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ABSTRACT

Introduction: Heritage is the most important risk factor for breast cancer. About 15-20% of breast
cancer is familial, referring to affected women who have one or more first- or second-degree relatives
with the disease. The heritable component in these families is substantial, especially in families with
aggregation of breast cancer with low age at onset.

Identifying breast cancer susceptibility genes: Since the discovery of the highly penetrant auto-
somal dominant susceptibility genes BRCAT and BRCA2 in the 1990s, several more breast cancer genes
that confer a moderate to high risk of breast cancer have been identified. Furthermore, during the last
decade, advances in genomic technologies have led to large scale genotyping in genome-wide associ-
ation studies that have identified a considerable amount of common low penetrance loci. In total, the
high risk genes, BRCA1, BRCA2, TP53, STK11, CD1 and PTEN account for approximately 20% of the famil-
ial risk. Moderate risk variants account for up to 5% of the inherited familial risk. The more than 180
identified low-risk loci explain 18% of the familial risk. Altogether more than half of the genetic back-
ground in familial breast cancer remains unclear. Other genes and low risk loci that explain a part the
remaining fraction will probably be identified.

Clinical aspects and future perspectives: Definitive clinical recommendations can be drawn only for
carriers of germline variants in a limited number of high and moderate risk genes for which an associ-
ation with breast cancer has been established. Future progress in evaluating previously identified
breast cancer candidate variants and low risk loci as well as exploring new ones can play an important
role in improving individual risk prediction in familial breast cancer.
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Introduction

Breast cancer is the most common cancer type affecting
women, representing 25% of all cancer [1]. Many risk factors
for breast cancer have been identified including hormonal
and lifestyle factors, the most important one nevertheless
being heritage (Table 1). The individual risk increases propor-
tionally with the number of close relatives affected by breast
cancer and early age at onset. The hereditable component in
familial clustering of breast cancer has been estimated to
73% and the environmental proportion 27%. Furthermore,
familial breast cancer with low age at onset is mostly due to
heritable factors [18]. Clustering of breast cancer in families
has been investigated and supported by epidemiological
studies since the late 1940s [19]. The search and identifica-
tion of risk genes for hereditary breast cancer progressed in
the early nineties when linkage analyses in affected families
led to the discovery of BRCAT, BRCA2. A candidate gene
approach using affected family members in cancer families
led to the discovery of TP53 as the causal factor behind
Li-Fraumeni syndrome (LFS). These high penetrance traits
and identification of the breast cancer predisposing genes
STK11, CDH1 and PTEN, that followed, have the occurrence of

breast cancer in common as a part of a cancer syndrome,
with several types of cancer involved. About 5-10% of breast
cancer are thought to be hereditary with 4-5% being due to
already identified high penetrance traits inherited in an auto-
somal dominant inheritance fashion [20-24]. On the other
hand, 15-20% of breast cancer is familial, referring to
affected women who have one or more first- or second-
degree relatives with the disease [7,9,20,25]. Further linkage
and candidate gene studies have been unsuccessful in find-
ing more high-penetrance susceptibility genes despite the
fact that the already identified ones only represent a small
part of the estimated total heritable fraction. It has become
clear that the remaining fraction is not explained by variants
in high-risk breast cancer genes. Evidence has accumulated
that breast cancer is inherited as a polygenic disease where
pathogenic variants with differential impact together confer
an increased risk. Focus has shifted toward research of gen-
etic risk factors that confer a low to moderate risk of breast
cancer. The first identified moderate risk gene, cell cycle
checkpoint kinase 2 (CHEK2) identified in 2002, was found to
cause a twofold risk of breast cancer and an up to fourfold
risk in familial breast cancer cases [26,27]. Advances in
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Table 1. Risk factors in breast cancer (adapted from Hulka and Stark [2]).

Factor Risk group Effect on risk (RR) References
Demographic factors Geographic area US and Northern Europe vs. 3 GLOBOCAN [1]
Africa, Asia
Family history On close relative with Yes vs. no 1.1-2 Pharoah et al. [3], Claus
breast cancer et al. [4]
Two first degree relatives Yes vs. no 3.6 Pharoah et al. [3]
Reproductive factors Age at menarche Early vs. late 1.1-2.0 Hulka and Stark [2]
Age at menopause Late vs. early 1.1-2.0 Hulka and Stark [2]
Age at first birth >30 vs. <20 years 1.1-2.0 Hulka and Stark [2]
Parity Nulliparous vs. multiparous 1.1-2.0 Hulka and Stark [2]
Breastfeeding None vs. >1 year 1.1-2.0 Lancet [5], Hulka and Stark [2]
Other hormonal factors BMI (postmenopausal) High vs. low 1.1-2.0 van den Brandt et al. [6]
BMI (premenopausal) Low vs. high 1.1-2.0 van den Brandt et al. [6]
Oral contraceptives Ever vs. never use 1.07 Lancet [7]
Oral contraceptives Current use vs. none 1.24 Lancet [8]
HRT Current use vs. none 1.1-2.0 Lancet [9]
Serum estradiol High vs. low 1.1-2.0 Thomas et al. [10], Hankinson
et al. [11]
Breast properties Mammographic density Dense vs. not 4-5 McCormack and dos Santos
Silva [12]
Atypical ductal hyperplasia Yes vs. no 1.1-2.0 Byrne et al. [13], Page
et al. [14]
Other lonizing radiation to the chest Yes vs. no 1.1-2.0 Hancock et al. [15]
at young age
Alcohol Daily intake vs. none 1.2-2.0 Schatzkin and Longnecker [16],

Smith-Warner et al. [17]

RR: relative risk.

genomic technologies have led to large scale genotyping in
genome-wide association studies (GWAS) that have identified
a considerable amount of common low penetrance loci.
Great progress has been made, but a substantial portion of
the genetic background in familial breast cancer is yet unex-
plained. In addition, the functional and clinical implications
of some of the risk-genes already identified are limited since
robust risk estimates are lacking and because their polygenic
context is unclear. This review gives an overview of the gen-
etic background behind familial breast cancer.

Identifying breast cancer susceptibility genes

Various approaches have led to the identification of breast
cancer susceptibility genes with risk alleles that in general
are divided into three groups depending on their frequency
and conferred risk. The Human Genome Variation Society
(HGVS) has developed an internationally accepted nomencla-
ture that recommends the use of the neutral term variant
rather than mutation. The risk variants mostly show an
inversely proportional impact, from very rare ones with high
penetrance to the common low risk single nucleotide var-
iants with allele frequency of up to 50%:

e High-risk variants: Very rare in the population with a
minor allele frequency of <0.005. The conferred relative
risk of breast cancer is higher than 4.

e Moderate-risk variants: Rare, with a minor allele frequency
of 0.005-0.01. Pathogenic variants confer a relative risk
of 2-4.

e low-risk variants: Minor allele frequency >0.05 and
conferred risk of breast cancer of less than 1.5-fold [28].

High-risk genes

The genes underlying high-risk syndromes like BRCAT and
BRCA2 have mainly been identified through linkage analysis

and positional cloning. When Mary-Claire King and her team
began the work on identifying BRCA1, epidemiological stud-
ies had already demonstrated that the risk of breast cancer
was increased in first degree relatives of affected women,
especially if they were young at onset and/or had bilateral
disease [29]. Mechanisms such as polygenetic effects and/or
shared environmental factors could possibly explain the
familial clustering of breast cancer. However, a segregation
analysis in a large sample of families provided evidence that
familial clustering of breast cancer could be explained by a
highly penetrant autosomal dominant susceptibility gene in
4% of the families [22]. The linkage analysis was performed
in 23 families with a severe family history of breast cancer
and thus eliminating the risk of including cases of sporadic
breast cancer. In 1990, after 17 years of research, the results
of the linkage analysis were published, a high-risk gene
assigned to chromosome 17g21 had been identified [30].
The locus on chromosome 17 was immediately confirmed by
Narod et al. and, in addition, an association with ovarian can-
cer was established [31]. Subsequently, in 1994, the BRCAT
gene was identified through positional cloning and truncat-
ing mutations in the protein coding sequence were found to
segregate with the disease [32]. In 1994, an international
team lead by Stratton et al. analyzed 15 families, with early
onset breast cancer that were not caused by BRCAI, to
search for a second high-risk gene that was localized to
chromosome 13q12-13 [33]. Shortly thereafter BRCA2 was
cloned. Tumour samples were examined for loss of heterozy-
gosity and an association with defect BRCA2 was confirmed
[34,35]. Li-Fraumeni syndrome was first described in 1969 as
a rare clinical syndrome with a high penetrance of premeno-
pausal breast cancer and sarcomas, brain tumors and adrenal
cortical carcinomas at very young age [36]. The rarity and
high mortality of the syndrome made linkage analysis diffi-
cult. Instead a candidate gene approach was used to identify
germline mutations of the tumor suppressor gene TP53,



located on chromosome 17p13.1, as the causative factor.
TP53 was selected as a plausible gene because it was identi-
fied as the most common inactivated gene in sporadic forms
of cancers associated with Li-Fraumeni [37,38].

Moderate-risk genes

Also the first identified moderate risk gene, CHEK2
(1100delC), was localized through linkage-analysis of a large
non-BRCA family [26]. To assess the conferred risk, linkage
analysis was combined with an association study since mod-
erate risk genes display incomplete co-segregation due to
their intermediate penetrance. For that reason, candidate
gene approach is more applicable when identifying moder-
ate penetrance genes. This search has focused on candidate
genes, which like BRCAT and BRCA2, are involved in DNA
damage response or other pathways important for breast
cancer biology. By resequencing genes in cases from highly
penetrant families, moderate susceptibility genes have been
identified and thereafter evaluated in case-control association
studies. Breast cancer genes identified with this approach
include pathogenic variants in moderate risk genes ATM
[39-41] and PALB2 [42,43]. Further studies of loss-of-function
variants of the PALB2 gene suggest that the associated
breast cancer risk in carriers may overlap with that for the
high-risk category [44]. Since the high-throughput technique
next generation sequencing (NGS), now more affordable
whole-exome sequencing has become a common approach
to identify rare variants. When searching for rare risk alleles,
reduced statistical power demands sequencing of enormous
numbers of unselected cases and controls. One strategy to
reduce sample size is by performing a staged study starting
with sequencing in a small cohort of cases with familial
aggregation of breast cancer, assuming that genetic contri-
bution is higher. The cases can also be chosen due to certain
criteria such as being negative for BRCA1 and BRCA2, tumor
phenotype or sharing a previously identified susceptibility
gene. ldentified risk variants are thereafter genotyped in
larger cohorts. Pathogenic variants in a new breast cancer
susceptibility gene, RECQL, were identified through whole-
exome sequencing in two cohorts consisting of 144 Polish
and 51 French-Canadian women with familial breast cancer
who were all negative for BRCA1/2 founder mutations. In the
discovery phase, candidate genes for further study were
selected by focusing on highly deleterious mutations in
genes with a function previously associated with cancer.
Several truncating mutations in the gene RECQL, a DNA-heli-
case gene previously related to cancer, were identified.
Pathogenic RECQL variants were then validated in larger
cohorts containing patients with sporadic and familial breast
cancer as well as a control group [45].

Common low-risk variants

The results of searches for the third category of susceptibility
genes, common low risk variants, have been mainly achieved
through GWAS. This approach scans most of the genome for
causal genetic variants without any assumption of biological
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function or location. The genome of two individuals is
99.55% identical, but the variations can greatly affect the risk
of various complex diseases. More than 10 million of the
single nucleotide polymorphisms (SNPs), with a minor allele
frequency of 1% or more, are collected in a database, dbSNP
[46]. Sets of SNPs in a genomic region are in strong linkage
disequilibrium (LD) inherited in blocks. These blocks contain
a large number of SNPs with specific patterns, or haplotypes,
that can be identified with a reduced number of tag-SNPs.
All tag-SNPs have been categorized through the HapMap
project. Due to the high correlation between the variants
(high LD), a few hundred thousand of SNPs can be used as
markers over the whole genome. In GWAS, genotyping plat-
forms that allow evaluation of hundreds to thousands of
SNPs simultaneously, are utilized. In general, in a first phase
of a GWAS, tag-SNPs are genotyped in a smaller number of
cases and controls. In the second and third phase, variants
with the strongest evidence are narrowed down to a small
number and replicated through testing for significance in
large association studies. The identified low-risk variants are
not always the causal ones; any SNPs within the haplotype
block could play the role of casual SNP. Fine mapping, that
contains genotyping of all common variants of risk loci, can
bring more clarity to the issue. Furthermore, most of the
identified variants are located in non-coding regions, inter-
genic and intronic variants are common. They may have an
effect on the regulation of gene expression or function. So
far more than 180 low risk loci associated with breast cancer
risk have been identified [47-70]. Since it is more affordable
and less complicated than complete resequencing of whole
genomes, candidate gene-association studies have also been
used to search for common low-penetrance alleles, but with
limited progress.

Evidence of association for specific genes and variants

The following section is an overview of genes in which evi-
dence of an association with breast cancer has been estab-
lished, their function, conferred risk of breast cancer and
other associated tumors. Most disease-associated variants with
a moderate to high risk of breast cancer are protein truncat-
ing. These are nonsense mutations, frame-shift insertions and
deletions and splice site affecting variants that in general
cause a premature stop codon and as a result, a nonfunction-
ing protein product. Some of the alterations associated with
breast cancer risk are missense variants that refer to single
base pair substitutions causing a change of one amino acid.
Compared to truncating variants, the effect of a missense vari-
ant is more difficult to assess, the amino-acid change may not
have a dramatic effect on the resulting protein. Larger struc-
tural genomic rearrangements, including deletions and dupli-
cations of regions, can also cause gene inactivation. Silent
mutations do not alter amino acids and are in general consid-
ered functionally irrelevant, but may be oncogenic by altering
transcript splicing. To facilitate the clinical interpretation of
variants, the HGVS recommends the use of a five category
functional classification system: (1) benign variant; (2) likely
benign variant; (3) variant of uncertain significance; (4) likely
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disease-associated variant; (5) disease-associated variant.
Variants of unknown significance are often missense variants.
Risk assessment of the pathogenicity of missense variants can
be time-consuming and requires analyses of whether the
particular variant affects an evolutionary conserved region,
the probable impact on protein function as well as genetic
analyses in affected families and tumor subtypes. Family seg-
regation analysis can sometimes yield data to re-classify a
variant of uncertain significance. Disease-associated missense
variants are in general associated with a lower risk than trun-
cating variants. For instance, the CHEK2 truncating variant
€.1100delC is associated with a higher risk of breast cancer
compared to CHEK2 missense variant /157T (c.470A > G) [71].
One exception is that the majority of TP53 mutations are
highly penetrant missense variants. These variants are referred
to as dominant negative since the altered TP53 protein causes
inactivation of wild-type TP53 protein [72].

Risk estimates for the established breast cancer suscepti-
bility genes are in general not completely reliable due to
ascertainment bias (especially for TP53, STK11 and PTEN).
Many studies have been based on families with high risk fea-
tures and, as a result, breast cancer risk may be overesti-
mated in carriers with less pronounced family history. In
comparison, population-based studies mostly have generated
lower risk estimates [24,73,74].

BRCA1 and BRCA2

The BRCAT gene encodes a multi-domain protein that func-
tions in a number of cellular pathways to maintain genomic
stability, including cell cycle checkpoint activation as well as
transcriptional regulation and apoptosis [75]. BRCAT and
BRCA2 are also important for DNA repair; specifically in hom-
ologous recombination (HR) of double-strand DNA breaks
(DSB) [75]. BRCAT and BRCA2 mutations confer a very high
life-time risk of breast cancer in the range of 50-80% for
BRCA1 whereas the risk of ovarian cancer is 30-60% for
BRCAT1 but slightly lower for BRCA2 carriers, that of 10-25%
[76]. The relative risk of breast cancer has been estimated to
11.4 for BRCAT and 11.7 for BRCA2 [77]. BRCAT and BRCA2
pathogenic variants are found almost throughout the genes
whole coding sequence and are wusually truncating.
Pathogenic missense variants have also been described in
functional domains. In addition, different pathogenic variants
show a varying spectrum of allelic effects such as the mis-
sense variant, R1699Q (c.5096G > A p.Arg1699GIn) in BRCAT,
associated with a significant increased risk of breast cancer,
but much lower than the average risk for carriers in general.
The truncating variant, p.Lys3326 (rs11571833) in BRCA2 is
considered to be a low-risk allele [78,79].

Based on gene expression data, breast cancer tumors are
characterized and divided into four subtypes (luminal A,
luminal B, HER2-enriched and basal-like). Most BRCA1-related
breast cancers have a basal-like phenotype and they are also
characterized by the lack of expression of estrogen-receptors,
progesterone-receptors and of no overexpression of human
epidermal growth factor 2 (triple negative breast cancer).
In addition, over-expression of the epidermal growth factor

receptor (EGFR) has been associated with BRCAT-related
breast cancers [80]. The immunophenotype and gene
expression profile of BRCA2-related cancers are very similar
to sporadic breast cancers. Both BRCAT and BRCA2 tumors
exhibit a higher histological grade, BRCAT tumors are more
often poorly differentiated (grade 3) whereas BRCA2 tumors
more frequently are moderately or poorly differentiated
(grades 2 and 3) [81]. The majority of BRCAT and BRCA2-asso-
ciated ovarian cancers are classified as high-grade serous
carcinomas (HGSC) [82] There is growing evidence that HGSC
originates in the fallopian tubes. This has been discovered
since intraepithelial or early invasive carcinomas of the
fallopian tube frequently are identified in BRCA mutation
carriers who undergo prophylactic risk-reducing salpingo-
oophorectomy [83].

Studies of other tumor types associated with BRCAT have
been inconclusive [84,85]. Besides breast and ovarian cancer
in women, tumors linked with BRCA2 mutations include
pancreatic and early onset prostate cancer. For BRCA2
carriers, the risk of male breast cancer before 80 years has
been estimated to 7% [86].

TP53

One of the most intensively studied tumor suppressors is
tumor protein 53 (TP53) since loss of wild-type TP53 activity
is frequently detected in many different tumor types. The
protein regulates the cell cycle, interacts in DNA repair,
apoptosis, cellular senescence and metabolism. Inherited
TP53 mutations are associated with the rare autosomal dom-
inant disorder, the LFS. Female mutation carriers have a
nearly 100% lifetime risk of cancer compared to 73% for
males, the difference being caused by breast cancer [87].
More studies have found the same levels of cancer risk in
carriers [88,89]. Breast cancer is the most common tumor
with a 49% risk of being affected before 60 years, but most
women are diagnosed before age 40 [90]. The increased risk
of breast cancer for disease-associated variants has been
reported to be >100-fold (age-adjusted relative risk 105Cl
62-165) [77].

Unlike other high-risk genes that mostly display a risk
associated with truncating mutations, genotype-phenotype
analysis in LFS families has revealed that germline missense
mutations are more frequent. A majority of these mutations
are missense variants in the DNA-binding domain. In add-
ition, missense variants have been associated with earlier
onset, compared to truncating variants, due to a dominant
negative effect that interfere wild-type p53 function [72].
There is also a more than 20% frequency of de novo muta-
tions [87]. Other than breast cancer in women, TP53 muta-
tion carriers are at increased risk of early-onset and multiple
primary cancers including sarcomas, brain and adrenocortical
tumors [91]. Lymphoma, leukemia, melanoma, lung, pan-
creas, prostate and ovarian cancers also seem to be more
frequent. Childhood-onset tumors exists the most common
are brain tumors, followed by sarcomas [91-93].



PTEN

Cowden syndrome is rare condition caused by germline muta-
tions in tumor suppressor gene PTEN [94]. PTEN encodes a
multifunctional protein with roles in the PI3K/AKT-mTOR sig-
naling pathway. Studies of carriers of disease-causing variants
show a considerably high lifetime risk of breast cancer, with
low age of onset. Carriers are also at an increased risk of sev-
eral other malignancies, especially thyroid and endometrial
cancer [95-97]. The syndrome is otherwise characterized by
multiple hamartomas of the gastrointestinal tract, macroceph-
aly and benign tumors such as lipomas.

STK11

The tumor suppressor STK11 is another gene with a gene
product important for cell cycle regulation and mediation of
apoptosis. Deleterious mutations cause Peutz-Jeghers syn-
drome characterized by intestinal hamartomous polyps and
mucocutaneous pigmentation [98]. In addition, the lifetime
risk of breast cancer by 60 years has been reported to be
32-54% [99]. Other associated tumors with markedly
elevated risk are cancers of gastrointestinal origin and pan-
creatic cancer. Female carriers are also at an increased risk of
ovarian sex cord-stromal tumors and a rare tumor of the
cervix, adenoma malignum. Carriers of STK11 mutations have
a cumulative lifetime risk of any cancer of up to 85% [99].

CDH1

The CDHT1 gene encodes a protein responsible for cell-to-cell
adhesion and functions as a cell invasion suppressor [100].
E-cadherin germline mutations are responsible for hereditary
diffuse gastric cancer (HDGC). Carriers of truncating variants
are at a very high risk of diffuse gastric carcinoma at young
age and, in addition, an estimated relative risk of breast can-
cer of 6.6 (predominantly lobular breast cancer) [101]. Recent
studies have provided evidence of lobular breast cancer as
the first manifestation of HDGC. Deleterious CDH1 mutations
have been identified in women with bilateral lobular breast
cancer without a family history of diffuse gastric cancer. Also
novel deleterious CDHT alterations have been identified
raising the question whether lobular breast cancer can be
inherited as an independent E-cadherin syndrome [102,103].

PALB2

The PALB2 gene encodes a protein that plays an important
role in maintaining genomic integrity through its role in HR
and DNA repair. Originally identified as a BRCA2-interacting
protein, PALB2 has been shown to be crucial for key BRCA2
tumor suppressor functions [104]. PALB2 was first associated
with breast cancer as a risk gene with moderate penetrance
in 2007. Loss-of-function PALB2 mutations have however in a
meta-analysis yielded a combined estimated relative risk of
5.3 in carriers of pathogenic mutations which suggests that
PALB2 should possibly instead be placed in the high-risk cat-
egory [77]. A predisposition for ovarian- and pancreatic
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cancer conferred by PALB2 mutations has been indicated,
though larger studies are needed to address this
question [43,105,106].

CHEK2

Checkpoint kinase 2 is in response to DSB or replicative stress
activated by ATM [107]. Activated CHEK2 plays an important
role in phosphorylating downstream substrates including
tumor suppressors TP53 and BRCAT [108]. Originally CHEK2
was found mutated in Li-Fraumeni patients and one of the
truncating mutations ¢.1100delC, has been reproducibly asso-
ciated with breast cancer risk in different populations. This
truncating variant seems to be more frequent in populations
in parts of Northern and Eastern Europe compared to
Southern Europe and North America [109,110]. Besides the
CHEK2*1100delC variant, two more truncating variants have
been associated with similar breast cancer risk (del5395 and
IVS2+1G>A) whereas one missense mutation, 1157T
(c.470A > G) confers only slightly increased risk [71,111,112].
Recently, a large collaborative study, using data from the
Breast Cancer Association Consortium (BCAC), reported a rela-
tive risk of breast cancer of 2.26 in CHEK2*1100delC carriers.
The risk of breast cancer associated with CHEK2*1100delC is
though markedly higher in carriers with a family history of
breast cancer than without which complicates risk prediction.
Carriers without a family history may have a life-time risk
close to the average population risk and consequently it has
been suggested that family history should be taken into
account in risk prediction of healthy carriers [110]. A 3.5-fold
excess risk of CHEK2* 1100delC carriers to develop contralat-
eral breast cancer has been found as well as a worse progno-
sis compared to non-carriers, especially for estrogen receptor
(ER)-positive breast cancer [113,114]. There have been reports
of an association between CHEK2 pathogenic variants and
ovarian cancer and several other additional malignancies, but
the results have been inconclusive [115,116]. A meta-analysis
has provided evidence that CHEK2*1100delC carriers may be
at increased risk of colorectal cancer [117].

NBN

The MRET1A-RAD50-NBN (NBST) is an evolutionary conserved
protein complex (the MRN complex) important for detection
and early processing of double strand breaks. Carriers of het-
erozygous NBN mutations have a significant increased risk of
breast cancer with an estimated odds ratio of 3.1 [118]. In a
meta-analysis of seven studies, strong evidence was presented
for a moderately increased breast cancer-risk associated with
a truncating variant, c.657del5 with a relative risk of 2.7 [119].
Another study provided evidence for an association between
the variant and early onset breast cancer [120].

ATM

Homozygous or compound mutations in the ataxia-telangi-
ectasia mutated gene (ATM) cause a neurodegenerative dis-
order characterized by cerebellar ataxia, immunological
deficiency, hypersensitivity to ionizing radiation and
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increased risk of cancer. The gene encodes a protein kinase
involved in DNA repair of double strand breaks through
downstream interaction with TP53, BRCAT and CHEK2 pro-
teins in the damage response pathway [121]. Furthermore,
the MRN-complex recrutis ATM protein and initiates phos-
phorylation of substrates in response to DNA-damage [122].
A meta-analysis found heterozygous carriers of ATM muta-
tions at an estimated relative risk of breast cancer of 2.8 [77].
The ATM missense variant p.Val2424Gly (c.7271T > G) has
been associated with a higher risk compared to truncating
variants and is another example of a dominant negative
mutation [123] An increased risk of pancreatic cancer has
been indicated in carriers of pathogenic ATM variants [124].

NF1

The protein product of the Neurofiboromin 1 gene (NFT) acts
as a tumor suppressor by negative regulation of the Ras sig-
nal transduction pathway [125]. Pathogenic variants in the
NF1 gene cause Neurofibromatosis type 1, an autosomal dom-
inant cancer syndrome, with a very variable phenotype, char-
acterized by skin pigmentation and tumors of the nervous
system. A Finnish study with a population-based cohort found
a 59.6% lifetime risk of cancer. Excess risk of breast cancer
was moderate, but highest in women younger than 40 years
[126]. These results were supported in two more studies of
NF1 associated breast cancer risk that found an increased risk
in women less than 50 years, but thereafter incidence pat-
terns similar to the general population. The relative risk of
breast cancer in carriers was estimated to 2.6 [77,127,128].

Other breast cancer gene susceptibility candidates

The fact that BRCAT, BRCA2 and PALB2 function in the repair
of DNA double-strand breaks has promoted further studies
on candidates in pathways controlling DNA integrity. Several
other susceptibility genes with protein products involved in
DNA damage signaling and repair have in different popula-
tions been associated with breast cancer risk in single stud-
ies, but have not been confirmed in large systematic
associations studies. Most of the identified pathogenic var-
iants are very rare, which makes a putative association with
breast cancer and a robust estimate of penetrance difficult
to assess. RAD51, a key protein in mediating HR, forms a
complex with a family of accessory proteins known as RAD51
paralogs. Deleterious mutations in RAD51 paralogs RAD51C,
RAD51D, have shown clear evidence of an association with
ovarian cancer, but there is insufficient evidence for an asso-
ciation with increased risk of breast cancer [129,130].
Common low risk variants in RAD51B have been associated
with familial breast cancer and male breast cancer [131].
Exome sequencing and a subsequent association study iden-
tified RAD51 paralog, XR2CC, as a putative breast cancer
gene [132]. BRIP1, that encodes a DNA helicase, has also
shown clear evidence of predisposing for ovarian cancer but
a role in breast cancer risk has not found support [133].
A recent large-scale association study could not provide evi-
dence for an association between any truncating variant in

the BRIP1 gene and breast cancer [134,135]. The statistical
analysis allowed exclusion of a twofold risk of breast cancer,
which in general is considered the lower threshold for a
moderate susceptibility gene. Recently, rare mutations in two
other helicase genes, RECQL and BLM have been associated
with breast cancer [45,136]. Biallellic mutations in BRIP1 as
well as PALB2, RAD51C and BRCA2 (also known as the FANCJ,
FANCD1, FANCN and FANCO genes) cause Fanconi Anemia
(FA), which has prompted a search of other FA genes predis-
posing for breast cancer. Exome sequencing has identified
heterozygous truncating mutations in FA genes FANCC and
also in FANCM with a particularly strong predisposition for
triple negative breast cancer [136-138]. A limited number of
pathogenic germline mutations in the MRET1 and RADS50
have also been suggested as breast cancer predisposing
variants, but their role is yet to be determined [139].

Low risk variants associated with breast cancer

The BCAC, a collaboration with more than 50 participating
breast cancer case-controls studies, has conducted several
combined large-scale genotyping studies. In a BCAC study
from 2015, a GWAS of more than 120,000 cases and controls
added 15 more low risk loci to the previously more than 90
identified [47-69,79]. The most recent genome wide associ-
ation study, performed by BCAC and the OncoArray
Consortium, added 65 more loci associated with breast can-
cer risk, 19 of them more strongly associated with ER-positive
disease. Furthermore, it was estimated that in total common
low risk variants identified by GWAS explain 18% of the
familial relative risk [70]. Most of the identified variants are
intergenic or intronic with uncertain function, but they may
be important for gene expression and function.

Only a few causal protein coding variants have been
suggested, one being the SNP rs11552449 which is a mis-
sense substitution in the DCLRETB gene (SNM1B) involved in
DNA cross-link repair [58]. Further investigation of a tag SNP
in an intron of the EXOT gene, with a gene-product involved
in mismatch repair, found a strong association with a putative
causal variant in the coding region of the gene. The associ-
ated missense variant, rs4149909, encodes an amino acid sub-
stitution, with potential pathogenic effect related to breast
cancer [69]. Several GWAS have investigated specific effects
by breast cancer subtypes, mainly by ER status. Analysis of 74
breast cancer SNPs in the subgroup of triple negative breast
cancer found that 24 of the 74 SNPs were also individually
associated with triple negative breast cancer [140]. A GWAS in
about 40,000 cases of ER-negative breast cancer and BRCAT
mutations carriers identified 10 new variants associated with
ER-negative breast cancer. Furthermore, previously identified
variants were replicated and altogether the 125 associated
variants were estimated to explain 16% of the familial risk of
ER-negative breast cancer [141].

Genetic contribution in familial breast cancer

Overall, BRCAT and BRCA2 mutations are estimated to be
responsible for about 3% and the other less common high



penetrance genes account for less than 1% of all breast can-
cer [23,24]. However, a recent study though suggests that
BRCA1 and BRCA2 account for only 1.4% of all breast cancer
and that other results with higher proportions could be due
to founder populations or to patient selection [142].
In Sweden, carrier frequency of BRCAT was less than 1% in
an unselected breast cancer cohort in Stockholm County
[143]. Pathogenic variants in BRCAT and BRCA2 account for
16% of the genetic contribution in familial breast cancer risk
[144]. In total, the high risk genes, BRCA1, BRCA2, TP53,
STK11, CD1 and PTEN account for approximately 20% of the
familial risk [23,145,146]. Moderate penetrance variants
account for up to 5% of the inherited familial risk [23,147].
The more than 180 identified low-risk loci explain 18% of the
familial risk [70]. Altogether more than half of the genetic
background in familial breast cancer is still unclear (Figure 1).

Genetic modifiers

Evidence has accumulated that familial breast cancer is a poly-
genic disease and that the genetic susceptibility is driven by a
large number of variants with multiplicative effects on breast
cancer risk [148,149]. This multiplicative model could explain a
part of the residual component also in carriers of high-risk
genes such as BRCAT and BRCA2. Several studies have found
support for low-risk variants that modify risk in BRCAT and
BRCA2 mutations carriers [150-153]. There is a markedly higher

High-risk genes,
BRCA1, BRCA2,
TP53, STK11,
. PTEN, CDH1

2% ; .
S Moderate-risl

Buﬁ genes, PALB2,
m— B CHEK2, ATM

~5%

Unexplained
~57%

ow-risk loci ~18%

Figure 1. Fraction of the excess familial risk of breast cancer explained by the
currently known susceptibility genes/loci.
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lifetime risk, in CHEK2*1100delC carriers, with a family history
of breast cancer compared to those without, which suggests
that CHEK2*1100delC combines with other genetic variants
that together modifies the risk of breast cancer [114]. A recent
study investigated whether the multiplicative model was
applicable on CHEK2*1100delC and common low penetrance
susceptibility variants previously associated with breast cancer
risk. A polygenic risk score (PRS) was calculated based on the
effect of 77 low penetrance variants. The synergistic effect of
CHEK2*1100delC and the PRS on breast cancer risk was esti-
mated and the result provided strong support for a multiplica-
tive polygenic model. The effect of the PRS was slightly
attenuated when adjusting for family history, but remained an
independent risk factor. The PRS was proposed as a tool for
stratifying risk in CHEK2*1100delC carriers [154]. It is not clear
whether the model can be applicable on combinations of
moderate to high-penetrance genes. A study of the combined
effects of BRCA, ATM and CHEK2 mutations, found no support
for a multiplicative effect on breast cancer risk. This may reflect
their biological interaction in DNA-repair. Impairment of func-
tions up-stream of BRCA, such as ATM and CHEK2, may confer
little or no additional risk of breast cancer [155]. Investigating
this issue is difficult since carriers of any combinations of high
and moderate penetrance genes are very rare.

Breast cancer syndromes

A significant feature of the high penetrance breast cancer
genes is the conferred risk also for other tumor types in the
context of breast cancer syndromes such as the hereditary
breast and ovarian cancer syndrome (HBOC) caused by dele-
terious variants in BRCAT and BRCA2 (Table 2). A putative
association with other types of cancer can be difficult to
assess especially for rare risk genes with an intermediate
penetrance. Regional variation of allelic variants is another
compounding factor. An increased risk of other malignancies
within families carrying disease associated variants in CHEK2
includes colon, prostate, kidney and thyroid cancer, but only
the association with colon cancer (CHEK2*1100delC) has been

Table 2. Genes for which an association between disease-associated variants and breast cancer has been established (modified from Easton et al. [77]).

Gene Average relative risk? References Other cancer risks
BRCA1 1.4 Easton et al. [77] Ovary (HBOC)
BRCA2 1.7 Easton et al. [77] Ovary, prostate, pancreas (HBOC)
TP53¢ 105 (90% Cl 62-165) Hwang et al. [90] Childhood sarcoma, adrenocortical carcinoma, brain tumors (Li-Fraumeni Syndrome).
PTEN No reliable estimate? Bubien et al. [96] Thyroid, endometrial cancer (PTEN Hamartoma
Tan et al. [97] Tumour Syndrome PHTS, Cowden syndrome)
CDH1 6.6 (90% Cl 2.2-19.9) Pharoah et al. [101] Diffuse gastric cancer (HDGC)
STK11 No reliable estimate® Hearle et al. [99] Colon, pancreas, ovarian sex cord-stromal tumors (Peutz—Jeghers syndrome)
PALB2 5.3 (90% Cl 3.0-9.4) Easton et al. [77] Unknown or insufficient evidence

[
NF1 2.6 (90% Cl 2.1-3.2) Easton et al. [77]
[

Malignant tumors of peripheral nerve sheath, brain, central nervous system

ATM 2.8 (90% Cl 2.2-3.7) Easton et al. [77] Unknown or insufficient evidence
CHEK2 2.26 (90% Cl 1.9-2.69)° Schmidt et al. [110] Colon
NBN 2.7 (90% Cl 1.9-3.7)¢ Zhang et al. [119] Unknown

“Risk estimates for BRCA1 and BRCA2 were obtained from the Breast and Ovarian Analysis of Disease Incidence and Carrier Estimation Algorithm (Boadicea),
from a single study for TP53 and CD7, and from meta-analysis of multiple studies for the other genes [77]. Note that there is evidence that relative risk declines
with age for carriers of mutations in BRCAT [156], CHEK2 [157] and ATM [158]. The evidence for PALB2 is weaker [44]. These represent average relative risks for
all ages and may therefore underestimate the relative risk of breast cancer for younger persons and overestimate the relative risk for older persons. The esti-

mates relate for protein-truncating variants except as noted.
PMost data are for the CHEK2*1100delC variant.

“Most pathogenic mutations in TP53 are missense variants. Most published risk estimates are subject to ascertainment bias.

dPublished risk estimates are subject to ascertainment bias.
€Risk estimate for NBN c.657del5 variant.
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supported in a meta-analysis [116,117]. Female carriers of
variants associated with Lynch syndrome are at increased
risk of ovarian and endometrial cancer, in addition to an
increased risk of gastrointestinal and urinary tract tumors
[159]. Allelic variants in one gene behind the syndrome,
MLH1, has also been associated with increased risk of breast
cancer (18.6% cumulative risk to age 70 years 95% Cl,
11.3-25.9), but evidence published so far has not been con-
sidered sufficiently robust enough to make specific recom-
mendations for screening programs for carriers [160]. BAP1
tumor predisposition syndrome (BAP1-TPDS) is characterized
by early onset benign melanocytic skin tumors and, later in
life, mesothelioma and uveal melanoma. An increased risk of
breast cancer has been indicated, but not confirmed, in car-
riers of germline mutations in BAP1 [161]. Germline CDKN2A
mutations have been found to predispose to high pene-
trance familial melanoma. Carriers also have a markedly
increased risk of pancreatic cancer. In addition, a moderate
risk of breast cancer has been suggested [162].

Other studies have focused on investigating familial breast
cancer and any putative associations with other tumor types
in families without any previously identified disease associated
variants. In a study of 803 Swedish families with hereditary
breast cancer tumors in the colon, ovary, endometrium, pan-
creas and liver, as well as leukemia were overrepresented. A
putative breast and endometrial cancer syndrome was sug-
gested [163]. An association between breast- and endometrial
cancer was supported again by a study of tumor spectrum in
non-BRCA breast cancer [164]. A recently published study
based on data from the Swedish Family-Cancer Database cal-
culated relative risk for other types of tumors in families with
aggregation of breast cancer. The strongest associations with
breast cancer were found for prostate and ovarian cancer (p
value <107 ""). Other associated tumor types were for
example stomach and male colorectal cancer (p < 2.5 x 1079),
pancreatic cancer (p <5 x 10™%), thyroid, endometrial and tes-
ticular cancer (p<.0025) [25].

Clinical aspects and future perspectives

Today, definitive clinical recommendations can be drawn
only for carriers of germline mutations in the genes given in
Table 2. These genes have been found to have a strong asso-
ciation with increased risk of breast cancer. BRCAT and
BRCA2 are considered high risk genes, even though risk esti-
mates, could be slightly overestimated due to ascertainment
bias. Furthermore, disease associated variants in TP53, STK11,
CDHT1 and PTEN appear to confer high risks of breast cancer,
but risk estimates are uncertain and biased by oversampling
of carriers with a family history of breast cancer. Also PALB2
may fall into the high-risk group, but confidence interval for
the risk estimate is wide which makes risk level uncertain.
Genes that are placed in the moderate risk category are
CHEK2, NF1, NBN and ATM.

However, the risk associated with many missense variants
in the established genes seems lower than for truncating var-
iants whereas the risk from many other missense variants is
still is unclear. International collaborations could possibly

provide reliable estimates of risk by performing studies in
large series of patients from diverse populations.
Combinations of low risk variants are likely to be incorporated
in testing panels, but need validation. Further studies of low
risk variants but also candidates breast cancer genes are
therefore essential. Prospective well designed studies of
combinations of low penetrance variants with or without the
presence of a high- or moderate risk variant could provide
evidence for decisive risk estimates. Another issue that needs
clarification is how different risk factors interact. Risk assess-
ment in women at an increased risk of breast cancer is in
general limited due to insufficient knowledge of how a given
variant impacts in combination with other genetic risk factors,
life-style factors and family history in terms of an abso-
lute risk.

Previously identified disease-associated variants account for
less than half of the inherited risk behind breast cancer, the
rest remains unclear. Linkage analysis, in families at high risk
of breast cancer, has not been able to find additional high
penetrance genes which suggests that, if they exist, they
probably account for only marginal fraction of the familial
risk. Unidentified low risk variants could explain a part of the
residual inherited risk [70]. Previously unidentified rare breast
cancer genes could also contribute to the increased risk of
breast cancer in these families. Further GWAS in large series
of patients from different populations will continue to play an
important role, but candidate gene studies are also of great
importance, especially since the results seem to overlap only
to a small extent [165]. Several studies show that breast can-
cer is associated with other tumor types which suggests that
they could also share genetic susceptibility similarly to the
previously identified breast cancer syndromes [25,163,164].
One approach in the search for new risk variants can there-
fore be to target these families with cases of breast cancer
and other associated tumor types since the association
implies that they may share genetic susceptibility.

To summarize, testing with gene panels is essential to
identify women at a high risk of breast cancer, although the
genes with established association with increased risk of
breast cancer explain only a limited part of the inherited risk.
Future progress in evaluating previously identified breast
cancer candidate variants and exploring new ones can play
an important role in improving individual risk prediction in
familial breast cancer.
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