoscopic surveillance in a centre with established HDGC experience. How-
ever, both management options have limitations: the short- and long-term mor-
bidity associated with a gastrectomy, and the risk of developing an interval cancer
during surveillance. These limitations compel the identification of chemopreven-
tion drugs which can be used to either mitigate the need for surgery or comple-
ment surveillance. In this chapter, we will discuss progress in identifying
druggable vulnerabilities in E-cadherin-null cells, strategies to increase the toler-
ability of HDGC chemoprevention, and pathways for drug validation and clinical
testing.

21.1 Introduction

Hereditary diffuse gastric cancer (HDGC) is a cancer syndrome characterised by a
high incidence of both diffuse-type gastric cancer (DGC) and lobular breast cancer
(LBC). HDGC is predominantly caused by germline mutations in the CDH1 gene
encoding the cell–cell adhesion protein E-cadherin [1, 2]. CDH1 mutation carriers’
lifetime risk of DGC varies considerably between families, suggesting the existence
of risk modifier genes and environmental factors that modulate disease progression.
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Risk estimates in selected HDGC families are as high as 67% and 83% for men and
women, respectively [3]. However, it is likely that the lifetime risk of DGC is lower
for most CDH1 mutation carriers, with estimates ranging from 25–33% for women
and 37–42% for men [4, 5]. Estimates of LBC penetrance in female germline CDH1
mutation carriers are less variable, ranging from 39 to 55% [3–6].
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HDGC clinical guidelines recommend that carriers of pathogenic CDH1
mutations with a personal or family history of DGC undergo a prophylactic gastrec-
tomy [2]. For those declining surgery or wishing to delay the procedure, annual
endoscopic surveillance in an expert HDGC centre is recommended. However, both
management options present difficulties: gastrectomies frequently result in immedi-
ate complications such as anastomotic strictures and bile reflux, but also longer-term
sequelae that include nutritional, hormonal, neurocognitive, pharmacokinetic, and
psychological effects; surveillance runs the risk of failing to identify cancers that
may have begun to spread under an intact mucosal surface, a risk that is amplified by
the accumulated mucosal scarring caused by the large number of targeted and
random biopsies that are taken during gastric surveillance [2, 7]. Female CDH1
mutation carriers are also advised to undergo breast surveillance from 30 years of
age, with consideration given to risk-reducing mastectomy. Again, these options
have risks and consequences—the detection of LBC is more difficult than the ductal
subtype of breast cancer, and women who have undergone a mastectomy can suffer
from long-term lymphedema and psychological issues [8, 9].

Although the existing management methods for HDGC have saved hundreds of
lives worldwide, the morbidity and long-term sequelae associated with prophylactic
surgery or, alternatively, the risk presented by reliance on surveillance alone, compel
the development of chemoprevention strategies that can mitigate the need for
surgery or complement surveillance. Chemoprevention provides a means to manage
cancer risk not only in HDGC families with obvious high risk, but also in CDH1
mutation carriers whose family history is suggestive of reduced mutation penetrance
(due to modifier genes or altered environment). Such lower risk families are peren-
nial problems for cancer genetic counselling, leading to the dichotomy of potentially
over-treating or under-treating an individual. In HDGC, this clinical dilemma is
typified by pathogenic CDH1 mutation carriers who have a moderate family history
of LBC but little or no DGC. Chemoprevention might also be a valuable tool for
some carriers of CDH1 variants of unknown significance. These variants carriers,
who outnumber those with pathogenic or likely pathogenic CDH1 mutations 4:1
(ncbi.nlm.nih.gov/clinvar/), are not offered a prophylactic gastrectomy and face an
uncertain, and unsettling, risk of disease progression.

21.2 HDGC Pathology

The pathological hallmark of HDGC is multifocal, stage T1a signet ring cell
carcinomas (SRCC) in the gastric mucosa, with up to several hundred foci/stomach
(Fig. 21.1) [10]. These SRCC foci, which are present from an early age, have an
average diameter of <1 mm and are localised to the lamina propria below an intact

http://ncbi.nlm.nih.gov/clinvar


mucosa [11]. The foci are formed following somatic inactivation of the second
CDH1 allele, frequently by promoter hypermethylation [12, 13]. The enrichment
of foci in the gastric transition zone in a subset of mutation carriers illustrates the
importance of epigenetic regulation to the initiation of foci throughout the stomach
(Fig. 21.1b) [11].
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Fig. 21.1 (a) Haematoxylin- and eosin-stained gastric mucosa showing signet ring cells in the
lamina propria. (b) Anatomical map showing the stomach mucosal zones and location and size of
SRCC foci in a prophylactic gastrectomy specimen. Originally published in [11]

Elimination of E-cadherin-mediated cell-to-cell adhesion leads to a loss of cell
polarity and subsequent misalignment of the mitotic spindle during cell division
[14–18]. It is hypothesised that this misalignment leads to the division of a subset of
stem or progenitor cells out of the epithelial plane and into the lamina propria where
they develop into SRCCs [14, 19]. SRCCs have a lower mitotic index than
surrounding tissue and display Ki67 negativity [20]. These indolent foci can remain
at stage T1a for many years [21, 22] and a proportion may even be transient.
However, following additional mutations and/or an epithelial-mesenchymal transi-
tion, early SRCCs will invade extensively through the stomach’s underlying muscle
layers before dissemination into the peritoneal cavity or distant metastatic sites
[12, 20]. Although the additional mutations that drive the progression of stage T1a
SRCCs have not yet been described, the high frequency of TP53 mutations in
sporadic DGC and the importance of Tp53 mutations to the establishment of
mouse gastric cancer models suggest that mutations in this gene will be common
drivers of progression [23].

The natural history of breast cancer in HDGC is less well described; however, it is
clear that pathogenic germline CDH1 mutations also lead to multifocal disease
comprising foci of atypical lobular hyperplasia, lobular carcinoma in situ (LCIS),
and LBC [24–26].
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21.3 Is HDGC Amenable to Chemoprevention?

In general, the concept of cancer chemoprevention is daunting. Chemoprevention
drugs must not only kill tumour cells or prevent their initiation, but must also be
sufficiently well tolerated to be administered over extended periods, perhaps many
years. For HDGC, there are two possible approaches to chemoprevention. One
involves the use of drugs which block cancer formation by preventing the epigenetic
inactivation of the 2nd CDH1 allele. Although the prevention of cancer initiation has
a fundamental appeal, this approach would be expected to require the near-constant
maintenance of an active drug concentration, demanding exceptional drug tolerabil-
ity to ensure long-term compliance. Another anticipated drawback would be the
inhibitory effect that ‘locked’ CDH1 expression would have on normal cell migra-
tion during tissue repair [27]. Moreover, it seems improbable that the same drug that
prevents epigenetic downregulation would be able to prevent 2nd CDH1 allele loss
through the distinct mechanisms of mutation or deletion, should they occur [28].

The second possible approach to HDGC chemoprevention involves killing
CDH1-null breast and gastric epithelial cells before they have acquired additional
growth characteristics and, in the case of stomach tissue, before the foci of CDH1-
null signet ring cells have progressed beyond stage T1a. This chemoprevention
approach requires the near obligatory use of cytotoxic drugs. However, such drugs
would need to be administered relatively infrequently, perhaps yearly. Mutation
carriers are therefore more likely to find this approach acceptable in the long term.
Uncertainties with this approach include the efficacy of candidate drugs on different
epithelial cell lineages and our incomplete understanding of the genetic drivers of
HDGC progression.

Another major challenge facing HDGC chemoprevention, unlike other cancer
syndromes such as familial adenomatous polyposis, is the difficulty in quantifying
successful chemoprevention. This difficulty is due to our current inability to detect
the majority of the early-stage target lesions in vivo, in either the stomach or breast.
Another challenge, but this time common to familial adenomatous polyposis che-
moprevention, is presented by the question ‘what relative reduction in the number of
cancer foci would be sufficient to change a mutation carrier’s perception of risk?’ Or
alternatively, ‘what level of reduced risk would be sufficient to change clinical
recommendations for a prophylactic gastrectomy?’ Although the answer to this
question is subjective, an order of magnitude reduction in risk is likely to be a
minimum target.

Balanced against these challenges are several features of HDGC which argue in
favour of the successful application of chemoprevention. Firstly, the size, structure,
and genetics of the gastric stage T1a SRCCs are all amenable to drug treatment. The
great majority of these foci are <1 mm in diameter [11] and are therefore readily
accessible to drug and lacking in a drug-resistant, hypoxic core. The large number of
independent gastric SRCC foci in individual mutation carriers argue that mutation of
CDH1 alone is sufficient for tumour initiation, although additional epigenetic events
to other genes may contribute. This mutational homogeneity implies greater predict-
ability of drug response and also enables better selection of representative cell line,



organoid, and mouse models. The absence of mutational heterogeneity and the small
total tumour burden in most CDH1 mutation carriers also reduces the likelihood of
pre-existing drug resistance mutations. Finally, and perhaps most importantly, the
relative indolence of the stage T1a SRCC translates to low clinical urgency,
suggesting that large pharmacological indices will not be required; i.e. drugs, and
drug doses, that slowly reduce tumour fitness relative to normal tissue may be
sufficient to eradicate disease.
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21.4 Targeting CDH1-Null Epithelial Cells

A cytotoxic chemoprevention strategy for HDGC relies on the identification of
druggable vulnerabilities that are established following the loss of E-cadherin from
the cell. Such vulnerabilities are frequently referred to as being ‘synthetic lethal’. In
classical genetics, synthetic lethality defines a relationship between two genes in
which mutations in both genes at the same time result in cell death, but mutation of
either gene alone does not. In a therapeutic setting, an antagonistic drug substitutes
for mutation of one gene in a synthetic lethal pair, leading to cell death when the
second gene (e.g. CDH1) is mutated. In oncology, the effects of a synthetic lethal
drug are not necessarily as binary, as they may just cause a relative reduction in the
growth or fitness of mutated cells compared to wild type.

To begin to identify the vulnerabilities in CDH1-mutant cells, much early work
has focused on characterising isogenic MCF10A cells with and without CDH1.
MCF10A is a spontaneous, non-malignant breast cell with a relatively stable genome
and few background mutations [29, 30]. It therefore provides a reasonable model for
isolating the consequences of CDH1 inactivation from other genetic events. The
MCF10A isogenic pair was generated by homozygous, frameshift deletion of 4 bp in
exon 11 of CDH1 (Sigma-Aldrich, Saint Louis). MCF10A-CDH1-/- cells display
distinct differences in the cytoskeleton, gene expression patterns, and RNAi sensi-
tivity, providing a canvas for potential targetable vulnerabilities.

Cytoskeletal Changes MCF10A-CDH1-/- cells exhibit clear changes in cytoskel-
etal organisation relative to wild-type cells. Filamentous actin forms thicker, more
numerous stress fibres in the basal part of the CDH1-/- cells. In addition, the apical
microtubule network lacks the radial pattern of organisation observed in wild-type
cells and the microtubules are often orientated parallel to the cell cortex [31]. Nota-
bly, CDH1-/- cells also have significantly fewer nucleoli/cell, suggesting a
decreased demand or capability for ribosome biogenesis [31, 32].

Gene Expression Changes E-cadherin loss from MCF10A cells causes a signifi-
cant shift in the transcriptome, with one study reporting the differential regulation of
1388 genes [31]. These expression changes include other cadherin family members,
with CDH2 and CDH4 downregulated by >twofold and CDH3 and CDH16
upregulated nearly fourfold. E-cadherin loss also upregulates multiple tight junction,
desmosome, and gap junction proteins. These changes may in part compensate for



the weakened E-cadherin-mediated cell-to-cell adhesion and explain the mainte-
nance of a cobblestone morphology in MCF10A-CDH1-/- cells at full confluency
[31]. Gene expression data however also point to coordinate transcriptional changes
that could weaken adhesion to the cell substrate, including the downregulation of
several integrin family members (such as ITGA1, ITGA4, ITGB1, and ITGB2) and
extracellular matrix (ECM) proteins, including multiple collagens, laminins, fibro-
nectin, and vitronectin. Moreover, a direct link between E-cadherin regulation and
tissue remodelling was demonstrated by the increased expression of MMP9,
MMP14, multiple kallikrein proteases and decreased expression of TIMP2 and
TIMP3. Together, these transcription changes highlight that E-cadherin loss impacts
not only on cell-cell adhesion but also cell-substrate adhesion, and suggest that these
interactions may harbour druggable vulnerabilities.
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RNAi Sensitivity To systematically catalogue vulnerabilities created by E-cadherin
loss, Telford et al. performed a genome-wide siRNA knockdown of more than
18,000 genes using isogenic CDH1 MCF10A cells [33]. Synthetic lethality was
determined by measuring the relative viability of CDH1-null and CDH1-expressing
cells following knockdown. Remarkably, the loss of E-cadherin affected entire
classes of transmembrane proteins, not just proteins with a predictable association
with E-cadherin [33, 34]. For example, knockdown of 245 non-sensory GPCRs
showed a striking bimodal effect on cell viability, with most GPCR siRNAs either
increasing or decreasing the relative viability of the CDH1-null cells, and remark-
ably few having no impact. The GPCR siRNAs were split almost equally between
those that reduced the viability of CDH1-null cells relative to wild-type cells
(‘synthetic lethal’) and those that were more inhibitory to the wild-type cells
(‘reverse synthetic lethal’). The reverse synthetic lethal group are hypothesised to
correspond to proteins which have functional homologues that are upregulated in
CDH1-null cells and compensate for the siRNA-mediated downregulation of the
target protein. On a similar scale to the GPCRs, the individual knockdown of
161 voltage-gated ion channel genes resulted in reverse synthetic lethal effects for
most genes. The other major class of cell surface receptors, receptor kinases (n= 75)
were, on average, synthetic lethal (Guilford, unpublished data). Together, this
knockdown data on hundreds of transmembrane proteins with diverse signalling
and membrane transport functions suggest that the loss of E-cadherin impacts on the
functionality of the plasma membrane in a fundamental way [34].

In addition to transmembrane protein classes, processes tightly associated with
vesicle trafficking also showed differential RNAi sensitivity in CDH1-null cells,
with ubiquitination, proteosome function, endocytosis, and membrane curvature
genes all showing either synthetic lethal or reverse synthetic lethal class effects.
The existence of a deficit in endocytosis in E-cadherin-null cells was confirmed
experimentally by a reduced capacity for cholera toxin uptake [34, 35].

Three signalling pathways have been strongly associated with E-cadherin-
mediated cell-to-cell adhesion: PI3K/AKT, WNT, and HIPPO [36–40]. The genes
comprising the PI3K/AKT pathway were significantly synthetic lethal in the
MCF10A isogenic cell line pair, providing early evidence that this pathway is a



promising target for chemoprevention. In contrast, the WNT and HIPPO pathways
showed no evidence of synthetic lethality in this model.
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Overall, genome-wide RNAi sensitivity data demonstrate that the consequences
of E-cadherin loss are not limited to changes in cell adhesion and cytoskeletal
organisation, but also include fundamental changes to plasma membrane
organisation and the efficiency of vesicle trafficking.

21.5 A Model of E-Cadherin-Null Cell Vulnerability

The above observations suggest an overarching model for CDH1-associated syn-
thetic lethality (Fig. 21.2). In this model, the loss of interactions between E-cadherin
and the actin and microtubule cytoskeletal networks disrupt the spatial cues required
for the normal architecture and functionality of the plasma membrane [41]. This
disruption is hypothesised to extend to the cholesterol and sphingolipid-enriched
plasma membrane domains known as lipid rafts. Lipid rafts promote the clustering
and intracellular scaffolding of classes of transmembrane proteins including cell
surface receptors (such as GPCRs and receptor tyrosine kinases) and voltage-gated
ion channels [42–44]. Abrogation of the interaction between E-cadherin and the
cortical actin cytoskeleton may also compromise endocytosis and membrane vesicle
trafficking by disrupting the forces that are required to drive plasma membrane
bending and vesicle formation. Inefficient vesicle formation would disrupt vesicle
trafficking to various sub-cellular compartments, including ubiquitin-directed

Fig. 21.2 Model of the impact of E-cadherin loss on the plasma membrane and associated protein
complexes. Upon loss of E-cadherin, interactions between the plasma membrane, cortical actin
filaments, and other cytoskeletal structures are disrupted. This disruption affects the ability of the
membrane to efficiently self-assemble lipid rafts. As a result, the concentration of receptors and ion
channels into confined areas is reduced, affecting the crosstalk between diverse membrane-
associated proteins and the efficient assembly of protein scaffold complexes on the inner membrane,
disrupting downstream cell signalling. Disruption of the actin cytoskeleton’s interaction with the
plasma membrane also diminishes the efficiency of endocytosis, impacting on vesicle trafficking
throughout the cell



trafficking to the lysozyme. Reduced endocytosis efficiency might also contribute to
reduced transmembrane receptor activity by inhibiting receptor recycling to and
from the plasma membrane.
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This model is supported by small molecule antagonists that target relevant
cellular processes. For example, CDH1-/- cells are more sensitive than wild-type
cells to inhibitors of actin polymerisation (cytochalasin D, latrunculin B),
sphingolipid metabolism and signalling (GW-4869, PF-543), the depletion of mem-
brane cholesterol with methyl-β-cyclodextrin and HMG-CoA reductase inhibitors
(e.g. atorvastatin), and the inhibition of vesicle trafficking (e.g. bafilomycin A,
chloroquine, hydroxy-chloroquine) [34, 45, 46]. The model is also supported by
an RNAseq analysis of 415 advanced gastric tumours from the TCGA dataset which
demonstrated that Reactome pathways predominantly involved in cell-cell adhesion,
membrane trafficking, GPCR signalling, and membrane lipid composition were in a
synthetic lethal relationship with E-cadherin [34].

21.6 Synthetic Lethal Drug Screens

Two high-throughput drug screens aimed at identifying HDGC chemoprevention
drugs have been conducted, both using the CDH1 isogenic MCF10A cell line pair.
Beetham et al. (2019) screened the WECC library of 113,945 lead-like compounds,
condensing the synthetic lethal hits down to four lead compounds that belonged to
distinct pharmacophore groups [47]. Using a structure–activity relationship
approach, Luzenburger et al. increased the potency and selectivity of one of these
compounds (SLEC-11). At low micromolar concentrations, the derivative com-
pound (AL-GDa62) preferentially induced apoptosis in CDH1-null cells and
inhibited SUMOylation, suggesting this post-translational modification might be a
vulnerability of CDH1-null cells. In a more targeted study, Telford et al. screened the
Selleck Chemistry inhibitor library (326 compounds), the SYNthesis Medicinal
Chemistry kinase inhibitor library (131 compounds), and the WEHI known drug
library (3600 compounds) [33]. Twenty-two drugs with EC50 values 10–50% lower
in the CDH1-null cells compared to wild-type were identified. These drugs included
multiple histone deacetylase (HDAC) inhibitors, PI3K/AKT inhibitors, the receptor
tyrosine kinase inhibitor crizotinib, an inhibitor of the GPCR neuropeptide receptor
NPY5R (CGP71683), and the SRC family inhibitor saracatinib. Several of these
classes of inhibitors have been tested more extensively (Fig. 21.3) in cell line and
mouse organoid models (Fig. 21.4a) and are described in further detail below.

21.7 Candidate Chemoprevention Drugs

HDAC inhibitors: The pan-HDAC inhibitors entinostat, pracinostat, and
mocetinostat are more toxic to CDH1-null cells relative to wild-type cells across a
variety of pre-clinical models, acting through both cytostatic and pro-apoptotic
mechanisms [48]. Entinostat maintains this synthetic lethal effect in Cdh1-null



mouse gastric organoids in the presence of an additional Tp53 mutation, supporting
this drug as a promising candidate for HDGC chemoprevention. Some class-specific
HDAC inhibitors were also able to preferentially inhibit the growth of CDH1-null
cells. However, these effects were not consistent across different genetic
backgrounds, highlighting the greater robustness of the pan inhibitors, in particular
entinostat [48].

21 The Chemoprevention of Hereditary Diffuse Gastric Cancer 329

Fig. 21.3 Normalised area of wild-type (WT) and Cdh1-/- mouse gastric organoids after treat-
ment with (a) entinostat, (b) ARQ-092, (c) MK2206, (d) dasatinib, (e) chloroquine, and (f) PF-543
Graphs are adapted from data originally published in Decourtye-Espiard et al. [48], Bougen-Zhukov
et al. [49, 50] and Brew et al. [46]

Notably, entinostat is able to re-express epigenetically silenced CDH1 in cancer
cell lines [51, 52] and mouse gastric organoids (Fig. 21.4b) [48]. This observation
suggests that it could act as an HDGC chemoprevention compound through both
approaches discussed earlier, that is by (1) maintaining expression of the wild-type
CDH1 allele and thereby reducing the rate of initiation of SRCC foci, and (2) causing
death of T1a SRCC foci. Phase 1 studies have shown that entinostat is generally well
tolerated, although its side effects at the current therapeutic doses would probably be
too severe for it to be used orally for routine CDH1 re-expression [53, 54]. Entinostat
is currently being tested in phase 2/3 trials for the treatment of multiple cancer types,
both as a single agent and in combination.

SRC Family Inhibitors The SRC family of non-receptor tyrosine kinases is
comprised of eleven members, including SRC, FYN, LCK, HCK, and YES
[55]. In addition to saracatinib which was identified as synthetic lethal in the know
drug screen [33], three other non-specific SRC family inhibitors, PP1, PP2, and
SU6656, also preferentially inhibit the growth of CDH1-null MCF10A cells



[46]. Notably, preferential growth inhibition was not observed with bosutinib, a
specific inhibitor of SRC itself, nor with a specific inhibitor of the SRC homologue
LCK. These results demonstrate that the SRC family is an important target for
HDGC, but functional redundancy between SRC family members may necessitate
the use of pan-SRC family inhibitors for chemoprevention.
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Fig. 21.4 Mouse Cd44-cre/Cdh1/TdTomato gastric organoid model. In this model, cre
recombinase is expressed as a fusion with a mutated form of the oestrogen receptor ERT2 under
the control of the Cd44 promoter. ERT2 binds the synthetic oestrogen receptor ligand endoxifen
(but not endogenous oestradiol), leading to translocation of the recombinase to the nucleus and
deletion of DNA sequences that are flanked by loxP sites (fl). LoxP sites flank exons 6–10 of one, or
both, Cdh1 alleles and a reading frame-disrupting sequence engineered into the red fluorescent
marker gene tdTomato. Induction with endoxifen leads to inactivation of the floxed Cdh1 allele
(s) and restoration of the tdTomato reading frame. (a) Confocal imaging of immunofluorescence in
organoids with two floxed Cdh1 alleles (Cd44-cre/Cdh1fl/fl/Tdtomatofl/fl). Upper panel, uninduced
organoid (WT); E-cadherin (green), nuclei (DAPI blue). Lower panel, organoid after induction with
endoxifen (Cdh1-/-) showing E-cadherin-null cells displaced out of the epithelial plane. Originally
published in Brew et al. (2021). (b) Bright field and immunofluorescent confocal imaging showing
the re-expression of E-cadherin following entinostat treatment of endoxifen-induced organoids
heterozygous for the floxed Cdh1 allele (Cd44-cre/Cdh1fl/WT/Tdtomatofl/fl). Upper panels, vehicle
only (DMSO). Lower panels, entinostat treatment. Left side, bright field imaging; right side,
immunofluorescence. E-cadherin (green), nuclei (DAPI blue). Originally published in Decourtye-
Espiard et al. [48]

Although PP1, PP2, and SU6656 show strong CDH1 synthetic lethality, they are
toolbox drugs that have not yet been developed clinically. Fortunately, another
potent inhibitor of SRC [56], dasatinib, is well-established clinically and
FDA-approved for several cancer indications. Dasatinib was originally developed
to inhibit the BCR-ABL fusion, the major cause of chronic myeloid and lympho-
blastic leukaemias [57], but it also antagonises many other tyrosine kinases includ-
ing DDR2, a collagen-activated receptor upstream of the AKT pathway [58]. The



impact of dasatinib on CDH1-null cells is described later in the section ‘dual DDR2/
SRC inhibitors’.
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AKT Inhibitors Several allosteric AKT inhibitors, miransertib (ARQ-092),
MK-2206, perifosine, and SC66 preferentially inhibit MCF10A CDH1-null cells
relative to wild-type cells [49]. These synthetic lethal effects were not observed with
the ATP-competitive AKT inhibitor ipatasertib, either because of the lower specific-
ity of ATP-pocket binding inhibitors compared to allosteric inhibitors, or the pro-
pensity of ATP-competitive AKT inhibitors to paradoxically cause
hyperphosphorylation of their targets [59]. Each of the allosteric AKT inhibitors
also caused significantly more apoptotic priming [60] and apoptosis in the MCF10A
CDH1-null cells compared to wild-type cells, indicating their effects are, at least in
part, cytotoxic and not just cytostatic [49]. Miransertib and MK-2206 also
demonstrated synthetic lethal effects in both CDH1 isogenic NCI-N87 gastric cancer
cells and CDH1 isogenic mouse-derived gastric and mammary organoids [50].

Miransertib is being assessed for the long-term treatment of Proteus syndrome, an
overgrowth disorder caused by a mosaic variant of AKT1 [61]. A dose of 10 mg/day
has been shown to be sufficient to reduce phosphorylated AKT in affected tissue by
50%, a dose that is a fraction of the 30–60 mg/day continuous, maximum tolerated
dose in adults [61]. At this dose, miransertib only has mild toxicity, with one patient
being reported to take between 10 and 20 mg/day for 5 years and only experiencing
minor side effects during that time [62]. It is yet to be determined whether this dose is
sufficient to inhibit the growth or promote apoptosis of stage T1a gastric SRCCs. If
not, non-continuous dosing regimens would enable significantly higher
concentrations to be considered. Notably, one woman with Proteus syndrome who
developed low-grade ovarian cancer has been treated successfully with miransertib
at 100 mg/day using a week-on, week-off schedule. The treatment led to complete
remission from the cancer and was sufficiently well tolerated to be ongoing after
22 months [63].

Phase 1 studies have reported MK-2206 to be well tolerated, with mild-to-
moderate rash and nausea the most common adverse events [64–66]. A maximum
tolerated dose of 60 mg on alternate days has been established. Notably, dermato-
logical toxicities were not observed at a lower dose of 30 mg [64]. Because of its
long half-life (60–80 h), MK-2206 can be administered on an intermittent, weekly
schedule [66]. When given once weekly, a maximum tolerated dose of 200 mg/week
has been established. This weekly dosing schedule was as well tolerated as the 60 mg
alternate-day schedule and reduced the pSer473 AKT signal in tumour biopsies to
50% of baseline levels. As for miransertib, it remains to be determined if a 50%
reduction in phosphoAKT is sufficient to eliminate stage T1a SRCCs; however,
these phase 1 studies suggest that an effective, tolerable, dosing schedule may be
possible for these allosteric AKT inhibitors.

In human gastric tumours, the AKT3 isoform, but not AKT1 and AKT2, is highly
over-expressed in tumours with low CDH1 expression, raising the possibility that
lower systemic toxicity might be achieved by specifically targeting AKT3
[49]. Unfortunately, AKT3-specific inhibitors have not yet been developed. In an



effort to indirectly target AKT3, Bougen-Zhukov et al. analysed the TCGA and GEO
gastric cancer RNAseq datasets for genes and signalling pathways that were posi-
tively correlated with AKT3 but not AKT1 or AKT2 [49, 50]. Eight statistically
significantly enriched Reactome pathways were identified, dominated by
ECM-related pathways including non-integrin membrane-ECM interactions, ECM
organisation, degradation of the ECM, and collagen degradation [50]. The most
highly correlated single gene in both datasets was DDR2, a collagen-activated
receptor kinase that is involved in the regulation of cell survival, migration, differ-
entiation, and ECM remodelling [67, 68]. A specific allosteric inhibitor of DDR2
(WRG-028) was synthetic lethal in CDH1 MCF10A isogenic cells and Cdh1-null
mouse gastric and mammary gland organoids (Decourtye-Espiard, unpublished
results), suggesting the importance of DDR2-AKT3 signalling to CDH1-null
cells [50].
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Dual DDR2/SRC Inhibitors In addition to WRG-028, DDR2 is also inhibited by
several FDA-approved receptor tyrosine kinase antagonists, including imatinib,
dasatinib, ponatinib, and nilotinib. These four drugs were originally developed to
target the BCR-ABL fusion, but were subsequently shown to inhibit several other
kinases including DDR2 and SRC [58, 69–71]. Of these four drugs, CDH1-null
MCF10A cells were more sensitive than wild-type cells to both imatinib and
dasatinib, with dasatinib active in the nanomolar range [50]. The sensitivity of
CDH1-null cells to dasatinib was confirmed in mouse gastric and mammary gland
organoids that were isogenic for both Cdh1 and Cdh1/Tp53 [50]. Dasatinib was
confirmed to reduce AKT signalling in the mouse Cdh1-null organoids, supporting
the importance of this pathway to CDH1 synthetic lethality. It is probable that the
synthetic lethal effect of dasatinib is driven by its dual inhibition of both DDR2 and
the SRC kinase family, with inhibition of both targets reducing survival signalling
through the AKT pathway.

The standard dose of dasatinib in chronic myeloid leukaemia has been 100 mg
once daily, although more recent studies have successfully used daily doses of
20–50 mg for up to 2 years, with excellent clinical responses and adverse events
that were largely only mild to moderate [72, 73]. The acceptable toxicity profiles of
dasatinib in the 20–100 mg dose range provide important guidance on experiments
that aim to validate the efficacy of dasatinib against stage T1a SRCCs.

Autophagy Inhibitors The autophagy inhibitors chloroquine, hydroxy-
chloroquine, and STF-62247 all preferentially inhibit the growth of CDH1-null
cell lines, with chloroquine being further validated in Cdh1-null mouse gastric
organoids [46]. Chloroquine accumulates in lysosomes, inhibiting neoglycolipid
metabolism and proteolysis, thus preventing degradation of autolysosomes and
blocking autophagy. This drug is historically used for the prophylaxis and treatment
of malaria and, more recently, the treatment of systemic lupus erythematosus.
Chloroquine is generally very well tolerated; its most common side effects are
headache and nausea, occurring in about 10% of patients. However, long-term use
is associated with more serious side effects, including retinal, cardiac, cutaneous,



and muscle toxicities. For example, retinal toxicity is observed in up to 20% of
patients treated for 20 years [74].
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Chloroquine’s distinct mechanism of action compared to other chemoprevention
candidates suggest that it could be used in combination to increase efficacy, but with
less likelihood of causing overlapping toxicities. Chloroquine’s effect on CDH1-null
cells has already been shown to be synergistic with MK-2206 (W. Mitchell, unpub-
lished results) and the sphingosine kinase inhibitor PF-543 [46].

Statins Atorvastatin is an exceptionally well-tolerated lipid-lowering HMG-CoA
reductase inhibitor that preferentially inhibits the viability of CDH1-null MCF10A
and NCI-N87 cells, both alone and as part of synergistic combinations ([34, 45, 46]
and W. Mitchell, unpublished results). Like chloroquine, atorvastatin’s distinct
mechanism of action may enable chemoprevention drug combinations that are
more effective and better tolerated than single drugs. However, the concentrations
required to reduce CDH1-null cell viability in vitro (up to the low mM range) are
unlikely to be achievable in vivo through oral delivery, due to the low proportion of
atorvastatin (~2%) which isn’t protein-bound in blood [75]. Other delivery methods,
such as direct application to the gastric mucosa, may still enable statins to play an
important role in future HDGC chemoprevention.

Additional Potential Chemoprevention Candidates Brew et al. identified
sphingolipid metabolism and signalling as a vulnerability in CDH1-null cells
[46]. In particular, the sphingosine kinase inhibitor PF-543 showed a strong syn-
thetic lethal effect in both CDH1-null MCF10A cells and gastric organoids, although
the effect wasn’t observed in the NCI-N87 gastric cancer cell line, illustrating the
importance of genetic background to the response to this drug [46]. Although
PF-543 has not been developed for clinical use, a dual SPHK1/Protein Kinase C
antagonist, safingol, and several sphingosine-1 phosphate receptor modulators, have
been shown to have good safety profiles in phase 1 trials, supporting closer investi-
gation of these classes of drugs [76, 77].

Drugs active against sporadic, advanced DGCs could also be tested for their
ability to preferentially inhibit CDH1-null cells. Of particular note are the focal
adhesion kinase (FAK) inhibitors PF573228 and defactinib which, between them,
have been shown to attenuate AKT signalling, reverse the aberrant morphology in
Cdh1-/- RHOAY42C/+ organoids, and abrogate the growth of Cdh1-/- RHOAY42C/+

organoid xenografts [78]. The antagonism of tumour-ECM interactions by FAK
inhibitors and integrin inhibitors [79], or other drugs emerging for the treatment of
fibrotic diseases, likely represent an important area of ongoing research.

21.8 Minimisation of Drug Side Effects

To be realistically considered for chemoprevention, an effective drug must have a
minimal toxicity profile that neither significantly compromises quality of life nor
creates additional health risks—a high hurdle for cancer drugs which, in general,



target the fundamental cellular drivers of proliferation and survival. However, three
strategies can be employed to mitigate the risk of HDGC chemoprevention
candidates being too poorly tolerated to be used over many years: long intervals
between repeat administrations, drug dose minimisation, and tissue-specific drug
delivery.
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The potential for long intervals between consecutive gastric cancer chemopre-
vention treatments is enabled by the relative indolence of the stage T1a gastric
SRCCs. Although the maximum interval cannot yet be absolutely defined, data
from both sporadic gastric cancer progression rates and endoscopic surveillance of
CDH1 mutation carriers suggest that early-stage T1a foci are unlikely to progress to
≥stage 2 disease within a 1-year period [2, 7, 80–82]. This suggests that mutation
carriers may be able to be safely treated with chemoprevention drugs at yearly
intervals.

Drug doses considerably lower than those typically used on advanced solid
tumours may be effective for gastric cancer chemoprevention, due to the small
average size of the gastric T1a foci, their accessibility to drug, and the heightened
sensitivity of CDH1-null cells to the selected agents. The average foci diameter
(<1 mm) and the absence of desmoplasia at this very early tumour stage ensures a
short drug diffusion distance and reduces the likelihood of high interstitial fluid
pressure, tumour density, or abnormal vasculature inhibiting drug delivery [83]. Fur-
ther dose reductions could also be achieved through the use of additive or synergistic
drug combinations. For example, drug synergy has been described in CDH1-null
cells, including for dasatinib/MK2206, PF-543/chloroquine, and PF-543/
atorvastatin [46, 50]. The benefits of combinations will be expected to be greatest
when the drugs do not have significantly overlapping drug toxicities, although the
effect of drug synergy on normal tissue will also need to be carefully evaluated.

Finally, direct-to-tissue drug delivery would reduce the systemic side effects of
cancer treatments, greatly increasing tolerability. For stomach tissue, this could be
achieved by drug delivery systems that are designed to release drug in a rate-
controlled manner only in the acidic environment of the stomach [84]. Combining
this controlled release with a gastro-retentive formulation would enable the drug to
be retained in the stomach for extended periods [85]. One gastro-retentive formula-
tion that has been well established for the treatment of gastroesophageal reflux
disease is the biocompatible polysaccharide alginate, which forms low-density
raft-like structures that float on the gastric fluid [86]. An alternative formulation
would be polymers such as polyacrylic acid (Carbopol®) that prolong gastric
residence times by forming an adhesion to the gastric mucosa [87, 88].Mucoadhesive
polymer–drug conjugates could conceivably be applied systematically to the muco-
sal surface at the time of routine endoscopic examination.

Tissue-specific delivery of chemoprevention drugs to the breast may also be
possible using a transdermal route and lipophilic formulations and compounds
[89]. Transdermal delivery of an active metabolite of the breast cancer chemopre-
vention drug tamoxifen showed that pharmacologically effective breast
concentrations could be achieved with low systemic exposure [90, 91]. Importantly,
recent evidence also suggests that transdermal delivery can lead to anatomical drug



distribution patterns in the breast that are comparable to those achieved with oral
drug delivery [92].
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21.9 Future Development Path

Beyond CDH1 isogenic cell line and organoid models, candidate chemoprevention
compounds will need to be validated in mouse gastric cancer models, followed by
human tissue studies and prospective clinical trials. One promising inducible mouse
model is the CD44-cre/Cdh1fl/fl/Tp53fl/fl mouse which develops stage 3 gastric
cancer within 3 months of induction (Decourtye-Espiard, unpublished data). This
rapid timeline for disease progression and its simple genetic background will facili-
tate the rapid triage of candidates prior to human studies. Validation in this model
would be enhanced by the use of scRNAseq to determine drug efficacy in each cell
sub-population within the tumour [93].

It will be important to determine early whether chemoprevention candidates are
likely to cause apoptosis of CDH1-null cells in vivo at concentrations that are
compatible with safe, well-tolerated use. For example, as noted earlier,
concentrations of the AKT inhibitors miransertib and MK-2206 that are well
tolerated in vivo still inhibit AKT phosphorylation by ~50% [61, 66]. Therefore,
demonstration that these drugs are able to cause apoptosis of CDH1-null cells in
pre-clinical models at concentrations that reduce AKT signalling by 50% would
support clinical testing.

Unfortunately, clinical trials will be complicated by our current inability to
quantify the size and number of stage T1a gastric foci in vivo. As a result, before
any formal chemoprevention trials can be considered, drug efficacy in humans will
need to be first assessed in cohorts of CDH1 mutation carriers who have decided to
proceed with a prophylactic gastrectomy, but are amenable to drug treatment prior to
surgery. In these studies, the goal would be to obtain immunohistochemical evidence
that the stage T1a foci in each patient’s stomach are sensitive to the drug(s) and
showing evidence of apoptosis and regression. This would be complemented by the
parallel identification of surrogate markers of drug activity that can be used on
biopsies of normal gastric tissue to indicate that there has been sufficient drug
exposure to drive the apoptosis of stage T1a SRCCs. Subsequent prospective clinical
trials could then be considered in a staged manner, beginning with CDH1 mutation
carriers who wish to delay—but not completely bypass—prophylactic gastrectomy,
before proceeding to long-term trials in which chemoprevention is an adjunct to
annual surveillance. Since many of the drug candidates identified to date are also
synthetic lethal in CDH1-null breast cells and mouse mammary gland organoids, a
similar path to breast cancer chemoprevention is possible.
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21.10 Conclusion

Transient downregulation of E-cadherin is part of normal epithelial cell program-
ming. Consequently, cells with permanent, inactivating CDH1 mutations remain
robust—protected by highly evolved homeostatic mechanisms. However, homeo-
stasis is not limitless in its protection. E-cadherin-null cells undergoing important
functional changes including to the organisation of the plasma membrane, the
efficiency of vesicle trafficking, and its interactions with the ECM that expose
vulnerabilities that can be exploited with drugs. These vulnerabilities, combined
with the small size, relative indolence, and genetic homogeneity of the stage T1a
gastric SRCC, suggest that chemoprevention of HDGC is achievable, providing the
means for HDGC families to avoid the complications of prophylactic surgery and
reduce the risks associated with long-term surveillance.
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In this chapter, we will describe the association of CDH1 with CLP and

Malformations and Malformative
Syndromes Associated with CDH1 22
Roseline Vibert, Jamal Ghoumid, and Patrick R. Benusiglio

Abstract

Malformative syndromes due to CDH1 pathogenic variants (PV) include
non-syndromic cleft lip or palate (CLP) and the blepharocheilodontic syndrome
(BCDS). CDH1was initially known as a diffuse gastric cancer (DGC) and lobular
breast cancer (LBC) susceptibility gene. Subsequently, pathogenic variants
(PV) were reported in individuals with isolated or familial CLP, not necessarily
in association with DGC or LBC. Even more recently, CDH1 variants, but also of
its partner CTNND1, were identified as the cause of BCDS. This rare disease is
characterized by CLP, hypertelorism, and eyelid, dental, and hair abnormalities.
There is no obvious genotype–phenotype correlation. However, most BCDS-
causing variants are missense and splice site and are located in two mutational
hotspots. The prevalence of malformative syndromes due to CDH1 is not known.

BCDS. We will also discuss the physiopathology of these associations and
discuss potential explanations for the variety of observed phenotypes.

22.1 Introduction

Beyond their involvement in predisposition to diffuse gastric (DGC) and lobular
breast cancer (LBC), CDH1 pathogenic variants (PV) are also implicated in birth
defects and malformative syndromes.
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Since the first description in 1998 of germline loss-of-function variants in the
CDH1 gene involved in hereditary diffuse gastric cancer (HDGC), cleft lip/palate
(CLP) has been described in PV carriers. The first families carrying CDH1 PV with
CLP were described in 2006, and since then, several studies have highlighted the
involvement of CDH1 variants in CLP. More recently, patients with a rare
malformative syndrome called blepharocheilodontic syndrome (BCDS) were
shown to carry CDH1 variants.

In this chapter, we will describe the association of CDH1 with CLP and BCDS.
We will also discuss the physiopathology of these associations and explore an
emerging genotype–phenotype correlation.

22.2 CDH1 Association with Cleft Lip/Palate

22.2.1 Clinical Description of CLP

CLP is one of the commonest congenital malformations with a variable incidence in
different populations, ranging from 1/700 to 1/1000 newborns [1]. The prevalence is
reportedly higher in Asians and lower in Africans [2, 3]. CLP is of variable severity.
Defects sometimes extend beyond lip and palate, involving for example the fore-
head. They severely impact primary functions such as feeding, speech, hearing, and
often cause psychological distress, requiring long-term multidisciplinary manage-
ment. Almost 70% of these malformations are non-syndromic [1].

22.2.2 Genetic Causes of CLP

The etiology of non-syndromic CLP remains largely unknown. The increased
incidence rate of clefts in newborns from affected families suggests a crucial role
of genetic factors in CLP [4]. Genome-wide association studies (GWAS) have
identified several genetic loci involved in the etiology of non-syndromic CLP and
common nucleotide variants [5–7]. Whole-exome sequencing (WES) in family
studies identified rare variants associated with non-syndromic CLP, notably in
CDH1 and several other genes with a role in epithelium development and morpho-
genesis [8, 9]. The involvement of E-cadherin dysfunction in non-syndromic CLP
therefore makes perfect biological sense since it is overexpressed during critical
stages of lip and palate development.

22.2.3 A Literature Review of CDH1 Association with CLP

The first description of an association between CLP and CDH1 PV was reported in
2006 with the identification of two different CDH1 splice site variants affecting the
extracellular domain of E-cadherin in two HDGC Caucasian families with CLP
[10]. The authors also showed that E-cadherin was highly expressed during the 4th



and 5th weeks of development in the frontonasal prominence and in the lateral and
medial nasal prominences of embryos during the 6th week supporting this
association.

22 Malformations and Malformative Syndromes Associated with CDH1 345

Further studies reported additional families with CDH1 variants associating
HDGC and CLP [11–13]. Notably, Kluijt et al. described seven individuals with
CLP in three HDGC Caucasian families [12]. In 2013, Benusiglio et al. reported the
case of a patient from Southeast Asian descent with CLP who developed diffuse
gastric cancer [11]. She carried a CDH1 splice site PV. Finally, Obemair et al.
reported two additional CDH1 splice site variants in two families with histories of
DGC [13].

CLP was also reported in CDH1 families without DGC [8, 14–18]. Particularly,
Vogelaar et al. identified three CDH1 missense variants in 4 individuals from a
cohort of 81 Caucasian children (5%) with non-syndromic CLP [18]. In 2014,
Bureau et al. identified, through WES of 55 multiplex cleft families, a common
nonsense variant of CDH1 in three distant relatives of an Indian family affected by
non-syndromic CLP [8].

Cox et al. analyzed 209 individuals from 72 multigenerational families with
Mendelian transmission of non-syndromic CLP by WES and found 20 pathogenic
or likely PV in genes regulating epithelial cadherin–catenin complex assembly,
including variants in CDH1 [15]. They replicated their results in a second validation
cohort of 497 individuals from 444 small families (single and familial case subjects).
In total, six likely pathogenic CDH1 variants were identified, two in the discovery
cohort (2.8%) and four in the replication cohort (0.9%). Only one carrier had a
family history of gastric cancer.

Additionally, Du et al. described a CDH1 missense variant segregating in a four-
generation Chinese family with autosomal dominant non-syndromic CLP identified
by WES [16]. They showed that this variant resulted in decreased E-cadherin
dimerization.

Overall, CDH1 mutations have been reported in CLP patients with and without a
DGC family history.

The variants reported in these studies, and others of lesser importance, are listed
in Table 22.1. Although more than 30 are reported to be associated with CLP, not all
are classified as pathogenic/likely pathogenic as reported in ClinVar or according to
the ACMG criteria [19, 20].

22.3 CDH1 Association with Blepharocheilodontic Syndrome
(BCDS)

BCDS is a rare syndrome combining CLP, eyelid malformations, and dental
anomalies. It has recently been associated with CDH1, thus expanding the pheno-
typic spectrum of CDH1-related anomalies.
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22.3.1 Clinical Description of BCDS

This syndrome was first called “Elschnig syndrome,” referring to his first description
of a patient with palpebral fissures, ectropion of the lower eyelids, variable
hypertelorism, and CLP in 1912 [21]. Cases reported subsequently were
characterized by ectropion of the lower eyelids, double row of eyelashes
(distichiasis) of the upper eyelids, bilateral horizontal widening of the palpebral
fissures (euryblepharon), bilateral CLP, and various features of ectodermal dyspla-
sia, including dental manifestations ranging from oligodontia to agenesis and conical
crown teeth [22, 23]. Elschnig syndrome was renamed BCDS in 1996 [21].

Transmission is autosomal dominant. De novo PV has also been reported
[24, 25].

Other clinical features are imperforate anus, neural tube defect, hypothyroidism
due to thyroid aplasia or hypoplasia, and syndactyly [24–29].

The clinical characteristics of BCDS patients, by gene involved, are detailed in
Table 22.2.

22.3.2 Genes Associated with BCDS

In 2007, Freitas et al. were the first to look for a molecular basis to BCDS [33]. They
studied genes associated with syndromes similar to BCDS, e.g., Hey–Wells syn-
drome (AEC) and ectrodactyly-ectodermal dysplasia-cleft syndrome EEC, in eight
affected individuals. They did not observe any PV in P63, IRF6, FOXE1, OSR2, and
TBX10.

A clue to the involvement of CDH1 in this complex syndrome was first given in
2016 [32]. Nishi et al. performed WES in a girl with a syndromic presentation
including CLP, meningoencephalocele, tetralogy of Fallot, and developmental
delay, while her parents were unaffected. A missense variant of CDH1was identified
in the girl but not in her parents, leading the authors to conclude that it was likely
responsible for the phenotype.

In 2017, Ghoumid et al were the first to demonstrate convincingly that CDH1 is
associated with BCDS [24]. They first performed WES in five families with de novo
BCDS. They found three missense variants in CDH1 and two truncating variants in
CTNND1, a gene coding for the catenin-delta 1, another adhesion protein. In a
second stage, they did CDH1 and CTNND1 targeted sequencing in three additional
affected families and identified one splice site variant and one in-frame deletion in
CDH1 and one nonsense variant in CTNND1. They confirmed the deleterious impact
of CDH1 variants by functional analysis. By RT-PCR on lymphocytes RNA, they
confirmed CDH1 exon 9 skipping due to the splice site variant, predicted to remove a
major portion of the third extracellular domain implicated in adhesive function. One
of the missense variants was predicted to also affect the splicing of exon 9 and the
in-frame deletion was predicted to remove a conserved residue within the same
extracellular domain. E-cadherin expression assay revealed no detectable protein



8
5

1
N
A

31
28

2
2

0
N
A

7
8

1
1

0
N
A

1
2

(c
on

tin
ue
d)

22 Malformations and Malformative Syndromes Associated with CDH1 349

Ta
b
le

22
.2

C
lin

ic
al
ch
ar
ac
te
ri
st
ic
s
of

pa
tie
nt
s
w
ith

bl
ep
ha
ro
ch
ei
lo
do

nt
ic

sy
nd

ro
m
e
ac
co
rd
in
g
to

th
e
ge
ne

in
vo

lv
ed

F
ea
tu
re
s/
st
ud
y

A
lh
ar
at
an
i

20
20

[3
0]

L
eb
la
nc

20
20

[3
1]

K
ie
vi
t
20
18

[2
5]

G
ho
um

id
20
17

[2
4]

N
is
hi

20
16

[3
2]

P
re
vi
ou
s

st
ud
ie
s

[2
4]

T
ot
al

C
au
si
ng

ge
ne

C
T
N
N
D
1

C
D
H
1

C
D
H
1

C
T
N
N
D
1

N
on
e

C
D
H
1

C
T
N
N
D
1

C
D
H
1

N
A

C
D
H
1

C
T
N
N
D
1

N
um

be
r
of

ca
rr
ie
rs

15
4

18
8

–

N
um

be
r
of

fa
m
ili
es

9
1

12
3

2
5

3
1

N
A

19
15

In
he
ri
te
d

4/
9

1
4

2
–

A
sy
m
pt
om

at
ic

ca
rr
ie
rs

1/
13

0
0

0
–

F
em

al
e/
M
al
e
ge
nd
er

6/
9

3/
1

12
/6

6/
2

1/
1

8/
0

1/
4

1/
0

N
A

24
/7

13
/1
5

E
ye
lid

an
om

al
ie
s

13
/1
4

3/
4

16
/1
7

7/
8

2/
2

7/
8

4/
5

1/
1

29
/3
5

27
/3
0

24
/2
7

E
ct
ro
pi
on

of
lo
w
er

ey
el
id
s

4/
14

2/
2

10
/1
4

5/
8

N
A

7/
8

3/
5

0/
1

29
/3
5

19
/2
5

12
/2
7

E
ur
yb
le
ph
ar
on

N
A

2/
2

12
/1
4

6/
8

2/
2

7/
8

3/
5

1/
1

28
/3
5

22
/2
5

9/
13

L
ag
op
ht
al
m
ia

N
A

2/
2

12
/1
4

5/
8

2/
2

7/
8

3/
5

1/
1

28
/3
5

22
/2
5

8/
13

D
is
tic
hi
as
is

4/
14

N
A

9/
14

6/
8

0/
2

7/
8

3/
5

1/
1

22
/3
5

17
/2
3

13
/2
7

H
yp
er
te
lo
ri
sm

7/
14

N
A

11
/1
7

6/
8

2/
2

7/
8

4/
5

1/
1

N
A

19
/2
6

17
/2
7

N
ar
ro
w
,u

ps
la
nt
ed

pa
lp
eb
ra
l
fi
ss
ur
es

9/
14

N
A

N
A

N
A

N
A

N
A

N
A

1/
1

N
A

1/
1

9/
14

L
ac
ri
m
al
du
ct

ab
no
rm

al
iti
es

N
A

N
A

3/
14

0/
8

0/
2

N
A

N
A

N
A

N
A

3/
14

0/
8

E
ct
od
er
m
al

dy
sp
la
si
a

11
/1
3

4/
4

16
/1
7

7/
8

2/
2

7/
8

4/
5

N
A

26
/3
5

27
/2
9

22
/2
6

H
ai
r
an
om

al
ie
s

N
A

N
A

9/
16

3/
8

1/
2

6/
8

3/
5

N
A

11
/3
5

15
/2
4

6/
13

C
on
ic
al

te
et
h/

ab
no
rm

al
cr
ow

n
fo
rm

9/
13

N
A

12
/1
4

5/
8

1/
2

5/
8

4/
5

N
A

11
/3
5

17
/2
2

18
/2
6

T
oo
th

ag
en
es
is
/

hy
po
do
nt
ia

8/
12

4/
4

13
/1
5

6/
8

2/
2

7/
8

4/
5

N
A

26
/3
5

24
/2
7

18
/2
5

N
ai
l
dy
sp
la
si
a

N
A

N
A

1/
16

0/
8

0/
2

5/
8

0/
5

N
A

3/
31

6/
24

0/
13

V
er
te
x
ap
la
si
a

N
A

N
A

N
A

N
A

N
A

2/
8

0/
5

N
A

N
A

2/
8

0/
5

C
ra
ni
of
ac
ia
l

11
/1
4

4/
4

15
/1
6

3/
8

2/
2

7/
8

3/
5

1/
1

33
/3
5

27
/2
9

17
/2
7

C
L
P

8/
14

4/
4

15
/1
6

3/
8

2/
2

6/
8

3/
5

1/
1

33
/3
5

26
/2
9

14
/2
7

C
ho
an
al
at
re
si
a

4/
14

N
A

0/
12

0/
8

N
A

1/
8

0/
5

1/
1

2/
21

4/
27



Ta
b
le

22
.2

(c
on

tin
ue
d)

F
ea
tu
re
s/
st
ud
y

A
lh
ar
at
an
i ]

[
20
20

30
]

[
20
20

L
eb
la
nc

31
]

[
20
18

K
ie
vi
t

25
]

[
20
17

G
ho
um

id
24

N
is
hi

20
16 ]

[3
2

P
re
vi
ou
s

st
ud
ie
s

]
[2
4

T
ot
al

ge
ne

C
au
si
ng

C
T
N
N
D
1

C
D
H
1

C
D
H
1

C
T
N
N
D
1

N
on
e

C
D
H
1

C
T
N
N
D
1

C
D
H
1

N
A

C
D
H
1

C
T
N
N
D
1

D
ys
m
or
ph
is
m

13
/1
4

3/
4

16
/1
7

8/
8

2/
2

7/
8

4/
5

1/
1

27
/3
0

25
/2
7

C
ar
di
ac

di
se
as
e

6/
14

1/
4

N
A

N
A

N
A

N
A

N
A

1/
1

2/
5

6/
14

T
et
ra
lo
gy

of
F
al
lo
t

1/
14

0/
4

N
A

N
A

N
A

N
A

N
A

1/
1

1/
5

1/
14

N
eu
ro
de
ve
lo
pm

en
ta
l

8/
14

N
A

1/
15

0/
8

0/
2

N
A

N
A

1/
1

2/
16

8/
22

N
eu
ro
de
ve
lo
pm

en
ta
l

de
la
y

3/
14

N
A

1/
15

0/
8

0/
2

N
A

N
A

1/
1

2/
16

3/
22

L
im

b
an
om

al
ie
s

9/
14

N
A

2/
13

0/
8

0/
2

1/
8

1/
5

1/
1

4/
11

4/
22

10
/2
7

S
yn
da
ct
yl
y

4/
14

N
A

2/
13

0/
8

0/
2

1/
8

1/
5

0/
1

4/
11

3/
22

5/
27

C
an
ce
r

1/
14

2/
4

0/
16

0/
8

N
A

0/
8

0/
5

–
2/
28

1/
27

G
as
tr
ic
ca
nc
er

0/
14

1/
4

0/
16

0/
8

N
A

0/
8

0/
5

–
1/
28

0/
27

O
th
er

an
om

al
ie
s

8/
14

1/
1

7/
17

0/
8

0/
2

5/
8

2/
5

1/
1

14
/2
7

10
/2
7

C
on
ge
ni
ta
l

hy
po
th
yr
oi
di
sm

1/
14

1/
1

4/
14

0/
7

0/
2

2/
8

1/
5

0/
1

2/
31

7/
24

2/
26

A
na
l
at
re
si
a

N
A

N
A

2/
16

0/
8

0/
2

2/
8

0/
5

0/
1

3/
31

4/
25

0/
13

N
eu
ra
l
tu
be

de
fe
ct
s

N
A

N
A

3/
15

0/
8

0/
2

2/
8

0/
5

1/
1

1
6/
24

0/
13

A
ge
ne
si
s
of

co
rp
us

ca
llo

su
m

1/
14

N
A

N
A

N
A

N
A

N
A

N
A

1/
1

1/
1

1/
14

O
th
er

O
va
ri
an

dy
sg
er
m
in
om

a
(1
/1
4)

B
re
as
t
ca
nc
er

an
d

lu
ng

ad
en
oc
ar
ci
no
m
a

(1
/4
);
br
an
ch

pu
lm

on
ar
y
st
en
os
is

(1
/4
);
ep
id
er
m
oi
d

cy
st
(1
/4
);
bi
la
te
ra
l

en
la
rg
em

en
t
of

ve
st
ib
ul
ar

aq
ue
du
ct

(1
/4
)

H
ir
su
tis
m

fo
re
he
ad

(1
/1
8)
,

de
rm

oi
d
cy
st

(1
/1
8)
,

bi
la
te
ra
l

m
ix
ed

lo
ss

(1
/1
8)

A
llo

dy
ni
a

(2
/8
);

ga
st
ri
c

ca
nc
er

in
re
la
tiv

e
no
t
te
st
ed

L
um

ba
r

ve
rt
eb
ra
l

fu
si
on

C
L
P
cl
ef
t
lip

an
d
pa
la
te

350 R. Vibert et al.



expression for three variants (two affecting the splice site of exon 9 and one missense
variant).
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Using WES in a cohort of 28 individuals from 17 different families with BCDS,
Kievit et al. identified eight different CDH1 variants; five missense variants coding
for extracellular residues and three exon 9 splice site variants [25]. They showed that
a splicing variant involving this donor splice site resulted in an in-frame deletion of
183 bp in CDH1 mRNA causing a partial deletion of the third extracellular cadherin
domain. They performed functional experiments in zebrafish by injecting mRNAs
bearing CDH1 variants in embryos and observed developmental defects affecting
head structures. Palate defects were also described. On the contrary, expression of
CDH1 variants associated with HDGC in zebrafish did not show reduced effect on
embryo development. They also tested the effect in human breast cancer cell line
MCF7 in which CDH1 was knocked out. By coexpressing WT and CDH1 BCDS-
related variants, they observed a colocalization of the WT and mutated forms and an
impairment of cell-cell adhesion, whereas coexpression of HDGC variant was not
colocalized with the WT form, but was rapidly internalized, suggesting a dominant
negative effect of BCDS-related variants. Of note, the authors also reported three
variants in CTNND1.

No DGC had been reported in BCDS families until 2020. Leblanc et al. described
the case of a patient with CDH1-associated BCDS (variant c.768T>A/p.
(Asn256Lys)) who was diagnosed with advanced DGC at the age of 37 [31]. Almost
at the same time, Ghoumid et al. (2020) reported that one of their CDH1-BCDS case
had a diagnosis of DGC following surveillance endoscopy [34]. Endoscopy had
been offered because of a family history of gastric cancer, although with no
confirmation of the histological type in the relative. The variant implicated was
c.1320+1G>C.

A total of 31 carriers of CDH1 variants in BCDS families are reported to date and
28 of CTNND1 variants. The clinical characteristics of these patients are detailed in
Table 22.2. Patients have similar features regardless of the gene involved, but
patients with CTNND1 variants are likely to have a less severe phenotype [24, 25,
30].

In the following section, we will summarize the function of E-Cadherin, the
protein encoded by CDH1 and explore the hypotheses that could explain the
phenotype variability in CDH1 PV carriers.

22.4 Physiopathology

22.4.1 Function of E-Cadherin

E-cadherin is involved in embryogenesis and maintenance of tissue architecture. It
mediates cell-cell adhesion in a calcium-dependent manner. The mature form of
E-cadherin has an ectodomain composed of five tandem repeats, a transmembrane
domain, and a cytoplasmic domain. Cell adhesion function is mediated by the
extracellular domain, which ensures proper folding and dimerization of



E-cadherins. The cytoplasmic domain interacts with p120, beta- and alpha-catenins
anchored to the actin cytoskeleton [35].
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During embryogenesis, E-cadherin is expressed since the 8-cell stage and allows
the adhesion of blastomeres by polarization and differentiation, enabling the com-
paction of the morula and the subsequent organization of epithelia [36]. It plays an
important role in craniofacial morphogenesis, especially during the formation of
cartilage and facial bones, and the development of teeth. It plays its role either by
controlling cell-cell adhesion or by intracellular Wnt signaling [37].

In adults, E-cadherin plays a key role in the maintenance and homeostasis of the
epithelium. Notably, the reduction or absence of E-cadherin expression has been
described in diffuse gastric and LBC. It disrupts epithelial morphology and increases
tumor invasiveness through epithelial–mesenchymal transition [38].

Given these primary roles of E-cadherin, the phenotypes associated with CDH1
variants are not surprising. We will now explore hypotheses that could account for
their diversity.

22.4.2 Modifying Factors

It has been hypothesized that, apart from specific CDH1 variants, environmental
and/or other genetic factors may explain the incomplete penetrance. Environmental
factors such as alcohol consumption or folate deficiency during pregnancy have been
implicated. Maternal passive smoking in utero was reported for three carriers with
CLP by Obermair et al. in 2019, whereas other unexposed carriers did not show CLP
[13]. In particular, they described lower WT E-cadherin expression in a patient who
was the only active smoker in the cohort supporting this hypothesis.

Differential levels of CDH1 promoter methylation have also been shown between
carriers with and without CLP in CDH1 families [39]. In the case of HDGC,
penetrance depends on the occurrence of a second hit, which is frequently a promoter
hypermethylation on the non-mutated allele [40].

Oligogenic models, with modifier genes, could also influence the penetrance of
HDGC and CLP. Genome-wide association studies suggest the existence of
“modifying loci” containing potential regulatory regions [19].

22.5 Genotype–Phenotype Correlation

CDH1 PV associated with HDGC are mostly truncating variants distributed along
the gene (nonsense variants, frameshift variants, or splicing variants leading to a
premature stop codon). In families with a predisposition to cancer and CLP, there is
no obvious specificity either in the type of variants or in their distribution within the
gene. The same seems to apply to non-syndromic CLP without a family history of
cancer. In contrast, in BCDS, the vast majority of CDH1 variants are missense and
splice site and are located in two mutational hotspots [24, 25].
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To date, a total of 33 CDH1 variants have been reported in non-syndromic and
familial CLP (Table 22.1). Some have, however, now been classified as benign or
probably benign, and many remain of unknown significance. Only two are truncat-
ing. There is a family history of DGC in eight cases, associated with splice site
(n= 6) and truncating (n= 2) variants. Overall, if variants are distributed throughout
the gene, the majority is located in extracellular domain regions (Fig. 22.1a).

Functional assays have been performed to assess whether non-syndromic CLP is
associated to specific CDH1 variants. For example, p.(Asp254Asn) and p.
(Arg784His) induce cytoplasmic relocalization of E-Cadherin, with reduced expres-
sion for p.(Asp254Asn). Cells expressing both variants do not show invasive
properties, possibly explaining the absence of cancer in these families [14]. However,
five CLP variants have also been identified in HDGC families (p.(Pro30Thr);
c.531+3A>G; c.532-18C>T; p.(Tyr341*); p.(Asp805Asn)) [14, 18]. Functional
assays have been performed for p.(Pro30Thr) and p.(Asp805Asn), showing
E-cadherin relocalization but no reduced expression or increased cell invasion
[18]. It is possible that each variant behaves differently, inducing cell-specific
biological behavior with distinct clinical impact [41].

As for BCDS, all 16 associated CDH1 variants are in the extracellular domain of
E-cadherin with apparent hotspots in the binding regions (Table 22.3). More pre-
cisely, variants are clustered around the 254–257 calcium-binding site between the
two most distal extracellular (EC) domains, suggesting that disruption of calcium
binding and thus interaction between cadherins could explain this particular pheno-
type. Furthermore, all variants associated with BCDS are missense variants or
variants affecting the donor splice site at the exon 9- intron 9 junction and one
in-frame deletion. The disruption of this splice site induces CDH1 exon 9 skipping,
predicted to remove a major portion of the third extracellular domain (Fig. 22.1b).

CDH1 variants associated with BCDS are therefore predicted to result in a mutant
protein. The hypothesis of a dominant negative effect, first proposed by Frebourg
et al. in 2006 [10] is strengthened by these observations. Kievit et al. did report a
dominant negative effect in human cells and zebrafish associated with BCDS CDH1
variants[25]. They observed that the mutant proteins dimerized with the wild-type
ones, thus interfering with adhesion junctions.

22.6 Conclusion

Over the past 15 years, research has shown that the phenotypes associated with
CDH1 variants go far beyond cancer. The type of variants and their localization
seems to differ between HDGC and CLP/BCDS, suggesting that different patho-
physiological mechanisms would actually explain the different clinical
manifestations. Clinical, molecular, and functional studies in larger CLP/BCDS
cohorts are necessary in order to explore this likely genotype–phenotype correlation
and provide much-needed data to clinical geneticists managing and counseling
CDH1 families.
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Fig. 22.1 (a) Lollipop plot of CDH1 variants reported in Table 22.1 as associated to clefts of lip
and palate, on the protein. (b) Lollipop plot of CDH1 variants reported in Table 22.3 as associated to
blepharocheilodontic syndrome, on the protein. The type of variants is indicated by colored circles
(missense, truncating, or in-frame deletions). The height of lollipops corresponds to the number of
individuals/families in who the variant has been identified. The four splice site variants (c.1320+1 or
c.1320+5) inducing an in-frame deletion are noted as “in-frame” in this plot
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Abstract

Although breast cancer (BC) mainly arises as a sporadic tumor, between 7 and
10% of BC patients present a pathogenic variant (PV) of selected genes. This
prevalence was calculated on high-risk populations and could be even higher in
general population. Women with BC susceptibility or hereditary BC represent a
special setting of patients who deserve a personalized approach to their screening
and treatment pathways. PVs of BRCA1 and BRCA2 genes are implicated in
15% of all familial BCs. Additionally, increasing evidence is available on
germline mutations in several other genes which are associated to inherited
susceptibility to BC. These PVs have been stratified according to their pene-
trance, although guidelines are somewhat discordant on this classification. PVs in
high-penetrance genes, i.e., BRCA, p53, PTEN, STK11, PALB2, CDH1, carry a
threefold or more increased risk of BC compared to the general population,
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moderate-penetrance genes, i.e., CHEK2, BARD1, ATM, lead to a twofold to
threefold risk, whilst low-penetrance genes, i.e., RAD51, BRIP1, NF1, are
associated to a onefold to twofold risk of BC. The deep knowledge of hereditary
BC-associated genes and the identification of PVs is crucial to provide the proper
prevention strategy in carriers and a targeted therapy in BC patients.
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23.1 Introduction

The idea of hereditary breast cancer (BC) was born in the late nineteenth century
when Paul Broca first described his wife’s high-risk familial pedigree. However, the
theory of inherited susceptibility to BC started developing in the 1980s with the
research carried on by the geneticist Mary-Claire King, who was able to identify a
BC-associated gene on chromosome 17q21 [1]; this gene was soon after named
breast cancer susceptibility gene 1 (BRCA1).

Even though most BCs are sporadic, 15% of patients present a familial BC with
one or more first/second-degree relatives with the disease or a hereditary BC
harboring a genetic predisposition to develop cancer. In fact, between 7.8 and
10.2% of women with a BC carry a pathogenic variant (PV), i.e., a deleterious
germline mutation of selected genes which increases BC risk [2, 3]. These mutations
mostly affect tumor suppressor genes, which are involved in DNA damage recogni-
tion and repair pathways. In this scenario, high-penetrance genes BRCA1 and
BRCA2, play a leading role and their PVs are shown in about 15% of all women
with familial BC [4]. When considering well-defined, high-risk Hereditary Breast
and Ovarian Cancer syndromes (HBOC), this percentage rises to 52% [5]. BRCA1/
2 germline mutations are found in 3–4% of all women with BC, including 10–20%
of those with triple-negative BC (TNBC) and 10–15% of affected women with
Jewish ancestry [6] (Table 23.1).

To date, increasing evidence is available on several germline mutations
associated with inherited susceptibility to BC, which are distinct according to their
penetrance. BC-associated deleterious gene mutations have been stratified into
groups of high penetrance (carrying a threefold or more increased risk of BC
compared to the general population), moderate penetrance (twofold to threefold
risk), or low penetrance (onefold to twofold risk). When considering high-
penetrance genes the most relevant are protein p53 (TP53) and phosphatase and
tensin homolog tumor suppressor (PTEN) genes, determining Li–Fraumeni (LFS)
and Cowden syndrome (CS), respectively; STK11 gene causing the Peutz-Jeghers
syndrome (PJS), and CDH1 gene which will be treated in other chapters. Addition-
ally, moderate penetrance genes are partner and localizer of BRCA2 (PALB2) gene
(which is also considered highly penetrant gene in some guidelines), checkpoint
kinase 2 (CHEK2), and ataxia-telangiectasia mutated (ATM) genes (at low pene-
trance in some guidelines), which account for a smaller percentage of BCs
[7]. Couch et al. reported that, in a population of 41,611 women with BC, most
commonly mutated non-BRCA1/2 genes among white women were CHEK2
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(1.73%), ATM (1.06%), and PALB2 (0.87%) [4]. Globally, mutations of moderate
penetrance genes are encountered in 4–6% of BC patients [6].
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Table 23.1 BRCA pathogenetic/likely pathogenetic variant-positive management

Absolute
breast cancer
risk

Surveillance Risk Reduction
Mastectomy
(RRM)

BRCA1 >60% • Clinical breast exam every 6–12 months
starting at age 25 years
• Breast screening
– Age 25–29 years: annual breast MRI

with contrast
– Age 30–75 years: annual breast MRI

with contrast and annual mammogram with
consideration of tomosynthesis
– Age > 75 years: individualized

management

• Discuss option of
RRMBRCA2 >60%

Adapted from National Comprehensive Cancer Network Clinical Practice Guidelines in Oncology
(NCCN Guidelines®) Genetic/Familial High-Risk Assessment: Breast, Ovarian, and Pancreatic,
Version 1.2022

Due to improvements in expertise and reduction of costs of genetic testing, the list
of genes associated with BC susceptibility is continuously evolving but in most
cases definitive evidence on the associated cancer risk is still lacking, above all when
variants of unknown significance (VUS) are diagnosed. In a recent cohort study
including more than 200,000 patients with breast or ovarian cancer who
were diagnosed between 2013 and 2017 and tested with Multi-Gene Panels,
VUS-only rates markedly increased during time from 8.1 to 28.3%, thus outpacing
the increase in PVs and highlighting racial or ethnic differences in VUS-only rates
related to under-representation of non-Caucasian ethnicities in clinical trials
[8]. Moreover, classification of mutations penetrance among different international
societies may result divergent. ATM, for instance, is considered a moderate pene-
trance gene by American Society of Clinical Oncology (ASCO) guidelines and a
low-penetrance gene by St. Gallen panelists, while PALB2 is considered highly
penetrant by St. Gallen International Consensus and intermediate by ASCO
[6, 9]. However, although the consequences on clinical practice of an increase in
VUS diagnosis rate or of those classification differences are unknown. We can
assume that it might bring to patients’ overtreatment or excess of risk-reducing
procedures.

Afterall, the knowledge of these issues together with the identification of muta-
tion carriers is crucial, since it may warrant a potential change in care or prevention
strategy for patients. Nevertheless, the selection of women who should undergo
genetic testing is still highly debated, and recommendations are not univocal. On one
side, the American Society of Breast Surgeons has recommended genetic testing for



all BC patients, on the other side the U.S. Preventive Services Task Force and
National Comprehensive Cancer Network (NCCN) suggested a selection of healthy
women too [10–12]. As regards the management of carriers, the 2021 St. Gallen
International Consensus favored the consideration of risk-reducing mastectomy for
women harboring PVs in highly penetrant genes (e.g., BRCA1, BRCA2, TP53, and
PALB2), and surveillance with mammography and magnetic resonance imaging
(MRI) for women with PVs in moderate penetrance genes (e.g., BARD1, CHEK2,
CDH1, and STK11). For women with less penetrant gene pathogenic mutations
(such as ATM, BRIP1, NF1, RAD51C, and RAD51D), surveillance was
prompted without prophylactic mastectomy [9]. Differences in terms of prevalence
between mutations of BRCA1/2 compared to other genes have led to a much deeper
knowledge of BC genetics. This translated into very strong evidence-based
guidelines for surveillance strategies and management of pathogenetic BRCA muta-
tion carriers, developing not only specific risk-reduction screening and surgical plans
but also different local management strategies and targeted therapies for affected
patients [13] (Tables 23.1 and 23.2). In contrast, the management of other less
common mutation carriers still needs to be better defined (Tables 23.2 and 23.3).
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23.2 Genetics of BC

Research on genes associated with cancer inheritance is one of the main focuses of
modern literature on BC. The genetic variations found in female BC fall into two
distinct categories. The first one is the gain-of-function mutations in the proto-
oncogenes which induce the cell to grow and to divide. The other one is the loss-
of-function mutations in tumor suppressor genes which result in uncontrollable cell
growth, inability to repair DNA damage and lack of cell cycle check points. Women
who inherit loss-of-function mutations have a 70% chance of developing BC by the
time they are 70 years old. Cancer predisposition genes are often distinguished
according to their penetrance, i.e. the estimate that a specific condition like cancer
will occur in the presence of a specific genotype. By the way, there is still no
consensus about the classification of genes according to their penetrance:
Table 23.3 displays the difference between classification according to diverse
guidelines, resulting in different therapeutic and prevention strategies [6, 12, 14].

23.2.1 High-Penetrance Genes

Among highly penetrant mutated genes, BRCA1 and BRCA2 genes represent 16% of
all genes associated to hereditary BC. Most of these genes are involved in multiple
hereditary syndromes that are associated with the highest lifetime risks for BC such
as HBOC for BRCA1–2, LFS for TP53, the PTEN hamartoma syndrome (PHTS) for
PTEN, the hereditary diffuse gastric cancer (HDGC) for CDH1, and PJS for STK11.
These syndromes are rare and they only represent approximately 5% of non-sporadic
BCs. They are inherited in an autosomal dominant pattern and typically have



Gene

23 Hereditary Breast Cancer Non-CDH1 Associated 365

Table 23.2 Breast cancer risk and management of high- and moderate-penetrance genes with
pathogenic mutations

Absolute breast
cancer risk

Surveillance

Management

Risk reduction mastectomy (RRM)

TP53 >60% • Breast screening
– Age 20–29 years: annual breast

MRI with contrast
– Age 30–75 years: annual breast

MRI with contrast and annual
mammogram with consideration of
tomosynthesis

Discuss option of RRM
taking into consideration
family history

PTEN 40–60% • Clinical breast exam every 6–12
months starting at age 25 years or
5–10 years before the earliest known
BC in the family
• Breast screening; annual
mammogram with consideration of
tomosynthesis and consider MRI with
contrast starting at age 35 years or
10 years before the earliest known BC
in the family

Discuss option of RRM
taking into consideration
family history

PALB2 41–60% Annual mammogram with
consideration of tomosynthesis and
consider MRI with contrast starting at
age 30 years

Discuss option of RRM

ATM 15–40% Annual mammogram with
consideration of tomosynthesis and
consider MRI with contrast starting at
age 40 years

Insufficient evidence,
manage based on family
history

BARD1 Evidence
limited, but
stronger for
TNBC

Annual mammogram with
consideration of tomosynthesis and
consider MRI with contrast starting at
age 40 years

Insufficient evidence,
manage based on family
history

CHEK2 15–40% Annual mammogram with
consideration of tomosynthesis and
consider MRI with contrast starting at
age 40 years

Insufficient evidence,
manage based on family
history

STK11 40–60% • Clinical breast exam every 6 months
starting at age 30 years
• Breast screening; annual
mammogram and MRI with contrast
starting at age 30 years

Insufficient evidence,
manage based on family
history

NF1 15–40% Annual mammogram with
consideration of tomosynthesis
starting at age 30 years and consider
MRI with contrast from age 30–50
years

Insufficient evidence,
manage based on family
history

Adapted from NCCN Clinical Practice Guidelines in Oncology (NCCN Guidelines®) Genetic/
Familial High-Risk Assessment: Breast, Ovarian, and Pancreatic. Vers.1, 2022



Table 23.3 Grade of pen-
etrance of genes associated
to BC susceptibility
according to different
guidelines

Guidelines

– –

younger than average ages of cancer diagnosis. There is risk for more than one tumor
type, not only for BC (Table 23.4), and there is a specific pattern of early onset
cancers in successive generations of the affected family. Genetic testing has a key
role in the detection of the causative mutation of hereditary predisposition to cancer
in these families, thus addressing PV carriers to more intensive screening and
prevention options than general population [15].

366 R. Di Micco et al.

Gene mutation penetrance

ASCO St. Gallen NCCN IGCLC

BRCA1 High High High –

BRCA2 High High High –

PTEN High – High –

PALB2 Moderate High High –

BARD1 – Moderate Moderate –

CHEK2 Moderate Moderate Moderate –

CDH1 High Moderate High High

STK11 High Moderate Moderate –

TP53 High Moderate High –

ATM Moderate Low Moderate –

RAD51D – Low Moderate –

RAD51C – Low Moderate –

BRIP1 – Low Moderate –

NF1 – Low Moderate –

NBN – Low Moderate –

FANCC – Low

ASCO American Society of Clinical Oncology, IGCLC International
Gastric Cancer Linkage Consortium

23.2.1.1 BRCA1–BRCA2: Hereditary Breast and Ovarian Cancer
Syndrome

The most common hereditary cause of BC is HBOC, which is caused by a patho-
genic germline mutation in either the BRCA1 or BRCA2 gene. It follows an
autosomal dominant pattern and the occurrence of malignancies in germline muta-
tion carriers encompasses somatic inactivation of the remaining allele of the
involved gene. Estimates of lifetime BC risk in women vary from 41 to 80%. Recent
estimates from metanalysis and prospective analysis are 57% and 60% for BRCA1
mutation carriers and 49% and 55% for BRCA2 mutation carriers, respectively.
Additionally, the risk to age 70 years for a contralateral BC (CBC) is estimated to be
50% or higher. As regards male carriers, their risk of BC is 5–10% for BRCA2
mutation carriers and 1–2% for BRCA1 mutation carriers. In addition to BC, women
with a BRCA1 or BRCA2 mutation have a particularly increased risk for epithelial
ovarian (40–59% for BRCA1, 16.5–18% for BRCA2), fallopian tube, and primary
peritoneal cancers (see Table 23.4) [16].



Syndrome Type of cancer
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Table 23.4 Syndromes associated to BC susceptibility genes, most frequent mutations, and types
of cancer with increased risk

Gene or locus (chromosomal
location)

Hereditary
breast/ovarian
cancer
syndrome

BRCA1 (17q12–21)
BRCA2 (13q12–13)

BC, ovarian cancer
BC, ovarian, prostate and pancreatic
cancer, melanoma

Li–Fraumeni
syndrome

TP53 (17p13.1) BC, sarcomas, leukemia, brain
tumors, adrenocortical and lung
carcinoma

Cowden
syndrome

PTEN (10q23.3) BC, thyroid, endometrial cancer.
Other: benign hamartomas,
macrocephaly

Peutz-Jeghers
syndrome

STK11 (19p13.3) BC, ovarian, cervical, uterine,
testicular, small bowel and colon
cancer. Other: Hamartomatous
polyps of the small intestine,
mucocutaneous pigmentation

Hereditary
gastric cancer

CDH1 (16q22.1) Hereditary diffuse gastric, lobular
BC, colorectal cancer

Lynch
syndrome

MLH1, MSH2, MSH6, PMS2
(3P22.2; 2P21–P16, 2P16.3,
7P22.1)

BC, ovarian, endometrial, stomach
and colorectal cancer

Ataxia
telangiectasia

ATM (11q22.3) BC, ovarian, prostate and pancreatic,
stomach, bladder and colon cancer

CHEK2 related CHEK2 (22q12.1) BC, colorectal, ovarian, bladder,
prostate, thyroid, serous uterine,
gastric and kidney cancer

PALB2 related PALB2 (16p12.1) BC, pancreatic, ovarian cancer, male
BCs. Other: Fanconi Anemia

BARD1 (2q34–q35), BRIP1
(17q22–q24), MRE11A (11q21),
NBS1 (8q21), RAD50 (5q31),
RAD51C (17q25.1), XRCC2
(7q36.1), RAD51D (17q11),
ABRAXAS (4q21.23)

BARD1: BC and ovarian cancers
MRE11: ataxia telangectasia-like
disorder
RAD50: Nijmegen breakage
syndrome like disorder
NBS1: Nijmegen breakage
syndrome

BRCA proteins are multifunctional and control homologous recombination (HR),
DNA repair mechanism (DSB, double-strand breaks), and cellular response to DNA
damage. Germline mutations that define HBOC are responsible for the reduced
capacity of the cell to repair DNA DSBs and high-level chromosomal instability.
The repair occurs by HR through replication, utilizing the homologous strand as a
template [17]. BRCA1 protein also acts as a transcriptional activator or repressor
with a key role in chromatin remodeling and in the regulation of centrosomes. In
detail, BRCA1 and BRCA2 function as tumor suppressor genes and their mutations
have been identified throughout their coding sequences and in proximity to the



splicing sites. A total of 1639 different mutations and polymorphism in BRCA1
genes have been reported by the BC Information Core (BIC) 2010 database. In
addition, 1853 unique mutations, polymorphisms, and variants in the BRCA2 genes
were also reported. These mutations could be frameshifts, non-sense or splice-site
mutations and deletions. They result in a shortened BRCA1/2 protein which fails to
perform its physiologic function [18]. It is estimated that 1 in 300–800 individuals
carry a deleterious germline mutation in one of these genes, though mutations are
more common in certain populations due to founder mutations. For instance,
approximately 1 in 40 individuals of Ashkenazi Jewish ancestry carries one of the
three specific founder mutations, (187delAG or 5385insC in BRCA1 or 6174delT in
BRCA2) [19].
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Imaging BRCA mutation carriers should undergo close monitoring, although the
sensitivity of standard imaging could be different when compared with general
population. In particular, mammography showed a lower sensitivity (around 37%,
range: 19–50%) in these patients. This effect is mainly due to the masking effect of
dense breast tissue in young women, to the potentially benign appearance of BRCA-
associated BC and the low incidence of ductal carcinoma in situ and associated
microcalcifications in BRCA1 carriers. BRCA1-related BC generally shows benign
morphologic features like a smooth non-spiculated mass, with round or oval shape
and circumscribed margins. Additionally, due to the rapid tumor growth, the rates of
false negative results and interval cancer are high. Similarly, ultrasound screening
for high-risk women showed low sensitivity (17–52%), no universal
recommendations exist for BRCA carriers. BRCA-related tumors appear like
hypoechoic masses with an irregular shape, parallel orientation, and
non-circumscribed margins. On the contrary, contrast-enhanced MRI is the most
sensitive imaging tool in this population, showing a sensitivity of 71–100% and a
specificity of 79–98%. Although guidelines recommend MRI in high-risk patients,
data on mortality reduction with MRI are poor. However, a downward shift of BC
stage and a reduction in interval cancer rates in patients screened with MRI could be
eventually considered as a surrogate endpoint that correlates with a reduction in
mortality. MRI findings in BRCA-related tumors are of outstanding importance for
differential diagnosis with benign disease. In detail, the presence of rim enhance-
ment together with the enhancement kinetics, the lack of internal septations which
are typical in fibroadenomas, asymmetric non-mass enhancement with focal,
regional or segmental distribution are additional essential diagnostic data. Despite
variable screening schedule proposed, the annual screening with MRI from 25 years
and the additional mammography starting from the age of 30 years resulted as the
most cost-effective regimen [12, 20, 21].

Surgery Risk reduction surgeries for BRCA mutation carriers have been widely
spread over the last two decades. Prophylactic bilateral mastectomy and prophylactic
oophorectomy are both surgical strategies being used for BC prevention among
BRCA carriers, although results have not been assessed by randomized controlled
trials in high-risk women.
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Bilateral risk-reducing mastectomy (BRRM) has been shown to be the most
effective approach to reduce BC risk in women diagnosed with BRCA mutation.
Population-based studies have demonstrated carriers having elevated rate of ipsilat-
eral recurrence and CBC [22]. There is evidence that BRRM decreases the incidence
of BC by 90–95% in women who have a deleterious mutation in the BRCA1 and/or
BRCA2 gene, although benefits in survival are still unclear [23–27]. Nipple sparing
mastectomy (NSM) is considered the preferred approach for risk reducing surgery
among BRCA mutation carriers as current surgical techniques have improved
cosmetic outcomes. However, as NSMs have been associated with residual glandu-
lar breast tissue, the oncological safety in terms of risk reduction in this subset of
women is of particular concern for some authors [28]. In order to prevent occult BC,
pre-surgical mammography and magnetic resonance imaging (MRI) should be
performed no later than 6 months prior to the surgery [29]. The prophylactic purpose
of the BRRM highlights the importance of a natural aesthetic outcome, which can be
achieved by different immediate autologous and implant-based breast reconstruction
techniques (either through pre-pectoral or sub-pectoral approach). Therefore, risk-
reducing surgery should be performed by a surgical team with specialist skills in
oncoplastic surgery and breast reconstruction in high-volume breast centers [30–32].

A preoperative detailed discussion of advantages and drawbacks for mutation
carriers considering risk-reducing mastectomy is mandatory. Topics should include
the likely prognosis of their BC; their chance of developing a distal recurrence of
their previous BC; a clear quantification of the risk of developing BC in the other
breast; the potential negative impact of mastectomy on body image and sexuality;
the different appearance and feel of the breasts after reconstructive surgery (https://
www.nice.org.uk/guidance/cg164/chapter/recommendations). For women with
newly diagnosed BC who have a deleterious mutation in BRCA1 and/or BRCA2
gene, NSM is a reasonable oncologic approach to consider with low rate of
locoregional recurrence and low complication rates [6]. In this setting, breast
conserving surgery (BCS) could also be offered to women eligible for, although
the strength of this recommendation is moderate and it is essential to counsel patients
regarding the elevated risk of ipsilateral second primary BC and CBC. Literature
reports the 15-year risk of ipsilateral BC recurrence to be fourfold higher among
carriers compared to non-carriers (23 vs. 6.4%) and this risk increases with time
[33]. However, no significant differences in overall survival and BC specific survival
have been observed among carriers between BCS and mastectomy [34]. Radiation
therapy can be offered to BRCA 1 and/or BRCA2 carriers with BC for whom it is
indicated, because there is no evidence of increased toxicity or CBC events from
radiation exposure in this subset of patients [6]. For women with BC who have a
BRCA1 and/or BRCA2 mutation and who have been treated or are being treated
with unilateral mastectomy, contralateral risk reducing mastectomy (CRRM) should
be offered because CRRM is associated with a decreased risk of CBC although there
is insufficient evidence for improved survival. Carriers have an annual CBC rate of
approximately 2–3% compared to 0.5% in patients with sporadic BC [35, 36]. The
risk of CBC is greater among women whose initial BC occurs at a young age than in
older counterparts and among individuals with a BRCA1 PV when compared to

https://www.sciencedirect.com/topics/medicine-and-dentistry/mastectomy
https://www.sciencedirect.com/topics/medicine-and-dentistry/mammography
https://www.nice.org.uk/guidance/cg164/chapter/recommendations
https://www.nice.org.uk/guidance/cg164/chapter/recommendations
https://www.ncbi.nlm.nih.gov/books/n/gene/glossary/def-item/pathogenic-variant/


BRCA2 mutation carrier [37–39]. That said the following factors should be consid-
ered for assessing risk of CBC and the role of risk-reducing mastectomy in BRCA1
and/or BRCA2 mutation carriers: age at diagnosis, family history of BC, compliance
of patient to undergo breast surveillance with MRI, comorbidities, and life
expectancy.
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Most patients diagnosed with BC are not aware of having a BRCA mutation prior
to surgery. Patients with preoperative awareness of BRCA mutation more often opt
for BRRM. Chiba et al. underlined the impact that the timing of genetic mutation
diagnosis on the surgical decision-making process and showed that 59% of patients
who underwent primary BCS decided for delayed BRRM after knowing the result of
the test [40]. Patients at high risk of mutation should be tested before initial surgery
to make an informed decision together with their surgeon on which therapeutic
strategy to approach after specific genetic counseling [41]. The NCCN
guidelines recommend to test affected or unaffected individuals who have a proba-
bility >5% of a BRCA1/2 PV based on probability models (e.g., BRCAPro,
BOADICEA) [12]. The National Institute for Care and Health Institute (NICE)
guidelines in UK recommend offering genetic testing to people with a 10%
(or bigger) likelihood of carrying a BRCA1/2 mutation (https://www.nice.org.uk/
guidance/cg164/chapter/recommendations). As regards men carrying BRCA muta-
tion, annual clinical breast exam from the age of 35 years is recommended, whereas
risk-reducing surgery is not advised [12].

Pathology BC arising in BRCA carriers usually exhibits distinct histopathological
characteristics. Around 80% of BRCA-associated BC are invasive ductal carcinomas
of no special type that are poorly differentiated and highly proliferative [42]. In
particular, grade 3 tumors account for 66–84% of cases vs. 30–40% in sporadic
age-matched BC. Furthermore, immunohistochemical subtypes are different in
BRCA1- and BRCA2-associated BC. BRCA1-related tumors are mainly triple
negative (TNBC) and show more often medullary features (13 vs. 2% in
non-carriers) together with prominent lymphocyte infiltrate in the surrounding
microenvironment, foci of necrosis, pushing margins and high frequency of
lympho-vascular invasion [43] Furthermore, they exhibit less tubule formation,
higher pleomorphism, and more mitosis than do sporadic controls. As regards
hormone receptors, in BRCA1 carriers less than 25% of BCs express estrogen
(ER) or progesterone (PgR) receptors and only 10% exhibit Her2 gene amplification,
whilst the majority of BRCA2-associated tumors are ER- and PgR- positive with
percentages of 65 and 40–60%, respectively [44]. BRCA2 tumors are characterized
by pushing margins and lack of tubule formation, being similar to sporadic luminal
BC with no specific morphological phenotype [43, 45]. Within hereditary BC, there
is a subset of carcinomas called “basal-like.” This phenotype is characterized by ER-
and Her2-negativity and the expression of specific “basal cell” or myoepithelial
markers, such as high-molecular weight cytokeratin (CK) CK5/6, CK14 and CK17,
and P-Cadherin. In addition, basal-like BC shows overexpression of cyclin E and
downregulation of p27, with higher expression of p53, neuroendocrine markers
(chromogranin A and synaptophysin), stem-cell-phenotype markers (CD44+/

https://www.sciencedirect.com/topics/medicine-and-dentistry/gene-mutation
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CD24-), and others (i.e., hypoxia-associated factor; CA9; FHIT protein) that are
absent in triple negative non-basal like cancer [45]. Moreover, the overexpression of
epidermal growth factor receptor (EGFR) is also considered part of the special
features of the basal phenotype [46]. Additionally, EGFR mutations are present in
45% of BRCA-related tumors compared to 15% of sporadic BC. Similarly, p53
protein-truncating mutations are present in 100% of BRCA1 tumors and are strongly
correlated to basal-like phenotype and have been also described in 29–63% of
BRCA2 tumors, thus confirming that p53 may promote tumorigenesis in BRCA-
deficient tumors [45]. Results from the POSH study reported that 7% of BRCA1-
associated and 11% of BRCA2-associated tumors were Her2-positive [47].
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Systemic Therapy Hereditary BC represents a unique entity that requires tailored
strategies in terms of targeted systemic therapies in addition to standard therapy of
sporadic BC. In fact, BRCA 1/2 deficiency, down-regulation of DNA DSB repair,
and significant chromosomal instability characterize BRCA-associated tumors and
form the basis for their susceptibility pattern to unique treatment opportunities such
as cytotoxic drugs, DNA-damaging agents, poly (ADP-ribose) polymerase (PARP)
inhibitors, and ionizing radiation [48].

• Platinum salts: Platinum-based cytotoxic drugs deploy their cytotoxic effects by
crosslinking and damaging DNA strands. They form DNA crosslinks that cause
damaged DNA DSBs activating DNA repair by HR, which is unavailable in
BRCA-mutated patients. Therefore, cells with HR deficiency are susceptible to
platinum salts [49]. Platinum compounds, especially cisplatin, are currently used
in the neoadjuvant, adjuvant, and also in the metastatic setting of hereditary
BC. Byrski et al. found a pCR rate of 61% in a cohort of 107 BRCA1 mutation
carriers with stage I–III BC treated with four cycles of neoadjuvant cisplatin
[50]. Additionally, the phase II CALBG 40603 trial on patients with stage II and
III TNBC the pCR rate was higher with carboplatin added to neoadjuvant
chemotherapy. However, there was no improvement in the long-term survival
outcome [51]. A recent meta-analysis by Chai et al. aimed at assessing the values
of BRCA status and HR deficiency in the prediction of the pCR rated of patients
with TNBC undergoing platinum-based neoadjuvant regimen. They concluded
that pCR rates were significantly higher in HR deficiency-positive patients than
those HR deficiency negative (241/412, 58.5% vs. 60/183, 32.8%, OR, 3.01; 95%
CI, 2.07–4.39, p < 0.001), thus proving that BRCA1/2 mutated patients with
deficiency in HR and TNBC could benefit from platinum-based neoadjuvant
chemotherapy [49]. The Triple-negative BC trial (TNT) was the largest trial
assessing the role of platinum drugs in the treatment of BRCA 1/2 mutation
carriers with metastatic TNBC. The overall response rates in the BRCA 1/2
mutation carriers’ group were higher for the group that received
carboplatin vs. docetaxel (68 vs. 33%) [52].

• Taxanes: The mechanism of action of antimicrotubule agents is blocking cell
division, and specifically taxanes disrupt the microtubule function, which is
essential to this process. Several studies have evaluated whether the BRCA status
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could impact on toxicity and outcomes of taxane-based treatment. Boughey et al.
evaluated the response to neoadjuvant weekly paclitaxel followed by adriamycin/
cyclofosfamide (FEC) in patients with stage I–III BC, including 12 BRCA
mutated patients. They reported no association between BRCA status and
response rate to taxanes, additionally most MRI responses were observed in the
BRCA2 group [53]. The phase II GeparSixto study showed that the efficacy of
taxane in combination with anthracycline is higher in BC. Additionally, the pCR
increased by 25% with carboplatin for BRCA mutation carriers [54]. In general,
the clinical benefit of standard chemotherapy regimen with antracycline and
taxanes is confirmed in BRCA carriers, and specific data on taxane-related
toxicity are very poor. However, according to Bayraktar et al. BRCA germline
deleterious mutation does not increase the risk for peripheral neuropathy or
hematological toxicity despite the ineffective DNA repair mechanism, whilst
BRCA2 carriers may have a major risk of chemo-related gastrointestinal
toxicity [55].

• PARP Inhibitors: The inhibitors of the enzyme poly-ADP ribose polymerase
(PARP) lead to the trapping of PARP proteins on DNA and block their catalytic
action causing cell death, especially in cancer cells that grow faster than the other
non-cancerous cells. PARP1 is a crucial protein in repairing single-strand DNA
breaks, and if strand breaks persist unrepaired until DNA replication, the replica-
tion itself can cause DSBs. PARP inhibitors cause multiple DSBs, and conse-
quently, in tumors with BRCA1, BRCA2, and PALB2 mutations, these breaks
cannot be repaired by HR, leading to cell death [56]. These compounds include
olaparib, rucaparib, niraparip, and talazoparib, which act by trapping PARPs to
DNA and veliparib that withholds the catalytic activity of PARP. Two phase III
trials, OlympiAD and EMBRACA, showed improved progression-free survival
with two PARP inhibitor monotherapies, olaparib and talazoparib compared
with standard chemotherapy [57, 58]. These pharmacological compounds have
been initially approved by the Food and Drug Administration (FDA) and the
European Medicines Agency (EMA) for locally advanced and metastatic HER2-
negative BC in germline BRCA mutated patients. More recently, results from the
OlympiA trial showed that in high-risk patients with Her2-negative BC and
germline BRCA1/2 pathogenic or likely PVs adjuvant olaparib after local treat-
ment and neoadjuvant or adjuvant chemotherapy was associated with signifi-
cantly longer invasive disease-free survival (85.9 vs. 77.1% in the placebo group,
99.5% CI, 0.41 to 0.82; p < 0.001) and distant disease-free survival
(87.5 vs. 80.4% in the placebo group, 99.5% CI, 0.39–0.83; p < 0.001) at
3-year follow-up [59]. Furthermore, in the BROCADE3 trial, veliparib has
shown promising outcomes with regard to BRCA mutated locally advanced/
metastatic BC in combination with platinum-based chemotherapy [60]. To date,
PARP inhibitor therapies are under evaluation in novel combinations in the early
stages of BC, including patients without germinal BRCA mutations and somatic
BRCA mutations or mutations in other genes [61, 62].

• Immunotherapy: The immune system’s role in limiting cancer progression is
object of multiple clinical trials. The genetic alterations produce tumor-specific
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neoantigens that provoke a T-cell response inside the tumor microenvironment.
The microenvironment regarding BC releases immune suppressive factors that
harm the immune response but mostly make the antigen presentation difficult. BC
has not been conventionally considered immunogenic since immune infiltrates’
mutational load and extent are lower than other tumor types. Both BRCA1 and
BRCA2 carriers present tumors with high amounts of tumor-infiltrating
lymphocytes (TILs) indicating that they are highly immunogenic BC and offer
new perspectives to immune modulation therapy by checkpoint inhibitors and to
chemotherapy which facilitates the “immunogenic cell death.” In general,
increasing levels of stromal TILs (sTILs) have been associated to improved
rates of recurrence and death in TNBC and Her2-positive BC (for each 10%
increase of sTILs, 8 and 10% reduction of mortality and disease-free survival
event was observed), whilst the impact on prognosis in ER-positive BC translates
into better prognosis in high-grade BC and worse prognosis in low- and
intermediate-grade BC [63]. Monoclonal antibodies that block checkpoint
receptors such as cytotoxic T lymphocyte-associated antigen (CTLA4) and
programmed death-1 and its ligand (PD-1 and PD-L1) can stimulate an endoge-
nous antitumor immune response [64]. Data suggest that combined treatment
with chemotherapy and other immunotherapy agents, especially for TNBC can-
cer, can provide an effective antitumor immune response. Several clinical trials
are currently underway to evaluate the efficacy of checkpoint inhibitors either as
monotherapy or as an adjunct to PARP inhibitors or chemotherapy [65, 66].

23.2.1.2 TP53: Li–Fraumeni Syndrome
LFS was first described in 1969 and is an autosomal dominant predisposition to soft
tissue sarcomas and osteosarcomas. Patients are characterized by an impressive
pattern of early onset and multiple primary cancers such as BC, brain tumors,
adrenocortical tumors, and many other malignancies (Table 23.4) [67]. Patients
with LFS are particularly susceptible to radiation-induced malignancies, which
complicates risk estimation for second primary tumors [68]. Overall cancer risk is
estimated to be 50% by age 30 years and 90% by age 60, and is higher in women
than men, primarily due to BC risk. Approximately, the 51% of females affected has
a BC with median age of onset of 34 years [69]. Furthermore, there is emerging
evidence of anticipation in LFS families (i.e., cancers occurring at progressively
younger ages in subsequent generations of a family) or that genetic modifiers may
affect penetrance [70]. LFS accounts for approximately 1% of BC cases overall,
though risks for germline TP53 mutations are higher in women with early onset
(younger than age 35) BC [34, 35]. Thus, early onset BC is now being included in
the NCCN criteria for offering TP53 testing, even if there is no other family history
of cancer [12, 71].

TP53 is a tumor suppressor gene which encodes for a protein responsible of
various stress signals and suppression of cellular transformation via mediating cell-
cycle, the cellular response against oncogenic stress, cell repair, and apoptosis. The
most part of mutations of the gene is located in exons 5–8, spanning the



DNA-binding domain of the protein. The single-nucleotide germline missense
mutation at exon 10 codon 337 of TP53 (CGC to CAC) has been described as the
responsible for a change in arginine to histidine (R337H) that is associated to early
onset of BC. On the other hand, overexpression of missense mutant TP53 was
identified in different types of cancers and the tumor-promoting Gain-Of-Function
activities have also been described, indicating its potential for targeting therapy [72].
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Surgery Guidelines recommend against RT in women with BC who are carriers of
a TP53 mutation because of the risk of radiation induced sarcoma [12, 14]. Thus,
TP53 mutation carriers diagnosed with BC must be treated with mastectomy with or
without reconstruction, and the option of risk-reducing mastectomy should be
discussed amongst healthy women who carry TP53 mutation [12].

Pathology BC in LFS appears to be predominantly invasive ductal carcinoma
enriched for HER2-positive status, and 84% are either ER- and/or PgR- positive.
Additionally, malignant phyllodes tumor is strongly associated with LFS [73].

Systemic Therapy Studies on mice models showed that radiotherapy and
genotoxic chemotherapies significantly increase the risk of multiple primary
malignancies. Therefore, in TP53 mutation carriers with BC the surgical treatment
should be prioritized followed by non-genotoxic chemotherapy, whilst radiotherapy
must be avoided [74].

23.2.1.3 PTEN: Cowden Syndrome/PTEN Hamartoma Syndrome
Germline PTEN mutations have been identified in a variety of disorders with
overlapping clinical features, including CS, Bannayan–Riley–Ruvalcaba syndrome,
and Proteus-like syndrome, Lhermitte–Duclos disease, and autism with
macrocephaly. Clinical diagnostic criteria for these conditions have evolved over
time and to date PHTS is essentially preferred as a more specific term to describe
individuals with germline PTEN mutations. The typical lesions of PHTS are
hamartomas, which are benign tumors resulting from overgrowth of normal tissue,
preferably affecting the skin, mucous membranes, breast, thyroid, endometrium, and
brain [75–77] Other clinical findings that are strongly associated and highly predic-
tive of PHTS are described in Table 23.4.

PTEN is a tumor suppressor gene with various functions such as regulation of cell
cycle, apoptosis, and metastasis. Mutations or inactivation of PTEN gene were
detected in 30% of BCs and can lead to hyper-activation of the PI3K/Akt signaling
pathway. Germline mutations in PTEN are the cause of PHTS. The loss of PTEN
function plays a key role in tumorigenesis and contribute to the resistance to cancer
therapy. As mutations in PTEN are commonly de novo, a negative family history
should not dissuade from the decision to offer PTEN genetic testing. Benign breast
lesions are found in 76% of CS patients, while BC is the most commonly observed
malignant tumor (30–50%) in CS, often discovered at a younger age (38–46 years)
than average. Lifetime cancer risk for BC in women with PHTS ranges from 25 to
85% [78].
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Surgery The option of BRRM should be discussed with PTEN mutation carriers.
Counseling should include reconstructive options and possible complications.
Psycho-social aspects and quality of life after prophylactic surgery should be
highlighted. Moreover, the option of risk reducing hysterectomy upon completion
of childbearing should be offered [12].

Systemic Therapy There is no direct evidence that the use of tamoxifen or raloxi-
fene in these patients reduces the risk of developing BC. So, chemoprevention
should be considered individually, taking into account the already increased risk
of endometrial cancer in this group of patients [79].

Inhibitors targeting the PI3/AKT/mTOR pathway are considered a promising
treatment for malignancies in individuals with a germline PTEN PV. There are
limited specific treatment options for patients with CS. A phase II open-label clinical
trial (NCT00971789) showed improvement of symptoms utilizing the mTOR inhib-
itor sirolimus that could inhibit cancer cell growth by blocking mTOR protein [80].

23.2.1.4 PALB2
PALB2 (also known as FANCN given that biallelic mutations cause a subset of
Fanconi anemia) is involved in HR and DSB repair along with BRCA2. The PALB2
and BRCA2 proteins are tumor suppressors involved into the regulation of the cell
growth and division. PALB2 mutations have primarily been associated with pancre-
atic cancer and BC (including bilateral female BC and male BC), and weak associa-
tion with ovarian cancer susceptibility. Relative risk for BC is estimated to be 2.3-
fold, perhaps higher, and may be mutation dependent [81]. The Finnish founder
mutation ca.1592delT has an estimated 40% risk of BC to age 70 years and has been
associated with higher incidence of TNBC and may have a negative impact on
survival [82]. Around 10 mutations in PALB2 gene have been identified in BC
patients. These mutations occur in a single copy of gene in each cell and result in an
abnormally short version of PALB2 protein, which cannot interact effectively with
BRCA2 protein to repair the damaged DNA [81, 83].

Surgery Recommendations and guidelines on PALB2 mutation carrier manage-
ment are not unanimous. NCCN and St. Gallen Consensus Panel allocate PALB2
amongst high-penetrance genes and suggest discussing the option of BRRM, whilst
ASCO accounts PALB2 amongst moderate-penetrance genes, thus recommending
surveillance over risk-reducing surgery [12, 14].

Pathology PALB2 mutations were mostly associated to high-grade ductal
carcinomas with ER-, PgR-, and Her2-negativity. PALB2 tumors were mainly
CK5/6, CK14, and CK17 negative, showed high expression of Ki67 and low
expression of Cyclin D1 as compared with other familial and sporadic patients
[83, 84].

Systemic Therapy Apart from standard chemotherapy, PALB2 mutation carriers
could also benefit from more tailored therapy. The phase II EBCRC 048 trial



explored the effectiveness of olaparib in metastatic BC patients with somatic or
germline mutation in HR-related genes other than BRCA1/2. PARP inhibition with
olaparib resulted to be effective in patients with germline mutation in PALB2 with a
median progression free survival of 13.3 months [85].
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23.2.1.5 STK11: Peutz-Jeghers Syndrome
PJS is a rare autosomal dominant condition characterized by mucocutaneous
pigmentations, multiple hamartomatous gastrointestinal polyps, and increased risk
of multiple types of cancer. Individuals have a cumulative lifetime risk of malig-
nancy between 47 and 85%. The highest risks for malignancy are seen in the breast
and colon, and the lifetime risk for BC in females ranges from 30 to 50% with an
average onset of >30 years [86]. Liver Kinase B protein (LBK1), encoded by the
STK11 tumor suppressor gene, is involved in a complex required for the activation
of AMP-activated protein Kinase (AMPK) that is an energy metabolic sensor and is
involved in cell polarity regulation and mediation of apoptosis. Recent studies have
showed that mutations on threonine kinase gene STK11 (on 19p) play a crucial role
in developing PJS. It is well known that LBK1 may only achieve mutations in
individuals affected with PJS. Mutations of a single allele in LBK1 may be respon-
sible for an aggressive BC with less survival chance [87]. Approximately 45% of
affected individuals do not have any family history suggestive of PJS, indicating a
high rate of de novo STK11 mutations. Clinical diagnostic criteria for PJS have been
established, and when met, mutation detection rate in the STK11 gene is up to
94% [88].

Surgery STK11 is classified as a high-penetrance gene by ASCO guidelines but
moderate by St. Gallen International Consensus. Evidence is still insufficient to
suggest BRRM, but this could be considered according to family history. Therefore,
surveillance with annual MRI is advised over surgery for healthy carriers. BCS along
with radiotherapy should be offered to carriers diagnosed with BC [12, 14].

Systemic Therapy Although mTOR inhibitors have been used in PJS patients,
there is limited data to suggest the efficacy of mTOR-targeted treatment in PJS
patients with BC (Clinicaltrials.gov NCT00811590. Cinicaltrials.gov.
NCT01178151).

23.2.2 Moderate-Penetrance Genes

Despite the increasing evidence about highly penetrant syndromes, most familial BC
cases are not associated to mutations in the above-mentioned genes. Rather, a large
proportion of these cancers may be due to combined effects from multiple relatively
common low- or moderate-penetrance susceptibility genes as well as through envi-
ronmental and lifestyle risk factors [89]. The hunt for additional BC susceptibility
genes has led to the discovery of a class of relatively rare “moderately penetrant”
genes and a class of relatively common “low penetrant” genes, which have been

http://clinicaltrials.gov
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found through candidate gene approaches as well as genome wide association
studies (GWAS). For women with newly diagnosed BC who have a mutation in a
moderate-penetrance BC gene, mutation status alone should not determine surgical
decisions for the BC surgery or CRRM [6].
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23.2.2.1 CHEK2
CHEK2 is a signaling protein involved in DNA repair. In particular, it plays a key
role in the regulation of p53 function and BRCA1. Several types of mutations have
been found, but the most studied is the 1100delC, a common mutation in individuals
of the Northern and Eastern European ancestry. This particular mutation leads to an
abnormal, short and non-functional version of CHEK2 protein and it has consistently
been found to be associated with higher BC risk in multiple studies. The prevalence
of 1100delC is moderately high in young onset BC cases (3.7% among women
diagnosed younger than age 50 years) and familial BC cases (2.1–3.1%). An
increased risk for CBC has been seen in many but not all studies, and there appears
to be a more complex association with the 1100delC mutation and bilateral disease
[90, 91]. On the other hand, CHEK2p.I157T variant is linked to lower BC risk (about
1.5) [92]. Moreover, mutations including S428F and CHEK2del5567 have been
described in other populations, where CHEK2del5567 seems to increase the risk of
female BC by about twofold [93]. Lifetime BC risk is estimated at 20–44% but
appears to be impacted by family history of BC. Women being homozygous for this
mutation have significantly higher BC risk compared to heterozygotes
[94]. CHEK2-associated tumors usually showed ER-positivity, a U157T mutation
was associated to lobular carcinomas [18, 84].

Surgery BCS along with RT can be offered to women with the CHEK2 missense
mutation I157T, whilst mastectomy should be discussed among those with women
with the CHEK2 frameshift mutation 1100delC. The risk of CBC is also variant
specific and data are still scant, therefore evidence is insufficient to recommend
BRRM amongst those women [92, 95].

Systemic Therapy Systemic therapy should be administered following the same
recommendation available for non-carriers and may include chemotherapy, endo-
crine therapy, and targeted therapy according to molecular subtype.

23.2.2.2 ATM (Ataxia Telangectasia Mutated Gene)
ATM gene encodes for a protein kinase that is involved in activating cellular
responses to DNA DSB via phosphorylation of key factors in the DNA damage-
response pathway. Individuals having a deletion in one ATM gene copy in each cell
are at high risk of BC. As a matter of the fact, cells missing half of the normal amount
of ATM protein result in occurrence of mutations in other genes. Women harboring
the ATM c.7271T>G as a pathogenic mutation may present higher BC risk and the
penetrance seems to be same as that associated with germline BRCA2 mutations,
although limited evidence is now available [96, 97]. ATM gene biallelic mutations
are causative of ataxia telangiectasia, a childhood onset progressive neurological



disorder associated with telangiectasias, immunodeficiency, sensitivity to ionizing
radiation, and increased risks for malignancies. The risk of BC is estimated at
15–52%, and the relative increase in risk may be even higher for women younger
than age 50 years [98]. ATM-related tumors frequently show ER-positivity [84].
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Surgery ATM carriers may need different strategies for treatment or surveillance,
as the presence of a heterozygous mutation may increase susceptibility to morbidity
from radiation and from certain chemotherapeutic agents. Furthermore, radiation
exposure from mammography may increase BC risk in carriers, but data are still
scant. There are insufficient data to recommend BRRM for ATM carriers. Annual
surveillance is recommended over surgery, BCS along with RT should be offered
when clinically indicated [6, 12, 14]. Data regarding rates of RT toxicity between
ATM mutation carriers and non-carriers are limited and inconsistent [34, 99].

23.2.2.3 BARD1
BARD1 (BRCA Associated Ring Domain 1) interacts with BRCA1 in DSB repair
and with p53 to promote apoptosis initiation or to regulate cell division. Biallelic
BARD1 mutations also cause a subset of Fanconi anemia, and BARD1 suspected
deleterious mutations have been found in 2.8% of BRCA1/BRCA2 negative breast/
ovarian cancer families and 3.6% of high-risk BC families [100] with a frequent
association to ER-negative BC [84]. In a previous study, missense BARD1 variant
Cys557Ser has been revealed to be highly upregulated in BC families [101].

Surgery There are insufficient data to recommend risk-reducing mastectomy
among BARD1 mutation carriers although there is a potential increased risk of
TNBC. Therefore, surveillance with annual MRI is advised over surgery for healthy
carriers. BCS along with radiotherapy should be offered to carriers diagnosed with
BC [12, 14].

23.2.3 Low-Penetrance Genes

GWAS have been conducted for several years in order to identify common
polymorphisms more likely to be involved in BC cases rather than in controls.
Such studies assess the association of a large number of polymorphisms, which
are common in the general population (found in at least 1%), with a particular
disease. The polymorphism in such cases is not necessarily causative of a particular
disease but may be physically close to a genetic region that might be. Of the single
nucleotide polymorphisms (SNPs) identified by GWAS to be associated with BC,
most have only a modest effect (OR < 1.5) [102]. The candidate gene approach has
also identified several low-penetrance susceptibility genes for BC, noting that BC
penetrance estimates are still to be defined [71].
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23.2.3.1 RAD51 and RAD51 Related Genes (Including RAD51C, RAD51D,
and XRCC2)

The family of RAD51 genes is involved in DNA damage repair via the HR pathway
and interacts with BRCA1/BRCA2, PALB2 and p53. Dysregulation of RAD51 is
capable of impairing HR and inducing aberrant genome rearrangements, genetic
phenomena that can be seen in various cancers [103]. Several studies have assessed
the association between a common RAD51 polymorphism c.135G>C and effect on
BC risk among female BRCA1/BRCA2 mutation carriers, as well as in women
whose BRCA1/BRCA2 status is unknown [104].

Biallelic mutations in RAD51C cause a Fanconi anemia-like condition. The
literature on RAD51C provides evidence on an association with ovarian cancer
and weak association with BC. Heterozygous mutations have been found in a
small subset (1.3%) of familial breast and ovarian cancer families as well as
unselected cases of ovarian cancer, but to date, no mutations have been identified
in BC only families [105]. Similarly, RAD51D deleterious mutations have been
found in a small subset (0.9%) of breast/ovarian cancer families, but not in BC only
families, and the relative risk for BC was not significantly increased [106]. RAD51C
and RAD51D mutation carriers have an absolute BC risk overtime spanning from
15 to 40%, especially for triple negative or ER-negative subtypes [84]. Recent data
form BC Association Consortium placed protein-truncating variant in RAD51C and
RAD51D in the moderate risk category and this shed a new light on these genes,
suggesting a better tailored screening and prevention pattern for carriers [84].

XRCC2was initially identified by an exome sequencing study in two BC families.
Deleterious or predicted deleterious mutations were found in a higher percentage of
population-based BC cases than controls and in approximately 1.5% of multiple case
BC families and in no control cases [107].

Surgery BRRM is not recommended among healthy carriers. For carriers with
newly diagnosed BC, surgical management is based on familial history. BCS
followed by RT should be the standard approach until data on ipsilateral and
contralateral BC rates will have been clarified. Additionally, the option of RRSO
from 40 to 45 years should be considered [6, 12, 14].

23.2.3.2 BRIP1 (BRCA1 Interacting Protein C-Terminal Helicase 1)
BRIP1 germline mutation is associated with increased risk of breast and ovarian
cancers. BRIP1 mutation confers high to moderate risk of ovarian cancer, thus
RRSO from 40 to 45 years should be considered [12]. The impact of BRIP1
mutation on BC remains controversial, although most newly diagnosed BCs
among these women are triple negative subtypes. We still have insufficient evidence
for BC management. Surveillance over BRRM is now recommended and BCT along
with RT is now indicated among patients who are suitable for [6, 12, 14].

23.2.3.3 NF1 (Neurofibromatosis Type 1)
NF1 mutation carriers have an increased risk of BC spanning from 15 to 40%.
Available data strongly support the hypothesis that certain constitutional mutation



types with specific variants in NF1 confer different risks of BC. Risk for young onset
BC (before age of 50 years) has also been reported to be increased four to fivefold
among women with neurofibromatosis disease type 1 [108, 109]. However, there are
insufficient data to recommend BRRM to NF1 germline mutation carriers. For
carriers with newly diagnosed BC, BCS along with RT should be recommended
[12, 14].
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23.2.3.4 MRN Complex (Including MRE11, RAD50, and NBS1)
Meiotic Recombination 11 (MRE11), RAD50, and Nijmegen Breakage Syndrome
1 (NBS1) encode proteins that form an important complex repairing DSB and
telomere maintenance, as well as DNA replication and cell cycle checkpoints
[110]. Biallelic mutations in these genes cause an ataxia telangiectasia-like disorder
and Nijmegen breakage type syndromes, respectively. Heterozygous mutations in
these three genes have been detected with low frequencies (1–2%) in a Finnish
population studied for having breast and ovarian cancer susceptibility. Among three
genes in the MRN complex, the inherited NBS1 gene alteration has the strongest
evidence to act as an intermediate-risk BC gene. A specific mutation in NBS1
(657del5) has been found to have a significant association with BC risk in a recent
metanalysis. The BC risk associated with this mutation ranges from two to
threefold [111].

Increasing attention is focusing on ABRAXAS gene (also known as ABRA1,
CCDC98, or FAM175A). Mutations have recently been found in high-risk BC
families and it is proposed to be a rare novel BC susceptibility gene [15].

BC has been reported in families with hereditary colon cancer predisposition
syndromes including Lynch syndrome and MUTYH-associated polyposis, but a
consistent causal link has not been demonstrated yet [84, 112–114].

23.3 Conclusions

The introduction of genetic testing in the management of BC has paved the way to a
new era of precision medicine based on individual cancer risk. However,
recommendations about the best way to screen or treat women with a genetic
predisposition to BC are still heterogeneous.

To date, the knowledge of the different mutations and their clinical implications,
the evaluation of other risk factors like familial history, patient’s age, and individual
preference, including self-risk perception and comfort with the various approaches,
should definitely be the key drivers of any clinical choice.
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Maria Troina

I have decided to tell my story in a different way, I do not want to list the problems
related to nutrition or to the acceptance of living without a stomach. I want to tell you
about Maria, her emotions, her joys, her fears, her defeats and her victories.

My name is Maria Troina and this year I will turn 45. I live in a village halfway
between Rimini and Cesena, in Emilia Romagna. I have two children: Marco born in
2009 and Martina born in 2012. In September my husband and I will celebrate our
25th anniversary of marriage. I lived a painful childhood because at the age of 9, in
1987, my mother passed away, she was 32 years old. I am the eldest of three siblings,
our childhood was marked by the loss of our mother. I got married to the love of my
life, the one that when you first see it closes your stomach and stops your hunger, you
feel butterflies in your stomach and your heart beats faster, I was 14, he was just
turning 18. Over the years we have taken and left each other several times but
decided that as soon as I finished school and as soon as possible for him we would
get married (he is a Carabiniere and then they had to spend 4 years from the
voluntary stop to get married, or have turned 24). I lived a happy life, as soon as
we got married, we moved to another region (Marche) because of my husband’s job.
After a few years we returned home, we bought a small apartment, but I didn’t feel
like having children, only the hypothesis that they could go through what I lived,
growing up without a mother, frightened me; jokingly, I used to say: “No, Mattia,
you better be the cheerful widower, than the desperate father.” Later, armed with
new courage and the desire to complete our family, at the age of 32, after 12 years of
marriage, in 2009 Marco was born, and in 2012 Martina. In 2013 I discovered that I
am a carrier of the CDH1 genetic mutation, and that the cause of my mother’s death

In this chapter the author describes a personal experience with the diagnosis, treatment and care of
hereditary cancer.

M. Troina (✉)
Cesena, Italy
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was due to that mutation; my biggest nightmare became reality: my children had
very high chances of living my same childhood, I felt this as a curse. After
assimilating the news, I researched about this mutation, gathered information and
took my life in my hands: I wanted to be the one in charge, I wanted to be able to do
everything I could to continue living! I joined a Facebook group: Vivere senza
stomaco, si può (to live without a stomach is possible) looking for information and
contacts. A few days before Christmas, I wrote my story on the fb group and I got in
contact with Professor Franco Roviello (Fig. 24.1), my savior, the one who reassured
me, protected me and performed the surgery. We met, we did all the necessary
checks and in 2015 I got the surgery, among the first ones in Italy to receive this kind
of intervention on a preventive basis. I entered the hospital in healthy conditions and
I came out without my stomach: it was not easy; it was not taken for granted. I want
to live and I want to be an example for my children, if they were to be positive to the
same genetic mutation, I want to show them that life can still smile at you and that it
can be faced (there is a 50% chance of having transmitted the mutation to my
children). I’ve been criticized for my choice, I’ve been supported, and pitied, but
life is mine and only I can decide what’s best for me.
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Fig. 24.1 Maria Troina and
Prof. Franco Roviello
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I am the fruit of the love and dreams of two young emigrants who met at the
Italian club in Wolfsburg (Germany) in 1975.

So, let’s take a small step back.
In the mid-60s, my paternal grandfather left with a cardboard suitcase tied with a

string for Germany, he left his beloved Sicily, Catania, to be precise, in search of
work, leaving his wife his five sons and his daughter at home.

Arriving in Germany, he lived for a year in the slums, where the Italians were
“housed,” all males, work, work and a lot of melancholy. After more than a year, he
was given public housing, and so the whole family moved to Germany. Even today it
moves me to hear the stories of my father and his brothers from the sun and the
pranks in Sicily, to Germany: cold, “impaled,” the shy Germans do not smile, the
children did not scream, they did not get dirty, they did not go from house to house.
A similar story for my maternal family: we have a different village of origin: Capizzi,
in the mountains near Messina, and a different set of siblings: five daughters and a
son. The years passed, the integration took place quickly, they learned the language
and attended school, little by little even the entertainment and parties returned to
animate their everyday life. Italian clubs were born, where it was customary to spend
party evenings and Saturday evenings. It was on the occasion of one of these parties
that my parents met, a sympathy was born and shortly thereafter they got married.
The sympathy was so strong that three brothers of my paternal family married three
sisters of my maternal family: two families got strongly linked in a bond that
certainly helped us to face all the pain and the obstacles that life had decided to
reserve for us.

In 1977, I was born and in 1979 my brother Angelo; despite a good job, friends
and family, my parents decided to return to Italy in 1983 to let me start the school at
my “home-country,” the decision was to buy a house in Cesena, in Emilia Romagna,
because the much-loved Sicily, although beautiful, was not able to guarantee a
working future for my father, and consequently there were no job prospects for us
children.

How much love, how much happiness? In 1986, my parents decided to expand
the family and my little brother Salvatore was born. In the meantime, my father’s
brother who had married my mother’s sister also moved a few steps away from us.

My mother died at the age of 32 of stomach cancer (1987).
In April 2013, my mom’s younger sister (my mother’s third sister who married

my father’s third brother), at the age of 43, found out she had stomach cancer. She
lived in Germany; she was a woman who performed annual checkups. Fortunately,
the German doctor she was in contact with, analyzing the family history, came up
with the idea of talking to her about the mutation of the CDH1 gene Ekaterina; a
mutation he had casually read about a few weeks earlier in a scientific journal. He
talks about it with her, and after her consent, he books her at the University Clinic of
Hanover for an exam to see if she is a carrier of the CDH1 gene mutation, she
performs the test, the result arrives, she is positive.
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I contacted a geneticist in Italy and we all ran the test in the family, I am positive.
The geneticist tells me: well now we are stronger, we do a mammogram every year
and a gastroscopy every 10/12 months. This type of mutation gives an 80/90%
chance of developing stomach cancer, and a 50–70% chance of developing breast
cancer. I inform the geneticist that in Germany, in case of positivity, they suggest the
removal of the stomach as a precaution, that it is a rare mutation and that the type of
tumor that it develops is under the mucosa, so once identified with gastroscopy it is
too late, but her suggestion remains the same. I contacted my aunt’s German doctors,
and they confirm that on their part the advice is that of surgery.

On April 16 of 2015 I had surgery in Siena. My surgeon, Professor Franco
Roviello, gives me the opportunity to be reborn.

There are days I find myself reflecting on how my life has changed since April
16, 2015, how Maria of that time did not have anything in common with today’s
Mary. Not from a physical point of view but psychological! I had to fight with food,
with my head and my body! I suffered without being able to “fight” what my body
imposed on me and my head did not accept. But there is always a but, especially for
those who are positive, those who always see the glass as half full, those who give
something to the world, those that try to find something good from a negative event, I
feel and am happy!

I learned to appreciate the little things, I learned to “listen to myself” I re-assigned
priorities based on my being, I stopped hanging out with people who didn’t make me
feel good. I learned not to make judgments without knowing the facts, even if I don’t
agree with it, I try to understand a vision that’s different from mine. I am trying to
love myself, enjoying life, with all the limits that my body imposes on me, without
living it as a privation.

Thanks to these limits, I have more time to look at the sky, the stars, children
playing, the cat arguing with flies.

You can live without a stomach.
There are difficult days, sorrows, thoughts and pain, for us who are already

“fragile” on our own, who every day try to conquer and maintain our balance it’s
even more difficult, let’s remember to be happy and to enjoy the little things, life is
beautiful, let’s never forget it!

In moments of sadness and joy I go look for the message of my dear Fausto
Servizi, whom I met the week before the surgery thanks to the fb group I belong to:
“You can live without a stomach” supported me, guided and reassured me, it is
difficult to explain how it is possible to be able to feel so connected and love
someone so well in such a short time. For me he was a spiritual father, unfortunately
he left us, but I always carry him in my heart; in every achievement and every goal I
think of him and I know he would be proud of me! THANKS FAUSTO, I was able
to face everything with a little more serenity thanks to you! I want to share the
message he sent me the night before the surgery “it is said that the prince of Condé
slept soundly the night before the battle” The following morning, he won it!
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I came to weigh 42 kg, (I am 170 cm tall) and it was very hard, I had to learn to do
the intramuscular punctures myself, I am afraid of needles.

Doberin, it hurts terribly, so I decided that I will manage my pain my way!
I have moments when the mood is not the best, being close to me is not easy.

Sometimes the frailties take over.
We are inspired by eagles. Eagles live 70 years, but at 40 they have to make a

difficult decision, their nails become so long and flexible that they cannot hold back
the prey they feed on. The long-pointed beak curves too much against the chest and
is no longer useful.

Their wings have aged and are heavy based on the large size of their feathers, thus
their flight becomes very difficult.

The eagle has two alternatives: abandon herself and die, or go through a painful
renewal process, which consists of flying to a nest in the mountains near a wall, as it
is safer. The eagle starts hitting the wall with its beak with great force until it is
detached.

Then it will wait for the growth of a new beak, with which it will peel off its old
nails one by one. When the new claws begin to hatch, it will begin to pluck its worn-
out feathers. After all those long and painful 5 months of wounds, scars and
regrowth, it manages to keep its famous flight of renewal, rebirth and celebration
for getting to be alive another 30 years. In our life to continue a flight of victory many
times we have to take shelter for some time and start a process of renewal. We have
to get rid of customs, traditions and memories whose weight prevents us from
moving forward. Only free from the past can we exploit the precious result that a
renewal always brings us. Renewing within involves putting the mental world in
order, discarding the memories of frustrating or painful events to be left alone with
the experience of what we have learned. In order to renew ourselves and take flight,
we must know ourselves, know who we are, what our potential is and where we want
to go. It is not necessary to adapt to the problem; there is a chance to get rid of it. But
the road is a bit difficult, the road is a challenge. It’s your choice. We follow the route
of the eagles: Always standing, always ahead. Since after the intervention I have
become an active part of the association “Living without a stomach is possible” and
today, with great honor, I am the vice president. I am very grateful to Claudia
Santangelo for her commitment, for what she has done and is doing for the patients,
and for me it is an honor to be able to bear my testimony and represent the
association to which I belong, so that the voice and the needs of patients are always
in first place. Seeing the emotion and “feeling” the support of the public is an
experience that I will always carry in my heart (Fig. 24.2).

Unfortunately, in addition to the difficult condition we live in, the bureaucracy
does not help us, I am young and I do not want to lose my working dignity, but
unfortunately the State does not allows us to live peacefully to be able to work and
take care of ourselves, I would not be able to work 8 h a day, because after eating
something I need to lie down, if I eat I feel bad, I run the risk of spending a lot of time
in the bathroom, therefore the possibility of working part-time allows me to be an
active part of society and financial help for my family.
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Fig. 24.2 Maria Troina at the Barcellona Digestive Cancer Europa 2019

I am called on a regular basis by the INPS for the review of the disability that has
been recognized to me, so the weeks preceding the visit are always of tension and
concern.

Without the stomach we live in a condition that is not “normal” but our game has
to be played in front of that commission. For many like me that do not understand, or
the “oh well now it’s okay” will affect everything. I washed myself, without caring
to much about the details, but not unkempt, I kept my fingers crossed all the time. I
used a firm but calm tone. The decision of that commission will give me the
opportunity not to lose my working dignity, or it will bury me . . . when leaving I
breathed a sigh of relief and I started to cry. Because it is not fair. An institution
intended for the protection of the weakest should not let us experience this: keeping
our fingers crossed while not sleeping at night always in between hope and fear!

Hope that the commission realizes that everything is difficult and that surviving it
does not mean that everything is ok. Losing the inability certification might imply
the loss of the right to a part-time employment, thus having to give up work. Less
money, another sinking for us! Yes, because in addition to the thought we also weigh
on the economic condition of the family.

I got in the car, I cried, hugged my husband, and I said. But life is strange! Thanks
to what happened to me I have revised, revolutionized my priorities. I’ve always
been a positive woman!
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I lost my stomach on the street. I will always be very thin, but now I appreciate
life. Every day is an important day, every season has its beauty, every breath makes
me feel alive! Happy to be happy with what I can do.

DO IT.
Wear that dress too tight.
Let your hair down.
Get up and dance.
Find reasons to laugh.
Make love.
Create something beautiful.
Speak out.
Recognize your worth.
Don’t apologize for your magic anymore and stop hiding your light.
Love yourself.
Forgive yourself.
Make room for the unexpected.
Stop waiting for the right time, do it now.
Ignore what people think of you.
Because, at the end, you will have to answer for all the words you didn’t say, the

people you didn’t love, the things you didn’t do and the places you didn’t go.
Do it now.
I stopped going out to eat because several times I passed out and had to be taken

to the hospital. One evening I promised that I would go to a party. I got ready, made
up. and went, I did it crawling because I wanted everything except to go out, not to
mention that I had no strength. . . . It was a party dedicated to a disco that closed in
1992. I attended the closing evening that year, with the boy who would later become
my husband. My whole life passed in front of me, I appreciated the past, I
remembered it with nostalgia, emotion, happiness and serenity! Serenity! I made
my dreams come true, I lived a happy life, with the love of my life, so much
happiness, so much fear, so many disappointments, but always together with every
obstacle in life, always together, always united and ready to support each other! I
retraced my life, I am aware of what happened to me, of my great strength, but above
all of my fragility!! Strength and fragility together, not one or the other, both to
achieve a balance! I realized that I am alive thanks to my choices! Thanks to my
courage, I danced, hugged my husband and enjoyed myself with new and old
friends, smiling and shedding a few tears because I was there, it was not obvious,
thanks to my choices and the support of my husband I was there! And not the
memory of friends and a photo on someone’s shelf! Today more than other days I am
aware that life is unique, one must be lived, taken in bites, enjoyed, without too many
ifs and buts, do not postpone the beautiful thoughts, it will not be done tomorrow! A
day that started normally turned into a tired, frustrating day, it ended with a heart full
of joy and great awareness! However, it goes, it will be a success! Because I live! It
can’t rain forever; I’m waiting for the sun. At midnight I congratulated my son by



dancing and singing with him holding tightly tight! I celebrated my 10th birthday
without my mom, fate had the same in store for him, but I arrived a moment earlier!
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After the surgery it was hard, I wanted to see the light at the bottom of the tunnel, I
no longer felt the flavors, they had changed, what I loved disgusted me, being able to
eat bread and pasta, go from 56 kg from the day of the intervention to weight 44 kg,
(I am 1.71 m tall) and seeing on the scale that I was losing weight every day was hard
difficult, a dream to be able to eat everything without going into diarrhea.

I wanted to take back my life, I would like my husband to regain some serenity
and time for himself. We have two children who fortunately helped us not to despair
for the obstacles we had to face. Fortunately, they have their needs and their
liveliness; and their needs do not look at anything, they just want to play and this
forced me to react. Thanks to my family, especially to my aunt Rosa and uncle
Franco, and to my cousin, who is like a sister to me, my husband and I managed to do
it. They are always present, always close to me and my family. I will never forget my
uncle who, the day before the surgery, came to me and told me to only think of
myself because the children were in good hands. They gave me the opportunity to
face everything with the utmost serenity, and to live without a stomach is possible!

The year 2015 scared me, terrified me, made me cry. I was looking for normal
comfort in the posts of my Facebook group. I was lucky, I had surgery in a
preventive way, in addition to the surgery they had to undergo all the rest of the
chemo . . . perhaps the worst part! From the day after the surgery, I had become
another person, certainly stronger, but at the same time more fragile. From the
awakening after surgery, I would have been different. A new life would have
begun for me, the new one scared me, but I was sure that I would have made that
life mine from the first second, I felt as if the time available to me before the surgery
had been too little, I was not sleeping, continuously thinking about the things that I
had to do before because maybe I could no longer do them, take care of my children,
my husband, the trips, the dinners, the house. How much fear.

Slowly I learned and understood that we should not cry about what we have lost,
but celebrate what we found!!! Life is Beautiful!!

It helps me to remember the seahorse, he has no stomach, so if he can, why
shouldn’t I do it.

Some days we get discouraged, we don’t see the light some days, but we are
strong! We find the strength unfounded, and we shine! We know what fear is!

What is happiness!
We are the will to live!
Because you can live without a stomach!
I realized that I no longer think about the fact that I have no stomach, when I feel

bad, I think as before the surgery about how to solve the problem, I realize that I am
living much better and I am regaining my normality. I feel I can say that:

Today I wear my scar with the awareness that without her I would not be here!!! It
didn’t make me weaker, more aware; life is one and it deserves to be lived! There is
nothing taken for granted! Life is Beautiful!
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Fig. 24.3 Maria Troina and her family

In 2017 I felt ready, I booked a flight and together with my son we left, I was
traveling for the first time without my stomach while he was on his first trip alone
with his mother, destination Berlin.

Life must be bitten! We must remember to chew well! I went back to doing what I
loved traveling, playing, cooking (Fig. 24.3).
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In 2019, I was 30. I’m a sales manager for a fashion company but I’m also a part-
time personal trainer. I could work in office, I could teach in the gym, I could run
10 km, I could party at night, everything in the same day, without any difficulty. I
was 30 and feeling stronger than ever. I run a race in April ’19 doing my personal
best and the day after I had an appointment at IEO for a breast ultrasound. Few
months earlier, I noticed a little marble in my right breast, I was sure it was a cyst but
I wanted to make sure. During the ultrasound, the radiologist decided to do also a
needle aspiration.

Few days after the exam, my medical doctor called me since she had received the
medical report: I had breast cancer. I couldn’t believe it, I was feeling great, I
couldn’t realize I was sick. No one in my family had cancer before, I don’t smoke,
I barely drink a gin&tonic on Fridays, I eat healthy food, I train a lot, since ever
(Fig. 25.1). It was impossible to me to find an explanation.

Few weeks after my genetic test shown that I have BRACA1 mutation. Some-
how, that was the answer, at least to me.

The cancer was quite big, almost 4 cm, so first step was a neoadjuvant chemo-
therapy instead of going to surgery straightaway.

Before to start, I even asked “Is chemo that treatment that makes you lose
your hair?”. I was totally unprepared so I decided to simply follow my doctor’s
indications. First thing to do was to freeze the eggs in order to start with chemo
urgently. Four red chemotherapies and 12 taxol, then the surgery, this was the plan.

I was full of energy when I started, even though I was scared. I didn’t want to stop
training, I didn’t want to look weak or sick to the people, and I didn’t want to change

In this chapter the author describes a personal experience with the diagnosis, treatment and care of
hereditary cancer.
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my routine. I bought a wig, an expensive one but no one noticed the difference with
my hair. I pretended nothing wrong was happening. After the first chemo, I went to
Ibiza for an already-planned weekend away. The flight was a nightmare, I had a
terrible nausea but above all I felt scared. Once arrived, the sea view and the feeling
of that hippie life relaxed me. I was still be able to run, I was feeling quite ok, I
started to lose my hair after 14 days. That day was terrible. I was prepared, I was
counting days, I had the perfect wig, but still. . . it was atrocious. I’ve always been
good-looking; I’ve always had a perfect sporty body. That day the relationship with
my body started to change. I felt like I couldn’t approach to men anymore or accept a
date invitation or anything related to love affair.
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Fig. 25.1 Francesca at work

)

Second chemo was 3 weeks after the first and few days before I woke up with my
left arm very swollen. The combination of port-a-cath and chemo caused me a
thrombosis and I couldn’t use the port for the second chemo. I felt powerless, I
was doing my best, even more, and I didn’t predict this obstacle (Control craze
anyone?! . Three remaining red chemo directly in my right arm blood vessel, I
couldn’t even read a book during the injection but I had no choice, I had to accept it.

My running pace started to get slower but I kept running, working, teaching in the
gym, going out with my friends. I kept pretending nothing was going on to the world
but my best friends, I needed them to know.
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Fourth out of four chemo was at the beginning of August, that was bad. Bad is
probably not even enough, for the first time I had to stay 1 week in bed, being able to
do nothing. My mom asked me “how do you feel? Which kind of problem do
you have?” I didn’t even know, I was just feeling barely able to breath, and the hot
temperature didn’t help. After that week I woke up and I was feeling good again so I
took my bike and went out for a 30-km ride. That feeling was incredible, it was
freedom to me.

12 taxol, every week. I had to spend a lot of energies already and the path started
to look long and hard. First taxol chemo was strong and I didn’t expect it. My doctors
told me “oh you’ll see, taxol is nothing compared to red chemo, the worst is gone.”
For the first time, I felt demoralized and decided to start a psycho-oncology program.
It changed my life. Few weeks after I also decided to post a picture on Instagram a
photo of me without wig revealing to the world, I had cancer. I had the confirmation
nobody noticed anything for 6 months, people were shocked and I took 2 days to
reply to all the love messages received.

My life became easier, people were not expecting the best from me anymore and
that was a relief to me, surprisingly.

After chemo, the cancer disappeared but I choose to do the double mastectomy
anyway. I used to like my breast, I was scared about the result but, at that point I
learned that I had no choice but to hope for the best and trust the doctors. The day of
the surgery I was incredibly confident and focus on the real goal: close that chapter.
One more time I felt I had underestimated the situation. My body was suffering and
so was my mind. Even though I went back to work after 2 weeks, the recovery was
slow and painful. But the result was great, I have to admit, I still feel very grateful.

Due to my genetic mutation and the type of cancer I had, my doctors decided to
complete my program with 21 radiotherapy. After months of chemo, after surgery,
that 30-min radiation everyday looked like a game to me. During my last radiation, I
decided to take a year off work and to travel all around the world just trying to enjoy
my life. Covid started 1 week after and I had to change my plans one more time.
Resiliency and adaptability, lesson learned.
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Abstract

Despite occurring with lesser incidence in comparison with Western countries,
breast cancers (BC) manifest at earlier ages than in the Western World than in
Southeast Asia, where thalassemias and hemoglobinopathies are highly preva-
lent. Cord blood analyses in Singapore revealed that Malays have higher rates of
HbE and β-thalassemia than Chinese and Indians. Among Southeast Asian
populations, Malays have a worse prognosis for BC with early age of onset.
Peculiarly, Brunei has lowest cancer mortality rates among ASEAN countries, yet
neurological cancers had the highest percentage of young adult patients. 11p15.5
genomic region includes β-globin genes in the order of 5′-ε–γG–γA–δ–β-3′ and
genes which associate with pathogenesis of early age breast cancers and brain
tumors such as IGF-2, SLC22A18, H19/Wilms tumor-2, ILK, TSSC3/PHLDA2,
p57kip2/CDKN1C, and HRAS. β-Globin genes and tumor-proneness genes at
11p15.5 may possess haplotype interactions and proval of this hypothesis would
be important for cancer prediction and prevention. In subjects with thalassemia
trait (as shown by rapid and economical tests), cancer screenings may be
intensified. The lack of an association in other World regions where
hemoglobinopathies are prevalent (such as Middle Asia and Africa) may be due
to the different types of hemoglobin mutations leading different types and levels
of hemorphins, the splicing products of hemoglobins which regulate immunity.
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26.1 Introduction

Despite a huge number of basic and clinical research and significant improvements,
cancer remains a leading cause of mortality globally and recent studies emerged
showing associations between hemoglobin biochemistry and oncogenesis [1]. Breast
cancers that early arise at reproductive ages put a devastating burden on women’s
health, yet consistent reports about early age occurrence of breast cancer in South-
east Asian countries did not gain sufficient interest in the research community
investigating molecular carcinogenesis [2, 3]. Recently, studies appeared about
increasing cancer cases in Brunei, which include breast and brain cancers with
early age of onset [3, 4]. Here, we focus on the epidemiological feature of early
age breast and brain cancer accumulation in Southeast Asian population and in
Brunei, particularly. We believe that this would provide novel precious information
in understanding molecular etiology of these cancers. These are World regions,
where unique β-globin mutation-associated diseases are also very frequent. We
propose that cancer-susceptibility gene loci at 11p15.5 may exert haplotype
associations with β-globin mutations. To strengthen our proposal, we provided an
extensive librarial data; and if this hypothesis could be proven in future, it may lead
to important means of cancer prediction and prevention. For instance, patients with
certain hemoglobin mutations could be screened for cancer more frequently or
intensively.

26.2 Population Structure and Cancer Burden in Southeast Asia
and Brunei

Ten countries with very heterogeneous ethnicity constitute Southeast Asia. Malayo-
polynesians (Austronesian) live in Malaysia, Brunei, Indonesia, the Philippines, and
in various Pacific islands [5]. Indians and Chinese are relatively new inhabitants. The
Association of Southeast Asian Nations (ASEAN) is an organization of ten
countries: Cambodia, Brunei, Malaysia, Indonesia, Myanmar, Laos, the Philippines,
Thailand, Singapore, and Viet Nam [6]. This region stores almost 9% of the global
population, including countries with very different socio-economical features, from
economic powers like Singapore to poor economies such as Cambodia, Laos, and
Myanmar [6]. In 2008, there occurred about 725,000 novel cases of cancer (exclud-
ing non-melanoma dermal malignancies) and about 500,000 cancer-associated
fatalities in the ASEAN region. In Southeast Asian women, breast cancers were
the most frequent malignancies, followed by cervix and colorectal malignancies
[6]. In ASEAN region, breast cancers comprise 22% of the newly diagnosed female
cancer patients and 15% of the malignancy-related mortalities in 2008. The highest
incidence is encountered in Singapore (59.9 per 100,000) and the lowest in Vietnam
(15.6 per 100,000) [6]. However, mortality rates per 100,000 peak in Indonesia
(36.2) are significantly lower in Singapore (13.6), and lowest in Vietnam [6]. Here, it
shall be noted that Malays make up a large portion of the populations in Indonesia
and Malays were shown to have higher β-globin mutations in Singapore (6.3% than



2.7% in the Chinese and 0.7% in Indians, respectively) and people of Malay descent
with breast cancer were shown to have worse prognosis [7, 8].
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Among ASEAN countries, Brunei has the highest GDP per capita about
188 times higher than Myanmar with a population composing of about 66%Malays,
11% Chinese, and 22% “others” made up of foreigners of different nationalities and
indigenous people of Borneo [2]. Interesting patterns are witnessed, when
investigating incidence and mortality patterns of cancer cases in Brunei. For
instance, estimated mortality rates EMR of male for all malignancies by age in
2008 is lowest in Brunei (56.3% versus a highest level of 148.5% in Singapore).
Again, EMR of female is third lowest among ASEAN countries (62.8% versus
115.9% in Singapore). Despite this striking low incidence of cancers, Brunei bears
the highest mortality rate of female lung carcinomas and the second highest inci-
dence and mortality of colorectal cancer among ASEAN countries [6]. Since 2011,
detailed publications began to arise about incidences of certain types of cancer in
Brunei, which showed decreases in nasopharyngeal and squamous type esophagus
cancers and increases in liver, colorectal, and breast cancers, which will be declared
below. Higher life standards and enhanced body mass indices (BMI) may underly
some of the associations regarding cancer. In Asian countries, the standardized
mortality rates (SMR) and standardized incidence rates (SIR) of ovarian
malignancies and their association with the Human Development Index (HDI)
were analyzed [9]. The highest SIRs of ovarian malignancies were witnessed in
Singapore, Kazakhstan, and Brunei, respectively; and Indonesia, Brunei, and
Afghanistan had the highest SMR. While SIR and HDI positively correlated, no
correlation was found between the HDI and SMR [9].

Primary hepatic cancer (PHCs) incidence in Brunei between 2000 and 2009 was
investigated [10]. Hepatocellular cancer (HCC) and cholangiocarcinoma were the
two most common PHCs. A total of 123 cases was determined and the most common
type of PHC was HCC (87.8%) followed by cholangiocarcinoma (10.6%). The
overall age standardized rate (ASR) of PHC was 8.2/100,000, increasing from 4.5/
100,000 population in 2000 to 11.4/100,000 population in 2009 [10]. Chinese had
the highest rates (13.1/100,000) compared to the Malays (8.5/100,000) and the
indigenous groups [10]. Incidences of esophageal cancer (EC) (squamous cell
carcinoma (SCC) and adenocarcinoma (AC)) in Brunei from 1986 to 2012 were
determined. The main malignancy was SCC which comprised 89% of ECs. The
proportions of SCC among all ECs in the various racial groups were as follows:
Indigenous (100%), Chinese (100%), Malays (87.8%), and foreign nationals (20%).
Peculiarly, no esophageal AC was found in Chinese and indigenous groups
[11]. Nasopharyngeal carcinoma (NPC) cases in Brunei between 1986 to 2014
were analyzed [12]. A total of 450 NPC cases were determined which comprise
4.4% of all malignancy cases during the study period [12]. The most frequent cancer
type was the undifferentiated carcinoma (96.4%). The demographic features were
mean age 50.4 years old and dominantly Malays 74.4%, followed by Chinese
16.7% [12].
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26.3 Early Age Breast Cancers in Southeastern Asia and Brunei

In a study published in 2011, all breast cancer diagnoses registered in the Cancer
Registry at RIPAS hospital in Brunei from January 1, 2001, to December 31, 2009,
were analyzed [2]. A total of 481 reported cases of breast cancer were identified yet
only 200 patients had complete records needed for the different analyses [2]. The
incidence of mammary malignancies in Brunei, Malaysia, and Singapore is about
half of what was reported in the United States of America [2]. Nonetheless, in
Brunei, the age of breast cancer diagnosis was 49.2 years with a peak of incidence
occurring in the 45–49 year age group, which is similar to that seen in Malaysia and
Singapore, but different from the United States where the median age of disease
onset is 61 years [2]. In a larger study again published in 2011, breast cancer patients
over a 27-year period (1984–2010) in Brunei were analyzed [3]. The mean age of
disease onset was 48.7 years old. More importantly, 22.3% of breast cancers
accumulated in the young patient group (less than 40 years old) which is much
higher than what has been determined in the Western literature. In the West, breast
cancers in the younger group only account for 5% or less [3]. On the other extreme,
breast cancers in the elderly (>65 years) only comprised 8.1% of total cases, which
is much less than what has been reported in the West [3]. The crude rates of
mammary cancer and its proportion among overall cancers in women exerted an
increasing trend while patients with malignant phyllodes tumor were much younger
compared to the other groups, significantly more so in comparison with the ductal
type ( p < 0.05) [3].

26.4 Other Cancers with Early Age of Onset in Brunei: Emphasis
for Colorectal and Neurological Cancers

The incidence and the demographics of young (younger than 45 years) colorectal
cancer (CRC) in Brunei Darussalam were assessed. Between 1986 and 2014, there
existed 1126 histologically proven CRC which accounted for 15.1% of cancers
[13]. Highest percentage of young CRC was encountered among the indigenous
(30.8%), followed by the expatriates (29.3%) and Malays (14.3%) and it was lowest
among the Chinese (10.8%). A study published in same year revealed that the
incidence of young CRC is on the rise in Brunei [14]. Rectal cancers comprised
35.2% (n= 372) of all cancers of the colon. For rectal tumors, the ASIRs began to be
higher in the 25–29 age group onward whereas for colon malignancies, the increase
started from the 45–49 age group [14]. Cancers of the young (any malignancies with
a first diagnosis under the age of 40 years) in Brunei between 2000 and 2012 were
defined. 18.7% (n = 1205) were found as young cancer cases among the 6460
patients diagnosed with cancer [4]. Overall, neurological (54.9%) had the highest
proportion of cancers of the young followed by hematological (39.9%), endocrine
(38.7%), gynecological/reproductive (30.6%), subcutaneous/dermatological/muscu-
loskeletal (22.3%), and the head and neck region (20.1%) [4]. The incidence was
significantly higher among the Malays (20.1%) and expatriates (25.1%) groups in



comparison with the Chinese (10.7%) and indigenous (16.8%) groups ( p < 0.001
for trend). Here, another peculiar and important feature shall be underlined in regard
to brain cancers. Incidences of breast and brain cancers in women are about 2.14-
and 1.93-fold greater in Penang than Sarawak in Malaysia, respectively, which are
the highest differences among different types of cancers [15]. On the other hand,
nasopharyngeal cancer incidence in women is about 1.97-fold greater in Sarawak
than Penang indicating that not a general carcinogenic environment would account
similarly enhanced risk of breast and brain cancers in Penang [15]. Thus, a genetic
tendency may underlie the common higher risk of breast and brain tumors in Penang
Malays.
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26.5 Thalassemia and Hemoglobinopathies in Southeast Asia
and Brunei

α- and β-Thalassemia, Hemoglobin (Hb) Constant Spring, and Hb E are frequently
encountered in Southeast Asia [5]. The mutant genes in differing combinations cause
more than 60 distinct types of thalassemias, making Southeast Asia the region
harboring the most intricate thalassemia genotypes [5]. Nonetheless, less than
20 β-globin gene mutations account constitute more than 90% of β-thalassemia
alleles in Southeast Asia and India [16]. In Southeast Asia, the frequency of
β-thalassemia can be as high as 10% [17]. The four major thalassemic diseases are
homozygous β-thalassemia, β-thalassemia/Hb E, Hb H disease, and Hb Bart’s
hydrops fetalis (homozygous α-thalassemia) [5]. Compound heterozygosity between
Hb E and β-thalassemia leading to β-thalassemia/Hb E disease is common in
Bangladesh, Burma, and Sri Lanka [5]. Hb AE Bart’s and Hb EF Bart’s diseases
arise due to gene–gene interactions of α- and β-thalassemias. In Southeast Asia,
β-thalassemia mutations are commonly population specific, in which each different
ethnic group has its own shared mutants [5]. For instance, thalassemic mutations
common in Malays were not found among Chinese and vice versa Chinese
mutations were virtually absent in the Malays [18].

In a PCR-based study conducted in Singapore, diagnostic screening was
employed on 1116 cord blood samples for neonatal screening [7]. The cord
specimens were analyzed in each ethnic group for the most frequent α- and
β-globin mutations causing α- and β-thalassemias, respectively [7]. The carrier
frequency for α-globin mutations was 6.4% in the Chinese, and 5.2% in Indians,
and 4.8% in Malays. The carrier frequency for β-globin mutations was 0.7% in
Indians, 2.7% in the Chinese, and 6.3% in Malays [7]. 1000 Brunei patients
harboring low levels of Hb, and/or MCV and MCH were investigated for underlying
hemoglobinopathies [19]. Of the 1000 subjects analyzed, there were 343 (34.3%)
with hemoglobinopathy or thalassemia. β-Thalassemia trait was the predominant
disorder accounting for 22.7% of all abnormals [19]. Among 343 patients with
thalassemia or hemoglobinopathy, 270 (80.7%) were Malay, 50 (14.6%) were
Chinese and 16 (4.7%) were from indigenous tribes [19]. Besides the
β-thalassemia trait, there were 4 β-thalassemia major, 37 Hb AE, 5 HbE, and 8 Hb



Eβ cases, leading a total of 281 patients with β-globin abnormalities consisting about
82% of patients with blood indices suggesting likelihood of either thalassemia or
hemoglobinopathy [19].
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26.6 Malays Have Breast Cancers with Younger Age of Onset
and Worse Prognosis than Chinese

Above we indicated that the β-thalassemia mutation carrier frequency was 0.7% in
Indians, 2.7% in the Chinese and 6.3% in Malays in Singapore [7]. Bhoo-Pathy
evaluated the influence of ethnicity on survival of mammary cancer in Southeast
Asia [8]. They reviewed the association between mortality and ethnicity in 5264
patients (Chinese: 71.6%, Malay: 18.4%, Indian: 10.0%) [8]. Malays were
diagnosed at younger ages, had bigger tumors and were at later disease stages than
the Chinese and Indians. Malays developed more metastasis to axillary lymph nodes
at similar tumor volumes and had less differentiated/hormone receptor-negative
tumors [8]. Moreover, 5-year survival was longest in the Chinese (75.8%) and
shortest in Malays (58.5%) [8]. Malay ethnicity was also associated with higher
risk of cause mortality (HR: 1.34), independent of stage, tumoral features, age, and
treatment [8]. In an other study conducted on 1034 breast cancer cases revealed that
HER2-positive cases and triple-negative cases were more frequent in Malays in
comparison with Chinese and natives [20].

Hemoglobinopathies, thalassemias, and their associations with cancer. Oxidative
injury, inflammation, and other pathogenetic mechanisms.

For associations between certain malignancies and hemoglobinopathies or
thalassemias, the causal pathways seem obvious and illuminated. For instance,
enhanced rates of liver cancer in thalassemia major are explained with higher
oxidative stress triggered by iron overload [21]. Renal medullary carcinoma
(RMC) is a grave cancer mainly encountered in young men suffering from sickle
cell disease [22]. Sickle cell disease causes chronic glomerular injury and it is well-
established chronic tissue injury-associated inflammation and wound healing
responses promote carcinogenesis [23–27]. Such a mechanism may also explain
Hb Malmö-associated lung cancers as this hemoglobinopathy (β-97 (FG-4)
Histidine→Glutamine) produces a high-affinity hemoglobin variant leading
erythrocytosis and lung fibrosis; and lung fibrosis is a result of repetitive alveolar
injury which promotes lung carcinogenesis [28, 29]. Nonetheless, there also exist
noteworthy observations which indicate that hemoglobin mutations and cancers may
associate by mechanisms—at least partially—independent of oxidative injury or
inflammation [1]. Sotnikova et al. made the first proposal that cancers and hemoglo-
bin variants may associate through genetic mechanisms on the chromosomal region
11p15.5 [30]. When they studied hemoglobin fractions in 80 patients with Wilms’
tumor (nephroblastoma), they witnessed elevated HbF levels in the absence of a
thalassemia. Moreover, four children had a uniform abnormal Hb fraction proceed-
ing in front of HbA2 [30]. In one case, this abnormality was encountered in
propositus and also in his paternal grandmother and father. Another child with



sporadic Wilms’ tumor and his mother was diagnosed to have hereditary persistence
of fetal hemoglobin (HPFH). The authors proposed that this phenomenon may
associate with the fact that chromosomal loci 11p15.5 includes both β-globin
genes and genes predisposing to Wilms tumor [30].
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Studies conducted in Italy revealed that in β-thalassemic carriers the titers of
medial annual incidence to 10,000 for cancers were shown to be ever higher (46.08
versus 31.49/10,000) [31]. The gastric cancer incidence was higher in β-thalassemia
trait than in non-carrier population ( p = 0.02) [31]. A higher prevalence of thalasse-
mia trait was observed among patients with various malignancies: larynx, esopha-
gus, gallbladder and bile ducts, pancreas, breast, and kidney, yet these differences
were not statistically significant [31]. Studies in Thailand revealed important
associations between cholangiocarcinoma and hemoglobinopathies. Prevalences of
thalassemias and hemoglobinopathies, particularly hemoglobin E, and
cholangiocarcinoma were more frequent in the lower part of the Northeast
Thailand [32]. Hemoglobin typing in 111 cases of cholangiocarcinoma compared
with 146 normal subjects revealed that β-thalassemia trait and hemoglobin E trait
were significantly higher in the group with cholangiocarcinoma [32].

Hb Lepore syndrome is generally asymptomatic and is caused an autosomal
recessive mutation. Hb Lepore consists of two wild-type α- globin chains (HBA) and
two δ-β globin fusion chains and was first identified in Italy. In Italy, Campania is the
most affected world area by all Hb Lepore conditions [33]. Noteworthy,
10 malignancies among 161 people (incidence reaching 6%) with heterozygous
Hb Lepore were encountered; while the general incidence of malignancies (0.6%)
were little higher in β-thalassemia heterozygotes in comparison to normal subjects
[33]. Four years later, the same group published their findings based on their
experience with 76 families with Hb Lepore, which included cases with 214 hetero-
zygous, 9 homozygous, and 12 combinations with different types of thalassemia
[34]. Based on more than 5000 cases of genetic hemoglobinopathies which they
followed for 20 years, this group claimed that the cancer risk in the Hb Lepore
carriers was 10 times higher than for thalassemics, which is especially prominent for
hematological cancers [34].

HB-A2′, also named as HB-B2 or HBA2δ′, is the most frequent δ chain variant of
HB-A2, which is occult in clinical terms and laboratory results [35]. HB-B2 is
frequent among Africans with the highest incidence in the Herero population
belonging to the Bantu-speaking blacks from Namibia [35, 36]. The β-globin
genes’ loci haplotype linked to the δ-globin variant HB-B2 was defined in Herero’s
and the high gene frequency of HB-B2 was found to occur by a founder effect
[37]. Peculiarly, pediatric central nervous system cancer incidence in the Herero
population (26 per million) is prominently higher than the general Namibian popu-
lation (9.3 per million) [38, 39]. Detailed data of Botswana Hereros revealed that
female infants were about three times more likely to survive than males
( p = 0.000001), and female children were twice as likely to survive than males
( p = 0.01) [39]. Newborn girls exert higher hypoxic tolerance and exert relatively
higher resistance to brain ischemia/hypoxia [40]. Levels of minor adult HB-A2 with
the native δ-chain elevate in mountain dwellers and at the period of cardiac ischemia,
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afterward declining to normal levels during the recovery period, indicating its
potential functions in resistance to hypoxia [41]. The transcription factor inducing
δ-chain synthesis, GATA-1 is indued by the female hormone progesterone
[41]. Hypothetically, the HBA2 variant HB-B2 caused a survival advantage in
female infants of the Herero’s via higher protective features of the variant δ-chain.
If this different δ-chain provides increased cellular protection, it is also plausible that
the survival chance of neuroectodermal cancer stem cells also increase. Alterna-
tively, and probably more likely, the δ-chain gene at 11p15.5 harbors haplotype
interactions with neighboring genes involving in glial oncogenesis.
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26.7 Genes at 11p15.5 Chromosomal Region Which Associate
Both with Early Age Breast Cancers and Neurological
Tumors

Loss of heterozygosity (LOH) and epigenetic changes on 11p15.5 in breast and brain
tumors: Ali et al. were the first to show LOH in 11p15 region in breast cancer
patients [42]. Restriction fragment length polymorphism analyses indicated that the
most common sequences losses in mammary cancers resided between the parathy-
roid hormone and β-globin loci on 11p15.5 [42]. The LOH for chromosome 11 loci
significantly associated with tumors lacking hormone receptors (estrogen and pro-
gesterone), higher grade disease, and more distant metastases [42]. By transforming
human milk epithelial cells with SV40 DNA, an immortalized mammary cell line
Hu-MI was obtained, which exhibits the features breast cancer precursor cells
[43]. Very noteworthy, a deletion of the 11p15 including the c-Ha-ras and the
β-globin genes was revealed in the immortalized cells [43]. Winqvist et al.
investigated DNA obtained from 50 matched benign and breast malignant tissues
for LOH at loci of the 11p15.5 region [44]. They revealed that 12.5% of patients had
LOH at HRAS1, 26.8% at TH (tyrosine hydroxylase), and 33.3% at both DI1S860
and HBB (hemoglobin-β gene cluster) [44]. They suggested that the subregion
between HBB and TH is a critical genomic area in mammary carcinogenesis
[44]. By analysis of 116 female and 4 male breast cancers, Gudmundsson revealed
that LOH at 11pl5.5 was associated with worse prognostic features in breast cancer,
including lesser or absent hormone receptors, high S-phase fraction, and lymph node
metastasis [45]. Deng and Lichy et al. proposed that LOH at 11p15.5 may be one of
the early events in breast carcinogenesis [46, 47].

Karnik et al. investigated 94 matched benign and malignant breast specimens
using 17 polymorphic markers that map to 11p15.5–15.4 and determined the
residence of a breast cancer suppressor gene between the markers D11S1318 and
D11S4088 (~500 kb) within 11p15.5 [48]. LOH at this region was detected in about
~35–45% of breast cancers studied. They also mapped a second region of LOH that
spans the markers D11S1338–D11S1323 (~336 kb) at 11p15.5–p15.4, which is lost
in ~55–60% of mammary cancers [48]. LOH at region 1 correlated significantly with
early stages of cancer; in opposite, the loss of the more proximal region 2, highly
correlated with aggressive and metastatic disease [48]. Nakata et al. also defined an



association between the LOH on 11p15.5 and the lack of expression of progesterone
receptors, a feature of more aggressive growth [49]. Scelfo et al. proposed a
hypomethylating feature on 11p15.5, which specifically occurs on one or more
negative regulatory elements, thereby inducing gene silencing and found that such
events are encountered in various cancers including breast tumors [50]. Kim et al.
investigated microsatellite instability (MSI) at chromosomal region 11p15.5 by
microdissection of paraffin-embedded 68 matched benign and malignant breast
tissue samples [51]. Intraductal, invasive and metastatic foci in lymph nodes were
evaluated for MSI by employing the polymorphic markers D11S922, tyrosine
hydroxylase (TH) and D11S988. They found that MSI at D11S922 had a relatively
higher frequency than other markers which correlated with breast cancer progression
[51]. Han et al. determined that one of the prominent changes in breast cancers which
recur under tamoxifen are LOH at 11p15.5–p15.4 [52].

26 b-Hemoglobinopathies and Early Onset of Cancers in Adulthood:. . . 413

Overall, all these data suggest that 11p15.5, where β-globin gene cluster resides
has prominently important associations with breast cancer and particularly with
breast malignancies exerting aggressive features. Similar LOH findings were
found in regard to high-grade glial tumors. Sonoda et al. investigated 38 gliomas
[26 high-grade gliomas (grades III and IV) and 12 low-grade gliomas (grade I and
II)] for LOH [53]. LOH was encountered in 8 of 26 high-grade gliomas (31%) but
not in the low-grade glial tumors. In the region with LOH, loci on 11p15.5-pter were
frequently deleted and they indicated that a potential cancer suppressor gene
involved in malignant upgrading of gliomas locates on 11p15.5-pter [53]. Newsham
et al. investigated LOH on 11p15 in 24 matched benign tissue and glioma pairs
which included anaplastic astrocytoma and glioblastoma [54]. Their findings
indicated that a gene involved in the glioma development localizes centromeric in
bands 11p15.5–p15.4 [54]. Schiebe et al. analyzed for LOH on 11p15.5 on paired
malignant tissues and blood samples from 50 GBM patients. The region 11p15.4–5
was deleted heterozygously in 28% of cases and there was also a significant associ-
ation of p53 mutations with LOH on 11p15 [55].

HRAS involvement in breast cancers with early age of onset and brain tumors:
Some earlier studies suggested that ras mutations are not common (approximately
5%) in breast cancers, yet even these studies underlined that there exists evidence
that indicates that Ras pathway involves in breast carcinogenesis [56]. Furthermore,
some other studies found more frequent changes in mutation or expression of HRAS
in breast cancers. The relative risk attributable to the existence of one HRAS1 allele
is moderate, but the combined prevalence of these mutant alleles revealed an
important risk of 9.1% of breast cancers [57]. Indeed, recent sensitive studies with
allele-specific competitive blocker PCR approach also characterized that HRAS
G12D mutation was significantly higher in ductal mammary cancers in comparison
with benign breast tissue [58]. More noteworthy observations were made on the
involvement of HRAS in breast cancers of young women and in very aggressive
triple-negative breast cancers. Peripheral blood DNA analyses on 160 breast cancer
patients and on 405 unaffected women in North Carolina revealed that rare HRAS
alleles associated with more aggressive tumors particularly in younger women
[59]. In parallel, Ozer et al. have found strong expression of HRAS in 13 cases



(37.2%) among 35 breast cancer patients younger than 35 years [60]. Mice with
knockout (-/-) of tumor suppressor Ink4a/Arf are susceptible to malignancies such
as fibrosarcoma [61]. Kai et al. retrovirally introduced HRAS(G12V) oncogene into
Ink4a/Arf (-/-) breast cells in vitro, and inoculated these cells into syngeneic mice.
They observed 100% cancer development with tumors negative for hormone
receptors and HER2, exerting pathological attributes resembling to triple-negative
breast cancer (TNBC) (i.e., central necrosis and pushing borders) in humans [61]. In
2017, analyses on human TNBC confirmed that HRAS was among the major
differentially expressed genes in comparison with normal breast tissue [62]. Regard-
ing to high-grade gliomas, there exist conflicting data on HRAS. Some studies
showed downregulation of HRAS in human gliomas [63, 64]. On the other hand,
some groups have shown overexpression of HRAS in human gliomas and even in
correlation with increasing tumor grade [65, 66]. Corroborating these findings,
animal experiments have shown that HRAS synergized either with c-myc or
hTERT (human telomerase catalytic component) in inducing glial tumors resem-
bling to human glioblastoma [67, 68]. Similar to the situation observed in breast
cancer, direct activating mutations of HRAS may be rare in glioblastomas, yet
aberrations in regulation of HRAS expression may contribute to tumorigenesis and
aggressive behavior.
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IGF-2 involvement in breast cancers with early age of onset and brain tumors:
Circulatory levels of IGF-1 and IGF-2 correlate positively with risk of carcinogene-
sis and the IGF system involves in the initiation and progression of essentially all
malignant cellular growth [1]. In young people, the P2-4 promoters of IGF-2 are
methylated mainly on the suppressed maternal allele, while in aging, this promoter
methylation intensifies and comprises the unmethylated allele [69]. Aberrant IGF-2
imprinting in 30% of patients with mammary cancer suggests that aberrant relaxa-
tion or pathological loss of IGF-2 imprinting plays an important role in breast
oncogenesis [70]. Despite breast cancer incidence is less in African Americans,
they arise at earlier age and exert a worse prognosis; and very noteworthy, breast
tumor samples from African Americans have increased expression of IGF-2 in
comparison with samples obtained from White Americans [71]. Also in triple-
negative breast cancers, which occur more frequently in African American patients
and in younger subjects, IGF-2 is significantly expressed [72]. A very prominent
methylation loss in exon 9 CpG cluster of IGF-2 in mammary cancer tissues was
found in comparison with healthy tissue and immunohistochemistry revealed about
twofold increase of IGF-2 [73]. The IGF-2 gene is imprinted in the cerebral
subcortex in normal conditions, but LOI (loss of imprinting) of IGF-2 gene occurs
in ~57% of glial tumors and 2% of anaplastic astrocytomas and 13% of
glioblastomas express IGF-2 mRNA levels at intensely increased levels (>50-fold
the sample population) [1]. IGF-2 overexpressing tumors often exert loss of PTEN;
their proliferative indices are higher and associate with shorter survival [1].

H19/Wilms tumor-2 and its association with aggressivity of breast cancer and
glial tumors: The H19 gene residing at 11p15.5 encodes a noncoding RNA strongly
synthesized in embryonic development [1]. This oncofetal long noncoding RNA
(lncRNA) is expressed at higher levels in breast cancers with bad prognosis,



atypically multidrug-resistant breast cancer cells resistant to adriamycine and to
paclitaxel [74–76]. Breast cancer stem cells (BCSCs) synthesize prominent levels
of H19, and overexpression of H19 significantly increases colony formation, migra-
tory features, and sphere-forming capabilities of breast cancer cells [77]. In Carolina
Breast Cancer Study (1993–2001), analyses of SNPs in 2352 whites and 1447
African Americans revealed that H19 SNPs associated with mammary malignancies
in both Whites and African Americans [78]. H19 and its neighboring IGF-2 gene are
simultaneously expressed in embryonic mesoderm and endoderm, indicating a
shared regulation, and H19 regulates cell proliferation by a cis control on IGF-2
[1]. H19 expression is specifically increased in gliomas of high grade, and its
lowering reduces invasion of glioma [1].
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SLC22A18 and its putative tumor suppressor functions in breast cancer and
gliomas: Solute carrier family 22 member 18 (SLC22A18) gene at 11p15.5 encodes
a member of the polyspecific transporters. 1 SLC22A18 displays polymorphic
imprinting in adult tissues [79]. Low expression of SLC22A18 associates with
shorter survival in breast cancer, indicating a tumor suppressive function of this
gene [80]. SLC22A18 is significantly lower expressed in human glial tumors in
comparison with normal brain and more so in gliomas with early recurrence follow-
ing surgery [1]. In 50% of gliomas, SLC22A18 promoter is methylated and absence
of the SLC22A18 protein associated with lower survival in glioma patients treated
with temozolomide [1].

ILK and its association with aggressive features of breast cancer and gliomas:
integrin-linked kinase (ILK) is an ankyrin repeat-containing serine-threonine kinase
and could phosphorylate PKB/Akt to stimulate its activity [81, 82]. ILK involves in
several stages of carcinogenesis, including blockage of apoptosis, as well as pro-
moting cellular invasion and migration [81]. ILK overexpression in epithelia causes
anchorage-independent cellular proliferation and nude mice injection with
ILK-overexpressing cells gives rise to tumorigenesis. Enhanced ILK activity
correlates with malignant growth, including breast and colon carcinomas and brain
tumors [81]. In transgenic mice, breast epithelial-specific overexpression of the ILK
causes breast gland hyperplasias and tumors [83]. ILK is an essential mediator of
survival of malignant breast cells via the protein kinase B (PKB)/Akt pathway and
has a crucial role in the ErbB2-induced breast cancers [84, 85]. ILK also potently
inhibits the Hippo tumor suppressor pathway [86]. In glioblastoma, PTEN reduces
PKB/Akt phosphorylation via inhibiting ILK signaling and blockage of ILK signal-
ing slowered the growth of PTEN-negative glioblastoma [87]. ILK suppresses
E-cadherin via the NF-κB pathway and stimulates glioma cell invasion and migra-
tion [88]. ILK also promotes glioblastoma resistance to temozolomide [88].

TSSC3/PHLDA2 and its oncogenic roles in breast cancer and gliomas: TSSC3/
PHLDA2 involves in Fas-induced apoptosis and is imprinted in fetal and placental
tissues during development [1]. TSSC3/PHLDA2 associates with tumor engraftment
in xenografts obtained from breast cancer patients and exerts high expression in
triple-negative breast carcinoma with very poor prognosis [89]. PHLDA2/TSSC3
does not undergo imprinting in the healthy adult blood and brain tissues. In opposite,
strong allelic bias similar to imprinting is encountered in many glial tumors.



Coexpression of Fas ligand and fas enhances from low- to high-grade glial tumors,
and despite this simultaneous expression, glioma cells do not undergo Fas-driven
apoptosis [1]. Retention of TSSC3 imprinting in cerebral neoplasias suppresses the
Fas apoptotic cascades [1].
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p57kip2/CDKN1C and its tumor suppressive functions in breast cancer and
gliomas: CDKN1C gene encodes tumor suppressor p57(KIP2) which is a cyclin-
dependent kinase (CDK) inhibitor and its family members are mostly suppressed in
human malignancies via DNA methylation [90]. CDKN1C expression in breast
cancers is repressed and mammary cancers with low CDKN1C levels associate
with shorter survival [90]. Chinese breast cancer patients with no p57KIP2 expres-
sion exerted significantly higher metastasis [91]. Associations between 35 mammary
malignancy-susceptibility gene loci and the overall survival (OS) in 10,255 breast
cancer subjects from the National Cancer Institute Breast and Prostate Cancer Cohort
Consortium were studied. rs3817198 SNP was correlated with better OS which
associated with higher levels of CDKN1C [92]. In glioma, induction of CDKN1C/
p57KIP2 blocks cell proliferation and induces cellular senescence and also inhibits
motility and invasion [93, 94]. CDKN1C and miR-25 inversely associate in gliomas;
miR-25 increases cell proliferation, vice versa silencing of endogenous miR-25
rescues CDKN1C expression and decreases glioma cell growth [95]. In parallel,
copy number gains of CDKN1C correlate with longer survival of glioblastoma
patients [96].

26.8 Conclusions

Breast cancers and high-grade glial brain tumors are devastating public health
problems due to their frequency and fatality, respectively. As suggested above,
Southeast Asian countries have very high incidences of β-hemoglobinopathies and
thalassemias [5, 19]. A very noteworthy and paradoxical issue is that these countries
have a lower incidence of breast cancer despite with early age of onset in comparison
with Western countries [14]. There are insufficient data on the age distribution of
neurological cancers in Southeast Asian countries in general, yet among the different
organ systems effected, neurological cancers had the biggest proportion (54.9%) of
young cancers (age less than 40 years) in Brunei [4]. Among ASEAN countries,
Brunei has the highest GDP per capita and its small population is mostly composed
by Malays (66%) [2]. In a study conducted in Singapore on 1116 cord blood samples
for neonatal screening, β-thalassemia mutations were highest in Malays (6.3%)
versus 2.7 % in Chines and 0.7% in Indians [7]. Above we indicated that in
Southeast Asia, β-thalassemia mutations exert ethnicity-associated distribution;
such as thalassemic mutations common in Malays were not found among Chinese
and vice versa [18]. Importantly, Malays with breast cancer were diagnosed at a
significantly younger age, with bigger and hormone receptor-negative tumors, and at
later stages than Indians and Chinese [8].

Breast cancer is a prominently heterogeneous malignancy in which even common
pathologic and clinical features associate with distinct outcomes [97]. Hence, staging



systems based on clinicopathologic features reached their usefulness limit which
impelled the necessity for additional molecular biomarkers to predict patients’
outcome and treatment [97]. Besides TNM staging, histopathological grade, estro-
gen and progesterone receptors and HER2 expression, screening for epigenetic and
genetic changes in 11p15.5 gene loci encompassing β-globin genes and critical
tumor suppressor genes may provide novel clues to predict prognosis and to design
novel treatment strategies. One major obstacle of our hypothesis is the lack of early
age breast and neurological cancers in Middle East, Mediterranean, and African
countries, where thalassemias and hemoglobinopathies are also prevalent. This
difference may be explained with regional differences of mutation types and differ-
ential splicing of immunomodulatory hemoglobin peptides which are called as
hemorphins and with the fact that HLA genotype may exert race-dependent
differences which would modify risk of cancer [1].
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Here, we propose that the hematological diseases which develop due to β-globin
gene mutations, i.e., thalassemias and hemoglobinopathies and early age breast
cancers and gliomas may have at least partially shared pathological etiology.
β-Globin cluster and tumor susceptibility genes residing on 11p15.5 chromosomal
region may exert haplotypal associations or hemoglobin mutations may cause
sustained oxidative stress and inflammation to promote tumorigenesis. Proval of
this hypothesis may pave to develop many novel and efficient ways of cancer
prediction and prevention. Simple electrophoresis or HPLC tests in microcytic
anemia patients may help to detect carriers of hemoglobinopathies and these subjects
may be screened for cancer in a more detailed and/or frequent manner.
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