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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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Abstract
Most familial breast cancer risk (~70%) is not explained by mutations in the known 

predisposition genes, primarily BRCA1 and BRCA2. Exome sequencing of cases from non-
BRCA1/2 breast cancer families might be an effective way to detect new high-risk predisposing 
genes, but only when the underlying genetic heterogeneity would be limited. We selected six 
families in which the tumours of multiple cases showed a specific genomic profile as detected 
by array comparative genomic hybridization (aCGH). Linkage analysis of these families 
revealed a region on chromosome 4 with a LOD score of 2.49 under homogeneity. We then 
applied massive parallel sequencing after exome capture on germline DNA of two patients 
from each family. Whereas many variants were revealed within the linked region, no genes 
were found with a potentially pathogenic variant in more than one family. When selecting 
variants outside the linked chromosome 4 region, we detected multiple possibly pathogenic 
variants in genes that encode for DNA integrity maintenance proteins. However, all of these 
were rejected as high-risk variants because of poor co-segregation or relatively high allele 
frequency in a control population. These results suggest that the aCGH-profile shared by the 
tumours in these six families does not define a sub-group of non-BRCA1/2 familial breast 
cancer with a shared genetic aetiology. Our data also support the emerging view that the 
remainder of hereditary breast cancer has a very heterogeneous genetic basis.
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Introduction
The genetic landscape of breast cancer susceptibility known to date is constituted by more 
than 30 gene loci. Mutations in some of these, like BRCA1 and BRCA2, are extremely rare, but 
confer high risks to breast cancer, others are common but only confer a minor increase in risk. 
However, jointly these alleles explain less than 30% of the familial breast cancer risk.1–3  When 
considering families with multiple cases of early-onset breast cancer in which mutations in 
the known high-risk genes have been excluded (hereafter: “BRCAx” families), an unknown, 
rare, highly penetrant allele would appear to be the most parsimonious genetic explanation. 
However, linkage studies have not discovered any major breast cancer susceptibility gene 
since the identification of BRCA1 and BRCA2. This suggests that these high-risk alleles are too 
rare to be detected by linkage studies in unselected BRCAx families. 

Therefore, an important factor determining the success of a genome-wide search for 
linkage in a set of BRCAx families is the extent of underlying genetic heterogeneity. Simulation 
studies have shown that study power drops sharply if mutations in the sought-after new gene 
explain <30% of the investigated families. Selecting families based on a shared phenotype 
might lead to a genetically more homogeneous group of families, which are more likely to 
share variants in the same gene. A shared phenotype might be defined by the presence of 
certain cancer types in the family, for example, linkage analysis of non-BRCA1 breast cancer 
families with a case of male breast cancer, led to the discovery of the BRCA2 locus.4 Also, 
certain histopathological features of tumours might be used to identify subgroups. It has 
been shown that breast tumours from BRCA1 and BRCA2 mutation carriers show specific 
genomic profiles as determined by comparative genomic hybridization (CGH).5–10

We recently described a specific array comparative genomic hybridization (aCGH) 
profile in a subgroup of BRCAx breast tumours.11 This aCGH-profile is characterized by a gain 
of almost whole chromosome 22, in combination with some other specific changes, and was 
observed to be present in multiple breast cancer cases within six of the 27 analyzed BRCAx 
families. We hypothesized that these six families might have mutations in the same high-risk 
breast cancer gene. Here we present linkage analysis of these six families as well as exome 
sequencing of two family-members from each.

Methods

Patients
Previously, we determined the aCGH profiles of 58 breast tumours from 27 BRCAx families. A 
detailed description of the original selection criteria of the BRCAx families is given in Didraga 
et al.11 We selected six of these families in which the tumours of multiple cases showed the 
22-gain-like profile. The pedigrees of these families are depicted in Figure 1a-f. The occurrence 
of cancer was assessed through the index case and whenever possible verified with pathology 
reports. The number of breast cancer cases per family ranged from five to eleven, with a 
mean age of onset of 54 years. No male breast cancer cases and no ovarian cancer cases were 
reported. In total 46 breast tumours were diagnosed in these families, of which four were 
second primary tumours. One breast cancer case developed a kidney tumour and another 
breast cancer case was diagnosed with colon cancer. Other cancers that occurred in these 
families were liver cancer (n=3), stomach/oesophagus cancer (n=3), colon cancer (n=2), 
melanoma (n=1), cervical cancer (n=1), prostate cancer (n=1) and two cancers of unknown 
type. All participants provided written informed consent and approval of the medical ethical 
committee at the Leiden University Medical Centre was obtained.  
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Linkage Analysis
The six selected families are part of a larger cohort (n=55 families), which was genotyped 
before by Oldenburg et al.12 for a genome-wide linkage analysis study. In brief, all individuals 
from who DNA was available were genotyped using the Linkage Mapping Set MD10 from 
Applied Biosystems. Genotypes were called automatically using Genemapper software 
(Applied Biosystems) and checked manually. Allele frequencies were calculated based on 
one randomly chosen individual from each family. We performed a multipoint linkage 
analysis using Genehunter software (version 2.1 B).13 We assumed a model with a dominant 
susceptibility allele with an allele frequency of 0.003. Breast cancer risk at age 80 for carriers 
of the risk allele was assumed to be 0.85. For non-carriers we assumed a risk of 0.096. Risks 
were modelled in seven age categories as described by Easton et al.14 Under the assumption 
of homogeneity, the LOD scores of the six families linked to the 22-gain profile were added 
up. To define the limits of a linkage region we took the maximum LOD score minus one as a 
cut-off. 

Massive Parallel Sequencing
Genomic DNA was extracted from peripheral blood using standard protocols. Samples 
were prepared according to the manufacturers protocol (SureSelect All Exon (v1), Agilent 
Technologies) with some minor adjustments. In brief, for each individual 5 µg DNA was 
fragmented using adaptive focused acoustics (Covaris S-series single tube) in order to get 
fragments of 200-300 bp. Primer oligonucleotides for paired-end sequencing (Illumina) were 
ligated to both ends of the fragment. Of each sample 500 ng was then hybridized with 2.5 
µl SureSelect Oligo Capture Library for 20 hours. After multiple washing steps, the captured 
DNA was amplified in order to get sufficient DNA for the sequencing experiment. Paired-end 
flow cells were then prepared on a cluster station according to the manufactures protocol 
(Illumina), using one lane per sample. Sequencing was the performed on a Genome Analyzer 
IIx (Illumina) with a paired-end module, generating 75 base pair reads. 

Data Analysis 
Alignment of the reads was done using the GAPPSv3 pipeline. Before alignment raw reads 
were filtered for adapter sequences and low quality bases using the FastxToolkit.15 Alignment 
to the human reference genome (hg19, GRCh37) was done using Stampy16 which integrates 
BWA17 for bulk alignment and its own algorithm for complex regions. For detailed settings see 
supplementary Table 1. Variants were called with VarScan.18 Filter settings applied a minimum 
coverage of 10 times at the variant position, and a variant allele frequency of at least 30% of 
the reads. In the region of the linkage peak we increased the sensitivity by calling variants if 
the variant allele was supported by at least 15% of the reads. Annotation of the variants was 
done using SeattleSeq (version 7.01).19 Assuming that causal variants are rare, we removed all 
variants with an allele frequency >1% in either HapMap20, 1000 genomes (phase 1),21 exome 
variant server (v.0.0.11, ESP5400)22 or our in-house variant database. In addition, variants that 
were found in a homozygous state in at least one of the twelve individuals were removed. 

Sanger sequencing and melting curve analysis (MCA)
Validation of variants was done using PCR following standard protocols, followed by Sanger 
sequencing on an ABI3730XL sequencer. To assess variant frequencies in familial breast 
cancer cases and controls, high resolution melting curve analysis was performed. Non-
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Figure 1 a-f 
Pedigrees of the families in which multiple tumours showed the “22-gain-like” aCGH profile. Individuals affected 
with breast cancer are represented by a filled square or circle. Individuals affected by another type of cancer are 
represented by a square or circle with a vertical black stripe. Below the age at diagnosis and type of cancer can 
be found: B stands for breast cancer, Li or liver cancer, S for stomach cancer, Oes for oesophagus cancer, C for 
colon cancer, M for melanoma, Cvx for Cervix cancer, K for kidney cancer, P for prostate cancer and U for type of 
cancer unknown. Arrows point at the individuals at whose DNA was used for exome sequence. Individuals with 
tumours with and without the “22-gain-like profile” are represented by “22+”and “22-“.
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BRCA1/2 familial breast cancer cases (n=531) were obtained from the clinical genetics centre 
Leiden and healthy controls (n=458) were obtained from the Dutch blood bank, Sanquin. 
PCR was performed in a 1:10:10 forward primer: reverse primer: probe ratio in the presence 
of LC green (Idaho Technology Inc.). Melting curves were assessed on a LightScanner (Idaho 
Technology Inc.) for temperatures between 50°C and 90°C and analyzed with Call-IT software 
(Idaho Technology Inc.). All primer and probe sequences are available upon request. 

Results
We previously analysed the breast tumours of 58 patients from 27 BRCAx families using 
aCGH.11 Hierarchical clustering identified several subgroups of BRCAx tumours, one of which 
was characterized by a gain of chromosome 22. Remarkably, in 6 families (Figure 1), tumours 
from multiple patients displayed this chromosome 22 gain profile. Linkage analysis under 
homogeneity revealed a linkage peak with a LOD score of 2.49 on chromosome 4 in these six 
families (Figure 2). The next highest linkage peak was 1.04 at 10q and no other linkage peaks 
with a LOD score greater than 1.0 were detected.

Figure. 2 
Linkage on chromosome 4 for the families in which multiple tumours showed the “22-gain-like” aCGH profile. 
The LOD-score was calculated under the assumption of homogeneity. The dashed lines indicate the maximum 
LOD-score -1interval. The X-axis shows the position on chromosome 4 in centimorgan and the markers closest 
to the linkage peak are indicated.

A 25-Mb candidate region (chr4:40.000.000-65.000.000) was defined as the region showing 
a LOD score greater than the peak LOD score minus one. Two individuals per family were 
selected for exome sequencing, usually at least second-degree relatives (figure 1). (Details 
on coverage of the individual exomes can be found in supplementary figure 1 and 2.) This 
revealed on average 499 variants in the candidate region that were shared by both individuals 
of a family. After removing intergenic and non-conserved variants in non-coding regions, 
five variants remained (Table 1). However, none of the genes carrying these variants were 
found to do so in two or more families. Hence mutations in a single gene are less likely to 
explain the linkage result. We then considered the possibility that two or more genes in the 
chromosome 4 region each fortuitously carries a high-risk mutation in one of the six families. 
Of the detected variants, three synonymous variants in three genes (FRYL, AASDH, PPAT) 
were not further examined, because these variants are unlikely to affect protein function. 
A missense variant in REST and a well-conserved 3’UTR variant in LNX1 were validated by 
Sanger sequencing. The LNX1 variant was present in five of eight cases in family RUL070. The 
missense variant in REST was detected in six out of seven cases in family RUL079, however 
Grantham and conservation scores for this variant were low (Grantham=45, Phastcons=0.00, 
GERP= -3.56) and Polyphen23 predicts it to be benign. 
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Table 1 Well conserved or coding variants in the linkage region on chromosome 4.

Variant Gene Family Effect rs-number Phast
Cons1 GERP1

Chr4:g.48545947T>C FRYL RUL070 Synonymous - 1.00 1.33

Chr4:g.54327036_54327037insATT LNX1 RUL070 3’ UTR 57366823 0.97 4.56

Chr4:g.57248742A>C AASDH RUL070 Synonymous 146114987 1.00 -0.43

Chr4:g.57261623G>A PPAT RUL070 Synonymous - 0.22 -5.98

Chr4:g.57797037G>T REST RUL079 Missense 2 138787075 0.00 -3.56
1Phastcons and GERP are both regional conservation algorithms ranging from 0 to 1 and -12.3 to 6.17 
respectively (1 and 6.17 being most conserved). 2 Grantham = 45, PolyPhen prediction = Benign.

Finally, we examined the possibility that the six families shared variants in a gene outside 
the linkage peak region. We first focused on variants that were likely to result in a truncated 
protein (gained stop-codon, frameshift and splice-site variants). In the six families we found 
in total 49 different, rare protein-truncating variants in 48 genes. A number of genes showed a 
protein-truncating variant shared by several families. However, all these variants were present 
in regions whose sequences showed large similarities with regions elsewhere in the genome. 
When examining the unprocessed sequence-reads of the families in which the variants 
were not called, in most instances the variant could be detected, but in fewer reads than the 
required threshold of 30%. Thus, we considered all these variants to be false-positive findings 
resulting from sequence read-mapping errors. Indeed, the only one of these variants that we 
followed up by Sanger sequencing was a splice-site mutation in FANCD2. FANCD2 is a Fanconi 
Anaemia gene and therefore a candidate breast cancer gene. However, upon re-sequencing, 
this variant was not present in FANCD2, but in a region with a similar sequence elsewhere on 
chromosome 3 near EMC3 (data not shown). 

Of the truncating variants that were present in a single family, a frameshift mutation, 
c.811delT, in HAUS3 was potentially interesting, because HAUS3 has been reported to be 
somatically mutated in a lobular breast tumour.18 Sanger sequencing showed that five out 
of seven breast cancer patients in RUL079 had this deletion. High resolution melting curve 
analysis of this specific variant did not reveal any additional carriers among 531 familial breast 
cancer cases. However, three individuals in a group of 458 healthy controls were found to 
carry the c.811delT, dismissing it as a high-risk breast cancer allele.

We also took into account possibly damaging missense variants. This was defined 
as missense variants with either a Grantham score >100, a GERP conservation score > 3, a 
PhastCons conservation score > 0.7 or a “probably damaging” PolyPhen2 prediction. Due 
to the large number of variants remaining (n=657), following up all variants with Sanger 
sequencing was deemed impractible. We therefore selected variants with a function in DNA 
integrity maintenance, because the majority of breast cancer susceptibility genes identified to 
date have a function in this pathway (table 2). Again, no genes were found to have a variant in 
more than one family. However, some individual families showed possibly damaging variants 
in genes (n=8) involved DNA damage repair or chromosome segregation, shared by both 
assayed individuals. Sanger sequencing showed that the variants in CASC5, CUL9, MUTYH, 
SMC6, TTK and XRCC2 had a poor or moderate co-segregation with disease (Supplementary 
figure 3). The variant in RBMX could not be validated. However, the variant in HLTF, p.S378T, 
was present in five out of five cases of family NIJM008. This variant was selected because of a 
high GERP conservation score (3.15). The PhastCons conservations score, however, was only 
0.21 and this variant was predicted to be benign by Polyphen2.
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Table 2 Possibly damaging or well conserved variants in genes encoding proteins involved in DNA integrity 
maintaince.

Gene Variant Grantham GERP1 PhastCons1 PolyPhen2 Function

CASC5 p.I26L 5 4.53 0.999 Probably damaging

Spindle-assembly 
checkpoint signaling 
and chromosome 
alignment 

CUL9 p.S2328F 155 5.03 0.989 Possibly damaging

Regulates the 
subcellular localization 
of p53 and subsequent 
function

HLTF p.S378T 58 3.15 0.208 Benign
Error-free 
postreplication repair of 
damaged DNA

MUTYH p.I223V 29 5.43 1 Benign Oxidative DNA damage 
repair

RBMX p.Y357H 83 5.66 1 Probably damaging

Regulation of 
programmed cell 
death in breast cancer 
and homologous 
recombination

SMC6 p.R403W 101 2.65 0.998 Probably damaging
DNA damage repair 
via homologous 
recombination

TTK p.R185W 101 4.04 0.004 Probably damaging

Chromosome alignment, 
centrosome duplication 
and critical mitotic 
checkpoint

XRCC2 p.R91W 101 4.48 0.742 Probably damaging
DNA damage repair 
via homologous 
recombination

Variants were selected if either of these criteria was met: Grantham score>100, GERP conservation 
score> 3, PhastCons conservation score>0.7, or a “Probably damaging” Polyphen2 prediction. 
1Phastcons and GERP are both regional conservation algorithms ranging from 0 to 1 and -12.3 to 6.17 
respectively (1 and 6.17 being most conserved).
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Discussion
The landscape of genetic risk factors for breast cancer is known to be diverse, ranging from 
rare high-risk alleles, like BRCA1 and BRCA2, to common polymorphisms that only confer a 
minor breast cancer risk increase. The large proportion of familial breast cancer cases that is 
not explained by the genetic risk factors known to date is thought to be very heterogeneous. 
Both segregation analysis24–26 and the fact that no major high-risk breast cancer genes have 
been identified since BRCA2 suggest that additional high-risk alleles are most likely much 
rarer than mutations in BRCA1 and BRCA2. Massive parallel sequencing might be a very 
useful tool to identify these very rare high-risk alleles. However, finding novel disease alleles 
among thousands of not-pathogenic variants might be more complex in a common and 
genetically heterogeneous disease like breast cancer, than in the rare Mendelian phenotypes 
in which massive parallel sequencing has been very successful to date.27 Therefore, selecting 
a genetically more homogeneous patient subgroup might be crucial. 

We hypothesized that by selecting BRCAx families with a similar phenotype, we would 
enrich our study population for families with germline mutations in the same gene. In this study 
six BRCAx families in which the majority of tumours show a previously identified aCGH profile11 
were selected. Linkage analysis in these families showed a peak on chromosome 4, which 
suggested that these families might share a genetic aetiology. Massive parallel sequencing 
after whole-exome capture was performed on two individuals per family. However, no genes 
could be identified in which more than one family showed a likely pathogenic variant after 
assessing the predicted effect on the protein and co-segregation. In addition, we did detect 
multiple possibly pathogenic variants in genes that encode for DNA integrity maintenance 
proteins outside the linkage peak region. All of these were however discarded as likely 
causes of familial clustering of breast cancer because of poor co-segregation or relative high 
frequency of the specific variant in a control population. 

Multiple studies have shown that aCGH classifiers can be build to distinguish BRCA1 
and BRCA2 tumours from sporadic tumours and each other.5–10 These studies suggest that 
tumours of patients with mutations in the same gene also share a somatic genetic aetiology. 
Alvarez28 and colleagues found that part of the BRCAx tumours showed aCGH profiles 
similar to those of BRCA1 tumours. A large proportion of these tumours turned out to have 
hypermethylation of BRCA1. Some studies that performed aCGH profiling on BRCAx tumours 
find similarities with profiles of BRCA2 tumours,29,30 suggesting that either a cause of BRCA2 
inactivation in these tumours has yet to be detected or that inactivation of a number of genes 
can lead to a similar aCGH profile. It might be that patients with the 22-gain profile do not 
share mutations in the same gene, but in the same pathway. In order to detect an enrichment 
of deleterious variants in a specific pathway, a larger number of familial patients with 22-gain 
tumours may need to be sequenced. In this case also expression profiling of tumours might 
be helpful; however, it will be challenging to collect sufficient numbers samples for such an 
effort. 

Another possibility is that patients with a 22-gain tumour have mutations in a moderate 
risk gene. Muranen et al.31 have shown that specific aCGH features occur significantly more 
often in tumours of patients with a CHEK2*1100delC mutation. This suggests that also 
moderate risk germline mutations can lead to a homogenous phenotype. By only assessing 
variants that are shared by both family members and discarding variants that show poor co-
segregation, we would most likely have missed variants in a moderate risk gene. In addition, 
moderate risk variants might have an allele frequency of more than 1% as has been shown 
to be true for the CHEK2*1100delC mutation in some populations.32 However, without using 



36

Chapter 2

these selection criteria, it would not have been possible to limit possibly interesting variants 
to a number that is manageable to follow-up. Therefore, a study design which includes exome 
sequencing in a very limited number of familial cases has little power to detect moderate risk 
variants.

In general, the balance between stringent selection criteria to limit the number 
of variants for follow-up and not excluding too many possibly interesting variants is not 
easy to find. Keinan and Clark recently described the excess of rare genetic variants due to 
recent explosive growth of the human population.33 This excess of rare variants causes large 
numbers of variants to remain after selection on low population frequency. In addition, this 
makes it hard to validate the effect of a very rare variant on breast cancer risk outside the 
family it was originally detected in. An example of, in hindsight, too stringent selection is 
the missense variant in XRCC2 on which we did originally not further follow-up because it 
did not show convincing co-segregation with disease. However, via personal communication 
we became aware that Park and colleagues had found a truncation variant in the same 
gene. After mutations scanning a large population of familial breast cancer cases and 
controls a significant association with breast cancer risk was found.34 These points stress that 
international collaboration and sharing of data, both in the variant selection and validation 
phase might be very important. 

In conclusion, we did not find evidence for mutations in a rare high-risk gene in a 
subgroup of BRCAx cases defined by an aCGH profile. Although, we can not rule out that these 
families have mutations in genes belonging to the same pathway or in a non-coding region. 
Massive parallel sequencing efforts in large cohorts of BRCAx cases are needed to definitively 
unravel the genetic basis underlying the aetiology of unexplained familial clustering of breast 
cancer and its link with tumour characteristics.
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Figure S1 
Parametric LOD scores of the individual families in the linkage region on chromosome 4. The X-axis shows the 
position on chromosome 4 in centimorgan.

Supplementary Data
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Figure S2 
Percentage of CCDS exon bases covered at least 10× per individual. CCDS = consensus coding sequence.

Figure S3
Mean coverage of CCDS exons per individual. CCDS = consensus coding sequence.
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Figure S4 
Segregation of selected variants within the families (a–d). Individuals carrying or not carrying a specific variant 
are indicated with a “+” or with a “−”respectively. The p.Y357H variant in RBMX, which was detected by massive 
parallel sequencing in family Nijm006, could not be validated by Sanger sequencing.
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Table S1 Description of the data analysis settings

Software Version Settings

FastxToolkit 0.0.13
minimum base quality=20
minimum percentage base with minimum quality=80
minimum read length after clipper/trimmer=25

FastQC v0.8.0 Default

Stampy v1.0.12 Default

BWA 0.5.6 Default

Samtools 0.1.14 Default

VarScan v2.2 See material and methods section

Table S2 Truncating variants all detected in only one of the six families

Gene Variant Function

A4GNT p.R226X Glycosyltransferase

ADAMTS7 p.N1353fs Metallopeptidase

ANO8 p.?  * Ca2+-activated Cl− channel

CRNKL1 p.Q50X Pre-mRNA splicing

CPA3 p. ? ** Secretory granule metalloexopeptidase

HAUS3 p.C271fs Microtubule generation within the mitotic spindle

HIST1H2BE p.S7fs Member of the histone H2B family

IFNK p.W13X Glycoprotein, important in host defenses against viral infections

KCNQ5 p.Q824X Potassium channel

KIAA1751 p.A732fs Unknown

LOC100132900 p.R90X Unknown

MSGN1 p.Q106X Mesoderm maturation

NIPSNAP3A p.Q124fs Putative role in vesicular transport

OTOP3 p.Q82X Unknown

PKD1L2 p.G235fs May function as a component of cation channel pores

RETNLB p.I12fs Important for epithelial barrier function and integrity

TAS2R8 p.F245fs Taste receptor

TBC1D17 p.F546fs Unknown
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Abstract
Background Recently, rare germline variants in XRCC2 were detected in non-BRCA1/2 familial 
breast cancer cases, and a significant association with breast cancer was reported. However, 
the breast cancer risk associated with these variants needs further evaluation.
Methods The coding regions and exon–intron boundaries of XRCC2 were scanned for 
mutations in an international cohort of 3548 non-BRCA1/2 familial breast cancer cases and 
1435 healthy controls using various mutation scanning methods. Predictions on functional
relevance of detected missense variants were obtained from three different prediction 
algorithms. 
Results The only protein-truncating variant detected was found in a control. Rare non-protein-
truncating variants were detected in 20 familial cases (0.6%) and nine healthy controls (0.6%). 
Although the number of variants predicted to be damaging or neutral differed between 
prediction algorithms, in all instances these categories were evenly represented among cases 
and controls. 
Conclusions Our data do not confirm an association between XRCC2 variants and breast 
cancer risk, although a relative risk smaller than two could not be excluded. Variants in XRCC2 
are unlikely to explain a substantial proportion of familial breast cancer.
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Recently, Park and colleagues identified germline variants in x-ray repair cross complementing 
gene-2 (XRCC2 (MIM 600375; NM_005431.1)) in a small number of breast cancer cases with 
a positive family history for the disease.1 The overall difference in the prevalence of protein-
truncating and potentially deleterious rare missense variants between cases and controls was 
reported to be statistically significant. XRCC2 is involved in the repair of double-strand breaks 
via homologous recombination. In addition, a homozygous protein-truncating variant in 
XRCC2 has been detected in a Fanconi anaemia patient with consanguineous parents.2 Since 
most known high and moderate-risk breast cancer genes have a function in DNA damage 
repair, and some are also Fanconi anaemia genes, it seems plausible that mutations in XRCC2 
represent breast cancer susceptibility alleles. In order to evaluate the association between 
XRCC2 variants and breast cancer risk, we analysed the coding regions of XRCC2 in a cohort of 
3548 non-BRCA1/2 familial breast cancer cases and 1435 healthy controls derived from various 
geographical locations. A more detailed description of the study population and mutations-
scanning methods can be found in the online supplementary table S1. 

We detected only one protein-truncating variant, a one-base-pair deletion, 
c.343T[8]>[7], present in a 41-year-old Italian control. Rare non-protein truncating variants in 
XRCC2 were detected in 20 familial cases (0.6%) and nine healthy controls (0.6%). Polyphen2,3 

SIFT4 and AlignGVGD5 were used to predict the effect of detected missense variants on XRCC2 
protein function. Although the number of variants predicted to be damaging or neutral 
differed between the prediction algorithms (table 1), in all instances these categories were 
evenly represented among cases and controls. The only common variant in the coding region 
of XRCC2, c.563G>A (rs3218536), was found to have equal minor allele frequencies in familial 
cases (0.085) and healthy controls (0.086). 

Thus, our data do not confirm an association between XRCC2 variants and breast 
cancer risk. It is possible that the study by Park et al represents a false-positive finding, or, 
alternatively, our data are a false-negative finding. The association reported by Park et al was 
based on six likely pathogenic variants in 1308 cases and zero in 1120 controls, which was 
significant in Fisher’s exact test. However, it should be noted that of these six variants, four 
were considered possibly or probably damaging, based on in silico prediction. Moreover, the 
number of positives in cases and controls is extremely small, and the statistic is, therefore, 
likely to be very unstable. In the NHLBI ESP Exome Variant Server,6 a publicly available 
database describing variants found in exomes of patients with heart, lung and blood disease 
and healthy controls, rare variants in the coding region of XRCC2 are reported in 0.5% of all 
exomes, interestingly including two variants resulting in a gained stop codon. Whereas an 
allele frequency of 0.5% corresponds quite well with our findings, and with the frequency 
found by Park et al in their cases, it seems at odds with what they detect in controls. Even 
when including the innocuous missense change, Park et al found one rare XRCC2 variant in 
1120 controls (0.09%). This frequency might have been an underestimation given that the 
study employed High Resolution Melting Curve analyses for mutation detection rather than 
direct sequencing. Indeed, when specifically testing two truncating variants in another 1436 
controls, they found one of them to be positive, indicating that the frequency of pathogenic 
variants among controls is greater than what is suggested by their finding of zero out 1120.

Our study had 80% power to detect a relative risk of at least 2.1 (p<0.05) for a variant 
with an allele frequency of 0.5% (see online supplementary figure S1). Our results could, 
therefore, represent a false-negative finding if the relative risk associated with XRCC2 variants 
would be lower than two. We note that variants in a number of other DNA damage repair 
genes, such as CHEK2 and BRIP1, have been associated with breast cancer with such low 
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risks.7,8 Park et al did not provide a quantitative estimate of the risk, but in the two families 
with an XRCC2 variant for which other family members were also available for DNA analysis, 
cosegregation of the variant with breast cancer was incomplete. This suggests that if an 
association between XRCC2 and breast cancer exists at all, it may not be very strong. A much 
larger sample than that studied by us here would need to be analysed to address this. 

Another potential source of controversy is the selection criteria used for constituting 
the case- and control-series. Park and colleagues analysed 1308 breast cancer cases 
diagnosed before age 45 years and 1120 healthy controls recruited through population-
based sampling by the Australian Breast Cancer Family Registry. In addition, they scanned 
689 index cases from multicase breast cancer families and 150 male breast cancer cases. The 
current study included mostly clinic-based cohorts of cases that were forwarded for BRCA-
mutation analysis because the prior probability of detecting a BRCA1 or BRCA2 mutation 
exceeded 10%.9 Hence, both studies attempted to enrich for ‘genetic’ familial breast cancer 
cases, but in slightly different ways, perhaps leading to different representations of certain 
case subgroups. Ethnic backgrounds of the cohorts may also differ proportionally between 
the studies, although European ancestry was represented in both, and variants were detected 
in comparable frequencies among individuals of Italian, Spanish, Dutch and US origin. 

Neither group studied the effect of missense variants on protein function other than 
by in silico prediction algorithms. Whereas truncating variants are likely to cause reduction 
in activity of XRCC2 in homologous recombination, the effect of missense variants (if any) 
may be subtler. If and how loss of XRCC2 function translates into breast cancer risk will be 
difficult to assess, but the existence of an effect cannot be excluded at this moment. In mice, 
complete loss of Xrcc2 is embryonic lethal, and leads to increased genetic instability at the 
cellular level,10,11 a hallmark of many breast cancers. 

In summary, our data do not confirm an association between XRCC2 variants and breast 
cancer risk, although a relative risk smaller than two could not be excluded. Our inability 
to reproduce the previously reported association might point at a more general obstacle 
in applying exome sequencing in order to find new genes involved in common complex 
diseases. Exome sequencing, typically, yields many rare candidate variants. Accordingly, the 
prior odds that any of these variants are truly associated with disease are small, even when 
such a variant has been detected in two independent exomes. In any case, our data suggest 
that variants in XRCC2 are unlikely to explain a substantial proportion of familial breast cancer.
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Table 1 Rare variants detected in the coding region of XRCC2

Variant* Protein 
alteration†

rs-number Polyphen-2 Align 
GVGD‡

SIFT§ Cases (%) 
n=3548

Controls (%) 
n=1435

c.140A>G p.H47R - Poss. damaging C0 0.01 1 (0.03) 0 (0)

c.189A>G p.A63A - Silent - 0.37 2 (0.06) 0 (0)

c.223G>C p.E75Q - Benign C0 0.14 1 (0.03) 0 (0)

c.283A>G p.I95V rs140214637 Benign C0 0.38 6 (0.17) 2 (0.14)

c.343T[8]>[7] p.L117fs - Truncating - - 0 (0) 1 (0.07)

c.353T>C p.V118A rs185815454 Benign C0 1.00 1 (0.03) 0 (0)

c.359G>A p.C120Y - Prob. Damaging C65 0.00 0 (0) 1 (0.07)

c.398T>C p.L133P - Prob. Damaging C65 0.07 0 (0) 1 (0.07)

c.490G>C p.E164Q - Prob. Damaging C0 0.04 1 (0.03) 0 (0)

c.509A>C p.E170A - Poss. damaging C65 0.00 1 (0.03) 2 (0.14)

c.562C>T p.R188C rs139219364 Prob. Damaging C15 0.01 1 (0.03) 0 (0)

c.581C>T p.T194M - Prob. Damaging C15 0.00 1 (0.03) 0 (0)

c.595A>C p.M199L - Benign C0 0.16 0 (0) 1 (0.07)

c.620A>G p.E207G rs61762969 Benign C0 0.39 1 (0.03) 1 (0.07)

c.659A>T p.D220V - Benign C0 0.45 1 (0.03) 0 (0)

c.714G>C p.R238S - Prob. Damaging C65 0.05 1 (0.03) 0 (0)

c.742C>G p.Q248E rs190900560 Benign C0 0.46 1 (0.03) 0 (0)

c.772C>T p.R258C - Benign C0 0.27 0 (0) 1 (0.07)

c.808T>G p.F270V rs145085742 Prob. Damaging C45 0.00 1 (0.03) 0 (0)

*Based on XRCC2 transcript NM_005431.1
†Based on peptide sequence NP_005422.1
‡Depth: until Branchiostoma floridae (lancelet). C65 is the most likely deleterious category, while C0 is most 
likely neutral.
§Normalised probabilities smaller than 0.05 are predicted to be deleterious.
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Supplementary data 

Supplementary fig. 1 Power to detect a specific relative risk.
For a study with 3548 cases and 1435 controls and α is 0.05. 
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Supplementary table 1. Description of the study populations and mutation scanning methods

Centre Country n Mutation 
scanning 
method

Description

Cases LUMC The 
Netherlands

847 Sanger 
sequencing

Probands from the clinical genetics centre of 
Leiden, Rotterdam, Nijmegen and Groningen, 
who tested negative for BRCA1/2 mutations, 
either unselected  but with an a priori change 
of a BRCA1 or BRCA2 mutation of ≥ 10% 
(n=472) or at least 2 cases with age of onset 
<50 (n=375)

MSKCC USA 739 Sanger 
sequencing

Probands from families with 3 or more breast 
cancer cases, no age restrictions, negative for 
mutations in BRCA1/2

Peter 
MacCallum 
Cancer 
Centre

Australia 590 HRMCA1,3 Affected probands from the familial cancer 
clinic, who tested negative for BRCA1/2 
mutations from multigenerational affected 
families with an a priori chance of a BRCA1 or 
BRCA2 mutation of ≥ 10%. 

CNIO Spain 468 DHPLC2,3 Patients from families with at least 2 breast 
cancer cases (at least one of the <50 years) 
and tested negative for BRCA1/2 mutations 

MBCSG Italy 463 Sanger 
sequencing

Probands ascertaind at the Istituto 
Nazionale Tumori (INT) and  Istituto 
Europeo di Oncologia (IEO), Milan, who 
tested negative for BRCA1/2 mutations and 
with early onset of disease (<36 years) or 
from families with at least 2 breast cancer 
cases diagnosed before age 50 or 1 breast 
cancer case and 1 ovrian cancer case, .

Mayo Clinic USA 441 Sanger 
sequencing

Cases from BRCA1/2 negative multi-case 
breast cancer families, from some families 
more than 1 case was screened for XRCC2 
variants

Controls MBCSG Italy 444 Sanger 
sequencing

Age-matched female blood donors 
recruited through the Immunohematology 
and Transfusion Medicine Service of INT 
and Associazione Volontari Italiani Sangue 
(AVIS) of Milan

CNIO Spain 392 DHPLC2,3 Healthy controls from the Spanish College 
of Lawyers

LUMC The 
Netherlands

367 Sanger 
sequencing

Healthy controls from the Dutch blood 
bank

Peter 
MacCallum 
Cancer 
Centre

Australia 232 HRMCA1,3 Healthy Caucasian female volunteers from 
southern England

All primer sequences are available upon request.
1 HRMCA = High resolution melting curve analysis
2 DHPLC = Denaturating high performance  liquid chromatography  
3 Detected variants were validated by Sanger sequencing
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Abstract
XRCC2 genetic variants have been associated with breast cancer susceptibility. However, 
association studies have been complicated because XRCC2 variants are extremely rare and 
consist mainly of amino acid substitutions whose grouping is sensitive to misclassification 
by the predictive algorithms. We therefore functionally characterized variants in XRCC2 by 
testing their ability to restore XRCC2-DNA repair deficient phenotypes using a cDNA-based 
complementation approach. While the protein-truncating variants p.Leu117fs, p.Arg215* 
and p.Cys217* were unable to restore XRCC2 deficiency, 19 out of 23 missense variants 
showed no or just a minor (<25%) reduction in XRCC2 function. The remaining 4 (p.Cys120Tyr, 
p.Arg91Trp, p.Leu133Pro and p.Ile95Lx) had a moderate effect. Overall, measured functional 
effects correlated poorly with those predicted by in silico analysis. After regrouping variants 
from published case-control studies based on the functional effect found in this study and 
reanalysis of the prevalence data, there was no longer evidence for an association with 
breast cancer. This suggests that if breast cancer susceptibility alleles of XRCC2 exist, they 
are likely restricted to protein-truncating variants and a minority of missense changes. Our 
study emphasizes the use of functional analyses of missense variants to support variant 
classification in association studies.  
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Introduction
One of the most important risk factors for breast cancer is having family members affected 
with the disease.1 Mutations in two of the most well-characterized susceptibility genes, BRCA1 
(OMIM 113705) and BRCA2 (OMIM 600185), explain about 17% of this familial relative risk.2–4 
Although a number of additional moderate and high-risk genes have been identified,5 these 
explain at most another 5%. 4 Any yet unidentified moderate or high-risk breast cancer gene is 
likely to have extremely low mutation frequencies, hampering its discovery. Next-generation 
sequencing has provided the possibility to detect these rare variants on a genome-wide 
scale. However, due to the very low allele frequencies of these variants, obtaining conclusive 
evidence for an association with breast cancer has proven a considerable challenge.

XRCC2 (OMIM 600375) was among the first genes in which variants were reported to 
be associated with breast cancer risk by a study employing next-generation sequencing.6 
However, variants in XRCC2 are very rare, with about 0.5% of healthy individuals carrying one 
(with the exception of the common single nucleotide polymorphism (SNP) rs3218536), and 
most have been detected only once. Nonetheless, by genotyping familial or early onset cases 
and healthy controls a significant association with breast cancer was detected.6 XRCC2 was a 
very interesting candidate breast cancer gene for several reasons. Firstly, it has been identified 
as a potential Fanconi anemia gene in a Saudi Arabian patient from consanguineous parents.7 
Currently, for at least four of the sixteen known Fanconi anemia genes, it has been shown 
that, while two mutated alleles cause Fanconi anemia, a single affected allele increases the 
risk of breast cancer.8–12 Secondly, XRCC2, like many other confirmed breast cancer genes, 
encodes a protein involved in the repair of DNA double-strand breaks (DSB) via homologous 
recombination (HR). XRCC2 forms a complex with several members of the RAD51 protein 
family, including RAD51B, RAD51C and RAD51D. This complex is required for the localization 
of RAD51, a key mediator of HR, to DSB sites.13 During HR, the ends of a DSB are resected to 
form single-strand DNAs, which are coated with RPA. RAD51 replaces RPA and subsequently 
initiates the search for a homologous sequence to enable repair of the DSB.14 

Although XRCC2 is a promising candidate breast cancer gene, a second, larger case-
control study initiated by our lab, did not confirm its association with breast cancer since an 
equal percentage of variants in familial cases and healthy controls was found.15 However, both 
case-control studies lacked the power to examine associations with individual variants or 
even with variant subtypes, and therefore protein-truncating variants and missense variants 
predicted to be damaging by in silico analysis were pooled in order to calculate the association 
with breast cancer. Given the very low number of variants detected, misclassification of only a 
few variants can already strongly influence the results of an association analysis, which might 
explain the discrepancy between the two studies. 

Here we aimed to functionally characterize the XRCC2 non-synonymous coding 
variants by testing their ability to complement the DNA repair phenotype of XRCC2-deficient 
cells. Remarkably, in our functional assays the majority of missense variants found in the 
population did not affect XRCC2’s function in DNA repair, although in silico analyses predicted 
several of them to be damaging. When we re-classified the XRCC2 variants based on these 
functional effects and re-analyzed the data from the two previously published case-controls 
studies, evidence for an association with breast cancer disappeared. These findings illustrate 
how functional analyses may aid the interpretation of rare genetic variation in the context of 
disease susceptibility.
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Materials and Methods
Variant selection and in silico analysis
We used four different prediction algorithms to estimate how likely variants from breast cancer 
cases and healthy controls6,15 as well as a Fanconi Anemia case7 would affect XRCC2 protein 
function. PolyPhen2 (v2.2.2r398),16 SIFT (JCVI-SIFT v.1.03, cut-off 0.05)17 and AlignGVGD (depth 
until Branchiostoma floridae (Lancelet), cut-off C45)18 predict the effect of a single amino 
acid change, while CADD (v1.2, cut-off 20)19 can also provide predictions for small insertions 
or deletions and variants that result in a premature stop codon. All variants mentioned in 
this paper are described based on DNA sequence NM_005431.1 and protein sequence 
NP_005422.1. Nucleotide numbering uses +1 as the A of the ATG translation initiation codon 
in the reference sequence, with the initiation codon as codon 1. 

We used five different splice site prediction algorithms to predict the effect of the 
selected variants on splicing: SpliceSiteFinder (cut-off 70), MaxEntScan (cut-off 0),20 Splice Site 
Prediction by Neural Network (cut-off 0.4),21 GeneSplicer (cut-off 0),22 and Human Splicing 
Finder (cut-off 65).23 Prediction algorithms were run by the integrated software package 
Alamut (version 4.7.1) using default settings. An effect on splicing was considered when more 
than 10% difference in at least two algorithms was observed24.

Cell lines and culture conditions
All cell lines were grown in DMEM-F12 (Gibco) containing 10% fetal bovine serum (Bodinco), 
Glutamax (Gibco, 1x), HEPES (Gibco, 10mM), Na-pyruvate (Lonza, 1mM) and penicillin/
streptomycin (Gibco, 100 units/mL /100ug/mL). irs1 cells were kindly provided by John 
Thacker.25,26 irs1 cells carrying the sister chromatid reporter (SCR) (irs-SCR) were a kind gift 
from Ralph Scully.27,28 HEK293 cells containing a DR-GFP reporter were obtained from Maria 
Jasin.29 

siRNAs, plasmids and site-directed mutagenesis
An mCherry-XRCC2 expression vector was created by inserting the human XRCC2 cDNA 
sequence (OriGene, RG208330) into mCherry-C1. All selected variants were introduced into 
this vector using two-step site directed mutagenesis or, in case of variants in regions with 
high A/T content, by mutagenic overlap PCR followed by cloning. For both methods we made 
use of complementary primers containing the desired variant and an approximately 20bp 
sequence on both sites. The presence of the variants and the lack of additional mutations 
in the cDNA region were confirmed with Sanger sequencing (data not shown). An siRNA-
resistant version of mCherry-XRCC2 was generated by mutating all wobble bases in the siRNA-
targeting sequence using mutagenic overlap PCR such that the amino acid sequence of the 
XRCC2 protein would not change. Variants of interest were introduced in this vector using the 
aforementioned methods. In addition, wildtype and p.Arg17*-containing XRCC2 cDNAs were 
amplified by PCR to remove the stop codon and introduce a C-terminal FLAG tag. The PCR 
products were subsequently inserted into mCherry-C1. All primer and siRNA sequences can 
be found in Supplementary Material, Tables S1 and S2.

Western blot analysis
Cell pellets we lysed in RIPA buffer and subsequently incubated at 95ºC for 10 minutes in 
Laemmli buffer. Equal amounts of each sample were separated by sodium dodecyl sulphate-
polyacrylamide gel electrophoresis and transferred to PVDF membranes (Millipore). 
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Membranes were probed with primary antibodies to XRCC2 (N-20, 73278, Santa Cruz), 
mCherry (ab125096, Abcam) or FLAG (#F1804, Sigma-Aldrich), and appropriate secondary 
antibodies (LI-COR Biosciences) followed by protein detection using the Odyssey imaging 
scanning system (LI-COR Biosciences). 

RAD51 foci formation after MMC treatment in irs1
The localization of RAD51 to DSBs was examined by assessing RAD51 foci formation after 
mitomycin C (MMC) treatment. On day one irs1 cells were seeded in 12-wells plates containing 
12mm coverslips at 30.000 cells /well. On day two the cells were transfected with 500ng 
mCherry or mCherry-XRCC2 expression vector using Effectene Transfection Reagent (Qiagen) 
according to the manufactor’s protocol. On day three the medium containing the transfection 
reagents was removed and the cells were incubated for one hour with medium containing 
6µM MMC. Cells were then incubated with fresh medium lacking MMC and six hours later 
fixed using 4% formaldehyde and permeabilized with 0.5% Triton X-100. Subsequently, the 
coverslips were incubated with 100mM glycine for 10 minutes and phosphate buffered saline 
containing 0.5% bovine serum albumin and 0.05% Tween 20 for 10 minutes. Finally, coverslips 
were incubated with anti-RAD51 antibody (H-92, Santa Cruz) at a 1:100 dilution for one hour, 
followed by incubation with goat anti-rabbit-488 (A-11034, Life Technologies) at 1:1000 and 
DAPI at 0.1 µg/ml for one hour. The fraction of mCherry-positive cells containing ≥5 RAD51 
foci was scored manually. For each variant the experiment was repeated at least three times. 
Between 100 and 300 cells were scored in each experiment. 

Sister chromatid recombination reporter assay in irs1
This sister chromatid recombination (SCR) reporter assay was essentially performed as 
described previously.27 Briefly, irs1 cells containing the SCR reporter were seeded at day one at 
30.000 cells/well in a 12-well plate format. On day two the cells were transfected with 200ng 
of mCherry or mCherry-XRCC2 expression vector in combination with 600ng of either a I-SceI 
expression vector (pCBASce) or a control vector (pCAGGS).29 Three days later the fraction of 
mCherry- and GFP-positive cells was determined on a LSRII flow cytometer (BD Biosciences). 
Data analysis was performed using Cytobank.30 HR efficiencies were calculated as GFP-to-
mCherry ratios. For each variant the experiment was repeated at least three times.

Microscopic analysis of fixed cells 
Images of fixed samples were acquired on a Zeiss AxioImager M2 widefield fluorescence 
microscope equipped with 40x, 63x and 100x Planar apochromatic (1.4 numerical aperture) 
oil-immersion objectives (Zeiss) and an HXP 120 metal-halide lamp used for excitation. 
Fluorescent probes were detected using the following filters: DAPI (excitation filter: 350/50 
nm, dichroic mirror: 400 nm, emission filter: 460/50 nm), GFP/Alexa 488 (excitation filter: 
470/40 nm, dichroic mirror: 495 nm, emission filter: 525/50 nm) and mCherry (excitation filter: 
560/40 nm, dichroic mirror: 585 nm, emission filter: 630/75 nm). Images were recorded using 
ZEN 2012 software (Zeiss).

DR-GFP reporter assay in HEK293
HEK293 cells carrying the DR-GFP reporter29 were used to measure HR efficiencies essentially 
as described.31 Briefly, on day one cells were seeded in 12-well plates at 225.000 cells/well. 
Cells were then transfected the same day and the second day with siRNA against XRCC2 or a 
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control siRNA (Sigma, Universal Negative Control #1) at 20nM using Lipofectamine RNAiMax 
(Life Technologies) according to the manufacturer’s protocol. At day three the cells were 
co-transfected with 500ng mCherry or siRNA-resistant mCherry-XRCC2 expression vector 
and 4µg of either an I-SceI expression vector (pCBASce) or a control vector (pCAGGS) using 
Lipofectamine 2000 (Life Technologies) (Pierce et al., 1999). Two days later cells were analyzed 
on a LSRII flow cytometer. Data analysis was performed using Cytobank.30 HR efficiencies were 
calculated as GFP-to-mCherry ratios. For each variant the experiment was repeated at least 
three times. For cell cycle analysis, on day five cells were pulse labeled with 1µM EdU for 
two hours and then fixed and stained using the Click-iT EdU Flow Cytometry Kit (Invitrogen) 
according to protocol using an Alexa Fluor 488 dye. Knockdown of XRCC2 was validated using 
reverse-transcriptase quantitative PCR (RT-qPCR) as described in 32 using primer sets that 
either detect mRNA from the endogenous XRCC2 or siRNA-resistant XRCC2 cDNA (Table S1).
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Table 1. In silico predictions and measured functional effect for all XRCC2 genetic variants 

DNA
(NM_005431.1)

Protein
(NP_005422.1)

Study Poly-
Phen-2

SIFTa Align-
GVGDb

CADDc RAD51 
foci - 
Hamster

SCR - 
Hamster

DR-GFP 
- Human

c.46 G>T d p.Ala16Ser (5) Possibly 
damaging

Tolerated C0 24.300 81% 100% NA

c.49C>T p.Arg17* (5) - - - 26.600 66% 111% 77%

c.140A>G p.His47Arg (15) Possibly 
damaging

Tolerated C0 24.000 90% 89% NA

c.181C>A p.Leu61Ile (5) Possibly 
damaging

Damaging C0 22.600 83% 96% NA

c.223G>C p.Glu75Gln (15) Possibly 
damaging

Tolerated C0 22.100 88% 89% NA

c.247dupe p.Thr83fs - - - - 29.000 11% 7% 48%

c.271C>T p.Arg91Trp (5) Probably 
damaging

Damaging C65 27.400 71% 66% 62%

c.283A>C f p.Ile95Leu (5) Benign Damaging C0 0.001 77% 91% 70%

c.283A>G p.Ile95Val (5,15) Benign Tolerated C0 0.002 90% 95% NA

c.350delT p.Leu117fs (15) - - - 29.400 51% 81% 56%

c.353T>C g p.Val118Ala (15) Benign Tolerated C0 4.263 81% 101% NA

c.359G>A p.Cys120Tyr (15) Probably 
damaging

Damaging C65 24.900 77% 70% 60%

c.398T>C p.Leu133Pro (15) Probably 
damaging

Damaging C65 24.000 62% 82% 67%

c.490G>C p.Glu164Gln (15) Probably 
damaging

Damaging C0 25.000 96% 75% NA

c.509A>C p.Glu170Ala (15) Probably 
damaging

Damaging C65 27.400 101% 98% NA

c.562C>T p.Arg188Cys (15) Probably 
damaging

Damaging C15 29.300 73% 102% 81%

c.563G>A h p.Arg188His (5,15) Benign Tolerated C0 18.980 88% 86% 97%

c.581C>T p.Thr194Met (15) Probably 
damaging

Damaging C15 27.000 82% 92% NA

c.595A>C p.Met199Ile (15) Benign Tolerated C0 9.678 69% 97% 99%

c.620A>G i p.Glu207Gly (15) Benign Tolerated C0 14.470 91% 84% 82%

c.643C>T p.Arg215* (6) - - - 34.000 41% 79% 42%

c.651_652delTG p.Cys217* (5) - - - 24.400 27% 61% 31%

c.659A>T p. Asp220Val (15) Benign Damaging C0 13.880 86% 96% NA

c.693G>T p.Trp231Cys (5) Probably 
damaging

Damaging C65 32.000 88% 88% NA

c.714G>C p.Arg238Ser (15) Probably 
damaging

Tolerated C65 18.570 77% 94% NA

c.742C>G j p.Gln248Glu (15) Benign Tolerated C0 0.001 94% 92% NA

c.772C>T p.Arg258Cys (15) Benign Tolerated C0 22.500 71% 88% 108%

c.808T>G k p.Phe270Val (5,15) Probably 
damaging

Damaging C45 24.900 76% 85% NA

All non-synonymous coding XRCC2 variants from Park et al. (2012) and Hilbers et al. (2012) were selected for functional testing 
and in silico analysis by Polyphen-2, SIFT, AlignGVGD and CADD. In addition, a variant described by Shamseldin et al. (2012), 
detected in a Fanconi Anemia case and a truncating variant, p.Thr83fs reported by Douglas Easton (personal communication) 
were analyzed. Nucleotide numbering uses +1 as the A of the ATG translation initiation codon in the reference sequence, with 
the initiation codon as codon 1.  a based on a 0.05 cut-off, b AlignGVGD depth until Branchiostoma floridae (Lancelet) Class 0 
is the least likely to be damaging, Class C65 is the most likely to be damaging, c PHRED scaled C-score, a high score indicates a 
high change for the variant to be deleterious, a score of 20 is commonly used as a cut-off, d rs4987090, e reported by Douglas 
Easton (personal communication), f rs140214637, g rs185815454, h rs3218536, i rs61762969, j rs190900560 k rs145085742 .



62

Chapter 4

Results

In silico prediction tools yield conflicting results
We selected all non-synonymous coding variants from the two major studies assessing the 
association of rare genetic variants in XRCC2 and breast cancer risk for functional analysis 
in this study (Table 1).6,15 Among these variants was p.Arg188His (rs3218536), the only 
variant in XRCC2 common enough to directly establish its association with breast cancer. 
However, two meta-analyses, both including over 30,000 cases and controls, did not find 
association with breast cancer risk for this SNP.33,34 In addition we included a variant 
found in a Fanconi Anemia case (c.643C>T, p.Arg215*).7 These variants comprised twenty-
three amino acid changes, two deletions and two premature stop codons (Fig. 1A). In silico 
prediction algorithms PolyPhen-2,16 SIFT,17 AlignGVGD18 and CADD19 were used to predict if 
these variants would affect XRCC2 protein function. Polyphen and SIFT both use multiple 
sequence alignment to assess the effect of amino acid changes on protein function. Polyphen 
also takes into account information on protein domains and three-dimensional structures. 
AlignGVGD combines Grantham difference of amino acids with ortholog multiple sequence 
alignment, whereas CADD combines 63 different annotations, including PolyPhen, SIFT and 
Grantham differences of amino acids, to predict the effect of amino acid changes on protein 
function. The number of amino acid changes predicted to be “damaging” based on these 
prediction tools ranged from seven (AlignGVGD) to fourteen (CADD). Six variants, p.Arg91Trp, 
p.Cys120Tyr, p.Leu133Pro, p.Glu170Ala, p.Trp231Cys and p.Phe270Val (26%), were classified 
as damaging by all prediction algorithms. For eleven variants (48%) the algorithms yielded 
conflicting results and for six variants (26%) all agreed on them being benign. The level of 
disparity between the in silico tools demonstrates the need for more conclusive data on the 
functional effects of these variants. 

Few XRCC2 variants affect RAD51 foci formation in hamster cells
To assess the effect of the missense variants on XRCC2 function, we introduced all variants in 
a human XRCC2 cDNA expression vector and assessed to which extent these variants could 
complement the repair defect of XRCC2-deficient irs1 hamster cells (Fig. 1B). One of the 
main phenotypic characteristics of irs1 cells is that the accumulation of RAD51 into distinct 
foci containing DSBs is strongly reduced.26,35 Indeed, we could confirm that in response to 
treatment with the DSB-inducing agent Mytomycin C (MMC) RAD51 foci formation was 
almost completely absent in irs1 cells that were transfected with an mCherry expression 
vector (Fig. 1C). In contrast, the expression of mCherry-tagged human XRCC2 restored RAD51 
recruitment to sites of DNA damage in irs1 cells. This is consistent with the results of previous 
studies showing that human XRCC2 expression can complement the RAD51 foci formation 
defect in irs1.26,35 

To assess the functionality of the selected XRCC2 missense variants, we generated a 
collection of mCherry-tagged XRCC2 fusions containing these variants and measured their 
ability to restore RAD51 foci formation following MMC exposure in irs1 cells (Fig. 1B). We found 
most missense variants, including the common SNP p.R188H for which no association with 
breast cancer risk was found, to rescue RAD51 foci formation to more than 75% of the levels 
seen for wild-type XRCC2 (Fig. 1D). Only five out of twenty-three variants were able to rescue 
RAD51 foci formation to levels below 75% (p.Arg91Trp, p.Leu133Pro, p.Arg188Cys, p.Met199Ile 
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Figure 1. Functional analysis of the effect of XRCC2 variants on RAD51 foci formation in hamster cells.
(A) Schematic overview of the XRCC2 variants. Red indicates the in-frame XRCC2 sequence, while green 
represents out-of-frame amino acids. (B) Workflow for the functional analysis of the effect of XRCC2 variants 
on RAD51 foci formation in XRCC2-deficient irs1 hamster cells. A collection of mCherry-tagged XRCC2 cDNAs 
containing selected genetic variants was introduced in irs1 cells. Following treatment of the cells with MMC, 
RAD51 foci formation was monitored to determine whether the XRCC2 variants would rescue the defect in 
RAD51 foci formation of the irs1 cells. (C) Examples of RAD51 foci formation in irs1 cells expressing mCherry, 
mCherry-XRCC2 (wildtype; WT), mCherry-XRCC2 carrying a functional variant (p.E170A), and mCherry-XRCC2 
carrying a protein-truncating variant (p.C217*). (D) Effect of XRCC2 variants on the rescue of RAD51 foci 
formation in irs1 cells. The percentage of cells with >5 MMC-induced RAD51 foci was scored. Cells expressing 
mCherry-XRCC2 (WT) served as a reference, which was set to 100%. The checked bars indicate wildtype XRCC2 
and the neutral common polymorphism p.R188H. Green bars indicate missense variants, whereas red bars 
indicate truncating variants with rescue levels below 75%. Error bars indicate standard error of the mean.
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and p.Arg258Cys; from 62%-73%). Importantly, three protein-truncating variants, p.Leu177fs, 
p.Arg215* and p.Arg217*, rescued RAD51 foci formation to levels between 26% and 50%, 
suggesting impaired protein function. Unexpectedly, a fourth protein-truncating variant, 
p.Arg17*, showed a rescue of 66%. To verify that our assay was sensitive enough to detect 
differences in complementation for variants with a drastic effect on the protein produced, 
we also tested another variant, p.Thr83fs (Douglas Easton, personal communication), that 
would result in a truncated protein much shorter than the three giving a moderate effect. 
This variant rescued RAD51 foci formation to only 11%. Western blot analysis confirmed that 
expression of all protein-truncating variants produced a protein with a molecular weight 
consistent with the position of the premature stop-codon in the XRCC2 coding sequence 
(Supplementary Material, Fig. S1), ruling out that the observed defects were due to impaired 
protein production. Thus, these results reveal that the truncating variants in XRCC2 affect 
protein function, while most missense variants do not.

Few XRCC2 variants affect DSB repair via HR in hamster cells
RAD51 foci formation represents an intermediate step in the process of HR. Therefore, it 
is important to also establish the effect of genetic variants in XRCC2 on the completion of 
DSB repair via this pathway. To this end, we employed irs1 cells carrying a sister chromatid-
recombination (SCR) reporter (irs1-SCR)27 (Fig. 2A). This construct consists of two differentially 
mutated GFP sequences, one of which harbors an I-SceI restriction site (Fig. 2B). Expression 
of the I-SceI nuclease in these cells generates a DSB that is primarily repaired via HR, which 
results in the restoration of a functional GFP gene. Hence, the percentage of GFP-positive 
cells after I-SceI expression is a measure of the efficiency of HR. When we co-transfected 
irs1-SCR cells with an I-SceI expression and mCherry control vector hardly any GFP positive 
cells were detected, indicating that the cells are indeed incapable of repairing DSBs via HR. 
However, when mCherry-tagged wild-type XRCC2 was introduced, a 16-fold increase in GFP-
positive cells compared to mCherry alone was observed (Fig. 2C), comparable with previous 
results.28 This also indicates that under our experimental conditions, HR can be rescued with 
an efficiency that allows us to assess the functionality of XRCC2 variants.

We subsequently introduced our collection of mCherry-tagged XRCC2 expression 
vectors containing the selected variants into the irs1-SCR cells and measured HR by flow 
cytometry. Similar to the results of our RAD51 foci analysis, we found that most missense 
variants, including the common SNP p.R188H, had no or only a very small effect on the ability 
to complement the HR repair defect in these cells (Fig. 2D). On average, the effects of these 
genetic variants in the SCR reporter assay were, however, smaller than those in the RAD51 
foci formation assay. In fact, only three missense variants (p.Glu164Gln, p.Cys120Tyr and 
p.Arg91Trp) rescued to 75% or slightly less when compared to wild-type XRCC2. Surprisingly, 
for three of the four protein-truncating variants the effects were also smaller than those 
seen in the RAD51 foci analysis, ranging from 60% to 81% rescue. However, for the shortest 
truncated protein (p.Thr83fs), we observed a very strong defect in HR with only 7% rescue 
compared to wild-type, indicating that the assay is capable of identifying alleles that have 
impaired protein function. Interestingly, p.Arg17*, the protein-truncating variant that showed 
unexpectedly good rescue in the RAD51 foci assay, also fully restored HR in this assay. Overall 
the results from the sister chromatid reporter assay concur with those from the RAD51 foci 
assay and indicate that only a small minority of the missense variants affects XRCC2 function.
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Figure 2. Functional analysis of the effect of XRCC2 variants on HR in hamster cells. 
(A) Workflow for the functional analysis of the effect of XRCC2 variants on HR in XRCC2-deficient irs1 hamster 
cells. A collection of mCherry-tagged XRCC2 cDNAs containing selected genetic variants was introduced in 
irs1 cells containing the SCR reporter for HR (irs1-SCR cells). Following expression of the I-SceI nuclease, the 
fraction of GFP-expressing cells among the mCherry-positive cells was determined to assess whether the 
XRCC2 variants would rescue the HR defect of irs1-SCR cells. (B) Schematic of the sister chromatid reporter 
(SCR) assay. (C) Relative HR efficiency of irs1-SCR cells expressing mCherry-XRCC2 compared to mCherry alone. 
The repair efficiency in cells expressing mCherry was set to 1. (D) Effect of XRCC2 variants on the rescue of 
HR in irs1-SCR cells. Cells expressing mCherry-XRCC2 (WT) served as a reference, which was set to 100%. The 
checked bars indicate wildtype XRCC2 and the neutral common polymorphism p.R188H. Green bars indicate 
missense variants, whereas red bars indicate truncating variants with rescue levels below 75%. Error bars 
indicate standard error of the mean.
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Validation of the effect of XRCC2 variants on HR in human cells
Given our observation that only few XRCC2 variants fail to complement the repair phenotype 
of irs1 hamster cells, we next asked if these variants would show a similar effect in human 
cells. To this end, we used human HEK293 cells carrying the HR reporter DR-GFP to validate 
the results of a subset of XRCC2 variants29 (Fig. 3A). Like the SCR reporter in irs1 cells, the DR-
GFP reporter allows us to measure the efficiency of HR by flow cytometry as the percentage 
of GFP-positive cells after I-SceI expression (Fig. 3B). We used siRNA-mediated knockdown to 
reduce the expression of endogenous XRCC2 in cells that either expressed mCherry alone or 
an siRNA-resistant version of mCherry-tagged XRCC2. Western blot analysis and quantitative 
reverse transcription PCR (RT-qPCR) with primers that specifically recognize transcripts from 
the endogenous XRCC2 gene confirmed the efficient knockdown at the protein and mRNA 
level, respectively (Fig. 3C and 3D). Importantly, knockdown of endogenous XRCC2 led to 
an ~80% reduction in HR efficiency in mCherry-expressing cells, indicating a clear defect in 
executing HR (Fig. 3E). Expression of mCherry-XRCC2 restored HR levels to almost 70% of that 
observed in control cells expressing mCherry (Fig. 3E), showing that our experimental setup 
allows the functional characterization of XRCC2 variants. We selected all variants that showed 
<75% rescue compared to wild-type in at least one of the two irs1 assays in addition to a 
subset of variants that showed full rescue in either assay and examined their ability to rescue 
the HR-deficient phenotype of human XRCC2-depleted cells. The protein-truncating variants 
p.Thr83fs, p.Leu117fs, p.Arg215* and p.Cys217* restored the HR-defect to 48%, 56%, 42% 
and 31%, respectively (Fig. 3F). As observed before, the truncating variant p.Arg17* showed 
a more moderate effect and rescued HR up to 67%. We considered the possibility that this 
truncating mutant showed a considerable rescue in all functional assays due to re-initiation 
of translation downstream of the stop codon (Supplementary Material, Fig. S2A). To study 
this, we expressed mCherry-XRCC2-FLAG and mCherry-XRCC2-p.Arg17*-FLAG constructs in 
HEK293T cells and examined the expression of mCherry- and FLAG-tagged XRCC2 products 
by Western blot analysis using antibodies against mCherry or FLAG (Supplementary Material, 
Fig. S2B). While we detected full-length mCherry-XRCC2-FLAG using either the mCherry or 
FLAG antibody, we detected the presence of a truncated mCherry-XRCC2 protein in mCherry-
XRCC2-p.Arg17*-FLAG- expressing cells when using the mCherry antibody. We were unable 
to detect expression of a truncated XRCC2-FLAG protein in these cells when using the 
FLAG antibody (Supplementary Material, Fig. S2B). This suggests there is no re-initiation of 
translation downstream of the stop codon. Surprisingly, when we examined higher exposure 
Western blots, we detected low levels of mCherry-XRCC2-FLAG protein in mCherry-XRCC2-
p.Arg17*-FLAG expressing cells. This suggests a certain degree of read-through of the stop 
codon introduced by the p.Arg17* mutation (Supplementary Material, Fig. S2B and S2C). 
Indeed, the p.Arg17*  mutation introduces a TGA stop codon, which has been reported to result 
in translational read-through in mammalian genes.36 This may explain why we observed a 
considerable rescue for p.Arg17* in the functional assays. Finally, also most missense variants 
showed considerable rescue of the HR defect with the common polymorphism p.Arg188His 
even up to 97%, while some others, such as p.Cys120Tyr were less efficient in restoring HR 
(~60% rescue; Fig. 3F). 

Given that HR is most prominent in S-phase,37 we examined if the expression of XRCC2 
variants could impacted HR indirectly by affecting cell cycle progression. Flow cytometry 
analysis, however, did not show any major differences in cell cycle progression between 
HEK293 DR-GFP cells expressing wildtype or variant XRCC2 (Supplementary Material, Fig. 
S3), indicating that the outcome of the assay was not influenced by alterations in cell cycle 
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distribution. Thus, overall our results in human cells confirm that truncating variants more 
strongly impair XRCC2’s DNA repair function compared to missense variants.

Figure 3. Functional analysis of the effect of XRCC2 variants on HR in human cells. 
(A) Workflow for the functional analysis of the effect of XRCC2 variants on HR in human cells. A collection of 
mCherry-tagged XRCC2 cDNAs containing selected genetic variants was introduced in HEK293 cells containing 
the DR-GFP reporter for HR after knockdown of XRCC2 by siRNA interference. Following expression of the I-SceI 
nuclease, the fraction of GFP-expressing cells among mCherry-positive cells was determined to assess whether 
the XRCC2 variants would rescue the HR defect of the XRCC2 knockdown cells. (B) Schematic of the DR-GFP 
reporter assay. (C) Validation of XRCC2 knock-down after siRNA transfection (80 nM) of HEK293T cells using 
a specific XRCC2 antibody. (D) Relative expression of endogenous XRCC2 in HEK293 cells expressing siRNA-
resistant wild-type mCherry-XRCC2 cDNA or mCherry alone, following treatment with control or XRCC2 siRNAs. 
Expression was determined by RT-qPCR using primers specific for the endogenous XRCC2 transcript. The 
XRCC2 expression level in control cells expressing mCherry alone was set to 100%. (E) Effect of siRNA-mediated 
XRCC2 knockdown and subsequent re-expression of siRNA-resistant mCherry-XRCC2 cDNA on HR in HEK293 
DR-GFP cells. The bars indicate the relative percentage of GFP-positive cells after DSB induction by I-SceI. 
The HR efficiency of mCherry-expressing cells transfected with control siRNAs were set to 100%. (F) Effect of 
XRCC2 variants on the rescue of HR in XRCC2-depleted HEK293 DR-GFP cells. Cells expressing mCherry-XRCC2 
(WT) served as a reference, which was set to 100%. The checked bars indicate wildtype XRCC2 and the neutral 
common polymorphism p.R188H. Green bars indicate missense variants, whereas red bars indicate truncating 
variants with rescue levels below 75%. Error bars indicate standard error of the mean.
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The outcome of functional assays correlates poorly with in silico predictions
In order to assess the robustness of the functional assays, we examined the correlation 
between the three HR assays (RAD51 foci and GFP-based reporter assays in hamster cells and 
human cells) in more detail. We found moderately high Pearson correlation coefficients for 
these assays ranging from 0.57 to 0.72 (Fig. 4A-C). This degree of correlation likely reflects the 
variation within the assays and the fact that each measures different but related features. We 
also compared the results of the assays with the predictions of the in silico algorithms. For 
the prediction tools that give categorical results for amino acid changes (PolyPhen2, SIFT and 
AlignGVGD), there seems to be no correlation with protein function in either of the assays 
(Supplementary Material, Fig. S4). Likewise, we found that CADD, which assigns a continuous 
prediction score instead of an effect category to each variant, shows a rather poor correlation 
with all three assays ranging from -0.31 to -0.45 (Fig. 4D-F). Based on this we conclude that the 
outcome of these predictive algorithms poorly correlates with the effect of missense variants 
on XRCC2’s function in DNA repair.

Lack of association with breast cancer upon functional reclassification of variants
Based on the results of our functional assays, we reclassified the XRCC2 variants and re-
assessed their association with breast cancer. We used the results of the common SNP p.R188H 
as a benchmark for neutrality. The rescue of HR found for this variant ranged between 86% 
to 97% when compared to wild-type in the different assays. Any variant showing a similar or 
better rescue of HR in these assays is unlikely to have an association with breast cancer. In 
contrast, no individual XRCC2 variant has been convincingly shown to increase breast cancer 
risk. The only variant with a demonstrable clinical association is the p.R215* variant found in 
the Saudi Arabian Fanconi Anemia patient. Given the overlap between Fanconi Anemia genes 
and breast cancer susceptibility genes, this variant currently gives the best estimation of the 
range of functional effects that could be relevant for breast cancer susceptibility. The variant 
shows an HR rescue of 41%, 79% and 42% in the RAD51 foci formation assay, SCR assay and 
DR-GFP assay, respectively. 

Using these extremes we defined three functional categories. One category with 
variants strongly affecting XRCC2 function, with <50% HR rescue in at least two out of three 
assays. This category contains the protein-truncating variants p.Thr83fs, p.Arg215*and 
p.Cys217*. A second set of variants with a moderate effect on XRCC2 function defined as 50-
75% HR rescue in two out of three assays. This category contains missense variants, p.Arg91Trp, 
p.Ile95Leu, p.Cys120Tyr and p.Leu133Pro, and the frame-shifting variant p.Leu117fs. The 
last category includes variants that showed 75-100% HR rescue in at least two assays. This 
category includes all other missense variants and protein-truncating variant p.Arg17* (for an 
overview of the results in all three assays Table 1). When we reexamine the association data 
provided by Park et al.6 and Hilbers et al.15 we do not find any evidence for an association 
with breast cancer (Table 2). For the >50% and 25-50% reduction in complementation 
categories combined we find an odds ratio of 0.75 (95% CI: 0.18-3.13). It should, however, be 
noted that the number of individuals with a variant in the <50% rescue category is too low 
for a meaningful association analysis. An association with breast cancer can therefore not be 
excluded for these variants. In conclusion, our functional classification data suggest that it is 
highly unlikely that the missense variants analyzed in this study are associated with breast 
cancer risk.
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Figure 4. Correlation between the outcome of functional assays and in silico analysis. 
(A) Correlation between the outcome of RAD51 foci formation and SCR assays in hamster cells, (B) RAD51 foci 
formation assay in hamster cells and DR-GFP assays in human cells, (C) SCR assays in hamster cells and DR-GFP 
assays in human cells, (D) RAD51 foci formation assays in hamster cells and CADD prediction analysis, (E) SCR 
assays in hamster cells and CADD prediction analysis, and (F) RAD51 foci formation assays in hamster cells and 
CADD prediction analysis. r indicates the Pearson correlation coefficient.
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Table 2. Association analysis of functionally characterized XRCC2 variants

Degree of variant 
complementation

Cases (%)
(n=2147)

Controls (%)
(n=1120)

Park et al. (5) All 12 (0.56) 1 (0.09)

75-100% 7 (0.33) 1 (0.09)

50-75% 3 (0.14) 0 (0)

<50% 2 (0.09) 0 (0)

<75% 5 (0.23) 0 (0)

Degree of variant 
complementation

Cases (%) 
(n=3548)

Controls (%) 
(n=1435)

Hilbers et al. (15) All 18 (0.51) 10 (0.70)

75-100% 18 (0.51) 7 (0.49)

50-75% 0 (0) 3 (0.21)

<50% 0 (0) 0 (0)

<75% 0 (0) 3 (0.21)

Degree of variant 
complementation

Cases (%)
(n=5695)

Controls (%)
(n=2555)

OR (95% CI)

Total All 30 (0.53) 11 (0.43) 1.22 (0.61-2.45)

75-100% 25 (0.44) 8 (0.31) 1.40 (0.63-3.12)

50-75% 3 (0.05) 3 (0.12) 0.45 (0.09-2.22)

<50% 2 (0.04) 0 (0) NA

<75% 5 (0.09) 3 (0.12) 0.75 (0.18-3.13)

The XRCC2 genetic variants reported by Park et al. (2012) and Hilbers et al. (2012) were classified according to 
the level of complementation compared to wild-type. 

Discussion
Here we report the functional analysis of all XRCC2 genetic variants detected previously in 
two large case-control studies,6,15 which assessed their association with breast cancer risk. 
We show that most non-synonymous variants have no, or only a small effect on XRCC2 
function, with the exception of p.Arg91Trp, p.leI95Leu, p.Cys120Tyr and p.Leu133Pro, which 
displayed moderate effects in our functional assays. While three protein-truncating variants 
had a strong effect on XRCC2 function in our assays, two other such variants, p.Arg17* and 
p.Leu117fs show unexpectedly good complementation of the XRCC2-deficient phenotypes. 
Upon reclassification of the XRCC2 genetic variants according to the results of our functional 
analyses, the originally reported association with breast cancer was no longer evident. 

Most prediction algorithms classify protein-truncating variants as pathogenic 
and this is also predicted for p.Arg17*. However, a closer inspection of this variant, which 
showed unexpected functionality in our assays, suggested that the introduced TGA stop 
codon frequently leads to translational read-through as has been reported for a number 
of mammalian genes.36 Indeed, we can detect small amounts of full-length XRCC2 protein 
produced from this allele, which is a likely explanation for the considerable rescue of p.Arg17* 
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in the functional assays. However, we should note that it is unclear whether the endogenous 
XRCC2 sequence harboring this mutation would produce sufficient amounts of full-length 
protein to support HR at normal levels. Nonetheless, these results suggest a mechanism 
through which protein-truncating mutations might still retain function and illustrate that our 
functional assays are sensitive enough to detect this phenomenon.  

Two XRCC2 variants assayed in our study have previously been studied by others. 
The common SNP p.Arg188His was shown by Rafii and colleagues to have a negligible 
effect on XRCC2 function in conferring resistance to Mitomycin C in clonogenic survival 
assay,38 consistent with the results of our three functional assays. The frame-shifting variant 
p.Leu117fs has previously been identified in the mismatch-repair deficient uterine sarcoma 
cell line SKUT-1.39 Functional analysis of this variant has shown that, although it has a reduced 
function compared to wild-type XRCC2, the effect is not as strong as other truncating or frame-
shifting mutations in the same region.40 In our analysis, p.Leu117fs retained approximately 
55% function compared to wild-type, whereas more C-terminal variants resulting in protein 
truncation seem to have stronger inactivating effects. Although our findings are consistent 
with the previously reported results,40 we can at this moment not explain why p.Leu117fs has 
this relatively mild effect. 

The two main conserved domains in XRCC2 are the ATP-binding Walker A (amino 
acids 48-55) and Walker B (amino acids 145-149) motifs. It has been shown that mutations 
in the most conserved part of the Walker A motif do not affect XRCC2 function.26,28 Moreover, 
one study suggested that the Walker A motif is important for the interaction between 
XRCC2 and RAD51D, whereas another study suggested that the RAD51D-binding region of 
XRCC2 is located in the N-terminus of XRCC2 (amino acids 1-42).40 On the other hand, the 
C-terminal half of the XRCC2 protein (amino acids 144-280) is required for the interaction with 
RAD51.40 Given that the variants p.Leu117fs, p.Arg215* and p.Cys217*, which result in the 
expression of C-terminally truncated XRCC2 proteins, which are still partly functional in our 
assays, it is unlikely that the localization of RAD51 and the repair of DSBs via HR only depends 
on this interaction. The notion that the Walker A motif does not seem to be important for 
XRCC2 function might explain why all in silico prediction tools overestimated the number 
of missense variants affecting XRCC2 function, as these tools weigh protein conservation so 
heavily. XRCC2 is one of five RAD51-paralogs that have no functional redundancy.35 Especially 
in the case of a paralogue, which originates from a segmental duplication and subsequently 
evolved into a gene with a different function, in silico predictions tools based on sequence 
conservation might have trouble correctly predicting functional effects. Interestingly, the 
four missense variants with the strongest effect in our assays are all located in between the 
Walker A and Walker B motif. This region has no known function at present, but might affect 
the three-dimensional structure of the protein.

It remains possible that because of limitations of the assays we have used, we missed 
certain variant effects. For example, the use of cDNA-constructs instead of a construct with 
an intron-exon structure, does not allow the detection of effects of variants on RNA splicing. 
In fact, our in silico analysis of possible effects on splicing suggested that 4 of the 28 variants 
examined in this study may affect splicing. Whether this prediction has relevance for the 
splicing of XRCC2 mRNAs in vivo remains to be established. In addition, we are not able to 
detect the effect of nonsense mediated decay (NMD) on variants resulting in a premature 
stop-codon. XRCC2 consists of three exons of which the third exon is by far the largest. All 
truncating variants except p.R17* are located in this last exon. Given that NMD is thought to 
only affect mRNA molecules with a premature stop codon upstream of the last exon-exon 
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junction, it seems highly unlikely that this process will affect any of the truncating variants 
other than p.R17*.41 

Crucial to the functional analysis of variants in any gene, is a full understanding of the 
processes the encoded protein is involved in. In the case of XRCC2 it is widely accepted that 
its main function is in RAD51-dependent HR. There are however some indications that XRCC2 
is also involved in other pathways. A study in Arabidopsis thaliana has implicated a role of 
XRCC2 in the repair of DSBs via RAD51-independent single-strand annealing, a pathway that 
by definition is mutagenic.42 In addition, it has been shown that XRCC2, like many other HR 
proteins, is also involved in centrosome integrity and correct segregation of chromosomes.43,44 
However, it is not known what its exact role is in this process and whether it depends on 
interactions other than those important for HR. We can therefore not exclude that the variants 
that showed full complementation of the XRCC2-deficient phenotype in our assays, affect an 
XRCC2-regulated process that was not assessed in our study. A last limitation of our study is 
the use of transient transfections. For example, the use of siRNAs in the DR-GFP assay resulted 
in a partial knockdown of endogenous XRCC2. A stable knockdown or knockout of XRCC2, 
would most likely reduce inter-experiment variability and might provide a larger window for 
functional analysis of XRCC2 variants.

	 In general, this study demonstrates the pitfalls in establishing an association 
between rare genetic variation and disease risk. Now that next-generation sequencing 
makes it possible to explore variation in large regions of the genome at reasonable costs 
at epidemiological scale, the number of extremely rare variants with a possible relation to 
disease risk will increase tremendously. Likewise, diagnostic testing of breast cancer genes 
other than BRCA1 and BRCA2 is likely to result in a steep increase in variants of uncertain 
significance. When no extensively sampled families are available for co-segregation analysis 
of individual variants, a gene-centered burden analysis is the only way to establish a disease 
association, but this crucially depends on their correct classification. Functional analyses as 
shown here for XRCC2 variants can prove a crucial step in this process. To this end, future 
efforts should establish a more sensitive and robust cellular system that allows for the high-
throughput testing of large numbers of variants in (putative) breast cancer susceptibility 
genes.

 	 In conclusion, this study has shown that most rare XRCC2 missense variants have 
little effect on XRCC2 protein function and are unlikely to be associated with familial and 
early onset breast cancer. In the group of XRCC2 variants that resulted in a >25% reduction in 
complementation no evidence of an association with breast cancer has been found. Although 
we cannot exclude that the few XRCC2 variants with a very strong effect on protein function 
increase breast cancer risk, these results suggests that the previously reported association 
with breast cancer is a false-positive finding. Unfortunately, none of the studies published to 
date had sufficient families in which one of the variants showing reduced complementation 
was found and for which DNA samples from additional family members were available for a 
co-segregation analysis. Much larger case-control studies are necessary to provide conclusive 
results on the association between the variants with >50% reduction in complementation 
and disease risk. Nevertheless, based on the current data, we conclude that XRCC2 variants 
are unlikely to explain a significant fraction of the familial risk to breast cancer.
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Supplementary data

Figure S1. Western blot analysis of selected XRCC2 variants.
Wild-type (WT) mCherry-XRCC2 and mCherry-XRCC2 carrying different truncating variants were expressed 
in HEK293 cells. Cell lysates were prepared and subjected to Western blot (WB) analysis using anti-mCherry 
antibody.
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Figure S2. 
(A) Schematic overview of XRCC2 wildtype and XRCC2-p.Arg17* mutant proteins. The hypothetical protein 
generated by re-initiation of translation downstream of the stop codon introduced by the p.Arg17* mutation 
is shown.  (B) Western blot analysis of HEK293T cells expressing mCherry, mCherry-XRCC2-FLAG or mCherry-
XRCC2p.Arg17-FLAG. The star (*) indicates a non-specific band detected with the mCherry antibody. The red 
arrow indicates the position of mCherry protein. The green arrow indicates the position of the mCherry-XRCC2-
FLAG fusion protein. (C) Mutation detection analysis by sequencing of mCherry-XRCC2-FLAG and mCherry-
XRCC2p.Arg17-FLAG constructs. Amino acids and corresponding DNA sequences in XRCC2 are shown. 
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Figure S3. 
Cell cycle analysis of HEK293 DR-GFP cells expressing selected XRCC2 variants. XRCC2 knockdown cells 
expressing I-SceI and either mCherry alone, wild-type (WT) mCherry-XRCC2 or different mCherry-XRCC2 
variants were labeled with EdU and examined by flow cytometry to determine the fraction of cells in early, mid 
and late S phase. The fraction of EdU-positive cells for each sample is presented relative to that for the mCherry-
XRCC2 sample, which was set to 100%.
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Figure S4. 
Correlation between the outcome of functional assays and in silico predictions. The correlation between the 
functional effects of all XRCC2 missense variants as found in the SCR assay in hamster cells and the predictions 
from in silico analysis by (A) PolyPhen-2, (B) SIFT and (C) AlignGVGD are shown. (D-F) As in A-C, except that the 
functional effects of XRCC2 variants on RAD51 foci formation in hamster cells were compared. (G-I) As in A-C, 
except that the functional effects of XRCC2 variants on HR in the DR-GFP assay in HEK293 cells were compared.
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Table  S1.  Primers used for PCR, site-directed mutagenesis and RT-qPCR
Description Forward primer Reverse primer

SDMa c.46 G>T GGACCGAGCTCCTTTCCCGACTTGAAGG CCTTCAAGTCGGGAAAGGAGCTCGGTCC

c.49C>T CCGAGCTCCTTGCCTGACTTGAAGGTAGAAG CTTCTACCTTCAAGTCAGGCAAGGAGCTCGG

c.140A>G GGTGATATTCTTGAATTTCGTGGCCCAGAAGGAACAGG CCTGTTCCTTCTGGGCCACGAAATTCAAGAATATCACC

c.181C>A CAGAAATGCTTTATCACATAACAGCACGATGTATACTTCCC GGGAAGTATACATCGTGCTGTTATGTGATAAAGCATTTCTG

c.223G>C CCAAATCAGAAGGTGGCCTGCAAGTAGAAGTCTTATTTATT AATAAATAAGACTTCTACTTGCAGGCCACCTTCTGATTTGG

c.247dup CCTGGAAGTAGAAGTCTTATTTATTGATAACAGATTACCACTTTGATATGCTCC GGAGCATATCAAAGTGGTAATCTGTTATCAATAAATAAGACTTCTACTTCCAGG

c.271C>T CCACTTTGATATGCTCTGGCTAGTTACAATTCTTGAGC GCTCAAGAATTGTAACTAGCCAGAGCATATCAAAGTGG

c.283A>C GCTCCGGCTAGTTACACTTCTTGAGCACAGACTATCCC GGGATAGTCTGTGCTCAAGAAGTGTAACTAGCCGGAGC

c.283A>G GCTCCGGCTAGTTACAGTTCTTGAGCACAGACTATCCC GGGATAGTCTGTGCTCAAGAACTGTAACTAGCCGGAGC

c.350delT TCAAATACTGCCTGGGAAGATTTTTTTGGTGTACTGCAGTAGTAGCA TGCTACTACTGCAGTACACCAAAAAAATCTTCCCAGGCAGTATTTGA

c.353T>C GCCTGGGAAGATTTTTTTTGGCGTACTGCAGTAGTAGCACCC GGGTGCTACTACTGCAGTACGCCAAAAAAAATCTTCCCAGGC

c.359G>A GGGAAGATTTTTTTTGGTGTACTACAGTAGTAGCACCCACTTAC GTAAGTGGGTGCTACTACTGTAGTACACCAAAAAAAATCTTCCC

c.398T>C CCCACTTACTTCTTACACTTTACTCACCAGAAAGTATGTTTTGTAGTCACCC GGGTGACTACAAAACATACTTTCTGGTGAGTAAAGTGTAAGAAGTAAGTGGG

c.490G>C CCGCGTCAATGGAGGACAAAGTGTGAACTTACAGG CCTGTAAGTTCACACTTTGTCCTCCATTGACGCGG

c.509A>C GGAGGAGAAAGTGTGAACTTACAGGCGTCTACTCTGAGG CCTCAGAGTAGACGCCTGTAAGTTCACACTTTCTCCTCC

c.562C>T GCTTGTAAATGACTATTGCCTGGTTCTTTTTGCAACGACAC GTGTCGTTGCAAAAAGAACCAGGCAATAGTCATTTACAAGC

c.563G>A GCTTGTAAATGACTATCACCTGGTTCTTTTTGCAACGACAC GTGTCGTTGCAAAAAGAACCAGGTGATAGTCATTTACAAGC

c.581C>T CGCCTGGTTCTTTTTGCAATGACACAAACTATAATGCAG CTGCATTATAGTTTGTGTCATTGCAAAAAGAACCAGGCG

c.595A>C GCAACGACACAAACTATACTGCAGAAAGCCTCGAGCTCA TGAGCTCGAGGCTTTCTGCAGTATAGTTTGTGTCGTTGC

c.620A>G GAAAGCCTCGAGCTCATCAGGAGAACCTTCTCATGCCTCTCG CGAGAGGCATGAGAAGGTTCTCCTGATGAGCTCGAGGCTTTC

c.643C>T AACCTTCTCATGCCTCTCGATGACTGTGTGATGTGGACATAG CTATGTCCACATCACACAGTCATCGAGAGGCATGAGAAGGTT

c.651_652delTG GCCTCTCGACGACTGTGATGTGGACATAG CTATGTCCACATCACAGTCGTCGAGAGGC

c.659A>T GCCTCTCGACGACTGTGTGATGTGGTCATAGACTACAGACC GGTCTGTAGTCTATGACCACATCACACAGTCGTCGAGAGGC

c.693G>T CAGTTGCTGACATGCCTTACAG CTGTAAGGCATGTCAGCAACTG

c.714G>C GGCAGCAACTGGTGAAGCACAGCATGTTTTTCTCC GGAGAAAAACATGCTGTGCTTCACCAGTTGCTGCC

c.742C>G GGATGTTTTTCTCCAAACAAGATGATTCTGAAAGCAGCAACC GGTTGCTGCTTTCAGAATCATCTTGTTTGGAGAAAAACATCC

c.772C>T ATTTTCATTAGTTTCATGTTGTTTAAAAAGTA TACTTTTTAAACAACATGAAACTAATGAAAAT

c.808T>G CTCCAATAATAACAAAATGTTTTTTTAAACTG CAGTTTAAAAAAACATTTTGTTATTATTGGAG

SDM  siRNA resistance GTTCTTTTCGCTACTACTCAGACAATTATGCAG CTGCATAATTGTCTGAGTAGTAGCGAAAAGAAC

SDM
siRNA 
res.b

c.562C>T GCTTGTAAATGACTATTGCCTGGTTCTTTTCGCTACTACTC GAGTAGTAGCGAAAAGAACCAGGCAATAGTCATTTACAAGC

c.563G>A GCTTGTAAATGACTATCACCTGGTTCTTTTCGCTACTACTC GAGTAGTAGCGAAAAGAACCAGGTGATAGTCATTTACAAGC

c.581C>T CGCCTGGTTCTTTTCGCTATGACTCAGACAATTATGCAG CTGCATAATTGTCTGAGTCATAGCGAAAAGAACCAGGCG

c.595A>C. GCTACTACTCAGACAATTCTGCAGAAAGCCTCGAGCTCA TGAGCTCGAGGCTTTCTGCAGAATTGTCTGAGTAGTAGC

mChrerry-XRCC2 c CACCATCGTGGAACAGTACG ACCTCTACAAATGTGGTATGGCTG

mChrerry-XRCC2 
siRNA res.c

CACCATCGTGGAACAGTACG GCCAAAAGACGGCAATATGGTG

mCherry-XRCC2-FLAG CTCAGATCTGCCGCCGCGATCGCCATG ATAGAATTCTTACTTGTCATCGTCGTCCTTGTAGTCACAAAATTCAACCCCAC

RT-
qPCR 

endo XRCC2d CGTCAATGGAGGAGAAAGTG TGCATTATAGTTTGTGTCGTTGC

cDNA XRCC2d CGCTACTACTCAGACAATTATGC ATCCTGTGCTTCACCAGTTG

a Site-directed mutagenesis (SDM). b Site-directed mutagenesis specific for the siRNA resistant mCherry-XRCC2 
construct. c Primers for the amplification of the mCherry-XRCC2 sequence in the mCherry-XRCC2 construct, 
used during site-directed mutagenesis and for verification of the presence of the desired variants and the lack 
of additional mutations with the help of Sanger sequencing. d RT-qPCR primers that either detect mRNA from 
the endogenous XRCC2 (endo) or siRNA-resistant XRCC2 cDNA (cDNA).
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Table S2. siRNAs

Target Sequence

XRCC2 5’-UUAUAGUUUGUGUCGUUGCAA-3’

Control  Universal Negative Control #1 (Sigma, SIC001)

Table S3. In silico predictions on splicing for all XRCC2 genetic variants 

DNA 
(NM_005431.1)

Protein 
(NP_005422.1)

Study Predicted 
effect on

In silico prediction by Splicing 
effect 

likely iSpliceSiteFinder
[0-100; Th. ≥ 70]

MaxEntScan
[0-12; Th. 
≥ 0]

NNSplice
[0-1; Th. ≥ 
0.4]

GeneSplicer
[0-15; Th. ≥ 0]

Human Splice 
Finder
[0-100; Th. ≥ 65]

c.46 G>T a p.Ala16Ser (5) Exon 2 
–c.40N

AS: 78.99 = 78.99 AS: 7.24 = 
7.24

AS: 0.41 
=> NI
(-100%)

AS: 6.42 => 
6.01 (-6.4%)

AS: 79.84 = 79.84 -

Exon 2 – 
c.59

AS: 71.70 => 77.3
(+7.8%)

AS: 5.33 => 
7.11
(+33.4)

AS: NI 
=> 0.47 
(+100%)

AS: 79.82 = 79.82 +

c.49C>T p.Arg17* (5) Exon 2 
–c.40N

AS: 87.99 = 78.99 AS: 7.24 = 
7.24

AS: 0.41 
=> 0.56
(+36.2%)

AS: 6.42 => 
6.04
(-5.9%)

AS: 79.84 = 79.84 -

Exon 2 – 
c.59

AS: 71.70 +> 74.98 
(+4.6%)

AS: 5.33 => 
5.82
(+9.4%)

AS: 79.82 => 
80.53
(+0.9%)

-

c.140A>G p.His47Arg (15) Exon 3 – 
c.122N

AS: 82.42 = 82.42 AS: 7.33 = 
7.33

4.1 = 4.1 86.84 = 86.84 -

Exon 3 – 
c.149

AS: 77.54 => 77.80 
(+0.3%)

AS: 2.5 => 
2.31
(-7.7%)

84.56 => 84.68 
(+0.1%)

-

Exon 3 – 
c.152

AS: NI => 0.17
(+100%)

76.13 => 76.32
(+0.2%)

-

c.181C>A p.Leu61Ile (5) Exon 3 – 
c.122N

AS: 82.42 = 82.42 AS: 7.33 = 
7.33

AS: 4.1 => 4.21
(+2.7%)

AS: 86.84 = 86.84 -

Exon 3 – 
c.188

AS: 79.67 => 76.18
(-4.4%)

AS: 5.95 => 
3.54
(-40.5%)

AS: 83.03 => 
80.45
(-3.1%)

-

c.223G>C p.Glu75Gln (15) Exon 3 – 
c.221

DS: NI => 75.43
(+100%)

-

Exon 3 – 
c.225

DS: NI => 66.58
(+100%)

-

Exon 3 – 
c.227

AS: 71.3 => 71.93
(+0.9%)

-

Exon 3 – 
c.230

AS: 69.94 => 
67.83
(+3.7%)

-

Exon 3 – 
c.233

65.46 => 67.83
(+3.6%)

-

c.247dup b p.Thr83fs - Exon 3 – 
c.251

AS: 83.89 => 83.23
(-0.8%)

AS: 4.83 
=> 5.0
(+3.5%)

AS: 0.54 
=> 0.51
(-5.3%)

AS: 86.47 => 
83.08
(-3.9%)

-

c.271C>T p.Arg91Trp (5) Exon 3- 
c.272

DS: 76.35 => 
76.81
(+0.6%)

-

Exon 3- 
c.278

AS: 3.43 => 
4.13
(+20.2%)

AS: 76.55 => 
76.13
(-0.5%)

-

c.283A>C c p.Ile95Leu (5) Exon 3 – 
c.292

AS: NI => 72.72
(+100%)

AS: 71.47 => 73.5
(+2.8%)

-

c.283A>G p.Ile95Val (5,15) Exon 3 – 
c.284

AS: NI => 81.75
(+100%)

-

Exon 3 – 
c.292

AS: 71.47 => 
71.59
(+0.2%)

-
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DNA 
(NM_005431.1)

Protein 
(NP_005422.1)

Study Predicted 
effect on

In silico prediction by Splicing 
effect 

likely iSpliceSiteFinder
[0-100; Th. ≥ 70]

MaxEntScan
[0-12; Th. 
≥ 0]

NNSplice
[0-1; Th. ≥ 
0.4]

GeneSplicer
[0-15; Th. ≥ 0]

Human Splice 
Finder
[0-100; Th. ≥ 65]

c.350delT 
p.Leu117fs (15) Exon 3- 

c.363
AS: 78.97 = 78.97 AS: 6.52 => 

5.74
(-11.9%)

AS: 81.2 = 81.2 -

Exon 3 – 
c.401

AS: 75.64 = 75.64 AS: 6.07 = 
6.07

AS: 3.25 => 
3.44
(+5.6%)

AS: 81.22 = 81.22 -

c.353T>C d p.Val118Ala (15) Exon 3- 
c.351

DS: 68.97 => NI 
(-100%)

-

Exon 3- 
c.363

AS: 78.97 => 75.68
(-4.2%)

AS: 6.52 => 
4.72
(-27.5%)

AS: 81.2 => 80.5 
(-0.9%)

-

Exon 3- 
c.401

AS: 75.64 = 75.64 AS: 6.07 =6.07 AS: 3.25 => 
2.85
(-12.5%)

-

c.359G>A p.Cys120Tyr (15) Exon 3 – 
c.363

AS: 78.97 = 78.97 AS: 6.52 => 
5.8
(-11.0%)

AS: NI => 
0.49 
(+100%)

AS: 81.2 => 81.27 
(+0.1%)

-

Exon3 – 
c.366

AS: 72.3 => 72.34
(+0.1%)

-

Exon 3- 
c.369

AS: 71.81 => 
71.69
(-0.2%)

-

Exon 3- 
c.401

AS: 75.64 = 75.64 AS: 6.07 = 
6.07

AS: 3.25 => 
3.42
(+5.0%)

AS: 81.22 = 81.22 -

c.398T>C p.Leu133Pro (15) Exon 3 – 
c.403

DS: 77.38 = 77.38 DS: 6.93 = 
6.93

DS: 0.53 
=> 0.8
(+50.4%)

DS: 79.66 = 79.66 -

Exon 3 – 
c.401

AS: 75.64 => 81.82 
(+8.2%)

AS: 6.07 => 
6.53
(+7.7%)

AS: 3.25 =>2.79 
(-14.4%)

AS: 81.22 => 
88.91 
(+9.5%)

-

Exon 3- 
c.405

AS: 72.35 => 
72.77
(+0.6%)

-

c.490G>C p.Glu164Gln (15) Exon 3- 
c.473

AS: 80.38 = 80.38 AS: 3.79 = 
3.79

AS: 0.62 
=> 0.57
(-7.5%)

AS: 77.04 = 77.04 -

Exon 3 – 
c.491

AS: 66.64 => NI 
(-100%)

-

Exon 3 – 
c.495

AS: NI => 65.73
(+100%)

-

Exon 3 – 
c.508

AS: 80.85 = 80.85 AS: 1.61 => 
3.34
(+107.7%)

AS: 85.96 = 85.96 -

c.509A>C p.Glu170Ala (15) Exon 3 – 
c.508

AS: 80.85 = 80.85 AS: 1.61 => 
1.58
(-1.6%)

AS: 85.96 => 
85.89
(-0.1%)

-

Exon 3 – 
c.511

AS: 69.22 => NI
(-100%)

-

Exon 3 – 
c.522

AS: NI => 71.6
(+100%)

AS: 80.25 = 80.25 -

c.562C>T p.Arg188Cys (15) - -

c.563G>A e p.Arg188His (5,15) - -

c.581C>T p.Thr194Met (15) Exon 3 – 
c.601

AS: 1.03 => 
2.34
(+127.3%)

AS: 80.46 = 80.46 -

c.595A>C p.Met199Ile (15) Exon 3 – 
c.601

AS: NI => 72.3
(+100%)

AS: 1.03 => 
2.45
(+137.8%)

AS: 80.46 => 
83.87
(+4.2%)

+

Exon 3 – 
c.605

AS: 68.36 => 
70.84
(+3.6%)

-
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DNA 
(NM_005431.1)

Protein 
(NP_005422.1)

Study Predicted 
effect on

In silico prediction by Splicing 
effect 

likely i
SpliceSiteFinder
[0-100; Th. ≥ 70]

MaxEntScan
[0-12; Th. 
≥ 0]

NNSplice
[0-1; Th. ≥ 
0.4]

GeneSplicer
[0-15; Th. ≥ 0]

Human Splice 
Finder
[0-100; Th. ≥ 65]

c.620A>G f p.Glu207Gly (15) Exon 3 – 
c.682

DS: 4.7 = 4.7 DS: 4.33 => 
4.35 (+0.7%)

DS: 80.47 = 80.47 -

Exon 3 – 
c.620

AS: 80.26 => 
83.39
(+3.9%)

-

Exon 3 – 
c.623

AS: 73.31 => 72.4
(-1.2%)

-

c.643C>T p.Arg215* (6) Exon 3 – 
c.682

DS: 4.7 = 4.7 DS: 4.33 => 
3.79
(-12.3%)

DS: 80.47 = 80.47 -

c.651_652delTG p.Cys217* (5) Exon 3 – 
c.647

DS: 71.13 => 
68.02
(-4.4%)

-

Exon 3 – 
c.649

DS: 66.88 => NI
(-100%)

-

Exon 3 – 
c.682

DS: 4.7 = 4.7
AS: 3.89 => 
2.75
(-29.1%)

DS: 4.33 => 
4.23
(-2.2%)

DS: 80.47 = 80.47 -

Exon 3 – 
c.665

AS: 3.89 => 
2.75
(-29.1%)

AS: 71.89 = 71.89 -

c.659A>T p. Asp220Val (15) Exon 3 – 
c.657

DS: NI => 73.81 
(+100%)

-

Exon 3 – 
c.682

DS: 4.7 = 4.7 DS: 4.33 => 
3.68
(-14.9%)

DS: 80.47 = 80.47 -

Exon 3 – 
c.665

AS: 3.89 => 
4.93
(+26.7%)

AS: 71.89 => 
74.65
(+3.8%)

-

c.693G>T p.Trp231Cys (5) Exon 3 – 
c.682

DS: 4.7 = 4.7 DS: 4.33 => 
2.94

DS: 80.47 = 80.47 -

Exon 3 – 
c.687

DS: 81.88 => 
89.67
(+9.5%)

-

Exon 3 – 
c.691

DS: NI => 71.72
(+100%)

DS: NI => 81.93
(+100%)

+

Exon 3 – 
c.697

AS: 74.15 => 
74.11
(-0.0%)

-

c.714G>C p.Arg238Ser (15) Exon 3 – 
c.682

DS: 4.7 = 4.7 DS: 4.33 => 
4.21
(-2.6%)

DS: 80.47 = 80.47 -

Exon 3 – 
c.714

AS: 79.2 => 75.04
(-5.3%)

-

Exon 3 – 
c.734

AS: 70.48 = 70.48 AS: 3.1 => 
3.88
(+25.3%)

AS: 74.9 = 74.9 -

c.742C>G g p.Gln248Glu (15) Exon 3 – 
c.682

DS: 4.7 = 4.7 DS: 4.33 => 
4.54
(+4.9%)

DS: 80.47 = 80.47 -

Exon 3 
–c.747

AS: 76.11 => 
73.38
(-3.6%)

-

Exon 3 – 
c.750

AS: 84.19 => 
81.65
(-3%)

-

c.772C>T p.Arg258Cys (15) Exon 3 – 
c.786

AS: NI => 70.24
(+100%)

AS: 2.36 => 
2.79
(+18.4%)

AS: 73.9 = 73.9 +
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DNA 
(NM_005431.1)

Protein 
(NP_005422.1)

Study Predicted 
effect on

In silico prediction by Splicing 
effect 

likely iSpliceSiteFinder
[0-100; Th. ≥ 70]

MaxEntScan
[0-12; Th. 
≥ 0]

NNSplice
[0-1; Th. ≥ 
0.4]

GeneSplicer
[0-15; Th. ≥ 0]

Human Splice 
Finder
[0-100; Th. ≥ 65]

c.808T>G h p.Phe270Val (5,15) Exon 3 – 
c.807

DS: NI => 65.06
(+100%)

-

Exon 3 – 
c.821

AS: 84.42 => 78.83
(-6.6%)

AS: 78.15 = 78.15 -

All non-synonymous coding XRCC2 variants from Park et al. (5) and Hilbers et al. (15) were selected for in silico 
analysis by SpliceSiteFinder, MaxEntScan, NNSplice, GeneSplicer and Human Splice Finder using the integrated 
Alamut software package. In addition, a variant described by Shamseldin et al. (2012), detected in a Fanconi 
Anemia case and a truncating variant, p.Thr83fs reported by Douglas Easton (personal communication) were 
analyzed. Nucleotide numbering uses +1 as the A of the ATG translation initiation codon in the reference 
sequence, with the initiation codon as codon 1. a rs4987090, b reported by Douglas Easton (personal 
communication), c rs140214637, d rs185815454, e rs3218536, f rs61762969, g rs190900560 h rs145085742. i a 
variation of more than 10 % in at least two algorithms was considered as having an effect on splicing (Théry et 
al., 2011). The scores indicate the values for splice donor (SD) or splice acceptor (SA) sites, respectively. Changes 
relative to wild-type sequences are indicated in %. Th. = threshold, NI = not identified.
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Abstract
Breast cancer risk is approximately twice as high in first-degree relatives of female breast 
cancer cases than in women in the general population. Less than half of this risk can be 
attributed to the currently known genetic risk factors. Recessive risk alleles represent a 
relatively underexplored explanation for the remainder of familial risk. To address this, 
we selected 19 non-BRCA1/2 breast cancer families in which at least three siblings were 
affected, while no first-degree relatives of the previous or following generation had breast 
cancer. Germline DNA from one of the siblings was subjected to exome sequencing, while 
all affected siblings were genotyped using SNP arrays in order to assess haplotype sharing 
and to calculate a polygenic risk score (PRS) based on 160 low risk variants. We found no 
convincing candidate recessive alleles among exome sequencing variants in genomic regions 
for which all three siblings shared two haplotypes. However, we found two families in which 
all affected siblings carried the CHEK2*1100delC. In addition, the average normalized PRS 
of the “recessive” family probands (0.81) was significantly higher than that in both general 
population cases (0.35, p=0.026) and controls (p=0.0004). These findings suggest that the 
familial aggregation is, at least in part, explained by a polygenic effect of common low risk 
variants and rarer intermediate risk variants, while we did not find evidence of a role for novel 
recessive risk alleles. 

Introduction
Breast cancer is the most common cancer in females in the Western world and has a complex 
etiology in which both genetic and environmental factors affect disease risk. Having a family 
member affected with the disease is one of the most important risk factors.1 Pathogenic 
variants in the two most well-known high risk breast cancer genes, BRCA1 and BRCA2, explain 
approximately 17% of the familial relative risk.2 In addition, a number of less frequently 
mutated high risk genes (e.g. TP53) and a number of genes in which pathogenic variants 
are associated with a more moderately increased risk (e.g. CHEK2) together explain another 
5%. Moreover, approximately 160 common polymorphisms have been associated with small 
increases in risk, which jointly explain about 18% of the excess familial risk.3 

Since the discovery of BRCA1 and BRCA2, several segregation studies have concluded 
that a polygenic model, or a model with a recessive allele would best explain the remaining 
familial risk.4–7 Genetic searches for new loci, while successful, have focused on detecting 
rare dominant high-risk alleles (by candidate gene re-sequencing) or common low risk 
variants. Systematic searches for recessive alleles have not been conducted, despite evidence 
suggesting that such alleles could play a role in the genetic etiology of breast cancer. For 
example, a large meta-analysis on familial breast cancer risk has shown that having a sister 
affected with breast cancer is associated with a stronger increase in risk than having a mother 
with breast cancer.8 In addition, an increased breast cancer risk has been reported in the 
offspring of consanguineous parents.9 Studies assessing regions of homozygosity in outbred 
populations have not shown more or larger regions of homozygosity in breast cancer cases, 
but some have suggested an increased frequency of homozygosity in specific genomic 
regions.10,11

We performed a small-scale search for recessive breast cancer risk alleles in families 
with at least three affected siblings and no other first or second-degree relatives with early 
onset breast cancer. The regions in which all affected siblings shared two haplotypes, as 
determined by low-density SNP arrays, were identified and used to filter the exome sequence 
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data that was generated for one of the siblings. This approach significantly reduces the number 
of potentially interesting variants, allowing for less stringent filters on allele frequency and 
hence fewer assumptions about the characteristics of a novel breast cancer risk-associated 
variant. In addition, we calculated a polygenic risk score based on 160 known breast cancer 
risk-associated polymorphisms and assessed the contribution of exonic variants in known 
breast cancer susceptibility genes that were predicted to be damaging by in silico prediction 
algorithms. 

Methods

Selection of Families
Families were ascertained through the clinical genetics centers of two Dutch hospitals, 
the Leiden University Medical Center (LUMC) and the Netherlands Cancer institute Antoni 
van Leeuwenhoek hospital (NKI-AvL) and from a previously described set of breast cancer 
families collected throughout the Netherlands.12 We enriched for families with a presumed 
recessive mode of inheritance by selecting families in which at least three siblings were 
affected with breast cancer at any age. Sib-ships that had first-degree relatives with breast 
cancer in the previous or following generation were excluded, as were families with second 
degree relatives with breast cancer diagnosed before age 50. DNA from blood lymphocytes 
had to be available for at least two affected siblings. Availability of DNA samples from parents 
or other family members was not a selection criterion. In every family at least one affected 
individual had been extensively tested according to local testing standards for pathogenic 
variants in BRCA1 and BRCA2, and all families with a pathogenic variant or variant of uncertain 
significance in BRCA1 or BRCA2 were excluded. 

Haplotype analysis
We genotyped all available DNA samples from the affected siblings using the HumanLinkage 
V Panel from Illumina. Sample preparation was done according to the manufacturer’s protocol 
(Rev. B October 2010). Samples were hybridized to GoldenGate Universal-32 BeadChip 
(Illumina) and chips were scanned using a Bead Array Reader (Illumina). The GenomeStudio 
software (version 2011.1, Illumina) was used to call genotypes. We used Merlin (v1.12) to 
calculate, for each sib pair and marker position, the probability that at this position the sib pair 
shared zero, one or two alleles identical by decent (IBD).13 On average a sib pair is expected 
to share two haplotypes in 25% of their genomes. To decrease the chance of false-negative 
regions, we set a probability cut-off such that for all sib pairs at least 25% of the markers were 
selected as sharing two alleles IBD (cut-off: p >0.05). We then selected all positions in which 
all siblings shared two alleles IBD or, for the analysis allowing for one phenocopy, all positions 
in which all but one sib shared two alleles IBD. These positions were converted into a BED file 
describing the regions IBD for both haplotypes. Each of these regions started one base pair 
after the last upstream position for which the affected siblings did not share two alleles IBD 
and ran until one base pair before the first downstream position for which they did not share 
two alleles IBD. 

Exome sequencing and analysis
From each family one affected individual was selected for exome sequencing of germline 
DNA. In most instances this was the individual with the youngest age of diagnosis; however 
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in two families another individual was selected due to limited availability of DNA. Samples 
were prepared using Illumina’s Paired-End Library Preparation Kit, after which the coding 
regions of the genome were captured using SeqCap EZ Exome v3.0 (Nimblegen). Sequencing 
was done on a HiSeq 2000 (Illumina), generating 2x100 base pair reads. We used GATK for 
indel realignment, base recalibration and finally variant calling using Haplotypecaller.14 These 
analyses were done according to the GATK best practices guidelines for DNA sequencing 
analysis. A detailed description of the settings and version numbers of the used software is 
given in the supplementary methods.

Figure 1. Strategy for the identification of recessively predisposing genetic variants
This overview presents our strategy for exome variant filtering in order to detect potential new breast cancer 
risk alleles with a recessive mode of inheritance.  

Variant filtering and validation
Figure 1 outlines our strategy for identifying recessively predisposing genetic variants in the 
affected sib ships. We first selected, for each individual, variants in regions in which they shared 
two haplotypes IBD with their siblings, using the family-specific BED files. We then annotated 
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the variants using Seattleseq (138, v9.03).15 Next, we selected all stop-gained, frameshift and 
canonical splice site variants. These predicted protein-truncating variants (PTV) could be 
either heterozygous or homozygous. We removed variants with an allele frequency >10% in 
either the exome variant server, Hapmap, 1000 genomes, ExAC or Genome of the Netherlands 
(GoNL) data.16–20 In addition, we removed all variants with an allele frequency of >30% in our 
own dataset, since these are likely to be experiment-specific artefacts. All remaining variants 
were manually inspected in the Integrative Genomics Viewer (IGV; v2.3.34) in order to remove 
any clear misalignments or other calling errors.21 In the genes in which a heterozygous 
potential PTV was found, we searched for a “second hit”, defined as either another potential 
PTV or a missense variant, satisfying the same frequency cut-off. When two (or more) “hits” 
in a gene were identified, these variants were validated using Sanger sequencing. Primer 
sequences are available upon request.

We also considered a scenario in which two missense changes in a gene on two 
haplotypes could cause a recessive inheritance (i.e., either homozygous or compound 
heterozygous). For this, we selected all missense changes in the regions specified by the 
BED files, with allele frequencies <1% and in silico annotations suggestive of deleteriousness 
(PolyPhen score > 0.7; Grantham score >75).

Variants in known and suspected breast cancer genes
We examined a set of 35 known and suspected breast cancer susceptibility genes (derived 
from commercially available multigene panels, Supplementary Table 1) for genetic variants 
regardless of haplotype sharing. The genes were assigned into 4 categories, based on the 
level of evidence for being associated with breast cancer risk (strong to unlikely); a separate 
category consisted of “syndromic” genes, in which variants have been associated with a range 
of cancers typical of certain familial cancer syndromes (TP53, CDH1, PTEN). PTVs in level 1/2 
genes were filtered on allele frequency in the general population (exome variant server, 
Hapmap, 1000 genomes or GoNL) with a cut-off of 0.1% for the high-risk genes (BRCA1, BRCA2, 
PALB2, TP53, PTEN and CDH1) and 2% for the moderate risk genes (ATM, CHEK2), allowing for 
the observation that some PTVs in moderate risk genes (such as the c.1100delC in CHEK2) 
occur at >0.5% allele frequencies in some populations. All missense variants in the 35 genes 
were selected if their allele frequency in the general population was <2% and they had either 
a CADD22 score > 20 or were found in one of the level 1/2 genes. All selected variants were 
inspected manually in the IGV to remove misalignments. Variants that were both rare and not 
likely to result from a misalignment were then validated using Sanger sequencing. 

Validation of potential recessive risk alleles
In order to further assess the association of selected variants with recessive breast cancer, we 
selected a set of 111 women diagnosed with breast cancer 35 or younger, through the clinical 
genetics center of the LUMC. 

Polygenic risk score analysis
All affected sibs for whom DNA was available were genotyped using one of two SNP arrays 
partly designed to study SNPs associated with breast cancer risk: the iCOGs array and the 
OncoArray. In order to calculate polygenic risk scores, we selected all independent SNPs 
shown to be significantly (p<5x10-8) associated with overall breast cancer by the Breast 
Cancer Association Consortium (BCAC), the largest case-control study to date.23 The selected 
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SNPs and respective ORs are shown in Supplementary Table 2. A small number of known low 
risk variants were not included on the arrays. These variants were imputed with the help of 
IMPUTE2 based on the genome of the Netherlands (GoNL release 5.3) and 1000 genomes 
(Phase 3) data (see supplementary methods).18,19,24 Polygenic risk scores were calculated using:

Where nij is the number of risk alleles (0,1 or 2) SNP i carried by individual j and ORi is the 
per-allele odds ratio associated with SNP i (derived from 23, see Supplementary Table 2). 
We compared the PRS of the family probands (the same individuals subjected to exome 
sequencing) with 357 sporadic cases and 327 age-matched controls from the ORIGO study.25 
These individuals were genotyped using the iCOGS array and imputed in the same way as 
the familial cases. The PRS was normalized based on the mean and standard deviation of the 
ORIGO controls so that one unit in PRS corresponded to one standard deviation. The odds 
ratio per unit standard deviation of the PRS was obtained via univariate logistic regression 
within the ORIGO population. The null hypothesis of there not being a true difference in mean 
PRS between the “recessive” family probands, population cases and population controls was 
tested using a Welch two sample t-test. All analyses were performed using R version 3.4.1.

All individuals provided informed consent and approval of the medical ethical committee at 
the LUMC was obtained.

Results

Selected families and haplotype analysis
Nineteen families were selected for analysis (Supplementary Figure 1). Samples were 
available from two affected siblings for 3 families, three affected siblings for 14 families and 
four affected siblings for 2 families. The average age at diagnosis of first primary breast cancer 
was 49.9. One family included a male breast cancer patient diagnosed at age 65. The “two 
haplotypes shared IBD” regions for each family covered on average 31.6%, 10.1% and 2.9% 
of the genome for families with two, three or four DNA samples available respectively. This is 
slightly higher than predicted proportions (25%, 6.25% and 1.6% respectively), but this was 
expected given our conservative IBD probability cut-off (see methods).

Exome sequencing
Exome sequencing of one affected individual per family achieved 51x average on target 
coverage and detected on average 28,724 variants per individual. After filtering these 
variants based on the family-specific haplotype sharing regions, an average of 10,775 
(37.5%), 3,222 (11.2%) and 734 (2.6%) variants remained in families with two, three or four 
individuals genotyped respectively. We first focused on variants that were predicted to result 
in a truncated protein. When a heterozygous protein-truncating variant (PTV) was found, we 
assessed the gene for a second hit which could also be a missense variant (Table 1).

	 We originally set the PTV allele frequency cut-off relatively high (<10%) to allow for 
the possibility of a single variant that was homozygous in multiple families. No such variants 
were detected in our dataset, but we did find six genes with two or more heterozygous 
positions in six different families. For compound heterozygotes, we assumed that the allele 
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frequency of a potentially causal variant was lower (<2%), rendering the variants in TLR5, 
TRPM1, UNC93A, PLXNB3 and CCHCR1 unlikely candidates. In the remaining gene, PDIA2, we 
identified a PTV p.R148* and a missense variant p.R473Q, shared IBD in one family. PDIA2 
encodes an oxidoreductase involved in protein folding and specifically expressed in the 
pancreas.26–28 In addition, it binds estrogen (specifically 17β-estradiol) and might buffer the 
local estrogen levels in the pancreas.29 In order to further examine the possibility that variants 
in PDIA2 are associated with breast cancer, we genotyped a set of 111 patients diagnosed 
with breast cancer before the age of 35 for the two variants detected in family RF1. The PTV 
p.R148* was not observed, while the missense variant p.R473Q was detected twice (0.9%). 
The allele frequency of 1.3% in the Genome of the Netherlands, also suggests that this variant 
is not associated with breast cancer.19 

	 A similar filter for missense variants revealed two rare homozygous missense 
variants, SERINC2 p.R126W in family RF4 and ZNF717 p.H63L in family RF7 (Supplementary 
table 3). SERINC2 regulates lipid biosynthesis and incorporates serine into membrane lipids, 
while the function of ZNF71 is unknown. The CADD scores for both variants were <20. Based 
on this, neither variant was considered as a serious candidate for follow-up studies. 

Table 1: rare protein-truncating and missense variants found in the regions where the sibships share two 

haplotypes 

Family Gene Variant 
(coding 
DNA)

Variant 
(protein)

Rs-number Co-
segregationa

Frequency 
in GoNLb

RF1 PDIA2 c.442C>T p.R148* rs370453080 2/3 0%

c.1418G>A p.R473Q rs116969376 3/3 1.3%

RF4 TLR5 c.1174C>T p.R392* rs5744168 3/3 6.5%

c.541C>A p.Q181K rs45528236 3/3 6.5%

RF6 TRPM1 c.4240G>T p.E1414* rs3784589 2/3 4.9%

c.1930G>A p.V644M rs17815774 3/3 4.7%

RF13 UNC93A c.625+1G>C p.? rs113906647 1/3 3.3%

c.1159T>C p.Y387H rs663227 1/3 0.7%

RF14 PLXNB3 c.1629+2C>T p.? - 1/3 0%

c.4787T>A p.V1596E rs146832392 3/3 6.0%

RF17 CCHCR1 c.121G>T p.E41* rs72856718 3/3 9.6%

c.2147G>A p.R716Q rs130072 3/3 9.6%

c.803T>A p.L268Q rs11540822 3/3 9.6%

aIndicates the number of siblings carrying the allele out of the total number do siblings from this family tested. 
b Frequency in Genome of the Netherlands: genome sequences of  998 independent Dutch individuals.22 
Accession numbers for the transcripts and protein sequences used to describe the variants: PDIA2: 
NM_006849.2, NP_006840.2; TLR5: NM_003268.5, NP_003259.2; TRPM: NM_001252020.1, NP_001238949.1; 
UNC93A: NM_018974.3, NP_061847.2; PLXNB3: NM_005393.2, NP_005384.2; CCHCR1: NM_001105564.1, 

NP_001099034.1.

Analyses allowing for one phenocopy
Since breast cancer is a common disease, there is a high probability that a case in a family is 
not genetic (i.e., a phenocopy). Therefore, we assessed the regions of the genome where only 
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two out of three (or three out of four) affected sisters share two haplotypes. PTVs obtained in 
this way were then filtered as in the previous analysis (see Table 2). Again, most variants were 
relatively common, but did not occur in multiple families. The only gene in which variants are 
rare enough to be a possible candidate was SLC26A10, with variants c.1206G>A (p.W402*) 
and c.1247T>G (p.L416R) found in family RF2. Both variants were shared by two of the three 
affected sisters. However, in GoNL, both variants were present in the same 7 individuals and 
predicted to be on the same haplotype, excluding the possibility of compound heterozygosity. 
SCL26A10 has no known function and has been suggested to be an imprinted, maternally 
expressed, pseudogene.30,31

Table 2: Rare protein-truncating and missense variants found in the regions where the sibships share two 
haplotypes, allowing for one phenocopy

Family Gene Variant 
(coding DNA)

Variant 
(protein)

Rs-number Co-
segregationa

Frequency 
in GoNLb

RF2 ZAN c.1249+1G>A p.? rs117406702 3/3 3.8%

c.8132C>T p.P2711L rs201771583 3/3 0

SLC26A10 c.1206G>A p.W402* rs113207856 2/3 0.7%

c.1247T>G p.L416R rs111924104 2/3 0.7%

RF6 CCHCR1 c.121G>T p.E41* rs72856718 1/3 9.6%

c.803T>C p.L232Q rs11540822 1/3 9.6%

RF8 PLA2G4C c.893delC p.P298fs rs11564598 3/3 2.9%

c.452C>T p.P151L rs11564538 1/3 5.0%

RF14 PKHD1L1 c.7246+1G>C p.? rs17368310 3/3 4.5%

c.10310A>G p.D3437G rs118053060 2/3 2.5%

aIndicates the number of siblings carrying the allele out of the total number do siblings from this family tested. 
b Frequency in Genome of the Netherlands: genome sequences of  998 independent Dutch individuals.22 

Accession numbers for the transcripts and protein sequences used to describe the variants: ZAN: NM_003386.2, 
NP_003377.2; SLC26A10: NM_133489.2, NP_597996.2; CCHCR1: NM_001105564.1, NP_001099034.1; PLA2G4C, 
NM_003706.2, NP_003697.2; PKHD1L1: NM_177531.4, NP_803875.2.

Known and suspected moderate and high-risk genes
We next examined 35 genes in which PTVs have been demonstrated or suspected to be 
associated with breast cancer risk (Table 3 and Supplementary Table 1). We found two rare 
missense variants in known high-risk genes, one in PALB2 and one in BRCA2. ClinVar lists the 
variant in PALB2 as benign, the one in BRCA2 as variant of uncertain significance (VUS). Family 
RF17 was included in our study as being non-BRCA1/2 because the sister not carrying the 
missense variant was the one tested in the clinical setting. No studies on the functional effects 
of this variant have been published to date, but the CADD score of 35 indicates that it might 
affect protein function. Therefore, it is possible that this family harbors a pathogenic BRCA2 
variant.

The c.1100delC pathogenic variant in CHEK2, associated with an odds ratio (OR) of 
approximately 2.3,32 was found in all affected individuals of families  RF4 and RF8, with all 
individuals being heterozygous. We found several missense variants in the (suspected) 
moderate-risk genes ATM, CHEK2 and RAD51C. The effect of missense changes in ATM and 
CHEK2 on breast cancer risk is, besides a few specific examples, largely uncertain.33–35 None of 
the variants listed in Table 3 belong to any of these exceptions, but some do have CADD scores 
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>20 suggestive of pathogenicity. Two other variants have previously been associated with 
breast cancer risk, although association data have been conflicting. ATM c.146C>G (p.S49C) 
was detected in families RF6 and RF20; its associated breast cancer risk is unlikely to be larger 
than 1.5.34,36,37 Likewise, conflicting results were obtained for the breast and/or ovarian cancer 
risk of RAD51C c.790G>A (p.G264S) in families RF8 and RF19.38 The contribution of these 
variants to breast cancer susceptibility, if any, is therefore uncertain.

Table 3: Rare genetic variant in known and suspected breast cancer genes

Gene Family Variant 
(coding 
DNA)

Variant 
(protein) 

Rs-number Co-segregationa Frequencyb

ATM RF6 c.146C>G p.S49C rs1800054 2/3 1.7%

ATM RF7 c.2531G>A p.G844E rs587781808 2/3 0.002%

ATM RF10 c.2991A>G p.(=) rs1203368496 3/3 0

ATM RF18 c.584C>T p.T195I rs1196611507 2/3 -

ATM RF20 c.146C>G p.S49C rs1800054 3/3 1.7%

BRCA2 RF17 c.8290G>A p.A2764T rs786202189 2/3 -

CDH1 RF21 c.1689C>T p.(=) rs587780786 2/2 0.007%

CHEK2 RF4 c.1100delC p.T367fs rs555607708  3/3 1%

CHEK2 RF8 c.1100delC p.T367fs rs555607708  3/3 1%

CHEK2 RF14 c.556A>C p.N186H rs146198085 1/3 0.01%

PALB2 RF20 c.150A>T p.K50N - 1/2 -

RAD51C RF8 c.790G>A p.G264S rs147241704 3/3 0.3%

RAD51C RF19 c.790G>A p.G264S rs147241704 1/2 0.3%
a Indicates the number of siblings carrying the allele out of the total number do siblings from this family 
tested. b Highest frequency in either ESP, ExAc, gnomAD, or GoNL; - if no entry listed; Accession numbers for 
the transcripts and protein sequences used to describe the variants: ATM: NM_000051.3, NP_000042.3; BRCA1: 
NM_007294.3, NP_009225.1; BRCA2: NM_000059.3, NP_000050.2; CDH1: NM_004360.3, NP_004351.1; CHEK2: 
NM_007194.3, NP_009125.1; PALB2: NM_024675.3, NP_078951.2; RAD51C: NM_058216.2, NP_478123.1.

  Polygenic risk score analysis
Over 160 independent common SNPs have been found to be convincingly associated with 
breast cancer and can be combined into a PRS (23; Supplementary Table 2). To examine the 
effect of the PRS on the breast cancer cases in our families, we genotyped or imputed these 
SNPs for all individuals from whom DNA was available. The PRS was normalized such that the 
mean and standard deviation of the population controls were 0 and 1 respectively. Figure 
2 shows the difference in distribution between our familial cases and a set of population 
cases and controls, clearly showing a strong skewing towards PRS >0 for the familial cases. 
The odds ratio per unit standard deviation of the PRS was 1.46. The average PRS of all the 
affected siblings in the families was 0.63, corresponding to an odds ratio (OR) of 1.27. The 
average score of the family probands (0.81, OR 1.36) was significantly higher than that in both 
population cases (0.35, OR 1.14, p = 0.026) and controls (p = 0.0004). 
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Discussion
In this study we assessed whether breast cancer in families with at least three affected siblings, 
can be explained by a susceptibility gene with a recessive mode of inheritance. After a 
haplotype-guided exome analysis, we identified no homozygous or compound-heterozygous 
variants that were likely to explain the clustering of breast cancers in the selected families. 
We did identify two families in which all affected individuals carry the known moderate risk 
variant CHEK2*1100delC. Furthermore, we showed that on average, the affected women in 
these families had significantly higher PRS than both sporadic cases and population controls. 
Together, these results indicate that our selection criteria enrich for these factors and suggest 
that, rather than being caused by a single highly penetrant variant, increased breast cancer 
risk in some of these families may be due to the combined effect of multiple rare and common 
genetic variants with varying effect-sizes, and perhaps other non-genetic risk factors as well.

Due to a few limitations of our study we cannot completely rule out that some of our 
families are nonetheless explained by recessive risk alleles. First, some of the variants we 

Figure 2. PRS scores for recessive families compared to population cases and controls
The blue and red line represents the density plot of PRS for population controls and cases, respectively. Colored 
circles at the ordinate each represent one individual from the 19 investigated families, circles with the same 
color belong to the same family. Circles with a blue star represent carriers of the CHEK2 c.1100delC variant.The 
dotted lines represent the mean PRS for the population controls and familial cases.
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identified (e.g. PDIA2 p.R148*) are so rare in the general population that they would require 
very large case-control populations to assess their association with breast cancer. As they 
grow in size, publicly available reference datasets and databases in which variants in potential 
disease-associated genes can be reported are becoming very valuable for this purpose. 
Secondly, a recessive risk allele might be located outside the protein coding regions of the 
genome and thus not be captured by an exome sequencing approach. Moreover, structural 
variation, affecting more than a few base pairs, is mostly undetectable with the methods used 
in this study. Whole genome sequencing would identify these, but their mostly poor genomic 
annotation will make their filtering for follow-up analyses very hard. 

Thirdly, our family selection has led to many sibships that could also be explained 
by a dominant allele with incomplete penetrance. While our study design had advantages 
for the variant filtering, there are alternative ways to enrich for recessive alleles, such as 
population-based sib pairs, or early-onset cases with unaffected parents. Such studies haven’t 
yet been published for breast cancer but would probably also suffer from severe genetic 
model heterogeneity. Thus, the existence of recessive breast cancer alleles remains possible, 
although it is remarkable in this regard, that only a handful of the >160 common breast 
cancer loci derived from  population-based genome-wide association studies affect risk in a 
recessive mode, rather than in a co-dominant way.25 

Nonetheless, our results are in agreement with previous exome sequencing studies in 
non-BRCA1/2 familial breast cancer cases. Although more than twenty such studies have been 
published, only two new breast cancer genes suggested by these studies were replicated 
independently: FANCM and RECQL.39–42 Most of these studies, however, reported pathogenic 
variants in known moderate risk genes. Studies employing gene panel sequencing in a large 
numbers of familial breast cancer cases suggest that approximately 4% carry a pathogenic or 
likely pathogenic variant in a breast cancer gene other than BRCA1 or BRCA2.43–45 We found two 
index cases carrying the CHEK2*1100delC pathogenic variant (consistent with high frequency 
of this variant in the Dutch population), and four possibly pathogenic variants in other 
susceptibility genes. At least for CHEK2*1100delC it has been shown that the risk associated 
with this pathogenic variant and the risk associated with a PRS combine  multiplicatively.46 
With regard to the common low risk variants, our results are consistent with studies which 
have found that non-BRCA1/2 familial breast cancer cases have a higher PRS than both cases 
from the general population and cases who carry a BRCA1 or BRCA2 pathogenic variant.47–50 
Whether the prevalence of rare missense variants in the known breast cancer genes we 
observed in our families is causally linked to breast cancer, will need very large case-control 
studies to substantiate further.

	 The enrichment of moderate and low risk alleles among the cases of at least part 
of the families in our study adds to a growing body of evidence on the importance of this 
type of risk alleles in causing familial breast cancer. Multigene panel sequencing has rendered 
the detection of rare variation in known risk genes standard clinical genetic practice, but 
the genotyping of the many common low risk alleles is not yet routinely performed in this 
setting. Nonetheless, the risks associated with the PRS and the likely multiplicative way in 
which it combines with those of pathogenic variants in moderate risk genes argue for a more 
comprehensive approach to genetic testing and counseling. This calls for the development 
of integrative risk prediction models, including the effect of mammographic density, lifestyle 
and environmental risk factors.  
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Supplementary Methods 

Exome sequencing read alignment and variant calling
Analysis of the sequence data was performed within the in-house pipeline framework 
Biopet  (version 0.1.3)[1]. First, raw reads were trimmed based on quality using Sickle (version 
1.200)[2] and adapter sequences were removed with the help of Cutadapt (version 1.1)[3]. 
Afterwards, the quality of the reads was assessed using Fastqc (version 0.10.1)[4]. The reads 
were then aligned to the human reference genome (hg19) with the help of BWA (version 
0.7.8-r455)[5]. After alignment Picard (version 1.109.1722)[6] was used to sort the bam files 
and to mark duplicate reads. Using GATK (version 3.1-1-gcfc45fd)[7] we applied base quality 
score recalibration, indel realignment, called variants using HaplotypeCaller and recalibrated 
variant quality scores using Hapmap, Omni, 1000G and dbSNP for single nucleotide variants 
and Mills and dbSNP for indels (datasets as provided in gatk_bundle_2.5). Next, variants in 
the regions described in the family-specific BED files were selected using vcftools (v1.12b)[8].

Imputation of SNP array data for PRS calculation
Imputation was performed (without pre-phasing) with IMPUTE2 (version 2.3.2)[9] using both 
1000G (phase 3 b37 haplotypes)[10] and GoNL (release5.3, imputation ready haplotypes)[11] 
as a reference. We imputed a region of 1Mb around every SNP of interest with a buffer of 
500 kb. We set “k” to 200 and “k_hap” to 2000  and 998, for 1000G and GoNL respectively. 
Before imputation the reference panels were merged” using the “merge_ref_panels” option. 
The “effective size" of the population (Ne) was set to 20000. To replicate this analysis use “seed” 
8256245.
 
Supplementary Table 1 Classification of genes according to level of evidence that protein-truncating variants 
in these genes are associated with breast cancer

Evidence levela Genes

1. Strong ATM, BRCA1, BRCA2, CHEK2, PALB2

2. Syndromic CDH1, PTEN, TP53

3. Likely BARD1, BRIP1, FANCC, FANCM, NF1, RAD51C, RAD51D

4. Suggestive AKT1, MEN1, MSH6, NBN, PIK3CA, RECQL, STK11

5. Unlikely ATR, EPCAM, FAM175A, GEN1, MLH1, MRE11A, MSH2, MUTYH, PMS2, PPM1D, 
RAD50, RINT1, XRCC2

a 1: association has been demonstrated in multiple publications; 2: familial cancer syndromes in which breast 
cancer is a linked feature; 3: some controversy among studies, but meta-analyses positive; 4: a few positive 
studies, but no firm replication yet; 5: anecdotal evidence, or studies controversial

Supplementary Table 2 Overview of the SNPs included in the polygenic risk score

SNP Ref Alt ORa Betab

rs616488 A G 0.94 -0.06

rs2992756 T C 0.94 -0.06

rs4233486 C T 1.03 0.03

rs79724016 T G 0.93 -0.07

rs1707302 A G 1.04 0.04

rs140850326 Del Ins 0.97 -0.03
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SNP Ref Alt ORa Betab

rs17426269 G A 1.05 0.05

rs12022378 C T 1.04 0.04

rs7529522 T C 1.06 0.06

rs11249433 A G 1.11 0.10

rs12405132 C T 0.97 -0.03

rs12048493 A C 1.04 0.04

rs4971059 G A 1.05 0.05

rs35383942 C T 1.12 0.11

rs11117758 G A 0.95 -0.05

rs72755295 A G 1.15 0.14

rs113577745 C G 1.08 0.08

rs12710696 T C 0.97 -0.03

rs6725517 A G 0.96 -0.04

rs3833441 Del Ins 1.09 0.09

rs4849887 T C 1.10 0.09

rs2016394 G A 0.95 -0.05

rs1550623 G A 1.05 0.05

rs1830298 C T 0.94 -0.06

rs34005590 C A 0.82 -0.20

rs4442975 G T 0.89 -0.12

rs16857609 C T 1.06 0.06

rs12479355 A G 0.96 -0.04

rs6762644 A G 1.05 0.05

rs4973768 C T 1.11 0.10

rs12493607 G C 1.05 0.05

rs6796502 G A 0.92 -0.08

rs1053338 A G 1.05 0.05

rs6805189 T C 0.97 -0.03

rs13066793 A G 0.94 -0.06

rs9833888 G T 1.06 0.06

rs34207738 Del Ins 1.06 0.06

rs58058861 G A 1.06 0.06

rs6815814 A C 1.06 0.06

rs10718573 Ins Del 0.96 -0.04

rs10022462 C T 1.04 0.04

rs9790517 C T 1.04 0.04

rs77528541 G T 0.95 -0.05

rs6828523 C A 0.91 -0.09

rs116095464 T C 1.06 0.06
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SNP Ref Alt ORa Betab

rs3215401 Del Ins 0.93 -0.07

rs10069690 C T 1.06 0.06

rs2012709 C T 1.02 0.02

rs10941679 A G 1.15 0.14

rs62355902 A T 1.18 0.17

rs10472076 T C 1.03 0.03

rs1353747 T G 0.96 -0.04

rs72749841 T C 0.93 -0.07

rs35951924 Del Ins 0.95 -0.05

rs7707921 T A 1.06 0.06

rs10474352 C T 0.94 -0.06

rs6882649 G T 1.03 0.03

rs6596100 C T 0.94 -0.06

rs1432679 C T 0.93 -0.08

rs4562056 G T 1.05 0.05

rs204247 G A 0.96 -0.04

rs3819405 C T 0.96 -0.04

rs2223621 T C 0.96 -0.04

rs71557345 G A 0.92 -0.08

rs17529111 T C 1.02 0.02

rs12207986 G A 1.03 0.03

rs3757322 T G 1.08 0.08

rs9397437 G A 1.17 0.16

rs2747652 T C 1.06 0.06

rs6569648 C T 1.06 0.06

rs7971 A G 0.96 -0.04

rs17156577 T C 1.05 0.05

rs6964587 G T 1.03 0.03

rs17268829 T C 1.05 0.05

rs71559437 G A 0.93 -0.07

rs4593472 C T 0.97 -0.03

rs11977670 G A 1.06 0.06

rs720475 G A 0.96 -0.04

rs9693444 A C 0.94 -0.06

rs13365225 A G 0.91 -0.09

rs6472903 G T 1.06 0.06

rs2943559 A G 1.10 0.10

rs514192 A T 0.95 -0.05

rs12546444 A T 0.93 -0.07
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SNP Ref Alt ORa Betab

rs13267382 A G 0.97 -0.03

rs58847541 G A 1.08 0.08

rs13281615 A G 1.11 0.10

rs11780156 C T 1.05 0.05

rs1011970 G T 1.07 0.07

rs10759243 C A 1.06 0.06

rs676256 C T 1.10 0.09

rs10816625 A G 1.11 0.10

rs13294895 C T 1.06 0.06

rs1895062 A G 0.94 -0.06

rs10760444 G A 0.97 -0.03

chr9:136151579 Ins Del 1.03 0.03

rs67958007 Ins Del 1.09 0.09

rs7072776 A G 0.95 -0.05

rs11814448 A C 1.12 0.11

rs10995201 A G 0.90 -0.11

rs704010 T C 0.93 -0.07

rs140936696 Ins Del 0.96 -0.04

rs7904519 A G 1.03 0.03

rs11199914 C T 0.96 -0.04

rs35054928 Ins Del 0.79 -0.24

rs45631563 A T 1.23 0.21

rs2981578 C T 0.81 -0.21

rs3817198 T C 1.05 0.05

rs6597981 A G 1.04 0.04

rs3903072 G T 0.97 -0.03

rs554219 C G 1.21 0.19

chr11:69088342 C A 1.28 0.25

rs11820646 T C 1.04 0.04

rs12422552 G C 1.06 0.06

rs7297051 C T 0.89 -0.12

rs202049448 T C 0.95 -0.05

rs17356907 A G 0.91 -0.09

rs1292011 A G 0.92 -0.08

rs206966 C T 1.05 0.05

rs11571833 A T 1.35 0.30

rs6562760 A G 1.05 0.05

rs2236007 G A 0.93 -0.07

rs2588809 T C 0.94 -0.06
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SNP Ref Alt ORa Betab

rs999737 C T 0.91 -0.09

rs941764 A G 1.03 0.03

rs11627032 T C 0.96 -0.04

rs10623258 Del Ins 1.04 0.04

rs2290203 G A 0.94 -0.06

rs4784227 C T 1.23 0.21

rs17817449 T G 0.95 -0.05

rs11075995 A T 0.97 -0.03

rs28539243 G A 1.05 0.05

rs2432539 A G 0.97 -0.03

rs13329835 A G 1.07 0.07

rs4496150 C A 0.96 -0.04

rs146699004 Ins Del 0.97 -0.03

rs72826962 C T 1.20 0.18

chr17:44252468 G A 0.95 -0.05

rs2787486 A C 0.93 -0.07

rs745570 A G 1.05 0.05

rs527616 C G 1.03 0.03

rs1436904 T G 0.95 -0.05

rs117618124 T C 0.89 -0.12

rs6507583 A G 0.92 -0.08

rs78269692 T C 1.09 0.09

rs2594714 G A 0.97 -0.03

rs2965183 G A 1.04 0.04

chr19:17262404 C G 1.03 0.03

rs4808801 A G 0.93 -0.07

rs71338792 Del Ins 1.05 0.05

rs3760982 A G 0.95 -0.05

rs16991615 G A 1.10 0.10

rs6122906 A G 1.05 0.05

rs2823093 G A 0.94 -0.06

rs17879961 A G 1.26 0.23

rs132390 C T 0.96 -0.04

rs6001930 T C 1.12 0.11

rs738321 C G 0.95 -0.05

rs73161324 C T 1.06 0.06

rs28512361 G A 1.05 0.05
a odds ratios (OR) for the alternative (Alt) allele derived from Michailidou et al. 201712, b beta for the Alt allele 
calculated based on the ORs  from Michailidou et al. 201712
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Supplementary Table 3 Rare missense variants found in the regions where the sibships share two haplotypes

Gene Family Variant 
(coding DNA)

Variant 
(protein) 

Rs-number Frequencya CADD

SERINC2 RF4 c. 364C>T p.R126W rs183001614 0.0053 19.010

ZNF717 RF7 c.188T>A p.H63L rs201105907 0.0001 0.015
a Frequency in GnomAD13 Accession numbers for the transcripts and protein sequences used to describe the 
variants can be found in Supplementary table 1 
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Supplementary Figure 1. Pedigrees of the families included in this study
H indicates that an individual’s germline DNA was haplotyped, HE indicates that an individual’s germline DNA 
was both haplotyped and exome sequenced. Under each affected individual for whom germline DNA was 
available the normalized PRS and OR (in italics) are indicated. The * -symbol indicates individuals carrying the 
CHEK2*1100delC variant. B= breast cancer, Bl= bladder cancer, Br= brain cancer, C= colon cancer, Ca= cancer 
not otherwise specified, Cx= cervical cancer, E= esophagus cancer, Hy= hypophysis cancer, L= lung cancer, 
Leu= leukemia, Li= liver cancer, Ly= lymphoma (not specified), M= melanoma, NHL= non-Hodgkin lymphoma, 
P= Prostate cancer, Pa= pancreas cancer, Re= renal cancer, S= stomach cancer, Sk = skin cancer (not specified), 
T= testicular cancer, Th= thyroid cancer.
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Abstract
Women with a family history of breast cancer have an approximately twofold elevated risk 
of the disease. Even though an array of genes has been associated with breast cancer risk 
the past two decades, variants within these genes jointly explain at most 40% of this familial 
risk. Many explanations for this ‘missing heritability’ have been proposed, including the 
existence of many very rare variants, interactions between genetic and environmental factors 
and structural genetic variation. In this review, we discuss how next generation sequencing 
will teach us more about the genetic architecture of breast cancer, with a specific focus on 
very rare genetic variants. While such variants potentially explain a substantial proportion 
of familial breast cancer, assessing the breast cancer risks conferred by them remains 
challenging, even if this risk is relatively high. To assess more moderate risks, epidemiological 
approaches will require very large patient cohorts to be genotyped for the variant, only 
achievable through international collaboration. How well we will be able to eventually resolve 
the missing heritability for breast cancer in a clinically meaningful way crucially depends on 
the underlying complexity of the genetic architecture.
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BRCA1 and BRCA2 remain the two most significant genes to date. Mutations in these genes 
confer high breast cancer risks and explain approximately 20% of familial breast cancer.2–4 The 
spectrum of mutations found in either gene is extremely complex, with almost 2000 unique 
mutations (or ‘alleles’) having been documented for each.5 Interestingly, over half of these have 
been detected only once so far, and thus represent extremely rare population frequencies, 
whereas other have been found recurrently, often within specific ethnic minorities as a result 
of a founder effect. Well known examples include the BRCA1 c.66_67delAG mutation and 
the BRCA2 c.5946delT and BRCA2 c.771_775delTCAAA mutations, which have been detected 
in 0.5–1% of the general populations of Ashkenazi Jews, and Iceland, respectively. The first 
estimates of breast and ovarian cancer risks conferred by BRCA1 and BRCA2 were linkage-
based, i.e. regardless of mutation-type. These analyses indicated that BRCA1 mutations confer 
a cumulative breast cancer risk of 87% by age 70, and an ovarian cancer risk of 45% by age 
70. A wealth of data on mutation carriers have since documented that patterns of risk change 
significantly for both BRCA1 and BRCA2 mutations conditional on their relative position within 
the gene.6,7 These data show that the relation between mutation position and cancer risk is 
complex, and as such provide an example as to what to expect at other susceptibility loci 
for which it will be more difficult to obtain such a large dataset. The classical view is that 
mutant alleles that inactivate BRCA1 or BRCA2 cellular functions, e.g. through premature 
protein-truncation or aberrant mRNA-splicing, confer high breast and ovarian cancer risks. 
Two lessons can be gleaned from the BRCA1/2 case, to be taken into account when trying to 
interpret very rare variants in other breast cancer susceptibility genes. First, while the majority 
of mutations in BRCA1 and BRCA2 indeed seem to functionally inactivate the resulting protein, 
very few analyses have been done, besides for the few well known founder mutations, to 
actually establish that each unique mutation causes a high risk of breast and ovarian cancer. 
Instead, the risk associated with very rare mutations has been inferred from the joint analyses 

Box 1 Rare alleles
The terms rare and very rare are used somewhat arbitrary in literature. 
In this review we use the following alternative allele frequencies as cut-offs:
Common (50–5%)
Low frequency (5–0.5%)
Rare (0.5–0.05%)
Very rare (<0.05%)

The genetic landscape of breast cancer
Genetic variation in over 75 loci has been significantly associated with breast cancer risk the 
past 20 years, either by linkage studies in multiple-case families, genome-wide association 
scans, or candidate gene mutation scanning. Despite this impressive progress, currently 
known risk alleles explain only about 40% of familial breast cancer risk.1 These known risk 
alleles can be roughly subdivided in three groups based on their relative breast cancer risk 
and population frequencies. Broadly speaking, these are very rare high risk alleles, common 
low risk alleles, and an intermediate group of ‘uncommon’ alleles associated with a two- to 
threefold elevated risk (see Fig. 1 and Box 1 for definitions). The existence and potential 
impact of a fourth group, rare to very rare low risk alleles, has thusfar remained in the realm of 
speculation, as these are extremely difficult to detect.
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of all these alleles in families (also called ‘burden analysis’, see below). Yet, in the daily clinical 
practice of counseling familial breast cancer, every protein-truncating variant in BRCA1/2 is 
interpreted as ‘high risk’. Second, several notable deviations from the expected risk-patterns 
have been detected, in that some mutations in BRCA1 or BRCA2, cause either a low (e.g. BRCA2 
p.Lys3326*)8 or moderately increased risks to breast cancer (e.g. BRCA1 c.Arg1966Gln).9 This 
implies that for many very rare variants for which the effect on protein function is less clear a 
causal relation with breast cancer is hard to establish.

Other genes with high risk breast cancer alleles were discovered because of their 
strong association with familial cancer syndromes in which breast cancer was one of the 
defining components, and include the genes TP53 (Li-Fraumeni syndrome),10 PTEN (Cowden 
syndrome),11 STK11 (Peutz-Jeghers syndrome)12,13 and CHD1 (hereditary diffuse gastric cancer 
syndrome).14–16 Mutations in these genes are very rare in breast cancer families that do not fit 
the clinical criteria for these syndromes,17–21 but are associated with a 2- to 10-fold increased 
risk of breast cancer. Likewise, ATM was an immediate candidate to contain breast cancer 
susceptibility alleles. Ataxia telangiectasia, caused by ATM mutations, is a recessive disorder, 

Figure 1 The genetic landscape of breast cancer
This figure shows the allele frequencies and risk distributions for the currently known breast cancer risk alleles. 
Genes represented by a filled diamond indicate a joint allele frequency, and an average risk associated with all 
observed alleles/mutations in this gene. Hence there might be variants within this gene that are associated 
with a much higher or lower risk than this given average, and individual risk alleles will have much lower 
allele frequencies than suggested by the value on the x-axis. In the case of genes in which the breast cancer 
associated variants are very rare, an approximation of the risk is given since there is still much uncertainty about 
these risks. Genes indicated by an open triangle represent a single variant for which the associated breast 
cancer risk was derived from case-control analyses.
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and mothers of patients had already been documented to have an elevated breast cancer 
risk.22 

Once it became clear that BRCA1 and BRCA2 encode proteins with a role in the DNA 
damage response to double-strand DNA breaks, and could be connected to a gene network 
underlying the recessive disorder Fanconi anemia (FA),23 re-sequencing of other genes 
constituting these pathways in large patient cohorts resulted in the discovery of a second 
group of genes in which variants are associated with a more moderately increased risk of 
breast cancer. This group includes the genes ATM,24 CHEK2,25 BRIP1,26 PALB227 and NBS1.28 Most 
variants in these genes are thought to be associated with an approximately twofold increased 
risk. Some of these variants are relatively common, with allele frequencies in the general 
population up to 1%. However, most variants are very rare and their relation with breast cancer 
could only be established by a burden analysis pooling very rare variants and comparing 
their combined frequency between cases and controls. Accordingly, they explain a relatively 
small proportion of familial breast cancer.27 Other genes for which associations have been 
found through candidate gene approaches are FAM175A (Abraxas),29 BARD1,30,31 RAD51C,32 
MRE1133 and RAD50.34 However, evidence for these genes is still limited and sometimes 
contradicting.35–42 The last group of genetic variants associated with breast cancer consists 
of low risk variants of which the minor allele frequency is usually higher than 5%. Currently 
over 60 of these common low risk variants have been identified through large genome-wide 
association studies with the per allele odds ratios for the risk allele ranging from 1.02 to 1.278. 
Interestingly, these low risk variants are usually found outside protein coding regions and 
most cannot directly be linked to a gene encoding a DNA damage response-related protein.

Missing heritability
Multiple models have been proposed to explain the ‘missing heritability’ in breast cancer. 
After the discovery of BRCA1 and BRCA2, segregation studies have suggested that a polygenic 
model most probably explains the majority of remaining familial risk.43–45 The inability to 
identify a third ‘BRCA1/2 -like’ gene by several genome-wide linkage analyses suggests that 
additional high risk alleles are probably very rare and scattered across several loci. As a result 
of recent extreme human population growth, the distribution of variant allele frequencies is 
strongly skewed towards very rare variants.46 Conceivably, these variants could confer high, 
low or moderate breast cancer risks, but genetic drift and selection have not yet had the time 
to mould their allele frequencies. Jointly therefore, they potentially explain a major part of the 
polygenic risk of breast cancer. Candidate gene association studies have been underpowered 
to detect these variants and the single-nucleotide polymorphism (SNP) arrays typically used 
in genome-wide association studies have been designed to only tag common variation. A 
specific class of rare variants that might contribute to familial breast cancer risk are structural 
variants like large deletions and copy number variations. These variants are not detected 
by most genotyping methods used in association studies. Instead, a sufficiently sensitive 
detection would require a technique (or combination of techniques) that assesses both break 
point sequences and copy number variation in a genome wide manner.

Finally, interactions between genetic variants and/or environmental risk factors 
remain a largely unexplored area as most case–control studies that could address this are 
typically underpowered to detect such associations. Even very large cohort-studies such as 
those undertaken by the Breast Cancer Association Consortium have been able to investigate 
only two-way interactions. This consortium has now reported a few significant interactions 
between common low risk variants and environmental risk factors.47 In addition, many of the 
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common SNPs associated with breast or ovarian cancer risk have been found to be able to 
modify the risks conferred by BRCA1 or BRCA2, indicating that genetic interactions in fact do 
exist.48 To detect additional interactions, (environmental) risk factor data has to be collected 
for even larger cohorts and rare variants might have to be pooled based on their effect on a 
specific gene or pathway.

Identifying new breast cancer risk alleles
Although a number of additional breast cancer genes have been identified by candidate 
gene approaches, an important disadvantage is that this approach is limited by our current 
understanding of the pathways involved in breast cancer pathogenesis. Next generation 
sequencing (NGS, Box 2) has brought the opportunity to discover rare alleles associated 
with breast cancer risk in a more agnostic way by allowing researchers to sequence whole 
exomes or even whole genomes. However, also this approach comes with challenges. Most 
studies applying NGS in familial breast cancer cases have taken a whole exome sequencing 
approach.49–53 A typical exome sequencing experiment results in tens of thousands of 
heterozygous variants, which somehow will have to be reduced to a number manageable 
for validation. Many bioinformatics tools exist to assist these complex analyses; however, 
many different combinations of tools and settings for data analysis and variant selection are 
reported in literature. Common strategies include focusing on variants predicted to result 
in a truncated protein or missense changes probably to affect protein function by in silico 
prediction algorithms. Also the removal of variants with an allele frequency of more than 1% 
(in publicly available databases) is a common filtering step. However, all these filtering steps 
come with the risk of discarding a causal variant. 

Some exome sequencing studies have suggested FANCM,49 BLM,53 FANCC53 and 
XRCC252 as potential new breast cancer genes, while others have not reported likely new risk 
alleles.50,51 Of note, none of the exome sequencing studies highlighting new genes provide 
conclusive evidence for their involvement in breast cancer, but rely on previous data and 
functional connotation to support their candidacy. FANCC and FANCM are both FA genes 
and were obvious candidates ever since BRCA2 was found to be a FA gene.54 An association 
between FANCC mutations and breast cancer had been reported before,55 but for FANCM the 
available data are conflicting.56 Likewise, XRCC2 has been suggested to be a FA gene,57 but the 
association between XRCC2 variants and familial breast cancer was not detected by two other 
case–control studies.58,59 Mutations in BLM are known to cause Bloom syndrome, a very rare 
recessive disorder characterized by short stature and high incidence of multiple cancers.60 
An association between heterozygous BLM mutations and breast cancer has been reported 
before, although not all truncating mutations seem to be associated with a similar risks.61–64

An interesting alternative to the exome sequencing approach is a study by Ruark et 
al.,65 who used NGS to analyse a gene-panel of 507 genes implicated in DNA damage response 
to search for new familial breast cancer associated genes. This allowed them to sequence 
more cases and generate a deeper coverage at each DNA-base sequenced. Focusing on 
protein truncating variants, they reported such variants in the PPM1D gene to be significantly 
associated with breast and ovarian cancer, but at very rare allele frequencies. Interestingly, all 
protein truncating variants were mosaic in blood lymphocyte DNA, while functional analyses 
revealed that the tumorigenic mechanism probably does not comply with that of simple 
tumor suppressor gene inactivation.

Owing to high sequencing costs only a limited number of samples have been 
sequenced to date. This hampers selection of variants or genes on basis of their variant 
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frequencies in cases and controls. When sequencing costs drop further and the number of 
sequenced samples increases, the full potential of NGS in finding new breast cancer genes 
would be exploited if, through international collaboration, large numbers of cases would 
become accessible for sequence comparisons. The discovery of extremely rare breast cancer 
risk alleles would be particularly enhanced, as no single research centre is predicted to amass 
sufficient numbers of cases to detect these. However, in order to pool NGS data in an efficient 
and meaningful manner, consensus needs to be reached on data analysis strategies. At the 
moment consortia are being formed to pool NGS data in order to increase power.66 As we can 
also expect a shift from exome sequencing to whole-genome sequencing, this will give more 
insight into the role of structural variants and variants in nonprotein- coding regions.

Box 2 Next generation sequencing
Next generation sequencing is a common used term for a set of sequencing techniques that 
are also known as Massively Parallel Sequencing (MPS). With this technique many different 
sequences can be determined in one reaction. For most experiments genomic DNA is 
randomly fragmented. Subsequently, these fragments can be enriched for all coding regions 
(exome) or a specific set of disease associated genes (gene panels). These fragments are then 
loaded on a chip and for each location on this chip, corresponding with a specific fragment, 
the sequence is determined. For the actual sequencing many different techniques exist, each 
with their own error rates and artifacts which have to be taken into account in the analysis. 
In the end, every position in the genome or region of interest will have been sequenced 
multiple times. These reads will have to be combined to a consensus sequence. The accuracy 
of this consensus sequence depends on how many times a position is sequenced, also known 
as the sequencing depth.

Detecting the effect of very rare variants
While NGS will identify many potential variants conferring breast cancer risk, assessing this 
risk purely on sequencing data usually has insufficient statistical power. Therefore, the next 
step is usually to perform a case–control study, examining the allele frequency of a specific 
variant in cases and controls. This strategy can be very successful if it is relatively common in 
the population under study, for example in the case of CHEK2 c.1100delC.25 However, most 
potentially causal variants are very rare even among familial cases, making it necessary to 
genotype a very large number of cases and controls. For example, in order to detect the effect 
of a single variant with an allele frequency of 0.05% and a relative risk of two with 80% power 
and an alpha of 5%, at least 22,000 cases and an equal number of controls are needed.67 In 
some cases, the efficiency of a case–control study might be improved by selecting subjects 
from a certain geographical region or with a specific phenotype. For example, mutations in 
BRCA1, BRCA2,68,69 BRIP170 and RAD51C32 are also associated with an increased risk of ovarian 
cancer. Selecting cases from families with both breast and ovarian cancer could increase the 
power of a case–control study assessing variants in these genes. 

A typical ‘burden analysis’ potentially also increases the power of a case–control 
study. By pooling variants that are probable to affect the function of the gene of interest 
and comparing the total number of these variants in cases and controls, associations can 
be found for a gene in which individual variants are too rare for risk assessment. This type 
of analysis has been used successfully in the case of most genes with moderate risk alleles 
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found through candidate gene studies.24,26,27 However, predicting the functional effect of 
a variant is not straightforward. Although a number of in silico tools exist that can predict 
the effect of a variant, these prediction tools might misclassify some missense variants.71 
Erroneous inclusion of neutral variants will dilute the effect of truly pathogenic variants and 
thus decrease statistical power. In addition, allelic risk heterogeneity, as already set forth 
above for BRCA1 and BRCA2, complicates the interpretation of the risk estimated from burden 
analysis, as this risk might not apply to all pooled variants. An extreme example has also been 
documented for ATM, in which pooled truncating variants are associated with a moderate 
risk ratio of around 2.3, but in which a single missense variant thought to have a dominant-
negative effect on ATM function, p.V2424G, has been found associated with a more than 10-
fold increased risk.72,73 

Functional analysis of genetic variants can be very helpful to select variants with 
functional effect that can be grouped in a burden analysis. For BRCA1 and BRCA2 many 
such functional assays exist.74 Also for variants in other breast cancer genes results from 
functional assays have been reported.75–79 However, functional data alone are never sufficient 
to determine if a variant increases breast cancer risk. It is important to keep in mind that most 
breast cancer associated genes have many cellular functions and not all of these might be 
equally important for breast cancer risk. In addition, functional assays might result in variants 
that do not clearly cluster with either neutral or pathogenic variants. The clinical relevance of 
such variants is hard to determine. 

On the basis of the classical two-hit model,80,81 many studies assess loss of the wild type 
allele in the tumor when examining a potential breast cancer risk allele. Although loss of the 
wild type allele seems to occur in most (but not all) tumors in BRCA1/2 mutation carriers,82–85 
for other genes loss of the wild type allele is less frequently seen. For example, Goldgar et al.73 
showed that only 1 of 18 breast tumors of carriers of an ATM mutation, showed loss of the wild 
type allele, while 6 showed loss of the mutant allele. Other studies confirm that loss of the 
wild type allele seems not necessary for carcinogenesis in ATM mutation carriers.72,86 Although 
there is one ATM variant suggested to have a dominant-negative effect,72 other variants might 
be haploinsufficient. In general, if the wild type allele is lost more often than the mutant allele, 
this can be regarded as evidence for pathogenicity, but the lack of it provides little evidence 
against pathogenicity. 

Another way of assessing risk is to analyze cosegregation of the variant with breast 
cancer in the family where it was found,87 which has been applied to very rare variants detected 
in BRIP1 and PALB2.26,27 However, unless multiple families with the same variant can be analyzed 
in this way, or the variant shows (near-)perfect co-segregation in a very large family with many 
cases of breast cancer, this approach is unlikely to provide accurate quantitative estimates of 
the risk conferred by the variant. Nonetheless, family-based analyses, despite the practical 
difficulties surrounding the sampling of family-members of the proband, remain attractive 
because of their better statistical power over case–control analysis in the general population, 
and because of their immediate relevance for clinical genetic counseling purposes. Here too, 
international collaboration will be pivotal to enable convincing evidence to be compiled. 
Specific gene variant databases exist for most genes in which variants have been found to 
be associated with breast cancer risk. By collating variant data from all over the world, the 
number of variants for which enough data is available to perform co-segregation analysis will 
increase. For BRCA1 and BRCA2 the ENIGMA consortium is dedicated to classifying variants 
of uncertain clinical significance.88 Similar collaborations will be useful in the classification of 
variants in other breast cancer associated genes.
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How will NGS impact clinical genetic counselling for breast cancer?
For clinical genetic services, NGS offers the possibility to screen additional risk loci at minimal 
additional costs. Therefore, many centers now consider the use of gene panels containing 
all known breast cancer associated loci for mutation screening. However, detection of 
variants in these additional risk loci introduces new challenges.89 For many very rare variants, 
or combinations of variants, much uncertainty about the associated risk exists. Therefore, 
mutational screening of these genes should initially take place in a research setting until these 
can be established with at least some accuracy. A sobering fact is also that even for established 
high risk genes such as BRCA1 and BRCA2, a variant of uncertain clinical significance (VUS) 
is uncovered in about 13% of new families tested,90 which comprise approximately 40% of 
families testing ‘positive’. When additional genes are included in the test panel for familial 
breast cancer, the percentage of families with a VUS in at least one of these genes will increase 
strongly (Fig. 2). Even though most methods discussed above can be used to assess the risk 
associated with these VUS, the lack of an epidemiological support, such as for BRCA1/2, will 
strongly limit the clinical utility of these test-results.

Figure 2 Test results from different mutation screening strategies in the clinic
This figure shows the correlation between mutation screening strategy and the distribution of test results. 
A  shows the screened genes for the different mutation screening strategies and the corresponding number 
of screened coding base pairs. B shows the distribution of test results for BRCA1/2 mutation screening based 
on Frank et al. (93). The number of VUSs for the gene panel  mutation screening was calculated under the 
assumption that the rate of VUS/ base pair for the additional genes would be similar to that of BRCA1 and 
BRCA2. Note that with the gene panel approach the expected increase of pathogenic mutations will be 
relatively small compared to the strong expected increase in the number of individuals with a VUS.
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At some point in the not too distant future, DNA diagnostic laboratories might also start to 
use whole exome or genome analyses. This is expected to result in large numbers of ‘hard 
to interpret’ variants. As stipulated above, many potential explanations for the missing 
heritability of breast cancer still exist, and until we know more about these, it will remain 
extremely difficult to make clinical inferences on the basis of very rare variant data. On the 
bright side, however, NGS offers an unprecedented opportunity to get more insight into this 
genetic architecture. Much of this will initially remain within the realm of research, rather 
than clinical application, and will strongly depend on international collaboration and data 
collation in the public domain. Functional laboratory assays should complement genetic 
epidemiological data, as it did for BRCA1 and BRCA2. Thus clinical genetic testing using NGS 
could greatly assist the advancement of knowledge on the genetic complexity underlying 
familial breast cancer. However, genetic counsellors should prepare for a situation in which 
very few of the detected very rare variants in genes other than the high risk genes we know 
today are ‘actionable’ in terms of disease management.
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Introduction
A family history of breast cancer is one of the most important risk factors for the disease.1 Over 
the last decades many genetic loci associated with breast cancer risk have been discovered. 
In spite of this, only approximately half of the familial relative risk (FRR) for breast cancer 
can be explained by the currently known genetic risk factors.2–4 In families where no genetic 
explanation has been found for the clustering of breast cancer, uncertainty remains about 
who is at increased risk and to which extend this risk is increased. This hampers decisions 
on screening strategies and preventive measures. Next generation sequencing (NGS) offers 
new possibilities to explore the genetic etiology of unexplained familial clustering of breast 
cancer. It allows for the detection of genetic variants regardless of their frequency in the 
general population and without the need of a prior hypothesis about which genes or genomic 
regions might be involved in breast cancer susceptibility. The aim of this thesis was to get a 
better understanding of the genetic etiology of non-BRCA1/2 familial breast cancer with the 
help of NGS. 

The selection of a homogeneous phenotype: a failed strategy?
The average exome of an individual from European descent has approximately 12,000 non-
synonymous genetic variants.5 However, at the time the studies described in this thesis were 
conducted, the cost of NGS only allowed us to sequence the exomes of a relatively small 
number of familial cases. Therefore, further association analysis using different techniques 
was necessary to follow up on potentially interesting genetic variants. However, also the 
number of familial cases available in downstream case-control analyses was limited. Thus, it 
was crucial to carefully select and strongly reduce the candidate variants for follow-up analysis. 
Selection based on the predicted effect of a genetic variant on protein function is often not 
able to sufficiently reduce the number of potentially interesting variants, while selection 
based on the pathways in which a gene is involved, strongly depend on our assumptions on 
which pathways play a role in breast cancer. Similar to classical association studies, an exome 
sequencing effort would ideally find multiple families with a mutation in the same gene while 
these mutations are absent or extremely rare in the general population. However, as the 
genetic etiology of breast cancer is already known to be very heterogeneous, a large number 
of familial cases would need to be sequenced in order to find two of them with a mutation 
in the same gene. Interestingly, mutations in BRCA1 are strongly associated with a number of 
tumor characteristics. Notably, tumors of BRCA1 mutation carriers are strongly enriched for the 
“triple negative” (lacking the receptors ER, PR and HER2) immunohistochemistry phenotype 
and a basal-like expression profile.6 Based on this, we hypothesized that by selecting non-
BRCA1/2 breast cancer patients or families that share a certain phenotype, we would also 
select for a more homogenous genetic etiology and increase our chances of finding multiple 
cases with mutations in the same gene.

In Chapter 2 of this thesis we selected six non-BRCA1/2 families in which the majority 
of tumors show a specific, previously identified array comparative genome hybridization 
(CGH) profile.7 Subsequent linkage analysis in these families showed a peak with a LOD score 
of 2.49 on chromosome 4, which suggested that the clustering of breast cancer in these 
families might be caused by mutations in a gene in this linkage region. Therefore, whole-
exome sequencing was performed on two individuals per family. However, no genes with 
a likely pathogenic variant in more than one family were found. Not on chromosome 4, nor 
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elsewhere in the genome. Similarly, Chapter 5 describes an exome sequencing study in 
which we focused on families with a possible recessive mode of inheritance. For this study 
we selected 19 non-BRCA1/2 breast cancer families in which at least three siblings were 
affected, while no first-degree relatives in the previous or following generation had breast 
cancer. The germline DNA from one of the siblings was subjected to exome sequencing, 
while all affected siblings were genotyped using a SNP arrays in order to assess haplotype 
sharing. This allowed us to focus on the exome sequencing variants in the regions where all 
affected siblings shared two haplotypes. However, also this exome sequencing study did not 
yield any potential novel susceptibility genes. It is possible that in these two studies we have 
missed high-risk susceptibility alleles that were in fact present in the sequenced individuals. 
We might have discarded a variant as it seemed unlikely to affect protein function or we 
might not have detected it at all as it resides outside the protein-coding regions. Moreover, 
the results of these studies do not exclude that there are additional high-risk breast cancer 
susceptibility genes that are strongly associated with a specific phenotype. We might simply 
have selected the wrong tumor and family characteristics. As conventionally a LOD score 
greater than 3.0 is considered evidence for linkage, our LOD score of 2.49 in Chapter 2 might 
have been spurious. And, while our selection of families with at least three affected siblings 
in Chapter 5 had important advantages for the variant filtering, other selection criteria, such 
as very early onset cases, might have been more likely to enrich for recessive susceptibility 
alleles. Moreover, as the families we selected had a large number of breast cancer cases in one 
generation, it is not impossible that these families are in fact explained by a dominant allele.

Biologically, there are several ways in which an inherited genetic variant can be 
associated with a tumor phenotype. Cancer susceptibility genes are typically thought to 
be tumor suppressors, which require the loss of both copies for malignant transformation. 
However, on a cellular level the loss of one copy of a gene can already have effects on 
downstream signalling, gene expression and cellular functions. This is called haploinsufficiency. 
For example, lymphoblastic cell lines derived from carrier of a heterozygous deleterious PALB2 
mutation show aberrant DNA replication and a shift to error-prone DNA repair mechanisms.8,9 
This might result in characteristics that most tumors associated with a specific susceptibility 
gene have in common, for example, altered expression of genes controlled by the pathway in 
which the gene with the inherited mutation functions or altered phosphorylation of proteins 
in this same pathway. However, due to the large number of genetic and epigenetic changes a 
tumor cell acquires during tumorigenesis, characteristics associated with an inherited mutation 
might be partly masked and become difficult to detect. Association between inherited 
mutations and tumor phenotype can also occur indirectly due to synergy with other genetic, 
epigenetic or microenvironmental changes, which are subsequently selected for because of 
increased fitness. One of the best-studied examples is so-called loss of heterozygosity (LOH). 
As mentioned above, while a cell is thought to be relatively unaffected by the loss of one copy 
of a tumor suppressor gene, loss of the second copy will have a much more dramatic effect 
and contribute significantly to tumorigenesis. Somatic loss of one copy of a susceptibility 
gene therefore will be selected for in the context of an inherited pathogenic mutation, but 
not in the absence of such a mutation. This phenomenon is frequently observed in high-risk 
breast cancer susceptibility genes BRCA1, BRCA210 and PALB2.11 LOH at these loci is very high 
in tumors of gene carriers, but much lower in sporadic cases. In genes associated with a more 
moderate increase in risk of breast cancer this association is less clear: while loss of the wild-
type allele is frequently observed in the breast tumors of ATM mutation carriers,12,13 tumors 
of CHEK2 mutation carriers show no strong enrichment for the loss of the wild-type CHEK2 
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allele.14–16 More complex relationships between germline mutations and tumor characteristics 
have also been described. For example, tumors of BRCA1 and BRCA2 mutation carriers have 
been found to be associated with two specific mutation signatures and two rearrangement 
signatures, which are thought to be the “genomic scar” shaped by the absence of BRCA1 or 
BRCA2 function and the resulting DNA repair deficiencies.17 Interestingly, this also shows 
that mutations in two different genes can result in a similar phenotype. Lastly, it has been 
hypothesized that part of the phenotypical heterogeneity of breast cancer stems from the 
existence of two different of cell types of origin, myoepithelial and luminal cells.18 In a full-
grown tumor, epigenetic features and gene expression patterns, might still be traced back 
to this cell of origin. Therefore, if a genetic risk factor more strongly predisposes to cancer 
in one of these two cell types, these epigenetic and gene expression features would also be 
associated with this genetic risk factor. 	

Although the two studies described in Chapters 2 and 5 of this thesis have been 
unsuccessful in discovering novel breast cancer risk alleles, it might be too early to completely 
dismiss the strategy of selecting a more homogeneous group of familial breast cancer 
patients when aiming to find new breast cancer risk alleles. Several of the known breast 
cancer susceptibility genes are associated with a specific phenotype (see Chapter 1 of this 
thesis), although, apart from a few of the cancer syndromes, these phenotypes were typically 
discovered after the association of breast cancer with a specific gene or genomic region 
had been detected. The CGH profile as used in Chapter 2 of this thesis provides a relatively 
low-resolution picture of the tumor genome. Over the past years, technical advances and 
decreasing sequencing costs have provided new opportunities to assess tumor characteristic 
and therefore to potentially select tumors with a more homogeneous etiology. Most 
importantly, it has become possible to apply massive parallel sequencing on DNA and RNA 
from formalin fixed paraffin embedded (FFPE) material. In addition, copy number aberrations 
can now be characterized more precisely using SNPs array-based techniques. The molecular 
tumor characteristics described in the introduction of this thesis, e.g. based on mutations, 
copy number variations, “intrinsic” gene expression-based subtypes and mutational 
signatures, could potentially be used to select for a more homogeneous population of familial 
breast cancer cases. Currently, little or no data exists on whether these molecular features 
cluster within families. Exploring this would be a first step to decide if it is worthwhile further 
pursuing the “homogeneous phenotype strategy”.  

The challenge of establishing the risk associated with extremely rare 
variants

As discussed above, arguably the most difficult and laborious step in the analysis of 
exome sequencing data is the variant filtering. If no genes are identified in which multiple 
families carry a variant that is likely to affect protein function, other strategies are needed 
to select those variants most likely to be associated with breast cancer risk for downstream 
validation. Chapter 6 of this thesis reviews several approaches. As a first step, genetic variants 
are often filtered based on minor allele frequency in one of the many available reference data 
sets of healthy individuals. This is rationalized by the prevalence of breast cancer in the general 
population, which must be consistent with the presumed risk associated with the variant, i.e. 
a high-risk variant cannot be too common, otherwise breast cancer would be more prevalent 
than it is. Although somewhat arbitrary, a cut-off of 0.1% allele frequency is often used. 
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However, it is important to keep in mind that there are several examples of founder mutations, 
such as CHEK2*1100delC, that are associated with a moderately or strongly increased breast 
cancer risk and have an allele frequency larger than 0.1%. Moreover, due to recent explosive 
human population growth, most variants are rare regardless of association with disease.19 For 
example, within the ExAC dataset containing the exome data of more than 60,000 individuals, 
approximately 99% of detected high quality variants had an allele frequency of less than 1%.5 
Hence, selecting for variants occurring <0.1% in reference data sets will not dismiss a large 
proportion of candidates. A next obvious step is to focus on protein truncating variants as 
they are almost certain to affect protein function. However, these variants make up only a 
small minority of the detected variants. Further filtering can be done using in silico prediction 
algorithms. These tools use information such as evolutionary conservation, known functional 
domains and three-dimensional structure, to estimate the likelihood of a missense variant 
to affect protein function. Unfortunately, the sensitivity  and specificity of these tools is 
known to be far from optimal.20,21 However, the limited number of alternative filtering options 
besides in silico prediction algorithms make that these algorithms are frequently used. Lastly, 
variants are often filtered based on the function of the gene in which the variant is found, 
where genes with roles cancer-related processes such as cell proliferation and DNA repair 
are prioritized. This filter depends heavily on our knowledge of the pathways involved in 
carcinogenesis. In addition, one could argue that if we are only considering variants in genes 
related to carcinogenesis, a sequencing of a cancer specific gene panel might be a better 
approach than exome sequencing.

Follow-up association analysis can be done on the variant level, i.e. by genotyping 
a set of cases and controls for that specific variant only. However, as explained above many 
variants will be very rare and even large case control sets will often lack the power to detect 
a significant association. An alternative approach to a variant-level analysis is a so-called 
burden analysis, where in every case and control the whole coding region of the respective 
gene is sequenced. In this case, the association analysis is not done based on individual 
variants, but rather compares the total number of likely damaging variants between cases 
and controls. This requires a decision on which variants to consider as (likely) damaging. 
Some of the same filters as discussed above, such as allele frequency and in silico prediction 
can be used. However, as the number of variants to be assessed is now considerably smaller, 
additional options are available. These include co-segregation analysis in families with a 
variant, assessment of loss of heterozygosity in the tumors of carriers, and functional assays. It 
is worth investing time and effort in the selection of variants, as both the inclusion of benign 
variants and the exclusion of variants that truly affect the protein of interest reduce the power 
of the association analysis. 

Chapter 3 and 4 of this thesis give a good example of the difficulties associated with 
establishing the risk associated with very rare variants, in this case in the gene XRCC2. The 
possible association between variants in XRCC2 and familial breast cancer was first reported 
by a research group at the university of Melbourne, Australia. They had found one protein-
truncating variant in the exome of a familial breast cancer patient and, based on the function 
of XRCC2 in DNA repair, had decided to further explore the possibility of this being a breast 
cancer susceptibility allele. Subsequently, they requested access to the exome sequencing 
data from several other groups, among which the data from our study reported in Chapter 2 
of this thesis. This pooled analysis of exomes and a subsequent case-control study provided 
a suggestion that variants in XRCC2 might indeed be associated with breast cancer risk and 
the results were subsequently published.22 Chapter 3 of this thesis reports the data of a large 
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international case-control study aiming to validate the results of this initial publication. This 
study applied a burden analysis strategy, classifying variants based on in silico prediction 
algorithms (Polyphen-223, SIFT24 and AlignGVGD25). Regardless of the prediction algorithm 
used, this study did not find an association with breast cancer. However, as prediction 
algorithms are known to be imperfect, we decided to further explore this result using 
functional assays to assess the effect of the genetic variants on the XRCC2 protein and the 
DNA repair pathways in which it functions. Chapter 4 of this thesis reports the results of this 
effort. It showed that, based on a RAD51 foci formation assay and two reporter constructs, 
the SCR reporter and the DR-GFP reporter, only a limited number of variants actually affected 
protein function. When only taking into account these variants, again no association with 
breast cancer risk was found, although an association could not be ruled out for those variants 
which strongly affect XRCC2 function, due to the low number of variants in this group. 

This example underlines the difficulties with variant selection and the issues related to 
very rare genetic variants. A big challenge for the future will be to conduct exome sequencing 
studies with sufficient sample size to at least allow for gene-level association analyses. 
Recently, an exome sequencing study in over 20,000 cases with type 2 diabetes showed 
that it was able to identify four susceptibility genes at exome-wide significance based on a 
rare variant (<0.5% minor allele frequency) burden analysis.26 Of note, the effective power of 
this study was increased by selecting an ethnically diverse population, thereby sampling a 
broader range of haplotypes. In the near future, similar efforts for breast cancer susceptibility 
will likely be pursued in the context of existing international collaborations, such as the Breast 
Cancer Association Consortium (BCAC). However, in order to solve variant-level associations 
for very rare variants, case-control studies with the currently available sample sizes will likely 
not suffice. A possible alternative method of classifying rare variants of uncertain significance 
(VUS) is by way of co-segregation analysis. Co-segregation analysis assesses the association 
between a genetic variant and a disease by quantifying, based on a pedigree and the 
breast cancer cases occurring within it, the extent to which a genetic variant co-occurs with 
disease more often than expected. However, co-segregation analysis requires extensive DNA 
sampling within families carrying a VUS. It will therefore be crucial to invest in the collection 
of such DNA samples.

The updated landscape of breast cancer susceptibility 
Before embarking on further efforts to discover novel breast cancer risk alleles, it is important 
to reflect on what we have learned about the landscape of genetic susceptibility over the last 
few years. To tailor our efforts, we need to understand how likely it is that further high-risk 
alleles explain a considerable proportion of the currently unexplained familial clustering of 
breast cancer. 

Historically, research into the genetic etiology of breast cancer mainly focused on the 
discovery of high-risk genes. Naturally, families with very strong clustering of breast cancer 
are a logical starting point for the discovery of genetic risk factors. Moreover, for a long time, 
research on the genetic etiology of breast cancer was limited by the fact that the sequence 
of most the human genome was unknown, and no technologies existed that allowed for 
the analysis of large genomic regions. Therefore, the region of interest first needed to be 
narrowed using linkage analysis with low-density microsatellite genotyping, after which the 
regions significantly more often shared by the affected individuals in a set of families could 
be further explored. As linkage analysis is only able to find regions in which alleles with a 
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relatively high penetrance are located, this limited the scope of early research into the genetic 
etiology of breast cancer. When in 2001 the first draft of the human genome was released, it 
was accompanied by a manuscript describing the construction of a map of 1.4 million SNPs in 
the human genome, providing for the first time sufficient density to study human haplotype 
structure and allowing for subsequent genome-wide studies assessing the association 
between common genetic variation and disease in the general population. From 2007 
onward, several genome-wide association studies (GWAS) together have reported over 300 

Figure 1. The current landscape of breast cancer susceptibility alleles
a. Relative risk and effect allele frequency for the currently known breast cancer susceptibility alleles. For 
underlying data please see supplementary table 1. b. percentage of familial risk explained by the currently 
known breast cancer susceptibility alleles. For references and underlying data see supplementary table 1.

The invention of NGS brought new hope for the discovery of novel high-risk susceptibility 
genes as it allows for cost-effective genome-wide detection of genetic variants in individual 
familial breast cancer cases. However, as outlined above, we have not been able to find 
any novel high-risk breast cancer alleles in the two exome sequencing studies described 
in this thesis, Chapter 2 and Chapter 5. In Chapter 5 of this thesis, besides exploring the 
potential role of recessive high-risk alleles, we genotyped the families in this study for all 
the known and suspected moderate and high-risk genes in addition to genotyping the 
160 SNPs currently known to be associated with a small increase in breast cancer risk. This 
study found that the average normalized PRS of the familial cases was significantly higher 
than that in both general population cases and controls. Indicating that the low risk variants 
do contribute to familial clustering of breast cancer, although it is difficult to estimate to 
which extend due to the atypical breast cancer families represented in this study. Moreover, 
in several families we detected a moderate risk variant in ATM or CHEK2. In another study 
(not included in this thesis), we have reported that in a set of 101 unselected non-BRCA1/2 
breast cancer families, familial breast cancer cases have on average a higher PRS. Moreover, 
taking into account the PRS can change risk management recommendations in 10-20% of 
the women in these families depending on the guideline used.29 Interestingly, also work from 
others has shown limited value of NGS for the discovery of novel high-risk genes. Although 
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over 30 exome sequencing studies have been published to date, the number of potential 
high-risk susceptibility genes identified is limited. Several genes, such as KAT6B,30 RINT1,31 
APOBEC3B,32 XRCC222 and RCC1,33 have been suggested as novel susceptibility genes but 
external validation has either not been performed or resulted in conflicting results. Only two 
promising novel susceptibility genes coming out of exome sequencing studies have now 
been validated independently by several other studies: FANCM34 and RECQL.35,36 Remarkably, 
many exome sequencing studies report pathogenic variants in known moderate risk genes 
such as ATM,37–42 CHEK2,39,41,43–45 and PALB2,37,39,41,45,46 suggesting that indeed a substantial 
proportion of familial cases might be explained by a combination of low and moderate risk 
susceptibility alleles. In fact, already shortly after the discovery of BRCA1 and BRCA2 as breast 
cancer susceptibility genes, several segregation analyses have suggested a that a polygenic 
model would best explain the remaining familial clustering of breast cancer.47,48 This now 
seems to be confirmed by the results of the latest GWAS analysis in which it is estimated that 
that all, currently known and yet to be discovered, common low risk alleles explain together 
approximately 41% of the familial risk of breast cancer.2 Figure 1 provides an overview of our 
current understanding of the genetic landscape of breast cancer. While moderate and high-
risk alleles are thought to explain 5% and 20% respectively,49 41% is thought to be explained 
by low risk, common variants of which ~20% by the currently known low risk susceptibility 
loci.2 The remaining 35% would then be explained by currently unknown factors such as, rare 
variants, interactions between risk factors, inherited epigenetic factors and environmental 
risk factors that are shared between family members. 

Now that it has become clear that many genetic factors contribute to familial clustering 
of breast cancer and that individual factors are often associated with just a small increase in 
risk, there is a clear need to combine these factors into risk prediction models that are able to 
provide insights in an individual’s risk of breast cancer. Several studies have aimed to combine 
the effects of low risk loci into a polygenic risk score (PRS). The latest of these, combines the 
effect of 313 SNPs.28 Predating the GWAS era, there are also many models aiming to predict 
the risk of breast cancer based on non-genetic factors and high-risk mutations. Arguably the 
most extensive model to date is the BOADICEA model, which has very recently been updated 
to include the effect of the 313 currently known low risk loci. This model now uses truncating 
mutations in BRCA1, BRCA2, ATM, CHEK2 and PALB2; 313 low risk loci; age at menarche; age at 
menopause; parity; age at first live birth; oral contraceptive (OC) use; hormone replacement 
therapy (HRT) use; height; BMI; alcohol intake; family history and a residual polygenic 
component to predict lifetime breast cancer risk.50 In the UK population, this model would 
predict approximately 15% of women to have moderate lifetime risk of breast cancer (≥17% 
and <30% according to the NICE guidelines) and approximately 1% to have a high risk (>30%). 
This model has not yet been prospectively tested. Moreover, it does not take into account 
interactions between risk factors beyond the log-additive model, nor variant-specific risks in 
moderate and high risk genes, genetic variants in genes associated with cancer syndromes i.e. 
TP53, CDH1 and PTEN, genetic variants in likely novel breast cancer susceptibility genes such 
as FANCM and RECQL, subtype specific effects, time varying variables for BMI, alcohol, OC and 
HRT use and the exact timing of pregnancies. A large prospective validation effort could be 
combined with an attempt to include these factors and improve the model, either through 
classic association analysis or deep learning. An advantage of the latter method is that it allows 
for continuous learning, making use of all available data, although the lack of formal statistics 
to express uncertainty is a disadvantage. The most optimal approach would probably be to 
prospectively calculate, for example for a large cohort of women in the context of population 
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screening, risk of breast cancer based on the current BOADICEA model in order to validate 
it and to simultaneously try to optimize the model using deep learning on prospectively 
collected data from these same women. The use of a model like BOADICEA would also make 
it possible to focus future research on (familial) cases that are unexplained by the currently 
known risk factors, e.g. familial or early onset cases with a very low predicted risk 

Conclusions
To summarize, the work reported in this thesis has not been able to identify any novel high-
risk breast cancer susceptibility alleles. Although there are likely still several extremely rare 
risk alleles to be discovered and the presence of high-risk alleles outside of protein-coding 
regions cannot be excluded, it seems presently unlikely that these will explain a substantial 
proportion of familial breast cancer. Both our work and that of others has suggested that 
most non-BRCA1/2 familial breast cancer cases are likely explained by a combination of low-, 
and moderate-risk susceptibility alleles.

As expected, the largest challenge associated with the use of exome sequencing in 
the context of familial breast cancer has been the large number of genetic variants detected 
in a relatively small set of familial cases, which, with the sample sizes used to date, prohibits 
any formal association testing in the variant selection process. Therefore, until we are able to 
conduct exome sequencing studies with at least sufficient power to allow for exome-wide 
gene-level association analyses, the discovery of novel risk alleles in an assumption-free 
manner is still not a reality. The selection of a more homogeneous phenotype in hopes of 
selecting for a more homogeneous genetic etiology, has not resulted in any potential risk 
alleles being detected in more than one family. Although, with more advance techniques 
becoming available for the phenotyping of tumors, there might still be value in this approach 
for future attempts to discover novel high-risk alleles. Our experience attempting to validate 
rare genetic variants in XRCC2 as breast cancer susceptibility alleles has served as a reminder 
of the limited value of in silico prediction algorithms, which can lead to misleading results of 
burden analyses and incorrect conclusions about a gene’s role in breast cancer susceptibility. 
Although functional assays can give important insights, in many cases the time needed for 
the set-up and conduct of these assays, makes that they will likely only be used for strong 
candidate genes.

Taken together, these findings lead to the conclusion that if we want to be able to 
provide better risk prediction to the familial breast cancer cases who remain unexplained 
by susceptibility alleles currently tested in clinical practice, and to any woman for that 
matter, future efforts should focus on developing models that combine all currently known 
susceptibility alleles and take into account other risk factors. After initial validation of such a 
model, deep-learning techniques could be employed to continuously improve them based 
on real-world data. This prospective might mean that the dichotomy of sporadic and familial 
breast cancer with regard to genetic susceptibility disappears, which would require a change 
in perspective for both breast cancer susceptibility research and genetic counseling.
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Supplementary data

locus EAF RR group

BRCA1 6.00E-041 11.42 High risk

BRCA2 0.0011 11.72 High risk

PALB2 0.00113 7.53 High risk

ATM 0.00343 2.83 Moderate risk

CHEK2 0.00653 2.33 Moderate risk

TP53 5.00E-054 4.55 Syndrome
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FANCM 0.00379 1.910 Potential

MEN1 2.00E-0511 2.812 Potential

MSH6 0.00113 1.93 Potential

RECQL 0.00113 2.514 Potential

STK11 2.00E-0515 15.216 Potential

N=313 various17 various17 SNP
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from Figure 1.
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Achtergrond
Wereldwijd is borstkanker de meest voorkomende vorm van kanker en meest voorkomende 
kanker-gerelateerde doodsoorzaak in vrouwen.1 In Nederland ontwikkelt ongeveer één 
op acht vrouwen borstkanker gedurende haar leven.2 Ondanks dat alle borsttumoren 
uiteindelijk ongeveer dezelfde maligne eigenschappen ontwikkelen, is er veel variatie in de 
onderliggende genetische, epigenetische veranderingen en de tumormicro-omgeving die 
hieraan ten grondslag ligt. Vanwege deze heterogeniteit worden tumoren vaak onderverdeeld 
in subtypes op basis van morfologie, histologie, DNA-expressie en mutatieprofielen. 

	 De etiologie van borstkanker is complex, onder andere genetische factoren, 
fysieke eigenschappen, leefstijlfactoren en reproductiefactoren hebben invloed op het 
borstkankerrisico.3 Ook familiegeschiedenis is een belangrijke risicofactor voor deze 
aandoening. Vrouwen met een eerstegraads familielid gediagnosticeerd met borstkanker 
hebben een relatief risico (RR) van ongeveer 1.8 om zelf borstkanker te ontwikkelen.4,5 
Meerdere familieleden met borstkanker en een lagere leeftijd ten tijde van de diagnose zijn 
geassocieerd met een hoger risico.4,5 

	 De twee bekendste borstkankergenen, BRCA1 en BRCA2, zijn geassocieerd met een 
risico om borstkanker te ontwikkelen voor de leeftijd van 70 jaar van respectievelijk 60% en 
55%.6–8 Naast deze twee genen zijn er nog een aantal andere hoog-risico genen bekend. PALB2 
is een relatief recent ontdekt hoog-risico gen. Vrouwen met een pathogene genetisch variant 
in dit gen hebben een risico van ongeveer 35% om voor de leeftijd van 70 jaar borstkanker 
te ontwikkelen.9,10 Daarnaast zijn er nog een aantal hoog-risico genen die geassocieerd zijn 
met een syndroom dat gekenmerkt wordt door een verhoogd risico op diverse vormen van 
kanker. Dit betreft, de genen CDH1,11–13 PTEN,14 STK1115,16 en TP53.17 

	 Naast hoog-risico genen zijn er ook een aantal genen geassocieerd met een matig 
verhoogd (RR 2-3) risico op borstkanker. Voor de Nederlandse populatie is het gen CHEK2 
het belangrijkst, omdat er een founder mutatie bestaat, c.1100delC, die in de Noordwest-
Europese populatie een allel frequentie in de algemene populatie heeft van ongeveer 1%.18 
Daarnaast zijn ook genetische varianten in ATM19 geassocieerd met een matig verhoogd 
risico op borstkanker. Tenslotte zijn er ook nog meer dan 300 laag-risico (RR <1.5) varianten 
geassocieerd gevonden met borstkanker.20 Echter verklaren al deze hoog-, mattig-, en laag-
risico varianten samen minder dan de helft van het familiare risico op borstkanker.

	 Voor families waarin een pathogene variant is gevonden in één van de bekende 
hoog- of matig-risico genen bestaan richtlijnen die beschrijven vanaf welke leeftijd, met 
welke frequentie en met welke techniek de draagsters van pathogenen variant gescreend 
zouden moeten worden voor borstkanker.21–23 Bovendien kan onderscheid worden gemaakt 
tussen vrouwen die wel en niet draagster zijn van de genetisch variant geassocieerd met 
borstkankerrisico. Echter, in families waarin geen verklaring is gevonden voor het clusteren 
van borstkanker, blijft er onzekerheid bestaan over wie er een verhoogd risico heeft en 
in hoeverre dit risico verhoogd is. Dit maakt beslissingen met betrekking tot screening 
ingewikkelder.

Een relatief nieuwe techniek, “next generation sequencing” (NGS), maakt het mogelijk 
om in parallel miljoenen DNA-fragmenten te onderzoeken en daarmee in korte tijd grote 
delen van het genoom te analyseren. Deze techniek zou belangrijke mogelijkheden kunnen 
bieden voor het ontdekken van nieuwe borstkankergenen, omdat het de ontdekking van 
genetische varianten mogelijk maakt onafhankelijk van de allelfrequentie in de algemene 
populatie en zonder een aanname te hoeven maken over welke genetische regio’s er mogelijk 
geassocieerd zijn met een verhoogd borstkankerrisico. Doordat deze techniek nog relatief 
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kostbaar is, was het voor dit onderzoek echter niet mogelijk om grote aantallen familiare 
borstkankerpatiënten te onderzoeken. Dit maakt dat het grote aantal genetische varianten 
dat gevonden wordt in deze patiënten teruggebracht moet worden tot een behapbaar 
aantal voor validatiestudies zonder daarbij gebruik te kunnen maken van statistische 
associatietesten. 

Er bestaan diverse manieren om varianten te selecteren op basis van voorspelde 
effecten op het functioneren van het eiwit. Deze aanpak heeft echter als nadeel dat de 
beschikbare predictiealgoritme niet erg precies zijn. Ook het selecteren van varianten op 
basis van allel frequentie in de algemene populatie is niet erg effectief, aanzien het grootste 
deel van de gedetecteerde varianten zeldzaam is.24,25 Een potentieel interessante strategie is 
om te focussen op genen waarin meerdere onderzochte families een potentieel pathogene 
variant hebben. De grote etiologische heterogeniteit in borstkanker maakt echter dat de a 
priori kans hierop erg klein is. Voor sommige bekende borstkankergenen, waaronder BRCA1, 
is er een associatie gevonden met specifieke borstkanker subtypes. Daarom zou het de 
moeite waard kunnen zijn om familiare borstkankerpatiënten te selecteren met vergelijkbare 
tumorkarakteristieken in de hoop zo ook een etiologisch homogenere populatie te selecteren. 

Doel van het onderzoek
Het doel van het onderzoek beschreven in dit proefschrift is om bij te dragen aan de kennis 
van de genetische etiologie van borstkanker met behulp van NGS. Het focust op families 
met een duidelijk clustering van borstkanker, maar waarin geen pathogene varianten in 
BRCA1 of BRCA2 zijn gevonden. Hiermee hoopt dit onderzoek nieuwe inzichten te geven in 
de genetische risicofactoren die verantwoordelijk zijn voor het clusteren van borstkanker in 
deze families.

Resultaten
Voor het onderzoek beschreven in hoofdstuk 2 van dit proefschrift hebben we zes niet-
BRCA1/2 gemuteerde families geselecteerd op basis van een “array comparative genome 
hybridization” profiel van de tumoren.26 Linkage analyse in deze families had eerder een piek 
laten zien op chromosoom 4, wat suggereerde dat de clustering van borstkanker in deze 
families verklaard zou kunnen worden door een genetische variant in deze linkage regio. 
Daarom werden de exomen van twee individuen per familie onderzocht met behulp van 
NGS. Echter, geen enkel gen had een mogelijk pathogene variant in meer dan één familie en 
in het algemeen werden er geen waarschijnlijke kandidaat-risicoallelen gevonden.

	 Ook in het onderzoek beschreven in hoofdstuk 5 hebben we geprobeerd een 
homogenere groep familiare borstkankerpatiënten te selecteren, ditmaal op basis van een 
mogelijk recessieve overerving binnen de families. In deze families met elk minstens drie 
zussen met borstkanker hebben we bij één zus het exoom geanalyseerd, terwijl we bij 
alle aangedane zussen de haplotypes hebben bepaald met behulp van “single nucleotide 
polymorphisme” (SNP) arrays. Dit maakte het mogelijk om bij de analyse van de exoom 
resultaten te focussen op varianten in regio’s waarin alle aangedane zussen twee haplotypes 
delen. Ook deze studie vond echter geen waarschijnlijke kandidaat-hoog-risicoallelen. Wel 
werden er varianten in bekende matig-risico genen gevonden in verschillende families 
en werd daarnaast een verhoogd aantal laagrisico-allelen gevonden in de familiare 
borstkankerpatiënten in vergelijking met sporadisch borstkankerpatiënten.
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	 Het is mogelijk dat we in deze twee studies een hoogrisico-allel gemist hebben. Het 
zou kunnen dat we zo’n variant niet geselecteerd hebben omdat het onwaarschijnlijk leek 
dat het de eiwitfunctie zou beïnvloeden of dit überhaupt niet gedetecteerd hebben omdat 
het zich buiten de eiwitcoderende regio’s bevond. Bovendien sluiten deze twee studies niet 
uit dat er nog additionele hoog-risico genen bestaan met een sterke associatie met een 
bepaald fenotype, we zouden simpelweg het verkeerde fenotype gekozen kunnen hebben. 
De linkage piek in hoofdstuk 2 had slechts een LOD-score van 2.49, terwijl een score hoger 
dan 3.0 typisch als significant gezien wordt. De linkage van deze families met de regio op 
chromosoom 4 zou daarom toeval kunnen zijn. De selectie van families in hoofdstuk 5 had 
weliswaar belangrijke voordelen voor de filtering van varianten. Het is echter mogelijk dat 
een andere selectie van families, bijvoorbeeld op basis van jonge borstkankerpatiënten 
zonder familiegeschiedenis, beter verrijkt zou zijn geweest voor mogelijke recessieve allelen. 
In de laatste jaren zijn er diverse technieken ontwikkeld die het mogelijk maken een tumor 
in veel meer detail te karakteriseren. Het zou een goede eerste stap voor verder onderzoek 
zijn om op basis van deze nieuwe technieken uit te zoeken of er fenotypes gevonden kunnen 
worden die clusteren in families.

	 In hoofdstuk 6 van dit proefschrift worden verschillende strategieën besproken 
voor het filteren van met behulp van NGS gevonden genetische varianten en het vaststellen 
van het borstkankerrisico geassocieerd met zeer zeldzame genetische varianten. Als er geen 
genen zijn waarin meerdere families een zeldzame en mogelijk pathogene variant hebben, 
is het filteren op basis van allel frequentie in de algemene populatie en op de functionele 
effecten zoals voorspeld door in silico predictiealgoritme een veel gebruikte strategie. Vaak 
is hiermee het aantal varianten nog niet voldoende teruggebracht om validatiestudies 
mogelijk te maken. Daarom wordt er vaak voor gekozen te filteren op basis van de functie 
van de betreffende genen en daarmee, op basis van de huidige beschikbare kennis, de 
waarschijnlijkheid dat een gen betrokken in bij de ontwikkeling van borstkanker. 

	 Omdat veel van de overgebleven varianten erg zeldzaam zijn, is het vaak niet 
zinvol om te proberen een specifieke variant te valideren in case-controle studies. In plaats 
daarvan is een “burden” analyse een betere strategie. Hierbij wordt de hele eiwitcoderende 
regio van een gen onderzocht en het aantal mogelijk pathogene varianten vergeleken 
tussen (familiare) borstkankerpatiënten en gezonde controles. Een cruciaal aspect bij deze 
analyse is de definitie van een “mogelijk pathogene variant”. Dit kan zowel met behulp 
van in silico predictiealgoritmen als met behulp van functionele testen gedaan worden. 
Verkeerde aanname met betrekking tot de functionele effecten van genetische varianten 
kunnen gemakkelijk leiden tot incorrecte conclusies met betrekking tot het borstkankerrisico 
geassocieerd met varianten in een specifiek gen.

	 Hoofdstuk 3 en 4 geven een goed voorbeeld van hoe ingewikkeld het kan zijn 
om het risico geassocieerd met zeer zeldzame varianten in een gen, in dit geval XRCC2, 
vast te stellen. Een mogelijke associatie tussen XRCC2 en borstkanker werd als eerste 
gepubliceerd door Park et al.27 Hoofdstuk 3 van dit proefschrift beschrijft een studie waarin 
wij geprobeerd hebben, in een grote internationale case-controle studie, deze associatie 
te valideren. Voor de burden analyse in deze studie is gebruik gemaakt van verschillende 
in silico predictiealgoritmen, op basis daarvan kon echter geen associatie met borstkanker 
vastgesteld worden. Het onderzoek beschreven in hoofdstuk 4 van dit proefschrift heeft 
vervolgens met behulp van drie verschillende functionele testen vastgesteld dat de meeste 
gevonden varianten in XRCC2 nauwelijks effect hebben op eiwitfunctie. Voor de varianten 
die wel een effect op eiwitfunctie hadden, werd geen associatie met borstkanker gevonden, 
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al kon voor de varianten met het sterkste functionele effect een associatie niet uitgesloten 
worden door de extreme zeldzaamheid van deze varianten.

	 Ook andere studies die gebruik maakten van NGS om nieuwe borstkankergenen 
te vinden hebben relatief weinig succes gehad. De meer dan 30 gepubliceerde exoom 
sequencing studies hebben wel een aantal mogelijke nieuwe borstkankergenen 
gesuggereerd, waaronder KAT6B,28 RINT1,29 APOBEC3B30, XRCC227 en RCC1.31 Externe validatie 
van deze genen heeft echter nog niet plaatsgevonden of heeft geresulteerd in tegenstrijdige 
resultaten. Er zijn maar twee nieuwe genen gevonden waarbij de associatie met borstkanker 
ook in diverse andere studiepopulaties is gevalideerd: FANCM32,33 en RECQ.34,35 

In hoofdstuk 5 hebben we naast de zoektocht naar een mogelijk recessief gen, ook 
de mogelijkheid verkend dat deze families verklaard worden door bekende risicogenen of 
polymorfismen. We hebben laten zien dat de familiare borstkankerpatiënten gemiddeld meer 
laagrisico-allelen hebben dan borstkankerpatiënten uit de algemene populatie. Daarnaast 
waren borstkankerpatiënten uit twee van deze families draagster van de bekende matig-risico 
variant CHEK2*11000delC. In een andere studie, die geen deel uitmaakt van dit proefschrift, 
hebben we laten zien dat ook familiare borstkankerpatiënten die niet geselecteerd zijn 
voor een mogelijk recessieve overerving gemiddeld meer laagrisico-allelen bij zich dragen 
dan borstkankerpatiënten uit de algemene populatie.36 Diverse andere exoom sequencing 
studies in non-BRCA1/2 families hebben ook varianten gevonden in bekende risico genen 
zoals ATM,37–42 CHEK239,42–45 en PALB2.37,39,42,45,46 Dit bevestigt dat een substantieel deel van de 
onverklaarde familiare clustering van borstkanker waarschijnlijk verklaard wordt door een 
combinatie van matig en laag risico genen.

	 Een aantal studies heeft geprobeerd een zogenaamde “polygene risico score” (PRS) 
te berekenen op basis van een combinatie van bekende laag-risico varianten. De meest 
recente studie gebruikte hiervoor 313 verschillende genetische varianten.20 Daarnaast zijn 
er modellen die zowel genetische als niet genetische risicofactoren meewegen. Het meest 
geavanceerde model is op dit moment de laatste versie van het BOADICEA model waarbij 
mutaties in BRCA1, BRCA2, ATM, CHEK2 en PALB2, 313 laag risico SNPS en diverse niet-
genetische risicofactoren worden gebruikt in de berekening van borstkankerrisico.47 

Conclusie
Het onderzoek beschreven in dit proefschrift heeft geen nieuwe borstkankergenen kunnen 
identificeren. Ondanks dat er waarschijnlijk nog verscheidene extreem zeldzame hoogrisico-
allelen te ontdekken zijn en er mogelijk genetische varianten buiten de eiwit-coderende regio’s 
geassocieerd zijn met een sterk verhoogd risico op borstkanker, lijkt het onwaarschijnlijk dat 
deze varianten een substantieel deel van de familiare borstkanker kunnen verklaren. Zowel 
het onderzoek beschreven in dit proefschrift als werk van anderen suggereert dat een groot 
deel van de onverklaarde familiare clustering van borstkanker verklaard wordt door een 
combinatie van genetische varianten geassocieerd met een laag of middelmatig verhoogd 
risico op borstkanker. 

Zoals verwacht was de grootste uitdaging bij het gebruik van NGS in familiare 
borstkanker de detectie van een groot aantal genetische varianten in relatief klein aantal 
familiare borstkankerpatiënten, waardoor het gebruik van statistische testen voor associatie 
niet zinvol is in de selectie van mogelijk interessante varianten. Hierdoor zal een aanname-
vrije strategie voor het ontdekken van nieuwe borstkankergenen alleen realiteit worden 
wanneer we in staat zijn studies te doen die voldoende groot zijn om tenminste op gen-
niveau exoom-brede associatie analyses uit te kunnen voeren.



152

Chapter 9

Het selecteren van een fenotypisch homogenere groep familiare borstkankerpatiënten 
in de hoop te selecteren voor homogenere etiologie, heeft niet geresulteerd in het 
ontdekken van mogelijke nieuwe risico-allelen in meer dan één familie. Echter, aangezien er 
nu meer geavanceerde technieken beschikbaar zijn voor het fenotyperen van tumoren, kan 
onderzocht worden of er mogelijk toch nog waarde in deze strategie zit voor toekomstige 
pogingen tot het ontdekken van nieuw hoogrisico-allelen. 

Onze ervaring in het valideren van XRRC2 als een borstkankergen heeft ons er wederom 
geleerd dat in silico predictiealgoritmen van beperkte waarde zijn voor het classificeren van 
genetische variante. De misclassificatie van varianten kan leiden tot misleidende resultaten in 
burden analyses en incorrecte conclusies over de associatie van een gen met borstkankerrisico. 
Hoewel functionele testen belangrijke inzichten kunnen geven in het effect van genetische 
varianten op het functioneren van een eiwit, is het opzetten en uitvoeren van deze testen 
vaak tijdrovend. Hierdoor is dit vaak alleen de moeite waard voor de meest waarschijnlijke 
kandidaatsgenen.

Deze bevindingen tezamen leiden tot de conclusie dat als we de risicovoorspelling 
voor vrouwen in onverklaarde borstkankerfamilies en voor vrouwen in de algemene 
populatie willen verbeteren, we verder moeten focussen op het ontwikkelen en valideren van 
risicomodellen die alle bekende risico-allelen combineren met niet-genetische riscofactoren. 
Na het valideren van deze modellen, zouden we gebruik kunnen maken van deep learning 
technieken om deze modellen verder te verbeteren en nieuwe risicofactoren te identificeren. 

Dit vooruitzicht zou ertoe kunnen leiden dat de tweedeling tussen sporadische en 
familiare borstkanker met betrekking tot genetische risicofactoren verdwijnt. Dit zou een 
aanpassing vergen in zowel het perspectief van het onderzoek naar borstkankerrisico als voor 
de werkwijze en benadering voor moleculair pathologisch en klinisch genetisch onderzoek. 
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