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Abstract—The most prevalent form of cancer in females is
breast cancer. Roughly 5%-10% of breast cancers are
hereditary, and they are associated with Germline gene
mutations, inherited from parents. Germline gene mutations
increase the risk of developing cancer earlier in life compared
to noninherited cases (sporadic cancer). BRCA1 and BRCA2
are well-studied tumour suppressor genes associated with
hereditary breast cancer. Even though mutations in BRCA1
and BRCA2 are assumed to responsible the majority of
hereditary breast cancers cases, many other breast cancer
susceptibility genes have been identified in the last few decades.
Identification of many germline mutations was possible due to
advance sequencing technologies. Most of these genes are
belongs to tumour suppressors and DNA damage repair gene
families (DNA double-strand break repair and DNA mismatch
repair). These genes play a vital role in genomic stability and
cell cycle control suggesting that any alteration in these genes
trigger uncontrolled growth and tumour formation. These
genes are categorized according to the penetrance level, the
proportion of carriers express the associated trait of the
mutated gene. Mutations in high penetrance genes such as
BRCA1, BRCA2, TP53, PTEN, and SKT11 greatly increase the
risk of developing breast cancer. Moderate penetrance gene
such as PALB2, ATM, CHEK2, BARD1, BRIP1 and low
penetrance gene such as PARP4, CASP8, TOX3 confer
moderate to low increase risk of developing breast cancer. Aim
of this review is to summarize genes associated with hereditary
breast cancer according to their penetrance level (high,
moderate and low penetrance).
Index Terms— Breast cancer, heredity, susceptibility genes,
gene mutations.

I. INTRODUCTION
Cancer is a condition of uncontrolled cell proliferation and
progressive accumulation of genetic alterations [1, 2].
Genetic alterations can be caused by specific genetic
processes or by environmental factors that can trigger
genetic processes. Mutations alter the mechanism of cell
division and growth [3]. Although all the cancers are genetic
only some are inherited and called hereditary cancer.
Sporadic cancer is the other main type of cancers which
occurs due to acquired genetic mutations and account for
75-80% of all cancer cases [4]. Hereditary cancers are earlyonset, occurs in younger ages compared to sporadic cancer,
making it crucial to identify the germline gene mutations
associated with it. Tumour suppressor gene, proto-oncogene
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and DNA damage repair gene alterations are closely related
to cancer formation.
Tumour suppressor gene repairs DNA errors and control
apoptosis. Mutations in these genes result in the loss of
function and abnormal cell growth [4]. Proto-oncogenes
control cell proliferation. Mutation in proto-oncogene
transfer proto-oncogene into oncogenes resulting in
uncontrolled cell proliferation. This is called a gain of
function mutation which increases the expression of the
gene. Point mutation, translocation and amplification lead to
oncogene activation. Genomic DNA continuously exposed
to various geno-toxicants that may cause DNA lesions,
mutations and DNA strand breaks. DNA repair mechanisms
namely DNA mismatch repair, recombination repair
(homologous recombination and nonhomologous endjoining) and excision repair (nucleotide excision repair and
base excision repair) protect the genetic information in
genome and ensure genomic stability [5]. Mutations in DNA
repair genes lead to genomic instability and accumulation of
unrepaired, damaged DNA strands. Accumulation of
unrepaired, damaged DNAs may direct the cell to apoptosis
or carcinogenesis [5].
II BREAST CANCER
The most prevalent form of cancer in females is breast
cancer (BC) [6, 7], representing nearly a quarter (25%) of all
cancers with an estimated 2.1 million new cases diagnosed
in 2018 [8]. Incidence and death are increasing annually and
12.5% of women are diagnosed with BC in her lifetime [6].
There has been a rapid increase in BC incidence globally
and estimated to increase by another 25% by the year 2020
[9]. Environmental and genetic risk factors can induce BC in
human. Environmental factors that can induce BC are
radiation, synthetic chemicals (Organo-chlorines), oral
contraceptives, hormone replacement therapy, pregnancy,
menstrual history, lack of exercise, alcohol consumption,
benign breast disease and obesity [10]. BC shows strong
hereditary predisposition and certain heritable syndromes
associate with increased risk of BC [11]. Individual's BC
risk increases proportionally with a family history of the
disease [9]. At least 10% to 15% of all the BC cases are
inherited and explained by germline genes mutations in
critical genes. These mutations are transmitted in an
autosomal dominant manner [10-12]. BReast Cancer 1
(BRCA1) and BReast Cancer 2 (BRCA2) genes are the most
studied genes relation to HBC for the past few decades [10,
13]. Identification of BRCA mutations has been used as one
of the strongest HBC predictor [14]. However, only 20%30% of HBC are due to mutations in BRCA1 or BRCA2.
Additional genes such as TP53, PTEN, STKII, CHEK2,
ATM, PALB2 and BRIP2, associated with HBC haven been
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identified with the advancement in molecular genetics and
linkage analysis [15, 16]. Completion of the human genome
project and the development of gene wide association
studies (GWAS) led to the identification of even more BC
susceptibility genes with higher allele frequencies [16].
Emerging studies in the last two decades have been
identifying many HBC susceptibility genes to improve
disease diagnosis. HBC incidence and deaths can be
decreased by improving early deduction [7]. Early
identification of people having a higher risk of developing
BC due to germline mutations may lead to better treatment,
disease prevention strategies and overall survival benefit.
This review will summarize the current understanding of
HBC susceptibility genes.
III. CLASSIFICATION OF BREAST CANCER
SUSCEPTIBILITY GENES

An estimate of mutation-associated cancer risk is termed as
penetrance [17]. This can be further explained as
proportions of individuals carry a particular gene mutation
as well as express the associated phenotype [16]. There is an
inverse relationship between the risk conferred by a variant
in BC susceptibility genes and frequency of the variant in
the population with some expectations [18]. Variants
generally categorized as rare high-risk mutations, rare
moderate-risk mutations and common low-risk mutation
[15]. High-penetrance gene mutations such as BRCA1,
BRCA2, TP53, PTEN, STK11, and CDH1 are associated
with a relative risk of ≥ 5. Moderate-penetrance gene
mutations such as ATM, CHEK2, PALB2, and BRIP1 are
associated with a relative risk of ≥1.5 and <5, whereas lowpenetrance gene mutations are associated with a relative risk
of ≥1.01 and <1.5 with the highest allele frequencies [19].
IV. HIGH PENETRANCE GENE MUTATIONS
A. BRCA1 and BRCA2
BRCA1 and BRCA2 genes were identified in 1994 and both
of them have been well studied concerning cancer
development for the last few decades. BRCA1 and BRCA2
are included in clinical risk assessment to find the
probability of developing BC [17, 20]. Mutations in BRCA1
and BRCA2 genes occur in approximately 1:400 and 1:800
women in a general population [15]. BRCA1 mutation
carriers have a lifetime risk of developing BC and
ovarian cancer of 45-75% and BRCA2 mutation carriers
have a lifetime risk of developing BC and
ovarian cancer of 18-40%. [13]. Population studies showed
that BRCA1 and BRCA2 mutations with a family history of
BC confer higher risk compared to the general population.
Women having a mutation in BRCA1 and BRCA2 and
having multiple affected relatives with a young age of
diagnosis have 80% to 90% lifetime risk of developing BC
[17].
BRCA1 and BRCA2 are tumour suppressor genes and
maintain genomic stability [6, 21]. BRCA1 and BRCA2
DOI: http://dx.doi.org/10.24018/ejmed.2020.2.3.286

genomic structures are complex and
homology between the coding regions [22].

there

is

no

Chromosome 17q12-21 is the genomic location of human
BRCA1 [21, 23]. BRCA1 contains 24 exons encoding a
large nuclear phosphoprotein (220kDa) that has 1,863 amino
acids [10, 22, 24]. Chromosome 13 (13q12.3) is the genomic
location of BRCA2. BRCA2 contains 27 exons encode large
protein (380kDa) which has 3,418 amino acids [25, 26].
BRCA1 and BRCA2 both have large exon 11 as shown in
Figure 1. There are three domains in BRCA1, play a major
role in interaction with other proteins and subcellular
localization of BRCA1. The middle region; Exon 11-13
encodes nearly 60% of BRCA1 protein and highly
responsible for tumour suppressor activity of BRCA1. A
large percentage of clinically important mutations are
observed at exons 11–13. This region interacts with
retinoblastoma protein (Rb), c-Myc, RAD50, and RAD51 as
shown in figure 2. Two nuclear localization sequences
(NLS) are located in between amino acids 501–507 and
607–614. NLS promotes the interaction of importin-alpha
and this interaction, which negotiate BRCA1 transport to the
nucleus from the cytosol [21].

Fig 1: Positions of common mutations in BRCA1 and BRCA2 (Source:
Wang et al., 2011 [24])

N-terminal RING domain encoded by exons 2–7 (amino
acids 1-109) and BRCA1 C-terminus encoded by exons 16–
24 (amino acids 1650–1863). The RING finger motif
(residue 24-64) is in the RING domain of BRCA1 and it is
highly conserved for ubiquitination pathway. The RING
finger motif is important for E3-ubiquitin ligase activity of
BRCA1. BARD1 is another RING containing protein which
interacts with BRCA1 N-terminal ring [21, 27]. C-terminal
domain/ BRCT domain interacts with ATM, ATR, P53 and
BACH1. ATM and ATR are DNA damage activated kinases
and P53 and BACH1 are transcriptional regulators [21].
BRCA1 is a multi-functional protein interacts with different
proteins to play role in different cellular pathways such as
apoptosis, DNA damage repair, cell-cycle arrest,
transcriptional activation and tumorigenesis [21]. The major
function of BRCA1 is to maintain genomic stability through
DNA damage signaling and DNA repair [22]. BRCA1 and
BRCA2 are involved double strand (DS)-DNA break repair
by homologues recombination (HR) [1]. Upon DNA
damage, BRCA1 will associate with RAD51 and localized
to the damaged region. BRCA1 becomes phosphorylated.
BRCA2 forms a complex with RAD51 of the downstream of
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BRCA1. The primary function of BRCA2 is to facilitate HR
[22]. Cells cannot repair DS-DNA breaks by error-free HR
when BRCA1 and BRCA2 are mutated this leads to errorprone non-homologous end joining (NHEJ) and genomic
instability [28]. Expression of BRCA1 and BRCA2 are high
in S-phase of the cell cycle indicating a function in genomic
stability during DNA replication [22].

Fig 2: BRCA1 gene map

In addition to its role in HR, BRCA1 interacts with at least
13 different tumour suppressor proteins and mismatch repair
proteins to form a macromolecular protein complex known
as BRCA1-associated genomic surveillance complex
(BASC) which regulate DNA damage repair and cell cycle
checkpoints [28]. BASC includes ATM, RAD50, MRE11,
NBS1 and DNA mismatch repair proteins (MLH1, PMS2,
MSH2 and MSH6) [10, 22]. BRCA1 is also implicated in
transcription-coupled excision repair, chromatin remodeling
and ubiquitination process with the help of BARD1, by
which proteins are tagged for degradation by the proteasome
[6, 23, 29].
BRCA2 has eight internally repeating sequences called BRC
motif. BRC motif is the major domain to interact with
RAD51. BRCA2 also involved in DNA double-stranded
repair. BRCA2 binds to single-stranded DNA. BRCA2
interacts with RAD51 recombinase to stimulate strand
invasion which is a critical step in homologous
recombination [30]. BRCA1 and BRCA2 have some
similarities in exon structures. But there is no significant
sequence homology between them. BRCA2 is responsible
for nuclear localization signal in human. BRCA2 is also a
transcriptional co-regulator as BRCA1. BRCA2 is found to
be interacting with SMAD3 and form a complex that coactivated Smad3-dependent transcriptional activation of
plasminogen activator inhibitor-1 (PAI-1). It collaborates in
androgen-mediated transcription with the histone
acetyltransferase. Structure of the C-terminal domain of
BRCA2 is known and many tumours derived mutations were
observed in this domain. C-terminal domain has DNA
binding properties. The BRCA2 colocalizes with RAD51
during meiosis on chromosome axes like in BRCA1. This
association shows the participation of BRCA2 in the repair
of DNA damage by homologous recombination pathway
[21].
Pathogenic mutations can occur throughout the BRCA1 and
BRCA2. The most common type of mutations is frame-shift
mutations (small deletion or insertion) or nonsense
mutations resulting in protein truncation [24, 26]. Mutations
affecting splice-site, large genomic rearrangement as well as
DOI: http://dx.doi.org/10.24018/ejmed.2020.2.3.286

not well-understood missense, silent mutations and
polymorphisms were reported [22]. A germline mutation in
BRCA genes only represents the 1st hit of the Knudson's
two-hit hypothesis. Carriers of mutations have one germline
hit (mutated and inherited copy of BRCA) [22, 26].
BRCA1 mutation carrier has 60-70% lifetime risk of
developing BC and BRCA2 mutation carrier has a 45-55%
risk of developing BC [28]. However, the contribution of
BRCA mutations to develop BC within any specific
population depends on prevalence and penetrance.
Mutations in BRCA genes occur with different frequencies
across the ethnicities [7]. Male BRCA2 mutation carriers
confer a lifetime risk of prostate, breast, and pancreatic
cancers [25]. 60% to 80% BRCA1- related tumours display
a triple-negative barest cancer phenotype. BRCA2 -related
tumours usually express estrogen and progesterone receptors
and tend to have similar features to sporadic BCs [10].
It was assumed that BRCA1 and BRCA2 germline mutations
are the common mutations found HBC. However, the latest
studies demonstrated that mutations in BRCA1 and BRCA2
only account for 25 to 28% of HBC [22]. Mutations in
BRCA1 and BRCA2 were not found in all HBC. Many
studies have reported evidence for germline mutations in
other rare high penetrance genes.
B. TP53
Tumour protein 53 (TP53) is a tumour suppresser gene
located on the short arm of chromosome 17p13.1 and
contains 11 exons encodes tumour protein p53 which is
composed of 393 amino acids [25, 31, 32]. p53 consists of
four domains: i) an N-terminal sequence (transactivation)
domain that is involved in the regulation of the target gene
transcription; ii) a core domain that recognizes specific
DNA sequences; iii) an oligomerization domain that is
responsible for the tetramerization of the protein (the
functional form of p53); iv) and a C-terminal domain that is
essential for the regulation of p53 activity [32]. The p53
protein is situated in the cell nuclei and binds directly to
DNA and responds to many cellular stresses including
chemicals, radiation and ultraviolet rays from sunlight to
regulate the expression of target genes. Also, p53
participates in the regulation of cell cycle, apoptosis,
senescence and DNA repair [31, 33]. If the DNA is mutated
or damaged and cannot be repaired, p53 transmits a signal,
which triggers cell apoptosis and prevents cells from
dividing and developing into tumours [32]. Loss or
disruption of p53 function due to mutation can cause
uncontrolled cell proliferation and cancer. Some p53 mutant
gains new functions and prevent binding of wild type p53 to
the promoter of the target gene [31]. Missense and proteintruncating variants of RP53 are also associated with
increased risks of BC [34]. Mutations in this gene cause LiFraumeni syndrome and affect adults and children. This
high penetrance gene predisposes for a wide spectrum of
tumours, including sarcomas, adrenocortical carcinomas,
brain cancer, and very early-onset BC [10]. The majority of
somatic mutation TP53 are single-base substitutions and
spread over exon 5 to 8. TP53 mutation carriers have 18 to
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60 fold increased risk for early-onset breast BC (diagnosed
before the age of 45) when compared to the general
population [10]. Most BCs caused by TP53 mutation are
human epidermal growth factor receptor (HER2) positive
and estrogen receptor (ER)-positive [28]. Expression of
genes associated with the regulation of cycle and apoptosis
are up-regulated in the absence of P53, BRCA1 and BRCA2
proteins [33].
Studies have demonstrated 2-3% of patients with inherited
mutations (early-onset) and ~40% of somatic mutations in
TP53 of all cases of BC cases. Somatic mutation in TP53
occurs more frequently than inherited mutations.
Furthermore, TP53 is a polymorphic gene and 80 single
nucleotide polymorphisms (SNPs) have been identified in
human populations to date. 90% of SNPs are situated in
introns or outside splice sites. However, the potential role of
SNPs in BP risk is not well known [32].
TABLE I: HEREDITARY BREAST CANCER HIGH
PENETRANCE GENES
Gene

Location

BRCA1

17q12-21

BRCA2

13q12.3

TP53

17p13.1

PTEN

10q23.3

SKT11

19p13.3

CDH1
RAD51C,
RAD51D

16q22.1
17q22,
17q12

MLH1,
MSH1,
MSH6,
PMS2

2p22.2,
2p21-p16,
2p16.317p22

Function
Tumour suppressor, DNA double-strand
break repair via homologous
recombination, BRCA1-associated
genomic surveillance complex formation.
Tumour suppressor, DNA double-strand
break repair.
Tumour suppressor (cell growth regulator)
Tumour suppressor, mutation associated
with improper cell cycle arrest
Tumour suppressor , associated with
apoptosis; also a negative regulator of the
mTOR pathway
Epithelial cell-cell adhesion molecule
Associated with DNA double-strand break
repair via homologous recombination

DNA mismatch repair

C. PTEN
Genomic location of phosphatase tensin homologue gene
(PTEN) is chromosome 10q23.3. PTEN, tumour suppressor
gene encodes PTEN protein that controls chromosomal
integrity through direct interaction with the kinetochore
component centromere protein C and regulation of Rad51
homolog expression. PTEN has also been shown to regulate
the anaphase-promoting complex (APC)-cdh1/ Hct1
homolog (CDH1) tumour suppressive complex [35]. PTEN
is a phosphatidylinositol 3-phosphatase and functions as a
tumour suppressor by tensin homolog negatively regulating
AKT signaling pathway [36]. Mutations in this gene lead to
uncontrolled cell growth. PTEN mutations can cause many
syndromes including Cowden Syndrome; an autosomal
dominant disorder. Patient with Cowden syndrome has a
high risk of benign and malignant tumours of the breast,
thyroid and endometrium at high frequency [10, 36]. Among
DOI: http://dx.doi.org/10.24018/ejmed.2020.2.3.286

these cancers patient with BC have a lifetime risk of up to
50%-85% [28].
D. CDH-1
The E-cadherin gene (CDH1) is a calcium-dependent cellcell adhesion molecule in junctions between epithelial cell
encoded by CDH-1 a tumour suppressor gene. Germline
mutation in this gene can cause lobular gastric cancer and
invasive lobular carcinoma of the breast but not ductal BC
[37]. CDH1 has clear evidence for its association with BC
[34]. A female with BC has at least a 1% chance of carrying
CDH-1 mutation [27]. CDH-1 female mutations carriers
have a lifetime risk of up to 40% to 54% lifetime risk of
developing lobular BC [10].
E. STK11
Genomic location of the tumour suppressor Serine/threonine
kinase gene (STK11) in human is 19p13.3. m-TOR pathway
is negatively regulated by this gene [28]. This gene is
associated with apoptosis and cell cycle regulation. STK11
act as cell polarity regulator. Mutation in this gene can cause
Peutz-Jeghers syndrome, an autosomal dominant syndrome
characterized by the growth of polyps in the gastrointestinal
tract, pigmented macules on the skin and mouth [10, 36].
Additionally, a mutation in this gene increases the risk of
cancer including breast, colon, stomach, small intestine,
pancreas and ovary. The lifetime risk for developing any
cancer including breast BC by mutated STK11 in a female is
up to 85% [10].
F. RAD51C and RAD51D
RAD51C and RAD51D genes encode RAD51c and
RAD51D proteins. RAD51C and RAD51D are two of the
five paralogs of a RAD51 protein family involved in DNA
DS-repair and required for both types of the repair
processes, NHEJ and HR [36]. RAD51 family members are
similar to bacterial RecA and Saccharomyces cerevisiae
Rad51 [10]. These genes are known to be interacting with
BRCA1 and BRCA2 [28]. Loss-of-function mutations in
RAD genes are associated with developing BC and ovarian
cancer at high and categorized under high penetrance genes
[22]. Pathogenic RAD51C mutations have also been
identified in BRCA1/2 mutation-negative hereditary breast
and ovarian cancer (HBOC) families. A biallelic mutation or
a homozygous missense mutation in RAD51C was reported
to cause Fanconi anaemia-like phenotype [10, 36]. A single
nucleotide (G to C) substitution in the 50-untranslated
region of the RAD51 gene has been found to modulate BC
risk [38].
G. MLH1, MSH2, MSH6 AND PMS2
MutL homolog 1 (MLH1), mutS homolog 2 (MSH2), mutS
homolog 1(MSH6) and postmeiotic segregation increased 2
(PMS2) are mismatch repair genes [36]. Proteins encoded by
these genes are associated with BRCA1 [39]. Main
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functions of these genes are the elimination of single-base
mismatches and insertion-deletion of loops that arise during
DNA replication and maintaining genomic integrity. MSH2
protein forms a heterodimer with either MSH6 or MSH3. It
depends on the type of lesion to be repaired. Correction of
single-base mispairs required MSH6 and the correction of
insertion-deletion loops required both MSH3 and MSH6.
PMS2 and MLH2 are heterodimer coordinate mismatch
recognition complex and other proteins necessary for
mismatch repair such an exonuclease 1 (EXO1), possibly
helicase(s), proliferating cell nuclear antigen (PCNA),
single-stranded DNA-binding protein (RPA), and DNA
polymerases. PMS2 and MLH can also form heterodimers
with MLH3 and PMS1 [40]. Germline mutations in MLH1,
MSH2, MSH6 and PMS are associated with high BC risk
and categorized under high penetrance genes [25]. Singlebase mismatches correction and insertion-deletion loop
correction requires PMS2. There are no sufficient research
data on PMS1 [40].
V. MODERATE PENETRATE GENES
A. PALB2
PALB2 is also known as FANCN (Fanconi anaemia gene) is
a moderate penetrance gene. However, the penetrance of
this gene can be altered by environmental factors and
lifestyle. The major role of PALB2 is DS-DNA repair by
HR [10, 28]. Next to BRCA1 and BRCA2 mutations, PALB
mutation is the most common in BC. Some mutations in
PALB2 have a high risk for BC even though PALB
categorized under moderate penetrance gene [41]. Earlier,
PALB2 was known as BRCA2 interacting protein that plays
a key role in BRCA2 functions. Later, its interaction with
BRCA1 was also identified. Loss of function mutation in
PLAB2 is associated with an increase in the risk of BC. The
recent research on PALB2 reported that some BRCA1 and
BRCA2 mutation carrier patient with BC had a loss of
function mutation in PALB2. The risk of BC for female
PALB2 mutation carriers, as compared with the general
population, was eight to nine times as high among those
younger than 40 years of age, six to eight times as high
among those 40 to 60 years of age, and five times as high
among those older than 60 years of age [42]. Mutations in
PALB2 increase the risk of cancers including BC. PALB2
strongly associated with the risk of ER-positive and ERnegative subtypes [43]. Mutations in this gene can cause BC
in male [28].

28]. Many studies have reported that mutations in this gene
increase the risk of BC [43]. BC risk of ATM mutation
carriers is 50% and higher for younger women less than 50
years [28]. ATM interacts with C terminal end of BRCA1.
This interaction is important in DNA damage repair [21].
ATMp.Val2424Gly has a higher risk of BC than truncating
variants [34].
C. CHEK2
Checkpoint kinase 2 (CHEK2) is a BC moderate penetrance
gene [42]. However, it may regulate by environmental
factors and lifestyle to cause cancer [28]. This gene encodes
a checkpoint kinase. This protein kinase is known to
interact with DNA repair proteins and cell cycle regulation
[43]. CHEK2 is known as an upstream regulator of BRCA1.
CHEK2 has 3 domains; SQ/TQ cluster domain, Forkheadassociated (FHA) domain and Ser/Thr kinase domain [10].
ATM and ATR activate CHEK2 as a response of DNA DS
breaks or replication stress.
It activates cell cycle
checkpoint and increases DNA repair efficiency by full
activation and trans-autophosphorylation of CHEK2.
Phosphorylation of threonine 68 of CHEK2 is catalyzed by
ATM and ATR. Phosphorylation of CHEK2 activates P53
tumour suppressor, CDC25 family proteins and serine 988
of BRCA1 [44]. Germline mutations in CHEK2 play a
significant role in HBC. 1100delC deletion in CHEK2 is a
common type of mutation and it increases the susceptibility
of BC by 2-fold [10, 43]. 1100delC mutation of this gene is
found in patients of northern and eastern European ancestry.
CHEK2 mutation has a lifetime risk of 37% for bilateral BC
and male BC. This mutation can be found in 5% of BC
patients without BRCA mutations [28]. CHEK2 missense
variant p.Ile157Thr has a lower risk of BC than the CHEK2
c.1100delC truncating variant [10, 35].
D. BARDI
BRCA1-associated RING domain (BARD1) was identified
initially as a ring containing protein interacts with BRCA1.
Ring figure motifs of BRCA1 and BARD1 are important in
their interaction [27, 45]. BRCA1-BARD1 interaction has a
role in RNA processing, DNA repair, cell cycle regulation
and apoptosis [10, 27]. Germline mutations of BARD1 have
been found a few cancers including BC. BARD1 mutation
confers an increased risk of developing BC with family
history. The risk factors and percentages of BRAD 1
mutations require further analysis [10].

B. ATM

E. BRIP1

Ataxia-telangiectasia mutated gene (ATM) is moderatepenetrance BC susceptibility genes and confers a 2-fold to
3-fold increase in the risk of BC compared to the general
population [41]. This gene encodes p13k-related protein
kinase which as multiple functions. ATM interacts with C
terminal end of BRCA1 that is important in DNA damage
repair [28, 43]. Homozygous or compound heterozygous
ATM mutations cause ataxia-telangiectasia syndrome [10,

BRCA1 interacting protein 1 gene (BRIP1) is located on
chromosome 21. The protein encoded by this gene interacts
with BRCA1. This interaction promotes error-free DNA DS
repair. BRIP1 also known as FANCJ (Fanconi anaemia
gene) and BRCA1 associated C-terminal helicase (BACH1).
BRIP1 repair damaged DS DNA break and maintain
chromatin stability [45]. BRIP1 has been reported as a BS
susceptibility gene [27]. Missense and truncating mutations
of this gene were detected in different population. Mutated
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BRIP1 increase BC and ovarian cancer risk by two-fold [9].
This gene link to mismatch repair (MMR) complex and
associated with cross-linking repair. Germline mutation in
this gene leads to error-prone NHEJ [35].

However, XRCC2 mutation BC susceptibility requires
further investigation [10].

F. MRN Complex (MRE11, RAD50, NBS1)

ATR, also known as ataxia ATR encodes a protein that
activates CHK1, TP53, and BRCA1 and RAD. Germline
mutations in this gene confer increased risk of developing
BC [36].

MRE11, RAD50 and NBS1 are genes composed a protein
complex called MRE11-RAD50 - NBS1 (MRN) complex.
The overall function of this complex is genomic stability.
This complex can sense DS breaks and process DS break
repair in early-stage [10, 28]. Mre11 involve in DNA
recombination, cell cycle regulation and telomeres
maintenance. RAD50 is known as highly conserved DNA
DS break repair factor. Only a small disruption MRN
complex can have effects on genomic stability. Mutations of
all three genes in the complex have been identified [10].
Mutations in NBN cause Nijmegen breakage syndrome, an
autosomal recessive chromosomal instability syndrome
characterized by microcephaly growth retardation, immune
deficiency and cancer predisposition including BC [47].
Frequency of mutation in these genes widely varies across
populations [28].
TABLE II: HEREDITARY BREAST CANCER
MODERATE PENETRANCE GENES
Gene

Location

PALB2

16p12.1

ATM

11q22.3

CHEK2

22q12.1

BARDI

2q34-q35

BRIP1

17q22–q24

MRE11,
RAD50,
NBS1

11q21,
5q31,
8q21.3

XRCC2

7q36.1

ATR

11q22.3

CDK1

10q21.2

Function
Binding partner and localizer of BRCA2
associated with DNA homologous
recombination repair
Associated with DNA double-strand break
repair and cell cycle progression
Associated with DNA double-strand break
repair; also phosphorylates BRCA1
DNA repair, apoptosis, RNA processing
and cell cycle regulation
Encodes protein serving as a binding
partner of BRCA1
Associated with DNA double-strand break
repair
Homologous recombination repair of
double-stranded DNA breaks
Activates CHK1, TP53, and BRCA1 and
RAD.
Governs the G2/M transition of the cell
cycle.

G. XRCC2
XRCC2 (x-ray repair cross-complementing gene-2) encodes
a protein is which is a RAD51 paralog. XRCC2 involves in
homologous recombination repair of DS DNA breaks [48].
Even though mutations in this gene are uncommon, it has
increased risk of BC with family history [43]. Proteintruncating variant, one-base-pair deletion and p.R188H
missense mutations were reported which may have
increased BC risk. It was reported in a recent study that
polymorphic site at XRCC1 is playing a double role in BC
with anti-tumour activity and promotion of metastasis [5].
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H. ATR

I. CDK1
Cyclin-dependent kinase 1 (CDK1) governs the G2/M
transition of the cell cycle. CDK1 is important on DNA
damage response and it phosphorylates BRCA1. Any
functional change in CDK1 results in deficient DNA
damage response signalling and DNA repair by HR. CDK1
may interfere with DNA damage response and can increase
the risk of tumour formation including BC [36].
VI. LOW PENETRANCE GENES
Genome-wide association studies (GWAS) led to the
identification of many low penetrance genes/alleles with
elevated BC risk [16]. Low penetrance alleles are often
single nucleotide polymorphisms (SNPs) and they act in a
combinational polygenic manner for the development of BC
in an individual. At least 33-40 of complex SNPs
interactions are needed to explain a threefold increased BC
risk [15]. Some frequent Low penetrance genes/alleles are
explained below.
A. ARLTS1
ARLTS1 (ADP-ribosylation factor-like tumour suppressor
gene) is a tumour suppressor gene encodes GTP-binding
proteins which are involved in multiple cell regulatory
functions including apoptosis. Mutation in this low
penetrance gene associated with familial melanoma and
chronic lymphocytic leukaemia. A nonsense mutation in
ARLTS1 leads to truncated protein which cannot bind GTP.
A germline substitution of adenine for guanine is associated
with increased risk of HBC regardless of the BRCA mutation
status [38].
B. ABRAXAS
ABRAXAS is also known as (ABRA1, CCDC98, or
FAM175A) codes a protein. This protein is an important
component of the BRCA1 holoenzyme complex as it binds
to BRCA1 BRCT motifs via its phosphorylated C-terminus.
Because of the strong association with BRCA1, ABRAXAS
could be cancer susceptibility gene and may play a role in
HBOC [10].
C. MDM2
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The protein encoded by MDM2 binds to p53 and inhibits its
function in the absence of stress. MDM2 also has p53independent effect on the repair of DS DNA. Polymorphism
located in the promoter region 309 bp downstream from
intron one results in a base change (T309G) has been
associate with overexpression of MDM2. This
polymorphism accelerates tumour formation and associated
with early-onset BC. MDM2 is overexpressed in many
cancers. [38].

J. TGFB1

D. PARP4

TOX high mobility group box family member 3 (TOX3)
gene located on chromosome 16q12 [50]. TOX3 encodes a
protein involves in alteration of chromatin structure and act
as predicted to act as a transcription factor [50].
Polymorphism rs3803662 TOX3 reported having an
increased risk of developing BC [36].

The protein encoded polymerase family member 4 (PARP4)
genes add ADP-ribose to proteins. Recent studies have
found that PARP4 is mutated in patients having thyroid and
BC suggesting germline mutations in this gene can increase
the risk of BC [1, 49].
E. CASP8
Chromosome 2q33–q34 is the genomic location of caspase 8
(CASP8). CASP8 is a cysteine protease involved in the
initiation of apoptosis or programmed cell death in response
to DNA damage [16]. Some SNPs in CASP8 was identified
to confer a slightly increased risk of BC and consider as a
BC lower penetrance susceptibility gene [10].
F. NF1
Ras/Raf/Erk signal transduction pathway is negatively
regulated by Neurofibromin 1 (NF1). Mutations in this gene
are associated with neurofibromatosis type 1 (NF1) and
cancers including BC [36].
G. FGFR2
Fibroblast growth factor receptor 2 (FGFR2) gene located
on chromosome 10q26 [16]. The FGFR2 rs2981582,
rs2420946, and rs1219648 polymorphisms reported as
modifiers of BC risk in nonBRCA1/2 carriers [36].
H. LSP1
Lymphocyte-specific protein 1 (LSP1) located on
chromosome 11p15.5 [16].
This gene encodes an
intracellular F-actin binding protein which has plays a role
in the regulation of neutrophil motility and trans-endothelial
migration. The LPS1 rs3817198 polymorphism has been
reported to have a small increased risk of BC [36].
I. MAP3K1
Mitogen-activated protein kinase 1 E3 ubiquitin-protein
ligase (MAP3K1) located on chromosome 5q11.2 [16]. The
protein encoded by this gene is important in cell signaling,
proliferation and apoptosis [50]. MAP3K1 rs889312
polymorphism reported being associated with a small
increased risk of familial and early-onset BC [36].
DOI: http://dx.doi.org/10.24018/ejmed.2020.2.3.286

Transforming growth factor β1 (TGFB1) gene mutations
cause a disease condition called Camurati-Engelmann
disease. The rs1982073 TGFB1polymorpysm has been
reported to have a slightly increased risk of developing PRnegative BC [36].
K. TOX3

L. VEGF
The major function of vascular endothelial growth factor
(VEGF) is tumour angiogenesis. Genetic alterations in
VEGF reported having a functional influence of BC in
BRCA mutation carriers [36].
M. TNRC9
TNRC9 is located on chromosome 16q and genetic variation
in this gene associated with slightly increased the risk in
developing BC [16].
N. H19
H19 gene is located on 11p and SNPs in this locus
associated with slightly increased in the risk of developing
BC [16].
O. ESR1
Estrogen receptor 1 (ESR1) is located on chromosome
6q25.1 and polymorphism rs2046210 in ESR1 has been
associated with slightly increased risk of developing BC
[50]
VII. CONCLUSIONS
Certain gene mutations and certain rare hereditary
syndromes such as Lynch syndrome, Li-Fraumeni
syndrome, Cowden Syndrome, ataxia-telangiectasia
syndrome, Peutz-Jeghers syndrome, and Nijmegen breakage
syndrome are associated with an increased risk of
developing BC. HBC predisposition is due to inheritable
mutations tumour suppressor, DNA damage repair (DNA
DS repair and DNA mismatch repair genes). Cancer risk due
to mutations in these genes varies with the number of
relatives affected and age of diagnosis of them. It was
thought that the majority of HBC cases are due to the
mutation in BRCA1 and BRCA2, well-studied tumour
suppressor genes. However, the latest studies have found
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that only 20%-30% of HBCs are due to mutations in BRCA1
or BRCA2. Advancement in molecular genetics and linkage
analysis many other HBC susceptibility genes (TP53, PTEN,
STKII, CHEK2, ATM, PLAB 2 and BRIP2) haven has been
identified with high and moderate penetrance. These genes
are tumour suppressors and genes involved in DNA repair
pathways. Completion of the human genome project and
development of genome-wide association studies (GWAS)
has paved the path to identify even more hereditary
susceptibility genes/alleles with low penetrance. Low
penetrance gene/alleles function in a complex combinatorial
polygenic manner in an individual to develop BC.
Understanding the high, moderate and low penetrance gene
mutations with elevated BC risk are important to design
clinical test to identify individuals with a higher risk of
developing BC at a younger age. Early identification of
individuals at increased risk of BC may lead to better
screening and treatment, prevention and improved overall
survival benefit.
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