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Breast Cancer Genetics

Angela Apessos and Georgios Nasioulas

3.1  Introduction

Cancer is a genetic disease. All tumors are the 
result of the accumulation of mutations and the 
subsequent deregulation of important genes 
involved in pathways which regulate cell growth, 
cell survival, and DNA maintenance [1]. Such 
mutations can arise in a given cell, in which case 
they are called somatic, or be inherited from a 
parent (germline), in which case they are present 
in all the cells of the body and the individual has 
an increased risk for developing cancer often at a 
younger age. In a small subset of patients, the 
mutation can be found to be de novo, in which 
case it has occurred for the first time in the indi-
vidual, either in a parental germ cell (oocyte or 
sperm) or in early embryogenesis. In either case, 
the mutation is present in the majority, or all, of 
the cells of the individual and confers the same 
risk for cancer as an inherited mutation but in the 
absence of a family history.

Approximately 140 genes in the human 
genome have been identified in the pathways 
which control cell growth and stability, but only a 
subset of these have until now been implicated in 
hereditary cancer syndromes.

Hereditary cancer syndromes are caused by 
mutations in genes predisposing to high probabil-
ity of developing specific cancers (Table 3.1) and 

are characterized by vertical transmission through 
a parent or association with other types of tumors 
in the individual or their family and often by an 
earlier age of diagnosis than that of the general 
population for the same type of tumor. They are 
generally inherited in a dominant manner, that is, 
they occur when one copy of the gene is mutated 
[2].

Familial cancers usually differ from heredi-
tary forms in their inheritance patterns or age at 
onset. Familial cancers may be attributed to a 
combination of factors such as chance clustering 
of sporadic cancer cases in the family, genetic 
variation in low-penetrance genes, or a shared 
environment [3].

3.1.1  Genetic Risk Assessment

Historically, making a diagnosis of a hereditary 
cancer syndrome has relied on the clinician col-
lecting a detailed personal and family history of 
the individual and recognizing the clinical hall-
marks of a hereditary cancer syndrome [4]. 
Factors such as the number of affected relatives 
in the family, the closeness of the relationship to 
the individual, and the age at onset of cancer 
increase the likelihood of a hereditary predisposi-
tion to cancer in the family [5].

The construction of a detailed pedigree is the 
first step of this process, beginning with the 
health of the proband (index case) and proceed-
ing outward to include first-, second- and, if 
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 possible, third- degree relatives on both sides of 
the family. All members of the family, affected 
and unaffected, are important, including their 
current age, or age at death. The information 
needed for all affected family members includes 
cancer diagnosis by primary site, age at diagno-
sis, bilaterality (when appropriate), and current 

age, or age at death. Other medical conditions 
that may be associated or predispose to cancer 
risk of the individual should also be recorded 
(Fig. 3.1).

However, variability in clinical phenotype and 
penetrance, as well as other environmental and 
lifestyle differences between individuals in the 

Table 3.1 Cancer risks and clinical management based on mutated gene (Modified from NCCN Clinical Practice 
Guidelines in Oncology and The American Society of Breast Surgeons)

Gene Breast cancer risk Breast management options (age to start) Other cancers
BRCA1 Up to 67%

Contralateral: Up to 30%
Annual breast MRI (25)
Annual mammogram (30)
Risk-reducing bilateral mastectomy

Ovarian (up to 45%)
Pancreatic
Prostate

BRCA2 Up to 66%
Contralateral: Up to 30%
Male breast cancer

Annual breast MRI (25)
Annual mammogram (30)
Chemoprevention
Risk-reducing bilateral mastectomy

Ovarian (up to 12%)
Pancreatic
Prostate
Melanoma

TP53 Greatly increased with strong 
tendency toward onset at very 
young ages

Annual breast MRI (20)
Annual mammogram (30)
Risk-reducing bilateral mastectomy

Ovarian
Soft tissue sarcomas
Osteosarcomas
Brain tumors
Adrenocortical 
carcinoma
Multiple primary 
tumors

PALB2 33% but up to 58% with two 
first-degree relatives
Male breast cancer

Annual breast MRI (30)
Annual mammogram (30)
Risk-reducing bilateral mastectomy

Pancreatic
Melanoma

CDH1 39–52% for lobular carcinoma Annual breast MRI (30)
Annual mammogram (30)
Risk-reducing bilateral mastectomy

Gastric
Colorectal

PTEN 77–85% to age 80 Annual breast MRI (30 or 5–10 years before 
youngest breast cancer patient in family)
Annual mammogram (30)
Risk-reducing bilateral mastectomy

Thyroid
Endometrial
Colorectal
Kidney

CHEK2 20% but increase to 44% with 
first- and second-degree relatives
Contralateral: 30%
Male breast cancer

Annual breast MRI (40)
Annual mammogram
Risk-reducing bilateral mastectomy based on 
family history

Colon
Prostate
Thyroid
Kidney

ATM Rare mutations with up to 40–60% Annual breast MRI (40)
Annual mammogram
Discuss risk-reducing bilateral mastectomy 
based on family history

STK11 45–50% to age 70 Annual breast MRI (25)
Annual mammogram (25)

Ovarian
Colorectal
Duodenal
Pancreatic

NF1 Up to 8.4% before age 50 Annual breast MRI (30–50)
Annual mammogram (30)

GIST
Central nervous 
system tumors
Peripheral nerve 
sheath tumors

NBN Up to 30% Annual breast MRI (40)
Annual mammogram

Prostate
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same family, can make it difficult to identify at- 
risk individuals, and the classic criteria originally 
used to define many of the hereditary cancer syn-
dromes have limited sensitivity and specificity 
for detecting germline mutation carriers.

Factors that may limit the informativeness of 
the pedigree are [3, 6]:

• Incomplete family history assessment.
• Unavailable medical records.
• Small family size.
• Small number of individuals of the susceptible 

gender in sex-limited cancers.
• Reduced penetrance.
• Early death of key individuals in the family, 

from causes other than cancer, before the aver-
age age of onset of the phenotype.

• Prophylactic surgeries that remove the organ 
at risk.

• False paternity or adoption.

• Inaccurate or incomplete information on fam-
ily members.

• Failure to investigate all types of cancer in the 
family.

Genetic testing for hereditary cancer predis-
position should according to the American 
Society of Clinical Oncology (ASCO) be under-
taken when [7]:

 (a) There is a personal or family history sugges-
tive of genetic predisposition to cancer.

 (b) The test can be adequately interpreted.
 (c) Results will aid in the diagnosis or influence 

medical or surgical management of the 
patient or at-risk family members.

If the individual meets criteria for genetic test-
ing, appropriate pre-test genetic counseling 
should be undertaken. Members of a number of 
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Fig. 3.1 Example of a pedigree with suspected heredi-
tary predisposition to breast cancer. Arrow indicates pro-
band, circles indicate females, squares indicate males, 
filled black symbols indicate affected individuals, diago-

nal line across a symbol indicates deceased individual. 
CaBr = breast cancer, y.o. = years old, d. = died (number 
indicates age at diagnosis, current age, or age at death)
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specialties, including a genetic counsellor, medi-
cal geneticist, oncologist, surgeon, or oncology 
nurse, should be involved in the process in order 
to explain all aspects of the expected results and 
limitations of the test procedure, in addition to 
the possible implications both to the individual 
and their family [8]. A clear explanation of posi-
tive, negative, or inconclusive results should be 
made to the individuals. Furthermore, the distinc-
tion between the probability of being a mutation 
carrier and that of developing cancer should be 
made clear. Post-test counseling is also necessary 
in order to discuss the significance of the results, 
their impact on medical management, and the 
importance of sharing the results with family 
members who may also be at risk.

In families for whom genetic testing has not 
yet been performed, it is best to test an affected 
individual, if available, especially a family mem-
ber with early onset of the disease, bilateral dis-
ease, or multiple primary cancers, as that 
individual has the highest risk of carrying a 
pathogenic mutation. Comprehensive analysis of 
the entire gene(s) should be carried out, including 
methods capable of detecting all types of muta-
tions [9]. Possible mutations can be single base 
changes and small insertions/deletions, detected 
by sequencing [10–12], or large genomic rear-
rangements (insertions/deletions ranging in size 
from single exons to entire genes), detected by 
semi-quantitative methods such MLPA or qsmf-
PCR [13, 14] or more recently comparative 
genomic hybridization arrays (Fig. 3.2).

Hereditary breast cancer is estimated to 
account for approximately 10% of all breast can-
cer cases [15, 16], while an additional 15–20% 
have a positive family history (one or more 
affected first and/or second-degree relatives). 
Identifying those cases with a hereditary basis of 
breast cancer is important as it provides the phy-
sician with improved management tools both in 
prevention and treatment of the disease not only 
for the patient but also for at-risk relatives.

Hereditary cancer predisposition genes can be 
categorized according to the relative risk for can-
cer that they confer. A relative cancer risk of 5 or 
higher is conferred by “high-penetrance genes,” 
1.5 or lower by “low-penetrance genes,” and 
1.5–5 by “intermediate-penetrance genes.”

3.2  Hereditary Breast 
and Ovarian Cancer 
Syndrome (HBOC)

Specific patterns of hereditary breast cancer, usu-
ally associated with ovarian cancer, are linked to 
mutations in the BRCA1 and BRCA2 genes [17, 
18], which are the genes involved in HBOC.

BRCA1 and BRCA2 were first identified in 
1994 [19] and 1995 [20], respectively, through 
linkage studies of multiple breast cancer families. 
These genes encode proteins involved in the 
Fanconi anemia pathway with crucial roles in 
DNA double-strand break repair [18, 21]. The 
carrier frequency of mutations in BRCA1 and 

NORMAL
SEQUENCE

CGA GTC AGA TTT

1 2 3 4 5

1 2 4 5

CGA GAC AGA TTT SINGLE BASE
SUBSTITUTION

SMALL DELETION

SMALL INSERTION

LARGE GENOMIC
REARRANGEMENT (LGR)
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MLPA or qsmfPCR

A

B

CGA GTC GTC AGA TTT

CGA AGA TTT

Fig. 3.2 Types of DNA mutation and method of detection

A. Apessos and G. Nasioulas



23

BRCA2 is approximately 1  in 300 and 1  in 800 
[22], respectively. However, this varies markedly 
between different ethnicities, due to the presence 
of founder mutations.

3.2.1  BRCA1

BRCA1 is located on chromosome 17 and encodes 
for a nuclear phosphoprotein, with key roles in 
DNA repair and regulation of cell cycle check-
points in response to DNA damage. It combines 
with other tumor suppressor proteins, DNA dam-
age sensors, and signal transducers, to form a com-
plex associated with genome surveillance [23].

Female carriers of pathogenic mutations in 
BRCA1 have 44–78% breast cancer risk and 
ovarian cancer risk of 18–54% [24]. The risk for 
contralateral breast cancer by the age of 70 is up 
to 30% [25]. Male BRCA1 mutation carriers have 
1.2% risk of developing breast cancer compared 
to 0.1% in the general male population. Cancers 
arising in BRCA1 mutation carriers are generally 
characterized by the absence of expression of 
human epidermal growth factor 2 (HER2), estro-
gen (ER), and progesterone receptors (PR), a 
phenotype commonly referred to as “triple nega-
tive” [26]. Indeed, studies have reported BRCA1 
mutations in 7–28% of patients with triple- 
negative breast cancer. Furthermore, among 
patients with triple-negative breast cancer, 
BRCA1 mutation carriers were diagnosed at a 
younger age than non-carriers.

It has long been considered that biallelic muta-
tions of BRCA1 are embryonic lethal. However, a 
recent report of one individual has shown that 
this is not the case [27].

3.2.2  BRCA2

The BRCA2 gene is located on chromosome 13. 
The protein product is involved in genomic sta-
bility maintenance through the homologous 
recombination (HR) pathway [18, 21].

Female carriers of BRCA2 mutations have up 
to 45% lifetime risk of developing breast cancer 
and up to 12% risk of ovarian cancer [24]. The 

risk for contralateral breast cancer by the age of 
70 is up to 30% [25]. In addition, there is an 
increased risk for the development of pancreatic 
cancer (3%) and melanoma. Male carriers of 
BRCA2 mutations have a 7–8% risk of develop-
ing breast cancer and 20% risk for prostate 
cancer.

The pathological characteristics of BRCA2- 
related tumors are usually the same as those of 
sporadic breast carcinomas [21].

Individuals with biallelic pathogenic BRCA2 
mutations have Fanconi anemia, a severe condi-
tion characterized by congenital anomalies, bone 
marrow failure, short stature, and increased risk 
for hematological and solid malignancies [28, 29].

3.2.3  Screening and Management

Based on the above observations regarding carri-
ers of BRCA1 and BRCA2 mutations, various 
international collaborative groups, such as the 
National Comprehensive Cancer Network 
(NCCN), have put forward sets of criteria to help 
select those individuals/families who should be 
tested for mutations in these two highly penetrant 
genes.

Any individual with a personal history of 
breast cancer in addition to one or more of the 
following [9]:

• Diagnosed at age 45 years or younger.
• Diagnosed with at least two cancer primaries 

(i.e., bilateral tumors or two or more clearly 
separate ipsilateral tumors, occurring syn-
chronously or asynchronously), the first at age 
50 years or younger.

• Diagnosed at age 50  years or younger with 
one or more close relatives with breast cancer 
at any age (or with unknown or limited family 
history), 1 or more close relatives with pancre-
atic cancer, or 1 or more close relatives with 
prostate cancer (Gleason score ≥ 7).

• Diagnosed with triple-negative breast cancer 
at age 60 years or younger.

• Diagnosed at any age with 1 or more close 
relatives with breast cancer diagnosed at age 
50 years or younger.

3 Breast Cancer Genetics
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• Diagnosed at any age with 2 or more close 
relatives with breast cancer at any age.

• Diagnosed at any age with 1 or more close 
relatives with invasive ovarian cancer (includ-
ing fallopian tube and primary peritoneal can-
cers) diagnosed at any age.

• Diagnosed at any age with two or more close 
relatives with pancreatic cancer and/or pros-
tate cancer (Gleason score ≥ 7) at any age.

• Having a close male relative with breast can-
cer at any age.

Since their discovery, BRCA1 and BRCA2 
have been the best studied paradigms of the 
power of personalized genomics by highlighting 
how the information from genetic testing can be 
used in specific interventions to reduce morbidity 
and mortality. In this aspect, various collabora-
tive groups have put forward general clinical 
management guidelines which include [9]:

• Annual surveillance with breast MRI and 
mammograms starting at 25  years of age or 
younger based on family history.

• Chemoprevention with agents such as 
tamoxifen.

• Risk reducing bilateral salpingo-oophorectomy 
between 35 and 40 years of age.

• Recommendation of risk-reducing bilateral 
mastectomy (RRM).

• For male carriers, annual clinical breast exam-
ination starting at 35 years of age and prostate 
cancer screening starting at age 45 years.

Extensive studies on the function of the 
BRCA1 and BRCA2 proteins, and their role in 
DNA repair and stability, in addition to analyses 
as to how mutations in these proteins can disrupt 
these functions, have allowed for the development 
of novel therapeutic agents, such as inhibitors of 
the poly-ADP ribose polymerase (PARP inhibi-
tors) which effectively target BRCA- deficient 
cells. Such agents are already approved and being 
used for the treatment of BRCA- deficient ovarian 
tumors and are being clinically tested for their 
efficacy in the treatment of BRCA- deficient breast 
carcinomas, thus adding new value to the clinical 
utility of BRCA1/2 genetic testing [30].

3.3  The New Era of Next- 
Generation Sequencing 
(NGS) and Gene Panels

Despite the fact that BRCA1 and BRCA2 are the 
two most significant genes in hereditary breast 
cancer predisposition, 20  years of analysis has 
highlighted the fact that mutations in these two 
highly penetrant genes are only present in 
approximately 20% of high-risk families [31].

Other genes, identified because of the strong 
association with familial cancer syndromes, in 
which breast cancer is one of the defining compo-
nents, include TP53 (Li-Fraumeni syndrome), 
PTEN (Cowden Syndrome), STK11 (Peutz- 
Jeghers syndrome), CDH1 (hereditary diffuse 
gastric cancer syndrome—HDGC), and neurofi-
bromatosis type 1 (NF1).

3.3.1  Li-Fraumeni Syndrome (LFS)

LFS is a rare hereditary cancer predisposition 
syndrome caused mainly by mutations in the 
TP53 gene [32], located on chromosome 17. The 
nuclear protein encoded by TP53 binds directly 
to DNA. It has been called “the guardian of the 
genome” and has an important role in controlling 
cell cycle and apoptosis [33].

LFS has been estimated to be responsible for 
only 1% of hereditary breast cancer cases [34]. 
However, the risk for breast cancer before the age 
of 45 is 18- to 60-fold greater in female carriers 
of TP53 pathogenic mutations, with a median age 
at diagnosis of breast cancer at 33 years. Breast 
tumors in individuals with LFS are usually HER2 
positive and often also estrogen and progesterone 
receptor positive [35].

LFS is a highly penetrant hereditary cancer 
predisposition syndrome associated with a high 
lifetime risk of a wide spectrum of cancers, 
including soft tissue sarcomas, osteosarcomas, 
premenopausal breast cancer, acute leukemia, 
colon cancer, adrenocortical carcinoma, and 
brain tumors. These tumors usually present as 
early as childhood, and carriers of TP53 muta-
tions have an increased risk of developing multi-
ple primary cancers in their lifetime. Sarcoma, 
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breast cancer, adrenocortical tumors, lung bron-
choalveolar cancer, leukemia, and certain brain 
tumors have been referred to as the “core” can-
cers of LFS [36], as they account for the majority 
of cancers observed in carriers of TP53 germline 
pathogenic variants. A number of different sets of 
criteria for the selection of patients who warrant 
germline screening have been put forward and 
generally include the following points [9]:

• A proband with a tumor belonging to the LFS 
spectrum before the age of 46  years and at 
least one first- or second-degree relative with a 
LFS tumor (except breast cancer if the pro-
band has breast cancer) before the age of 
56 years or with multiple tumors at any age.

• A proband with multiple tumors (except mul-
tiple breast tumors), two of which belong to 
the LFS tumor spectrum and the first of which 
occurred before the age of 46 years.

• Proband with adrenocortical carcinoma or 
choroid plexus tumor, regardless of family 
history.

• A woman with a personal history of early- 
onset breast cancer (age at diagnosis 
≤31 years), with or without family history of 
core tumor types.

Approximately 7–20% of LFS cases result 
from de novo mutations in TP53. As a result, 
strict adherence to these guidelines, which are 
mostly based on family history, may result in 
LFS cases being missed [36].

Based on the high cancer risk associated with 
LFS, specific surveillance and management 
guidelines have been proposed. In this aspect, 
surveillance includes annual comprehensive 
physical examination starting in childhood and 
enhanced colorectal and breast cancer surveil-
lance beginning at 20–25 years (based on family 
history). Based on the wide spectrum of tumors 
associated with LFS, screening through total- 
body MRI may be warranted for these individu-
als in addition to annual dermatologic 
examination starting at age 18 years [9].

As far as clinical management is concerned, 
for women with breast cancer diagnosis, mastec-
tomy is recommended instead of lumpectomy 

due to the high risk of developing a second tumor 
in the radiation field. Discussion about preventive 
bilateral mastectomy is also recommended for 
female TP53 mutation carriers [9].

3.3.2  Cowden Syndrome (CS)

CS is part of a spectrum of disorders known as 
PTEN hamartoma tumor syndrome (PHTS) [37]. 
PHTS is caused by mutations in the PTEN tumor 
suppressor gene, located on chromosome 10. The 
PTEN protein is a tyrosine phosphatase with a 
role in cell cycle arrest, apoptosis, and genomic 
stability [38]. The incidence of CS has been 
reported to be 1 in 200,000 although this may be 
an underestimate [39].

Carriers of PTEN germline mutations usually 
present with benign characteristics of the disease 
by their late 20s, including oral papillomas, facial 
trichilemmomas, macrocephaly, uterine fibroids, 
and fibrocystic breast. In addition, carriers of 
pathogenic PTEN mutations are at increased risk 
of a number of different cancers, including breast 
(lifetime risk of 77–85%), thyroid (3–10%), 
endometrial (5–10%), colorectal cancer (9–16%), 
renal cancers (15%), and melanoma. Two male 
cases with CS who developed breast cancer have 
also been reported [40, 41].

Based on the high cumulative lifetime risk of 
85% for the development of any cancer [40], 
guidelines on the clinical management and sur-
veillance of PTEN mutation carriers have been 
formulated and include breast imaging beginning 
at age 30–35 years (or younger based on family 
history), endometrial cancer surveillance, thyroid 
and renal ultrasound, and colonoscopy starting at 
age 35 years. In addition, RRM and hysterectomy 
are recommended for female PTEN mutation car-
riers [9].

3.3.3  Peutz-Jegher’s Syndrome 
(PJS)

PJS is caused by inherited mutations in the 
STK11 gene, also known as LKB1, on chromo-
some 19. The serine/threonine kinase protein 
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encoded regulates cell polarity and functions as a 
tumor suppressor. Mutations in this gene are 
found in 50–70% of individuals affected by PJS, 
although in approximately half of the cases, these 
mutations are de novo [42].

PJS is characterized by multiple hamartoma-
tous polyps of the gastrointestinal (GI) tract, 
mucocutaneous pigmentation, and increased risk 
of multiple cancer types, including gastrointesti-
nal, breast, and non-epithelial ovarian cancer. 
Symptoms often present in childhood or early 
adolescence. The risk of breast cancer in women 
with PJS ranges from 8% at age 40–45% at age 
70 [43].

Clinical surveillance guidelines for STK11 
mutation carriers include mammograms and MRI 
beginning at age 25 and colonoscopies and upper 
GI endoscopies beginning in late teens [9].

3.3.4  Hereditary Diffuse Gastric 
Cancer (HDGC)

HDGC is caused by inherited mutations in the 
CDH1 gene, located on chromosome 16 and 
encoding for E-cadherin, a protein responsible 
for calcium-dependent epithelial cell adhesion 
[44]. In addition to gastric cancer, female carri-
ers of pathogenic mutations in CDH1 are at 
increased risk of lobular breast cancer. The life-
time risk of gastric cancer is 67% for men and 
83% for women, with an average age at diagno-
sis at 37  years. The risk of breast cancer in 
female mutation carriers is 39–52%. 
Furthermore, lobular breast cancer may arise in 
the absence of diffuse gastric cancer in the fam-
ily [45].

Preventive management guidelines for carri-
ers of germline CDH1 mutations include endo-
scopic surveillance for high-risk gastric cancer, 
with preventive gastrectomy between the ages 
of 18 and 40 being preferable. As far as breast 
cancer is concerned, enhanced breast surveil-
lance by mammogram and MRI is recom-
mended beginning at 30 years (or earlier, based 
on family history). In addition, RRM should be 
offered to female carriers of germline CDH1 
mutations [9].

3.3.5  Neurofibromatosis Type 1 
(NF1)

NF1 is caused by inherited mutations in the NF1 
gene, which is located on chromosome 17. The 
Neurofibromin 1 protein acts as a tumor suppres-
sor regulating the function of the ras protein and 
therefore preventing cell overgrowth.

Patients with NF1 are at increased risk of 
developing malignant peripheral nerve sheath 
tumors, as well as other central nervous system 
(CNS) and gastrointestinal tumors. The estimated 
lifetime risk of cancer in NF1 patients is almost 
60% [46]. Several studies have indicated that 
female carriers of NF1 mutations also have up to 
8.4% risk of developing breast cancer until the 
age of 50. However, the same studies have shown 
that the risk after the age of 50 is not significantly 
elevated compared to that of the general popula-
tion [47].

Based on these risk estimates, clinical surveil-
lance guidelines for NF1 mutation carriers 
include annual screening with mammography 
and MRI starting at age 30, but MRI screening 
should be discontinued after the age of 50 [9].

3.4  Other Genes

In addition to these high-penetrance genes, tech-
nological advances in DNA sequencing, com-
monly designated as “next-generation sequencing 
(NGS),” have aided in the concentrated efforts to 
identify new genes responsible for the missing 
heritability. These efforts have relied on the analy-
sis of likely candidate genes, based on prior knowl-
edge of functional association, their involvement 
in the same cellular pathways as the high-pene-
trance proteins, and the phenotypic evidence in 
carriers of autosomal recessive syndromes.

3.4.1  Partner and Localizer 
of BRCA2 (PALB2)

The PALB2 protein was first identified as a 
nuclear partner of BRCA2 and was later shown 
to bind directly and collaborate with BRCA2 in 
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double-strand-break repair [48]. Biallelic muta-
tions of PALB2, located on chromosome 16, were 
initially identified in the more severe form of the 
hereditary syndrome Fanconi anemia type D1 
(FANCD1) who lacked mutations in BRCA2 
[48]. Analysis of large numbers of breast cancer 
patients subsequently revealed the frequency of 
PALB2 mutations to be between 1.1% and 3.4%, 
while this frequency in men with breast cancer 
was found to range between 1% and 2% of men 
testing negative for a BRCA2 pathogenic 
mutation.

The risk for breast cancer in female carriers of 
a PALB2 pathogenic mutations increased with 
age reaching 35% by age 70. Furthermore, the 
risk was shown to increase with the increasing 
number of affected relatives, reaching as high as 
58% by age 70 in families with two first-degree 
relatives. In addition to breast cancer, PALB2 
mutations have been associated with an increased 
risk for pancreatic cancer as well as melanoma, 
while the risk for ovarian and prostate cancer is 
not yet established [49].

The discovery of the involvement of PALB2 in 
hereditary breast cancer is relatively recent. As a 
result, data is still limited. Therefore, clinical 
management guidelines for carriers of PALB2 
pathogenic mutations are at the time being based 
only on the increased breast cancer risk conferred 
and indicate the need for enhanced breast screen-
ing by MRI beginning at the age of 30 years. In 
addition, RRM should be offered to female carri-
ers of germline PALB2 mutations [9].

3.4.2  Checkpoint Kinase 2 (CHEK2)

CHEK2 is a tumor suppressor gene, located on 
chromosome 22, which encodes for a serine/thre-
onine kinase protein, which is activated by the 
ATM protein in response to double-stranded 
DNA breaks.

Mutations in CHEK2 are more prevalent in 
Northern and Eastern Europe. The lifetime risk 
for breast cancer in female carriers of CHEK2 
pathogenic variants is dependent upon family 
history ranging from 28% to 44% in individuals 
with a strong family history. In addition, women 

are at increased risk of developing a second 
breast cancer. Furthermore, association of 
CHEK2 pathogenic variants and risk of colorec-
tal and other cancers has been suggested.

Individuals homozygous for CHEK2 muta-
tions have been shown to have a sixfold increased 
risk of breast cancer compared to the general 
population. In addition, such individuals are at an 
increased risk of developing a second breast can-
cer and may therefore warrant more intensive 
breast cancer surveillance than heterozygote 
mutation carriers [50].

Management of CHEK2 mutation carriers is 
largely guided by family history, but is primarily 
based on increased screening. Women with 
CHEK2 mutations are more likely to develop 
estrogen receptor- positive breast cancer and 
may, therefore, benefit from tamoxifen chemo-
prevention and screening with mammogram and 
MRI starting at age 40 [9, 50].

3.4.3  Ataxia Telangiectasia Mutated 
(ATM)

The ATM gene, located on chromosome 11, 
encodes for a protein kinase which functions in 
cellular signaling in response to DNA damage 
and acts with the MRN protein complex. Biallelic 
mutations in ATM were first identified in the 
ataxia-telangiectasia (AT) syndrome, an autoso-
mal recessive disorder with childhood-onset pro-
gressive neurodegeneration, telangiectasia, 
immunodeficiency, gonadal atrophy, and predis-
position to malignancy. The carrier frequency of 
ATM mutations in the general population is about 
0.5–1% [50].

Women with a single pathogenic mutation in 
ATM were shown to have 38–69% risk of devel-
oping breast cancer by the age of 70. Other can-
cers associated with ATM mutations include 
pancreatic and prostate cancer [9].

The increased risk of breast cancer in carriers 
of ATM mutations has prompted recommenda-
tion for increased surveillance by mamogram and 
MRI starting at age 40 and the option of risk- 
reducing bilateral mastectomy based on family 
history [9].
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3.4.4  MRN Complex

This complex is made up of the proteins 
MRE11A-RAD50-NBN and has a crucial role in 
the detection and early processing of double- 
strand breaks, maintaining in this way DNA 
integrity. This is achieved by interaction with the 
ATM, BRCA1, and CHEK2 proteins. Based on 
the complex’s crucial role in maintaining DNA 
stability through interaction with well- established 
breast cancer predisposition proteins, various 
sequencing studies sought out to investigate the 
role of these proteins in breast cancer susceptibil-
ity. Potentially pathogenic mutations have been 
identified in the NBN gene, while the contribu-
tion of mutations in RAD50 and MRE11A is still 
in dispute [9, 50]. Mutations in the MRN complex 
genes, although very rare, can be population 
specific.

3.4.4.1  Nibrin (NBN)
The NBN gene (also known as NBS1), located on 
chromosome 8, encodes for the protein Nibrin.

Homozygous or compound heterozygous 
mutations in NBN are responsible for the autoso-
mal recessive Nijmegen breakage syndrome 
(NBS), characterized by childhood-onset micro-
cephaly, short stature, immunodeficiency, and 
high risk of cancer, especially lymphoid malig-
nancy [50].

Heterozygous carriers of pathogenic NBN 
mutations have been shown to have a moderately 
increased risk for breast and possibly ovarian 
cancer. The overall risk of breast cancer in 
females with a NBN pathogenic mutation is 3.1, 
and limited evidence suggests that the risk of 
prostate cancer in male carriers is also elevated.

Mutations predisposing to NBN-associated 
breast cancer are most prevalent in Eastern 
European populations. Most pathogenic variants 
described until today are frameshift or truncating 
mutations, while missense mutations have only 
been described in childhood acute lymphoblastic 
leukemia (ALL).

Again, recommendations for enhanced breast 
cancer screening by annual mammogram and 
MRI after the age of 40 have been proposed for 
female carriers of pathogenic mutations [9].

3.5  Multi-Gene Testing

Gene panels or “multi-gene testing” as it is more 
commonly referred to is increasingly favored as 
first-choice testing. This approach allows for the 
simultaneous screening of multiple risk loci asso-
ciated with a specific family cancer phenotype or 
multiple phenotypes at no or little added cost.

Multiple studies have shown the added value 
of multi-gene testing as in the majority only 
about half the pathogenic variants identified in 
high-risk patients were located in BRCA1 and 
BRCA2 [51].

Currently, a concern in the use of multi-gene 
testing is that there is only limited data for some 
of the genes included in most panels [52]. This is 
translated to uncertainty regarding the degree of 
cancer risk associated with these genes and in 
turn to luck of clear clinical management guide-
lines. Another drawback of testing genes for 
which data is limited is the high rate of “variants 
of uncertain significance” (VUS) identified. A 
number of studies have shown that the rate of 
VUS detection may be as high as 40%. When 
such a variant is detected, it adds complexity in 
counselling the patients and uncertainty as to 
their clinical management [9].

Despite these concerns, knowing if a patho-
genic variant is present is still advantageous, 
since it allows for the identification of at-risk 
relatives, who may then pursue more active can-
cer evaluation and surveillance. Furthermore, 
with the rapid adoption of multi-gene testing of 
at-risk individuals, data is rapidly accumulating 
enabling the continuous formulation of clinical 
management guidelines for more genes. An 
example of this rapid growth of “knowledge” is 
seen in the fact that international working groups, 
such as NCCN, are updating their guidelines 3–4 
times per year in order to include the new evi-
dence becoming available [9].

3.6  Male Breast Cancer (MBC)

Although rare, breast cancer can be diagnosed in 
men as well. MBC makes up <1% of all breast 
cancer cases and < 1% of all cancers in men in 
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the Western world. Risk factors, such as genetic, 
hormonal, and environmental factors, are 
involved in the pathogenesis of both female and 
male breast cancer, but the major predisposing 
factor of MBC is a positive family history. A pos-
itive first-degree family history can increase a 
man’s risk twofold, and this risk may reach up to 
fivefold as the number of relatives increases, 
especially early onset [53].

Epidemiologically, MBC resembles more 
closely postmenopausal female breast cancer, 
and therefore treatment follows the same indica-
tions as postmenopausal female breast cancer.

As in female breast cancer, mutations in a 
number of genes, with high, moderate, and low 
penetrance, have been implicated.

From the high-penetrance genes, mutations 
in BRCA2 are much more common than those 
in BRCA1, with an estimated 60–76% MBCs 
being attributed to mutations in BRCA2 and 
only from 10 to 16% to BRCA1 mutations [53]. 
Overall, mutations in BRCA1 and BRCA2 are 
more commonly found in men with a positive 
first-degree family history. Furthermore, it 
seems that large genomic rearrangements in 
BRCA2 are more frequent in families with 
MBC, although this association has not been 
explained biologically [53].

Analysis of moderate-penetrance genes, 
known to be associated with female breast 
cancer, in men with breast cancer has revealed 
a number of associations. One of the best stud-
ied moderate-penetrance genes is CHEK2, 
especially the mutation c.1100delC (p.
Thr367Metfs). This mutation has been shown 
to confer as much as tenfold increase of MBC 
in men lacking a BRCA1/BRCA2 mutation and 
has been estimated to be responsible for up to 
9% of all MBC cases. Once again, this asso-
ciation is more evident in men with a positive 
family history [53].

Another moderate-penetrance gene found to 
be associated with male breast cancer is PALB2. 
Mutations in PALB2 have been found in families 
with both male and female breast cancer, and 
PALB2 female carriers were shown to be 4 times 
more likely to have a male relative with breast 
cancer [53].
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