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Abstract
BRCA1 is involved in double-strand DNA damage repair pathways, and mutations in the gene are associated with hereditary 
breast and ovarian cancers. With great help of the development of high-throughput DNA sequencing techniques numerous 
single-nucleotide polymorphisms (SNPs) and insertion deletion (Indel) mutations are detected on both coding and non-
coding/regulatory regions of the BRCA1. Mutations may cause pathogenic or benign changes on the protein function or affect 
its expression. In the last decade, use of genetic screening tests to detect mutations on such genes has become greatly popular. 
However, it is very important to know the effect of the detected mutations, which is mostly possible by the use of predictive 
softwares, and also the related family history to be able to correctly analyse the screening results and to inform the patient. 
Therefore, use of in silico and in vitro techniques to score the pathogenicity of detected variants on genes like BRCA1 is 
now of great importance. Otherwise, results obtained from screening tests and family history cannot be analysed precisely.
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Introduction

Genetic mutations are permanent alterations in the DNA 
sequence. Depending on their position, mutations can alter 
the function or amount of essential proteins in the body, 
causing various health effects. Gene mutations can be clas-
sified in a number of different ways but generally they are 
divided into two main groups as inherited (hereditary, ger-
mline) and somatic (acquired, sporadic) mutations. Heredi-
tary mutations are found in the egg or sperm cells (germ 
cells) of the parents, which make up the zygote that forms 
the offspring [1]. So, the mutation is inherited to the off-
spring and is expected to present in all cells of the body. 
Somatic mutations, on the other hand, are acquired during 
an individual’s lifetime and are present only in one or a small 

group of cells in the body [2]. More importantly, they are not 
passed to the next generation.

BRCA1 is a well-studied tumour suppressor gene encod-
ing breast cancer type 1 susceptibility protein, which is 
involved in DNA damage repair pathways and is usually 
mutated in inherited breast and ovarian cancers [3]. The 
gene is located on the long arm of chromosome 17 and is 
composed of 24 exons spread over 80 kb [4]. To date, more 
than 1600 mutations are identified in the BRCA1 gene that 
include deletions, insertions, missense, and nonsense muta-
tions [4]. Generally, individuals inherit a BRCA1 mutation 
from a parent and then a somatic mutation occurs on the 
wild-type allele leading to cancer phenotype. Studies suggest 
that the risk of developing breast cancer increases from 53 to 
73% in women who have an oncogenic mutation in BRCA1 
and are having a familial history [5]. Around 60% of BRCA1 
mutation carriers develop breast cancer by age 70 [6].

Among other relatively large-scale mutations, single-
nucleotide polymorphisms (SNPs) are single-base changes 
that occur normally with frequency of 0.1% throughout a 
person’s DNA and with allele frequency of > 1% among 
a population [7]. Most of them do not have any effect on 
human health; however, some of these variations have 
important roles in genetic diversity, response to drugs, evo-
lution, and susceptibility to some diseases including cancer 
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[7, 8]. So, identification and scoring of SNPs according to 
their pathogenicity and association with diseases are impor-
tant to help develop new clinical markers as well as person-
alised treatment strategies.

Since the discovery of the huge variation in the human 
genome, it has been a challenge to identify SNPs that might 
be responsible for phenotype changes and diseases. Many 
bioinformatics prediction tools have been introduced to fulfil 
this aim. Database of SNP (dbSNP) in NCBI is a central 
and public database that contains detailed information about 
genetic variations obtained from the International Human 
Haplotype (HapMap) and 1000 Genomes Projects [9].

In hereditary breast cancers, identification of BRCA1 and 
BRCA2 mutations is important for better diagnosis and to 
better tailor the clinical management of patients in the clinic. 
In this review article, functional SNPs and small-scale multi-
base deletions or insertions (indels) within coding regions, 
3′/5′ UTR sites and 3′/5′ splice sites of the human BRCA1 
gene, are examined and evaluated.

SNPs and indels in non‑coding regions of the human 
BRCA1 gene

Information obtained from the dbSNP shows that there are 
a total of 4225 indel and 18,557 SNPs within the human 
BRCA1 gene. These variations include 3′/5′ splice site and 
3′/5′ UTR mutations, frameshift, synonymous, missense, and 
nonsense mutations in the coding regions (Table 1).

There are 15 indel and 42 single-nucleotide variations 
(total 57) within the 3′ splice site, 26 indel, and 41 SNPs 
(total 67) in the 5′ splice sites. Total numbers of variations 
in the 3′ and 5′ splice sites are similar. These variations are 

important as they can potentially generate new splice sites, 
have an effect on exon–intron junctions, and induce cryptic 
sites [10]. For example, a splicing variant (c.5406 + 2T>C) 
in the BRCA1 was shown to cause the loss of the canonical 
donor splice site and create a new splice site that causes the 
retention of 156 bp of intron 21 in a family suffering from 
hereditary breast cancer [11]. Such variations are classified 
as pathologic variants in the databases after confirmation of 
bioinformatics predictions and functional splicing assays.

86 indel and 424 SNPs (total 510) are present in 3′ UTR 
site of the BRCA1 gene. Variations in the 3′ UTR sites of 
genes play crucial roles in transcriptional regulation as these 
regions harbour binding sites for miRNAs and mRNA-bind-
ing proteins affecting the stability of the transcript. Altera-
tions in the 3′ UTR sites in several genes have previously 
been associated with increased risk of tumour formation 
and progression [12–14]. So, it is important to analyse and 
experimentally test the 3′ UTR variations in the human 
BRCA1 gene to detect pathogenic and likely pathogenic vari-
ants [15]. For example, a 3′ UTR variant (rs8176318 G>T) 
was shown to cause decreased BRCA1 expression and result 
in increased breast cancer risk [16]. c.*1340_1342delTGT, 
on the other hand, was shown to introduce a functional miR-
103 target site and reduce the stability of the BRCA1 tran-
script and might be therefore pathogenic [17]. Likely, several 
other variants were identified to somehow reduce 3′ UTR 
activity of the human BRCA1, being potential pathogenic 
variants [17].

In addition to 3′ UTR mutations, some variants are also 
present in the mRNA 5′ UTR regions. To date, 51 indel and 
128 SNP (total 179) variants are identified in the 5′ UTR of 
human BRCA1 according to dbSNP data. 5′ UTR mRNA 
5′ UTRs contain functional elements such as upstream 
open reading frames (uORFs), internal ribosome entry 
site (IRES), and iron-responsive elements (IRE), which 
are crucial in translational regulation. Variations in the 5′ 
UTR regions have previously been associated with diseases 
including hereditary cancers [8, 18]. Recently, for example, 
a variant that is inherited in a dominant manner in the 5′ 
UTR of human BRCA1 (c.-107A>T) was shown to cause 
methylation-associated silencing and cause breast and ovar-
ian cancers [19].

SNPs and indels in coding regions of the human 
BRCA1 gene

The remaining mutations that will be mentioned in this sec-
tion are all within the coding region of the human BRCA1 
gene. 1696 indels causing frameshift mutations, 352 non-
sense, and 1891 missense SNPs have been detected in the 
coding region of the BRCA1. Other 697 SNPs were synony-
mous mutations, which do not alter the protein sequence.

Table 1   Distributions of SNP and Indel variations in the coding 
regions, UTR, and splice sites of the human BRCA1 gene

Human BRCA1

Indels Total: 4225

3′ splice site 15
5′ splice site 26
3′ UTR​ 86
5′ UTR​ 51
Frameshift 1696

SNPs Total: 18,557

3′ splice site 42
5′ splice site 41
3′ UTR​ 424
5′ UTR​ 128
Coding synonymous 697
Missense 1891
Nonsense 352
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Like the mutations in the regulatory regions, coding 
sequence polymorphisms in BRCA1 also have pathogenic 
effects leading to increased susceptibility to hereditary breast 
and ovarian cancers. When we analysed the missense SNPs 
(total 1891) in human BRCA1 using the SIFT (sorting intol-
erant from tolerant) [20], which is a bioinformatics server 
that predicts the damaging effect of small mutations on pro-
tein function, we found out that 3555 of total 7987 possible 
variants are predicted to be “deleterious”. This means that 
the mutation results in the generation of a protein product 
that is different from the wild type or protein translation is 
interrupted due to the formation of a premature stop codon. 
Other 4432 variants are either tolerated or no information is 
yet available about their effect on protein function.

Nonsense SNPs (total 352) in human BRCA1 were ana-
lysed for their potential effects in protein level using the 
SIFT software. 122 out of total 2310 possible variants are 
predicted to be deleterious and 155 as tolerated. No infor-
mation was found to be available about the other variants.

A total of 1696 insertion/deletion (indel) mutations 
resulting in frameshifts within the coding region of BRCA1 
are listed in the dbSNP database. Among these, 1515 are 
classified as pathogenic and an additional 12 as likely path-
ogenic. Therefore, not surprisingly, a total of 1527 out of 
1696 indels within the BRCA1 gene cause severe changes in 
the protein structure resulting in possible deleterious effects. 
For example, the rs80357697 variant, which was identified 
in four unrelated women suffering from hereditary breast 
cancer from Kurdish Jewish descent, is a result of a dele-
tion (c.224_227delAAAG, p.Glu75fs) causing a frameshift 
in BRCA1 [21].

In this context, it is important to note that defining the 
role and scoring the pathogenicity of a variant is an intense 
bioinformatics and laboratory work, which demand intensive 
labour and financial sources. Considering the huge amount 
of data being obtained from the next-generation sequencing 
(NGS) technology, it is not surprising that an important per-
centage of detected variants are still of unknown significance 
(VUS) [15].

Discussion

Detecting variations among the human genome has become 
an easy procedure after the introduction of next-generation 
DNA sequencing technology and bioinformatics tools over 
the last decade. However, detection is only the first step and 
the main challenge has become to score the detected variants 
to reveal their significance.

First genetic tests for detecting known mutations in mono-
genic disorders such as sickle cell anaemia and Tay–Sachs 
disorder was introduced as routine tests in different regions 
starting from 1970s [22, 23]. As the genotype–phenotype 

associations of such diseases are well defined, genetic tests 
are diagnostic and give certain results about the condition of 
the tested individual. Also, in countries including Cyprus, 
where Thalassemia is a common monogenic disorder, pre-
marital screening for the disease was made compulsory in 
1980s and preventive strategies including prenatal genetic 
testing in 1990s resulted in a sharp decrease in the number 
of affected birth rates [24]. Then, the rapid development 
in genetic analysis technologies and data obtained from 
projects like 1000 Genomes project and HapMap project 
resulted in the emergence of various genetic screening kits 
that are marketed in dietary clinics, some pharmacies, and 
even in online platforms. Such screens are designed to detect 
any variation in tested genes and provide a risk score for the 
individual to develop an associated disease. Tests designed 
for BRCA1 and BRCA2 are being used widely to detect the 
presence of any mutations that may result in increased risk 
for hereditary breast and ovarian cancers [25]. In complex 
diseases, like cancers, the genotype–phenotype correlation 
is not as clear as it is in monogenic disorders. Analysis and 
interpretation of genetic screen/test results must be carried 
out professionally, taking the patient’s medical and family 
history into account. As noted above, an important percent-
age of BRCA1 variants are still VUS. Additionally, these 
tests screen only for known mutations on the BRCA​ genes. 
Patients may carry a previously unidentified single variation, 
which may cause a false-negative result.

Conclusion

Having a variant in the BRCA​ genes, if inherited from a 
previously affected parent increases the risk score of the 
tested individual, as well as detecting a variant with a known 
pathogenic significance reported in the databases. During 
variant annotation, as bioinformatics tools work on the basis 
of predictions, it is important to use either more than two 
prediction tools or design functional assays to confirm the 
pathogenic effect of the variant in silico or in vitro. Such 
as, applications such as ‘BRCA exchange’ will be signifi-
cant to improve our understanding of the molecular genetic 
basis of breast cancer and other diseases by collecting data 
on the BRCA​ genes variants [26]. Uncovering the effects of 
SNPs in the human genome is of high importance, as detec-
tion of pathogenic variants will help clinicians in diagnosis, 
preventive treatment strategies, and to enable personalised 
medicine for patients.
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