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1 |  INTRODUCTION

In spite of recent advances in molecular biology, breast 
cancer (BC) remains the most frequently diagnosed can-
cer in women worldwide. The global incidence of BC rose 
dramatically to 1.7 million cases between 2008 and 2012 
(Kurian, 2010), with 522,000 BC‐related deaths recorded. 
In the United States, close to 231,840 new BC cases were 
reported in 2015, accounting for almost 29% of the total 

estimated female cancers recorded that year, with approxi-
mately 40,290 deaths from BC that same year, accounting 
for 14% of the total cancer‐related deaths among women 
(Siegel, Miller, & Jemal, 2015). In Arab countries, the 
incidences rate has increased dramatically over the past 
decades with most of the women are diagnosed with BC 
at advanced stages (Miller, 2010). In Saudi Arabia, BC 
accounts for around 19.9% of women's deaths from can-
cer 27% of all newly diagnosed cancer, and is ranked 
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Abstract
Background: BRCA1/2 pathogenic variants have become associated with familial 
breast and ovarian cancers, and hereditary cancer‐predisposition syndrome. With 
advances in molecular biology, BRCA profiling facilitates early diagnosis and the 
implementation of preventive and therapeutic strategies. The genes exhibit variable 
prevalence among different individuals and moderate interpretation complexity. 
BRCA deficiency is instrumental in cancer development, affects therapeutic op-
tions and is instrumental in drug resistance. In addition, BRCA1/2 profile is diverse 
across different groups and has been associated with the “founder effect” in certain 
populations.
Methods: In this review, we aim to detail the spectrum of BRCA1/2 variants and 
their associated risk estimates.
Results: The relationship between BRCA1/2 and hereditary and familial cancers is 
indisputable, yet BRCA screening methods are beset with limitations and lack clini-
cal confidence.
Conclusion: This review emphasizes the importance of screening BRCA genetics, in 
addition to their clinical utility. Furthermore, founder variants are anticipated in the 
Saudi population.
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first among cancer‐related deaths overall (Hawsawi et al., 
2018). The high rate of mortality is due to the development 
of endocrine resistance and recurrence in BC, with many 
women relapsing and subsequently dying (Hawsawi et al., 
2016). These figures present a major challenge in clinical 
research and for healthcare systems worldwide. However, 
mortality could be decreased considerably via prevention 
strategies aimed at individuals who are identified as being 
at high risk (Weitzel, Blazer, Macdonald, Culver, & Offit, 
2011). Semlali et al in 2018 identified novel single‐nucleo-
tide polymorphisms (SNPs) in Toll‐like receptor 6 (TLR6) 
(rs5743810) that are associated with advanced BC risk in 
the Saudi Arabian population (Semlali et al., 2018).

Mutation in BRCA1/2 is the main cause for 25% of hered-
itary BC (Easton, 1999), and up to 10% of the total BC cases 
(Campeau, Foulkes, & Tischkowitz, 2008). Hereditary breast 
and ovarian cancer (HBOC) syndrome is a major tumor‐
predisposition syndrome that is mainly caused by patho-
genic variants of BRCA1/2 (Petrucelli, Daly, & Pal, 1993). 
BRCA1/2‐driven HBOC is associated with increased risk for 
several types of cancer, including breast, ovarian, pancreatic, 
prostate, and melanoma (Ghiorzo, 2014). In a study of 214 
families, BRCA1/2 germline pathogenic variants accounted 
for 80%–90% of familial breast and ovarian cancer (OC) oc-
currences (Easton, Bishop, Ford, & Crockford, 1993). The 
relationship between the associated risk of BC, OC, fallopian 
tube, and primary peritoneal cancers and BRCA1/2 germline 
pathogenic variants has been verified in several studies, rang-
ing from 16.5% to 87% (Choi et al., 2018).

BRCA have been the subject of extensive research since 
the mid‐1990s. BRCA1/2 are known for their roles as tumor 
suppressors and are instrumental in regulating double‐strand 
break (DSB) repair, genomic stability, biological pathways 
that regulate cell‐cycle progression, transcriptional regula-
tion, apoptosis, chromatin remodeling, cell growth, and ho-
mologous recombination (HR) in response to DNA damage 
(Narod & Foulkes, 2004; Venkitaraman, 2002).

The clinical applications of BRCA1/2 ranges from cancer 
risk assessment, survival rate estimation and, more recently, 
therapeutic intervention (Bryant et al., 2005). The consider-
ation of BRCA in tandem with patients’ family histories is 
established clinical practice in managing HBOC and famil-
ial breast and OCs. However, the classification of BRCA1/2 
variants is occasionally uncertain and, therefore, difficult to 
interpret.

An associated effect of BRCA1/2 variants is their au-
tosomal dominant mode of inheritance. Furthermore, the 
prevalence of the genes’ alterations varies among different 
populations (Nanda et al., 2005). The prevalence of BRCA1/2 
pathogenic variants is estimated in around 1:400 to 1:500 of 
people in the general population. The BRCA1/2 “founder ef-
fect” was observed among the Ashkenazi Jewish population 
(Comen et al., 2011).

In this review, we examine the mechanisms by which 
BRCA1/2 influences hereditary and familial cancers, with re-
gard to drug resistance and associated clinical utility in the 
age of precision medicine.

2 |  THE FUNCTION AND ROLE OF 
BRCA1/2  IN TUMORIGENESIS

BRCA1 is located on the long arm of chromosome 17 in the 
interval 17q12‐21 (Hall et al., 1990), while BRCA2 is located 
on chromosome 13q12‐13 (Wooster et al., 1994). BRCA2 is 
a large encoded protein composed of 3,418 amino acids with 
27 exons (Tonin et al., 1996), while BRCA1 is smaller, with 
1,863 amino acids and 24 exons (Hall et al., 1990).

BRCA1 is expressed in most cell types and tissues and is 
involved in a range of cellular regulatory pathways, including 
DNA‐damage response, cell‐cycle progression, regulation of 
gene transcription processes and ubiquitination. Interactions 
between BRCA1 and other proteins fulfill key functions in 
DNA‐repair systems: the binding of BRCA1 to CtIP localizes 
the latter on DNA double‐strand breaks, and creates 3' over-
hangs of single‐stranded DNA (ssDNA). Subsequently, the 
ssDNA becomes coated with the human replication protein A 
(RPA), prior to its displacement by the recombinase protein 
RAD51. At the cell regulation level, the BRCA1 appears as a 
p21 cyclin‐dependent kinase inhibitor, which suppresses the 
growth of the cell at the G1/S checkpoint.

BRCA2 is also expressed in most cell types and tissues 
throughout the body. It maintains its DNA repair mecha-
nisms via multiple interactions: the BRCA2 cyclin‐depen-
dent kinase (CDK) phosphorylation site binds to RAD51 to 
become instrumental in HR and DSB repair. It is essential 
for BRCA2 to form a complex with a vehicle, partner, and 
localizer of BRCA2 (PALB2), to penetrate to the center of the 
nucleus. The N terminus of BRCA2 is considered crucial to 
the BRCA2–PALB2 complex (Wong et al., 2011).

Several studies have revealed an overlap between BRCA1/2 
carriers and cancer outcomes. It has been observed that a 
higher percentage of triple‐negative BC occurred in BRCA1 
carriers (Corso et al., 2018). Few studies, however, have ob-
served an association between triple‐negative BC and BRCA2 
carriers. Reports on the association between pathogenic vari-
ants in BRCA1/2 and the poor survival rates associated with 
BC have been controversial. Women aged 70 years have an 
8% chance of developing BC, but susceptibility increases 
to 65% for BRCA1 carriers and to 45% for BRCA2 carriers 
(Chen & Parmigiani, 2007). Men who carry BRCA2 are also 
at increased risk of developing BC (Antoniou et al., 2008; 
Fentiman, Fourquet, & Hortobagyi, 2006). With regard to 
OC, 1.4% of females will develop OC, and of the 1.4%, more 
like 50% prove fatal (Chen & Parmigiani, 2007). However, 
the percentage of females who will develop OC by the age 
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of 70 increases to 39% for those with inherited pathogenic 
BRCA1 variants and to 11%–17% for women with inherited 
nontolerated BRCA2 variants (Chen & Parmigiani, 2007).

The risk of developing cancers associated with BRCA1/2 
is not limited to BC and/or OC. BRCA1 deficiency increases 
a woman's risk of developing peritoneal cancer and fallopian 
tube cancer (Finch et al., 2006). For men, the risk of devel-
oping prostate cancer is heightened by inherited BRCA1/2 
pathogenic variants (Levy‐Lahad & Friedman, 2007). In both 
sexes, pathogenic forms of BRCA1/2 were found to increase 
the risk of developing pancreatic cancer (Ferrone et al., 2009). 
Additionally, the inheritance of certain BRCA2 biallelic ger-
mline alterations has been shown to cause the development of 
a severe subtype of Fanconi anemia (FA‐D1), which is asso-
ciated with the occurrence of solid tumors and acute myeloid 
leukemia development in children (Howlett et al., 2002).

3 |  LANDSCAPE OF BRCA1/2  
VARIANTS IN DRUG RESISTANCE

BRCA1/2‐deficient cells and/or cells that exhibit HR have at-
tracted considerable attention with regard to target identifica-
tion (Bryant et al., 2005). For example, anti‐poly ADP‐ribose 
polymerase drugs have been designed to counteract the ef-
fects of BRCA1 deficiency (Bryant et al., 2005). The efficacy 
of platinum compounds has also been verified with regard to 
OC‐BRCA1/2 carriers. While these therapeutic agents have 
been shown to be effective, ultimately, they encounter resist-
ance (Ikeda et al., 2003).

Recently, Venkitaraman (2014) suggested that genome 
instability caused by DNA repair deficiency following the 
loss of BRCA1 drives tumor development. This has led to the 
emergence of a new class of anticancer agents: poly (ADP‐ri-
bose) polymerase (PARP) inhibitors (e.g. Olaparib) (Bryant 
et al., 2005). The attachment of PARP‐1 to ADP‐ribose facili-
tates the repair of single‐strand breaks and results in synthetic 
lethality. Cells with BRCA1/2 deficiency have high sensitiv-
ity to PARP inhibitors (Bryant et al., 2005); however, the 
majority of patients eventually develops resistance to PARP 
inhibitors. The mechanisms by which this resistance develops 
have been investigated: evidence from a murine BRCA1/p53‐
deficient mammary tumor model has revealed that resistance 
to PARP inhibitors may be attributable to the up‐regulation 
of P‐glycoprotein efflux pumps (Rottenberg et al., 2008). A 
study conducted by Ikeda and colleagues suggests that sec-
ondary somatic BRCA1/2 alteration can reverse cell growth 
potential, a mechanism by which tumor cells become resis-
tant to cisplatin and PARP inhibitors (Ikeda et al., 2003).

Platinum compounds are very efficient as chemothera-
peutic agents for OC. The recurrence‐free intervals for OC 
patients with BRCA1/2 variants, if treated with platinum‐
based therapy, are much longer than those for patients with 

sporadic OCs (Boyd et al., 2000). However, the majority of 
women with OC‐BRCA1/2‐deficiency experience relapse and 
eventually develop platinum resistance. Sakai and colleagues 
verified the in vivo occurrence of secondary variants through 
the BRCA2‐mutated BC cell line HCC1428 (Sakai et al., 
2008). Additionally, some clinical data suggest that second-
ary variants of BRCA1/2 can occur in platinum‐resistant OC 
(Edwards et al., 2008; Swisher et al., 2008).

4 |  SYSTEMIC TREATMENT IN 
BRCA  VARIANT CARRIERS

Despite the role played by BRCA in DNA repair, there is cur-
rently no in vitro or clinical evidence that individuals with 
the BRCA variant are more radiosensitive than the individu-
als without the variant (Lovelock et al., 2007; Nieuwenhuis 
et al., 2002; Pierce et al., 2000). Gaffney et al. (1998) re-
ported self‐limiting moist desquamation in the acute phase 
after radiotherapy in six of 21 women treated for BRCA‐re-
lated BC. Likewise, Pierce et al. (2000) compared radiother-
apy‐related complications in 71 women with BRCA‐related 
BC to those in 213 sporadic controls and observed a simi-
lar incidence of acute complications in both groups: 1% of 
the genetic cohort and 3% of the sporadic cohort exhibited 
confluent areas of moist desquamation of the skin, indicative 
of grade 3 reactions. There were no cases of grade 4 skin 
toxicity. Furthermore, 97% of the genetic cohort and 99% of 
the sporadic cohort exhibited no change in pulmonary symp-
toms (Pierce et al., 2000). These observations mirror those of 
Shanley et al., who found no increase in late toxic effects in 
55 BRCA variant carriers, compared with controls who had 
been treated with radiotherapy. Additionally, a cohort study 
of 22 patients showed that no BRCA variant carriers had ex-
treme sensitivity to radiotherapy (Leong et al., 2000).

Some side effects of radiotherapy, including fibrosis and 
vascular damage, may later affect wound healing. These effects 
should be taken into consideration when young BRCA variant 
carriers contemplate future therapeutic or cosmetic reconstruc-
tion surgery (Trainer et al., 2010). Prophylactic contralateral 
mastectomy (PCM) considerably reduces the risk of metachro-
nous contralateral BC and may increase the incidence of dis-
ease‐free survival though this approach has yet to demonstrate 
a significant increase in overall survival (Lostumbo, Carbine, 
Wallace, & Ezzo, 2004). However, the tendency toward in-
creased overall survival was noted in a cohort study of famil-
ial BC patients who were also BRCA1/2 variant carriers who 
underwent PCM upon or after their initial cancer diagnoses 
(McDonnell et al., 2001; van Sprundel et al., 2005).

Despite the efficiency with which MRI surveillance can 
predict stage‐I BC in young women, as well as the increas-
ing uptake of prophylactic bilateral salpingo‐oophorectomy 
(BSO), PCM could potentially increase overall survival of 
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patients who carry the BRCA variant. However, the decision 
to undergo PCM is a complex one, particularly with regard 
to family history, and may reflect a woman's acceptance of 
more radical surgery in order to decrease her long‐term de-
pendence on breast surveillance methods and the likely even-
tual need for chemotherapeutic options.

Preliminary studies examining the consequences of ge-
netic testing indicate that if genetic analyses were offered at 
the time of diagnosis, 52%–100% of patients who tested pos-
itive for a variant would choose bilateral mastectomy surgery 
as their decisive surgical procedure (Schwartz et al., 2004). 
Furthermore, 24% of patients would select this type of pre-
ventive surgery, if they received an “uninformative” BRCA 
genetic variant result (Schwartz et al., 2004).

Rapid variant testing has a major influence on the locore-
gional therapeutic options available to patients with no family 
histories but who display characteristics suggestive of a germ-
line BRCA variant (age <40 years and a triple‐negative tumor) 
(Trainer et al., 2010). In individuals with a potential family his-
tory of BRCA‐related tumors, the value of BRCA variant test-
ing is its ability to identify a family member who does not have 
cancer but is at high risk of developing the disease in future.

By contrast, and in spite of the crucial information that 
BRCA variant testing yields, BRCA testing utilization is less 
immediately used in patients with significant family histories 
of BRCA‐related tumors (Trainer et al., 2010).

BRCA1/2 variants are implicated in the repair of both en-
dogenous and exogenous double‐strand breaks throughout 
HR, and cells with mutant proteins show normal HR repair 
pathways (Wang, 2007).

It has been recognized that one of the features of BRCA1/2 
mutant cells is their hypersensitivity to DNA crosslinking 
agents, such as cisplatin and carboplatin (Bhattacharyya, Ear, 
Koller, Weichselbaum, & Bishop, 2000; Evers et al., 2008). 
Subsequently, it was confirmed that variants within the BRCA2 
locus were responsible for Fanconi anemia‐D1 (Howlett et al., 
2002). Moreover, preliminary data suggest that taxanes, which 
are used for the adjuvant and advanced treatment of meta-
static BC, may not be effective in BRCA carriers (Byrski et al., 
2008). Two possible reasons for this are the loss of normal mi-
totic regulation and taxane‐responsive apoptotic pathways that 
occur as tumors evolve (Lee et al., 1999). It is recommended 
that a bilateral breast MRI is conducted before surgical or ra-
diotherapy options are decided upon, in the cases of patients 
who are at increased risk of developing contralateral BC owing 
to familial disease or BRCA variants (Schwartz et al., 2008).

5 |  BRCA  VARIANTS PROFILING

The first BRCA1/2 variants were identified in early 1994 
(Ford, Easton, Bishop, Narod, & Goldgar, 1994). In recent 
decades, BRCA1/2 have been extensively screened for more 

variants, resulting in the identification of several variants as-
sociated with different types of cancer susceptibility (Ford, 
Easton, & Peto, 1995; Wooster et al., 1995). Almost 2,000 
distinct variants and sequence variations in BRCA1 and 
BRCA2 have already been described (Evans, Lalloo, Wallace, 
& Rahman, 2005). The most common variants of BRCA1 and 
BRCA2 that are found in most populations are 185AGdel and 
5382insC, respectively. In BRCA1, large genomic rearrange-
ments (LGRs) account for 27% or less of all gene‐associated 
disorders (Evans et al., 2005). Several BRCA1 pathogenic 
variants cause a frame‐shift variant that leads to complete 
loss of function, while most reported BRCA2 pathogenic var-
iants are deletions, insertions or nonsense variants that lead to 
premature (truncated) products (Evans et al., 2005).

The genes in question have heterogeneous variant profiles, 
as mentioned above. Moreover, different types of variant, 
with respect to predicted pathogenicity, have been reported. 
It is not only pathogenic or likely pathogenic changes that 
harbor BRCA1/2, but also variants of uncertain significance 
(VUS) (Easton et al., 2015). A study showed that between 
10% and 15% of patients who had genetic examination of 
BRCA1/2 had at least a VUS, representing a major challenge 
to the provision of proper counseling and cancer risk assess-
ment. Therefore, an advanced reporting and classification 
system is a key requirement for clinical utility (Plon et al., 
2008). In the U.S, VUS frequency differs based on popula-
tion ethnicity. For instance, African Americans seem to have 
the highest frequency of VUS (16.5%) (Nanda et al., 2005), 
while Asian, Middle Eastern and Hispanic populations have 
less frequency (between 10%–14%) (Nanda et al., 2005).

6 |  BRCA1/2  IN PRECISION 
MEDICINE

Genetic testing in individuals with family histories or who 
are deemed at risk of developing cancer guides healthcare 
providers in the development of diagnostics and therapeu-
tic or preventive strategies (Easton et al., 2015). BRCA1/2 
are penetrance genes for breast, OC, and tumor‐predispos-
ing syndromes. BRCA profiling is associated with clinical 
utility in the era of precision medicine (Easton et al., 2015). 
BRCA1/2 profile complexity requires precise and careful in-
terpretation. Some methods have demonstrated their effica-
cies in estimating the proportion of risk in an individual with 
BRCA1/2 pathogenic variants.

BOADICEA uses multiple penetrance BC and OC genes 
(with its main focus on the BRCA1/2) to predict tumor sus-
ceptibility. BRCAPRO and the Manchester scoring system 
are applied to assess the probability of BRCA variants in fam-
ilies potentially at risk of hereditary BC (Berry et al., 2002). 
In 2018, the Food & Drug Administration (FDA) approved 
the first home kit for BRCA1/2 testing (Antoniou et al., 2008). 
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However, the method only screens three common Eastern 
European‐based variants (Easton et al., 2015).

We believe that all listed approaches have clear limita-
tions, because VUSs, which are common in BRCA1/2, are 
incompatible with the methods in question. The American 
Society of Clinical Oncology advocates caution in the inter-
pretation of VUSs in tumor penetrance genes, while recom-
mending the use of effective genetics counseling tools and 
specialized healthcare practitioners with a view to tailored 
case management (Easton et al., 2015).

7 |  CONCLUSIONS

The relationship between BRCA1/2 and hereditary and fa-
milial cancers is indisputable, yet BRCA screening methods 
are beset with limitations and lack clinical confidence. This 
review emphasizes the importance of screening BRCA genet-
ics, in addition to their clinical utility. Further, founder vari-
ants are anticipated in the Saudi population.

ACKNOWLEDGMENTS

The authors would like to thank King Faisal Specialist 
Hospital & Research Centre (Gen. Org) (KFSH & RC‐Jed) 
(approval no; 2018:35), the Saudi Human genome Program 
(SHGP), King Abdulaziz City for Science and Technology 
and the University of Tabuk. Authors also thanks Dr. Edward 
J Cupler and Dr. Emily Heaphy for editing the manuscript.

CONFLICT OF INTEREST

The authors declare that there is no conflict of interest.

ORCID

Yousef M. Hawsawi   https://orcid.
org/0000-0003-1901-697X 

REFERENCES

Antoniou, A. C., Cunningham, A. P., Peto, J., Evans, D. G., Lalloo, F., 
Narod, S. A., … Easton, D. F. (2008). The BOADICEA model of 
genetic susceptibility to breast and ovarian cancers: updates and 
extensions. British Journal of Cancer, 98, 1457–1466. https ://doi.
org/10.1038/sj.bjc.6604305

Berry, D. A., Iversen, E. S. Jr, Gudbjartsson, D. F., Hiller, E. H., 
Garber, J. E., Peshkin, B. N., … Parmigiani, G. (2002). BRCAPRO 
validation, sensitivity of genetic testing of BRCA1/BRCA2, and 
prevalence of other breast cancer susceptibility genes. Journal 
of Clinical Oncology, 20, 2701–2712. https ://doi.org/10.1200/
jco.2002.05.121

Bhattacharyya, A., Ear, U. S., Koller, B. H., Weichselbaum, R. R., & 
Bishop, D. K. (2000). The breast cancer susceptibility gene BRCA1 

is required for subnuclear assembly of Rad51 and survival follow-
ing treatment with the DNA cross‐linking agent cisplatin. Journal of 
Biological Chemistry, 275, 23899–23903. https ://doi.org/10.1074/
jbc.c0002 76200 

Boyd, J., Sonoda, Y., Federici, M. G., Bogomolniy, F., Rhei, E., 
Maresco, D. L., … Hoskins, W. J. (2000). Clinicopathologic fea-
tures of BRCA‐linked and sporadic ovarian cancer. JAMA, 283, 
2260–2265. https ://doi.org/10.1001/jama.283.17.2260

Bryant, H. E., Schultz, N., Thomas, H. D., Parker, K. M., Flower, D., 
Lopez, E., … Helleday, T. (2005). Specific killing of BRCA2‐de-
ficient tumours with inhibitors of poly(ADP‐ribose) polymerase. 
Nature, 434, 913–917. https ://doi.org/10.1038/natur e03443

Byrski, T., Gronwald, J., Huzarski, T., Grzybowska, E., Budryk, M., 
Stawicka, M., … Polish Hereditary Breast Cancer Consortium. (2008). 
Response to neo‐adjuvant chemotherapy in women with BRCA1‐posi-
tive breast cancers. Breast Cancer Research and Treatment, 108, 289–
296. https ://doi.org/10.1007/s10549-007-9600-1

Campeau, P. M., Foulkes, W. D., & Tischkowitz, M. D. (2008). 
Hereditary breast cancer: new genetic developments, new therapeu-
tic avenues. Human Genetics, 124, 31–42. https ://doi.org/10.1007/
s00439-008-0529-1

Chen, S., & Parmigiani, G. (2007). Meta‐analysis of BRCA1 and BRCA2 
penetrance. Journal of Clinical Oncology, 25, 1329–1333.

Choi, M. C., Bae, J. S., Jung, S. G., Park, H., Joo, W. D., Song, S. 
H., …Lee, J. H. (2018). Prevalence of germline BRCA mutations 
among women with carcinoma of the peritoneum or fallopian tube. 
Journal of Gynecologic Oncology, 29, e80. https ://doi.org/10.3802/
jgo.2018.29.e80

Comen, E., Davids, M., Kirchhoff, T., Hudis, C., Offit, K., & Robson, M. 
(2011). Relative contributions of BRCA1 and BRCA2 mutations to 
"triple‐negative" breast cancer in Ashkenazi Women. Breast Cancer 
Research and Treatment, 129, 185–190. https ://doi.org/10.1007/
s10549-011-1433-2

Corso, G., Feroce, I., Intra, M., Toesca, A., Magnoni, F., Sargenti, M., 
… Galimberti, V. (2018). BRCA1/2 germline missense mutations: 
a systematic review. European Journal of Cancer Prevention, 27, 
279–286. https ://doi.org/10.1097/CEJ.00000 00000 000337

Easton, D. F. (1999). How many more breast cancer predisposition 
genes are there? Breast Cancer Research, 1, 14–17. https ://doi.
org/10.1186/bcr6

Easton, D. F., Bishop, D. T., Ford, D., & Crockford, G. P. (1993). 
Genetic linkage analysis in familial breast and ovarian cancer: re-
sults from 214 Families. The Breast Cancer Linkage Consortium. 
American Journal of Human Genetics, 52, 678–701.

Easton, D. F., Pharoah, P. D., Antoniou, A. C., Tischkowitz, M., 
Tavtigian, S. V., Nathanson, K. L., … Foulkes, W. D. (2015). 
Gene‐panel sequencing and the prediction of breast‐cancer risk. 
New England Journal of Medicine, 372, 2243–2257. https ://doi.
org/10.1056/nejms r1501341

Edwards, S. L., Brough, R., Lord, C. J., Natrajan, R., Vatcheva, R., 
Levine, D. A., … Ashworth, A. (2008). Resistance to therapy caused 
by intragenic deletion in BRCA2. Nature, 451, 1111–1115. https ://
doi.org/10.1038/natur e06548

Evans, D. G., Lalloo, F., Wallace, A., & Rahman, N. (2005). Update 
on the manchester scoring system for BRCA1 and BRCA2 testing. 
Journal of Medical Genetics, 42, E39. https ://doi.org/10.1136/
jmg.2005.031989

Evers, B., Drost, R., Schut, E., De Bruin, M., Van Der Burg, E., Derksen, 
P. W., … Jonkers, J. (2008). Selective inhibition of BRCA2‐deficient 
mammary tumor cell growth by AZD2281 and Cisplatin. Clinical 

https://orcid.org/0000-0003-1901-697X
https://orcid.org/0000-0003-1901-697X
https://orcid.org/0000-0003-1901-697X
https://doi.org/10.1038/sj.bjc.6604305
https://doi.org/10.1038/sj.bjc.6604305
https://doi.org/10.1200/jco.2002.05.121
https://doi.org/10.1200/jco.2002.05.121
https://doi.org/10.1074/jbc.c000276200
https://doi.org/10.1074/jbc.c000276200
https://doi.org/10.1001/jama.283.17.2260
https://doi.org/10.1038/nature03443
https://doi.org/10.1007/s10549-007-9600-1
https://doi.org/10.1007/s00439-008-0529-1
https://doi.org/10.1007/s00439-008-0529-1
https://doi.org/10.3802/jgo.2018.29.e80
https://doi.org/10.3802/jgo.2018.29.e80
https://doi.org/10.1007/s10549-011-1433-2
https://doi.org/10.1007/s10549-011-1433-2
https://doi.org/10.1097/CEJ.0000000000000337
https://doi.org/10.1186/bcr6
https://doi.org/10.1186/bcr6
https://doi.org/10.1056/nejmsr1501341
https://doi.org/10.1056/nejmsr1501341
https://doi.org/10.1038/nature06548
https://doi.org/10.1038/nature06548
https://doi.org/10.1136/jmg.2005.031989
https://doi.org/10.1136/jmg.2005.031989


6 of 7 |   HAWSAWI et Al.

Cancer Research, 14, 3916–3925. https ://doi.org/10.1158/1078-
0432.ccr-07-4953

Fentiman, I. S., Fourquet, A., & Hortobagyi, G. N. (2006). Male 
breast cancer. Lancet, 367, 595–604. https ://doi.org/10.1016/
s0140-6736(06)68226-3

Ferrone, C. R., Levine, D. A., Tang, L. H., Allen, P. J., Jarnagin, W., 
Brennan, M. F., … Robson, M. E. (2009). BRCA germline muta-
tions in jewish patients with pancreatic adenocarcinoma. Journal 
of Clinical Oncology, 27, 433–438. https ://doi.org/10.1200/
jco.2008.18.5546

Finch, A., Beiner, M., Lubinski, J., Lynch, H. T., Moller, P., & Rosen, 
B.…Hereditary Ovarian Cancer Clinical Study Group (2006). 
Salpingo‐Oophorectomy and the risk of ovarian, fallopian tube, and 
peritoneal cancers in women with a BRCA1 or BRCA2 mutation. 
JAMA, 296, 185–192.

Ford, D., Easton, D. F., Bishop, D. T., Narod, S. A., & Goldgar, D. E. 
(1994). Risks of cancer in BRCA1‐mutation carriers. Breast Cancer 
Linkage Consortium. Lancet, 343, 692–695.

Ford, D., Easton, D. F., & Peto, J. (1995). Estimates of the gene fre-
quency of BRCA1 and its contribution to breast and ovarian cancer 
incidence. American Journal of Human Genetics, 57, 1457–1462.

Gaffney, D. K., Brohet, R. M., Lewis, C. M., Holden, J. A., Buys, S. S., 
Neuhausen, S. L., … Cannon-Albright, L. A. (1998). Response to radi-
ation therapy and prognosis in breast cancer patients with BRCA1 and 
BRCA2 mutations. Radiotherapy Oncology, 47(2), 129–136.

Ghiorzo, P. (2014). Genetic predisposition to pancreatic cancer. 
World Journal of Gastroenterology, 20, 10778–10789. https ://doi.
org/10.3748/wjg.v20.i31.10778 

Hall, J. M., Lee, M. K., Newman, B., Morrow, J. E., Anderson, L. A., 
Huey, B., & King, M. C. (1990). Linkage of early‐onset familial 
breast cancer to chromosome 17q21. Science, 250, 1684–1689. https 
://doi.org/10.1126/scien ce.2270482

Hawsawi, Y. M., Al‐Zahrani, F., Mavromatis, C. H., Baghdadi, M. 
A., Saggu, S., & Oyouni, A. A. A. (2018). Stem cell applications 
for treatment of cancer and autoimmune diseases: its promises, 
obstacles, and future perspectives. Technol Cancer Res Treat, 17, 
1533033818806910. https ://doi.org/10.1177/15330 33818 806910

Hawsawi, Y., Humphries, M. P., Wright, A., Berwick, A., Shires, M., 
Al‐Kharobi, H., … Beattie, J. (2016). Deregulation of IGF‐binding 
proteins ‐2 and ‐5 contributes to the development of endocrine resis-
tant breast cancer in vitro. Oncotarget, 7, 32129–32143. https ://doi.
org/10.18632/ oncot arget.8534

Howlett, N. G., Taniguchi, T., Olson, S., Cox, B., Waisfisz, Q., De Die‐
Smulders, C., … D'andrea, A. D.,  (2002). Biallelic inactivation of 
BRCA2 in Fanconi anemia. Science, 297, 606–609.

Ikeda, H., Matsushita, M., Waisfisz, Q., Kinoshita, A., Oostra, A. 
B., Nieuwint, A. W., … Joenje, H. (2003). Genetic reversion in 
an acute myelogenous leukemia cell line from a Fanconi anemia 
patient with biallelic mutations in BRCA2. Cancer Research, 63, 
2688–2694.

Kurian, A. W. (2010). BRCA1 and BRCA2 mutations across race and 
ethnicity: distribution and clinical implications. Current Opinion 
in Obstetrics and Gynecology, 22, 72–78. https ://doi.org/10.1097/
gco.0b013 e3283 32dca3

Lee, H., Trainer, A. H., Friedman, L. S., Thistlethwaite, F. C., Evans, M. 
J., Ponder, B. A., & Venkitaraman, A. R. (1999). Mitotic checkpoint 
inactivation fosters transformation in cells lacking the breast cancer 
susceptibility gene, BRCA2. Molecular Cell, 4, 1–10. https ://doi.
org/10.1016/s1097-2765(00)80182-3

Leong, T., Whitty, J., Keilar, M., Mifsud, S., Ramsay, J., Birrell, G., … 
Mckay, M. (2000). Mutation analysis of BRCA1 and BRCA2 can-
cer predisposition genes in radiation hypersensitive cancer patients. 
International Journal of Radiation Oncology Biology Physics, 48, 
959–965. https ://doi.org/10.1016/s0360-3016(00)00728-8

Levy‐Lahad, E., & Friedman, E. (2007). Cancer risks among BRCA1 
and BRCA2 mutation carriers. British Journal of Cancer, 96, 11–15. 
https ://doi.org/10.1038/sj.bjc.6603535

Lostumbo, L., Carbine, N., Wallace, J., & Ezzo, J. (2004). Prophylactic 
mastectomy for the prevention of breast cancer. Cochrane Database 
Systematic Reviews, 11, CD002748. https ://doi.org/10.1002/14651 
858.CD002 748.pub3

Lovelock, P. K., Wong, E. M., Sprung, C. N., Marsh, A., Hobson, K., 
French, J. D., … Kconfab, I. (2007). Prediction of BRCA1 and 
BRCA2 mutation status using post‐irradiation assays of lympho-
blastoid cell lines is compromised by inter‐cell‐line phenotypic vari-
ability. Breast Cancer Research and Treatment, 104, 257–266. https 
://doi.org/10.1007/s10549-006-9415-5

Mcdonnell, S. K., Schaid, D. J., Myers, J. L., Grant, C. S., Donohue, 
J. H., Woods, J. E., … Hartmann, L. C. (2001). Efficacy of con-
tralateral prophylactic mastectomy in women with a personal and 
family history of breast cancer. Journal of Clinical Oncology, 19, 
3938–3943. https ://doi.org/10.1200/jco.2001.19.19.3938

Miller, A. B. (2010). Screening for breast cancer in the Eastern 
Mediterranean Region. East Mediterr Health Journal, 16, 1022–
1024. https ://doi.org/10.26719/ 2010.16.10.1022

Nanda, R., Schumm, L. P., Cummings, S., Fackenthal, J. D., Sveen, 
L., Ademuyiwa, F., … Olopade, O. I. (2005). Genetic testing in 
an ethnically diverse cohort of high‐risk women: a comparative 
analysis of BRCA1 and BRCA2 mutations in American families of 
European and African ancestry. JAMA, 294, 1925–1933. https ://doi.
org/10.1001/jama.294.15.1925

Narod, S. A., & Foulkes, W. D. (2004). BRCA1 and BRCA2: 1994 
and beyond. Nature Reviews Cancer, 4, 665–676. https ://doi.
org/10.1038/nrc1431

Nieuwenhuis, B., Van Assen‐Bolt, A. J., Van Waarde‐Verhagen, M. A., 
Sijmons, R. H., Van Der Hout, A. H., Bauch, T., … Kampinga, H. 
H. (2002). BRCA1 and BRCA2 heterozygosity and repair of X‐ray‐
induced DNA damage. International Journal of Radiation Biology, 
78, 285–295. https ://doi.org/10.1080/09553 00011 0097974

Petrucelli, N., Daly, M. B., & Pal, T. (1993). BRCA1‐ and BRCA2‐asso-
ciated hereditary breast and ovarian cancer. In: M. P. Adam, H. H. 
Ardinger, R. A. Pagon, S. E. Wallace, L. J. H. Bean, K. Stephens, & 
A. Amemiya (Eds.). Genereviews((R)). Seattle, WA.

Pierce, L. J., Strawderman, M., Narod, S. A., Oliviotto, I., Eisen, A., 
Dawson, L., … Weber, B. L. (2000). Effect of radiotherapy after 
breast‐conserving treatment in women with breast cancer and germ-
line BRCA1/2 mutations. Journal of Clinical Oncology, 18, 3360–
3369. https ://doi.org/10.1200/jco.2000.18.19.3360

Plon, S. E., Eccles, D. M., Easton, D., Foulkes, W. D., Genuardi, M., & 
Greenblatt, M. S., … IARC Unclassified Genetic Variants Working 
Group. (2008). Sequence variant classification and reporting: rec-
ommendations for improving the interpretation of cancer suscepti-
bility genetic test results. Human Mutation, 29, 1282–1291. https ://
doi.org/10.1002/humu.20880 

Rottenberg, S., Jaspers, J. E., Kersbergen, A., Van Der Burg, E., 
Nygren, A. O., Zander, S. A., … Jonkers, J.,  (2008). High sensi-
tivity of BRCA1‐deficient mammary tumors to the PARP inhib-
itor AZD2281 alone and in combination with platinum drugs. 

https://doi.org/10.1158/1078-0432.ccr-07-4953
https://doi.org/10.1158/1078-0432.ccr-07-4953
https://doi.org/10.1016/s0140-6736(06)68226-3
https://doi.org/10.1016/s0140-6736(06)68226-3
https://doi.org/10.1200/jco.2008.18.5546
https://doi.org/10.1200/jco.2008.18.5546
https://doi.org/10.3748/wjg.v20.i31.10778
https://doi.org/10.3748/wjg.v20.i31.10778
https://doi.org/10.1126/science.2270482
https://doi.org/10.1126/science.2270482
https://doi.org/10.1177/1533033818806910
https://doi.org/10.18632/oncotarget.8534
https://doi.org/10.18632/oncotarget.8534
https://doi.org/10.1097/gco.0b013e328332dca3
https://doi.org/10.1097/gco.0b013e328332dca3
https://doi.org/10.1016/s1097-2765(00)80182-3
https://doi.org/10.1016/s1097-2765(00)80182-3
https://doi.org/10.1016/s0360-3016(00)00728-8
https://doi.org/10.1038/sj.bjc.6603535
https://doi.org/10.1002/14651858.CD002748.pub3
https://doi.org/10.1002/14651858.CD002748.pub3
https://doi.org/10.1007/s10549-006-9415-5
https://doi.org/10.1007/s10549-006-9415-5
https://doi.org/10.1200/jco.2001.19.19.3938
https://doi.org/10.26719/2010.16.10.1022
https://doi.org/10.1001/jama.294.15.1925
https://doi.org/10.1001/jama.294.15.1925
https://doi.org/10.1038/nrc1431
https://doi.org/10.1038/nrc1431
https://doi.org/10.1080/09553000110097974
https://doi.org/10.1200/jco.2000.18.19.3360
https://doi.org/10.1002/humu.20880
https://doi.org/10.1002/humu.20880


   | 7 of 7HAWSAWI et Al.

Proceedings of the National Academy of Sciences of the United 
States of America, 105, 17079–17084. https ://doi.org/10.1073/
pnas.08060 92105 

Sakai, W., Swisher, E. M., Karlan, B. Y., Agarwal, M. K., Higgins, J., 
Friedman, C., … Taniguchi, T. (2008). Secondary mutations as a 
mechanism of cisplatin resistance in BRCA2‐mutated cancers. 
Nature, 451, 1116–1120. https ://doi.org/10.1038/natur e06633

Schwartz, G. F., Hughes, K. S., Lynch, H. T., Fabian, C. J., Fentiman, 
I. S., & Robson, M. E.… Consensus Conference Committee 
The International Consensus Conference Committee. (2008). 
Proceedings of the international consensus conference on breast 
cancer risk, genetics, & risk management, April 2007. Cancer, 113, 
2627–2637. https ://doi.org/10.1002/cncr.23903 

Schwartz, M. D., Lerman, C., Brogan, B., Peshkin, B. N., Halbert, C. H., 
Demarco, T., … Isaacs, C. (2004). Impact of BRCA1/BRCA2 counseling 
and testing on newly diagnosed breast cancer patients. Journal of Clinical 
Oncology, 22, 1823–1829. https ://doi.org/10.1200/jco.2004.04.086

Semlali, A., Almutairi, M., Rouabhia, M., Reddy Parine, N., Al Amri, 
A., S Al‐Numair, N., …Saud Alanazi, M. (2018). Novel sequence 
variants in the TLR6 gene associated with advanced breast cancer 
risk in the Saudi Arabian population. PLoS ONE, 13, E0203376. 
https ://doi.org/10.1371/journ al.pone.0203376

Siegel, R. L., Miller, K. D., & Jemal, A. (2015). Cancer Statistics, 
2015. CA: A Cancer Journal for Clinicians, 65, 5–29. https ://doi.
org/10.3322/caac.21254 

Swisher, E. M., Sakai, W., Karlan, B. Y., Wurz, K., Urban, N., & 
Taniguchi, T. (2008). Secondary BRCA1 mutations in BRCA1‐mu-
tated ovarian carcinomas with platinum resistance. Cancer Research, 
68, 2581–2586. https ://doi.org/10.1158/0008-5472.CAN-08-0088

Tonin, P., Weber, B., Offit, K., Couch, F., Rebbeck, T. R., Neuhausen, 
S., … Garber, J. E. (1996). Frequency of recurrent BRCA1 and 
BRCA2 mutations in Ashkenazi Jewish breast cancer families. 
Nature Medicine, 2, 1179–1183.

Trainer, A. H., Lewis, C. R., Tucker, K., Meiser, B., Friedlander, M., & 
Ward, R. L. (2010). The role of BRCA mutation testing in determin-
ing breast cancer therapy. Nat Rev Clin Oncol, 7, 708–717. https ://
doi.org/10.1038/nrcli nonc.2010.175

Van Sprundel, T. C., Schmidt, M. K., Rookus, M. A., Brohet, R., Van 
Asperen, C. J., Rutgers, E. J., … Tollenaar, R. A. (2005). Risk 

reduction of contralateral breast cancer and survival after contralat-
eral prophylactic mastectomy in BRCA1 or BRCA2 mutation carri-
ers. British Journal of Cancer, 93, 287–292. https ://doi.org/10.1038/
sj.bjc.6602703

Venkitaraman, A. R. (2002). Cancer susceptibility and the functions of 
BRCA1 and BRCA2. Cell, 108, 171–182. https ://doi.org/10.1016/
s0092-8674(02)00615-3

Venkitaraman, A. R. (2014). Tumour suppressor mechanisms in the 
control of chromosome stability: insights from BRCA2. Molecules 
and Cells, 37(2), 95–99.

Wang, W. (2007). Emergence of a DNA‐damage response network 
consisting of Fanconi anaemia and BRCA proteins. Nature Reviews 
Genetics, 8, 735–748. https ://doi.org/10.1038/nrg2159

Weitzel, J. N., Blazer, K. R., Macdonald, D. J., Culver, J. O., & Offit, K. 
(2011). Genetics, genomics, and cancer risk assessment: state of the 
art and future directions in the era of personalized medicine. CA: A 
Cancer Journal for Clinicians, 61, 327–359.

Wong, M. W., Nordfors, C., Mossman, D., Pecenpetelovska, G., 
Avery‐Kiejda, K. A., Talseth‐Palmer, B., … Scott, R. J. (2011). 
BRIP1, PALB2, and RAD51C mutation analysis reveals their rel-
ative importance as genetic susceptibility factors for breast cancer. 
Breast Cancer Research and Treatment, 127, 853–859. https ://doi.
org/10.1007/s10549-011-1443-0

Wooster, R., Bignell, G., Lancaster, J., Swift, S., Seal, S., Mangion, J., 
… Micklem, G. (1995). Identification of the breast cancer suscepti-
bility gene BRCA2. Nature, 378, 789–792.

Wooster, R., Neuhausen, S. L., Mangion, J., Quirk, Y., Ford, D., Collins, 
N., … Averill, D. (1994). localization of a breast cancer suscep-
tibility gene, BRCA2, to chromosome 13q12‐13. Science, 265, 
2088–2090.

How to cite this article: Hawsawi YM, Al‐Numair NS, 
Sobahy TM, et al. The role of BRCA1/2 in hereditary 
and familial breast and ovarian cancers. Mol Genet 
Genomic Med. 2019;7:e879. https ://doi.org/10.1002/
mgg3.879

https://doi.org/10.1073/pnas.0806092105
https://doi.org/10.1073/pnas.0806092105
https://doi.org/10.1038/nature06633
https://doi.org/10.1002/cncr.23903
https://doi.org/10.1200/jco.2004.04.086
https://doi.org/10.1371/journal.pone.0203376
https://doi.org/10.3322/caac.21254
https://doi.org/10.3322/caac.21254
https://doi.org/10.1158/0008-5472.CAN-08-0088
https://doi.org/10.1038/nrclinonc.2010.175
https://doi.org/10.1038/nrclinonc.2010.175
https://doi.org/10.1038/sj.bjc.6602703
https://doi.org/10.1038/sj.bjc.6602703
https://doi.org/10.1016/s0092-8674(02)00615-3
https://doi.org/10.1016/s0092-8674(02)00615-3
https://doi.org/10.1038/nrg2159
https://doi.org/10.1007/s10549-011-1443-0
https://doi.org/10.1007/s10549-011-1443-0
https://doi.org/10.1002/mgg3.879
https://doi.org/10.1002/mgg3.879

