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Introduction 
















1. Hereditary predisposition to cancer 

Recent advances in molecular biology have provided new tools and concepts for studying the causes of cancer. It is now well established that cancers are caused by a combination of environmental and genetic factors, and the discovery of the molecular alterations that occur at various stages in different tumours is increasing our understanding of the mechanisms of carcinogenesis. Indeed, cancers are progressive diseases characterized by the accumulation of defects in many different genes. The patterns of mutations identified in cancer genes suggest a direct action of chemicals that bind to DNA. Alternatively, cancer-associated genes may be altered as a consequence of endogenous mutagens, germ-line mutations, spontaneous mutations that occur during cell replication or increased genetic instability in precancerous cells. 
For most people who develop cancer, the cancer-causing mutations happen at the somatic level over the course of a lifetime, leading to cancer later in life. Some people are born with a gene mutation that they inherited from their mother or father. This damaged gene puts them at higher risk for cancer than most people. Indeed, when cancer occurs because of a germline mutation, it is referred to as "hereditary cancer" (American Cancer Society; http://cancer.org/Cancer/CancerCauses/GeneticsandCancer/heredity-and-cancer). 
In most cases the mutations occur in one copy of a damage-controlling gene that normally protects against cancer. It is estimated that approximately 10% of most cancer types are due to inherited gene changes. However, these changes do not increase the risk for every type of cancer, and not everyone who is born with a gene change will develop cancer. The medical community uses the term "genetic susceptibility" to describe the high risk in people with an inherited cancer-associated mutation. 

1.1 Cancer Associated Genes  
Most of the genes responsible for the development of cancers fall into two major categories: tumour suppressor genes (growth inhibitory) and proto-oncogenes (growth promoting). Mutant alleles of proto-oncogenes are called oncogenes. Since mutations in a single allele of a proto-oncogene can lead to cellular transformation, such mutations are considered dominant. In contrast, typically both alleles of a tumour suppressor gene must be altered for transformation to occur. 
Tumour suppressor genes can be defined as genes encoding proteins that normally inhibit the formation of tumours. Their normal function is to inhibit cell proliferation, or act as the “brakes” for the cell cycle. Mutations in tumour suppressor genes contribute to the development of cancer by inactivating that inhibitory function. Proto-oncogenes are genes that are normally involved in regulating cell proliferation and their mutated forms (oncogenes) promote uncontrolled cell proliferation, increasing the activity of the encoded protein or the expression of the normal gene. Most mutant genes that impart dominantly inherited susceptibility to cancer are tumour suppressors. 
Cancer genes can be further divided into two different categories (Kinzler K.W. and Vogelstein B. 1997): the “gatekeepers”, which encode molecules that directly control the progression of the cell cycle and whose inactivation is sufficient to promote tumour growth, and the “caretakers”, which encode molecules that act as a sensor of DNA lesions and participate in the repair process. Inactivation of caretaker genes allows other genetic defects to accumulate and leads to genetic instability. Each cell type has only one or a few gatekeepers and inactivation of a given gatekeeper leads to a very specific distribution of cancer. Inactivation of these genes is rate-limiting for the initiation of a tumour. In contrast, inactivation of a caretaker gene does not promote cancer initiation directly. 
People with hereditary mutations in gatekeeper or caretaker genes are at increased risk of developing cancer, generally 5 to 50 fold greater than the general population. However, additional mutations are required to initiate tumorigenesis.
Genes associated with hereditary predisposition to cancer include both oncogenes and tumour suppressor genes. In the first group there are genes such as MET and KIT that code for transmembrane tyrosine kinase proteins. The first (MET) is mutated in hereditary papillary renal carcinoma (HPRC) (Schmidt et al., 1997), and the second (KIT) in the hereditary gastrointestinal stromal tumour syndrome (GIST) (Nishida et al., 1998). These oncogenes are activated by point mutations that cause constitutive tyrosine kinase activity. The inherited mutations are clearly not lethal to the foetus and are not sufficient for carcinogenesis. 
Tumour suppressor genes constitute the largest group of hereditary cancer genes. In fact, many of them (e.g. RB1, WT1, NF1, NF2, APC, VHL, TSC1, TSC2, BRCA1, and BRCA2) have been identified through the study of patients with hereditary cancer. 
A schematic representation of cancer genes and related tumourigenesis pathways is depicted in Figure 1.
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Fig.1. Schematic representation of the different pathways to tumour initiation

Finally, cancer predisposing genes can be categorized according to their relative risk of a particular type of cancer. High penetrant genes are associated with a relative cancer risk higher than 5. Low-penetrant genes confer relative risk around 1.5, whereas intermediate-penetrant genes confer relative cancer risks from 1.5 to 5 (Apostolou P. and Fostira F., 2013).

1.2 Hereditary cancer syndromes
Many hereditary disorders are associated with an increased risk of cancer because of an inherited gene mutation. These disorders are called inherited or hereditary cancer syndromes. 
A hereditary cancer syndrome should be considered when numerous family members develop cancer at an especially young age or affected individuals develop multiple primary cancers, whether synchronously or metachronously, even if they are common cancers. Families in which individuals with cancer also manifest other rare conditions, particularly congenital abnormalities, should also arouse suspicion of a predisposing syndrome.
Many hereditary cancer syndromes are due to inherited, primarily dominant, mutations in cancer predisposing genes, including tumour suppressor genes, DNA mismatch repair genes, and oncogenes. The cancers are characterized by early age of onset, multifocal or bilateral occurrence, and the associated lifetime risks are typically 5-fold to 10-fold higher than that of the general population (Antoniou A et al., 2008).
Hereditary retinoblastoma has been the paradigmatic syndrome for the definition of the molecular mechanisms underlying hereditary cancer susceptibility. Indeed, based on the observation of an earlier age of onset in hereditary compared to sporadic retinoblastomas, Knudson derived the “two-hit” model of tumorigenesis (Knudson A.G., 1996). The retinoblastioma associated gene (RB1) was the first cancer susceptibility gene to be cloned (Friend S.H. et al., 1986). Although it is the most common primary malignant tumour of the eye in children, retinoblastoma accounts for only 1% of all pediatric malignancies. There are about 200 cases diagnosed each year in the United States. Of these, fewer than 100 are linked to hereditary factors (Garber J.E. and Offit K., 2005).
The Hereditary NonPolyposis Colorectal Cancer (HNPCC) or Lynch syndrome is a constellation of colon and endometrial cancers (Lynch H.T. and de la Chappelle A., 2003). About 45% to 70% of HNPCC families are associated with germline mutations in one of four known genes: MSH2, MLH1, MSH6 and PMS2 (Liu B. et al., 1996). 
Familial Adenomatous Polyposis (FAP) is one another type of hereditary colorectal cancer (CRC). Germline mutations in the tumor suppressor APC gene are the genetic cause of FAP syndrome. These FAP causing mutations result in truncated and, therefore, non functional APC protein (Chen S. et al.; 2006). APC mutations are inherited in an autosomal dominant manner and achieve almost 100% penetrance. The phenotypic hallmark of FAP is the development of hundreds to thousands adenomatous polyps in the colon and rectum, generally diagnosed before the third decade of life. 
The table below gives examples of some hereditary cancer syndromes, the types of associated cancers and the inherent genes (National Cancer Institute http://www.cancer.gov/cancertopics/pdq/genetics/breast-and-ovarian).

Table 1. Hereditary cancer syndromes
	Syndrome
	Related cancer types
	Gene

	Li-Fraumeni syndrome

	Breast cancer, soft tissue sarcoma, osteosarcoma (bone cancer), leukemia, brain tumours, adrenocortical carcinoma (cancer of the adrenal glands), and other cancers
	TP53

	Lynch syndrome
	Colorectal, endometrial, ovarian, renal pelvis, pancreatic, small intestine, liver and biliary tract, stomach, brain, and breast cancers
	MSH2, MLH1, MSH6, PMS2, EPCAM

	Familial adenomatous polyposis (FAP)

	Colorectal cancer, multiple non-malignant colon polyps, and both non-cancerous (benign) and cancerous tumours in the small intestine, brain, stomach, bone, skin, and other tissues
	APC

	Retinoblastoma

	Eye cancer (cancer of the retina), pinealoma (cancer of the pineal gland), osteosarcoma, melanoma, and soft tissue sarcoma
	RB1

	Cowden syndrome
	Breast, thyroid, endometrial (uterine lining), and other cancers
	PTEN

	Multiple endocrine neoplasia type 2
	Medullary thyroid cancer and pheochromocytoma (benign adrenal gland tumour)
	RET




1.3 Cancer risks in genetically predisposed individuals

Cancer risks in mutation carriers differ depending upon the syndrome, the specific mutation being carried in the family, age, and sometimes, gender. Cancer risk assessment involves the process of identifying individuals at risk for hereditary cancer. Pedigree analysis is used in conjunction with available risk assessment models to determine whether a family is suspected of having hereditary cancer. This helps in quantifying risks of individual family members and developing a plan for cancer screening, prevention, risk reduction, psychological support and counselling. Furthermore, it helps in the determination of whether genetic testing is appropriate for the family, and, if so, which relative(s) are the appropriate individual(s) to test (Trepanier A. et al., 2004). 
The features of hereditary cancer are summarized as follows: early age of onset of cancers, multiple primary cancers in an individual, clustering of rare cancers, bilateral or multifocal cancers. First degree relatives of mutation carriers are at 50% risk to have the same mutation. However, incomplete penetrance and variable expressivity are often observed, such that obligate carriers may be cancer-free and the age of diagnosis of cancer among affected carriers may vary (Berliner J.L. et al., 2007). 

2. Hereditary breast and ovarian cancer (HBOC) syndrome 

Even prior to the identification of specific genetic mutations associated with an increased risk of cancer, physicians and scientists identified families with a hereditary predisposition to breast and ovarian cancer. 
Hereditary breast and ovarian cancer (HBOC) syndrome is a highly penetrant autosomal dominant disorder in which mutations can be inherited from either the maternal or paternal side of the family. Therefore, genetic counselors must verify both the maternal and paternal family history when assessing cancer risks (Kobayashi H. et al., 2013).  
As with all autosomal dominant conditions, each child or sibling of a carrier has a 50% chance of being a mutation carrier (National Cancer Institute, http://www.cancer.gov/cancertopics/pdq/genetics/breast-and-ovarian).
HBOC accounts for approximately 2% to 7% of all breast cancers, and 10% to 15% of all ovarian cancers (Risch H.A. et al., 2006). Other cancers known to be associated with this syndrome include melanoma, pancreatic cancer, and prostate cancer (Nelson H.D. et al., 2005; Roa B.B. et al., 1996). 
The main genes responsible for HBOC are BRCA1 and BRCA2 (Miki Y. et al., 1994; Wooster R. et al., 1995). Both BRCA1 and BRCA2 are considered “caretaker genes”, as they are sensors of DNA damage and participate in the repair process. Their inactivation followed by additional mutations in other genes leads to genetic instability. Approximately 1 in 400 individuals in the general population, and 1 in 40 individuals of Ashkenazi Jewish descent, carry a mutation in one of these genes. Interestingly, somatic mutations of both BRCA1 and BRCA2 have been identified in sporadic breast or ovarian cancers (Merajver S.D. et al, 1995; Janatova M. et al, 2005; Welcsh P.L. and King M.C., 2001; Hennessy B.T. et al, 2010).
In addition to BRCA1 and BRCA2, other genes or low penetrance alleles have been found to be associated with the HBOC phenotype (Walsh T. and King M.C., 2007).

2.1 HBOC Assessment 

Different scientific societies and clinical boards have edited publications, policy statements, and recommendations that propose criteria for referring individuals to genetic counselling for hereditary risk of breast and/or ovarian cancer. These include the American Society of Clinical Oncology (ASCO), the National Comprehensive Cancer Network (NCCN), the U.S. Preventive Services Task Force (USPSTF) (1995, 2005), and the American College of Medical Genetics (ACMG) (Robson M.E. et al., 2010; Trepanier A. et al., 2004).
Although the specific criteria for genetic counselling referral vary among organizations, they are consistently based on the recognition of clinical features that increase the likelihood of hereditary susceptibility to breast and/or ovarian cancer (NCCN Clinical Practice Guidelines in Oncology v.1.2012; Myriad Genetic Laboratories).  
Such criteria include: 
· early-onset breast cancer, usually defined as before age 50;
· ovarian cancer;
· individuals with two or more primary breast cancers, or breast and ovarian cancer in the same individual;
· male breast cancer;
· two or more individuals in the family with breast and/or ovarian cancer;
· Ashkenazi Jewish ancestry and a previously identified BRCA gene mutation in the family;
2.2 Breast and Ovarian Cancer susceptibility genes BRCA1 and BRCA2

2.2.1 Identification, structure and expression 

The breast and ovarian cancer susceptibility gene 1 (BRCA1) on chromosome 17q21 was identified and cloned in 1994 by Miki et al. (Miki Y. et al., 1994), one year before the reported cloning of a second breast cancer susceptibility gene (BRCA2) on chromosome 13q12-13 by Wooster et al. (Wooster R. et al.,1995). 
The BRCA1 gene fits the classical Knudson “two hit” model of a tumor suppressor gene. 
The BRCA1 gene contains 24 exons, 23 of which are coding (Miki Y.et al., 1994), subject to alternative splicing. Exon 11 is the largest exon and encodes about 60% of the protein. The BRCA1 protein consists of 1863 amino acids (aa) and contains an N-terminal RING domain (aa 1-109) and a C-terminal acidic domain (TAD). 
The RING domain of BRCA1 consists of a RING finger and two flanking alpha helices (Brzovic P.S. et al. 2001).  Through seven conserved cysteine residues and one conserved histidine residue, the RING finger coordinates two Zn2+ atoms which stabilize the RING structure (Lipkowitz S. and Weissman A.M., 2011). 
The RING finger is responsible for the E3-ubiquitin ligase activity of BRCA1 (Lorick K.L. et al., 1999) and the N- and C-terminal helices are responsible for the interaction of BRCA1 with BARD1, a major BRCA1 binding partner that also contains a RING domain and α-helices (Wu L.C. et al, 1996). The ubiquitin ligase activity of BRCA1 is dramatically increased by the formation of the BRCA1/BARD1 heterodimer (Hashizume R. et al., 2001). The occurence of cancer predisposing mutations that affect the interaction of BRCA1/BARD1 as well as the RING E3 ligase function suggest that the ubiquitin ligase activity of BRCA1 is essential for its tumor suppressor function (Greenberg R.A., 2011).
The C-terminal region of BRCA1 contains a tandem repeat of 95 aa (aa 1646–1736 and aa 1760–1855) called BRCA1-associated C-terminal (BRCT) domains that are homologous to similar domains found within various DNA repair and cell cycle check point proteins (Bork P. et al., 1997). 
A schematic representation of BRCA1 protein domains is depicted in Figure 2.


Fig. 2. BRCA1 structure

Human BRCA2, found in chromosome 13q12-q13, was cloned in 1995 (Wooster R. et al., 1995). It has 27 exons, 26 of which are coding. As in the case of BRCA1, exon 11 takes most (>50%) of the coding region. BRCA2 is a large protein of 3418 aa. It is a ubiquitous cell cycle-regulated protein that localizes to the nucleus in normal cells (Bertwistle D. et al., 1997). 
The N-terminus of BRCA2 binds the ‘partner and localizers of BRCA2’ (PALB2) protein at aa 21-39 (Oliver A. W. et al.,2009) and the C-terminus is characterized by the presence of distinct functional regions, such as the nuclear localization signal (NLS) domains, and a of cyclin-dependent kinase (CDK) phosphorylation site at S3291 that binds RAD51 (Esashi F. et al., 2005).
BRCA2 contains a DNA-binding domain (DBD) that binds single-stranded DNA (ssDNA) and double-stranded DNA (dsDNA) (Roy R. et al., 2012) and eight BRC repeats between aa 1009 and 2083. The DBD contains five components, the first of which is a 190-amino-acid and consists mostly of α-helices (Helical domain). This is followed by three structurally homologous domains that contain the oligonucleotide/oligosaccharide-binding (OB1, OB2 and OB3) folds that are ssDNA-binding modules. The last domain consists of a pair of long, antiparallel helices that adopts a tower like structure (Tower domain) and that protrudes from OB2 and binds dsDNA (Yang H. et al., 2002). The helical domain and OB1 and OB2 domains also associated with ‘deleted in split-hand/split-foot 1’ (DSS1) protein which is involved in BRCA2 protein stabilization and was originally identified as one of three genes that map to a 1.5-Mb locus deleted in an inherited developmental malformation syndrome (Crackower M.A. et al., 1996). The three BRCA2 OB domains contain structures very similar to the canonical OB fold (Murzin A.G et al., 1993), which consists of a highly curved 5-stranded β sheet that closes on itself to form a β barrel. OB2 and OB3 each have the pronounced groove that is characteristic of the ssDNA binding site of OB folds.
A schematic representation of BRCA2 protein domains is depicted in Figure 3.

Fig.3. BRCA2 structure

2.2.2 Function 

Although BRCA1 and  BRCA2 are structurally distinct, various studies suggest that their expression is co-regulated during cell cycle progression and in response to DNA damage (Andres J.L. et al., 1998;), and that they have overlapping functions (Connor F. et al., 1997; Milner J. et al., 1997; Sharan S.K. and Bradley A. , 1997; Scully R. et al., 1997).  
Both proteins are expressed in many tissues in a cell cycle-dependent manner. Their levels are highest during S phase, which is suggestive of a role in during DNA replication. Both are localized to the cell nucleus, where they co-exist in characteristic subnuclear foci that redistribute following DNA damage. The nuclear staining pattern of BRCA1 is consistent with its functions in different types of DNA repair pathways (Jasin M., 2002; Ting N.S. and Lee W.H., 2004), cell cycle control (Rosen E.M. et al, 2003) and transcriptional activation (Monteiro AN, 2000). Its pattern of expression and localization is shared with RAD51, a protein involved in DNA repair by homologous recombination (HR). Indeed, both BRCA1 and BRCA2 have been reported to bind to RAD51. The interaction of RAD51 with BRCA2 is mediated, primarily if not exclusively, by eight BRC repeats (Wong A.K. et al., 1997) whereas a region encompassing residues 758-1064 of BRCA1 was first reported to be involved in its interactions with RAD51 (Scully R. et al., 1997). BRCA1 and BRCA2 co-localize during mitosis and meiosis and physically associate with one another through a region in BRCA1 distinct from that reported to bind to RAD51 (Chen J. et al., 1998). The interaction may not be direct, and it appears to involve a small fraction of the total cellular pool of each protein.
Both BRCA protein products have been linked to various processes involved in the DNA damage response, acting as tumour suppressors. These processes include the repair of double-strand breaks (DSBs) by HR, the repair of oxidative damage by transcription-coupled repair, and a possible role in non-homologous end joining (NHEJ). BRCA1 and BRCA2 are also implicated in the maintenance of chromosome stability, possibly through their function in recombination (Venkitaraman A. R, 2001). In particular, BRCA1 has been found to regulate the activity of a variety of different transcription factors, and to make contact with components of the basal transcription machinery as RNA polymerase II holoenzyme and/or with components of chromatin remodelling complexes (Rosen E.M. et al., 2006). Through its BRCT tandem domains and the MRE11/RAD50/NBN (MRN) complex, BRCA1 is able to bind the phosphorylated H2A histone family member X (c-H2AX), after the induction of DNA double strand breaks (DSBs) (Deng C.X. and Brodie S.G., 2000). The formation of these protein–protein complexes is necessary for BRCA1-mediated ubiquitynation (Polanowska J. et al., 2006).  The tandem BRCT C-terminal domains of BRCA1 plays a relevant role in chromatin remodelling (Bochar D.A. et al., 2000), and thus in the regulation of replication and transcription (Li S. et al., 1999).
Some data indicate that BRCA1 contributes to DNA damage repair through its interaction with different enzymes, such as the SWI/SNF proteins, that alter the chromatin structure (Bochar DA. et al, 2000). Considering the relevant pattern of interactions of BRCA1, loss-of-function mutations of this gene results in pleiotropic phenotypes, including impairment of correct cellular growth, increased apoptosis, defective response to a damage in DNA structure, abnormal centrosome duplication and defective cell cycle checkpoints (Venkitaraman A.R, 2001; Brodie S.G. et al., 2001). The BRCA1 protein contains functional nuclear import and nuclear export signals, suggesting that it may shuttle between the nucleus and cytoplasm (Rodríguez J.A. and Henderson B.R., 2000). BRCA1 has been defined as a predominantly nuclear-localized protein (Wilson C.A. et al, 1999), and its expression and phosphorylation status increase as cells enter S-phase of the cell cycle (Okada S. and Ouchi T., 2003), and remain at a high level during mitosis. After mitosis is completed and the cell enters the G1 resting phase, BRCA1 expression is rapidly decreased via ubiquitination and proteasome-dependent degradation (Choudhury A.D. et al, 2004).
A schematic representation of BRCA1 functions is depicted in Figure 4.
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Fig. 4. BRCA1 functions

Assays to study BRCA2 functions establish a connection between BRCA2 and the homologous recombination system. 
Indeed, several results suggest that BRCA2 controls the intracellular transport and function of RAD51 and also appears to control its enzymatic activity (Davies A. A. et al., 2001). To facilitate the recruitment of RAD51 to ssDNA, BRCA2 accelerates replication protein A (RPA) displacement from ssDNA by RAD51, block RAD51 nucleation at dsDNA and facilitate RAD51 filament formation on ssDNA by maintaining the active ATP-bound form of RAD51 on ssDNA (Carreira A. et al. 2009). The binding of RAD51 by the C-terminus of BRCA2 has been shown to be dependent on CDK activity. This association may be important for the disassembly of RAD51 complexes to facilitate mitotic entry (Chen P.L. et al., 1998).
Furthermore, one of the other targets of BRCA2 is BRCA1 itself, with which it interacts in a distinct region from that reported to bind RAD51, in mitotic and meiotic cells (Wong A.K. et al., 1997). From the evidence of the interaction and co-localization between BRCA2, BRCA1, and RAD51, the synergic aspect of their collaboration in the DNA repairing process can be easily deduced.
Moreover, PALB2 binds directly to both BRCA1 and BRCA2 and thereby provides an additional physical link between the two proteins. The N-terminal coiled-coil domain of PALB2 interacts with the coiled-coil domain of BRCA1, and the C-terminus of PALB2 interacts with the N-terminus of BRCA2 (Zhang F. et al., 2009). The interaction of PALB2 with BRCA2 was shown to be essential for loading RAD51 onto RPA-bound ssDNA (Xia B. et al., 2006). The BRCA1-PALB2 interaction is a prerequisite for the recruitment of BRCA2 and RAD51 to the site of DNA damage and for HR, but had no impact on BRCA1-mediated S-phase checkpoint activation (Zhang F. et al., 2009). Additionally, BRCA1 phosphorylation on aa S988 by CHK2 promotes formation of the BRCA1-PALB2-BRCA2 complex, which may explain why mutations at this site abrogate HR (Zhang J. et al., 2004) (Figure 5).
A schematic representation of BRCA2 functions is depicted in Figure 5.
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Fig. 5. BRCA2 functions

2.2.3 Mutation Spectrum 

A mutation spectrum refers to the type of mutations and their distribution along a gene. Its knowledge is crucial for determining the most efficient strategy for gene analysis. If there are mutation clusters, mutation screening will be easier if those particular regions are targeted. If specific mutations are frequent and represent at large proportions of all mutations, a screening technique can be chosen that detects these predominant mutations. However, although a number of founder mutations have been described in both BRCA1 and BRCA2 (see below) the great majority of BRCA gene mutations are either infrequent or unique so that, in most populations, a targeted search for mutations in a particular region of the gene is not justified.
Since the identification of BRCA1and BRCA2, a very large number of sequence variants has been detected (Breast Cancer Information Core Database: http://research.nhgri.nih.gov/bic/). These variants are distributed along the entire coding region of both genes. The majority of them are frameshift or nonsense that introduce stop codons and lead to the synthesis of truncated or unstable protein products. Other mutations affect normal mRNA splicing or destroy a functional protein domain or are large genomic rearrangements causing the loss or duplication of one or more exons. All of the above alterations are considered pathogenic, i.e. associated with a marked increase of cancer risk. In addition, a large number of additional allelic variants have been observed that are problematic for cancer risk estimation and clinical management, as their functional implications are not immediately apparent (see paragraph 2.4.4). These include missense changes in which a single nucleotide substitution modifies one amino acid recognition codon into another, small in-frame deletions leading to the loss of one or few amino acids, synonymous  changes (silent mutations) and nucleotide changes in intronic or regulatory regions. 
A few recurrent mutations have been identified in BRCA1 and BRCA2, particularly in specific subpopulations. Three mutations with a relatively high frequency due to a “founder” effect, two in BRCA1 (185delAG and 5382insC) and one in BRCA2 (6174delT) have been identified in the Ashkenazi Jewish population (Roa B.B. et al., 1996). Founder mutations are most likely to occur in populations that have been geographically or socially isolated. The common ancestry of a mutation may be shown by haplotype analyses. 
Founder mutations are also found in several European populations, including Italians (Janavičius R., 2010; Table 2). The first example of founder mutation in the Italian population was described by Baudi et al (2001). The screening of the whole BRCA1 gene showed a high rate (33% of BRCA1-positifve families) of the 5083del19 mutation. All families with this mutation originated from Calabria and haplotype analysis indicate a possible founder effect in accordance with the homogeneous genetic background of the Calabrian population (Baudi F. et al., 2001). Another regional founder effect has been demonstrated in Sicily for the BRCA1 mutation 4843delC. In 2002, Calò et al. found this mutation in two Sicilian families with the same haplotype (Calò V. et al., 2006; Ferla R. et al., 2007).
Malacrida et al. have described another possible founder effect in Northern Italy. This group described the founder mutation p.Val1688del in BRCA1 in 12 independently ascertained families (Malacrida S. et al., 2008). Additional BRCA1 founder mutations have been identified in HBOC families from Tuscany (Papi L.et al., 2009) and from the area of the city of Bergamo (Caleca L. et al., in press).
















Table 2. BRCA1 and BRCA2 founder mutations
	Population
	Mutation BRCA1
	Mutation BRCA2

	Ashkenazi Jews
	185delAG
5832insC
	6174delT

	Norvegian
	1675delA
816delGT
	

	French
	3600del11
	

	Swedes
	3171ins5
	

	Dutch
	2804delAA
	5579insA

	Italian (Calabria)
	5083del19
	

	Italian (Sicilia)
	4843delC
	

	Italian (North/East)
	5181_5183delGTT(1688Val)
	

	Italian (Tuscany)
	1499insA
3347delAG
3404delA
	

	Italian (Bergamo)
	309T>C (C64R)
	



2.3 Identification of cancer-predisposed families

Families with HBOC syndrome are at substantially greater risk for breast and ovarian cancer than the general population. 
Following the discovery of BRCA1 and BRCA2 genes and the introduction of clinical testing for the identification of associated mutations, a wealth of evidence has been accumulated documenting the personal, familial and population advantages of identifying individuals at risk for HBOC, providing genetic counselling and testing, and offering enhanced surveillance and risk reduction options. 

2.3.1 Eligibility Criteria

Eligibility criteria for BRCA testing are related to personal and family history of cancer. The National Comprehensive Cancer Network (NCCN; http://www.nccn.org) recommends BRCA testing for the following people: 
1. Individuals from a family with a known BRCA mutation;
2. Individuals with a personal history of breast cancer and: 
· Diagnosed age ≤ 45 yr;
· Diagnosed age <50 yr with ≥1 close blood relative with breast cancer <50 yr and/or 1 close blood relative with epithelial ovarian/fallopian tube/primary peritoneal cancer at any age;
·  Two breast primaries when first breast cancer diagnosis occurred before age 50 yr:
·  Diagnosed age <60 yr with a triple negative breast cancer
·  Diagnosed age <50 yr with a limited family history:
·  Diagnosed at any age, with ≥2 close blood relatives with breast and/or epithelial ovarian/fallopian tube/primary peritoneal cancer at any age
·  Close male blood relative with breast cancer:
·  Personal history of epithelial ovarian/fallopian tube/primary peritoneal cancer:
·  Ethnicity associated with higher mutation frequency (e.g,, Ashkenazi Jewish);
3. Individuals with a personal history of epithelial ovarian/fallopian tube/primary peritoneal cancer;
4. Individuals with a personal history of breast and/or ovarian cancer at any age with ≥2 close blood relatives with pancreatic cancer at any age;
5. Individuals with a personal history of pancreatic cancer at any age with ≥2  close blood relatives with breast and/or ovarian cancer and/or pancreatic cancer at any age;
6. Individuals whose family history of cancer reflects:
· First- or second-degree blood relative meeting any of the above criteria
· Third-degree blood relative with breast cancer and/or ovarian/fallopian tube/primary peritoneal cancer with ≥2 close blood relatives with breast cancer (at least one with breast cancer <50 yr) and/or ovarian cancer.

2.4 Predictive Genetic Testing 
	
Several key issues that need consideration in the development of BRCA1 and BRCA2 testing protocols include: (1) the sensitivity of the screening technique; (2) the significance of missense mutations to cancer predisposition; (3) the frequency and significance of mutations in noncoding regions of the gene; (4) the ability to assign specific risk to each mutation; (5) the interpretation of a "negative" test in a women whose family history puts them at risk. Several types of testing strategies are currently in use.
For individuals with a strong family history of breast and ovarian cancer and multiple affected living relatives, linkage analysis and/or analysis of haplotype sharing at BRCA1 and BRCA2 loci was used in the past as an initial step prior to mutation screening. Analysis of genotypes is performed using polymorphic microsatellite repeat markers that define the BRCA1 region on 17q and the BRCA2 region on 13q. This method does not identify the mutation, but the likelihood that cancer in a family is due to a predisposing mutation in BRCA1 and BRCA2 (Neuhausen S.L. and Ostrander E.A., 1997).
One difficulty in selecting a specific technique for mutation testing is the large size and the relative complexity of the BRCA1 and BRCA2 genes. A variety of technologies are available to detect mutations.  Gel shift assays, which include multiplex heteroduplex analysis (Gayther S.A. et al., 1996), and single strand conformation polymorphism analysis (SSCA) (Castilla L.H. et al., 1994) can reduce the number of DNA amplimers to be sequenced, but the sensitivity of these assays is variable. Other assays, including allele specific oligonucleotide (ASO) hybridization and protein truncation assay (PTT) (Hogervorst F.B. et al., 1995), are also available, but have the limitation of identifying only specific types of mutations. To overcome this difficulty, a combination of the above mentioned methods may be adopted. 
Every technique has both advantages and disadvantages and none can be defined ideal or can guarantee the identification of all cancer-predisposing mutations in the BRCA1 or BRCA2 genes (Ford D. et al., 1998). 
DNA direct sequencing (DS) is the most reliable approach with a high specificity and sensitivity and nowadays is by large the most adopted method in the clinical setting. This method is used to identify the precise nature of the mutation, even if, in comparison with other methods, it is more time consuming, expensive and still imperfect because sequencing enzyme occasionally produce artefacts. However, these can be easily uncovered by replicating positive tests. 
Though the elution profiles of another method (Denaturing High Performance Liquid Chromatography-DHPLC) are claimed to be able to accurately identify previously characterized DNA alterations without the need for sequencing (Gross E. et al., 2000) at present, DS is still the necessary final step of any mutation detection method. 
Newly developed ‘next generation’ DNA sequencing (NGS) technologies provide remarkable power for the study of genome with relatively low costs, high speed and massively data production. An added value is represented by the possibility to investigate the relative contribution to human disease of genetic variants in both coding and non coding genomic regions. 
As for other cancer predisposing genes, the search for mutations in BRCA1 and BRCA2 usually starts from the analysis of the affected family member (proband) who developed the disease at the earliest age, if available. Once the analysis is completed, and the mutation identified, the other components of the family can be selectively screened for the presence of the mutation. This analysis is of particular relevance in healthy individuals, where it can be regarded as a predictive test. 
Predictive genetic testing is the use of a genetic test in an asymptomatic person to predict future risk of disease. These tests represent a new and growing class of medical tests, differing from conventional diagnostic tests. The hope underlying such testing is that early identification of individuals at risk of a specific condition may lead to reduced morbidity and mortality through targeted screening, surveillance, and prevention (Evans J.P. et al, 2001).
A predictive genetic test informs us about a future condition that may (or may not) develop. The identified risk is expected to be high, but always contains a substantial component of uncertainty, not only on whether a specific condition will develop, but also on when it will appear and how severe it will be (Burke W. et al., 1997a; Burke W. et al. 1997b).

2.4.1 Test Results

The screening of BRCA1 and BRCA2 may lead to four possible findings: 
· no alterations compared to gene consensus sequences; 
· pathogenic variants;
· common polymorphisms or rare neutral variants;
· variants of uncertain significance (VUS) or unclassified variants (UVs). 
As described above, pathogenic variants include small insertion/deletion frameshifts, nonsense mutation nucleotide changes that disrupt splice sites, and large genomic rearrangements (LGRs), leading to non-functional BRCA proteins. Interestingly, in BRCA1, LGRs are typically a result of homologous recombination with pseudogene sequences (Zhang J.D. et al, 2010). In both BRCA genes most pathogenic mutations cause the loss of the protein C-terminus that contains important functional domains, as illustrated above. Gene alterations that do not affect the function of the encoded protein are considered as clinically neutral. 
The interpretation of the clinical significance of a negative BRCA test result is challenging. In fact, if genetic testing fails to identify a pathogenic mutation in a woman with a verified strong personal and family history of breast and/or ovarian cancer, this result is interpreted as “uninformative”, since it might be due either to the presence of an aberration in a BRCA gene not detectable by the employed screening method(s), or to the familial risk being attributable to a disease-causing mutation elsewhere in the genome.
	
2.4.2 Variants of Uncertain Significance 

In many countries as many as 30% to 50% of variants identified during BRCA1 and BRCA2 gene testing are Variants of Uncertain Significance (VUS), also referred to as unclassified variants (UVs) (Hofstra R.M. et al., 2008).
At present hundreds of unique VUS in BRCA genes have been reported and account for over 35% and 50% of all BRCA1 and BRCA2 variants, respectively (Breast Cancer Information Core Database: http://research.nhgri.nih.gov/bic/).
As mentioned above, BRCA gene VUS are mainly missense substitutions, but also include small in-frame deletions or insertions, silent coding alterations that may influence mRNA splicing or translation, or changes in non coding regions of unknown influence on the level and gene transcripts, These alterations have unknown functional effects and, in the absence of additional investigations, cannot be classified as either “pathogenic” or “not pathogenic or at low clinical significance.” As a result, individuals found to carry these variants in their DNA and members of their families cannot benefit from risk assessment measures offered to individuals known to carry BRCA gene deleterious mutations.

3. Classification of Variants of Uncertain Significance

During the last few years, several approaches have been proposed for the evaluation of the clinical relevance of VUS. These approaches take into account different parameters, including co-segregation with the disease, co-occurrence with deleterious mutations, personal and family history of cancer of carriers of the VUS and pathological characteristics of associated tumours. In addition in silico tools have been developed for the classification of missense variants based on the assessment of phylogenetic conservation of affected protein residues and the severity of amino acid changes, and for the identification of variants potentially affecting splicing. Finally, functional assays may be used to experimentally verify the effects of a VUS on gene activity (Goldgar D.E. et al., 2004; Chenevix-Trench G. et al., 2006; Osorio A. et al., 2007; Easton D.F. et al., 2007).

3.1 In Silico Tools 

A number of in silico methods based on orthologous protein sequence alignments are available for predicting the influence of variants on protein activity. One of these is the Align-GVGD algorithm (http://agvgd.iarc.fr/alignments.php). Align-GVGD combines the biophysical characteristics of amino acids and multiple sequence alignments of proteins, weighing the cross species conservation of a particular amino acid and its specific physical characteristics, to predict where missense variants fall in a spectrum from enriched deleterious to enriched neutral substitutions (Tavtigian S.V. et al., 2006). Align-GVGD scores amino acid substitutions on a 7-scale scoring system, from C0 to C65. An amino acid substitution with a C0 score is considered to be neutral, C15 and C25 scores are considered at intermediate level of pathogenicity, as the consequence of changes on protein structure or function are uncertain, and C35 scores or higher are considered as possible or likely deleterious. 
Other in silico programs are Sorting Intolerant From Tolerant (SIFT), and Polymorphism Phenotyping (PolyPhen). These methods are based on the notion that phylogenetic conservation of protein sequence throughout evolution reflects the requirement for certain amino acids for protein activity.
SIFT (http://sift.jcvi.org), is a multiple sequence alignment tool that was developed based on the idea that amino acids that  play an important role on protein function tends to be conserved in the protein family, so changes at these sites would be deleterious (Ng P.C. and Henikoff S., 2003, Ng P.C. and Henikoff S., 2001; Tchernitchko D. et al., 2004; Ng P.C. and Henikoff S., 2002). For a given protein sequence, SIFT compiles a dataset of functionally related protein sequences by searching a protein database using the PSI-BLAST algorithm (Altschul S.F. et al., 1997). It then builds an alignment from the homologous sequences with the query sequence. In the second step of the algorithm, SIFT scans each position in the alignment and calculates the probabilities for all possible 20 amino acids at that position. These probabilities are normalized by the probability of the most frequent amino acid and are recorded in a scaled probability matrix. SIFT predicts a substitution to affect protein function if the scaled probability, also termed the SIFTscore, lies below a certain threshold value. Generally, a highly conserved position is intolerant to most substitutions, whereas a poorly conserved position can tolerate most substitutions (Kumar P. et al, 2009).
PolyPhen2 (Polymorphism Phenotyping v2; http://genetics.bwh.harvard.edu/pph2/) classifies VUS based on the functional effect of each missense variant into three categories (probably damaging or deleterious, possibly damaging, and benign) (Ramensky V. et al., 2002). This model makes use of the chemical characteristics of the substitution site, the alignment of homologous sequences and protein three-dimensional structures.
All the above depicted bioinformatic programs are limited to the classification of missense variants, leaving unresolved the problem of how to interpret other types of VUS. In fact, other in silico tools have been developed for the prediction of VUS potentially affecting splicing. These include ‘splice site prediction by neural network’ (NNSplice) (Reese M. et al., 1997), ‘splice site finder ‘(SSF) (Shapiro M.B. and Senapathy P., 1987), ‘Max-EntScan’ (MES) (Yeo C. and Burge G.B., 2004), ‘ESE finder’ (Cartegni L. et al., 2003), ‘relative enhancer and silencer classification by unanimous enrichment’ (RESCUE-ESE) (Fairbrother W.G. et al., 2002), ‘human splicing finder’ (HSF) (Desmet F.O. et al., 2009) and Automated Splice Site and Exon Definition Analysis (ASSEDA; http://splice.uwo.ca) (Mucaki E.J. et al., 2013). These programs may be used to prioritize variants for in vitro analyses assessing their effect at mRNA level (Colombo M. et al., 2013).

3.2 Multifactorial Prediction Models

A powerful way to classify VUS is represented by integrated analyses assembling data from different sources.
A major breakthrough in the field has been the development of a multifactorial likelihood classification model for BRCA1 and BRCA2, which essentially assesses a number of different independent features portrayed by a variant carrier, to establish the likelihood that the variant has the characteristics of known pathogenic mutations in BRCA1 or BRCA2 (Goldgar D.E. et al., 2004).
Since the first description, a few BRCA1 and BRCA2 multifactorial prediction models have been developed. These are based on the assessment of the prior probability of pathogenicity of a variant based on amino acid evolutionary conservation and physicochemical properties (Tavtigian S.V. et al., 2008), and include additional estimates of pathogenicity from likelihood ratios (LRs) based on variant segregation in families (Goldgar D.E. et al., 2004; Mohammadi L. et al., 2009), co-occurrence with a pathogenic mutation (Goldgar D.E. et al., 2004), reported family history of the proband (Easton D.F. et al., 2007; Osorio A. et al., 2007) and tumour features (Chenevix-Trench G. et al., 2006; Osorio A. et al., 2007).
Co-segregation analysis is an easily quantifiable approach to assess the association of each variant with disease risk. The identification of the variant in family members with the disease, but not in healthy members at high risk, including elderly individuals, presupposes that the involved variant is pathogenic (Goldgar D.E. et al., 2004). 
Co-occurrence data are relatively easily available. However, when applied to the actual set of VUS, this analysis has much better power to contribute to classification of recurrent neutral variants than to classification of recurrent deleterious variants. Because homozygous BRCA1 mutations are expected to be lethal and homozygous BRCA2 mutations are expected to result in lethality or a phenotype such as Fanconi Anemia, the presence of a deleterious mutation in trans with a variant suggests its neutrality (Boyd J., 1995; Kuschel B. et al., 2001; Tavtigian S.V. et al., 2006).
The study of personal and family history is based on the fact that the presence of a variant in more families with high frequency of disease indicates that it is more likely to be associated with cancer (Spurdle A.B., 2010).
Loss of heterozygosity (LOH) can be used to assess the pathogenicity of BRCA VUS, based on the observation that the constitutionally  wild-type allele is lost in most tumours that develop in carriers of pathogenic mutations (Chenevix-Trench G. et al., 2006; Osorio A. et al., 2002; Osorio A. et al., 2007). A major disadvantage of this approach is the requirement of tumour tissue from the carriers of the investigated variants.

3.3 Functional analyses

Functional analyses may represent a powerful tool to determine the clinical relevance of VUS in BRCA1 and BRCA2. These analyses are intended to serve as independent classifiers of VUS through the assessment of the influence of the variants on protein function and also to provide additional data that can be combined with available genetic and epidemiological data in a likelihood model to predict cancer causality of VUS (Millot G.A. et al., 2012).
Classification of VUS may be based on functional data or on functional assays. Functional data include all kinds of published data that generate information on a phenotype caused by a particular variant (sets of experiments in which a germ-line mutation is shown to abolish a defined protein-protein interaction; e.g.. the disruption of BRCA1/BARD1 binding by introduction of the C61G mutation) (Wu L.C.et al., 1996; Brzovic P.S. et al., 1998).
Functional assays represent experiments in which a series of variants have been systematically analyzed and compared to well-defined positive and negative controls (Phelan C.M. et al., 2005). Carvalho et al. suggest that negative controls should be at least two highly penetrant mutations (odds of at least 20:1 in favour of being deleterious)  as defined by clinical data (Carvalho M.A. et al., 2007b). Taking BRCA1 as an example, the C61G mutation for the N-terminal region and M1775R, A1708E and Y1853X for the C-terminal region constitute appropriate negative controls. Positive controls should be the wild-type BRCA1 and at least one well-defined benign polymorphism (odds of at least 100:1 in favour of neutrality). Functional assays are utilized not only to distinguish high-risk alleles from neutral variants, but also identify those associated with a moderate level of risk (Lovelock P.H. et al., 2007). 
The following functional approaches have been extensively applied to characterize VUS mapped to the carboxy-terminus of BRCA1: the transcription activation assay (TA) (Carvalho M.A. et al., 2007a), the protease sensitivity assay (Williams R.S. et al., 2003), the phospopepitde binding assay (Lee M.S. et al., 2010), the Small Colony Phenotype (SCP) assay (Coyne R.S. et al., 2004). The TA assay monitors the integrity of the C-terminus of BRCA1, which includes the tandem BRCT domains; the protease sensitivity assay derives from the observation that BRCT domains containing a deleterious mutation are more susceptible to protease digestion than the wild-type counterpart and the phosphopeptide binding assay exploits from the finding that the BRCT domains in BRCA1 interact with phosphorylated protein targets containing a detailed sequence. The SCP assay is based on the observation that BRCA1 expression inhibits yeast growth leading to the formation of small size colonies. An additional approach combines yeast two-hybrid screening of the mutagenized BRCA1 N-terminal region against BARD1 or UbcH5a and in vitro ubiquitination assay (Morris J.R. et al., 2006). 
More recently developed methods for the classification of BRCA1 VUS include: Embryonic Stem Cell (ESC)-based functional assay (Chang S. et al., 2009), restoration of radiation resistance, Homology-Directed Recombination (HDR) assay (Ransburgh D.J. et al., 2010), centrosome amplification (Kais Z. et al., 2011), yeast recombination assay (Caligo M.A. et al., 2009), and subcellular localization assay (Au W.W. and Henderson B.R., 2005). 
Similarly, based on the role of BRCA2 in DNA repair and cell cycle regulation, a series of in vitro assay have been proposed as possible functional assays (Guidugli L. et al., 2013). Although many of the methods used to assess the effects of BRCA2 VUS, like the ESC-based functional assay, HDR assay, centrosome amplification and yeast recombination assay, are overlapping with those used for BRCA1, a few gene specific experimental models have been develope, including a syngeneic variance library (SyVaL) derived from a BRCA2 hemizygous (wt/Deltaexon) human cancer cells (Hucl T. et al., 2008).

3.4 Consortia and Databases

The Unclassified Genetic Variants Working Group of the International Agency for Research on Cancer (IARC) has issued recommendations for classification of variants in cancer predisposing genes (Plon S.E. et al., 2008; Goldgard D.E. et al., 2008; Greenblatt M.S. et al., 2008; Tavtigian S.V. et al., 2008). In particular, the group has developed a scheme including five different classes to help the classification of these variants (Plon S.E. et al., 2008). According to this scheme, a variants with a probability of pathogenicity >0.99 are classified as “pathogenic” (class 5); with probabilities from 0.95 to 0.99 as “likely pathogenic” (class 4); from 0.05 to 0.95 as “uncertain” (class 3); from 0.001 to 0.05 as“likely non-pathogenic” (class 2); whereas those with a probability of <0.001 are classified as “non-pathogenic” (class 1) (Table 3).
Table 3. Proposed classification for DNA sequence variants with probability that any given alteration is deleterious and related testing recommendation.
	Class 
	Definition
	Posterior Probability
	Clinical Testing

	5
	Pathogenic
	>0.99
	Testing at-risk relatives for the variant

	4
	Likely pathogenic
	0.95-0.99
	Testing at-risk relatives for the variant

	3
	Uncertain
	0.05-0.95
	Do not use as predictive testing in at-risk relative

	2
	Likely not pathogenic
	0.001-0.05
	Do not use as predictive testing in at-risk relative

	1
	Not pathogenic
	<0.001
	Do not use as predictive testing in at-risk relative



A database that lists BRCA1 and BRCA2 mutations is the Breast Information Core (BIC; http://research.nhgri.nih.gov/bic/). This database contains all freely reported BRCA1 and BRCA2 pathological, neutral and unclassified variants. The BIC database uses a triple classification of clinical importance (yes, no or unknown); the latter includes all variants with a probability of pathogenicity ranging from a 0.1 to 99%. 
The Leiden University Medical Centre established a reference literature database of BRCA1 and BRCA2 VUS (http://chromium.liacs.nl/LOVD2/cancer/home.php). This database summarizes information of more than 1000 variants in BRCA1 and BRCA2 from several publications, which includes the pubmed identity and the pathogenicity as stated in each publication. 
Many VUS are found in a very small number of families that do not generate sufficient genetic information to allow these variants to be assigned to Class 1/2 or Class 4/5 of the IARC working group. To address this problem, the ENIGMA (Evidence-based Network for the Interpretation of Germline Mutant Alleles) Consortium was formed (http://enigmaconsortium.org). This worldwide consortium is focused on combining information from around the world to classify UVs. In particular, the focus is on collecting information on families with specific UVs and on tumour pathology with the intent of evaluating these data and potentially classifying UVs using the posterior probability model. The ENIGMA Consortium has six working group (analysis, clinical, database, functional, pathology and splicing) that form the basis of the consortium’s overall approach to the problem of unclassified sequence variants and that interact with each other to access complementary expertise and information, as required to enhance design and implementation of their projects (Spurdle A.B. et al., 2012).















































Materials and Methods















1. Patients recruitment  and DNA extraction
160 unrelated patients affected with breast and/or ovarian cancer were selected after interview at the Department of Oncology of the Policlinico “P. Giaccone”, University of Palermo, from February 2011 to March 2013 according to specific criteria, Pre-test counseling for the patient belonged to different high-risk classes was performed by a geneticist, an oncologist and a psychologist . Selection criteria were as follows: 
· early onset breast cancer (<40 years); 
· three or more breast cancer cases diagnosed at any age or two first-degree family members affected before 50; 
· breast and ovarian cancer in the same individual or two breast cancer cases and at least one ovarian cancer case, or one breast cancer case and one ovarian cancer case diagnosed before 50 in first-degree family members; 
· two or more ovarian cancer cases; 
· and male breast cancer cases were recruited regardless of age and family history. 
For each family, we selected a breast and/or ovarian cancer-affected individual as the index case (proband) for BRCA1/2 mutation screening. For each proband, the “a priori” probability of carrying a pathologic BRCA1/2 germline mutation was calculated by BRCApro model (Parmigiani G. et al., 1998). Of these 160 patients we selected 50 probands and after obtaining an informed consent, genomic DNA was extracted from peripheral blood of all selected patients using commercial kit (Qiamp Blood Kit, Qiagen, Valencia, CA). All the samples were analyzed anonymously with a progressive code.

2. DNA amplification and sequencing

DNA amplification and sequencing were performed with the BigDye® Direct Cycle Sequencing Kit (Applied Biosystems, Life Technologies Corporation). This kit simplifies the existing Sanger sequencing workflow by providing post-PCR clean-up reagents and sequencing reagents in a single mix, which is added directly to the PCR reaction. PCR primers are designed with M13 tails and are used in conjunction with a specific master mix, allowing the addition of the M13 primer binding sites to all PCR products; thus all PCR products can be sequenced using the M13 forward and reverse universal sequencing primer pair provided in the kit (Figure 6).
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Fig. 6. Graphic representation of BRCA target sequence and primers

2.1 PCR amplification

For DNA amplification, amplification primers were designed to contain M13Forward (Fw) and M13Reverse (Rev) sequences at the 5´ end of the BRCA-specific PCR primers (Table 4).

Table 4. M13 primers sequence
	Primers
	Sequence

	M13 Forward
	5’CGTTGTAAAACGACGGCCATG 3’

	M13 Reverse
	5’TTTCACAGGAAACAGCTATGAC 3’



Amplification reaction contained 4 ng/μL DNA, 1.2 pmol of each BRCA-primer and 5 μL PCR Master Mix provided in the kit. For each amplicon, two separate PCRs were set up-one for the forward sequencing reaction and one for the reverse sequencing reaction. The reactions were amplified using the Veriti Thermal Cycler (Applied Biosystems, Life Technologies Corporation). Cycling conditions were:
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The presence of M13 tails allow to use the same temperature of annealing for the PCR amplification reaction. After amplification, the PCR product was resolved in agarose gel (2.8%) run to check the quality.

2.2 DNA sequencing

Direct sequencing reactions were performed using specific M13 Fwd or M13 Rev sequencing primers provided with the kit. Each sequencing reaction contained: PCR product, Sequencing Master Mix and M13 Fw or M13 Rev universal sequencing primer. Cycling conditions were:
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At the end of PCR sequencing, we performed a step of purification with BigDye X-Terminator Purification kit (Applied Biosystems, Life Technologies).  Electrophoresis was performed on the 3130xl Genetic Analyzer (Applied Biosystems, Life Technologies Corporation) with POP-7 Polymer that provides high-resolution sequence data and rapid capillary electrophoresis times.

3. Data Analysis 

The sequencing results for each sample were analyzed by SeqScape® Software (Applied Biosystems) to verify the sequencing results and to identify the putative mutations for each sample.
Each genetic variant was confirmed by direct sequencing analysis on two independent blood samples.
All genetic variants were named according to the convention of BIC database and the systematic nomenclature. Sequence variants detected by molecular analysis were classified as deleterious mutations, polymorphisms and variants of unknown significance.

4. Plasmid construction

[bookmark: illus1]The pET11a-NfrGFP-Z and pMRBAD-Z-CfrGFP expression vectors, encoding anti-parallel leucine zipper motifs (Z) fused to the N-terminal or C-terminal fragment of Green Fluorescent Protein (NfrGFP, CfrGFP, respectively) and the plasmids encoding N-terminal RING domains of BARD1 (amino acids 26-140) and BRCA1 (amino acids 1-109) attached via a linker sequences to the NfrGFP (pET11a-NfrGFP-BARD1) or CfrGFP (pMRBAD-BRCA1-CfrGFP), were created as described (Sarkar M. and Magliery T.J., 2008). The pET11a-NfrGFP-Z and pET11a-NfrGFP-BARD1 vectors also encode a hexahistidine (H6)-tag at the N-terminus of the NfrGFP useful for rapid purification of the H6-tagged protein. The pMRBAD-Z-CfrGFP and pMRBAD-BRCA1-CfrGFP (both as wild-type and mutant forms) bear an HA epitope at the C-terminus of the CfrGFP as a detection tag. 



5. Site-directed mutagenesis
Selected variants were introduced into pMRBAD-BRCA1-CfrGFP expression vector by direct mutagenesis using the QuikChange XL Site-directed Mutagenesis Kit (Stratagene) according to the manufacturer’s instruction. 
To construct each desired mutation, two complementary oligonucleotide primers were synthesized, containing the required base pair changes in the center. Pfu-Turbo proof-reading polymerase (Stratagene) was used to generate product from 18 cycles of 98°C for 30 sec, X°C for 1 min (this temperature of annealing varies depending on the primers used in the reaction) and 72°C for 4 min. This polymerase replicates both plasmid strands with high fidelity and without displacing the mutant oligonucleotides primers. Incorporation of the oligonucleotide primers generates a mutated plasmid containing staggered nicks. Following amplification cycling, the product is treated with DpnI; this endonuclease is used to digest the parental DNA template and to select for mutation-containing synthesized DNA. 
The nicked vector, containing the desired mutation, is then trasformated into XL-10 Ultracompetent Cells which they possess the Hte phenotype that increases transformation efficiency of ligated DNA. Then the entire BRCA1 insert was sequenced on both strands to confirm the presence of substitution and the absence of any mutations, using direct sequencing.

6. In vitro Green Fluorescent Protein (GFP)-reassembly fragment

Compatible pairs of plasmids [pET11a-NfrGFP-Z and pMRBAD-Z-CfrGFP; pET11a-NfrGFP-BARD1 and pMRBAD-BRCA1-CfrGFP (both as wild-type or mutant forms)] were co-transformed by electroporation into BL-21 Escherichia Coli (E.coli) BL21 (DE3) competent cells. Both plasmids have mild induction of the Lac-controlled T7 polymerase (IPTG) and strong induction of the arabinose promoter (arabinose) on LB agar. 
Single colonies were grown overnight at 37°C in LB supplemented with 35 μg mL-1 kanamycin and 100 μg mL-1 ampicillin. Overnight cultures were diluted 1:103 and 10 μL were plated on LB agar media supplemented with 20 μM IPTG, 0.2% L-arabinose and antibiotics. Plates were grown at 30°Cfor 24 hours followed by 1-2 days of incubation at room temperature. Fluorescence, generated by GFP reconstruction as a result of protein/protein interaction, was detected by exposure to long wavelength UV irradiation (365nm) as previously described (Sarkar M. and Magliery T.J., 2008). Images data were elaborated using the Gene Tools analysis software (Syngene). In the case of variants abolishing protein-protein interaction, no fluorescent signal is expected.

7. Immobilized Metal Affinity Chromatography (IMAC)
To confirm the results of fluorescence assays, the re-assembled protein complexes will be purified by immobilized metal affinity chromatography (IMAC) on NTA agarose gels (Qiagen), according to the manufacturer’s instructions. 
The idea of the IMAC, initially proposed by Porath et al. (1975), is based on the affinity of transition metal ions like Zn(II), Cu(II), Ni (II), and Co(II) ions toward cysteine, histidine, and tryptophan in aqueous solutions. Proteins can bind specifically to the metal ion coordination sites through certain amino acid residues like cysteine, histidine, and tryptophan exposed on the protein surface. The best known application is purification of histidine-tagged fusion proteins.
In IMAC, adsorption of proteins is based on the interaction between an immobilized metal  ion and electron donor groups located on the surface of proteins (Porath J. et al., 1975). Electron-donor atoms (N, S, and O) in the chelating compounds that are attached to the chromatographic support can coordinate the metal ions and produce metal chelates. 
Many proteins can form complexes with metal ions. IMAC can be deployed for the purification of many of these chelated complexes. The strength of the complexes formed differs from one to another, bringing about the high specificity of IMAC. The chromatographic sorbent utilized in IMAC comprises a support to which a chelating ligand is connected by a linker. Upon addition of metal ions, they will form complexes with the chelating ligands. Some coordinate sites of the metal ions remain free for the binding to solvent or protein (Kagedal L, 2011). Elution of the target protein can be effected by using a low-pH buffer, a competitive displacement agent, or chelating agents. Elution buffers with a low pH value are often employed. 
A simple and reliable way to acquire a recombinant protein of high purity is protein synthesis and fusion of the protein with a histidine tag. After one chromatographic step, a highly purified protein is obtained and the fusion tag can be efficiently cleaved and eliminated by protease action (Walker P.A. et al., 1994).
Briefly, 20ml of LB broth medium containing ampicillin (100µg/ml) and kanamycin (35µg/ml) were inoculated with the co-transformed cells and incubated at 37°C until the Optical Density measured at a wavelength of 600nm (OD600) reached 0.6. Then, induction of recombinant peptides was carried out with addition of IPTG to a final concentration of 20µM and 0.2% of L-arabinose. After growing for 24 hours at 30°C followed by two days at RT, the cells were harvested by centrifugation and each pellet was resuspended in 1 ml of lysis buffer [50mM Tris-HCl; 300mM NaCl; 0.1% v/v Triton X-100; 100µM EDTA pH8.0; 0.5mg/ml lysozime; 20mM Imidazole; protease inhibitors (0.5mM PMSF, 0.4µg/ml leupeptin, 0.5µg/ml aprotinin); 5µg/ml DNase and RNase]. For purification, the resuspended cells were lysed by sonication, the cell debris was removed by centrifugation at 4°C for 20 minutes at 13000 rpm, and the clear supernatant incubated with 100µl of Ni-NTA agarose resin, equilibrated in lysis buffer, for 3 hours at 4°C on a rocker with gentle shaking. The protein complexes were eluted with 100µl of elution buffer (lysis buffer containing 250mM Imidazole), subjected to 13% SDS-PAGE and visualized by Western blotting using an anti-GFP antibody. Unpurified cell lysates as input control from induced E. coli BL21 (DE3) bacteria were similarly resolved and visualized.




8. In Silico prediction

The BRCA sequences containing the UVs were evaluated for their potential pathogenicity using the follow algorithms: Align-GVGD, PolyPhen2, SIFT, pMUT, Panther and snSNPAnalyzer.
The Align-GVGD algorithm was used at two depths of alignment (human to frog and human to sea urchin) and Align-GVGD scores amino acid substitutions on a 7-scale scoring system, from C0 to C65 (C0 is considered neutral; C15 and C25 are considered intermediate; C35, C46, C55 and C65 are considered deleterious). 
PolyPhen-2 performs functional annotation of single-nucleotide polymorphisms (SNPs), maps coding SNPs to gene transcripts, extracts protein sequence annotations and structural attributes, and builds conservation profiles. It then estimates the probability of the missense mutation being damaging based on a combination of all these properties. BRCA sequence alterations were classified in four different classes: benign, possibly damaging, probably damaging and damaging.
SIFT prediction can be either “damaging” (the substitution is predicted to affect protein function) or “tolerated” (the substitution is predicted to be functionally neutral).
The PANTHER (Protein ANalysis THrough Evolutionary Relationships, http://www.pantherdb.org/) Classification System was designed to classify proteins (and their genes) in order to facilitate high-throughput analysis. Proteins have been classified according to: family and subfamily (subfamilies are related proteins that have the same function), molecular function, biological process and pathway. The PANTHER classifications are the result of sophisticated bioinformatics algorithms (Thomas P.D. et al., 2003; Mi H. et al., 2005).
nsSNPAnalyzer (http://snpanalyzer.uthsc.edu/) is a tool to predict whether a nonsynonymous single nucleotide polymorphism (nsSNP) has a phenotypic effect. nsSNPAnalyzer server integrates multiple sequences alignment and protein structure analysis to identify disease-associated nsSNPs. nsSNPAnalyzer takes a protein sequence and the accompanying nsSNP as inputs and reports whether the nsSNP is likely to be disease-associated (pathological) or functionally neutral (neutral). It provides additional information about the nsSNP to facilitate the interpretation of results, e.g., structural environment and multiple sequence alignment (Bao L. et al., 2005). 
The snSNPAnalyzer algorithm were utilized to classify VUS like neutral or pathological as like as pMUT (http://mmb.pcb.ub.es/PMut/). 































Results

















1. Mutational analysis of BRCA1 and BRCA2
Germline mutations were found in 8 of 50 (16%) Sicilian families. Families were grouped according to the following profiles: Hereditary Breast Cancer (HBC, with ≥2 cases of female breast cancer); Hereditary Breast and Ovarian Cancer (HBOC, with cases of breast and ovarian cancer); Male Breast Cancer (MBC, with at least one case of male breast cancer). 
No instances of HBOC families with male breast cancer cases were observed. A total of 18 sequence variants were identified. Seventy-two percent (13/18) were missense mutations, 17% (3/18) were frameshift mutations and 11% (2/18) were intronic variants. Eight of fourteen missense mutations were unknown variants. All the pathogenic and unknown variants in the BRCA1 and BRCA2 genes were distributed throughout the whole gene.

1.2 Pathogenic mutation 
Pathogenic mutations were detected in four women of our cohort (Table 5). All the carriers of a deleterious mutation had at least one relative with early onset of breast cancer and/or ovarian cancer.  Two different pathogenic mutations leading to non-functional truncated proteins were identified in the BRCA1 gene (4843delC and 1479delAG) and one in the BRCA2 gene (6310del5). The 4843delC mutation is located in exon 16 and generates a stop codon at position 1600 of the BRCA1 gene. The sequencing analysis showed that the mutation carrier had the following additional sequence variants (P871L, E1038G, K1183R, S1613G, M1652I). The 1479delAG is located in exon 11 and resulted in a stop codon in the same exon. The pathogenic mutation identified in BRCA2 (6310del5) generates a stop codon at position 2028. Finally, the missense mutation 184C>T (L22S) in BRCA1 exon 2 had been classified as pathogenic using a mutifactorial likelihood model by Sweet et al. (2010).

Table 5. BRCA1 and BRCA2 deleterious mutation
	Gene
	Exon
	Mutation
	Protein change

	BRCA1
	2
	184C>T
	L22S

	BRCA1
	11
	1479delAG
	p.S454fs

	BRCA1
	16
	4843delC
	p.P1575fs

	BRCA2
	11
	6310del5
	p.E2028fs



1.3 Unclassified genetic variants
Four unclassified genetic variants (BRCA1 A521T, V740L; BRCA2 A22T, D2466V) were identified in our cohort. All carriers showed only a personal history of early-onset or of male breast cancer (Table 6).



Table 6. BRCA1 and BRCA2 UVs 
	Gene
	Exon
	Mutation
	Protein change

	BRCA1
	11
	1680G>A
	A521T

	BRCA1
	11
	2337G>C
	V740L

	BRCA2
	2
	459T>C
	A22T

	BRCA2
	17
	8159A>G
	D2466V



1.4 Polymorphisms 

Common  polymorphism are listed in Table 7. They include six missense chamges in BRCA1 (Y179C, E1038G, S1613G, P871L, K1183R and M1652I) and two in BRCA2 (Y42C and R2034C),  plus two intronic variants (IVS7–34 C>T indentified in BRCA1 and IVS24-16 T>C identified in BRCA2). 

Table 7. BRCA1 and BRCA2 polymorphisms
	Gene
	Exon
	Mutation
	Protein change

	BRCA1
	7
	561-34 C>T
	Not applicable

	BRCA1
	8
	655 A>G
	Y179C

	BRCA1
	11
	2731C>T
	P871L

	BRCA1
	11
	3232A>G
	E1038G

	BRCA1
	11
	3667A>G
	K1183R

	BRCA1
	16
	4956A>G
	S1613G

	BRCA1
	16
	5075G>A
	M1652I

	BRCA2
	3
	353A>G
	Y42C

	BRCA2
	11
	6328C>T
	R2034C

	BRCA2
	24
	9485-16T>C
	Not applicable



2. Functional evaluation of VUS identified in BRCA1 using the GFP-reassembly in vitro assay
We chose to study a set of 18 variants mapped to the region coding for the RING domain of BRCA1. This region encompasses exons 2 to 6 and has been implicated in interactions with at least five different proteins, including formation of stable heterodimers with BARD1 (reviewed in Welcsh P.L. and King M.C., 2001). The latter binding ensure genome stability through its role in protein ubiquitylation (Baer R. and Ludwig T., 2002; Starita L.M. et al., 2006; Heine G.F. and  Parvin J.D., 2007). Ten BRCA1 UVs were selected among those identified in at risk individuals recruited through the Medical Genetic Unit of the Istituto Nazionale Tumori, Milano, Italy. The D67Y and C61G, were included as positive and negative controls respectively (Brzovic P.S. et al., 1998; Morris J.R. et al., 2006; Easton D.F. et al., 2007). In addition, five variants previously classified as pathogenic (M18T, T37K, C39R, C44S, C44Y) and one as neutral (K45Q) in the LOVD-IARC database (http://brca.iarc.fr/LOVD/home.php), were included to assess the sensitivity and specificity of the functional approach.
To assess whether the selected variants affect the BRCA1/BARD1 complex formation, we carried out a GFP-fragment reassembly screening, a Bimolecular Fluorescence Complementation assay (BiFC) (Ghosh I. et al., 2000). In this assay, GFP is dissected into two fragments (NfrGFP and CfrGFP) that, when expressed together in Escherichia coli (E. coli), do not reassemble into a fluorescent protein. If, however, the two fragments of GFP are each individually fused to two interacting proteins, this interaction can mediate reassembly of the GFP, with consequent cellular fluorescence. 
Under inducing conditions (0.2% L-arabinose and 20μM IPTG), bright fluorescence was observed in bacterial cells co-expressing: a) strong interacting anti-parallel Z-NfrGFP/Z-CfrGFP  (ZN/ZC) fusion peptides; b) BARD1-NfrGFP and BRCA1wt-CfrGFP or BRCA1D67Y-CfrGFP, carrying the neutral variant D67Y used as positive controls; c) BARD1-NfrGFP together with BRCA1-CfrGFP fusion peptides bearing the following variants: I15T, M18T, L28P, I31M, T37K, K45Q, M48K, T77M and G98V. No fluorescence was observed in bacteria co-expressing: a) non-cognate Z-CfrGFP/BARD1-NfrGFP (ZC/BN) fusion peptides, b) BARD1-NfrGFP and BRCA1 C61G-CfrGFP, carrying the pathogenic mutation C61G used as negative control; c) BARD1-NfrGFP together with BRCA1-CfrGFP fusion peptides bearing the following variants: p.7-10del, L22S, C39R, C39Y, C44F, C44S, C44Y, C64R and C64Y (Figure 7). 

[image: GFP figure]
Fig.7 Detection of BRCA1/BARD1 interaction by GFP-fragment reassembly screening. Fluorescence was observed, under long-wave (365nm) UV light, after 24 h of growth at 30°C followed by 2 days of incubation at RT. [Abbreviations: L-arabinose (L-ara); NfrGFPBARD1 (BN); H6-NfrGFP (ZN); ZCfrGFP-HA (ZC)]

In addition, since unassembled GFP fusion fragments are unfolded and less soluble (Magliery T.J. et al., 2005) IMAC purified reassembled complexes from the soluble fraction of co-transformed cells E. coli BL21-(DE3) were analyzed by Western blotting, using a polyclonal anti-GFP antibody. The detection of two strong bands corresponding to the complex components, confirmed interaction with BARD1 for all BRCA1 constructs that tested positive in the fluorescence reassembly assay, whereas no bands were detected in the case of constructs for which no fluorescence was observed, confirming lack of interaction (Figure 8). Unpurified cell lysate from co-transformed E.coli BL21-(DE3) bacteria were visualized by Comassie staining, revealing that all BRCA1-CfrGFP-HA fusion peptides were expressed to a similar extent (data not shown). This demonstrates that the lack of co-purification for the above indicated variants is attributable to the lack of binding to BARD1 and not to poor expression of the BRCA1 variant peptides.
[image: ]
Fig. 8. Reassembled complexes were purified by IMAC methods from the soluble fraction of E. coli BL21 (DE3), and visualized by Western blotting using an anti-GFP antibody 


3. In silico analysis of BRCA1 VUS
In silico analysis of the missense variants tested with the GFP-reassembly assay has been performed using different computational methods (described in Material and Methods). The results are reported in table 8. 















Table 8. In silico analysis of BRCA1 VUS
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Discussion and Conclusions

















The identification of BRCA1 and BRCA2 had led the major changes in the treatment of women with an inherited predisposition to breast and ovarian cancer. The innovative feature of clinical changes has been the genetic approach to the identification of high-risk women. The medical and surgical options offered to high-risk women remain conventional. Ultimately, one hopes that understanding the pathways in which BRCA1 and BRCA2 participate in normal breast cells and in breast tumorigenesis will become the basis of non-invasive intervention for women at risk. Understanding the normal functions and regulation of BRCA1 and BRCA2 proteins may reveal how direct or indirect functional inactivation of BRCA genes ultimately leads to breast tumorigenesis. It is now clear that the normal protein products of BRCA1 and BRCA2 are involved in the fundamental cellular process of maintaining genomic integrity and transcriptional regulation.
Together, mutations in BRCA1 and BRCA2 genes account for a relevant proportion of families with hereditary susceptibility to breast and ovarian cancer (Miki Y. et al, 1994; Wooster R. et al, 1995). Tumorigenesis in individuals with BRCA germline mutations requires somatic inactivation of the remaining wild-type allele, suggesting that the BRCA genes are tumour suppressor (Smith S.A. et al., 1992; Collins N. et al., 1995). 
Biochemical, genetic and cytological studies have revealed multiple functions for BRCA1 and BRCA2. Together these genes have common functions even if they have a different structure; they co-regulate cell cycle progression and transcriptional activation. They have been consistently linked to various processes involved in the DNA damage response, mainly in the repair of double-strand breaks (DSBs) by homologous recombination (HR) (Venkitaraman A.R, 2001). These functions may be modified by sequence alterations that in some cases give rise to a functionally inactive truncated protein. 
In the context of genetic tests performed in families with hereditary susceptibility to breast and/or ovarian cancer, mutational analyses for BRCA1 and BRCA2 may detect alterations classifiable into three distinct groups, in relation to their clinical significance: a) pathogenic or likely pathogenic mutations, b) not pathogenic or likely not pathogenic mutations, and c) variants of uncertain significance (VUS).
The incapacity to attribute a pathogenic significance to the latter group of variations, and consequently, to establish a clear cause-effect relationship between them and the inherited predisposition to cancer, severely limits their use for the purpose of genetic counselling. Actually, in the absence of additional evidences, the presence or absence of these germline variants cannot discriminate between subjects at high risk and those at low risk.
The assignment of a clinical significance to a specific sequence variant requires the following information: the type and the site of mutation, the presence of the same mutation in a control group, the co-segregation of the variant and disease within families, the co-occurrence with a deleterious mutation, the type of amino acid change, the conservation of the amino acid across the species and its biochemical function (Judkins T. et al., 2005). 
Another difficulty related to the management of the families, is represented by the extreme individual variability of cancer risks observed, attributable both to genetic factors able to modify the penetrance and expressivity of BRCA gene mutations, and the effect of non-genetic factors, such as exposure to drugs and reproductive history. However, it is also possible that different mutations in the BRCA genes have different effects that modify the interactions of protein products with their physiological counterpart, resulting in a greater or lesser propensity of the cell to evolve in cancer (Wooster R. and Weber B.L., 2003). BRCA genes encode, in fact, high molecular weight proteins able to preserve genome integrity thanks to the interaction with other nuclear proteins like ATM , CHK2 , RAD51 , BARD1 and DSS1. On the basis of these observations, in vitro assays have been performed to test the effect of VUS identified in BRCA genes on the formation of the respective protein complexes.
The aims of this study were to determine the presence of BRCA1 and BRCA2 mutations in Sicilian women at risk for breast/ovarian cancer and to classify VUS detected in the BRCA1 gene.
The identification of BRCA1 and BRCA2 alterations strictly depends on the adoption of specific criteria for the selection of patients affected with breast and/or ovarian cancer. The results of this study show that early onset of these tumours and family history are two important selection criteria for the identification of Sicilian patient carriers of BRCA gene mutations. All the families who were carriers of a deleterious mutation had at least one member with early-onset breast and/or ovarian cancer. The present results are in agreement with other studies (Ford D. et al., 1998; Easton D.F. et al., 2004; Marroni F. et al., 2004; Turchetti D. et al., 2000), which indicate that the frequency of BRCA1 and BRCA2 mutations decreases as the age of cancer onset increases.
The BRCA genetic screening has made it possible to identify several alterations in Sicilian women. In particular, we identified three frameshift mutations, 4843delC and 1479delAG in BRCA1 and 6310del5 in BRCA2, and one BRCA1 missense mutation (L22S) previously ascertained as deleterious. The 4843delC is likely to represent a Sicilian founder mutation, since it was previously identified in two families that, although not related, came from the same small geographical area south-west of Palermo, and was not reported elsewhere (Calò V. et al., 2006). 
In this group of patients we have also detected a few VUSs. Two of these (V740L and A521T) were identified in the BRCA1 gene. These are located at strongly conservative sites and were previously observed in cancer patients (Fleming M.A. et al., 2003; Abkevich V. et al., 2004). The V740L and A521T are classified as variants of unknown clinical importance in the BIC database, where they are reported only once and twice, respectively. 
Two unclassified genetic variants (A22T, D2644V) were identified in our cohort in the BRCA2 gene.
The additional aim of this study was to classify a group of VUS mapped to the BRCA1 gene region coding for the RING domain. This classification was performed through the use of a functional assay and in silico tools. The latter, based on orthologous protein sequence alignments, are available for predicting the influence of variants on protein activity. 
The purpose of functional assays was to serve as independent classifiers of VUS by assessing, directly or indirectly, their influence on protein conformation or function and generating additional information that can be integrated with available genetic and epidemiological data into multifactorial likelihood models (Easton D.F. et al., 2007; Goldgar D.E. et al., 2004). 
In this study we utilized the Green Fluorescent Protein (GFP)-reassembly fragment assay. This is an innovative technique used to identify and study interactions involving proteins and/or peptides. Specifically, the GFP is dissected at the genetic level, and the gene fragments are fused to bait and prey, which are then co-expressed in vivo. Bait and prey interaction brings the reporter fragments together, facilitating the reassembly of the active reporter protein, thus giving a direct readout of the association. The interaction can be detected without exogenous fluorogenic or chromogenic agents, avoiding potential perturbation of the cells by these agents. This also avoids potential problems caused by uneven distributions of the chromogenic or fluorogenic substrates or ligands. This assay has been used to study the interaction between BRCA1 and BARD1 following the insertion of allelic variants into the cDNA sequence coding for the RING domain of BRCA1. 
Our results indicate that the variants p.7-10del, L22S, C39R, C39Y, C44F, C44S, C44Y, C64R and C64Y abolish the ability of the BRCA1 protein to bind BARD1, in a similar way as the proven deleterious mutation in the RING-domain C61G, while the variants I15T, M18T, L28P, I31M, T37K, K45Q, M48K, T77M and G98V behave like the wild-type BRCA1 and the D67Y neutral variant. Nine of the investigated variants had been previously classified as pathogenic (n=7) or neutral (n=2) using multifactorial models. For 7 of them, including all 5 variants affecting interaction, the results of the functional assay were consistent with this classification (Table 9). Our observations support the utility of functional approaches in the assessment of the clinical relevance of VUS.
Two of the variants that in the GFP-reassembly fragment assay behaved as the wild-type protein and the protein carrying a neutral variant (M18T and T37K) are classified as pathogenic according to the IARC 5-class system (Vallè et al, 2012). Alternative approaches have been used to evaluate the ability of BRCA1 bearing M18T variant to bind BARD1. In particular Co-Immunoprecipitation (Co-Ip) technique shows a weak interaction between the two proteins (Ransburgh D.J.R. et al., 2010). This observation suggests the inadequacy of GFP-fragment reassembly assay to distinguish between strong and weak interactions and indicates that the phenotypic consequence of an allelic variant, as measured by a single functional assay, does not necessarily reflect its effect on cancer risk. Therefore, in order to minimize misclassification of VUS on the basis of the results of functional analyses, the outcome of more than one assay should be considered.







Table 9. GFP-reassembly assay results and IARC classification
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In the future, therefore, we think to use complementary techniques (e.g., Co-Ip) to verify positive interactions detected in the GFP-reassembly assay and to increase the number of classified variants, in order to assess the sensitivity and specificity of the assay. Moreover, we will use the GFP-reassembly assay to test the impact of BRCA1 RING variants on the interaction with other proteins (e.g. UbCH5).
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