DE DE GRUYTER
OPEN

G

10.1515/amb-2014-0024

MOLECULAR-GENETIC ASPECTS OF BREAST CANCER

M. Krasteva, Sv Angelova and ZI Gospodinova

Department of Molecular Genetics, Institute of Plant Physiology and Genetics,
Bulgarian Academy of Sciences, Sofia, Bulgaria

Summary. Breast cancer is the most frequent malignancy among women. Ad-
vances in breast cancer knowledge have deciphered the involvement of a number
of tumor suppressor genes and proto-oncogenes in disease pathogenesis. These
genes are part of the complex biochemical pathways, which enable cell cycle control
and maintenance of genome integrity. Their function may be disrupted as a result of
alterations in gene sequence or misregulation of gene expression including altera-
tions in DNA methylation pattern. The present review summarizes the main findings
on maijor breast cancer related genes BRCA1/2, p53, ATM, CHEK2, HER2, PIK3CA
and their tumorigenic inactivation/activation. The potential clinical importance of
these genes with respect to patients’ prognosis and therapy are also discussed. The
possible implication of other putative breast cancer related genes is also outlined.
The first elaborate data on the genetic and epigenetic status of the above mentioned
genes concerning Bulgarian patients with the sporadic form of the disease are pre-
sented. The studies indicate for a characteristic mutational spectrum in some of the
genes for the Bulgarian patients and specific correlation between the status of differ-
ent genes and clinicopathological characteristics.
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Cancer represents a multistep process that occurs as a result of accumulation of
mutations and disruption of the regulatory mechanisms of specific genes involved in nor-
mal processes of cell growth and differentiation. The disturbed function of these genes
triggers cancer pathogenic mechanisms attributing selective advantages to the trans-
formed cell: resistance to antiproliferative signals, maintenance of proliferative activity
in the absence of growth signals, unlimited replicative potential, avoidance of apoptosis,
invasion and metastasis, and angiogenesis. The conversion of a normal cell into tumori-
genic requires about 6-7 consecutive mutational events. Two major groups of cancer re-
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lated genes have been identified: proto-oncogenes and tumor suppressor genes, which
are functionally interconnected in a complex regulatory network of biochemical interac-
tions. Proto-oncogenes are positive regulators of the cell cycle and tumorigenic altera-
tions enhance their expression. Contrariwise, tumor suppressors inhibit cells growth and
proliferation and their loss-of-function may lead to transformation.

Advances in modern breast cancer knowledge have revealed the implication of
several tumor suppressor genes and proto-oncogenes in disease pathology. They
are an integral part of the complex biochemical pathways enabling cell cycle control
and maintenance of genome integrity.

Most of the breast cancer cases are sporadic, due to somatic mutations in
a large number of genes. The sporadic disease has a later onset, the tumors are
mostly unilateral and unifocal and no other family members are usually affected.
Familial cases are due to inherited (germ-line) mutations. The major familial breast
cancer related genes are BRCA1 and BRCAZ2. Inherited carcinomas have an early
onset; they are more aggressive, mostly bilateral and multi-focal. Such tumors are
often accompanied with carcinomas of other sites; pedigree analysis reveals affect-
ed family members. A small part of breast cancers are monogenic, a part of inherited
syndromes, such as Cowden syndrome (due to a germ-line mutation in PTEN), Rei-
fenstein syndrome (in MLH1), Li-Fraumeni syndrome (in p53), Ataxia-telangiectasia
(in ATM), Ha Peutz-deghers syndrome (in STK17).

BRCA1 AND BRCA2 TUMOR SUPPRESSOR GENES

The breast cancer susceptibility genes BRCA7 and BRCAZ2 have been discov-
ered in the middle of the 90s of the last century and have been mapped to chromo-
somes 17 (17921) and 13 (13912-13), respectively. BRCA1 encompasses about 100
kb of genome DNA and is organized into 22 coding and 2 non-coding exons. The
encoded protein is composed of 1863 amino acids. BRCAZ2 consists of 27 exons and
codes for 3418 amino acids protein. Both genes belong to the class of tumor suppres-
sors named “guardians of the genome”. BRCA1/2 proteins have specific DNA-binding
domains and are involved in transcription control, DNA repair, apoptosis and others
[14]. BRCA1 has more than 15 target genes among which are BRCA2, p53 and ATM,
thus being nominated as a key regulator in maintenance of cell balance [32].

When inactivated, BRCA1 and BRCAZ2 are tumorigenic. Currently several
thousands of BRCA1/2 mutations have been discovered (Breast Cancer Information
Core Database). Breast cancer related BRCA1/2 mutations are mainly gem-line.
They spread throughout the whole genes and no “hot spots” could be differentiated.
Most BRCA 1 mutations lead to the synthesis of abnormally short non-functional vari-
ants (frameshift mutations, small deletions and insertions) or normal in size but func-
tionally inactive proteins (missense mutations). BRCA71 mutational frequency may
vary depending on the family burden and the age of affected persons. The carriers
of BRCA1 mutations have an early breast cancer onset, clinical characteristics are
indicative of an aggressive disease, often both breasts are affected [53]. BRCA1-
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positive tumors are mainly ductal, with a high grade of malignancy, negative ER
and PR receptor status, HER2 overexpression and often carry a p53 mutation [21].
Single studies have found some specific characteristics of BRCAZ2-positive tumors,
related to gene expression and immunohistochemical profile, distinguishing them
from other breast carcinomas [21].

The overall lifetime risk of developing breast cancer for the carriers of BRCA1
mutation is 46%, and for BRCA2 — 43% [17]. BRCA1/2 mutation carriers have also
an increased risk of developing other carcinomas including ovarian, pancreatic,
colorectal and others [13].

It is surprising that in contrast to familial breast cancer, no or limited somatic
BRCA1 mutations have been found in the sporadic form of the disease. Neverthe-
less, BRCA1 mRNA level has been found to be reduced or absent in invasive sporad-
ic breast tumors, thus assigning a role of BRCA1 in sporadic breast cancer as well.
This observation is suggestive that other, alternative loss-of-function mechanisms
could be involved, including DNA hypermethylation, dysregulation of transcriptional
activators/repressors binding to the BRCA1 locus or post-transcriptional processes.
Hypermethylation in BRCA1 promoter in sporadic breast cancer is firstly described
by Dobrovic et Simpfendorfer [20]. This epigenetic abnormality is related to inhibition
of gene expression and decreased BRCA1 mRNA level [43]. The reported frequency
of BRCA1 promoter hypermethylation in sporadic breast carcinomas is in the range
of 9 to 59%. Though tumors with BRCA 1 promoter hypermethylation display various
cancer phenotypes, several most frequent features could be outlined. Thus, though
not a rule, most studies demonstrated that BRCA1 hypermethylation correlated with
lack of estrogen and progesterone receptor expression and is most frequently pres-
ent in younger women, below the age of 50. As this in some way resembles the fa-
milial BRCA1 mutated tumors, it has been suggested that BRCA1 hypermethylated
carcinomas might phenocopy familial [55].

Bozhanov et al. [12] studied BRCA1 mutational status in a large group of
Bulgarian patients with sporadic breast cancer and found one single A>T polymor-
phism mapped in intron 4 in position 19,479. The first data on BRCA1 methylation
status in Bulgarian patients with sporadic breast cancer was provided by Krasteva
et al. [26]. The frequency, the authors found, was a little below the average BRCA1
hypermethylation frequency — 17.04% (23/135). Patients with hypermethylation
in BRCA1 displayed favorable clinical status as their tumors were smaller in size
(P=0.066),lacked p53gene mutations (P=0.073)and were oflobulartype (P=0.046).
The presence of hypermethylation was weakly associated with better overall survival
(P=0.2).

P53 TUMOR SUPPRESSOR GENE

The p53 gene has been identified more than 30 years ago and is the first tumor
suppressor found mutated in human carcinomas. The human p53 is single-copy
spreading over 20 kb of DNA. It is localized in the short arm of chromosome 17, in
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position 17p13.1 and is composed of 11 exons varying in size from 22 to 1278 bp.
The encoded phosphoprotein is relatively small composed of 393 amino acids. The
functional molecule is a tetramer organized into several specific functional domains,
typical for the transcription factors.

Under normal conditions, p53 is inactive and unstable. Its activation requires
conformational changes and could be induced by genotoxic agents or other forms
of genotoxic stress like hypoxia, nucleotide depletion, oncogenic activation, micro-
tubules disruption, loss of normal cellular contacts, cell aging and others [28]. It has
been shown that the pathways engaged in the processes of p53 activation include
sensors of DNA double strand breaks such as ATM (or ATR) and CHEK2. When
activated p53 could be employed in protein complexes with other related proteins
such as BRCA1. The p53 target DNA sequence is relatively variable and was found
in several hundreds of genes whose function has been differentially modulated (in-
duced or repressed) depending on the cellular type, the nature of the stress, and the
level of DNA damage [28].

The gene has a central role in maintaining of genome integrity and acts as a
“guardian of the genome”. In response to cellular stress, depending on the level of
damage, p53 determines the fate of cells either towards survival, involving cell-cycle
arrest and DNA damage repair, or cell suicide, carried out by apoptosis. Roles in
DNA repair [48], angiogenesis [31], cell differentiation and morphogenesis [5] are
also attributed to p53.

In cancer cells the normal p53 function could be disrupted by various mecha-
nisms: somatic or germ-line mutations (single base changes, small or large dele-
tions, structural rearrangements and insertions); formation of stable protein com-
plexes between the wild type p53 and viral oncoproteins (such as T antigen, E1B,
E6, HBxAg, EBNA-5, BZLF1); localization of wild type p53 in cell cytoplasm, altera-
tions in p53 regulators and targets, aberrant promoter hypermethylation and others.

The loss of normal p53 function disrupts altogether the control over the cell
cycle. No monitoring over the structural rearrangements in DNA is carried out. The
cells pass unimpeded the cellular checkpoints. Genome instability arises; mutations
in different oncogenes and tumor suppressor genes accumulate, releasing the pro-
cesses of tumorigenesis. The disturbance of normal p53 activities leads to selective
advantage of cells depriving them of the normal mechanisms of cellular control.

Somatic p53 mutations are the most frequent tumorigenic event. They are
found in tumors of the colon, stomach, liver, lung, breast, brain and others with a
frequency ranging from 5.6% to 48.3% [39]. The most common mutations in tumor
suppressor genes are nonsense mutations, deletions and insertions, i.e. loss-of-
function mutations that produce either an absent or a truncated protein product. With
respect to this, p53 has an unusual mutation spectrum since more than 70% of the
p53 mutations reported so far are single base missense substitutions leading to the
synthesis of altered proteins. More than 90% of the mutations are clustered within
the conserved regions of exons 5 + 8, affecting amino acids in or near the central
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DNA-binding domain. Among these regions several mutation “hot spots” have been
identified.

Mutations in p53 could be inherited. The inheritance of a mutant p53 allele
increases cancer risk. Tumors associated with inherited p53 mutations are those
of the breast, soft tissues, brain, bones and other. Germ-line p53 mutations are
specifically associated with Li-Fraumeni and Li-Fraumeni-like syndromes [34]. Li-
Fraumeni is a rare, autosomal dominant disorder characterized with the formation
of diverse multiple mesenchymal and epithelial neoplasms in family members at an
early age, before 45. Germ-line p53 mutations have been identified in about 70% of
Li-Fraumeni and 25% Li-Fraumeni-like families [39]. By the use of molecular genetic
screening techniques in members of Li-Fraumeni families that exhibit high incidence
of cancer, the risk of cancer developing and passing the mutant p53 allele to the off-
spring could be determined. Such cancer-prone, though asymptomatic, individuals
need a special prophylaxis control.

Though the existing literature discrepancies, the p53 status overall has been
proposed as an independent marker for poor prognosis. Meta-analysis of over 3500
patients with breast cancer revealed that p53 mutations correlate with lower survival
and this effect was independent of other risk factors [42]. Carcinomas with p53 mu-
tations are associated with more aggressive tumor phenotype, early metastasizing
and more frequent recurrents.

In the first study on p53 mutational status in Bulgarian patients with sporadic
breast cancer, the authors found 22.07% frequency of mutations in a group of 145
patients [12]. The mutational spectrum of p53 was rather heterogeneous as mis-
sense and nonsense mutations, deletion and insertion frameshifts, a splice-site mu-
tation, silent substitutions, exon and intron polymorphisms were found. Five of the
p53 mutations were novel and had never been reported in any type of human can-
cer. That presumes specific spectrum of p53 mutations for the Bulgarian patients.
Comparison with clinical parameters showed that mutated p53 predicts an aggres-
sive clinical course of breast carcinomas. In support to this was the observation
that p53 positive women had larger (P = 0.033) and poorly differentiated tumors
(P = 0.001). Mutated p53 decreased overall survival of breast cancer patients (P =
0.048), though multivariate analysis failed to show an independent effect. This cor-
relation was even stronger in the subgroup above 50 years (P = 0.017) and in the
women with T1 tumors (P = 0.014).

In addition to genetic status, Krasteva et al. [27] studied the epigenetic pro-
moter methylation status of p53 gene in Bulgarian patients with sporadic breast can-
cer. No aberrant hypermethylation was found. Authors concluded that with respect
to pb3, the impact of genetic mechanisms in sporadic breast carcinogenesis seems
predominating. However, other epigenetic mechanisms may affect the functional ac-
tivity of p53 in the process of tumorigenesis, such as histone modifications, altera-
tions in chromatin condensation, RNA interference and others.
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ATM TUMOR SUPPRESSOR GENE

ATM gene is localized to the long arm of chromosome 11 at a position 11g22-
g23. It is composed of 66 exons (62 of which are coding) and covers approximately
150 kb of genomic DNA. ATM is one of the largest human genes but occupies a rela-
tively compact genome region. The protein is a 350 kDa phosphoprotein — serine/
threonine kinase composed of 3056 amino acids and belongs to the phosphoinosit-
ide 3-kinase superfamily (PI3-kinases). Structural and functional features of ATM
protein include presence of ATP- and DNA binding sites, two substrate-binding re-
gions and three differentiated regions (domains) — FAT, FATC, PI3K. ATM kinase is
found in cells nuclei, near to DNA, and outside the nucleus — in cytoplasm, attached
to different cellular structures or associated with 3-adaptin.

ATM is a sensor of double-strand breaks in DNA. In response to them, it ac-
tivates and triggers cellular signaling pathways, thus providing active control at all
cell cycle checkpoints, repair and apoptosis. Once activated, ATM in turn activates
its target genes by phosphorylation [29, 30]. ATM target genes are a number of sen-
sory genes, mediators, transducers and key effectors, among which p53, BRCA1,
BRCA2, CHEK?2 [23].

The carrying of homozygous ATM mutations is responsible for the autosomal
recessive disease Ataxia Telangiectasia (A—T). The clinical features are complex
including brain damages, telangiectasias and recurrent respiratory and middle ear
infections, as a result of severe disorders of the immune status. Affected individu-
als are prone to the development of T-cell-prolymphocytic leukemia, B-cell chronic
lymphocytic leukemia and also sporadic colon cancer with microsatellite instability.
Heterozygous carriers show moderate radiosensitivity and increased predisposition
to cancer.

At present, over 3000 alterations in ATM gene are described (UniProtKB, En-
sembl, NGMD databases). Dominating are these, established in gene non-coding
sequences — over 2200. ATM mutations associated with breast cancer are primarily
germ-line. Although more rarely, somatic mutations are also described, but with con-
siderably lower frequency. Mutations occur along the entire length of the gene, with-
out established “hot spots”. The prevailing ATM mutations, related to breast cancer,
are of two types — truncating and missense. Truncating mutations are more typical
for patients with A-T [11].

Studies regarding ATM mutations in breast cancer sporadic cases are limited.
Data found are contradictory and indicate base substitutions of the missense type
and intron polymorphisms with a relatively low frequency [9].

Currently, the data on the epigenetic attribution in ATM loss-of-function in breast
tumors are incomplete and inconsistent. It is found that promoter hypermethylation
is the reason for ATM lack of expression in head and neck tumors [2]. Data showing
suppressed expression of ATM in breast tumors are also published [6].

It is considered that ATM could potentially be an informative indicator for the
effect of radiation therapy. Because of the fact that ATM is a sensor of double-strand
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breaks, which are caused mainly by ionizing radiation, when functioning normally in
tumor cells good therapeutic response could be expected. Contrariwise, for carriers
of ATM mutations increased risk of radiation-induced late effects exists [22].

According to data of Bozhanov et al. [12], 11 mutations in ATM gene (7.6%,
11/145) were found in a group of Bulgarian patients with breast cancer. The detected
frequency was similar to the frequency in other studied populations. ATM mutational
spectrum in Bulgarian patients with breast cancer was homogeneous. The regis-
tered alterations are only in exons 15 and 39, and all of them are base substitutions,
leading to amino acid replacement (missense): two Ser707Pro, five Asp1853Asn
and four Asp1853Asn/ivs38-8T>C. Patients with mutant ATM have predominantly
low grade (P = 0.032) and lobular (P = 0.09) tumors, which are considered to be
favorable clinical characteristics. Mutant ATM status prevails in PIK3CA-positive pa-
tients (P = 0.098). Decrease in overall survival of patients with ATM mutation was
not detected, excepting the subgroup with negative ER (P = 0.021). In a single study
on epigenetic promoter methylation status of ATM gene in Bulgarian patients with
breast cancer, such was not registered [27].

CHEK2 TUMOR SUPPRESSOR GENE

The tumor suppressor gene CHEK2 maps to the long arm of chromosome 22
at position 22q12.1 and consists of 14 coding exons. It encodes a protein kinase,
comprising 543 amino acids with three individual conservative domains: an N-termi-
nal regulatory domain, rich of serine, threonine and glutamine (SCD); FHA-domain,
responsible for protein-protein interactions and large C-terminal kinase domain.
CHEK?2 is a nuclear protein, which is expressed through all stages of the cell cycle.
The protein is present in lower levels in non-dividing cells [33].

CHEK?2 plays a significant role in the regulation of the cell response in the pres-
ence of DNA double strand breaks. It carries out the control at all major checkpoints
of the cell cycle, regulates the repair process and directs the cell to apoptosis [40].
ATM is a main activator of CHEK2 and its activation is accomplished by phosphoryla-
tion of Thr68 in the SCD domain [1, 35]. Under normal conditions CHEK2 exists as
an inactive dimer. As a result of phosphorylation and subsequent transphosphory-
lation in the FHA domain, release of active CHEK2 monomers occurs [58]. Once
activated CHEK2 transmits the signal for DNA damage to the effectors resulting in
cell cycle arrest in G1/S, S and G2/M, followed by repair process or apoptosis. The
most important and best studied substrates of CHEK2 are: p53, BRCA1 and CDC25.

In 1999 Bell et al. [8] found germ-line mutations (1100delC and 1157T) in
CHEK2 gene in patients with Li Fraumeni syndrome and negative p53 status. Based
on this observation an association between the detected mutations in CHEK2 and
this hereditary syndrome was initially assumed. However, later it became clear that
CHEK?2 mutations are also present in patients with familial and sporadic breast can-
cer [4, 52].
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According to the Ensemble database a total of 1924 alterations in human CHEK2
gene are so far registered. Most of them are localized in noncoding sequences while
others are scattered in the coding gene regions without formation of “hot spots”. It is
established that among the mutations found in CHEKZ in patients with breast cancer
deletions, substitutions or insertion of single nucleotides are dominating. Most of the
mutations are germ-line, but also somatic mutations are found, though with consid-
erably lower frequency. Some mutational variants, moderately associated with an
increased risk of breast cancer development are found and characterized: 1100delC,
1157T, S428F, IVS2+1G>A and del5395 [10, 18, 25, 36, 49, 56]. Interesting is the
fact that these mutations show certain population specificity and are not found or are
found in a very low frequency in patients with breast cancer from certain populations.
Mutations in CHEK? are also detected in patients with osteosarcoma, lung, ovarian
cancer and prostate cancer.

CHEK?2 promoter hypermethylation is found in tumors of the lungs, vulva and
Hodgkin lymphoma. In limited number of publications promoter hypermethylation
is considered as probable epigenetic mechanism for loss of function of CHEK2 in
breast tumors.

At present, the significance of the mutant CHEK?2 status for the clinical mani-
festation and survival of breast cancer patients is not elucidated. Available data en-
compass only well-known mutant variants and often reliable assessment is lacking
because of the found too low frequency.

The first data on CHEK2 mutational spectrum in Bulgarian patients with breast
cancer are provided by Angelova et al. [7]. The mutational spectrum found in CHEK?2
shows well-defined specificity to Bulgarian patients. The most frequent and well-
characterized mutant variants, associated with CHEK?2, are absent in Bulgarian pa-
tients. The authors found three novel mutations in CHEK2 gene: Glu79GIu (A—G),
Thr476Met (C—T), Ala507Gly (C—G). It was shown that CHEK?2 status significantly
correlates with some of the clinicopathological parameters, including lobular his-
tological type (P = 0.04) and positive PR status (P = 0.092), as well as with ATM
mutational status (P = 0.046). Multivariate survival analysis indicated independent
3.295 fold increased risk of death from breast cancer in patients with CHEK?2 altera-
tions (95% C1 0.850-12.778, p = 0.085). Authors did not detect aberrant methylation
in CHEKZ2 promoter in studied group of Bulgarian patients.

HER2 PROTO-ONCOGENE

The proto-oncogene HER?2, known also as erbB-2, is localized on the long
arm of chromosome 17, in position 17q11.2-17q12.0. Under normal conditions the
two copies of the gene produce low amounts of membrane tyrosine kinase receptor
protein. When activated, the HER2 receptor forms heterodimers with other members
of the HER family, thus triggering a cascade of events, which transmit the growth
signal to the nucleus of the cell through the process of signal transduction. HER2 is
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involved in cell control, modulation of cell polarity, intracellular interactions, prolifera-
tion and morphogenesis [37, 38].

Overexpression of HER2 over the membrane leads to self-association of the
receptor in a concentration-dependent manner. In such a state, the receptor is con-
stitutively activated, independent of the ligand. The increased level of HER2 recep-
tor results in serious disruption in cell proliferation and differentiation: increase in
proliferative activity; angiogenesis; alterations in intracellular interactions; increase
cell migration ability and metastasis; sustainability to apoptosis; malignant cell trans-
formation. HER2 activation might be due to gene amplification, changes in gene
structure or in transcriptional activity. HER2 amplification is the major mechanism
for its activation and has been observed in 92% of studied breast cancers that were
shown to overexpress HER2 protein [3].

Analysis of HER2 status in human tumors showed that approximately 10 to 30%
of the studied carcinomas of the breast, lung, kidneys, prostate, salivary gland and
others, carry amplified/overexpressed HERZ2. In breast cancer, HER2 gene amplifi-
cation and protein overexpression occur in approximately 25-30% of the cases and
is generally associated with poor prognosis [51]. HER2 overexpression was more
frequent in younger women, under the age of 35 [24]. Amplification/overexpression
of HER2 is shown to correlate with several negative prognostic variables [44] and
is associated with shorter survival, higher recurrence rates and lower response to
chemotherapy and hormone therapy [16]. From a clinical point of view, HER2 has
become important mainly as a target for antibody-based therapy with trastuzumab.
Adjuvant trastuzumab treatment of primary HER2 positive patients with breast can-
cer has been shown to markedly improve outcome [54]. At present, determination
of HERZ2 status in every breast cancer patient to select for adjuvant treatment with
trastuzumab is becoming a standard in BC clinical practice worldwide.

The study of Bozhanov et al. [12] included HER2 status as well. The authors re-
vealed that 21.21% of tumor samples overexpress the proto-oncogene. They found
that HER2 overexpression is related to an aggressive clinical course of breast car-
cinomas. Consistent with previous data, HER2 positive tumors were significantly
larger than HER2 negative (P = 0.0004). However, conversely, they were mainly
ER positive (P = 0.011). Though related to aggressive breast carcinogenesis, HER2
positive status did not correlate significantly with survival. In contrast to previously
reported data [45], they found that HER2 overexpression occurred in older patients,
over or at the age of 50 (P = 0.009).

PIK3CA PROTO-ONCOGENE

It has been recently established that the proto-oncogene PIK3CA is mutated
in more than 30% of breast carcinomas, which makes it the most highly mutable
gene in breast cancer [15]. PIK3CA is a lipid kinase, whose oncogenic activity is due
mainly to missense mutations in specific “hot spots” mainly in exons 9 and 20. The
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mutant PIK3CA interacts and activates the AKT kinase, thus leading to stimulation of
cell proliferation, inhibition of apoptosis and initiation of tumorigenesis [47]. The so
far established mutations in PIK3CA proto-oncogene are somatic, presented only in
the tumor tissue. Some studies found a correlation between PIK3CA mutant status
and other cancer related genes. Thus it has been shown that mutations in PIK3CA
and p53 are incompatible and mutually exclusive [50], whereas HER2 overexpres-
sion is often accompanying PIK3CA mutations, presuming their interdependence in
breast carcinogenesis [46].

The first data on mutational PIK3CA status in Bulgarian patients with breast
cancer were obtained after direct sequencing of mutation “hot spots” in exons 9 and
20 [12]. The determined frequency of PIK3CA mutations was 31% (45/145). The
mutations were of the type E542K, E545K and H1047R. The authors found that the
mutant PIK3CA significantly correlates with positive PR status (P = 0.047).

OTHER POTENTIAL BREAST CANCER RELATED GENES

Although the initial enthusiasm followed the discovery of BRCA genes and their
relation to the inherited breast/ovarian cancer, many affected families do not carry
pathogenic BRCA mutations. It seems that alterations in BRCA1/2 genes are re-
sponsible for about 15% of breast cancer cases having first-grade relative who has
developed the disease [41]. This is presumable for the implication of other genes
in familial breast cancer disease etiology. Such potential candidates are BRIP1,
PALB2 and RAD51C genes, because of their functional interconnection to BRCA1
and BRCA2, involvement in DNA repair processes and relation to breast cancer risk
[57]. However, at this stage, the data in this respect are still limited.

In the genetic predisposition to breast cancer, potential significance have also
some other tumor suppressor genes, among which Rb, p16, PTEN, STK11, WT-1,
APC, IGFR2 and others. In addition to this, several classes of low penetrating genes,
which can be potentially associated with breast cancer, have been identified [19].
These are genes, engaged in metabolic cellular pathways (cytochrome p450, GST
and NAT); genes, involved in the pathways of estrogen, progesterone and andro-
gen receptors; genes with a role in immunomodulatory mechanisms (HLA, TNFa,
HSP70); genes, participating in iron metabolism (HFE and TFR), vitamin D receptor
gene (VDR) and others. It is anticipated that other genes may be involved, to a less
or greater extent, in disease etiology. Such genes are about to be identified and
studied.
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