Mutations in BRCA1 and BRCA2 :  A Genetic Link to Familial Breast Cancer
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ABSTRACT

Approximately one in ten women in the Western world develops breast cancer  (Rahman and Stratton, 1998).  Genetic, hormonal, and environmental factors each have a significant role in the etiology of breast cancer which is the most common malignant condition and cause of cancer related-death among American women (Langston et al., 1996).  The two strongest risk factors are age and family history (Collins, 1996). The transformation of breast ductal epithelial cells to malignant growth results from alterations in the DNA that may be inherited or somatic (Hall et al., 1990). It has been known that inherited germ-line mutations in the BRCA1 and BRCA2 genes are associated with a high risk and early-onset of breast cancer. Over 80-90% of these mutations result in truncation and subsequent deactivation of critical functions of the encoded proteins (Langston et al., 1996). This paper will highlight the recent findings associated with the two breast cancer genes, BRAC1 and BRCA2, and attempt to focus on their role in the overall susceptibility and development of the disease.
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Breast cancer as a disease is relatively common, but only a small proportion of cases in the general population are attributable to inherited susceptibility.  The remaining cases reported are termed “sporadic” and may even occur in families with inherited disease, meaning that families may have multiple cases of breast cancer without inherited susceptibility (Hall et al., 1990). Many risk factors exist and may include age at first pregnancy, number of children, prevalence of fertility problems, exposure to x-rays, use of oral contraceptives, and age of menopausal onset (Hall et al., 1990).  The link between possible causes for breast cancer and inappropriate or prolonged exposure to synthetic or endogenous steroidal hormones leaves many questions to be answered (Yager and Liehr, 1996).  

The concept of breast cancer risk being a function of a woman’s age was apparent well in advance of the discovery of the breast cancer susceptibility genes.  In 1987, when breast cancer research was in its early stages, Dupont and Page (1987) found that first children born to women under the age of 30 being identified as providing protection against developing  breast cancer while women who have their first child after the age of 30 are at increased risk for the disease.  The cumulative lifetime risk of breast cancer for women who carry the susceptibility allele is predicted to be high, approximately 92%, while the cumulative lifetime risk for noncarriers is estimated to be approximately 10% (Claus et al., 1991).  Breast cancer alone was expected to account for about 30% of all new cancer cases diagnosed in women with approximately 178,700 cases in 1998 (Landis et al., 1998).

BACKGROUND

In 1990 the breast cancer susceptibility gene, BRCA1, was localized to chromosome 17q12-q21 (Wooster, et al., 1994).  Four years later, a genome-wide search using families unliked to the BRCA I gene resulted in the discovery of BRCA2 and localization of the gene to chromosome 13q12-q13.  In a “cloning race” BRCA1 and BRCA2 were isolated in 1994 and 1995 respectively (Rahman and Stratton, 1998).  The identification of these genes has made it possible to analyze the general patterns of cancer risk associated with the prevalence of the mutations and their specific contributions to the incidence of cancer.  While the isolation of the breast cancer susceptibility genes generated considerable media and scientific interest, the nucleotide sequence of these genes did not yield much insight into their biological roles (Zhang, 1998).  Ironically, there is no sequence similarity between the two genes but there are many common structural and functional features (Rahman and Stratton, 1998).  For example, both genes have complex genomic structures (BRCA1 is composed of 24 exons and BRCA2 of 27 exons), and they both encode very large proteins (BRCA1 is composed of 1863 amino acids while BRCA2 is almost twice the size at 3418 amino acids) (Rahman and Stratton, 1998).  Also, in both genes exon 1 is noncoding and exon 11 is usually large, 3.4 kb in BRCA1 and 5 kb in BRCA2.  


BRCA1 and BRCA2 are tumor suppressor genes that are thought to be important in regulating the growth of epithelial cells but the actual function of the protein is not known (Koonin et al., 1996).  The loss of both alleles is required for the initiation of malignancy and both genes code for nuclear proteins with a cell-cycle regulated expression pattern that colocalize in multiple tissues during proliferation and differentiation (Zhang et al., 1998).  Disruption of the protein product in either gene will compromise its capability to control cell growth and will risk leading to breast cancer development (Sobol et al., 1996).   

BRCA1

A wide array of mutations numbering more than 100 have been identified in the BRCA1 gene (Collins, 1996).  The mutations are spread widely over the entire coding sequence of the gene (Gayther et al., 1995).  The mutation types include missense mutations, nonsense mutations, deletions, and insertions (Langston et al., 1996).  The two most commonly detected mutations are a frame-shift mutation at position 185 in exon 2 that results in the deletion of adenine and guanine (185delAG) and an insertion of cytosine (5382insC) (Couch et al., 1997).  The 185delAG mutation is especially significant in the Ashkenazi Jewish population but is not unique to the ethnic group (Berman et al., 1996).   

Langston et al. (1996) sites six different mutations from their study which include four mutations that result in premature termination codons and result in a truncated protein product, one nonsense mutation in exon 12, one missense mutation and one large intronic insertion.  The study also included eight polymorphisms and all alterations within coding sequences were single-base substitutions.  Gayther et al. (1995) describes five mutations that occurred at the boundaries between exons and introns which are predicted to affect splicing.  Allele loss in the BRCA1 region exclusively affects the wild-type chromosome (Gayther et al., 1995).  Gayther et al. (1995) also states his hypothesis regarding misalignment during DNA replication, supported by the fact that there were no tandem or inverse repeat sequences in the region of the mutation which could be predicted to lead to a high frequency of deletions.  The common frame-shift mutations may be associated with slippage during DNA replication while the deamination of 5-methylcytosin may  be responsible for the nonsense mutations (alterations from cytosine to thymidine) (Gayther et al., 1995). BRCA1 has 22 coding exons and the protein product contains a RING finger or zinc binding domain near the amino terminal suggesting that BRCA1 may regulate transcription (Langston et al., 1996).         

Carriers of the BRCA1 mutations appear to have at least an 80% lifetime risk of developing breast cancer as well as a substantial risk of developing ovarian cancer (Langston et al., 1996).  Interestingly, a genotype-phenotype correlation proposed by Sobol et al. (1996) examines high proliferating tumors and low proliferating tumors with respect to specific BRCA1 alleles.  Their work shows that breast cancer cases involving the BRCA1 gene have variable phenotypic manifestations that may potentially relate to a distinct molecular defect.  The group chose a conserved and variable region to study and found a significant difference between the pattern of proliferation and the location.  Their results suggest that of the two regions analyzed, the terminal conserved regions are prominent in the control of cell proliferation.  This finding allows the BRCA1 protein to be divided into two regions in which truncation of the protein results in a high proliferation rate and another with a low proliferation rate (Sobol et al., 1996).

Yet another study conducted by Dobrovic and Simpfendorfer (1997) emphasized the growing significance of hypermethylation in the promoter region as an alternate mechanism for mutation of the tumor suppressor genes.  Using Southern blotting techniques to examine the BRCA1 promoter region for hypermethylation events, their findings show that this region is prone to hypermethylation but none can be found in normal tissue.  To show that their results were not simply “by chance,” Dobrovic and Simpfendorfer (1997) state that a control region was unmethylated in two of the tumors studied.                

BRCA2

Current literature seems to primarily focus on the BRCA1 gene, rather than the BRCA2 gene.  Most breast cancer data allows for an estimate of the effects of the first and more common BRCA1 gene and less so of additional BRCA genes that may occur primarily in extremely high risk families and are rather infrequent when applied to the general population (Claus et al., 1996).  

Both BRCA1 and BRCA2 have been proposed to be involved in the response to DNA damage at several different levels including cell cycle checkpoint activation, induction of apoptosis, and DNA repair (Zhang et al., 1998).  While the role of BRCA1 in pathways associated with the cellular response to DNA damage remains murky, an interesting set of studies performed by Connor et al. (1997) and Patel et al. (1998) have clearly established BRCA2 with the DNA damage response.  The studies focused on the role of the BRCA2 gene  in DNA damage responses using mice with BRCA2 truncations.  Consequently, the BRCA2 mice were about one-third the size of their wild-type littermates, had a shortened lifespan and the mice that lived to adulthood develop thymic lymphomas.  Patel et al. (1998) also recognized numerous spontaneous chromosomal abnormalities in the BRCA2 cells with chromatid breakage.  These abnormalities are associated with increased levels of p53 which may explain the proliferative defect of the BRCA2 cells.   This observation suggests that there is a fundamental defect in chromosomal replication, repair, and/or segregation in the BRCA2 cells (Patel et al, 1998).

The adjacent portion of chromosome 13, near where the BRCA2 gene is situated, is commonly associated with loss of heterozygosity (LOH) which suggests that the gene is inactivated during oncogenesis (Wooster et al., 1994).  The allele lost is the wild-type allele inherited from the non-mutation carrying parent (Collins et al., 1997).  The LOH condition has been observed in 30-40% of sporadic breast cancer cases (Lancaster et al., 1996).  BRCA1 does not seem to play a role in sporadic tumors because BRCA1 expression is limited in many ways to invasive breast tumors as opposed to normal breast epithelium (Dobrovic and Simpfendorfer, 1997).  However, this does not exclude BRCA1 from LOH activity.   Two earlier, independent studies by Cornelis et al. (1995) and Porter et al. (1994) reported a high frequency of wild-type allele loss at 17q12-q21 of BRCA1 in breast and ovarian cancer tumors.       

Interestingly, Seitz et al. (1997) performed deletion mapping and linkage analysis on chromosome region 8p12-p22 and found that 86.4% of informative familial and 74% of informative sporadic tumors showed LOH for at least one marker on this particular chromosome region (all cases were informative for at least one marker).  Of the informative cases, 64.7% and 50% showed LOH in these chromosomal regions encompassing BRCA1 and BRCA2 respectively.  Overall, the study identified a very high frequency of 86.4% of cumulative LOH involving the chromosome region 8p12-p22 in families with a high incidence of the disease (Seitz et al., 1997).   

A less recent 1995 study performed by Collins et al. (1995) is based on the “two hit” model proposed for many genes involved in oncogenesis and gave similar results with a different region of the BRCA2 gene, chromosome 13q12-13.  The region was determined to be highly susceptible to LOH in sporadic breast cancers where the first mutation occurs as a somatic event or may be inherited in the germline from the parent.  The second mutation would then occur somatically and is often detectable as an LOH (Collins et al., 1995).                        

CONCLUSION

The study of the genetics of breast cancer is a fast changing field (Claus et al., 1994).  It is likely that the BRCA1 and BRCA2 genes still do not account for all the breast cancers caused by the high risk susceptibility genes, which is approximately 5% of all cases (Wooster et al., 1994).  Current research gives every indication that an additional gene or genes related to the susceptibility of breast cancer are yet to be discovered.  The search for mutations in BRCA1 is extremely challenging due to the large size of the gene, the fragmented nature of the coding sequence, and the fact that no one mutation occurs with any great frequency (Claus et al., 1996).  The lag in current research information specifically regarding the BRCA2 gene may be due to the fact that it is twice as large as BRCA1, making studies increasingly demanding.  Since early detection of breast cancer is one of the most important factors in determining survival, it becomes extremely important to identify those women who are at greater risk, before visible onset of the disease (Claus et al., 1991). 
EXPERIMENTAL SECTION



The paper by Collins et al. faced the problem of developing an antibody against the N-terminus portion of the mouse Brca2 gene in order to prove they had generated a truncated version of the Brca2 protein via Western blot analysis.  Anti-p53 and anti-p51 had been used to detect expression of their respective protein products, however, an “anti-N-terminus Brca2” antibody must be generated in order to quantify the extent of protein expression from this particular area of the Brca2 gene.  While the overall process is time consuming, the group simply needs to design an antibody for this procedure.  It may have been possible that they had a time constraint involved in getting the paper published which led to this problem.   Generation of a monoclonal antibody may be the best option due to its level of specificity, by nature, and the technique for developing an antibody for this purpose is describes below.

The process by which large quantities of antibodies (targeted against the truncated version of the Brca2 protein) can be produced is shown at the left.

A mouse is immunized by injection of the protein of interest to stimulate the production of antibodies targeted against it. The antibody forming cells are isolated from the mouse's spleen.

Monoclonal antibodies are produced by fusing single antibody-forming cells to tumor cells grown in culture. The resulting cell is called a hybridoma.  Each hybridoma produces relatively large quantities of identical antibody molecules. By allowing the hybridoma to multiply in culture, it is possible to produce a population of cells, each of which produces identical antibody molecules. These antibodies are called "monoclonal antibodies" because they are produced by the identical offspring of a single, cloned antibody producing cell.  Once a monoclonal antibody is made, it can be used as a specific probe to track down and purify the specific protein that induced its formation.


In terms of purification, the N-terminus Brca2 protein can be linked to sephadex beads in an affinity chromatography column and subjected to the varying concentrations of the “full protein” version of that produced by Exon 11 in the Brca2 gene.  This would specifically “bump off” or allow the release of the N-terminus protein alone in the elution for a virtually pure protein sample.  Other protein purification methods could be just as suitable such as, ion exchange, hydrophobic interaction chromatography, fusion protein affinity purification, antibody purification, 2D PAGE (SDS-PAGE and isoelectric focusing), electroblotting, western blot antibody screening and chromatofocusing.  Once Collins et al. has the antibody to prove the truncation event, the results presented toward the end of the paper will be increasingly valid with this piece of supporting information.  


Next to humans, mice seem to be the best animal model currently available to study the variations and mutations caused by alterations in either of the Brca genes.  Although the function of the Brca2 protein is not known, many studies point to the role of the N-terminus in DNA binding.   Once an antibody is created for this region of the Brca2 gene, a DNA binding assay of some sort could be use to test this hypothesis.  For example, a well known DNA binding protein such as CRP (cAMP receptor protein) can be linked to an antibody to target the role of the Brca2 protein in activation of transcription.   Also, the increasingly prominent hormonal component of breast cancer can provide another avenue of experimental study.  What is it exactly that allows pregnant women under the age of thirty to be protected from breast cancer incidence?  Could it then be possible to use an antibody in this case (due to the sheer specificity) and cross-link a hormone to it so that one could visually see the effect of different hormones on pre-cancerous cells via a more direct method?  Hormones are rather specific in their mode of action as well but the mere possibility of this type of an experiment  may be slim due to the inherently small size of hormone molecules.


Since early detection is the key, monoclonal antibodies (coupled to the appropriate assay system) may provide a method of detection for neoplastic diseases.  For example, the antibodies could be used to detect circulating tumor antigens in the serum of the affected individual and would allow for periodic screening of high-risk individuals.  Another well known technique is to link the monoclonal antibodies to radioactive molecules for radiologic imaging (detecting radioactive deposits in tissue).  Each of these procedures would aid in the detection of both primary tumors and metastases conditions. 

Some of the most interesting research seems to focus on how to treat the breast cancer, after the fact, rather than lying in the detection and prevention process itself.  The development of monoclonal antibodies specific for tumor antigens could mediate tumor rejection without effecting normal tissue (while  chemotherapy or general radiation may damage surrounding tissue and dividing cells).  Also, the ability to couple cytotoxic substances (immunotoxins) to monoclonal antibodies could greatly enhance the therapeutic results of these chemicals by directing their powerful effect directly toward the effected area.  Although many of these techniques are in their early stages they seem to have promising long-term capabilities for cancer treatment and detection.  

In any case, the development of increasingly specific types of experimental assays and techniques to monitor the activity of the Brca genes, as well as define their current biological role in the body, will be necessary in further research efforts.   Antibodies provide researchers with a type of “natural” specificity and because antibodies are a diverse group of molecules, their numerous properties can be exploited to purify and identify the components that are associated with them.  This technology aided by antibodies will allow for more directed study and also play a role in the treatment as well as detection phase of breast cancer.      
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