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Chapter 1

1 Clinical aspects of familial breast cancer
1.1 Breast cancer tumorigenesis
Healthy breast tissue consists of a broad range of cell types meticulously arranged into highly 
organized structures of branched ducts and lobules supported by fatty and fibrous connective 
tissue. Homeostasis is maintained by tight regulation of the morphology and proliferation of 
each cell via both intra- and extracellular signals. These signals comprise multiple barriers 
which a cell has to overcome in order to become malignant i.e. to be able to survive and 
proliferate, and potentially invade and metastasize, regardless of external signals. To achieve 
this, a cell has to acquire, among others, the capabilities to ensure continued growth signaling, 
ignore growth inhibition and apoptotic signals, adjust its energy metabolism and stimulate 
angiogenesis.1 Traditionally this malignant behavior was thought to be the result of the 
accumulation of somatic genetic changes within a single cell: the so-called somatic mutation 
theory. Nowadays, it is appreciated that the process of tumorigenesis is much more complex 
and involves changes at various organization levels and a dynamic reciprocity between them, 
including genetic mutations, epigenetic changes and alteration of the microenvironment.2–4

Although no longer thought to be the only facet in tumorigenesis, somatic genetic 
alterations that critically contribute to malignancy, the so-called driver mutations, remain one 
of the most well studied aspects of breast tumors. Genes frequently affected by mutations or 
structural variants include TP53, PIK3CA and GATA3.5 However, the mutational landscape of 
breast tumors is far from homogeneous; a large diversity in the combination of alterations 
in over 50 significantly mutated genes has been found.6–11 Besides genetic alterations, it has 
become clear that epigenetic changes play an important role in breast tumor development 
as well. For many cancers, including those of the breast, a global increase in CpG-island 
hypermethylation has been observed. Methylation of the CpG-islands in a promoter 
region generally leads to reduced expression of the corresponding gene. Interestingly, 
hypermethylation of promoter regions is especially frequently seen in tumor suppressor 
genes, including CDH1, CDKN2A, PTEN and BRCA1 (reviewed in 12,13). Nonetheless, with regard 
to epigenetic alterations, substantial heterogeneity has been observed between tumors: 
a large study analyzing genome-wide methylation data found that breast tumors can be 
classified into at least five different methylation groups by unsupervised clustering.7 

Another important factor in breast cancer tumorigenesis is the microenvironment. 
The tumor microenvironment comprises the extracellular matrix and multiple cell types such 
as fibroblasts and immune cells. Moreover, it acts as the medium for many important soluble 
factors such as cytokines, growth factors and enzymes. The microenvironment can both 
inhibit and facilitate the malignant behavior of the tumor cells.4 For example, while normal 
myoepithelial cells in the tumor microenvironment may inhibit the growth of breast tumor 
cells, cancer-associated fibroblasts can promote growth and invasion.14 

1.2 Breast cancer subtypes
Although all tumors in the end acquire approximately the same set of capabilities, the examples 
described above illustrate the tremendous variation in the way they achieve this. Because of 
this heterogeneity, breast tumors are often classified in subtypes. The large majority of breast 
tumors, roughly 95%, are adenocarcinomas arising in the breast epithelium, while a small 
percentage consists of sarcomas originating from the stromal cells of the connective tissue 
of the breast. Adenocarcinomas are further classified according to their morphological and 
cytological patterns. By far the largest group are invasive ductal carcinomas of “no special 
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type”, which is a diagnosis of exclusion used for tumors that do not possess characteristics 
that would classify them as one of the special subtypes. These special subtypes comprise 
~25% of all breast tumors and consist, among others, of lobular, tubular, cribiform and 
metaplastic carcinomas.15 Histological subtypes can be associated with specific molecular 
characteristics, for example, while lobular carcinomas have fewer somatic genetic aberrations 
overall, they almost always lose E-cadherin function, through inactivating mutations or 
promotor hypermethylation of CDH1 (the gene encoding E-Cadherin) or impaired integrity of 
the E-cadherin-catenin complex.16 

Another important factor used in defining breast cancer subtypes is whether or 
not they express the estrogen receptor (ER), progesterone receptor (PR), human epidermal 
growth factor receptor 2 (HER2) and proliferation marker Ki67. The presence of these 
proteins is routinely assessed in clinical practice by immunohistochemistry and tumors are 
subsequently classified into four subtypes: Luminal A (ER+/PR+/HER2-/Ki67 low), Luminal 
B (ER+/PR+/HER2-/Ki67 high), HER2-overexpressing (HER2+, any ER/PR/Ki67) and basal-
like (ER-/PR-/HER2-, any Ki67).17 The presence of the three receptors indicate the pathways 
through which the cells receive growth signals and, more importantly, offer opportunities for 
therapeutic targeting. While HER2 overexpression in breast tumors was once associated with 
a poor prognosis, this drastically changed when the first HER2-targeting agent, trastuzumab, 
became available.18 Also the dependence of ER-positive/PR-positive breast cancer on estrogen 
signalling can be targeted by several drugs, such as selective estrogen receptor modulators 
(e.g. tamoxifen) and aromatase inhibitors (e.g. letrozole). These therapies are not indicated 
for breast cancers lacking all three receptors, known as “triple negative” breast cancer, which 
are associated with poor prognosis. For this group of tumors, chemotherapy has long been 
the only available treatment option. However, recently clinical trials have started exploring 
immunotherapy as a treatment option for triple negative breast cancer as these tumors have 
been shown to be more immunogenic, with higher PD-L1 expression and T-cell infiltration 
than other subtypes.19

Besides these subtypes commonly used in clinical practice, further classification 
of breast tumors has been proposed based on gene expression analysis and mutational 
signatures. Gene expression analysis has resulted in a similar but more detailed range of 
subtypes, including luminal A, luminal B, HER2-enriched, basal-like, normal-like, Claudin-
low and apocrine (reviewed in 20). These subtypes are often called the “intrinsic subtypes”.  
The luminal A, luminal B, HER2-enriched and basal-like subtypes largely overlap with their 
immunohistochemistry counterparts. The claudin-low subtype is thought to represent a 
group of tumors characterized by epithelial-to-mesenchymal transition and stem cell like 
features and which are usually negative for ER, PR and HER2.21 The apocrine expression 
subtype represents another subset of triple negative breast cancers which express the 
androgen receptor.22 Mutational signatures describe the kind of nucleotide substitutions and 
structural variations that are overrepresented in a tumor. These signatures are thought to 
provide insight into the mutagenic processes and possible DNA repair deficiencies that have 
shaped the tumor’s genome. For breast cancer twelve different nucleotide substitution and six 
rearrangement signatures have been described, some of which have been linked to specific 
tumor attributes, such as deficiency in homologous recombination or mismatch repair.6,23
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1.3 Breast cancer risk and familial clustering of breast cancer
Breast cancer is the most common cancer diagnosis and represents the most common cancer-
associated cause of mortality in women worldwide.24 In the Netherlands, approximately one 
in eight women will develop breast cancer at some point during her life.25 The identification 
of risk factors is important for both prevention and the development of efficient screening 
programs aimed at early detection. However, the etiology of breast cancer is complex; among 
others, genetics, physical characteristics, lifestyle and reproductive factors are known to affect 
disease risk.26 Gender is an obvious factor in breast cancer; the life time risk to develop breast 
cancer is approximately 13% for females, while for males it is only 0.11%.25 Geographical 
location is another important factor associated with the risk of developing breast cancer. 
The incidence of breast cancer is remarkably higher in “western” countries (Europe, North 
America, Australia and New Zealand) compared to the rest of the world.24 The incidence of 
breast cancer, alike that of many other cancers, also increases with age.25 This association 
between cancer and age is generally attributed to the time needed for the stochastic process 
of accumulating the tumorigenic capabilities described above, through somatic mutations, 
epigenetic changes, telomere shortening, declined DNA repair efficiency and changes in the 
microenvironment.27 In addition, early menarche and late menopause are associated with an 
increased risk of breast cancer.28 The estrogen and progesterone fluctuation during menstrual 
cycles induces repetitive phases of mammary epithelium proliferation and regression, which 
cause an increased chance of genetic errors.29 At the same time, reproductive factors, such as 
a first-full term pregnancy at relatively young age, a higher number of full-term pregnancies 
and total duration of breast feeding are associated with an decreased risk of breast cancer.30 
Pregnancy and lactation are thought to induce several, long-term, systemic and local changes 
that could explain their associated with a decreased breast cancer risk, which include changes 
in circulating hormone levels, estrogen responsiveness, number of mammary stem cells and 
differentiation status.31 Furthermore, several lifestyle factors such as alcohol consumption, 
lack of physical activity, post-menopausal obesity and exposure to exogenous estrogen 
via oral contraception or hormone replacement therapy increase the risk of breast cancer 
(reviewed in 26). 

Family history is another well-established risk factor for breast cancer. Women who 
have one first-degree relative diagnosed with breast cancer, have a relative risk (RR) of 
approximately 1.8 to develop breast cancer themselves. Having three or more affected first 
degree relatives is associated with a RR of 3.9.32,33  Moreover, a lower age of onset is associated 
with a higher risk in first-degree relatives compared to late onset breast cancer.32,33 This 
relative risk associated with a family history is known as the familial relative risk (FRR). Several 
algorithms have been developed to calculate an individual’s risk of breast cancer based on a 
specific family history, including BOADICEA,34 BRCAPRO,35 the Tyrer-Cuzick model,36 the Claus 
model37 and Gail model.38 Studies in monozygotic and dizygotic twins have determined that 
genetic factors account for approximately 27% of the variance in breast cancer susceptibility. 
Although genetic factors likely play at least some role the etiology of every breast cancer 
case, only ~15% of cases are considered “familial”. Of these familial breast cancer cases, 
approximately 5-10% carry a mutation in a known high-risk breast cancer susceptibility gene. 
Breast cancer susceptibility loci associated with a moderate or small risk increase have also 
been identified (see sections 2.1, 2.2 and 2.3 below). However, most familial breast cancer 
cases are not yet tested for these moderate and low-risk loci in diagnostic settings in the 
Netherlands and most EU countries. Moreover, all known genetic risk factors jointly still 
explain less than half of the familial relative risk. 
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1.4 Clinical management of hereditary and familial breast cancer
When a woman has multiple first or second-degree family members affected with breast 
cancer, genetic testing for mutations in breast cancer susceptibility genes is indicated. 
Moreover, if a woman herself has been diagnosed with breast cancer at a particularly young 
age, or with both breast and ovarian cancer or with bilateral disease, referral for genetic 
counseling might be appropriate. (See 39–41 for the exact indications for genetic counseling 
in the Netherlands.) When genetic testing is warranted, at a minimum BRCA1 and BRCA2 will 
be tested. Nowadays, however, gene panels containing additional moderate and high-risk 
susceptibility genes (see section 2.1 and 2.2) are commonly assessed using next generation 
sequencing (NGS, also known as massively parallel sequencing (MPS)). The results of these 
genetic tests can be classified in three categories. In the far majority, no potentially causal 
mutation will be detected. On the other hand, there are cases in which a mutation is found 
that is clearly associated with an increased risk of breast cancer. Besides these straightforward 
results, there is a third category of cases in which a genetic variant is identified for which 
the association with breast cancer risk is unclear. These variants are referred to as variants of 
uncertain significance (VUS). For BRCA1 and BRCA2 testing alone, in 5-10% of cases a clearly 
pathogenic mutation is found, while in approximately 15% a VUS detected. 

With regard to clinical surveillance, a distinction is made between “hereditary” 
breast cancer, when a causal mutation has been found, and “familial” breast cancer, when 
either no mutation or a VUS has been detected. Guidelines for the clinical management of 
familial and hereditary breast cancer describe screening strategies including age to start 
screening, the frequency and the methods to be employed.39–42 In the Netherlands, there are 
separate guidelines for families with BRCA1, BRCA2, PALB2, and CHEK2 mutations in addition 
to guidelines for rare syndromes associated with an increased breast cancer risk such as Li-
Fraumeni syndrome. Women from breast cancer families in which no clearly pathogenic 
mutation has been detected are classified based on family history in either moderate high 
(RR 2-3) or high risk (RR 3-4). Women at higher risk start screening at younger age and at 
higher frequency compared with women in lower risk categories. In addition, for women at 
a very high risk, risk reduction via prophylactic mastectomy or salpingo-oophorectomy is an 
option. Woman who carry a high-risk mutation might also opt for pre-implantation genetic 
diagnosis (PGD) also called embryo selection, to ensure that the predisposing mutation is not 
passed on to their children.

Given these options for prevention and early detection, it can make a dramatic 
difference for women from breast cancer families to know their mutational status, as women 
from families in which no causal mutation has been detected face much larger uncertainties. 
While in a hereditary breast cancer family mutation testing can identify the family members 
carrying the high risk variant, sisters within a familial breast cancer family are all assumed 
to have the same risk and all receive the same screening advice. In addition, the magnitude 
of the increased risk might be more uncertain. Risks for BRCA1 and BRCA2 mutation carriers 
have been determined based on studies with large numbers of carriers.43–45 Although these 
risk estimates are likely to have been biased by the enrichement of carriers with a familial in 
these studies. In familial cancer clinics, risk in women from familial breast cancer families is 
presently estimated on the basis of family history alone;  these estimates derive from large 
case-control analyses32,33  and have been incorporated into models mentioned in paragraph 
1.3. As the number of affected female relatives is an important variable in all commonly used 
risk prediction models, small families or families with few women are less informative and risk 
estimates might be less precise, and possibly underestimated in these cases. Consequently, 
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decisions on preventive measures are much more complicated in the presence of this 
uncertainty about risk.

2 The genetic landscape of breast cancer

2.1 High risk breast cancer susceptibility genes
Genetic variants associated with breast cancer risk are often subdivided into categories 
according to the magnitude of the risk increase and their population allele frequency. 
Although there is no generally accepted cut-off, genetic variants that are associated with a 
risk that is more than three times that of the general population are often considered high 
risk in clinical guidelines in the EU and the USA. This generally translates to a lifetime risk 
of higher than 30%. The two most well-known high-risk breast cancer susceptibility genes, 
BRCA1 and BRCA2, were discovered after linkage analysis and subsequent sequencing in 
multi-case breast cancer families. Mutations in BRCA1 and BRCA2 are associated with a risk to 
develop breast cancer before the age of 70 of approximately 60% and 55%, respectively.43–45 
Both genes also give an increased risk of ovarian cancer with a 59% and 16% risk by age 70 for 
BRCA1 and BRCA2 respectively. In addition mutations in BRCA1 and BRCA2 have been linked 
to pancreatic46–48 and prostate cancer.49–51 The chance for a male mutation carrier to develop 
breast cancer before age 70 is approximately 1.2% for BRCA1 and 6.8% for BRCA2.52 Interestingly, 
while tumors arising in BRCA1 mutation carriers are strongly enriched for the “triple negative” 
(lacking the receptors ER, PR and HER2) phenotype as well as basal-like molecular subtype 
expression profiles, BRCA2 associated tumors are much more heterogeneous53 and akin 
to “sporadic” breast cancer. Yet, both BRCA1 and BRCA2 play a crucial role in repair of DNA 
double-strand breaks via homologous recombination. In addition, BRCA1 is involved in 
several cell cycle checkpoints that prevent a cell with DNA damage from entering mitosis.54 
Consequently, mutations in BRCA1 and BRCA2 are thought to contribute to tumorigenesis via 
accelerated accumulation of somatic mutations. 

More recently, PALB2 has been established as a breast cancer susceptibility gene.55,56 
The risk of developing breast cancer before the age of 70 for a carrier of a protein-truncating 
PALB2 mutation is approximately 35%. Moreover, in the context of a family history with 
two affected first-degree relatives the life-time risk for breast cancer is increased to 58%. In 
addition to increasing the risk of breast cancer, protein-truncating variants (PTV) in PALB2 are 
associated with an increased pancreatic cancer risk.57 Like mutations in BRCA258 and specific, 
more moderate-risk, mutations in BRCA1,59 homozygous or compound-heterozygous 
mutations in PALB2 cause Fanconi Anaemia,60,61 a disease characterized by bone marrow 
failure, congenital anomalies and predisposition to several malignancies. Interestingly, 
PALB2 binds directly to both BRCA1 and BRCA262 and, like its binding partners, is involved in 
homologous recombination.

In addition to variants in these three genes, variants associated with a high risk for 
developing breast cancer risk can be found in CDH1,63–65 PTEN,66 STK1167,68 and TP53.69 In 
contrast to the variants in BRCA1, BRCA2 and PALB2, variants in these genes cause cancer 
syndromes, defined by an increased risk for multiple types of cancer and sometimes other 
phenotypical features. It is therefore rare to find mutations in these genes in families with only 
an increased occurrence of breast cancer.70–74 Due to the relative low numbers of patients with 
these syndromes, risk estimates vary widely, but all of these genes are generally regarded 
as high-risk breast cancer susceptibility genes. Biologically, these genes play very diverse 
roles in the cell. TP53 is the most frequently somatically mutated gene in human cancer. 
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Via the regulation of expression of several genes it can, among others, activate DNA repair, 
arrest the cell cycle or induce apoptosis upon DNA damage.75 PTEN is a negative regulator 
survival and proliferation via inhibition of the PI3K/AKT pathway.76 While STK11 and CDH1 are 
important for cell polarity, cell-cell adhesion and energy metabolism, thereby suppressing 
cell proliferation and migration.77–80 

2.2 Moderate risk breast cancer susceptibility genes
A second category of risk alleles consists of variants in moderate risk genes associated with 
a two- to four-fold increased risk. Well established moderate risk variants have been found in 
ATM,81 CHEK2,82 BARD1,83–85 FANCM,86,87 NBS188 and RECQL.89,90 Variants in these genes can be 
relatively common in the general population. This is for example the case for the c.1100delC 
variant in CHEK2, which has an allele frequency of ~1% in north-western Europe.82 However, 
for most of these genes pathogenic variants are still very rare, which makes estimating risks 
challenging. Moreover, it has been shown that breast cancer risks can vary between variants 
within the same gene. For example, while most variants in ATM are thought to be associated 
with an approximately 2- to 3-fold increased risk, a specific missense variant, c.7271T>G 
(p.V2424G), has been associated with risks 8-10 times as high as in the general population.91–93 
This strongly increased risk is probably caused by a dominant-negative effect of this specific 
variant on ATM protein function. 94 

The relatively moderate increase in risk associated with genetic variants in these 
genes, also makes the link with a family history of breast cancer less strong. Contrarily to the 
high-risk genes discussed above, most of these moderate risk genes have therefore not been 
identified via family-based linkage analysis. ATM and NBS1, which cause the rare recessive 
disorders ataxia-telangiectasia and Nijmegen breakage syndrome respectively, have been 
identified as breast cancer susceptibility genes because first-degree relatives of patients 
diagnosed with these syndromes had a markedly increased incidence of breast cancer. For 
the other moderate risk genes an increased breast cancer risk was observed after “candidate-
gene” re-sequencing, meaning that genes with a function similar to that of BRCA1 and BRCA2 
have selectively been tested for an association in either family-based or case-control studies. 
It is therefore not surprising that all of these genes have a function in DNA damage response 
because this strongly determined their candidacy. In addition to the genes mentioned above, 
there are a number of genes for which a link with breast cancer has been suggested, but 
not yet convincingly established. These include: FAM175A,95 MEN1,96 MRE11A,97,98 MSH6,85,99,100 
NF1,85,101 RAD50,98,102–104 RAD51C,85,99,105–110 RAD51D,85,99,111,112 RINT1113 and XRCC2.114–116

Until recently, moderate-risk genes were not routinely assessed in clinical practice. 
Therefore, the exact contribution of variants in these genes to familial breast cancer remained 
uncertain. Lately, two large studies reporing the results of gene panel testing of (familial) 
breast cancer cases found that mutations in these moderate risk genes are present in 
approximately 4% of the tested breast cancer patients.85,117 Due to the relative rarity of these 
variants no specific guidelines for clinical management of carriers exist for the moderate risk 
genes other than CHEK2. Therefore, the breast cancer risk for an individual carrier has to be 
estimated from the family history and the risk associated with the mutation (for ATM, CHEK2 
and PALB2 this can now also be done using BOADICEA118). After this, the guidelines for familial 
breast cancer can be followed. 
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2.3 Low risk breast cancer susceptibility alleles
A last category of breast cancer susceptibility alleles is formed by those associated with 
low RRs, usually between 0.7 and 1.3. Currently there are more than 300 single nucleotide 
polymorphisms (SNPs) found to be associated with breast cancer overall (i.e., irrespective of 
subtype), while a handful of variants are associated with specific subtypes of breast cancer.119 
This type of susceptibility alleles can be very common, with most risk alleles being present in 
more than five percent of the general population. Virtually all low risk genetic variants have 
been identified with so-called genome wide association studies (GWAS) studies. These are large 
case-control studies in which hundreds of thousands of single nucleotide polymorphisms are 
genotyped in each individual. Associations with breast cancer are calculated not only for the 
directly genotyped SNPs, but also for SNPs in close proximity that are “tagged” due to linkage 
disequilibrium and can therefore be imputed on the basis of a haplotype reference panel. 
This linkage disequilibrium only exists between SNPs with similar allele frequencies. Most SNP 
arrays are therefore not suitable to detect the risk associated with rare variants with allele 
frequencies <5%. 

The linkage disequilibrium between SNPs also makes it challenging to pinpoint the 
causal variant in a region with multiple associated SNPs. So-called “fine-mapping” studies, 
often combined with functional in vitro assays of the variant, try to discover the causal 
variant by genotyping a larger number of variants within a susceptibility locus in more 
ethnically diverse populations.120 Interestingly, most low risk genetic variants known today 
are not located in the protein-encoding regions of the genome. Low-risk variants for which 
a mechanism has been unraveled are often present in regulatory regions and affect gene 
expression. Such effects have for example been shown for a locus on 11q13. In this region two 
functional SNPs were uncovered: one reducing the binding of transcription factor ELK4 to an 
enhancer region, the other increasing binding of GATA3 to a silencer. The risk alleles of both 
SNPs reduced transcriptional activity of CCND1.121 Although CCND1 has traditionally been 
considered to be a oncogene, it also promotes the recruitment of RAD51 to double strand 
breaks and reduction of CCND1 levels inhibits homologous recombination.122 More complex 
mechanisms are likely to be revealed, as single susceptibility loci can affect multiple genes 
in both cis and trans, and not only in the tissue from which the tumor arises.123 This is in line 
with the complex interactions between cell types within a tumor mass during tumorigenesis 
(see 1.1).

Due to the large number of low-risk variants and the small risks associated with them, 
the genotype of an individual for a single SNP has very little positive prediction power for 
the occurrence of breast cancer. Currently, these low-risk variants do not have any clinical 
implications. However, several studies have shown that these SNPs can be combined 
multiplicatively into a single risk score which predicts risk in a much more discriminatory 
way.124,125 A recent modeling study has suggested that tailoring population-based screening 
programs for breast cancer based on polygenic risk scores could improve the cost-
effectiveness and benefit-to-harm ratio of such programs.126 Several ongoing clinical trials are 
assessing if screening strategies can be improved by considering an individual’s genetic risk 
(e.g. the WISDOM study (NCT02620852) and the MyPeBS study (NCT03672331)). In general, 
it would be valuable to integrate the low-risk variants with the rare moderate and high risk 
variants and non-genetic factors into risk-prediction models so that their accuracy to predict 
breast cancer increases. It has already been shown that low-risk variants can be combined in 
to a model with moderate risk gene CHEK2.127 The effect of these low risk variants in BRCA1 or 
BRCA2 mutation carriers has also been studied extensively. Many of the genetic variants that 
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are associated with small increases in breast cancer in the general population, have similar 
effects in carriers.128 Moreover, several polymorphism have been identified that specifically 
modify risk for BRCA1 and BRCA2 mutation carriers.129

3. The missing heritability of breast cancer and the potential 
role of next generation sequencing

3.1 What type of genetic variants could explain the missing heritability
Despite countless studies in very large numbers of familial breast cancer cases and controls, 
more than half of the FRR remains unexplained. Of note, the techniques employed for the 
discovery of breast cancer susceptibility alleles have had a substantial impact on the types 
of genetic variants that studies have been able to discover. Genetic linkage studies, which 
statistically weigh co-segregation of genomic regions with disease within families, are only 
able to detect regions harboring high-risk breast cancer alleles in extended “informative” 
pedigrees. GWAS on the other hand, by nature of their design are limited to susceptibility 
alleles that are relatively common but can detect weak associations of small increased risk. 
They perform very well in situations of genetic heterogeneity. Most SNP arrays genotype and 
tag SNPs with a minor allele frequency of 5% or higher in the general population. The number 
of cases and controls in a study, together with the MAF of a SNP dictate the effect sizes 
and allele frequencies that can be detected. The largest GWAS study to date has included 
122,977 cases and 105,974 controls and was able to detect significant ORs as low as 1.03 and 
associations with SNPs with a MAF of 1%.130 However, the MAF of variants associated with 
a larger increase in risk (OR >2) are typically much lower than 1% and can therefore not be 
detected with the current GWAS and imputation strategies. Candidate gene re-sequencing 
studies are able to detect moderate and high-risk breast cancer alleles. The statistical power 
of this approach is strongly determined by the number of genes tested and the sample-size. 
Selecting familial cases, in which breast cancer risk alleles are thought to be enriched, and 
comparing the allele frequency in this population with that in population controls, allows 
for the dection of moderate and high risk alleles with population frequencies of less than 
0.5%. Moreover, the focus on a single gene reduces issues with multiple testing and lowered 
p-value cut-offs to correct for that. In this way, moderate risks genes can be detected, without 
the need for very large studies. A clear downside, however, is that selecting candidates 
depends heavily on our assumptions on the pathways and genes involved in breast cancer 
susceptibility. 

After the eras of linkage studies, candidate gene re-sequencing and GWAS, two main 
unexplored areas of genetic variation remained in which the missing heritability of breast 
cancer might reside. First of all, additional risk alleles might be found among the very rare 
genetic variants. The allele frequency cut-off for variants not detectable by the studies 
published to date, ranges from smaller than ~1% for low-risk polymorphisms to smaller than 
~0.01% combined frequency in areas with high-risk alleles. In order to explore this area, larger 
case-control studies are needed. In addition, selecting phenotypically more homogenous 
groups of (familial) cases, might increase the efficiency of the study by also selecting for a more 
homogeneous genetic etiology. The second main unexplored area consists of moderate-risk 
variants in regions currently not linked with pathways involved in DNA damage repair. To 
explore this area, we need to be able to detect relatively rare (>0.1%) and potentially novel 
variants in all gene-coding regions of the genome. Moreover, this needs to be done fast and 
cost-effectively enough to be able to assess multiple cases from multiple unexplained breast 
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cancer families. Also for these variants, it will be important to select phenotypically more 
homogenous groups of cases to increase the efficiency of the study.

3.2  Challenges in the use of NGS to discover novel breast cancer risk alleles
By sequencing millions of short DNA fragments in parallel, NGS makes it possible to analyze 
large parts of the genome in a timely manner. However, although costs of NGS continue to 
decline, they still warrant carefully designed studies to increase the cost-effectiveness. One 
common choice is to focus on the protein coding regions of the genome, also known as the 
exome. This still enables searching for new breast cancer susceptibility genes without first 
narrowing down the list of genes of interest, allowing for a more agnostic view on which 
genes might be involved in breast cancer susceptibility. However, by focusing on the protein 
encoding regions it becomes more difficult to accurately detect copy number and structural 
variation, because of this many studies limit themselves to single nucleotide variants and 
small insertions and deletions. Moreover, it is usually not possible to assess the association of 
genetic variants with breast cancer within the limited number of individuals that have been 
exome sequenced. Therefore, many studies opt for a two stage design, where potentially 
interesting variants are discovered in a relatively small number of families using NGS, after 
which an association with breast cancer is assessed in a much larger group of familial cases and 
controls employing different genotyping techniques. However, the relatively small number of 
familial cases available and the need to control for multiple testing in the statistical analysis, 
make that only a hand full of variants can be tested with sufficient power in the second phase 
of the study. Given that, on average, an exome of a person from European descent contains 
~12,000 non-synonymous variants,131 selection of potentially interesting variants is not a 
trivial task and will often depend on assumptions about the features of a causal variant.

When narrowing down the list of potentially interesting genetic variants, there are 
several characteristics that can be taken into account. A common selection factor is to assess 
the severity of the variant, assuming that variants leading to a completely inactivated protein 
are more likely to cause disease than variants that only partially impair protein function, and 
that these variants are in turn more likely to cause disease than synonymously coding variants. 
Thus PTVs are generally considered pathogenic whereas the severity of missense variants 
is commonly assessed by in silico prediction tools, which take into account information 
on factors such as evolutionary conservation, known functional protein-domains, three-
dimensional structure and the characteristic of the changed amino acid. These tools, however, 
have various limitations. For example, a variant that truly affects an exonic splice enhancer 
is likely to be wrongly classified as “benign” because of our limited abilities to predict this 
effect. Another commonly assessed variant characteristic is the allele frequency of a variant 
in reference datasets containing data from the general population. For example, if a variant is 
relatively frequent in the general population it cannot be associated with a high risk of breast 
cancer. Contrarily, if a variant is detected in multiple families within a study, while being rare 
or absent in the general population, this can be an indication to select a variant for further 
analysis. After the selection of a list of potentially causal variants, the next step depends on 
the availability of additional DNA samples. If the family of the index case has been extensively 
sampled, co-segregation analysis is a powerful way to assess the association with breast 
cancer. However, often only a limited number of family members can be assessed causing 
this analysis to be inconclusive. In this case, additional (familial) cases and controls will need 
to be genotyped.
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4 Scope and outline of this thesis
This thesis aims to contribute to our understanding of the genetic etiology of breast cancer 
with the help of next generation sequencing. It will focus on families with a clear clustering of 
breast cancer, but in which no mutations in BRCA1 or BRCA2 have been detected. This thesis 
intends to give new insights into the genetic factors that are responsible for the clustering of 
breast cancer and provide clues for a better risk prediction in these families. 

Chapter 2 of this thesis describes an exome sequencing effort in six breast cancer 
families. In order to select a potentially more homogeneous set of breast cancer cases, families 
were selected in which multiple women had tumor that showed a specific array CGH profile. 

Chapter 3 reports on a large international case-control study that aimed to validate 
XRCC2 as a new breast cancer susceptibility gene. This gene had recently been discovered 
using exome sequencing.

Chapter 4 reports on the functional analysis of missense variants detected in XRCC2. 
By selecting those variants that affect XRCC2 function, a more accurate burden analysis could 
be performed on the data of the case-control study described in chapter 3.

Chapter 5 describes an exome sequencing effort in families with an potential recessive 
mode of inheritance. All families selected for this study had at least three siblings affected 
with breast cancer and no breast cancer cases in first degree relatives from the previous of 
following generation. This study combined the exome sequencing results with haplotype-
sharing data to more efficiently filter the genetic variants.

Chapter 6 is a review of the literature on the methods to determine the role of 
extremely rare genetic variants in familial breast cancer.

Chapter 7 discusses the main findings of this thesis, their potential consequences, 
clinical implications and future directions.
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