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Abstract

Breast cancer can develop either in the tubes connecting the lobules of milk-producing glands to the nipple or the lobules them-
selves. GLOBOCAN 2021 reported an estimated 14.1 million new instances of cancer, 8.2 million cancer-related deaths, and
32.6 million people who had cancer for at least five years after their diagnosis. The development of genomic instability enables
the acquisition of functional cells to become cancerous allowing the survival, proliferation, and dissemination of malignancy.
These cells develop distinctive abilities as a result of acquired rare genetic mutations. Multistep tumor growth is caused by a
succession of clonal expansions that are set off by the accidental discovery of an enabling mutant genotype. Hence, it is vital to
identify defective genes in breast cancer and breast cancer therapy to mitigate the need for treatment. Critical analyses of vari-

ous defective genes are compiled in this review.

Introduction

Aberrant structure and copy number aberrations and differen-
tial expression patterns of diverse genes are observed in tumor
cells.! One of the two enabling characteristics for the acquisition
of functional capabilities allowing the survival, proliferation, and
dissemination of cancer cells is the development of genomic in-
stability (and the second being tumor-promoting inflammation),
which causes random mutations including rearrangements of the
chromosome. Rare genetic changes among these bring about hall-
mark capabilities. The succession of clonal expansions triggered
by the chance acquisition of an enabling mutant genotype leads to
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multistep tumor progression.? Genomic instability and as a conse-
quence, mutability bestow malignant cells with genetic alterations
which lead to tumor progression. To orchestrate tumorigenesis,
cancer cells boost the mutation rate either by the collapse of one
or numerous components of the genomic maintenance machinery
or through increased sensitivity to mutagenic agents, or both.?
The surveillance system, mainly TP53 (Tumor protein p53), the
guardian of the genome that monitors genomic integrity and forces
genetically damaged cells into either senescence or apoptosis, is
compromised thus accelerating the rate at which mutation accu-
mulates.*

Role of mutations

Breast cancer is a malady where cells become atypical and pro-
liferate to form a malignant tumor. 10-30% of all malignancies
are due to hereditary factors whereas only 5-10% of breast can-
cer cases are recognized with strong inherited components. Small
fractions of 4-5% of these cases are due to mutations in the high
penetrant autosomal dominantly transmitting genes.® The funda-
mental property of almost all malignant cells is the instability in
the genome caused by either inherited or somatic mutation. Ge-
netic alteration can arise at various levels ranging from single nu-
cleotides, microsatellites (small stretches of DNA), whole genes,
structural components, or whole chromosomes.® Invasive micro-
papillary carcinoma has been found in almost 2—8% of all breast
cancers and pure micropapillary carcinoma accounts for 0.9-2%
of breast cancers.”® The mutation in PIK3CA or AKT] is the main
cause of the development of invasive micropapillary carcinoma.’
Genetic alterations in certain combinations or the development of
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mutation in a specific subset of target cells have a greater tenden-
cy for malignant development. Genes predisposed to cancer are
categorized concerning their relative risk to specific cancer types.
High-penetrant, low-penetrant, and intermediate-penetrant genes
confer relative cancer risk greater than 5, around 1.5, and from 1.5
to 5 respectively.

Rare high-penetrance alleles

Examples include BRCAI, BRCA2, TP53, PTEN (phosphatase and
tensin homolog deleted on chromosome 10), STK/! (serine/threo-
nine protein kinase 11), CDH]I (cadherin 1), Disease-causing vari-
ants in BRCA1 and BRCA2 confer a 10-20-fold relative risk of
breast cancer, which is higher for an early onset of malignancy.?
It is rare, with a population carrier frequency of < 0.1%. The risk
of developing ovarian cancer and other cancers also remains high.
These mutations inactivate the encoded proteins by premature
truncation of protein or nonsense-mediated RNA decay. Mutations
in families predisposed to cancer are transmitted in an autosomal
dominant way. At the cellular level, BRCA1 and BRCA2 act as a
recessive cancer gene, which on mutations are converted to ho-
mozygosity through the loss of wild-type allele.!' Mutations of
BRCA1 and BRCA2, rare high penetrance breast cancer predis-
posing genes, account for 16-25% of the inherited components
of breast cancer. Rare germline mutations in TP53, which causes
Li-Fraumeni syndrome; STK11, which causes Peutz-Jeghers syn-
drome; PTEN, which causes Cowden syndrome; and CDHI1 are
infrequent causes.'? Studies have shown that strongly predisposing
BRCA1 or BRCA2 mutation contributes to only 15-20% of famil-
ial risk, the remaining 80-85% might be attributed to genetic or
environmental origin. However, data from various studies suggest
that genetic factors predominate in high-risk penetrance alleles.

Rare moderate-penetrance alleles

Examples include ATM (ataxia telangiectasia mutated), BRIPI
(BRCA1 interacting protein C-terminal helicase 1), CHEK?2 (check-
point kinase 2) (22q12.1), PALB2 (partner and localizer of BRCA2),
BARDI (BRCAIl-associated RING domain protein 1), MREIIA
(MRE11 homolog, double-strand break repair nuclease), NBN (ni-
brin), RAD50 (RADS50 double-strand break repair protein), RAD51C
(RADS1 paralog C), XRCC?2 (x-ray repair cross-complementing 2),
RADS51D (RADSI1 paralog D), ABRAXAS (abraxas 1, BRCAI-A
complex subunit) (4q21.23). Inherited mutations in ATM, CHEK2
(checkpoint kinase 2), BRIP1 (BRCAI interacting protein C-ter-
minal helicase 1), BARDI, and PALB2 (partner and localizer of
BRCA2) contribute to an intermediate breast cancer risk.!* The
disease-causing mutations lead to premature protein truncation or
non-sense-mediated RNA decay caused by translational frameshifts
or nonsense codons. A rare missense variant in a small proportion
also disrupts critical functions. Mutations in ATM, CHEK?2, BRIP1I,
BARDI, and PALB2 confer a 2-3-fold risk of breast cancer and
contribute to the familial risk of breast cancer by 2.3%. It is rare
with a population carrier frequency of < 0.6%. The disease-causing
mutations in these genes resemble the disease-causing mutations in
BRCAL1 and BRCA2 to a great extent. However, they vary in terms
of the risk they confer in the development of breast cancer.!*

Common low-penetrance alleles

Examples include rs2981582 [FGFR2 (fibroblast growth factor
receptor 2), 10q], rs3803662 [TNRCY (trinucleotide-repeat-con-
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taining 9) (recently renamed 70X3 (TOX high mobility group box
family member 3), 16q)], rs889312 [MAP3KI (mitogen-activated
protein kinase 1), 5q], rs3817198 [LSP! (lymphocyte specific
protein 1), 11p], rs13281615 (8q), rs13387042 (2q), rs1045485
[CASP8 D302H (caspase 8)]. Several common breast cancer sus-
ceptibility loci follow a polygenic model or operate synergistically
with lifestyle or environmental factors. They are found to be as-
sociated with increased or decreased risk of breast cancer to some
extent and account for a smaller fraction of familial breast cancer
cases.!5 They are common with a population frequency of 5-50%.
Variants confer a relative risk up to 1.25-fold for heterozygous or
1.65-fold for homozygous. Some of these low-penetrance breast
cancer susceptibility polymorphisms have been found to work
as modifier genes in carriers of BRCA1/BRCA2 mutation. Stud-
ies have also shown that a particular SNP in CASPS8 conferred a
slightly increased susceptibility.!® Carriers of two high-risk alleles
at the FGFR2 locus have a higher relative risk compared to carriers
of one high-risk and one low-risk allele, which in turn have a high-
er relative risk than two low-risk alleles. An individual carrying
various polymorphisms may contribute to a considerably increased
risk of breast cancer due to the synergic effect of polymorphisms.!’
The contribution of common low-penetrance susceptibility loci in
causing hereditary breast cancer is controversial.

Risk factors of gene mutation

Several factors increase the risk of developing breast cancer includ-
ing age, which is one of the most important—about 71.2% of the
risk is associated with an age above the 60s. Secondly, a person’s
lifestyle has a considerable influence on their risk of developing can-
cer; for example, people who regularly drink alcohol and intake fatty
foods are at an increased risk of developing cancer. A high level of
estrogen can also lead to the development of cancer. Other factors
may include delayed menopause, delayed pregnancy, etc. These fac-
tors differ from person to person as each individual has a different
physiological functioning and lifestyle. The severity and the type
of breast cancer highly depend on the types of the gene mutated, as
each gene corresponds to the development of different types of can-
cer as discussed in Table 1.18-31 The analysis of breast cancer risk for
the BRCA mutated population is depicted in Figure 1.

Mathematical models for detecting gene-mediated pathogenic
variants in breast cancer

Mathematical models have indeed been developed to assess the
risk that an individual carries a pathogenic variant in breast cancer.
These models are often used in clinical settings to estimate an in-
dividual’s likelihood of having a genetic mutation associated with
breast cancer, such as mutations in the BRCA1 or BRCA2 genes.
These models take into account various factors, including personal
and family medical history, age, ethnicity, and other relevant clini-
cal information. They use statistical algorithms and data derived
from population studies to calculate an individual’s risk based on
these factors.3*33 The models can provide a risk assessment as a
numerical probability or a categorization of risk, such as “high,”
“moderate,” or “low.” Examples of widely used mathematical
models for breast cancer risk assessment include:

Gail model: The Gail model is one of the most commonly used
models for estimating a woman'’s risk of developing breast cancer.
It incorporates factors such as age, age at first menstrual period,
age at first live birth, number of previous breast biopsies, and fam-
ily history of breast cancer;
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Table 1. Mechanism of action of several breast cancer-related genes, their pathogenesis, and risk

Gene Mechanism of action R s @ el Type of breast cancer e
ing breast cancer ences
Rare high-penetrance alleles
BRCA1 Cell cycle activation, regulation of 50-80% Triple-negative breast cancer 18
transcription, and apoptosis
BRCA2 DNA repairing (especially in homologous 10-25% - 19
recombination of double-strand DNA breaks)
TP53 Regulate cell cycle, metabolism, apoptosis 100% HR+ve/HER2-ve breast cancer 20
PTEN Role in PI3K/AKT-mTOR signaling pathway 30 % HR+ve/HER-ve breast cancer 21
STK11 Cell cycle regulation, mediation of apoptosis 32-54% Papillary breast cancer 22
CDH1 Role in cell mortality, differentiation, 40-50% Lobular breast cancer 23
growth, migration, and signaling
Rare moderate-penetrance alleles
ATM DNA repairing Moderate risk Contralateral breast cancer 24
RAD51 DNA repairing, Cell cycle regulation - Invasive ductal breast cancer 25
CHEK2 Regulate p53 function 0.5-2% Contralateral breast cancer; 26
HR+ve breast cancer
PALB 2 Regulation of cell growth, cell 0.6-3.9% Triple-negative breast cancer 27
division, and tumor suppression
BARD1 Cell cycle regulation, DNA-repairing 17-30 % Ductal and medullary breast cancer 28
Rare low-penetrance alleles
FGFR2 Involve in cell division, cell maturation, 15% Invasive ductal carcinoma 29
formation of new blood vessels
TOX3 Cell cycle regulation - HR+ve breast cancer 30
MAP3K1  Regulate signaling pathway 6% HR+ve /HER-ve breast cancer followed 31

by HR+ve/HER +ve breast cancer

ATM, ataxia telangiectasia mutated, BARD1, BRCA1-associated RING domain protein 1, BRCA1, breast cancer gene 1, BRCA2, breast cancer gene 2, CDH1, cadherin, CHEK2, check-
point kinase 2, FGFR2, fibroblast growth factor receptor 2, MAP3K1, mitogen-activated protein kinase 1, PALB2, partner and localizer of BRCA2, PTEN, phosphatase and tensin
homolog, RAD51, RAD51 paralog, STK11, serine/threonine protein kinase 11, TOX3, TOX high mobility group box family member 3, TP53, tumor protein p53.

Claus model: The Claus model is specifically designed to assess
the risk of carrying a BRCA1 or BRCA2 mutation. It takes into
account family history, including the number of first- and second-
degree relatives affected by breast or ovarian cancer;

Tyrer-Cuzick model: The Tyrer-Cuzick model, also known as
the International Breast Cancer Intervention Study (IBIS) model,
is a comprehensive model that considers various risk factors, in-
cluding family history, age, reproductive history, and other factors
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Fig. 1. Risk percentage of breast cancer in normal population and BRCA mutated population. BRCA, breast cancer gene.
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related to breast cancer risk.

These mathematical models serve as valuable tools to assist
healthcare professionals in identifying individuals who may ben-
efit from genetic testing or targeted interventions for breast cancer
risk reduction. However, it is important to note that these models
have limitations and should be used in conjunction with clinical
judgment and counseling to make informed decisions about indi-
vidualized care and management.

Future directions

Further identification of susceptible genes: Future research should
focus on identifying additional penetrance alleles and susceptible
genes associated with breast cancer. Advances in genomic tech-
nologies, such as whole-genome sequencing and genome-wide as-
sociation studies (GWAS), can contribute to a better understanding
of the genetic factors influencing breast cancer risk.

Functional characterization of penetrance alleles: Understand-
ing the functional consequences of penetrance alleles is essen-
tial for elucidating their role in breast cancer development. Fu-
ture studies should aim to investigate the molecular mechanisms
through which these alleles contribute to tumorigenesis and iden-
tify potential therapeutic targets.

Integration of genetic information in risk assessment: Incorpo-
rating genetic information, including penetrance alleles and sus-
ceptible genes, into risk assessment models can enhance breast
cancer prediction. Future directions should explore the integration
of genetic markers with clinical factors to improve risk stratifica-
tion and inform personalized screening and prevention strategies.

Precision medicine approaches: The identification of pene-
trance alleles and susceptible genes can pave the way for precision
medicine approaches in breast cancer. Future research should fo-
cus on developing targeted therapies and interventions tailored to
individuals based on their genetic profiles, enabling more eftective
and personalized treatment strategies.

Conclusions

In conclusion, the genetic contribution to breast cancer is complex
and multifactorial. Penetrance alleles, as susceptible genes, play a
significant role in determining individual susceptibility to the dis-
ease. Critical analysis of these alleles provides valuable insights into
breast cancer risk assessment and management. However, future re-
search is needed to identify additional susceptible genes, elucidate
their functional implications, and integrate genetic information into
risk assessment models. The ultimate goal is to advance precision
medicine approaches that leverage genetic knowledge to improve
breast cancer prevention, diagnosis, and treatment, ultimately lead-
ing to better outcomes for affected individuals.
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