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1. Abstract 

 

In our lab (Clinical Genomics Unit at the European Institute of Oncology, 

Milan) we perform germline genetic tests in patients with suspected predisposition to 

cancer, specifically focusing on the two most common cancer syndromes, i.e. 

Hereditary Breast and Ovarian Cancer (HBOC) and Lynch Syndrome (LS) which is 

characterized by the predisposition to colorectal, endometrial, gastric and ovarian 

cancers. In addition, rare conditions are investigated, including Familial Melanoma 

(FM), Hereditary Diffuse Gastric Cancer (HDGC), Familial Adenomatous Polyposis 

(both FAP and MAP), and Li Fraumeni (LF) syndrome. Following genetic 

counselling, we search for germline mutations in cancer predisposition genes by 

means of DNA next generation sequencing (NGS)-based approaches. These 

approaches rely on cancer gene panels, allowing us not only to investigate the specific 

genes already known to be associated with each syndrome (e.g. BRCA1/2 genes for 

HBOC; TP53 gene for LF syndrome), but also to extend the analysis to other genes, 

simultaneously.  

We retrospectively analyzed 2077 DNA samples sequenced at the Clinical 

Genomics Unit following the request for BRCA1 and BRCA2 genetic test. One-

hundred-nineteen individuals (5.7%) proved to carry a pathogenetic variant (i.e. a 

disease causing mutation) in BRCA1 and 120 (5.8%) had a pathogenic variant in 

BRCA2. Fifty-three (2.6%) patients carried a VUS (i.e. a Variant of Unknown 

Significance) in BRCA1 and 97 (4.7%) had a VUS in BRCA2. Ninety-six percent of 

the individuals screened for BRCA1 gene and carrying a pathogenic variant were 

affected with breast/ovarian cancer, according to the expected genotype-phenotype 

correlations. Two percent of the individuals showed a tumor type “non 

corresponding” to the mutated gene: one subject was affected with melanoma and the 

other with squamous cell carcinoma. The remaining two percent of the sequenced 

individuals were carrying a BRCA1 pathogenic mutation but were healthy at the time 

of the genetic test. Among individuals with BRCA2 variants, one pathogenic mutation 

carrier was affected with melanoma, while one individual with a VUS was affected 

with lymphoma. All the remaining patients were affected with breast/ovarian cancer, 

as expected according to genotype-phenotype correlations. In our cohort, 81.2% of 

the individuals did not show any mutations in BRCA1/BRCA2 genes. Of relevance, 

these individuals had been selected for strong family history of cancer and 96% of 

them had already developed breast and/or ovarian cancers. This finding could be 

partially explained by the presence of deep-intronic pathogenic variants (lying in 

DNA regions not analyzed with the gene panel), or by epigenetic mechanisms 

inactivating the investigated genes. Alternatively, some cases could be explained by 

pathogenic variants in cancer predisposition genes not included in the panel.  

          

 We evaluated the status of MMR genes in 282 cases with suspected Lynch 

Syndrome, following the request for MLH1, MSH2, EPCAM, MSH6, PMS2 gene 
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testing. All the individuals screened for MMR genes and carrying a pathogenic variant 

(10.6% - 30/282) proved to be affected with a tumor of the LS tumor spectrum 

(colorectal, endometrial, and gastric cancers). Among individuals carrying VUS in 

MMR genes (9.5% 27/282) 6 were affected with breast cancer and one with a CNS 

tumor; the remaining patients were affected with a tumor of the MMR tumor spectrum 

(colorectal, endometrial, and intestinal cancer).     

          

 We sequenced 779 patient samples following the request for multi gene panel 

testing. Sixty out of 779 individuals (7.7%) showed a pathogenic variant in a cancer 

related gene, while 138 (17.7%) showed a VUS. The use of multi gene panels can 

uncover “incidental findings”, showing the presence of pathogenic variants or VUS 

not consistent with the patient’s family history or the presence of variants in cancer 

predisposition genes linked to the patient’s disease but not requested by the clinician. 

This testing approach allowed us to identify new associations between the disease 

affecting the patient and the mutated gene, including: MUTYH (monoallelic 

pathogenetic variants) and breast, prostate, and thyroid cancers; PALB2 and ovarian 

cancer; CDKN2A and breast cancer. The use of multi gene panels typically produces 

a great number of VUS. VUS are a challenging aspect in molecular diagnostics of 

hereditary cancers: they are variants for which evidence of pathogenicity is limited 

or contradictory, thus precluding a benign/likely-benign or pathogenic/likely-

pathogenic classification. Of relevance, classifications may change over time, with 

molecular, genetic, and epidemiological evidence accumulating. Accordingly, it is 

mandatory that laboratories periodically reassess variants to ensure patients receive 

up-to-date genetic results, thus guaranteeing the most appropriate clinical 

management. In our lab, 13.4% of BRCA1 and BRCA2 variants initially classified as 

VUS were reclassified over a 4-year period. Among these, 75% were reclassified as 

benign/likely-benign and 25% as pathogenic/likely-pathogenic.            

In parallel with DNA sequencing, we applied the MLPA method (Multiplex 

ligation-dependent probe amplification) to search in cancer genes for CNVs (Copy 

Number Variants), i.e. for gross rearrangements, including deletions and/or 

duplications. Among individuals with genetic alterations, we identified 47 subjects 

carrying a CNV. These individuals represented the 7% of all sequenced cases. BRCA1 

was the gene showing the highest number of CNVs (26/47 individuals). All deletions 

we identified were classified as “pathogenic” since leading to a nonfunctional protein 

product. On the other side, most duplications we identified were classified as VUS. 

We deeply analyzed a duplication of CHEK2 exon 2, not reported in literature and 

initially classified as VUS. We were able to demonstrate that the rearrangement 

consisted in a tandem duplication creating a premature stop codon in the DNA 

sequence. On this basis we could classify the duplication as “pathogenic”.  

         

 NGS is highly effective for detecting single nucleotide variations but can fail 

in discriminating genes from their pseudogenes (as in the case of PMS2 or CHEK2 

genes). Misalignment of sequencing reads to a pseudogene can lead to false positive 

variant calls if not confirmed with an orthologous methodology. By applying 

alternative molecular strategies (e.g. long-range PCR and Sanger sequencing), we 
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were able to validate pathogenic variants in PMS2 and CHEK2, discriminating both 

genes from their pseudogene counterparts.   

The selection of patients for BRCA1/BRCA2 testing has long relied on the 

presence of a strong family history of breast and ovarian cancer. We developed a new 

approach (“Persona project”) to evaluate the presence of variants in “Triple Negative 

Breast Cancer” (estrogen and progesterone receptors, and HER2 protein are absent) 

patients, regardless of family history, to assess the prognostic and therapeutic 

predictive role of Homologous Recombination gene defects vs. other genetic 

alterations. By sequencing 318 TNBC patients with a multi gene panel, we found 90 

patients (28.3%) with pathogenic variants in one or more “actionable” genes. The 

genetic information we got through the NGS analysis will now be evaluated and 

discussed in a multidisciplinary board to address individuals to a personalized cure 

strategy. 
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2. Abbreviations 

 

BC  breast cancer 

CGS  clinical genomics unit 

CNV   copy number variant 

CRC   colorectal cancer 

DGC   diffuse-type gastric cancer 

ER   estrogen receptor 

FAP   familial adenomatous polyposis 

FM  familial melanoma 

GWAS   genome-wide association study 

HBOC   hereditary breast and ovarian cancer 

HDGC   hereditary diffuse gastric cancer 

HER2   human epidermal growth factor receptor 2 

HNPCC  hereditary nonpolyposis colorectal cancer 

HSCT   hematopoietic stem cell transplantation 

IF   incidental finding 

IGCLC  International Gastric Cancer Linkage Consortium  

Indel   short insertion or deletion 

LFS   Li-Fraumeni syndrome 

MAP   MUTYH-associated polyposis 

MLPA   multiplex ligation-dependent probe amplification 

MMR   mismatch repair 

NCCN   clinical practice guidelines in oncology 

https://en.wikipedia.org/wiki/Hereditary_nonpolyposis_colorectal_cancer
https://en.wikipedia.org/wiki/Hereditary_nonpolyposis_colorectal_cancer


Abbreviations 

5 

 

 

NGS   next generation sequencing 

PR   progesterone receptor 

SEER   surveillance, epidemiology, and end results 

SNP   single nucleotide polymorphism 

SNV   single nucleotide variant 

WES   whole exome sequencing 

WGS   whole genome sequencing 

WT   wild type 
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3. Introduction 

 

3.1 Genetic predisposition to cancer 

Cancer is a common disease in the general population and, occasionally, it 

may even seem to run in families. This might be because family members share 

environmental exposures, behaviour patterns or conditions, such as smoking habit or 

obesity, that increase cancer risk. Alternatively, this might be because family members 

share, at the germline level, low/moderate-penetrance genetic variants that slightly 

increase cancer predisposition. However, in most familial cancer cases the disease is 

caused by a combination of both environmental and genetic factors. Less frequently, 

cancer is associated with the presence, at the germline level, of a high-penetrance 

defective gene that is being passed from generation to generation. Although this 

genetic condition is often referred to as “inherited cancer”, what is inherited is the 

defective gene that greatly increases the risk of developing a particular type or different 

types of tumors.  

Cancer remains a leading cause of morbidity and mortality across the globe, 

with increases in mortality of approximately 25.0% since the 1990s and projections of 

≥ 23 million cases annually by 2030. An estimated 20% of cancer patients has a 

positive family history of cancer and about 10% of cases is ascribable to specific 

inherited conditions, i.e. to specific high-penetrance genes. Indeed, the hereditary 

cancer syndromes are defined as an elevated risk of cancer that runs in the family, with 

the risk being associated with germline lesions in specific genes. The type/types of 

tumors are dependent on the mutated gene.  

For example, the Hereditary Breast and Ovarian Cancer syndrome (HBOC) 

originates from BRCA1 or BRCA2 gene mutations that significantly increase the 

likelihood of developing breast, ovarian, prostate, and other types of cancer. The most 

common inherited condition that increases the risk for colon cancer is the Lynch 

syndrome, associated with germline mutations in DNA MisMatch Repair (MMR) 

genes. Patients with the Li-Fraumeni syndrome, associated with TP53 mutations, have 

a heightened risk of cancer before age 30, and are almost guaranteed to suffer from 

cancer by the age of 60. Of relevance, carriers of cancer syndrome related genes also 

have a higher risk of multiple malignancies and rare tumors and are more likely to 

develop cancer at a younger age.  

Our understanding of cancer syndromes has greatly advanced with recent 

progresses in DNA sequencing technology. Indeed, the high throughput sequencing is 

allowing geneticists to find new cancer predisposition genes and to improve the 

efficiency of genetic screening. The most common germline alterations associated 

with cancer syndromes include: single nucleotide variants (SNVs); duplications, 

insertions, or deletions (Indels); exon and gene copy number variants (CNVs); 

structural variants (SVs). The molecular analysis of inherited cancer genes ranges from 

simple assessments of known hotspot mutations in single genes, to more complex tests 
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that simultaneously detect alterations in different gene by Next Generation Sequencing 

(NGS). Moreover, allele-specific PCR can be applied to test the expression of each 

allele, Sanger sequencing to confirm mutations emerged from NGS, and multiplex 

ligation-dependent probe amplification (MLPA) to assess the presence of gross gene 

rearrangements. More specifically, NGS technologies have revolutionized the 

molecular profiling allowing sequencing of multiple target genes (multi-gene panel), 

of whole exome (WES), thus profiling all protein-coding regions, and of whole 

genome (WGS), thus profiling both protein-coding and non-coding regions. These 

technologies can permit the identification and classification of families with cancer 

predisposition and help to detect individuals at-risk, likely enhancing surveillance and 

early disease detection to prevent mortality. Accordingly, increased public awareness 

that cancer can be heritable, and that the heritable risk can be evaluated, has increased 

the demand for genetic counselling and genetic testing (Alharthi et al., 2020).  

Basically, in laboratory settings, genetic testing consists of DNA analysis by 

appropriate methods to search for the presence of germline alterations in cancer-related 

genes, including SNVs, Indels; CNVs and SVs.  

3.2 Single Nucleotide Variants 

A Single Nucleotide Variant (SNV) is the substitution of a single nucleotide 

with another along the DNA. A given SNV can be a rare mutation or a common 

variant, i.e. a Single Nucleotide Polymorphism (SNP). The precise definition of SNP 

requires the substitution to be present in at least 1% of the population (Fig. 1). 

 

 
Fig. 1. Example of SNP: A has been replaced by G along the DNA sequence.  In the human 

genome, the G nucleotide may appear in most individuals, but in a minority of individuals, the 

position is occupied by an A. This condition generates in the population 3 different genotypes, 

GG, GA, and AA. 

SNVs occur naturally, are responsible for much of the genetic variability found 

between humans (SNPs), and most have no discernible affect on health. They can 

occur in coding and noncoding regions of DNA.  

If a SNV occurs in a protein coding region, this can result in either:  

- a nucleotide substitution that does not result in an amino acid change;  

https://www.nature.com/articles/s41525-019-0110-y#auth-Fawz_S_-AlHarthi
https://en.wikipedia.org/wiki/Guanine
https://en.wikipedia.org/wiki/Adenine
https://socratic.org/questions/what-is-dna-1
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- a nucleotide substitution leading to an amino acid substitution. This may or may not 

result in a phenotypic effect (including pathogenicity) depending on the impact of the 

amino acid substitution on protein function and structure;  

- a nucleotide substitution resulting in a stop codon and, consequently, in a truncated 

protein product. A truncated protein is generally non-functional.  

3.3 Short insertions or deletions  

Indel stands for short insertion or deletion and refers to a small sequence of 

DNA (usually less than 50 base pairs) that has either been inserted into or deleted from 

the genome. During translation, the mRNA sequence is read in groups of three bases 

(codons), with each codon corresponding to a given amino acid. If an Indel is not a 

multiple of three bases long, it will result in a frameshift that changes the reading of 

subsequent codons and, therefore, alters the entire amino acid sequence that follows 

the mutation. This has usually a strong impact on the protein product, often also 

leading to targeted decay of the mRNA. Indels are usually more harmful than a 

substitution in which only a single amino acid is changed. 

3.4 Structural Variants 

A Structural Variant is a large (more than 50 base pairs) rearrangement of part 

of the genome. It can be a deletion, a duplication, an insertion, an inversion, a 

translocation, or a combination of these changes (Fig. 2). Specifically, a Copy Number 

Variant (CNV) is a duplication or a deletion that changes the number of copies of a 

particular DNA sequence within the genome. As for SNVs and Indels, SVs have been 

implicated in several conditions, including cancer, cardiomyopathies, and intellectual 

disabilities. 
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Fig. 2. Examples of tructural variants: a) inversion, b) translocation, c) deletion, d) 

duplication, e) insertion 

3.5 Exome and gene copy number variation 

Deletions and duplications of chromosomal segments (CNVs) are a major 

source of genetic variability among individual and are an underlying factor in human 

evolution and diseases, including mental illness, developmental disorders, and cancer. 

CNVs seem to be as important as SNPs in determining differences among individuals 

and represent a major driving force in evolution, especially in the rapid evolution that 

has occurred, and continues to occur, within the human and great apes’ lineage. CNVs 

form at a faster rate than other types of mutations and are known to be generated by 

non-homologous end-joining recombination mechanisms. Recent models also focus 

on perturbation of DNA replication and replication of non-contiguous DNA segments. 

For example, cellular stress can induce repair of broken replication forks to switch 

from high-fidelity homologous recombination to non-homologous repair, thus 

promoting copy number change. An important fraction of the genome, currently 

estimated at up to 12%, is subject to CNVs. CNVs can arise both meiotically and 

somatically, as evident by the finding that identical twins can have different CNVs and 

that repeated sequences in different organs and tissues from the same individual can 

vary in copy number.  

CNVs harbor coding regions and non-coding regulatory regions and may 

confer profound phenotypic effects relative to effects caused by SNPs. They have a 

multitude of effects based on their genomic location including gene dosage effects 

and cis-regulatory functions. CNVs that overlap protein coding genes offer insights 

into disease phenotypes and associated biology. Nearly 80% of cancer loci harbor 

CNVs and support the above premise (Kumaran et al., 2017). Changes in copy number 

https://www.nature.com/articles/s41598-017-14799-7#auth-Mahalakshmi-Kumaran
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might change the expression levels of genes lying within the variable regions, allowing 

transcription levels to be higher or lower than those that can be achieved by control of 

transcription of a single copy gene per haploid genome. Additional copies of genes 

also provide redundancy that allows some copies to evolve new/modified functions or 

expression patterns while other copies maintain the original function. The non-

homologous recombination events that underlie copy number changes also allow new 

combinations of exons between different genes by translocation, insertion, or deletion, 

so that proteins might acquire new domains, and hence new or modified activities.  

However, much of the variation in copy number is disadvantageous. Copy 

number changes are involved in cancer genesis and progression and contribute to 

cancer proneness. In many cases, a change in copy number of any one of many genes 

is not well tolerated and leads to pathological conditions and genomic disorders. Most 

of our knowledge comes from studies of complete genomes (e.g. by array CGH-array 

comparative genomic hybridization), and from genome-wide surveys of CNVs by 

using techniques such as Multiplex Ligation-dependent Probe Amplification (MLPA) 

and quantitative real-time PCR. At present, thanks to advances made in NGS 

sequencing, which generate millions of sequences of the same target genomic region, 

it is possible to detect CNVs from NGS data through the appropriate bioinformatics 

tools. These latter usually apply a read depth approach based on counting the number 

of reads aligned to a particular region of the human genome.  

Germline CNVs, i.e. constitutive loss or gain of genomic DNA ranging in size 

from 50 bp to 1 Mb, can represent genetic determinants of cancer susceptibility. This 

is the case of familial breast cancer and cancers of prostate, ovary, pancreas, colon, 

rectum, endometrium, as well as of familial melanoma. Breast cancer is the most 

common malignancy in women worldwide with about 2.09 million new cases 

diagnosed per year. It has been estimated that 5-10% of all breast cancers are 

hereditary cases. Family-based linkage analysis, gene re-sequencing and genome wide 

association studies allowed the identification of high, moderate, and low penetrant 

variants. However, these variants collectively explained only half of the breast cancer 

genetic predisposition. Thus, the genetic component of a substantial part of hereditary 

cases is yet to be discovered. CNVs can contribute to this remaining component of 

breast cancer risk, leading to disease development through their impact on gene 

expression and protein structure. As far as BRCA1/2 predisposition genes is concerned, 

pathogenic CNVs are more frequent in BRCA1 than in BRCA2 and represent about 

27% and 8% of BRCA genetic variants, respectively (Boujemaa et al., 2021). Such a 

high frequency can be explained by the higher number of Alu repeated sequences 

along BRCA1 gene, and by the homologous recombination events occurring 

between BRCA1 and its pseudogene (Boujemaa et al., 2021). Apart from 

BRCA1 and BRCA2, deleterious CNVs have also been found in a series of highly 

penetrant cancer-predisposing genes, including  mismatch repair genes (MLH1, 

MSH2, MSH6, PMS2) and TP53 (Krepischi et al., 2012). Given that CNVs make a 

major contribution to the burden of all genetic diseases, we can expect that many new 

CNVs related to cancer susceptibility will be disclosed in the near future and that 

genome sequencing will become a tool of medical practice and differential diagnosis, 

leading to new approaches in management of cancer families (Krepischi et al., 2012). 

https://breast-cancer-research.biomedcentral.com/articles/10.1186/bcr3109#auth-Ana_CV-Krepischi
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3.6 Genetic risk assessment and counseling 

Genetic testing is part of a more complex process, i.e. cancer risk assessment 

and genetic counseling. This is a multi-step process involving clinical assessment, 

genetic susceptibility testing (if appropriate) and risk management recommendations 

delivered in counseling sessions to individuals at risk for familial or hereditary cancer. 

The purpose of cancer genetic counseling is:   to inform individuals about genetic, 

biological, and environmental factors related to a cancer diagnosis and/or to a risk for 

the disease; to provide meaning from genetic testing and genetic results; to identify 

appropriate strategies for cancer prevention and management.  

Genetic testing should be considered in individuals for whom there is a 

personal/family history suggesting genetic susceptibility to cancer and for whom 

results will aid in risk management and treatment. In other words, the selection of 

appropriate candidates for genetic testing is based on the personal and familial 

characteristics that determine the individual’s prior probability of being a carrier of a 

pathogenic or likely pathogenic variant, and on the psychosocial degree of readiness 

of the individual to receive the results of the genetic test.  

The genetic risk assessment is a dynamic process: its accuracy is enhanced by 

relevant information retrieved from population and pedigrees studies and can change 

depending on how many and which relatives of the individual are diagnosed with 

cancer.  

The genetic testing strategy is greatly facilitated when a pathogenic or likely 

pathogenic variant has already been identified in another family member of the 

individual under analysis. In this case, the testing laboratory can limit the search for 

the pathogenic or likely pathogenic variant to the same location in the same gene. 

However, if there is reason to suspect more than one disease-associated variant in the 

family, then broader testing may be considered. For most of the families in whom the 

presence of a pathogenic or likely pathogenic variant is unknown, it is best to start 

testing an affected family member with early-onset disease or with multiple primary 

tumors (with bilateral disease if testing for BC predisposition); indeed, this individual 

has the highest likelihood for a positive test result. The testing of unaffected 

individuals should only be considered when no affected family member is available 

for testing. Obviously, in such cases, a negative test result is considered indeterminate 

and does not provide the same level of information as when there is a known 

pathogenic or likely pathogenic variant in the family. Thus, one should be mindful 

that, when testing unaffected individuals (in the absence of having tested affected 

family members), significant limitations may exist; testing multiple family members 

may be indicated since the absence of a mutation in one unaffected relative does not 

rule out a mutation in others. The maternal and paternal sides of the family should be 

considered independently for familial patterns of cancer (Weitzel et al., 2017). 

Individuals who have received allogeneic hematopoietic stem cell transplantation 

(HSCT) should not have molecular genetic testing performed on blood samples, as 

blood cells would represent donor- derived DNA. In these cases, the DNA of the 

individual being tested should be extracted from a buccal swab (Tran et al., 2003; 
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Hong et al., 2007).   

A counseling issue is posed by the finding of a so-called VUS (Variant of 

Unknown Significance). This genetic alteration may represent a benign variant 

unrelated to an increased cancer risk or may represent a variant associated with an 

increased cancer risk. The patients carrying a VUS should be considered for         referral 

to research studies that aim to define the functional impact of genetic variants (variant 

re-classification studies performed through clinical labs and registries). It is important 

to note that there may be inconsistencies among research programs and registries about 

the significance and clinical actionability of some VUS and this, in turn, may lead to 

confusion regarding clinical management (Balmana et al., 2016; Vail et al., 2015; 

Lincoln et al., 2017). In the case where there are discrepancies in VUS classification, 

careful consideration must be taken to analyze family history and to test family 

members. Moreover, functional studies must be reviewed that possibly aid to interpret 

VUS pathogenic relevance (Eccles et al., 2015).  

Carriers of a VUS should be managed based on family history of cancer. 

Carriers of a pathogenic or likely pathogenic variant should be encouraged to 

participate in clinical trials or genetic registries. They should be encouraged to 

recontact their medical genetics providers every few years for updates: laboratories 

may issue amended reports as the knowledge on hereditary cancer risk expands.  

Tumor profiling, i.e. the pattern of genetic lesions present in tumor tissue, can 

be considered complementary to germline testing. In this context, it is mandatory to 

evaluate variants “pathogenicity” at somatic and germline levels. Indeed, tumor testing 

is designed to address treatment actionability and prognosis (Robson et al., 2015). 

Accordingly, a given variant considered as pathogenic or likely pathogenic at the 

germline level, i.e. associated with cancer risk/predisposition, may be considered as 

non-pathogenic or as a VUS in the tumor if the variant has no obvious clinical 

implications for therapeutic treatment or prognosis. 

3.7 Multi-gene testing 

Next-generation sequencing allows for the analysis of multiple genes 

simultaneously. When performed to search for germline variants associated with 

genetic diseases this is referred to as multi-gene testing. Multi-gene testing               can detect 

pathogenic or likely pathogenic variants that are not found in single-gene testing, for 

example by simply analyzing the gene expected to be mutated and to be associated 

with a given clinical phenotype (Walsh et al., 2006; Kurian et al., 2014; Kurian et al., 

2018).  

Multi-gene testing may be most useful when more than one gene can explain 

an inherited cancer syndrome. In these cases, phenotype-directed testing based on 

personal and family history through a multi-gene panel test may be more efficient 

and/or cost-effective compared to the sequential analysis of each sigle gene (Hall et 

al., 2014; Hall et al., 2016; Manchanda et al., 2018). Multi- gene testing may also be 

considered for patients with personal and family history suggestive of an inherited 
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syndrome but tested negative for the gene/genes known to be associated with the 

syndrome (Walsh et al., 2010).  

It is becoming more and more routine in many institutions to perform 

phenotypically directed multi-gene panel tests to assess for pathogenic changes in 

multiple relevant genes simultaneously (LaDuca et al., 2020). A problem regarding 

multi-gene testing is that there are limited data    and a lack of guidelines regarding the 

degree of cancer risk associated with some of the genes included in the panels. 

Therefore, the big challenge is how to communicate and manage the risk for carriers 

of these genes (Bombard et al., 2016; Rainville et al., 2014; Blazer et al., 2016; Tung 

et al., 2016; van Marcke et al., 2016). This issue is compounded by the low incidence 

of hereditary syndromes, leading to a difficulty in performing adequately powered 

studies (Bombard et al., 2013). Moreover, multi-gene tests, in addition to high-

penetrance genes, often include low to moderate-penetrance genes; for these last, there 

are even less data regarding degree of cancer risk and guidelines for risk management 

(Pal et al., 2020; Hall et al., 2014; LaDuca et al., 2014).  Also, certain variants in a 

gene may be associated with different degrees of risk compared to other variants within 

the same gene. For example, certain ATM genetic variants are associated with an 

increased risk for early- onset breast cancer and for bilateral cancer occurrence, while 

the association between other ATM variants and breast cancer susceptibility is unclear 

(Brunet et al., 2008; Heikkinen et al., 2005; Thompson et al., 2005; Tommiska et al., 

2006). 

3.8 Hereditary Breast Ovarian Cancer (HBOC) syndrome; high-penetrance 

breast/ovarian cancer             susceptibility genes 

Specific patterns of hereditary breast and ovarian cancers have been found to 

be linked to pathogenic/likely-pathogenic variants in BRCA1/2 genes that give rise to 

the Hereditary Breast Ovarian Cancer (HBOC) syndrome (Blackwood et al., 1998; 

Venkitaraman et al., 2002). In addition to HBOC, there are two rare syndromes 

characterized by an increased risk for breast cancer, the Li-Fraumeni      syndrome (LFS) 

and the Cowden syndrome, which are associated to germline mutations in the TP53 

and PTEN genes, respectively (Pilarski et al., 2009; Schneider et al., 2013).  

These hereditary syndromes share several features beyond an increased risk of 

breast cancer. They arise from germline pathogenic/likely-pathogenic variants that are 

not within sex-linked genes; hence, the variants can be inherited from either parent. 

The disease-related variants are highly penetrant. The syndromes are characterized by 

breast cancer onset at an early age (often bilateral) and development of other types of 

cancer and exhibit an autosomal dominant inheritance pattern. Offspring of an 

individual with one of these hereditary diseases have a 50% chance of inheriting the 

disease-related variant. The manifestations of the syndromes are often variable in 

individuals    within a single family (e.g., age of onset, tumor site, number of primary 

tumors). The risk of developing cancer in individuals with one of the syndromes 

depends on numerous variables including the gender and age of the individual. Prior 

to 2020, the NCCN Guidelines for “Genetic/Familial High-Risk Assessment: Breast 

and Ovarian” focused largely on testing criteria for BRCA1/2 and appropriate risk 
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management for carriers of a BRCA1 or BRCA2 pathogenic or likely pathogenic 

variants.  

There is now strong evidence that genes beyond BRCA1/2, TP53 and PTEN 

confer markedly increased risk of breast and/or ovarian cancers.  

In a recent paper (Peleg Hasson et al., 2020) Peleg Hasson and collaborators 

reviewed the relevant data on genetic testing for breast cancer. The results are 

summarized in Fig. 3. Most breast cancer cases are sporadic rather than inherited. 

Approximately 10-15% of patients are associated with hereditary syndromes 

(identified germline mutations), and most of them are carriers of a disease-causative 

variant in BRCA1/2.  

When analyzing genetic tests of more than 60,000 patients with breast cancer 

and after excluding BRCA-positive patients and patients with syndromic PTEN and 

TP53 gene mutations, more than 6% of individuals were found to have a pathogenic 

variant in other genes, including CHEK2, PALB2 and ATM (Couch et al., 2017). 

Pathogenic variants in PALB2, RAD51D, ATM, BARD1, and CHEK2 (Couch et al., 

2017) were associated with high or moderately increased risk.  

 

 

Fig. 3. Breast cancer patients with germline pathogenic variants in cancer-predisposition 

genes (from Peleg Hasson et al., 2020).  

3.9 BRCA-Related Breast/Ovarian Cancer Syndrome 

Both BRCA1 and BRCA2 genes encode for proteins involved in tumor    

suppression, with a specific role in the control of homologous recombination (HR) and 

double-strand break repair in response to DNA damage (Piri et al., 2001). BRCA1/2 

variants that are classified as pathogenic or likely pathogenic can be highly penetrant; 

however, the probability of cancer development for the carriers of these variants is 

quite variable, even within families with the same genetic lesion (Petrucelli et al., 

2011). At present, it is unclear whether penetrance is only related to the specific variant 

identified in a family or    to additional factors, either genetic or environmental (likely 

both), affecting disease expression. At any rate, it is generally accepted that carriers of 
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BRCA1/2 pathogenic or likely pathogenic variants are at high risk of both breast and 

ovarian cancer and warrant consideration of preventive strategies. 

3.10 Breast Cancer Risk in BRCA1/2 mutation carriers 

Estimates of penetrance range from 41% to 90% lifetime risk for breast cancer, 

with an increased risk for contralateral breast cancer (Mavaddat et al., 2013; van den 

Broek et al., 2016; Hu et al., 2020). A prospective cohort study including 9856 

unaffected BRCA1/2 mutation carriers showed that the cumulative risk of breast cancer 

by 80 years of age was 72% for BRCA1 variant carriers and 69% for BRCA2 variant 

carriers (Kuchenbaecker et al., 2017).  Other estimates of cumulative risk for 

contralateral breast cancer 20 years   after breast cancer diagnosis are 40% and 26% for 

BRCA1 and BRCA2 mutation carriers, respectively (Kuchenbaecker et al., 2017).  

A systematic review including 68 papers reported that BRCA1 and BRCA2 

germline mutations are associated with the development of contralateral breast cancer 

(Akdeniz et al., 2017).  

Some histopathologic features have been reported to occur more frequently in 

breast cancers associated with a BRCA1/2 pathogenic or likely pathogenic germline 

variant. For example, several studies have shown that a fraction of BRCA1/2 associated 

breast cancers are “triple negative”. This term refers to cancers that don't have estrogen 

or progesterone receptors (ER-/PR-) and don't express the HER2 protein (Hu et al., 

2020; Young et al., 2009). Specifically, from 7% to 28% of patients with triple-

negative breast cancer have been reported to be BRCA1 mutation carriers (Buys et al., 

2017; Shimelis et al., 2018), while the incidence of BRCA2 germline mutations ranges 

from 1% to 17% in triple-negative breast cancer cases unselected for age or family 

history (Meyer et al., 2012; Buys et al., 2017; Shimelis et al., 2018). 

3.11 Ovarian Cancer Risk in BRCA1/2 mutation carriers 

In carriers of BRCA1/2 mutations an increased risk for cancers of the ovary, 

fallopian tube, and peritoneum has been observed (Arts-de Jong et al., 2016). 

Specifically, germline mutations in BRCA1/2 genes are responsible for at least 10% of 

epithelial ovarian cancers (Norquist et al., 2016).  Depending on the population studied, 

BRCA1/2 carriers have an estimated 8% to 62% lifetime risk for ovarian cancer (Finch 

et al., 2006). An analysis of 2222 patients with ovarian cancer showed that among 

subjects with high-grade serous carcinoma 11% were carriers of a BRCA1/2 mutation 

(Song et al., 2014). Among invasive ovarian cancer cases, as many as 13% to 20% of 

women have been reported to have a BRCA1/2 germline mutation (Schrader et al., 

2012). A        prospective cohort study including 9856 unaffected BRCA1/2 mutation 

carriers showed that the cumulative risk of ovarian cancer by 80 years of age was 44% 

and 17% for BRCA1 and BRCA2 mutation carriers, respectively (Kuchenbaecker et al., 

2017). 
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3.12 Prostate Cancer Risk in BRCA1/2 mutation carriers 

BRCA1/2 germline mutations are also associated with an increased risk for 

prostate cancer (Giri et al., 2019), with this association being strongest for advanced 

or metastatic prostate cancer (Lung et al., 2019). A study of a large cohort of Spanish 

patients with prostate cancer showed that carriers of BRCA1/2           mutations had 

significantly higher frequencies of aggressive cancer, nodal involvement, and distant 

metastasis compared with non-carriers (Castro et al., 2013). In a sample of 692 men 

with metastatic prostate cancer, unselected for family history or age at diagnosis, 5.3% 

had a BRCA2 mutation, and 0.9% had a BRCA1 mutation (Pritchard et al., 2016). In 

addition, analyses from a treatment center database showed that the 

combined BRCA1/2 and ATM mutation carrier rate was significantly higher in lethal 

prostate cancer patients (6.07%) than localized prostate cancer patients (1.44%). This 

study also showed that mutation carriers with prostate cancer had significantly 

decreased survival, compared with non-carrier patients (5 years vs. 16 years, 

respectively) (Na et al., 2017). A fraction of prostate cancer patients with Ashkenazi 

Jewish ancestry has been found to be   associated with BRCA1/2 mutations, with gene 

mutation frequencies ranging from 0% to 2% and from 1% to 3%, for BRCA1 and 

BRCA2, respectively (Gallagher et al., 2010). 

3.13 Pancreatic Cancer Risk in BRCA1/2 mutation carriers 

Prior to the increasingly common use of panel testing, studies showed that         

BRCA1/2 germline mutation frequencies in pancreatic cancer cases ranged from 1% 

to 11% for BRCA1 and from 0% to 17% for BRCA2 (Holter et al., 2015). However, 

these studies included only patients with familial pancreatic cancer (Zhen et al., 2015) 

or those of Ashkenazi Jewish ancestry (Lucas et al., 2013) both of whom may have a 

greater likelihood of testing positive for a BRCA1/2 germline mutation. More recently, 

gene panel testing confirmed that some pancreatic cancers harbor actionable BRCA1/2 

pathogenic or likely pathogenic variants (Hu et al., 2018). Moreover, patients with 

pancreatic cancer and Ashkenazi Jewish ancestry proved to have a greater likelihood 

of testing positive for a BRCA1/2 mutation, with prevalence of detected mutations in    

this group ranging from 5.5% to 19% for various genes, with mutations being more 

common for BRCA2 (Salo-Mullen et al., 2015). 

3.14 Gene variants other than BRCA1/2 associated with Breast/Ovarian Cancer 

Prior to 2020, the NCCN Guidelines for “Genetic/Familial High-Risk 

Assessment: Breast, Ovarian, and Pancreatic” focused largely on testing criteria for 

BRCA1/2 and appropriate risk management for carriers of a BRCA1 or a BRCA2 

pathogenic or likely pathogenic variant. There is now strong evidence that genes 

beyond BRCA1/2 confer markedly increased risk of breast and/or ovarian cancers. 

These genes include ATM, BARD1, BRIP1, CDH1, CHEK2, NBN, PALB2, PTEN, 

RAD51C, RAD51D, STK11, and TP53. Pathogenic/likely-pathogenic variants 

associated with Lynch     syndrome and neurofibromatosis type 1 (NF1) can also increase 

breast/ovarian cancer risk. The recommendations for cancer risk management 

intervention for carriers of pathogenic variants associated with breast and/or ovarian 
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cancer risk are based on absolute lifetime risk estimates. Cancer risk management 

intervention may be recommended when a carrier’s absolute risk exceeds that of the 

average- risk population (i.e., 12% - 13% for breast cancer and 1% - 2% for ovarian 

cancer) (Domchek et al., 2019). Quality of the evidence supporting risk estimates 

should also be evaluated when determining appropriate risk management for carriers 

of a pathogenic or likely pathogenic variant. Lower penetrance genes that may be 

included as part of multi-gene testing but for which there is currently insufficient 

evidence of an association with breast and/or ovarian cancer include: FANCC, 

MRE11A, MUTYH heterozygosity, RECQL4, RAD50, RINT1, SLX4, SMARCA4 and 

XRCC2. Risk management recommendations for these genes should consider family 

history and other clinical factors (Apostolou et al., 2013).  

3.15 Colorectal Cancer predisposition  

Colorectal cancer (CRC) is the fourth most frequently diagnosed cancer and 

the second leading cause of cancer death in the United States. The incidence of CRC 

per 100,000 individuals decreased from 60.5 in 1976 to 46.4 in 2005 (Cheng et al., 

2011). In addition, mortality decreased by almost 35% from 1990 to 2007 (Siegel et 

al., 2011), and by 53% from 1970 to 2016 (Siegel et al., 2019). These improvements 

in incidence and mortality are thought to be in part a result of cancer prevention and 

earlier diagnosis through screening and treatment modalities. Despite the observed 

improvements in the overall CRC incidence rate, a retrospective cohort study of 

“Surveillance, Epidemiology, and End Results (SEER)” colorectal cancer registry 

found that the incidence of CRC in patients younger than 50 years has been increasing 

(Bailey et al., 2014). The authors estimate that the incidence rates for colon and rectal 

cancers will increase by 90.0% and 124.2%, respectively, for patients 20 to 34 years 

of age by 2030. The cause of this trend is currently             unknown.  

CRC often occurs sporadically, but familial cases are also common. Genetic 

susceptibility to CRC associated with high-penetrance genes includes well-defined 

syndromes such as Lynch syndrome (also known as Hereditary Non Polyposis 

Colorectal Cancer, or HNPCC), familial adenomatous polyposis (FAP), and MUTYH-

associated polyposis (MAP) (see Fig. 4).  
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Fig. 4. Main hereditary CRC syndromes with population frequency estimates (from Stoffel 

and Boland, 2015)  

3.16 Lynch Syndrome 

The Lynch Syndrome (LS) is the most common form of genetically 

determined CRC predisposition, accounting for 2% to 4% of all CRC cases. Estimates 

suggest as many as 1 in every 250-1000 individuals in the general population may be 

carriers of a lesion in a gene associated with LS. In LS cancer predisposition is 

dominantly transmitted and results from a germline pathogenic variant in a DNA MMR 

gene. The causative genes are MLH1, MSH2, MSH6, and PMS2 (Tanakaya, 2019). In 

addition, LS can be caused by deletions in the EPCAM gene, which lead to 

hypermethylation of the MSH2 promoter and subsequent MSH2 gene silencing 

(Rumilla et al., 2011).  

MMR genes correct DNA mismatches generated during DNA replication, 

thereby preventing mutations from becoming permanent in dividing cells. Since MMR 

reduces the number of replication-associated errors, a defective system increases the 

spontaneous mutation rate, thus leading to microsatellite instability (MSI-H: 

insertions/deletions within simple repeated sequences) and to frameshift mutations in 

genes containing microsatellite sequences (Fig. 5). Indeed, MMR plays a role in the 

DNA damage response pathway that eliminates severely damaged cells and prevents 

both mutagenesis in the short term and tumorigenesis in the long term (Li, 2007).  

 

https://www.nature.com/articles/cr2007115#auth-Guo_Min-Li
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Fig. 5. Molecular model of CRC carcinogenesis associated to DNA MMR deficiency and MSI-

H tumor phenotype (from Imai and Yamamoto, 2008)  

The identification of the syndrome is important both for patients with cancer 

(because of high risk for metachronous cancers), and for their family members. After 

LS identification, surveillance offers an opportunity for early detection and even 

prevention of cancer among mutation carriers. Further, cancer site-specific evaluation 

and heightened attention to symptoms is also advised for all cancers that occur with 

increased frequency in mutation carriers, including colorectal, endometrial, gastric, 

ovarian, pancreatic, ureter and renal pelvis, biliary tract, brain (glioblastoma), and 

small intestinal cancers, as well as sebaceous gland adenomatous polyps and 

keratoacanthomas. 

3.17 Familial adenomatous polyposis (FAP) 

Familial adenomatous polyposis (FAP) is a rare, dominantly inherited 

condition characterized by the development of numerous precancerous polyps 

(adenomas) in the large intestine (colon and rectum). In the severe form, polyps 

develop in teen years or early 20s. The number of polyps varies from less than 100 

(attenuated FAP) to thousands, and with increasing age the polyps get larger and more 

problematic. Eventually, one or more of these adenomas will become cancerous. 

Without treatment, patients with FAP have a nearly 100% lifetime risk of colorectal 

cancer. The chance of developing colorectal cancer increases with age; the average 

age at which people are diagnosed with cancer is 39. Also, other organs are susceptible 

to growths, either benign or malignant: bones, retinas of the eyes, stomach, duodenum, 

small intestine, thyroid gland, and brain. 
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FAP is associated with germline mutations of APC tumor suppressor gene that 

plays a central role in WNT signaling pathway, especially regarding the degradation 

of β-catenin within the cell cytoplasm. When APC is mutated, the β-catenin-Tcf 

complex is not suppressed, leading to constitutive activation of several genes and 

oncogenes controlling cell growth and division. Ultimately, APC mutations affect the 

ability of the cell to maintain normal growth and function, which results in cell 

overgrowth and adenoma formation (Talseth-Palmer, 2017) 

3.18 MUTYH-associated polyposis (MAP)  

MUTYH-associated polyposis (MAP) is a rare, recessively inherited condition, 

characterized by the development of polyps in the colon and rectum and by an 

increased risk of colorectal cancer. People with harmful mutations in MUTYH gene 

can develop different types of polyps in the large intestine, including adenomas, sessile 

serrated polyps, and hyperplasic polyps. Most people with MAP develop 10 to 100 

polyps; in rare cases, MUTYH mutation carriers can develop CRC without any polyps, 

while others have more than 100 polyps. The colorectal polyps are often found in 

people in their 40s and most CRC occur between the ages of 40 and 60. Approximately 

half of people with MAP have CRC at the time of MAP diagnosis. Patients are also at 

an increased risk of duodenal and thyroid cancer.  

MAP, unlike the other cancer syndromes, is inherited in an autosomal 

recessive manner; of relevance, people who have a single MUTYH gene mutation have 

a slightly increased risk of CRC.  

MUTYH is a gene involved in the repair of oxidative damage to the DNA. 

Accordingly, MUTYH defective cells accumulate mutations along DNA sequences 

including genes that are relevant for cell growth regulation in colonic epithelium, such 

as APC and KRAS. Thus, somatic mutations in these target genes are the crucial events 

associated with the carcinogenic process (Church et al., 2012). 

3.19 Hereditary diffuse gastric cancer (HDGC) 

Hereditary diffuse gastric cancer (HDGC) is a dominantly inherited form of 

diffuse-type gastric cancer (DGC), a highly invasive tumor characterized by late 

presentation and poor prognosis. HDGC syndrome is defined by the presence of a 

pathogenic germline variant in the E-cadherin (CDH1) gene in either an isolated 

individual with DGC, or in a family with one or more DGC cases in first- or second-

degree relatives (Blair et al., 2020). E-cadherin is a key protein in adherens junctions 

and is involved in major cellular processes such as embryogenesis and maintenance of 

tissue architecture. E-cadherin is recognized as a tumor suppressor gene, and it is well 

established that CDH1 germline inactivation causes diffuse gastric cancer as well as 

lobular breast cancer. In addition, in the last decade, evidence has emerged 

demonstrating that CDH1 mutations can be associated with lobular breast cancer 

and/or congenital abnormalities, without any personal or family history of diffuse 

gastric cancer (Figueiredo et al., 2019). The lifetime risk of gastric cancer in carriers 

from families with pathogenic or likely pathogenic variants in CDH1 is very high, and 

https://pubmed.ncbi.nlm.nih.gov/?term=Figueiredo+J&cauthor_id=30661051
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diagnosis has been made in individuals in their teens and early 20s. As a result, 

prophylactic total gastrectomy (PTG) is usually advised, generally between ages 20 

and 30.  

Germline pathogenic variants of CDH1 were originally described in three 

Maori pedigrees from New Zealand with family members affected by DGC at a young 

age. Subsequently, germline CDH1 pathogenic variants were identified in 

approximately 15 to 50 percent of kindreds selected according to the clinical criteria 

for HDGC as initially defined by the International Gastric Cancer Linkage Consortium 

(IGCLC) (Fitzgerald et al., 2010). These selection criteria have been progressively 

updated and relaxed, mainly through less restrictive age limits of patients (Blair et al., 

2020). 

3.20 Li-Fraumeni syndrome  

Li-Fraumeni syndrome (LFS) is a cancer predisposition syndrome associated 

with high risk of a spectrum of childhood- and adult-onset malignancies. The lifetime 

risk of cancer in individuals with LFS is ≥ 70% for men and ≥ 90% for women. Five 

types of cancers account for the majority of LFS tumors: adrenocortical carcinomas, 

breast cancer, central nervous system tumors, osteosarcomas, and soft-tissue 

sarcomas. LFS is associated with an increased risk of several additional cancers 

including leukemia, lymphoma, gastrointestinal cancers, cancers of head and neck, 

kidney, larynx, lung, skin (e.g., melanoma), ovary, pancreas, prostate, testis, and 

thyroid. Criteria for clinical diagnosis of LFS have been established and the syndrome 

diagnosis is established in a proband who meets specific criteria and/or has a 

heterozygous germline pathogenic variant in TP53 tumor suppressor gene (Schneider 

et al., 2013).  

TP53 encodes p53 protein, which has been termed the “guardian of the 

genome” and has many important functions including DNA replication and repair 

processes control, epigenetic patterning of the genome, cell cycle arrest, apoptosis, 

autophagy, senescence, differentiation, antioxidant stress responses, and cellular 

energy metabolism (Schluer et al., 2017; Zerdoumi et al., 2017). In normal (unstressed) 

cells, p53 protein levels are kept low by a negative-regulatory feedback mechanism 

that is mediated by the MDM2 protein. MDM2 binds to p53, marking it for 

degradation. However, following the exposure to genotoxic stressors, such as ionizing 

radiation or other carcinogens, p53 and MDM2 become phosphorylated, which 

weakens the MDM2-p53 bond. The weakened MDM2-p53 interaction lessens the 

degradation of p53, which allows p53 to accumulate in the cell. The absence of normal 

p53 and/or the accumulation of abnormal p53 adversely impacts the expression of 

many downstream genes that regulate critical cellular processes including cell cycle 

arrest, DNA repair, apoptosis, and senescence and ultimately leads 

to genomic instability and malignant transformation (Valdez et al., 2017; (Zerdoumi 

et al., 2017).  

https://www.ncbi.nlm.nih.gov/books/n/gene/glossary/def-item/genomic/
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3.21 Familial Melanoma 

Melanoma is the most aggressive of the common skin cancers, being 

responsible for 75% of deaths from skin cancer. Melanoma incidence is rapidly 

increasing especially in Caucasian populations. Although development of melanoma 

during childhood is rare, it can appear at any age and is the second most diagnosed 

cancer among patients under 30 years old. For this reason, melanoma is one of the 

cancers with more years of productive life lost. The identification of individuals at 

high risk of developing melanoma is essential to reduce melanoma mortality, and 

prevention and early detection programs can be implemented. Melanoma etiology is 

complex and heterogeneous as it involves environmental and genetic risk factors.  

Personal history of melanoma increases 5-8% the risk of developing a second 

melanoma, while family history of melanoma has been widely associated with an 

increased melanoma risk. Approximately 5-10% of cases occur in a familial context. 

In cancer families, melanoma susceptibility is inherited following an autosomal 

dominant pattern, with incomplete penetrance. Melanoma high risk genes are defined 

as genes that when mutated in an individual confer a high risk of melanoma and are 

usually associated with multiple melanoma cases within the family (Ribeiro Moura 

Brasil Arnaut et al., 2021).  

Cyclin-dependent kinase inhibitor 2A (CDKN2A) was the first gene associated 

with melanoma susceptibility. The CDKN2A gene maps in 9p21 region and encodes 

two tumor suppressor proteins, p16INK4A and p14ARF, via differential splicing and 

alternative reading frames. The p16INK4A protein, encoded by the α-transcript 

(composed by exon 1α, 2 and 3), promotes the arrest of the cell cycle in the G1 phase 

by inhibiting RB (retinoblastoma protein) phosphorylation through cyclin-dependent 

kinase 4 (CDK4). The β-transcript (composed by exon 1β, 2 and 3) encodes p14ARF 

and acts through the p53 pathway inducing cell cycle arrest or promoting apoptosis. 

Furthermore, both p53 and p16INK4A play an important role on cell damage response 

and senescence (Fig. 6). CDKN2A mutations are found in around 20% of melanoma-

prone families, but the mutation frequency can range from 5% to 72% depending on 

the criteria used to select probands and families and on the populations and geographic 

areas (Ribeiro Moura Brasil Arnaut et al., 2021). 
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Fig. 6. CDKN2A gene encodes two alternatively spliced transcripts, p16INK4a and p14ARF. 

Exons 1α, 2 and 3 encode p16INK4a, while exon 1β, spliced to exons 2 and 3 in a different 

reading frame and transcribed using a different promoter, encodes p14ARF (from Ribeiro 

Moura Brasil Arnaut et al., 2021). 

 

CDK4 was the second high risk melanoma susceptibility gene 

identified. CDK4 is an oncogene located within the 12q14 chromosomal region and 

encodes a protein that controls cell cycle progression through the G1 phase. Mutations 

in this gene have been described in 17 melanoma-prone families and in all of them the 

mutation affects the same amino acid (Arginine 24) (Ribeiro Moura Brasil Arnaut et 

al., 2021).  This amino acid is in the p16INK4A binding domain of the CDK4 protein. 

Thus, when CDK4 is mutated, p16INK4A cannot inhibit the CDK4 kinase activity 

resulting in the progression of the cell cycle. CDK4 mutation carriers phenotypically 

behave similarly to p16INK4A mutation carriers: this is consistent with the functional 

impact that mutations in both proteins have at the cellular level, which results in the 

activation of the same pathway (Potrony et al., 2015). 
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4. Aims 

 

My PhD thesis experimental work has been performed at the Clinical 

Genomics Unit - CGS - European Institute of Oncology, Milan. In this lab I perform 

genetic tests in patients with suspected genetic predisposition to cancer with the aim 

to identify germline pathogenic variants associated with the disease.  

Literature reports that hereditary cancer predisposition syndromes are 

responsible for approximately 10% of all diagnosed cancer cases (Tsaousis et al., 

2019). Patients investigated at the Clinical Genomics Unit are selected according to 

specific consensus criteria, including clinical features, family history of cancer and 

age of the disease onset. Genetic testing is specifically focused on the two most 

common cancer syndromes, i.e. Hereditary Breast and Ovarian Cancer syndrome 

(HBOC) and Lynch Syndrome (LS). In addition, more rare conditions are 

investigated, including Familial Melanoma (FM), Hereditary Diffuse Gastric Cancer 

syndrome (HDGC), Familial Adenomatous Polyposis (both FAP and MAP), and Li 

Fraumeni (LF) syndrome. Following genetic counselling, we search for germline 

mutations in susceptibility genes with DNA next generation sequencing (NGS)-based 

approaches. These approaches rely on cancer gene panels, allowing us not only to 

investigate the specific genes already known to be associated with each syndrome 

(e.g. BRCA1/2 genes for HBOC, or TP53 gene for LF syndrome), but also to extend 

the analysis to other genes, simultaneously.  

The identification of the disease-causative genetic variants is important both 

for patients and at-risk relatives, with clinical management implications for both 

affected and unaffected individuals. In affected subjects, the identification of the 

genetic cause of the inherited condition can guide surgical management and, in some 

cases, systemic treatment. Furthermore, the definition of the specific syndrome can 

guide a personalized follow-up program to incorporate surveillance and prevention 

strategies of secondary malignancies associated with the syndrome itself. In 

unaffected family members, the presence of the disease-causative variant means an 

increased risk of developing the disease, allowing mutation carriers to benefit from 

enhanced prevention strategies. 

We retrospectively analyzed 2641 patients from 2019 to 2022 to assess the 

presence of pathogenic genetic alterations responsible of the diagnosed cancers. By 

the NGS analysis of our patient cohort, we aimed at verifying the correspondence 

between the tumor type affecting the patient and the mutated gene, according to the 

known and expected genotype-phenotype correlations. Of relevance, data derived 

from recent NGS studies show that a notable subset of hereditary cancer cases is 

missed if screening is solely performed by syndrome-based specific gene testing. 

Multi-gene panels usually include high and moderate penetrance genes and, in many 

cases, some low or yet unknown risk genes. Data concerning their contribution to 
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cancer risk is constantly increasing, allowing a more accurate gene penetrance 

stratification.  

In our study, multigene NGS analysis was carried out to identify cancer-

susceptibility variants and to assess the applicability and utility of this type of 

analysis. In addition to mutations in expected genes associated with the different 

syndromes, the use of multi-gene panels allowed us to detect unexpected germline 

mutations in genes not related to the tumor type, thus offering new preventive 

screenings for patients and new guidelines for optimization of medical surveillance 

and therapy.  

Moreover, the application of multi-gene panels led to the identification of 

many variants of unknown significance (VUSs). It is very important to deeply 

investigate novel germline variants and to assess their pathogenicity in those patients 

who have a strong family history of cancer. Of relevance, many VUSs undergo 

category reclassifications over time (e.g. from likely pathogenic to benign) as more 

information is available from data bases reporting genetic variants in the general 

population and in underrepresented minorities. By our screening approach, we 

succeeded to reclassify some BRCA1/BRCA2 VUSs identified in patients who 

underwent a genetic test in the past. These patients had an amended genetic report for 

physicians who, in turn, used this new information in clinical decision making.  

Besides single nucleotide variants (SNVs), we also searched for gross 

genomic rearrangements (copy number variants - CNVs), such as deletions and 

duplications. Gross deletions in cancer predisposition genes are known to be 

pathogenic, while the significance of most of gross duplications in cancer 

predisposition genes is unknown. We were able to map and characterize an unknown 

duplication in CHEK2 gene to give it a precise clinical significance and, 

consequently, to offer a new medical surveillance program to the carrier patient and 

to his relatives. 

The selection of patients for germline genetic testing has long relied on the 

presence of a strong family history of breast/ovarian or colon cancer, for HBOC and 

LS, respectively. However, it is now clear that this criterion results in substantial 

numbers of subjects with a germline mutation in cancer predisposition genes being 

missed (George et al., 2015). In this context, we started a new study, called “Persona 

project”, that aims at identifying germline pathogenic variants in patients affected 

with triple negative breast cancer (TNBC), regardless of their family history. Various 

studies have demonstrated that 15%-20% of women with TNBC carry BRCA1 or 

BRCA2 germline mutations, and that 70% of breast cancers in BRCA1 mutation 

carriers are “triple-negative” (Stevens et al., 2013). In general, BRCA1 and BRCA2 

appear to account for approximately one third of germline mutations in breast cancer, 

with smaller contributions from other cancer predisposition genes (Dite et al., 2003). 

We were interested in assessing the presence of BRCA1 or BRCA2 mutations in 

individuals affected by TNBC, without applying any other selection criterion, and in 

evaluating the prognostic and therapeutic predictive role of these gene defects 
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(affecting homologous recombination) vs. other genetic alterations. This study is 

expected to allow the identification of subjects at risk for the development of 

secondary malignances and to offer genetic testing to family members of mutation 

carriers. Moreover, the result of genetic testing can influence the decision for medical 

therapy (e.g. the use of platinum derivatives vs. PARP inhibitors) and dictate risk-

reducing strategies that may imply bilateral salpingo-oophorectomy and mastectomy 

or long term medical approaches. Of relevance, the genetic heterogeneity 

characterizing breast cancer predisposition creates the need for comprehensive 

testing with panels of multiple genes, all at once, to discover mutations in genes other 

than those known to be associated with the disease. We were interested in 

characterizing every single patient carrying mutations in new genes that can influence 

cancer predisposition, disease progression and therapy. We were also interested in 

evaluating the occurrence of the most frequent BRCA1 and BRCA2 pathogenic 

variants and of the low penetrance disease-associated variants (daSNPs). Such a deep 

genetic analysis, together with follow-up data, is expected to improve therapeutic 

approaches and to refine personalized treatment and care strategies. 
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5. Materials and Methods 

 

 

5.1. Data Set 

We collected and analyzed clinical and genetic data of 2641 patients who 

received Oncogenetic Counseling at The European Institute of Oncology in Milan 

from 2019 to 2022. The patient samples were tested for germline variants in cancer 

predisposition genes following the Clinical Practice Guidelines in Oncology (NCCN 

Guidelines®) testing criteria. The following data were collected for each patient: 

gender, age (calculated from birthdate to the end of data collection), date and place of 

birth, health status (cancer diagnosis), cancer site. 

5.2. Molecular Analysis  

A peripheral blood sample was taken from each patient for germline genetic 

testing. Mutational analysis of coding sequences and intron-exon boundaries of cancer 

predisposition genes was carried out with next generation sequencing (NGS) and 

Sanger Sequencing. The presence of large genomic rearrangements - copy number 

variants (CNVs) - was detected with Multiplex Ligation-dependent Probe 

Amplification (MLPA).  

All the detected BRCA1 and BRCA2 gene variants were analyzed following 

the Evidence-based Network for the Interpretation of Germline Mutant Alleles 

(ENIGMA) Consortium guidelines. The same variants in BRCA1 and BRCA2 genes 

and the ones identified in all the other cancer predisposition genes were checked 

following Varsome database and Clinvar public report archive, and classified 

according to the International Agency for Research on Cancer (IARC) 

recommendation, using a system dividing the variants into 5 classes: 

benign (class I),  

likely benign (class II),  

variant of uncertain significance (VUS, class III),  

likely pathogenic (class IV),  

pathogenic (class V).  

All the mutations identified were named in accordance with the Human 

Genome Variation Society (HGVS) nomenclature.  
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5.3 Sample processing 

A DNA sample was obtained from peripheral blood of each patient by using 

the MagCore Super Automated Acid Nucleic Extractor (RBSBioscience, Taiwan). 

The High Sensitivity Qubit 3.0 Fluorometer (Life Technologies, Carlsbad, CA) was 

used to quantify the DNA by measuring the fluorescence intensity of a dye binding to 

the double-stranded DNA (dsDNA).  

Following the request of either the patient's physician or a genetics 

professional to identify variants in specific genes, three different NGS sequencing 

libraries were generated. The NGS systems were the following: 

a) Trusight Sequencing Cancer Panel (Illumina, San Diego, CA), which includes 94 

genes associated with both common (e.g. breast, colorectal) and rare cancers. The 

Panel also includes 284 SNPs found to be associated with cancer through genome-

wide association studies (GWAS);  

b) Sophia Genetics Custom Panel (Sophia Genetics, Geneva, CH), which includes the 

29 most clinically relevant genes associated with breast and ovarian cancer, Lynch and 

intestinal polyposis syndromes, Li-Fraumeni syndrome, hereditary Melanoma;  

c) Devyser BRCA NGS (Stockholm, Sweden), to directly sequence BRCA1 and 

BRCA2 genes for very urgent cases. 
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Here below are reported:  

             

1) the gene sets of a), b), and c) Panels 

 

a)                                                                          b)                                     c)                                      

 
 
        
 
 

      

 

  

   

 

2) the list of the predisposition genes associated with the most common cancers; the 

syndromes/tumor-types associated with the different genes: 

BRCA1 and BRCA2: (HBOC, Hereditary Breast Ovarian Cancer syndrome) - breast 

and ovarian cancer; BRCA2: prostate cancer, pancreatic cancer  

TP53: (LF, Li Fraumeni syndrome) breast cancer, osteosarcomas, soft tissues 

sarcomas, leukemia, brain cancer, and adrenocortical carcinoma 

MMR genes: (MLH1, MSH2, EPCAM, MSH6, PMS2): (LS, Lynch syndrome) - 

colorectal, uterine (endometrial), stomach, kidney, bladder, and ovarian cancers  

APC: (FAP, Familial Adenomatous Polyposis) - colorectal, small intestine and 

pancreatic cancer 

MUTYH: (MAP, MUTYH associated polyposis) - colorectal, gastric, and liver cancer  

CDH1: (HDGC, Hereditary Diffuse Gastric Cancer syndrome) - gastric and breast 

cancer (rarely: colorectal, thyroid, and ovarian cancer) 

AIP CEBPA FANCA KIT PRF1 SLX4 

ALK CEP57 FANCB MAX PRKAR1A SMAD4 

APC CHEK2 FANCC MEN1 PTCH1 SMARCB1 

ATM CYLD FANCD2 MET PTEN STK11 

BAP1 DDB2 FANCE MLH1 RAD51C SUFU 

BLM DICER1 FANCF MSH2 RAD51D TMEM127 

BMPR1A DIS3L2 FANCG MSH6 RB1 TP53 

BRCA1 EGF3 FANCI MUYH RECQL4 TSC1 

BRCA2 EPCAM FANCL NBN RET TSC2 

BRIP1 ERCC2 FANCM NF1 RHBDF2 VHL 

BUB1B ERCC3 FH NF2 RUNX1 WRN 

CDC73 ERCC4 FLCN NSD1 SBDS WT1 

CDH1 ERCC5 GATA2 PALB2 SDHAF2 XPA 

CDK4 EXT1 GPC3 PHOX2B SDHB XPC 

CDKN1C EXT2 HNF1A PMS1 SDHC  

CDKN2A EZH2 HRAS PMS2 SDHD  

APC CDKN2A MUTYH RAD51C 

ATM CHEK2 NBN RAD51D 

BARD1 EPCAM PALB2 STK11 

BRCA1 FAM175A PIK3CA TP53 

BRCA2 MLH1 PMS2 XRCC2 

BRIP1 MRE11A PMS2CL  

CDH1 MSH2 PTEN  

CDK4 MSH6 RAD50  

BRCA1 

BRCA2 
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ATM: breast cancer 

CHEK2: breast and colon cancer  

PALB2: breast cancer  

CDKN2A/CDK4: melanoma 

 

5.4  Sequencing library preparation 

5.4.1 Hybridization capture-based sequencing library preparation - Nextera flex for    

enrichment - Illumina  

100 ng of genomic DNA was fragmented and tagged with adapter sequences 

enzymatically; adapter-tagged DNA was then washed on before a limited-cycle PCR 

amplification. The PCR step added pre-paired 10 base pair Index 1 (i7) adapters, Index 

2 (i5) adapters, and sequences required for sequencing cluster generation. Double-

sided bead purification was performed to purify the amplified libraries. The libraries 

were pooled by mass before an overnight hybridization step at 62°C in which targeted 

regions of the DNA were bound with capture probes of the panel genes. After this step 

Streptavidin Magnetic Beads were used to capture probes hybridized to the targeted 

regions of interest and a final PCR cycle amplified the enriched library. The final 

library was then purified, and unwanted products were removed using AMPure XP 

Beads. The enriched library was qualified by Agilent Tapestation system (Agilent 

Technologies, Santa Clara, Ca) that measured the average size of the DNA fragments. 

The library was diluted to a final loading concentration of 16 pM (starting from 24 

samples) or 10 pM (starting from 12 samples) and prepared for sequencing using 

Illumina Miseq Reagent Kit (600 cycles for 24 samples with V3 flow cell / 300 cycles 

for 12 samples with Standard V2 flow cell) (Illumina) according to the manufacturer's 

instructions to generate paired-end reads. Following denaturation with NaOH 2N and 

at 95°C for 3 minutes, DNA was loaded with 3% PhiX control (Illumina) on Miseq 

instrument (Illumina). 

5.4.2 Hybridization capture-based sequencing library preparation - Hereditary 

cancer solution - Sophia Genetics 

Two hundreds ng of genomic DNA underwent enzymatic fragmentation, end-

repairing, and A-tailing in a unique process. Tagged DNA was ligated to dual index 

adapters (i5-i7) and then cleaned up with freshly prepared ethanol 80%. Dual size 

selection was performed with AMPure XP beads to remove shorter than 300 bp and 

longer than 700 bp DNA fragments. Cleaned DNA was amplified by PCR and a library 

pooling was done. The library was hybridized with probes specific for 29 genes for 4 

hrs at 65°C. Streptavidin Magnetic Beads were used to capture probes hybridized, 

which underwent three wash cycles to remove unbound DNA. DNA with probes was 

amplified by PCR and then cleaned up with ethanol 80% and AMPure XP beads. The 
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final library was qualified by Agilent Tapestation system and diluted to a final loading 

concentration of 10 pM (starting from 24 samples) or 12 pM (starting from 8 samples). 

The library was prepared for sequencing using Illumina Miseq Reagent Kit (500 cycles 

for 24 samples with Standard V2 flow cell/ 500 cycles for 8 samples with Micro flow 

cell) according to the manufacturer’s instructions to generate paired-end reads. 

Following denaturation with NaOH 2N at 95°C for 3 minutes, DNA was loaded with 

3% PhiX control on Miseq instrument. 

5.4.3 Amplicon based sequencing library preparation – Devyser BRCA 

Ten ng of genomic DNA was used to amplify BRCA1 and BRCA2 genes in a 

single-tube multiplex reaction; a total of 188 amplicons with a mean amplicon target 

length of 196 bp (range, 120 to 278 bp) were amplified to create sequencing libraries 

of the complete BRCA1/2 genes. This PCR-based library was diluted and used to 

incorporate the molecular barcodes and adapter sequences into each amplicon by a 

second PCR reaction. Amplicon libraries were pooled to generate a sequencing library 

that was purified using the Devyser Library Clean kit and quantified using the High 

Sensitivity Qubit 3.0 fluorometer. The final library was normalized to a concentration 

of 20 pM and prepared for sequencing using Illumina MiSeq with MiSeq Reagent Kit 

(300 cycles) according to the manufacturer's instructions to generate paired-end reads. 

Following denaturation with NaOH 0.2N (illumina), DNA was loaded with 1% PhiX 

control (Illumina) on Miseq instrument (Illumina). 

5.5 Automatic sample preparation system 

Microlab Star liquid handling robot (Hamilton, Reno, NV) was used for 

Illumina and Sophia Genetics library preparation. The system was fine-tuned to the 

lab’s specific NGS workflow. Air displacement pipetting using Hamilton tips with 

CO-RE (Compressed O-Ring Expansion) technology provided superior measurement 

accuracy, precision, and reproducibility without tip distortion or aerosol generation 

during tip pick-up and ejection. Each aspirate and dispense step were dynamically 

tracked by an internal software and the indexed and multiplexed samples were 

processed according to the worklist and highly reproducible. 

5.6 Miseq NGS system 

The MiSeq can perform genomic DNA sequencing and data analysis with base 

calling, alignment, variant calling, and reporting in a single run.  This instrument 

utilizes a double-sided, single-lane flow cell and reagent cartridge supplied in kit 

form. Sequencing was performed by recording the synthesis of DNA strands in 

clusters of sample templates attached to a flow cell. NGS library was loaded into the 

flow cell and the fragments hybridized to the flow cell surface. Each bound fragment 

was amplified into a clonal cluster through bridge amplification (Fig 1.1). Sequencing 

reagents, including fluorescently labeled nucleotides, were added and the first base 

was incorporated. The flow cell was imaged and the emission from each cluster was 

recorded. The emission wavelength and intensity were used to identify the base. This 

cycle was repeated “n” times to create a read length of “n” bases (Fig. 1.2). Reads were 

https://www.sciencedirect.com/topics/medicine-and-dentistry/genomic-dna
https://www.sciencedirect.com/topics/medicine-and-dentistry/amplicon
https://www.sciencedirect.com/topics/medicine-and-dentistry/quantum-dot
https://www.sciencedirect.com/topics/medicine-and-dentistry/illumina-miseq
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aligned to a reference sequence with bioinformatics software. After alignment, 

differences between the reference genome and the newly sequenced reads could be 

identified (Fig. 1.3). 

  

Fig. 1.1) cluster amplification                                        Fig. 1.2) sequencing 

            

Fig. 1.3) alignment and data analysis 

   

5.7 Bioinformatic analysis  

Primary data processing (base calling, demultiplexing, and FastQ file 

generation) was conducted directly in the MiSeq analysis pipeline. Secondary data 

analysis was performed using three different bioinformatic platforms: an internal 

pipeline developed by our laboratory, the Sophia DDM, and Devyser Amplicon Suite 

software-as-a-service tool. This analysis included read alignment to the human 

reference genome (Genome Reference Consortium GRCh37/hg19), variant calling, 

visualization of the sequence reads, and report generation. The reference transcript 

sequences used were NM_007294.3 for BRCA1 and NM_000059.3 for BRCA2; the 

reference transcripts used for all the other genes were the canonical ones. A high mean 

read quality score (Q score >35) for each amplicon and a minimun of 50× read 

coverage per amplicon were considered to ensure high confidence variant calling. 

https://www.sciencedirect.com/topics/medicine-and-dentistry/mestranol-plus-norethisterone
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However, variants with lower read quality (Q score of 20 to 35) and variant fraction 

>20% were listed apart; any low coverage regions, if present, were also reported. 

5.8 Sanger sequencing 

All candidate pathogenic or likely pathogenic changes and all variants of 

uncertain significance (VUS) identified by NGS were confirmed by direct Sanger 

sequencing to allow false-positive detection. Moreover, once the disease-causing 

mutation was identified in a patient, the analysis was offered to its family members 

searching for the same mutation through Sanger sequencing. Mutation detection was 

performed by DNA amplification using AmpliTaq Gold® DNA Polymerase (Applied 

Biosystems, Waltham, MA) with 15 ng of initial DNA or Takara Taq DNA 

Polymerase (Kusatsu, JP) for long range amplification with 100 ng of initial DNA. 

PCR products were purified with EXOSAP-ITTM (Thermo Fisher Scientific, Waltham, 

MA) and amplified using Big Dye 3.1 Terminator chemistry (Thermo Fisher 

Scientific). Following denaturation with Hi-Di Formamide (Thermo Fisher Scientific), 

samples were loaded into the capillary array of a 3500xL Dx Genetic Analyzer 

(Applied Biosystems). The average PCR product contained 500 nucleotides and the 

maximum length that could be sequenced by the Sanger method was about 800 

nucleotides. The amount of data generated by Sanger sequencing for each patient 

varied depending on the size of the exon to be sequenced (Fig. 2). 

 

 

 
Fig. 2) Example of Sanger sequencing electropherogram: the arrow indicates the presence of 

a heterozygous mutation (in the same position one allele has a cytosine while the other allele 

has a thymine).   

 

5.9 Multiplex ligation-dependent probe amplification (MLPA) 

Deletions and/or duplications of exons or entire genes were detected by MLPA 

method. This was applied to confirm copy number variations identified by NGS, to 

detect the same gross variants in relatives of the affected carrier, and to find de novo 

large genomic rearrangements. Hundred ng of purified sample DNA was denatured, 

and this was followed by overnight incubation (16-20 hrs.) with MLPA probe oligos 

for all exons of specific genes to be investigated (BRCA1, BRCA2, MMR genes, TP53, 

CDH1, ATM, RAD50, RAD51C, RAD51D, STK11, PALB2) (MLPA kits: MRC-

Holland, Amsterdam, The Netherlands).  

The principle of MLPA is reported in Figure 3. Two adjacent DNA 

oligonucleotides are directly hybridized to their complementary target sequences on 

the template DNA. This reaction is followed by ligation of the two oligonucleotides to 
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form one probe. One oligo contains a target specific sequence with an M13 forward 

tail, the other contains a target specific sequence linked to a variable length ‘stuffer’ 

sequence and an M13 reverse tail. The two oligonucleotides can only be ligated if both 

specific parts can hybridize to adjacent template sequences. A PCR reaction is then 

performed making use of the M13 primer sequences on the ligation product. The 

amplification can only start after successful adjacent hybridization and ligation of both 

oligonucleotides, which ensures specificity of probe amplification. Thus, MLPA is 

characterized by PCR performed on the ligated oligonucleotides and not on the 

template DNA. The amount of ligated probes is related to the number of specific 

primer binding sites, making this method suitable for the detection of chromosomal 

deletions or amplifications. 

 

 
 

Fig. 3) Principle of MLPA. For each specific target, a set of two probes (1A&2A or 2B&2B) 

was designed that hybridize immediately adjacent to each other on the same target strand. Both 

probes consist of a short target-specific sequence and a universal forward or reverse PCR 

primer-binding site. In addition, one of the probes contains a so-called stuffer sequence. For 

each probe, the ‘stuffer’ part has a specific length and sequence. The long probes are M13-

derived. The short probes are synthetic. After an overnight hybridization to the target DNA, 

the two parts of each hybridized probe are joined by a ligation reaction. Next, a PCR is carried 

out with a single fluorescent-labeled primer pair, which ensures that the relative yield of the 

PCR products is proportional to the amount of target.                          

The fragment analysis is carried out on an automated capillary sequencer. The multiple 

fragments can be distinguished based on different length. The peak area value of each product 

is used to calculate the relative quantity. 
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Following a denaturation cycle at 95°C for 3 minutes PCR products were 

loaded onto a capillary electrophoresis device (3500xL Dx - Applied Biosystems) and 

separated by length. Each fragment corresponded to a specific MLPA probe. The final 

step was data analysis by a specific software (Coffalyser.Net): relative copy numbers 

were determined by comparing the relative peak heights of reference probes and target 

probes in the test samples with those in reference samples with a known normal copy 

number (Fig. 3.1, Fig. 3.2). 

 

          

Fig.5.1) MLPA profile. Electropherogram of a test sample A (right) compared to that of 

reference sample (left). A relative decrease of two picks (corresponding to two specific probes) 

is seen in test sample A (circled in red). The peaks indicated with R correspond to the reference 

probes. 

 

         

Fig. 5.2) Same results of Fig. 3.1 after normalization: probes’ ratio of test sample A (right) 

normalized to reference sample (left). A heterozygous deletion, probe ratio 0.5, is seen in test 

sample (red dots). T: target probes; R: reference probes 

5.10 Taqman Real-Time PCR assay 

A Copy Number Assay, a copy number Reference Assay, a Master Mix 

(TaqPath ProAmp Master Mix, Applied Biosystems) and gDNA samples were 

combined in a single well or tube. The Copy Number Assay detects the target gene or 

genomic sequence of interest, and the Reference Assay detects a sequence that is 

known to be present in two copies in a diploid genome. Four replicates of each sample 

were performed. Ten ng of DNA template was denatured, and each set of assay primers 

were annealed to its specific target sequences in BRCA1, BRCA2 and MSH2 genes. 
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Each TaqMan probe was annealed specifically to its complementary sequence between 

forward and reverse primer binding sites. During each round of PCR, the target and 

reference sequences were simultaneously amplified by the DNA polymerase, cleaving 

probes that were hybridized to each amplicon sequence. When an oligonucleotide 

probe was cleaved by the DNA polymerase 5’ nuclease activity, the quencher was 

separated from the reporter dye, increasing the fluorescence of the reporter. 

Accumulation of PCR products could be detected in real time by monitoring the 

increase in fluorescence of each reporter dye at each PCR cycle. Raw data were 

collected, and relative quantitation analysis was performed with Applied Biosystems 

CopyCaller Software to determine the copy number of each genomic DNA target: 

lower amounts of input material (the presence of a gross deletion) resulted in higher 

quantification cycle (Cq) values compared to a reference sample with no copy number 

variation. 
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6. Results 

 

I retrospectively analyzed 2641 DNA samples sequenced at the Clinical 

Genomics Unit (CGS) to search for DNA variants by using the Trusight Sequencing 

Cancer Panel, the Diagnostic Sophia Panel, and/or the Devyser BRCA Panel; samples 

were also screened by MLPA method to search for extended deletions/duplications 

along the sequenced genes.  

Six hundred and eighty-five individuals (685/2641: 26%) proved to carry 

genetic alteration: 50% showed a pathogenic point mutation, 40% showed a variant of 

uncertain significance (VUS), while 3% showed both a pathogenic point mutation and 

a VUS. Among individuals with a genetic alteration, 47 (7%) proved to carry copy 

number variants (CNVs) and no pathogenic point mutations in the same genes (Fig. 

1). 

 

Fig.1 Type of variants identified in 685/2641 individuals screened at the CGS by NGS-based 

approaches and MLPA method. Subjects were investigated following the request of patient's 

physicians or of genetics professionals. 

 

6.1 Copy Number Variants 

Among the 47 CNV carriers, 36 (77%) proved to carry a gross deletion while 

11 (23%) showed an extended duplication (Fig. 2). 

 

 

DNA variants

pathogenic point mutation
50%

VUS 40%

pathogenic point mutation
+ VUS 3%

CNV 7%
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Fig.2 Rearrangements identified by MLPA along the sequenced genes in 48 carriers of CNVs. 

Among the 47 individuals with CNVs, 26 (55.3%) carried 

deletions/duplications along the BRCA1 gene and two showed deletions along BRCA2. 

Three individuals proved to carry deletions in MLH1, two in MSH2, two in EPCAM 

and MSH2 and one in MSH6 genes. Three subjects showed a duplication in PALB2, 

two in ATM, one showed a previously undescribed duplication in CHEK2, one in 

BARD1, one in CDH1 and another in RAD51D gene. One individual showed a deletion 

in ATM and another in BRIP1 gene. We identified two patients with a rearrangement 

in BRCA2 gene consisting in a deletion of exons 12 and 13. Of relevance, BRCA2 is 

not currently analyzed by MLPA in diagnostic settings. All the above lesions are 

summarized in Fig. 3. Fig. 4 shows, as for example, the MLPA of one the two patients 

carrying the BRCA2 deletion of exons 12 and 13. 

 

CNVs

deletions 77%

duplications 23%
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Fig.3 Genes showing gross rearrangements in the 47 CNV carriers. 

  
Fig.4 MLPA of a patient carrying a deletion of exons 12 and 13 of BRCA2 gene. The MLPA 

assay was performed with a kit containing probes for BRCA2 exons and for control sequences 

(in green). The deletion is denoted by the red spot below the deletion cut-off line (red) in the 

ratio chart. Longitudinal axis represents the final ratio after comparing the patient and control 

sample peak intensities by a dosage ratio and transverse axis represents the sequences covered 

by the MLPA kit. 

Among the 26 individuals with CNVs in BRCA1 gene, 5 (19.2%) proved to 

carry deletions of exons 21-22, 7 (27%) carried deletions of 1-2 exons and upstream 

region and one individual showed the same deletion also including exon 3. Five 

individuals had deletions of exon 20, 3 subjects carried deletions of exons 16-17, and 

1 showed deletions of exons 19. One subject had a deletion of exons 5-6-7-8-9-10 

Mutated genes 
BRCA1 55.3%

BRCA2 4.3%

PALB2 6.4%

RAD51D 2.1%

ATM 6.4%

CHEK2 2.1%

BARD1 2.1%

CDH1 2.1%

BRIP1 2.1%

MLH1 6.4%

MSH2 4.3%

EPCAM + MSH2 4.3%

MSH6 2.1%
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while another carried a deletion of exon 13. One individual showed a duplication of 

exon 13 and another four copies of the entire BRCA1 gene. BRCA1 rearrangements are 

summarized in Fig. 5. 

 

Fig.5 BRCA1 rearrangements identified.  

All deletions, as well as exon-13 duplication, affecting BRCA1 gene are 

disease causative: they include critical domains for the protein function and are 

classified as “Class 5 - pathogenic variants” according to the ClinGen Sequence 

Variant Interpretation (SVI). On the contrary, the four copies of the BRCA1 locus 

represent a still uncharacterized CNV which is, therefore, classified as variant of 

unknown significance (VUS) (Fig. 6). 

BRCA1 CNVs

del ex.upstream-1-2 27%

del ex.upstream-1-2-3 3.85%

del ex.5-6-7-8-9-10 3.85%

del ex.11 3.85%

del ex.16-17 11.5%

del ex.19 3.85%

del ex.20 19.2%

del ex.21-22 19.2%

dup ex.13 3.85%

4 copies of the gene 3.85%
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Fig.6 MLPA of the patient carrying 4 copies of the BRCA1 gene. The MLPA assay was 

performed with a kit containing probes for BRCA1 exons and for control sequences (in green). 

The 4 copies of the entire gene in this individual are highlighted by probes (in blue) 

corresponding each of them to single exons. 

Among individuals with CNVs in MLH1 gene, one proved to carry a deletion 

of the entire gene, one had deletions of exons 10 to 19, and another carried deletions 

of exons 14 to 19. Regarding MSH2 gene, one individual had a deletion of exon 7 and 

another individual of exon 10. One subject had a deletion of the entire EPCAM gene 

together with the upstream region of MSH2; another subject had the deletion of the 

entire EPCAM gene together with the exons 1-2-3-4-5-6-7 of MSH2 gene. One 

individual was carrier of an exons 3-4-5-6 deletion in MSH6 gene. All deletions in 

MMR genes are classified as “Class 5 - pathogenic variants”. 

One patient had a duplication of exons 1 to 12 in PALB2 gene (Fig. 7): this 

rearrangement is currently classified as VUS. Another patient had a duplication of 

exon 11 in PALB2 gene and another in exon 13. These two duplications are classified 

as “pathogenic”. 

One subject showed a duplication of the entire BARD1 gene: this gross CNV 

is currently classified as VUS. 

One patient had a duplication from exon 3 to 3’UTR region in CDH1 gene: 

this gross CNV is classified as VUS. 

One individual had a deletion of exon 8 in BRIP1 gene: this rearrangement is 

classified as “pathogenic”. 

One patient had a deletion of exon 63 in ATM gene: this rearrangement is 

classified as “pathogenetic”. Two patients had a duplication of ATM exons 62-63 

which is considered as a VUS. 
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One individual showed the duplication of the entire RAD51D gene: this 

rearrangement has never been described and is currently classified as VUS. 

 

 

Fig.7 MLPA of a patient carrying a duplication within PALB2 gene. The MLPA assay was 

performed with a kit containing probes for exons of PALB2 and FANCD2 genes and for control 

sequences (in green). The duplication of exons 1-12 of PALB2 gene in this individual is 

highlighted by probes (in blue) corresponding each of them to single exons. 

One individual had a duplication of exon 2 in CHEK2 gene. This 

rearrangement has never been reported in other patients; however, it can be classified 

as “pathogenetic” since it causes a premature termination codon along CHEK2 mRNA. 

Among individuals with CNVs in BRCA1 gene, 17 were affected with breast 

cancer, one with ovarian cancer, one with prostate cancer, while the remaining 6 were 

healthy. The individual carrying four copies of BRCA1 gene was affected with breast 

cancer. The two individuals with a deletion in BRCA2 gene were affected with breast 

cancer. Among patients with CNVs in MMR genes, 3 were affected with colon cancer, 

one with endometrial cancer, one with breast cancer while three were healthy. Two 

patients carrying CNVs in PALB2 gene were affected with breast cancer while another 

was affected with colon cancer. Two individuals with CNVs in ATM gene were 

affected with breast cancer while another was healthy. The individuals with 

rearrangements in BARD1, CDH1, RAD51D and CHEK2 genes were affected with 

breast cancer while the patient with a deletion in BRIP1 gene was affected with ovarian 

cancer. 

Overall, 75% of CNV pathogenic variant carriers had developed a cancer, 

whereas 25% were asymptomatic when tested (Fig. 8). Overall, in 84% of the patients 

with CNVs the tumor type corresponded to the mutated gene accordingly to the 
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expected genotype-phenotype correlations. Of relevance, in six cases the obtained 

results were unexpected: BRCA1 gene was associated with prostate cancer, RAD51D 

gene with breast cancer, MSH2 gene with breast cancer, PALB2 gene with colon 

cancer, BARD1 gene with ovarian cancer and CHEK2 gene with colon cancer. All 

VUS carriers had developed a cancer. The average ages at diagnosis were 47 and 45 

for subjects with pathogenic CNVs and for subjects with VUS, respectively.  

 

 

Fig.8 Affected and non-affected subjects among carriers of pathogenic CNVs. 

 

6.2 Point mutations 

6.2.1 BRCA1/BRCA2 genes sequencing 

I retrospectively analyzed 2077 DNA samples sequenced at the Clinical 

Genomics Unit to search for point mutations following the request for BRCA1 and 

BRCA2 genetic test.  

One-hundred-nineteen individuals (5.7%) proved to carry a pathogenetic 

variant in BRCA1 and 120 (5.8%) had a pathogenic variant in BRCA2. Fifty-three 

patients (2.6%) carried a VUS in BRCA1 and 97 (4.7%) had a VUS in BRCA2            

(Fig. 9). 

 

Affected and non-affected

mutation carriers

Pathogenic CNV and disease
75%

Pathogenic CNV and no
disease 25%
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Fig.9 BRCA1/BRCA2 identified variants. 

Ninety-six percent of the individuals screened for BRCA1 gene and carrying a 

pathogenic mutation were affected with breast/ovarian cancer, accordingly to the 

expected genotype-phenotype correlations. Two percent of the individuals showed a 

tumor type “non corresponding” to the mutated gene: one individual was affected with 

melanoma and the other with squamous cell carcinoma. The remaining two percent of 

the sequenced individuals were carrying a BRCA1 pathogenic mutation but were 

healthy at the time of the genetic test. Among patients carrying a BRCA1 VUS one 

showed an unexpected association between apudoma (endocrine tumor) and gene 

mutation.   

Among individuals with a BRCA2 variant, one pathogenic mutation carrier 

was affected with melanoma while one individual with a VUS was affected with 

lymphoma. As expected, the remaining patients were affected with breast/ovarian 

cancer. Two percent of patients were healthy individuals at the time of the genetic test. 

6.2.2 MMR genes sequencing 

I analyzed 282 DNA samples sequenced at the Clinical Genomics Unit to 

search for point mutations following the request for MMR genetic test (MLH1, MSH2, 

EPCAM, MSH6, PMS2 genes). The 30 identified pathogenic variants were 6 in MLH1, 

12 in MSH2, 7 in MSH6, and 5 in PMS2, while the 27 identified VUS were 6 in MLH1, 

7 in MSH2, 8 in MSH6, 6 in PMS2 (Fig. 10). 

 

Variants in BRCA1/BRCA2

pathogenic variant in BRCA1
5.7%

VUS BRCA1 2.6%

pathogenic variant in BRCA2
5.8%

VUS in BRCA2 4.7%

no point variant in
BRCA1/BRCA2 81.2%
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Fig.10 MMR genes variants identified by DNA sequencing. 

All individuals screened for MMR genes and carrying a pathogenic variant 

were affected with a tumor of the Lynch syndrome tumor spectrum, including 

colorectal, intestinal, endometrial, and pancreatic cancer. Among individuals carrying 

MMR gene VUS, 6 were affected with breast cancer (2 with a mutation in MLH1, two 

in MSH2, two in MSH6). One individual with a VUS in MLH1 was affected with a 

CNS tumor. The remaining patients were affected with a tumor of the MMR tumor 

spectrum (colorectal, endometrial, and intestinal cancer). 

6.2.3 Multi gene panel testing 

I analyzed a series of genes that are known to be associated with rare hereditary 

cancer syndromes (LF, FAP, MAP, HDGC and familial melanoma) following the 

physician’ request for multi gene panel testing. Out of 779 individuals, 60 (7.7%) 

showed a pathogenic mutation in a cancer related gene (Fig. 11), 138 (17.7%) showed 

a VUS (Fig. 12) and 405 (74.6%) were wild-type and healthy when tested. 

   

Variants in MMR genes 
pathogenic variant in MLH1
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pathogenic variant in MSH2
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VUS in MSH2  2.5%
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2.5%
VUS in MSH6  2.8%

pathogenic variant in PMS2
1.8%
VUS in PMS2  2.1%

no point variant in MMR genes
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Fig.11 Pathogenic variants identified in different genes following multi gene panel      

sequencing. 

 

 

Fig.12 Variants of uncertain significance identified in different genes following multi gene 

panel sequencing. 

 

 

Genes showing pathogenic variants

MUTYH  26.2%

PALB2 18.0%

CDKN2A 11.5%

APC 11.5%

ATM 9.8%

CHEK2 8.2%

TP53 6.6%

CDH1 5%

BARD1 1.6%

RAD51C 1.6%

Genes showing VUS ATM 31.2%
PALB2 10.2%
CHEK2 9.4%
RAD50 8.7%
APC 5.8%
CDH1 5.8%
NBN 5.8%
MUTYH  3.6%
BRIP1 3.6%
TP53 2.2%
BARD1 2.2%
XRCC2 2.2%
MRE11 2.2%
RAD51D 2.2%
PIK3CA 1.4%
STK11 1.4%
CDK4 0.7%
PTEN 0.7%
RAD51C 0.7%
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Among patients with pathogenic variants, 10 carried 

a MUTYH monoallelic variant: three were affected with breast cancer, one with breast 

and colon cancer, one with prostate cancer, one with FAP, one with endometrial cancer 

and three were healthy. In addition, three patients affected with colon cancer carried 

two different MUTYH pathogenic variants, consistently with compound 

heterozygosity.  

 Eleven patients carried variants in PALB2 gene: 7 had breast cancer, one had 

ovarian cancer, one had breast cancer and endometrial cancer, one had breast and 

thyroid cancer and one was healthy.  

Seven patients showed CDKN2A gene variants: one was affected with breast 

cancer, 5 had melanoma, and one was healthy.  

Seven patients were APC variants carriers: two had FAP, two had colon 

cancer, one had rectum cancer and one had liver cancer.  

Four individuals were TP53 mutation carriers: one had a sarcoma, one had 

breast cancer, one had breast cancer and sarcoma, and one had breast and ovarian 

cancer.  

Out of 3 CDH1 mutation carriers, 2 were affected with breast and one with 

stomach cancer.  

Six patients showed ATM gene variants and were affected with breast cancer. 

Six patients had a CHEK2 pathogenic mutation: 5 were affected with breast cancer 

and one with endometrial cancer. 

  One subject had a BARD1 genetic lesion and breast cancer; another patient had 

a variant in RAD51C gene and was affected with breast cancer.  

Overall, in 90% of the analyzed patients the tumor type was corresponding to 

the mutated gene, accordingly to the expected genotype-phenotype correlations. Of 

relevance, in the remaining 10% of cases the gene-disease associations were 

unexpected: MUTYH with breast, prostate, and thyroid cancers; PALB2 with ovarian 

cancer; CDKN2A with breast cancer.  

6.2.4 Incidental findings 

In clinical exome and genome germline sequencing, incidental findings (ifs) 

are variants of potential medical relevance that are unrelated to the medical indication 

for which the genetic test was originally required. The American College of Medical 

Genetics (ACMG) adopted the terminology of ifs in its initial recommendations of 

2013 and defined them as “[…] results that are not related to the indication for ordering 

the sequencing but that may nonetheless be of medical value or utility […]” (Green et 

al., 2013). However, labeling findings as incidental in a context of genomic 

sequencing has been terminologically criticized as paradoxical, because discovering 

numerous variants is intrinsic to these techniques. 
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In CGS laboratory, in 1431 patients sequenced by Sophia Genetics Custom 

Panel, we discovered 42 subjects (3%) carrying pathogenic mutations and 188 subjects 

(13.1%) carrying VUS in cancer predisposition genes the analysis of which had not 

specifically requested by the clinician. Apart from one patient screened for BRCA1 

and BRCA2 genes, affected with breast cancer and carrying a VUS in BRCA2 gene and 

a pathogenic if in CDH1 gene, all the other individuals showing a pathogenic if were 

WT for the requested genes. In 17 subjects (40%) affected with breast cancer, we found 

pathogenic ifs in genes not related to the tumor type: 11 individuals carried a 

monoallelic pathogenic mutation in MUTYH gene, 3 in one of the MMR genes, 2 in 

RAD50 gene and one in MRE11 gene. In 18 breast cancer patients for whom the 

sequencing of BRCA1/BRCA2 only had been ordered, pathogenic ifs were identified 

in other cancer predisposition genes related to breast cancer: 6 in ATM, 4 in PALB2, 3 

in CHEK2, one in CDH1, one in PTEN, one in TP53, one in ABRAXAS, and one in 

RAD51C gene (Fig. 13) 

 

 

Fig.13 Pathogenic ifs identified in breast cancer patients tested for BRCA1 and BRCA2 genes.  

One individual affected with colon cancer and analyzed for MMR genes was 

found to carry a pathogenic if in CDKN2A gene, while another patient affected with 

colon cancer and analyzed for APC and MUTYH genes had a pathogenic if in PALB2 

gene. One subject affected with endometrial cancer, analyzed for BRCA1/BRCA2 and 

MMR genes, proved to carry a pathogenic variant in APC gene. One patient affected 

with melanoma and tested for CDKN2A gene was found to have a monoallelic 

pathogenic if in MUTYH. One healthy individual with strong family history of breast 

cancer and screened for BRCA1 and BRCA2 genes was found to have a pathogenic 

mutation in PMS2. One individual with colon cancer and loss of MSH6 expression in 

Pathogenic incidental findings MUTYH 31.4%

ATM 17.1%

PALB2 11.4%

MMR 8.5%

CHEK2 8.5%

RAD50 5.7%

CDH1 2.9%

TP53 2.9%

PTEN 2.9%

ABRAXAS 2.9%

RAD51D 2.9%

MRE11 2.9%
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tumor tissue had a pathogenic mutation in MSH2 gene.  

Overall, in 50% of cases in which pathogenic ifs were found we did not observe the 

expected association between tumor type and mutated gene. 

6.3 VUS reclassification 

Our laboratory reclassified some BRCA1/BRCA2 VUS identified in patients 

who underwent genetic testing in the past and issued amended reports to physicians 

who, in turn, disclosed the results to their patients. VUS were re-evaluated using: the 

American College of Medical Genetics (ACMG) updated guidelines for interpretation 

of genetic results; clinical information; publically available databases.  

Among 1841 samples sequenced by NGS for BRCA1/BRCA2 genes, we 

identified 115 cases with VUS, including 40 with a BRCA1 variant, 73 with a BRCA2 

variant, and 2 with variants in both genes (Fig. 12). 

 

     

Fig.12 VUS carriers in BRCA1/BRCA2 genes. 

Six BRCA1 variants, previously classified as “Class 3” (i.e. of uncertain 

significance), have been reviewed as follows: c.3082C>T (p.Arg1028Cys), 

c.3708T>G (p.Asn1236Lys), c.3344_3346delAAG (p.Glu1115del), and 

c.5074+6C>G mutations have been reclassified as benign (Class 1); 

c.43A>C mutation as likely benign (Class 2); c.5017_5019delCAC (p.His1673del) 

mutation as likely pathogenic (Class 4). 

Ten BRCA2 variants, previously classified as “Class 3” (i.e. of uncertain 

significance), have been reviewed as follows: c.7994A>G (p.Asp2665Gly), and 

c.6322C>T (p.Arg2108Cys) mutations have been reclassified as benign (Class 1); 

Individuals with VUS in

BRCA1/BRCA2

VUS in BRCA1 34.8%

VUS in BRCA2 63.5%

VUS in BRCA1 and BRCA2
1.7%
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c.9649-6dupT, c.9104A>C (p.Tyr3035Ser), c.1022G>T (p.Cys341Phe), c.1247T>G 

(p.Ile416Ser), and c.5508T>G (p.Asn1836Lys) mutations as likely benign (Class 2); 

c.8375T>C (p.Leu2792Pro) mutation as likely pathogenic (Class 4); c.632-3C>G, and 

c.7975A>G mutations as pathogenic (Class 5). 

Fig. 13 shows the reclassification of specific VUS identified in BRCA1 and BRCA2 

genes: 6 variants (37.5%) have been reviewed as benign, 6 (37.5%) as likely benign, 

2 (12.5%) as pathogenic and 2 (12.5%) as likely pathogenic. Overall, 13.4% (16/119) 

of the BRCA1/2 analyzed variants initially classified as VUS over a 4-year period were 

reclassified. Among these, 75% were reclassified as benign/likely benign and 25% as 

pathogenic/likely pathogenic. 

      

Fig.13 Reclassification of variants of uncertain significance. 

6.4 PMS2 gene and PMS2CL pseudogene 

Pseudogenes are complete or partial copies of genes, unable to code for 

functional polypeptides. These copies over time randomly accumulate mutations 

(insertions, deletions, and substitutions) that often cause disruptions of the original 

reading frame. Since pseudogenes are characterized by high sequence similarity with 

their corresponding genes, an ambivalent mapping in NGS data analysis cannot be 

avoided. Exons 11 through 15 of PMS2 gene have highly homologous counterparts in 

the pseudogene PMS2CL. The differences in the reference genome between the 

corresponding regions of the gene and the pseudogene are dubbed paralogous 

sequence variants (PSVs). Sometimes PSVs can be exchanged between the gene and 

the pseudogene locations (gene conversion). Because of this, special attention is 

needed when assigning reads, variants, and CNVs to the gene or to the pseudogene. 

In our survey, we identified 6 patients carrying a pathogenic mutation and 7 

patients showing a VUS in PMS2. Nine of these variants (2 pathogenic and 7 VUS) 

VUS reclassification

benign 37.5%

likely benign 37.5%

likely pathogenic 12.5%

pathogenic 12.5%
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were in exons from 11 to 14, requiring deeper analysis to verify that PMS2 rather than 

PMS2CL was affected. Of relevance, the presence of mutations in PMS2 can influence 

the type of cure strategy, surgery, or surveillance. The 2 patients with a pathogenic 

variant were affected with colon cancer. Among individuals carrying a VUS 2 were 

affected with colon cancer, 2 with breast cancer, one with endometrial cancer, one with 

rectum cancer and one was healthy. 

To investigate the critical variants, we developed a long-range PCR to amplify 

a sequence of about 10 kb by using primers targeting a specific region unique to PMS2 

(Fig. 14). 

 

Fig.14 Long-range PCR: amplified region from exon 10 to exon 15 of PMS2 

We sequenced the amplified fragment by Sanger method, obtaining the 

electropherogram corresponding to the region containing the variant we wanted to 

validate (Fig. 15). By this type of approach, we were able to validate one pathogenic 

variant (as explained in legends of Fig. 16 and Fig. 17) and 3 VUSs. The patient 

carrying the pathogenic variant in PMS2 was affected with colon cancer, showing the 

expected genotype-phenotype correlation. One individual with a VUS was affected by 

breast cancer, one with rectum cancer and another with colon cancer. 
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Fig.15 Sanger sequence of DNA from the patient carrying a pathogenic heterozygous 

frameshift mutation in exon 14 of PMS2 gene. Exon 14 has highly homologous counterparts in 

PMS2CL pseudogene. 

 

 

Fig.16 Exon 14 sequences: the first one belongs to the patient carrying a frameshift mutation 

in PMS2 gene; the second one is the sequence of PMS2CL pseudogene; the third one is the 

sequence of PMS2 gene. On the left, the red circle indicates that, in that genomic position, the 

patient shows an adenine as in the sequence of PMS2 gene; instead, PMS2CL shows a guanine 

in that same genomic position. The red circle on the right indicates the start point of the 

frameshift. 

 

 

Fig.17 Intron 12 sequences: the first one belongs to the patient carrying the frameshift mutation 

in PMS2 gene; the second one is the sequence of PMS2CL pseudogene; the third one is the 

sequence of PMS2 gene. The red circles indicate four genomic positions in which PMS2CL 

pseudogene differs in one base from PMS2 gene and the sequence of the individual under 

examination, indicating that the pathogenic mutation affects PMS2 gene. 
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6.5 CHEK2 gene and pseudogenes 

CHEK2 pseudogenes overlap with exons 10 through 14 and share 95-98% 

sequence homology with CHEK2 (Chromosome 22). These pseudogenes are located 

on chromosome 15 (CHEK2 p2), chromosome 2 (CHEK2 p3), chromosome 22 

(CHEK2 p4), chromosome 10 (CHEK2 p5). In our survey, we identified 3 patients 

with a pathogenic mutation and 3 patients with a VUS located in exons 11 and 12 of 

CHEK2 gene. These variants required a deeper analysis to verify if they affected 

CHEK2 gene or its pseudogenes. Of relevance, the presence of mutations in CHEK2 

can influence the type of cure strategy or surveillance. The 3 patients with a pathogenic 

variant were affected with breast cancer. Also, the individuals carrying a VUS were 

affected with breast cancer. 

We developed a long-range PCR to amplify a sequence of about 1600 kb by 

using primers specifically targeting a region unique to CHEK2 gene. We sequenced 

the amplified fragment by Sanger method, and we obtained an electropherogram 

corresponding to the region containing the variant we wanted to validate. By this type 

of approach, we were able to validate three pathogenic variants (see one example in 

Fig. 18) and three VUSs.  

 

 

 

Fig. 18  Sanger sequence of DNA from the patient carrying a pathogenic heterozygous 

missense mutation in exon 11 of CHEK2 gene. Exon 11 has highly homologous counterparts 

in CHEK2 pseudogenes 
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Fig.19 CHEK2 exon 11 sequences: the first one is the sequence of CHEK2p2 pseudogene; the 

second is the sequence of CHEK2 gene; the third is the sequence belonging to the patient 

carrying a heterozygous missense mutation in CHEK2 gene. The red circles indicate that, in 

those genomic positions, the patient shows the same bases of CHEK2 gene; instead, in the same 

genomic positions, CHEK2p2 pseudogene has different bases. The green circle indicates the 

heterozygous variant located on the sequence of the patient.  
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6.6 Gross duplication in CHEK2 gene 

A patient affected by breast cancer (expected to carry a BRCA1 or a BRCA2 

mutation) proved to carry a gross duplication of exon 2 in CHEK2 gene (Fig. 20). This 

rearrangement was not reported in the literature and was of unknown significance. 

 

 

Fig.20 MLPA assay performed by a kit containing probes for CHEK2 exons. The probe in blue 

corresponds to exon 2 that is duplicated in this subject. The peak corresponds to the c.1100delC 

mutation detected by a CHEK2 specific probe; this mutation is absent in the subject here 

analyzed.  

We perform a PCR on patient’s DNA and on a DNA control sample by using 

a couple of primers specific to CHEK2 exon 2, spaced each other by 15pb only. In the 

control subject we did not observe any amplification product, while in the patient DNA 

we observed a 1.5 kb DNA fragment (Fig. 21). Indeed, the mutated allele (containing 

the duplication) gave rise to a fragment, while the WT allele could not be amplified 

with primers so close each other.  
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Fig.21 CHEK2 PCR performed on mutated and WT DNA samples. A 1.5 kb fragment (red 

arrow) was only generated in the DNA sample of patient carrying a exon 2 duplication. 

The presence of the 1.5 kb fragment indicated that the duplication of CHEK2 

exon 2 was in tandem, whereby another copy of exon 2 was inserted serially to the 

original segment (Fig. 22). We sequenced the fragment by Sanger method and 

compared the obtained sequence with that of CHEK2 intron 1 and 2 by Clustal Omega 

bioinformatic tool. We observed the presence of CHEK2 intron 2 (after exon 2), then 

a 24pb omology region between intron 2 and intron 1, and again the sequence of intron 

(Fig. 23, Fig. 24).   

 

Fig.22 The mutant allele carrying two copies of CHEK2 exon 2 in tandem 
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Fig.23 Sanger sequencing of 1.5kb DNA fragment of the patient carrying  

a CNV in CHEK2 gene. 

 

 

Fig.24 Clustal Omega alignment among CHEK2 intron 2, intron 1 and the patient 1.5 kb 

fragment sequences. The red outline indicates the presence of intron 2 after exon 2 in the 

patient DNA, then a 24pb omology region (violet outline) between intron 2 and intron 1, and 

again the sequence of intron 1 (green outline). 

 

Using Expasy Translate bioinformatic tool, we translated the DNA sequence 

of the patient into the protein sequence. We found a premature stop codon (TGA), 

absent in WT CHEK2 exon 2, generating a non-functional truncated protein (Fig. 25). 

Accordingly, we could classify the duplication of exon 2 as pathogenic. 
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Fig.25 Protein sequence of the duplicated CHEK2 exon 2 (on the left) compared to the WT 

sequence of CHEK2 exon 2 (on the right) 

 

6.7 The “PERSONA PROJECT”: analysis of triple negative breast cancers 

The prevalence of BRCA1 and BRCA2 mutations in breast cancer population 

is 15% and 8%, respectively. Various studies demonstrated that 15%-20% of women 

with “triple-negative” breast cancer (TNBC) carry BRCA1 or BRCA2 germline 

mutations, and that 70% of breast cancers that develop in BRCA1 mutation carriers are 

“triple-negative” (TNBCs) (Stevens et al., 2013). TNBCs are negative for the 

expression of ER (estrogen receptors) / PgR (progesterone receptor) / HER2 (human 

epidermal growth factor receptor 2) proteins and differ from other types of invasive 

breast cancer in that they grow and spread faster, have limited treatment options (they 

do not benefit from endocrine or anti-HER2 therapy) and a worse prognosis (Lips et 

al., 2015). BRCA1/2 mutation prevalence is significantly higher in TNBC patients of 

younger age. Accordingly, patients of young age with TNBCs are predicted to carry 

pathogenic variants; as such, several guidelines point to these patients as targets for 

screening tests (the National Comprehensive Cancer Network guidelines recommend 

genetic testing of all TNBC patients aged ≤60 years, regardless of family history).  

The vast majority of breast cancer genetic screening focuses on BRCA1-2 

alterations, due to their high prevalence. However, BRCA1 and BRCA2 account for 

approximately one third of germline mutations in breast cancer, with contributions of 

other genes (Easton et al., 2015). Among these, there are genes of the Fanconi anemia 

pathway (e.g. RAD51D, NBN, ATM) that, as BRCA1/2, are involved in homologous 

recombination (HR) mediated DNA repair (Domagala et al., 2015). Inherited and 

acquired defects in HR DNA repair (the so-called "BRCAness" phenotype) represent 

a very important biomarker for therapy response since HR-deficiency confers 

sensitivity to DNA damaging therapy.   

 At the Clinical Genomics Unit, we are interested in evaluating the prevalence 

of mutations in breast cancer risk-associated genes and the feasibility of genetic testing 

for clinical decision making in TNBC cases; more specifically, we are interested in 
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assessing the prognostic and therapeutic predictive role of HR defects vs. the other 

genetic alterations. Accordingly, I searched for pathogenic germline variants and 

VUSs in patients selected on the basis of the following criteria: age between 18 and 

60 years, histologically confirmed TNBC (ER < 5%, PgR < 5%, HER2 negative), I-

III tumor stage, suitable to undergo surgery. To address the primary aim of the study 

(i.e. to evaluate the frequency of pathogenic variants in breast cancer risk-associated 

genes in TNBC cases) with sufficiently precise estimate, and considering as the 

measure of precision the 95% confidence interval of the estimated proportion, a sample 

size of 318 patients with informative tests is needed. The sample size calculation is 

based on the hypothesis that the true prevalence of mutations is approximately 20%.  

Therefore, I sequenced and analyzed 318 samples by using the Trusight Sequencing 

Cancer Panel (94 cancer-related genes and 286 SNPs). Specifically, I searched for 

variants in 14 actionable genes related to health conditions with known medical cure 

and/or risk cancer prevention recommendations. These genes were: BRCA1, BRCA2, 

APC, MUTYH, MLH1, MSH2, MSH6, EPCAM, PMS2, CDH1, CDKN2A, CDK4, 

TP53, PTEN. I also annotated pathogenic variants and VUSs identified in the other 

genes of the panel. Two-hundred-twenty individuals (69.2%) proved to be WT in the 

14 actionable genes, did not carry any pathogenic variant but had VUS in other genes 

of the panel. Only 8 individuals (2.5%) were WT in all genes of the panel. Ninety-

hundred patients (28.3%) had pathogenic variants in one or more genes of the panel. 

Sixty-four patients (20.1%) showed pathogenic variants affecting one of the 14 

actionable genes, 11 (3.5%) had a pathogenic variant and a VUS affecting one or more 

of the 14 genes, and 45 (14.2%) had at least one VUS affecting one or more of the 14 

genes (Fig. 26, Fig. 27). 

 

 

Fig. 26. Germline variants in the 14 actionable genes tested on TNBC patients. 

 

Variants in 14 actionable genes

WT 62.2%

pathogenic variant 20.1%

pathogenic variant and
VUS 3.5%

VUS 14.2%
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Fig. 27 Genes affected by pathogenic variants: BRCA1 was the gene affected by the highest 

number of pathogenic variants, followed by BRCA2, RAD51C, MUTYH, SBDS, PALB2, MSH2, 

and WRN. Forty-three individuals (42.6%) had a pathogenic mutation in BRCA1 and 10 

individuals (9.9%) in BRCA2. 

As shown in Fig. 27, pathogenic variants were present not only in breast cancer 

related genes (BRCA1, BRCA2, PALB2, ERCC3, FANCM, FANCA, FH, AIP). The 

panel allowed detection of pathogenic variants also in genes linked to other cancer 

types: six individuals (6%) showed a pathogenic variant in RAD51C, associated with 

ovarian cancer; 6 patients (6%) had a monoallelic pathogenic mutation in MUTYH, 

associated with MAP; 4 individuals (4%) had pathogenic mutations in MMR genes 

linked to Lynch Syndrome; 4 (4%) individuals showed a pathogenic variant in SBDS 

gene linked to Shwachman-Bodian-Diamond syndrome, 2 individuals (3%) carried a 

mutation in WRN, linked to colorectal cancer. The remaining patients showed 

pathogenic variants in hemangioblastomas, osteosarcomas, hematological and renal 

cancer predisposition genes. Among pathogenic mutations identified, 38% affected 

genes not linked to breast cancer. 

Among variants in HBOC predisposition genes, c.5266dupC represented the 

11.6% of all BRCA1 pathogenic lesions; c.1088delA and the c.798_799delTT 

represented the 9.3% and the 7% of all BRCA1 pathogenic variants, respectively. The 

c.5266dupC variant entered the Ashkenazi Jewish population through affecting the 

Polish population about 400 years ago and it is now the most prevalent BRCA1 breast 

cancer related mutation in European countries (Karami et al., 2013). The c.1088delA 

is a common Italian variant linked to breast cancer predisposition (Figlioli et al. 2021), 

while the c.798_799delTT mutation has been reported in Moroccan, Algerian and 

Tunisian breast cancer families as one of the founder mutations in Northern Africa 

(Zoure et al. 2018). 

 

I also analyzed the TNBC survey for two disease-associated SNPs (daSNPs): 

rs721048 and rs2046210. The first daSNP is an intronic variant (c.1290+30064G>A) 
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in EHBP1 gene: the risk allele (A) is associated with prostate cancer (Ao et al., 2015). 

Up to 35% of patients of “Persona project” affected with TNBC proved to carry this 

risk variant. The second daSNP (G>A) is in proximity to the C6orf97 and estrogen 

receptor 1-ESR1 genes. The risk allele (A) is recurring in breast cancer patients with 

anti-estrogen therapy resistance and poor prognosis. As reported by literature data (Jin 

et al. 2019), this polymorphism may serve as a potential genetic biomarker of BC in 

both Asians and Caucasians. Of relevance, 52% percent of the individuals of “Persona 

project” proved to carry this disease-associated variant. 

 

  

https://sciprofiles.com/profile/895470
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7. Discussion 

 

Hereditary cancer syndromes are characterized by Mendelian patterns of 

inheritance and caused by pathogenic germline variants that are transmitted in 

families. These syndromes are clinically suspected when there are multiple individuals 

within a family with the same cancer type or related cancers, and/or when cancer is 

developed at an early age, and/or when there are multiple primary cancers in one 

individual (Nagy et al., 2004). The identification of a germline pathogenic variant can 

confirm the genetic predisposition, leading to personalized risk assessment, clinical 

management and decision-making (e.g. cancer treatment, high-risk surveillance, 

surgery), and can enable cascade testing to identify at-risk family members. For some 

cancer syndromes (e.g. HBOC and Lynch syndromes), heightened surveillance or 

preventive strategies (prophylactic surgery) can enable early detection, and reduce 

morbidity and mortality (Li et al., 2016).  

In this frame, I retrospectively analyzed 2641 human DNA samples to identify 

germline pathogenic variants in cancer predisposition genes including small sequence 

changes and gross genomic rearrangements.  

Until recently, the role of structural mutations in cancer syndromes has not 

adequately considered, probably because genomic deletions or duplications are not 

readily detected by PCR-based sequencing. New multiplex PCR methods, especially 

multiplex ligation-dependent probe amplification (MLPA), have allowed targeted 

copy number assessment of single genes or exons (Schouten et al., 2002).  This has 

recently led to an upsurge in discoveries of patients and families with rare pathogenic 

CNVs that strongly predispose to cancer. Indeed, 4-28% of inherited BRCA mutations 

have been estimated to be due to large genomic rearrangements, which are missed by 

using sequencing alone (Kwong et al., 2015).  

Aim of this work was to evaluate the pick-up rate of extended deletions and 

duplications in our cohort. Among individuals with genetic alterations, we identified 

47 subjects carrying a CNV. These individuals represented the 7% of all sequenced 

cases, a value which is in line with literature data. BRCA1 was the gene showing the 

highest number of CNVs (26/47 cases), while a series of other genes, including 

BRCA2, were more rarely involved. The difference in CNVs between BRCA1 (55%) 

and BRCA2 (4.3%) can be explained by the higher number of short interspersed 

nuclear elements (SINE), specifically Alu repeated sequences, along BRCA1; indeed, 

these elements are known to promote genomic rearrangements (Wang et al., 2019; 

Smith et al., 1996). Similarly, the other genes (ATM, BRIP1, MMR genes) where we 

found rare CNVs are characterized by a limited number of Alu elements. All gross 

deletions identified in our patients were classified as “Class 5 - pathogenic variants” 

since leading to nonfunctional or truncated/unstable protein products. On the contrary, 

most gross duplications we identified were classified as VUS. In principle, additional 

copies of genes could provide redundancy, allowing some copies to evolve 

new/modified functions or expression patterns, while other copies maintain the 
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original function. Regarding duplications, microarray technology could be useful to 

investigate and evaluate the mRNA expression profile in samples carrying more copies 

of genes, including BRCA1 and RAD51D, the effect of which is still unknown. In some 

of our cases (duplications of: BRCA1 exon 13; PALB2 exons 11 and 13; CHEK2 exon 

2), the variants we found were classified as pathogenic as they were tandem 

duplications in which two consecutive copies of one or more exons were present in the 

genome. In these cases, the additional copy created a premature stop codon along the 

mRNA sequence thus generating a nonfunctional protein. Seventy-five percent of 

pathogenic CNVs carriers with a strong family history of cancer had developed a 

cancer, whereas 25% were asymptomatic when tested. This fraction of healthy 

individuals was represented by subjects with pathogenic mutations in high penetrance 

(BRCA1 and MMR genes) or in moderate penetrance (ATM) genes. For germline 

pathogenic mutations in BRCA1 there is an estimated likelihood of 55% to 72% for 

developing breast cancer in the lifetime (Petrucelli et al., 2022), while for ATM the 

breast cancer risk is likely greater than 25% (Jerzak et al.,2018). For MMR genes the 

estimated cumulative risk of colorectal cancer is up to 41% (Bonadona et al., 2011). 

Therefore, the mutated healthy individuals of our cohort have a higher cancer risk 

compared to the general population and they probably will develop a tumor in their 

lifetime. Regarding CNV carriers, the average ages at diagnosis were 47 and 45 for 

subjects with pathogenic CNVs and for subjects with VUS, respectively. In 84% of 

the patients with pathogenic CNVs the tumor type corresponded to the mutated gene 

accordingly to the expected genotype-phenotype correlations. In the remaining 

subjects with pathogenic variants, we observed the following associations: BRCA1 and 

prostate cancer, MSH2 and breast cancer, PALB2 and colon cancer, CHEK2 and colon 

cancer. Regarding BRCA and prostate cancer, a recent study reported that the 

frequency of BRCA2 mutations is higher than that of BRCA1 among patients with 

prostate cancer and that BRCA2 (but not BRCA1) mutations are associated with higher 

prostate cancer mortality (Oh et al., 2019). Some specific mutations in CHEK2 gene 

seem to be related to colorectal cancer but more studies are needed to confirm this 

hypothesis (Cybulski et al., 2007; Liu et al., 2012; Xiang et al 2011). The prognostic 

significance of pathogenic mutations of PALB2 in colorectal cancer remains unclear 

(Pan et al., 2020).  An increased risk of breast cancer in MSH2 mutation carriers 

emerged from the analysis of a Canadian familial cancer registry (Goldberg et al., 

2017). At any rate, even if these new associations between cancer type and mutated 

gene are not reported in the NCCN Clinical Practice Guidelines in Oncology, our 

patients should follow intensive cancer surveillance programs that are specific for the 

mutated gene.   

A far as small sequence changes are concerned, I retrospectively analyzed 

2077 DNA samples to search for point mutations, following the request for BRCA1 

and BRCA2 genetic test. One-hundred-nineteen individuals (5.7%) proved to carry a 

pathogenetic variant in BRCA1 and 120 (5.8%) had a pathogenic variant in BRCA2. 

Fifty-three (2.6%) patients carried a VUS in BRCA1 and 97 (4.7%) had a VUS in 

BRCA2. These results are consistent with previous reports (Ayed-Guerfali et al., 2021; 

Caglayan et al., 2019). More than one thousand six hundred (81.2%) cases of our 

cohort were represented by individuals in which no point mutations in BRCA1 or 

BRCA2 genes were identified. These individuals were strictly selected for their strong 

https://translational-medicine.biomedcentral.com/articles/10.1186/s12967-021-02772-y#auth-Dorra-Ben_Ayed_Guerfali
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family history of cancer and most of them (96%) were affected with breast/ovarian 

cancer. We can explain this finding by assuming that these patients have pathogenic 

mutations in cancer predisposition genes other than BRCA1/BRCA2; accordingly, 

these subjects should be tested by adequate exome sequencing. Alternatively, these 

patients may be carriers of pathogenic mutations in still unknown predisposition genes 

or in deep intronic regions of known predisposition genes. Deleterious DNA variants 

located more than 100 base pairs away from exon-intron junctions could lead to 

pseudo-exon inclusion due to activation of non-canonical splice sites or changes in 

splicing regulatory elements; moreover, deep intronic mutations could disrupt 

transcription regulatory motifs and non-coding RNA genes (Vaz-Drago et al., 2017). 

Finally, the above patients may be carriers of genes silenced by epigenetic 

mechanisms, such as promoter methylation. Epimutations (i.e. the abnormal 

transcription repression of active genes or the abnormal activation of usually repressed 

genes) are common events arising in somatic cells and have been directly associated 

with carcinogenic process. Less frequently, epimutations can arise in the germline and 

rare constitutive epimutations (MLH1 silencing by promoter methylation) have been 

associated with Lynch syndrome (Gazzoli et al., 2002; Hitchins et al., 2007; Pineda et 

al., 2012; Zyla et al., 2021). Of relevance, NGS-based approaches are inadequate to 

detect the methylation status of promoter regions in DNA samples, while sodium-

bisulfite-dependent, quantitative, fluorescence-based real-time PCR methods can be 

used to assess DNA methylation status.  

As far as genotype-phenotype correlations are concerned, 2% of individuals 

carrying a pathogenic mutation in BRCA1 showed a tumor type “non corresponding” 

to the mutated gene: one individual was affected with melanoma and the other with 

squamous cell carcinoma. Familial melanoma is commonly associated with variants 

in CDKN2A/CDK4 genes and the association between melanoma and BRCA1 gene is 

still controversial (Adams et al., 2020). On the other hand, NCCN guidelines do not 

mention any association between BRCA1 and squamous cell carcinoma. Therefore, the 

causative role of BRCA1 remains unclear and these two cases may be “phenocopies” 

due to “sporadic” tumors. Among subjects carrying pathogenic mutations in BRCA2 

gene we identified one patient affected with melanoma. Again, the involvement of 

BRCA2 in melanoma predisposition is matter of debate (Adams et al., 2020). Overall, 

only a constantly reexamination of gene‐disease associations will contribute to 

understand the causative role of new germline mutations and to better counsel patients 

about their care.    

I also evaluated the status of MMR genes in 282 patients: 80% of these subjects 

(affected with a tumor of the Lynch syndrome spectrum) did not carry any point 

mutation even if they were selected according to strict criteria of family history of 

cancer. These subjects are now eligible for clinical exome sequencing to search for 

new pathogenic mutations and for methylation profiling to search for MMR genes 

constitutive epimutations. All the individuals screened for MMR genes and carrying a 

pathogenic mutation were affected with a tumor of the known Lynch syndrome tumor 

spectrum, including colorectal, intestinal, endometrial, and pancreatic cancer. Among 

individuals carrying VUS in MMR genes, 6 were affected with breast cancer (2 with a 

variant in MLH1, 2 in MSH2, and 2 in MSH6). Interestingly, a recent study on the 
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association between MMR mutation type and breast cancer evaluated women with 

MMR mutations for their lifetime risk of breast cancer and determined their eligibility 

for breast-specific genetic testing. The authors’ conclusion was that “many Lynch 

syndrome patients qualify for breast-specific genetic testing, and 7.5% of patients 

without breast cancer in this study qualified for enhanced surveillance for breast 

cancer” (Sheehan et al., 2020).  

NGS technology is now commonly used for multigene panel germline testing. 

This methodology can sequence multiple genes simultaneously, resulting in dramatic 

reductions in the time and cost of genetic testing compared to traditional di-deoxy-

capillary based sequencing or Sanger sequencing. Multigene panel testing is more 

efficient than single-gene testing when more than one gene may explain a patient's 

clinical manifestations or family history. In our lab, I sequenced 779 individuals 

following the request for multi gene panel testing. Out of 779 individuals, 60 (7.7%) 

showed a pathogenic mutation in a cancer related gene, and 138 (17.7%) showed a 

VUS. The analysis allowed us to identify new associations between the disease 

affecting the patient and the mutated gene. In 90% of the analyzed patients the tumor 

type was corresponding to the mutated gene, accordingly to the expected genotype-

phenotype correlations. Of relevance, in the remaining 10% of cases the gene-disease 

associations were unexpected: MUTYH (monoallelic) with breast and prostate, and 

thyroid cancers; PALB2 with ovarian cancer; CDKN2A with breast cancer. 

Monoallelic MUTYH mutations, inherited from only one parent, occur in 1-2% of the 

Caucasian population and are associated with a moderately increased risk of CRC 

(Win et al., 2016). Carriers of monoallelic mutation have on average an approximately 

2.5-fold increased risk of CRC compared with the general population (Win et al., 

2016). It is estimated that there are an elevated risk of liver and gastric cancers and a 

slightly increased risk of breast cancer for carriers with monoallelic MUTYH mutation 

(Zhu et al., 2011; Rennert et al., 2012). The associations between MUTYH and breast 

cancer, MUTYH and prostate cancer, MUTYH and thyroid cancer identified in our 

samples are not reported in NCCN Clinical Practice Guidelines in Oncology. NCCN 

guidelines report that PALB2 pathogenic mutation carriers have a very low risk of 

developing ovarian cancer (3-5%) and there is no evidence for CDKN2A pathogenic 

mutation carriers to develop a breast cancer.  

As already mentioned, the use of a multi gene panel allowed us to also identify 

many variants in cancer predisposing genes classified as VUS. As such, they cannot 

be used for clinical purposes either to identify individuals at risk or to drive treatment. 

VUS represent a particularly challenging topic in molecular diagnostics for hereditary 

cancers: they are variants for which evidence of pathogenicity is limited or 

contradictory, precluding a benign/likely-benign or pathogenic/likely-pathogenic 

classification. As gene panel size increases and exome/genome sequencing are 

increasingly used in molecular diagnostics, more VUS carriers will be identified. The 

yield of VUS partially depends on the panel size, and up to 40% of patients undergoing 

multigene panel testing for hereditary cancers have been found to have VUS (LaDuca 

et al., 2020). Variant classifications may change over time as evidence accumulates 

and laboratories reported that 3%-18% of variants have been reclassified over time 

(Turner et al., 2018). It has been observed that most reclassified variants are 
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downgraded to a more benign classification (Macklin et al., 2018); in particular, most 

reclassified VUS are downgraded to likely-benign or benign (Mersch et al., 2018; So 

et al., 2019). Strategies to generate evidence to reclassify VUS include family 

segregation studies (Tsai et al., 2019), functional studies to assess the biological impact 

of variants (Glazer et al., 2019) and data sharing (Lebo et al., 2018). Of relevance, 

variant reclassifications can affect patients' medical care (Chiang et al., 2021). 

Therefore, it is important that diagnostic laboratories periodically reassess variants to 

ensure patients receive up-to-date variant classifications to guide medical 

management. In our lab, 13.4% of BRCA1 and BRCA2 variants initially classified as 

VUS, were reclassified over a 4-year period. Among these, 75% were reclassified as 

benign/likely-benign and 25% as pathogenic/likely-pathogenic.  

 The use of multi gene panels sequencing can unexpectedly produce the so-

called incidental findings (ifs), detecting the presence of pathogenic variants or VUS 

not consistent with the family history of patients or the presence of variants in cancer 

predisposition genes linked to the patient’s disease but not requested by the clinician. 

In other words, the identified variants are outside of the original purpose for which the 

genetic test or procedure was conducted. The current debate among geneticists and 

clinicians focuses on the issue to disclose or not ifs to patients and if so, which if should 

be disclosed (“actionable mutations”, variants of unknown significance or both). 

Regarding this debate, our lab decided to communicate to the clinicians the presence 

of pathogenic ifs and to reanalyze ifs of unknown significance over time: indeed, we 

considered ifs as a positive opportunity for adding information to improve the patient’s 

care and health.  

Out of 1431 patients sequenced by Sophia Genetics Custom Panel following 

the request of the clinician, I found 42 subjects (3%) carrying pathogenic mutations 

and 188 (13.1%) carrying VUS in cancer predisposition genes the analysis of which 

had not been requested. In 50% of cases in which pathogenic ifs were discovered there 

was no association between tumor type and mutated gene. In this scenario, it is very 

important for the patients to be informed about ifs identified since additional specific 

prevention screening procedures can be addressed to the patients to properly manage 

their condition. For example, the patient we found to carry a gross duplication of exon 

2 in CHEK2 was affected with breast cancer and was tested following the request for 

BRCA1/BRCA2 gene sequencing. The patient proved to carry wt sequences of both 

BRCA1 and BRCA2 genes, while the duplication of CHEK2 exon 2 was an if. This 

rearrangement was not reported in the literature and was initially classified as VUS 

from our lab. Following deep molecular analysis, we could demonstrate that this CNV 

was a tandem duplication creating a premature stop codon along the DNA sequence. 

Since the truncating mutation produced a nonfunctional protein, we could classify the 

duplication as pathogenic. Accordingly, we informed the clinician about the 

reclassification of the variant and the patient was addressed to a preventive screening  

program for colon cancer. The relatives of the patient as well will benefit from the 

information: they will undergo genetic testing aimed at searching for the CNV variant 

and, if carriers, they will follow a specific preventive program. Another patient 

affected with colon cancer and screened for MMR genes was found to carry a 

pathogenic if in CDKN2A gene: this patient, once informed, will be offered to follow 
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a preventive program for melanoma. Similarly, another subject affected with colon 

cancer and screened for APC and MUTYH genes, was found to carry a pathogenic if 

in PALB2 gene: this patient, once informed, will be offered to follow a preventive 

program for breast cancer. 

 An important challenge to consider is the discordant interpretation of variants’ 

significance across laboratories. Laboratories may differ in how they apply 

interpretation criteria, may have analyzed a variant at different points in time (e.g. 

before and after release of population data), or may have access to nonpublic evidence 

about a specific variant. Specifically, differences in the application of the International 

Agency for Research on Cancer (IARC) recommendations, the American College of 

Medical Genetics and Genomics (ACMG) and the Association for Molecular 

Pathology (AMP) criteria, such as different definitions of mutation hotspots, or 

differences in the application of classification criteria related to variant frequency in 

control populations, are common sources of discordance (Amendola et al., 2020). 

Laboratories may also differ in their application of gene-specific variant interpretation 

criteria, which can lead to discordant interpretations (Amendola et al., 2020). 

Discordant variant interpretations can be particularly problematic if members of the 

same family are tested in different laboratories and receive different classifications for 

the same mutation. To improve consistency in variant interpretation, data sharing 

among laboratories and through public databases such as ClinVar (Landrum et al., 

2018) is essential. In our lab, all identified variants are classified according to 

ENIGMA consortium (for BRCA1 and BRCA2 genes), ClinVar public archive, 

Varsome, InSIGHT variants and LOVD databases, and discussed in lab meetings.  

Another important issue is the choice of the most appropriate molecular test 

and the understanding of the limits of technology and methods applied. While NGS is 

highly effective for detecting single nucleotide variations (SNVs) such as base 

substitutions and small insertions and deletions, it is inappropriate to detect some types 

of genomic variations, such as large chromosomal alterations (Piccinin et al., 2019). 

As already mentioned, alternative technologies are needed in particular cases. MLPA 

is used to characterize copy number variations; translocations and inversions are 

almost undetectable by using NGS and may require karyotyping or microarray to be 

identified (Piccinin et al., 2019). It can be particularly difficult to characterize some 

large duplications. In a large-scale study of chromosome duplications, Newman and 

collaborators (2015) found that most duplications (83%) are in tandem and in direct 

orientation relative to the original locus. Unfortunately, both NGS and MLPA appear 

inadequate to determine the precise structure and orientation of duplicated regions.  

By NGS technology, bioinformatic read-based alignment issues can hamper 

the ability to align reads to the correct DNA reference sequence. This is the case of 

pseudogenes with regions of gene homology, repeat regions, and, in some cases, 

regions with GC-rich sequences. Misalignment of sequencing reads to a pseudogene 

can lead to false negative or positive variant calls if not confirmed with an orthologous 

methodology (Hegde et al., 2014) and validation of these variants by Sanger 

sequencing is also challenging. Alternative molecular testing strategies (e.g. analysis 

of long-range PCR products) are needed to resolve false positive calls. For example, 
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PMS2 gene (implicated in Lynch syndrome) has regions (exons 11–15) (Li et al., 

2015) with over 98% homology with PMS2CL pseudogene, and variants in the 

pseudogene are frequently identified. In our lab, confirmation testing using a 17 Kb 

long range PCR combined with Sanger sequencing allowed us to validate one 

pathogenic variant and three VUSs in PMS2 gene. At the same time, it allowed us to 

confirm that one pathogenic variant and four VUSs were located in PMS2CL 

pseudogene. Another cancer-associated gene for which there are highly homologous 

regions is CHEK2 gene. CHEK2 pseudogenes overlap with exons 10 through 14 and 

share 95-98% sequence homology with CHEK2 gene (Chromosome 22). These 

pseudogenes are located on chromosome 15 (CHEK2 p2), chromosome 2 (CHEK2 

p3), chromosome 22 (CHEK2 p4), and chromosome 10 (CHEK2 p5). We developed a 

long-range PCR to amplify a sequence of about 1600 kb by using primers targeting a 

specific region unique of CHEK2 and we were able to confirm that three pathogenic 

variants and three VUSs were in the gene.  

For some genes, there are clinical practice guidelines to guide management of 

individuals with pathogenic variants, and evidence to support the clinical effectiveness 

of treatment or preventive interventions. New guidance is published or updated over 

time as evidence accrues. A diagnosis of a hereditary cancer syndrome can influence 

how cancer is treated (e.g. through targeted therapies such as PARP inhibitors) or 

prevented (e.g. through earlier or more intensive surveillance, risk-reducing surgeries, 

and chemoprevention). Numerous clinical management resources exist for 

BRCA1/BRCA2-associated breast and ovarian cancers (NCCN, 2021). NCCN 

guidelines also cover management of moderate penetrance breast cancer genes (e.g 

CHEK2, ATM), as well as other syndromes associated with breast cancer such as 

Cowden syndrome/PTEN Hamartoma syndrome (NCCN, 2021). A recent statement 

from the ACMG addresses the management of PALB2 heterozygous subjects 

(Tischkowitz et al., 2021). Clinical practice guidelines and recommendations exist for 

the management of Lynch syndrome (Mishima et al., 2020; Holter et al., 2022), as 

well as polyposis syndromes (Colas et al., 2020). However, for many rare hereditary 

cancer syndromes or genes, evidence-based guidelines for patient management and 

surveillance are not available (Hall et al., 2014). Germline testing may identify a 

genetic lesion for which clinical management is uncertain or for which interventions 

for prevention or early detection are not available. Indeed, in our screenings I identified 

pathogenic mutations in ATM (6/61 - 9.8%), BARD1 (1/61 - 1.6%) and RAD51C (1/61 

- 1.6%) genes for which clinical treatments are not defined. 

The identification of pathogenic variants in moderate penetrance genes may 

raise doubts about patient management, due to lack of evidence on the effectiveness 

of surveillance or preventive interventions. In some cases, the lifetime cancer risk may 

not meet local thresholds for eligibility for high-risk surveillance. For example, 

heterozygous truncating variants in ATM are associated with a 20% lifetime risk of 

breast cancer, a value which may not meet cutoffs for high-risk breast cancer screening 

in some countries (Zhang et al., 2011). Over time, as new evidence emerges on 

penetrance, disease natural history, and effectiveness of preventive and therapeutic 

interventions, recommendations for the management of hereditary cancers will 

continue to evolve.  
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Regarding management and treatment, a particular attention deserves the 

project we called “Persona Project”. For patients with triple negative breast cancer 

(TNBC), the implementation of genetic testing in decision making might impact both 

risk management for the patient and her family, and therapeutic management. The 

identification of genetically predisposed subjects dictates risk-reducing strategies that 

may imply bilateral salpingo-oophorectomy and mastectomy or long-term medical 

approaches. Of relevance, the selection of patients for testing has long relied on the 

presence of a strong family history of breast and ovarian cancer. On the contrary, aims 

of our “Persona Project” were to evaluate the presence of germline variants in TNBC 

patients regardless of family history and to assess the prognostic and therapeutic 

predictive role of homologous recombination (HR) defects vs. other genetic 

alterations. In this frame, I sequenced and analyzed 318 samples by using the Trusight 

Sequencing Cancer Panel (94 cancer-related genes and 286 SNPs). Specifically, I 

searched for variants in 14 actionable genes related to health conditions with known 

medical cure and/or risk cancer prevention recommendations (BRCA1, BRCA2, APC, 

MUTYH, MLH1, MSH2, MSH6, EPCAM, PMS2, CDH1, CDKN2A, CDK4, TP53, 

PTEN). At the same time, I also annotated the variants identified in all the other genes 

of the panel. As already discussed, the use of a multigene panel can detect many VUS 

and variants in unexpected cancer predisposition genes (Eliade et al., 2017).  

Indeed, only 8 individuals (2.5%) of our cohort were wild type for all genes of 

the panel while 90 patients (28.3%) were carriers of pathogenic variants in one or more 

genes of the panel. Out of 318 individuals, 43 (13.5%) had a pathogenic mutation in 

BRCA1 and 10 (3%) in BRCA2. These results are consistent with various studies 

reporting that 15%-20% of women with TNBC carry BRCA1 or BRCA2 germline 

mutations, and that 70% of breast cancers that develop in BRCA1 mutation carriers are 

“triple-negative” (TNBCs) (Stevens et al., 2013). Among individuals carrying 

pathogenic mutations in hereditary breast/ovarian cancer (HBOC) predisposition 

genes, the c.5266dupC variant represented the 11.6% of all BRCA1 pathogenic lesions; 

the c.1088delA and the c.798_799delTT variants represented the 9.3% and the 7% of 

all BRCA1 pathogenic mutations, respectively. The c.5266dupC is the most 

prevalent BRCA1 breast cancer related mutation in European countries (Karami et al., 

2013) and is a very common variant in Apulian Southern Italy population. This 

prevalence is likely related to the historical/political changes occurred in Apulia over 

time, with the colonization of the region by the Normans around 1000 D.C. and the 

presence of numerous Jewish communities (founder effect) contributing to the spread 

of the variant in the region (Patruno et al., 2021). The c.1088delA is another common 

Italian variant (Figlioli et al. 2021), while the c.798_799delTT has been reported in 

Moroccan, Algerian and Tunisian breast cancer families as a Northern Africa founder 

mutation in (Zoure et al. 2018) then spread in European populations.  

I found 4 TNBC patients with pathogenic variants in MMR genes: 2 in MLH1, 

1 in PMS2, and 1 in EPCAM gene. Previous studies on large cohorts of Lynch 

syndrome patients already reported that MMR mutation carriers may present with a 

hereditary breast and ovarian cancer phenotype (Espenschied et al., 2017).  
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I also analyzed our samples to search for two disease-associated SNPs 

(daSNPs): rs721048 and rs2046210. The first daSNP is an intronic variant 

(c.1290+30064G>A) in EHBP1 gene and it is associated with prostate cancer (Ao et 

al., 2015). Up to 35% of patients affected with TNBC proved to carry the risk allele 

(A): we are now interested in comparing the allele frequencies in TNBC, in subjects 

diagnosed with different types of cancer, and in healthy individuals. The second 

daSNP is an intergenic variant (in proximity to the C6orf97 and estrogen receptor 1-

ESR1 genes) and the risk allele is frequently recurring in breast cancer patients with 

anti-estrogen therapy resistance and poor prognosis. In agreement with literature data 

(Jin et al. 2019), this polymorphism may serve as a potential genetic biomarker of BC 

in both Asians and Caucasians. Fifty-two percent of the individuals of “Persona 

project” carried this same variant. In this case, we are interested in establishing a 

possible co-occurrence of the risk allele with other frequent pathogenic variants in 

BRCA1 (c.5266dupC, c.188delA, c.798_799delTT), as well with other lesions in 

actionable genes.  

Hereditary cancer genetic testing is an expanding field that promises to 

identify people at risk of cancer and has proven diagnostic and prognostic utility. 

However, using molecular testing as a tool in the armamentarium for the treatment and 

management of patients with hereditary cancer involves knowing various basic 

principles. The technology continues to evolve, and while often more sensitive, may 

also have limitations. Keeping pace with new technologies in the laboratory also 

means upgrading and validating informatics pipelines and algorithms routinely to be 

able to identify different types of sequence variation. With the advent of publicly 

accessible online databases and an increase in data sharing practices globally, 

knowledge is expanding at rate that requires routine examination. Guidelines for 

treatment and management of hereditary cancer will routinely be updated; clearly 

communicating genetic results and providing appropriate follow up recommendations 

will see continual refinement and further reduce the morbidity and mortality associated 

with hereditary cancers. 
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