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Acta Univ. Oul. D 1490, 2018
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Abstract

Breast cancer is the most common cancer among women, and inherited predisposition is one of
the major recognized causes of increased breast cancer risk. Only about half of the hereditary cases
are explained by mutations in the known susceptibility genes, including the DNA damage
response genes BRCA1, BRCA2 and PALB2, leaving the majority still uncovered. Identification of
the missing genetic predisposing factors is important for more effective diagnostics and
counseling of the risk families, and also for better understanding of the etiology and cellular
characteristics of breast cancer.

The first aim of this study was to investigate the cancer associations of six rare germline copy
number variant (CNV) deletions, which were previously identified in breast cancer patients by a
genome-wide microarray approach. The second aim was to identify novel susceptibility alleles,
both protein-truncating variants and missense mutations, by next-generation sequencing (NGS) of
nearly 800 DNA damage response genes in 189 hereditary breast cancer patients. The cancer-
associations of all selected candidate alleles (6 CNVs, 39 protein-truncating variants and 35
missense mutations) were studied by case-control approach using DNA samples from several
hundred breast cancer patients and healthy controls.

The prevalence of the studied CNVs did not significantly differ between the cases and controls,
but when studying the associations with specific clinical parameters, deletion in the CYP2C19
gene showed enrichment in the breast cancer patients with hormonally triple-negative tumors
(p=0.021). As CYP2C19 functions in estrogen metabolism, the results indicate that disturbance of
hormonal balance due to enzyme defects may predispose specifically to the estrogen receptor-
negative subtype of breast cancer.

Two protein truncating-variants, TEX15 c.7253dupT and FANCD2 c.2715+1G>A showed
significant breast cancer association in the Northern Finnish cohort (p=0.018 and p=0.036,
respectively). Similarly, two of the studied missense variants, RECQL p.Ile156Met (p=0.043) and
POLG p.Leu392Val (p=0.010), were enriched in the breast cancer cases. Thus, this study provided
novel connections between increased breast cancer risk and inherited mutations in TEX15,
FANCD2 and POLG genes, and further supported the recently established role of RECQL as a
breast cancer susceptibility gene.

Keywords: DNA copy number variations, DNA damage response, hereditary breast
cancer predisposition, missense mutations, protein-truncating variants
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Tiivistelmä

Rintasyöpä on naisten yleisin syöpä, ja perinnöllinen alttius on yksi merkittävimmistä sairastu-
misriskiin vaikuttavista tekijöistä. Tunnetuimpia alttiustekijöitä ovat mutaatiot BRCA1-, BRCA2-
ja PALB2-DNA-vauriovastegeeneissä, mutta ne yhdessä muiden altistavien geenimutaatioiden
kanssa selittävät kuitenkin vain noin puolet perinnöllisistä rintasyöpätapauksista. Uusien alttius-
geenien löytäminen mahdollistaa tehokkaamman diagnostiikan ja korkeassa syöpäriskissä olevi-
en sukujen perinnöllisyysneuvonnan, sekä auttaa ymmärtämään syvemmin rintasyövän etiologi-
aa ja syntymekanismeja solutasolla.

Tämän väitöskirjan ensimmäisenä päämääränä oli tutkia tarkemmin aiemmin genominlaajui-
sella mikrosirumenetelmällä rintasyöpäpotilailta tunnistettujen harvinaisten perinnöllisten DNA-
kopiolukuvariaatioiden (CNV) yhteyttä rintasyöpäriskiin. Toisena tavoitteena oli tunnistaa uusia
rintasyöpäalttiusalleeleja, sekä proteiinitrunkaatioita että missense-mutaatioita, hyödyntämällä
uuden sukupolven sekvensointitekniikkaa, jonka avulla tutkittiin mutaatioita lähes 800 DNA-
vauriovastegeenistä 189 pohjoissuomalaiselta rintasyöpäpotilaalta. Valittujen kandidaattialleeli-
en (6 deleetion aiheuttavaa CNV:tä, 39 proteiinitrunkaatiota ja 35 missense-mutaatiota) yhteyttä
rintasyöpään tutkittiin tapaus-verrokkimenetelmällä käyttäen DNA-näytteitä usealta sadalta rin-
tasyöpäpotilaalta ja terveeltä kontrollihenkilöltä.

Tutkittujen CNV:iden esiintyvyydessä ei ollut merkitseviä eroja potilaiden ja kontrollien
välillä, mutta tarkasteltaessa yhteyttä potilaiden kasvaimista saatuihin kliinisiin parametreihin,
deleetio CYP2C19-geenissä oli yleisempi hormonaalisesti kolmoisnegatiivisissa rintatuumoreis-
sa kuin muissa tuumorityypeissä (p=0.021). Koska CYP2C19 on estrogeenimetaboliaan osallis-
tuva entsyymi, sen viallinen toiminta voi mahdollisesti altistaa erityisesti estrogeenireseptorine-
gatiiviselle rintasyövälle.

Kaksi tutkituista proteiinitrunkaatioista, TEX15 c.7253dupT ja FANCD2 c.2715+1G>A, oli-
vat rikastuneet perinnöllisessä rintasyöpäpotilasaineistossa verrattuna kontrolleihin (p=0.018 ja
p=0.036). Myös kaksi missense-alleelia, RECQL p.Ile156Met (p=0.043) ja POLG p.Leu392Val
(p=0.010), olivat yleisempiä rintasyöpäpotilailla. Tulokset osoittivat uuden yhteyden kohonneen
rintasyöpäriskin ja perinnöllisten muutosten TEX15-, FANCD2- ja POLG-geenien välillä, sekä
tukivat aiempia tutkimustuloksia, joiden mukaan RECQL on kohtalaisen riskin rintasyöpäalttius-
geeni.

Asiasanat: DNA-kopiolukuvariaatiot, DNA-vauriovaste, missense-mutaatiot,
perinnöllinen rintasyöpäalttius, proteiinitrunkaatioalleelit
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1 Introduction  
Cancer is a group of diseases defined by uncontrolled cell division, genomic 

instability and invasive potential of the cells. Approximately, every third individual 

develops cancer at some point of their life, which leads to over 14 million cancer 

diagnoses worldwide every year (Torre et al., 2015). It is also one of the leading 

causes of mortality in developed countries. Breast cancer is the most common 

malignancy in women, since about every eighth woman develops this disease 

during their lifetime (Downs-Holmes & Silverman, 2011). In Finland, over 5,100 

diagnosed breast cancer cases and 800 breast cancer-related deaths were reported 

in 2015 (Finnish Cancer Registry). Several environmental and hormonal effects can 

increase the risk, but a positive family history of breast cancer is currently the best-

known single predisposing factor, affecting up to ten percent of the cases (Nielsen, 

van Overeem Hansen, & Sorensen, 2016). In the families showing breast cancer 

clustering, most commonly the high disease predisposition is caused by inherited 

mutations in genes important for the DNA damage response and maintenance of 

genomic integrity (Stratton & Rahman, 2008). 

Two of the major high-risk breast cancer susceptibility genes, BRCA1 and 

BRCA2, were discovered over two decades ago (Miki et al., 1994; Wooster et al., 

1995). Since then, several moderate-risk genes with rare loss-of-function mutations 

have been identified, including ATM, CHEK2 and PALB2 (Athma, Rappaport, & 

Swift, 1996; Erkko et al., 2007; Meijers-Heijboer et al., 2002).  Additionally, 

genome-wide association studies (GWAS) have exposed a large number of low-

penetrance predisposition factors which have lower impact on the risk but are found 

relatively frequently in the population (Michailidou et al., 2017). The types of 

predisposing alleles in the known susceptibility genes may vary from large 

structural variants to smaller insertions, deletions and single nucleotide point 

mutations, which makes the spectrum of disease associating variants wide. Despite 

extensive research efforts, only under half of the hereditary breast cancer cases are 

currently explained by known risk genes and alleles, leaving the majority of the 

familial cases still unexplained (Couch, Nathanson, & Offit, 2014; Michailidou et 

al., 2017). The search for missing genetic predisposing factors is important not only 

for the diagnostics and genetic counseling of the risk families but also for 

understanding the etiology of breast cancer.  Unraveling this has the potential to 

provide opportunities to develop novel and more effective cancer therapies. 

Study approaches for the identification of novel predisposing alleles have 

extended during the course of time from linkage analysis and screenings of single 
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candidate genes to microarray studies and massive parallel sequencing efforts using 

gene panel, whole exome and whole genome sequencing. This study has taken 

advantage of these recent methods. The first project was based on the previous 

results from genome-wide microarray data used for the identification of rare copy-

number variants (CNVs) in breast cancer patients (Pylkäs et al., 2012). Here the 

aim was to characterize the exact breakpoints of six observed rare CNV deletion 

alleles and to study the prevalence of these variants in larger breast cancer case and 

healthy control cohorts. To distinguish the association with clinical parameters, 

information of the clinicopathological variables, such as hormonal receptor statuses 

and tumor grade, was utilized. The second and third project were based on the data 

from next-generation sequencing of 796 DNA damage response genes in 189 

hereditary breast cancer patients (Mantere et al., 2016). In the second project, 39 of 

the identified protein-truncating variants were analyzed using the case–control 

approach to detect breast cancer-associating variants. The third project focused on 

the observed missense substitutions, and the prevalence of 35 rare presumably 

deleterious variants was analyzed in the case-control cohorts to evaluate the 

potential association with breast cancer predisposition. 
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2 Review of the literature  

2.1 Development of cancer  

Cancer comprises a wide category of distinct diseases originating from different 

cell types, tissues and organs. However, they all arise from uncontrolled division 

of a malignantly converted cell which has confronted a burden of deleterious 

genetic alterations (Vogelstein & Kinzler, 1993). Mutations are usually recognized 

and repaired before cells enter mitosis, but failure in the repair mechanisms allows 

the cells with genetic defects to divide. In normal tissues, the mutation rate has been 

estimated to be one error in every 109 nucleotides per each cell division (Loeb, 

2016). In cancer, the number of accumulated somatic mutations per tumor varies 

from under 500 in acute leukemia to up to 100,000 in melanoma and lung cancer, 

but most tumor types, including breast cancer, exhibit around 10,000 mutations or 

less (Alexandrov, Nik-Zainal, Wedge, Campbell, & Stratton, 2013; Greenman et 

al., 2007). Majority of these variations are not causative for cancer or do not provide 

particular advantage for clonal growth and are therefore termed “passenger” 

mutations. In contrast, the “driver” mutations promote tumorigenesis and have been 

under positive selection during the typically gradual and multistep process of 

cancer development over a relatively long period of time (Stratton, Campbell, & 

Futreal, 2009). Still, a single deleterious  genetic  change  is  rarely  enough  for  

the  development  of  a malignant tumor, and most often sequential mutations in 

several genes are required (Croce, 2008). Depending on tumor type, approximately 

2–8 driver mutations are found in the cancer genome, although the precise number 

may be even higher. Usually they affect so-called “cancer genes”, which are 

important for cell survival and genome integrity (Stratton et al., 2009; Vogelstein 

et al., 2013). Considering the rarity of mutations in normal cells in comparison to 

the large number of mutations in tumors, malignant cells are proposed to express a 

mutator phenotype, which is defined by progressive accumulation of genetic 

variants that can also result in driver mutations in cancer genes (Loeb, 2001; Loeb, 

2016). 

In addition to the mutator phenotype and genomic instability, there are several 

common physiological features that malignant cells and tumors share, which are 

defined as the hallmarks of cancer. The main categories are the following: 

sustaining proliferative signaling, inducing angiogenesis, overriding growth 

suppressors, resisting apoptosis, replicative immortality and capability to invade 
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and metastasize (Figure 1) (Hanahan & Weinberg, 2011). Additionally, more 

recently acknowledged features include the capability of avoiding immune 

destruction and inducing tumor growth-promoting inflammation (Hanahan & 

Weinberg, 2011). All of these characteristics may not be expressed simultaneously 

due to certain stage of cancer and cell type specificity, but overall, these features 

missing from the normal cell population give the cancerous cells the advantage to 

proliferate unrestrainedly. 

 

 

 

Fig. 1. The six main hallmarks of cancer. Modified from Hanahan & Weinberg 2011. 
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2.1.1 Cancer genes  

Cancer genes, also referred to as driver genes, are characterized by driver mutations 

enhancing the proliferative capability and malignant features of the cells. They 

encode proteins controlling cell fate, cell survival and genome maintenance, and 

estimations suggest existence of 100–300 cancer genes (Stratton et al., 2009; 

Tokheim, Papadopoulos, Kinzler, Vogelstein, & Karchin, 2016; Vogelstein et al., 

2013). These genes have traditionally been further categorized into two classes, 

proto-oncogenes and tumor suppressors, which differ from each other by the gene 

function and biological effect of the mutations (E. Y. Lee & Muller, 2010). 

Proto-oncogenes 

In normal cells, proto-oncogenes stimulate cell proliferation-related functions, 

while their mutated forms, oncogenes, enhance these properties uncontrollably 

during malignant conversion. Causative alterations in proto-oncogenes are mainly 

activating, gain-of-function somatic point mutations, amplifications or 

rearrangements, which cause either increased expression, deregulated expression 

or alterations in the gene structure, thus conferring growth advantage or increased 

survival of the cells (Croce, 2008; Todd & Wong, 1999). The variety of products 

encoded by proto-oncogenes is wide as they can function as transcription factors, 

chromatin remodelers, growth factors and receptors, signal transducers, and 

apoptosis regulators (Croce, 2008). Some of the most commonly mutated proto-

oncogenes include the transcription factor MYC and RAS family of small GTPases, 

as their activation is observed frequently in a large number of different tumor types 

(Maya-Mendoza et al., 2015). Proto-oncogenes are mainly converted to their 

oncogenic driver forms through non-inherited somatic mutations, and germline 

changes have been identified only in a few genes, such as in RET in multiple 

endocrine neoplasia type 2 and in MET in hereditary papillary renal carcinoma 

(Hodgson, 2008; Schmidt et al., 1997). In addition to mutations occurring in the 

human genome itself, viruses can insert genetic material into the host cells, leading 

to induction of oncogenic activation (Croce, 2008). 

Tumor suppressor genes 

In contrast to gain-of-function mutations of proto-oncogenes, tumor suppressor 

genes are mostly inactivated during cancer development. The encoded proteins are 
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responsible for controlling cell proliferation, cell cycle progression, apoptosis and 

DNA repair, and loss-of-function mutations in these genes enable abnormal cell 

growth and division of cells with damaged DNA (Motoyama & Naka, 2004). 

Tumor suppressors are traditionally further divided into gatekeepers, caretakers and 

landscapers, although some of the genes may exhibit features from more than one 

class. Gatekeepers have a key role in either inhibiting cellular proliferation or 

promoting cell death, thus directly controlling tumor initiation (Kinzler & 

Vogelstein, 1997). This category includes the major tumor suppressor gene TP53, 

which is estimated to display structural alterations in around half of the human 

cancers, and RB1, which is mutated in most retinoblastomas, osteosarcomas, small-

cell lung cancers and at lower frequency in a variety of other malignancies (Dyson, 

2016; Lozano & Elledge, 2000). Caretaker genes encode proteins involved in DNA 

repair and maintenance of genomic integrity, but inactivation of these genes does 

not promote tumor formation directly. Instead, loss-of-function of the caretakers 

allows accumulation of mutations in gatekeepers and other important genes, 

leading to genomic instability and further promotion of tumorigenic events. The 

caretaker category includes the nucleotide-excision repair genes causing 

Xeroderma pigmentosum, mismatch repair genes (such as MSH2 and MLH1) 

mutated in hereditary nonpolyposis colorectal cancer (Lynch syndrome), and major 

breast cancer susceptibility genes, BRCA1 and BRCA2, functioning as key factors 

in DNA double-strand break repair and maintenance of genomic stability (Kinzler 

& Vogelstein, 1997; Macleod, 2000). The third group of tumor suppressors, 

landscapers, have also an indirect input on cancer development. Mutations in these 

genes do not directly affect cell growth, but create abnormal stromal 

microenvironment contributing to the neoplastic transformation of the cells. These 

genes might function in the regulation of extracellular matrix proteins, adhesion 

proteins, cell surface markers or secreted growth factors, consequently modifying 

the environment favorable for malignant growth (Macleod, 2000; Michor, Iwasa, 

& Nowak, 2004). 

For the tumor suppressor genes, loss of both functional copies of the gene is 

often required for tumor development. The inactivation can either be in the 

germline or occur through somatic events. Alfred Knudson established the classical 

two-hit model for this phenomenon while studying familial retinoblastoma: one 

allele of the RB1 gene has an inherited germline loss-of-function mutation and the 

other is somatically inactivated later in life, only then initiating cancer development 

(Knudson, 1971). The inactivation can occur through various events, such as 

genomic deletions, conversions, mitotic events or epigenetic silencing, that lead to 
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complete loss of the wild type allele, referred to as loss of heterozygosity (LOH) 

(Ryland et al., 2015). The two-hit model applies to several tumor suppressor genes 

in different cancer types, but more recent studies have shown that also one mutated 

allele can be enough to promote tumorigenesis. One of the non-biallelic ways of 

malignant promotion is haploinsufficiency, in which the only wild type allele is not 

capable of producing the sufficient amount of protein needed for the full tumor 

suppressing functionality, which would normally be achieved with two functional 

gene copies (Payne & Kemp, 2005). Another one-hit mechanism is dominant 

negativity, where the mutant allele produces a protein product interfering with or 

inhibiting the activity of the wild type protein. This effect has been observed, for 

example, for the major tumor suppressor gene TP53. The functional p53 protein is 

a tetramer with four homogenous subunits, and in the case of one mutated allele, 

the wild type and mutant p53 proteins form hetero-oligomers that show impaired 

DNA binding and transcriptional activity (Goh, Coffill, & Lane, 2011). 

In contrast to proto-oncogenes, several tumor suppressor genes have been 

connected to hereditary cancer syndromes. Germline mutations in TP53 and VHL 

cause Li-Fraumeni syndrome and von Hippel–Lindau syndrome, respectively, both 

of which predispose to several malignancies with high penetrance. Genes 

associated with more specific tumor types include APC, mutated in familial 

adenomatous polyposis, and BRCA1 and BRCA2, mutated in hereditary breast and 

ovarian cancer (Nagy, Sweet, & Eng, 2004). 

2.2 Breast cancer  

2.2.1 Breast cancer epidemiology and classifications  

Approximately 1.7 million people worldwide are diagnosed with breast cancer 

every year, which makes it the most common malignancy among women (Torre et 

al., 2015). In Finland, about 5,100 new cases and 840 breast cancer-related deaths 

occur annually. Even though the incidence has been increasing during the last 

decades (Figure 2), the mortality has decreased due to more effective diagnosis and 

treatment, and the current five-year relative survival rate is over 90%. Obviously, 

breast cancer mainly affects women, but also men can develop this disease. In 2015, 

30 men were diagnosed in Finland (Finnish Cancer Registry). 
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Fig. 2. Breast cancer incidence in Finland during 1955–2015. Modified from Finnish 
Cancer Registry statistics. 

Even though breast cancer refers to all malignancies arising from the breast tissue, 

it is an extremely heterogeneous disease with different cells-of-origins, hormonal 

statuses, prognoses and treatment options. Most breast cancers, however, are 

carcinomas which originate from the epithelial cells located in either the milk ducts 

or lobules of the breast. Approximately 60–80% of the breast cancers are invasive 

ductal carcinomas, ~15% are invasive lobular carcinomas and the remaining 

portion includes medullar, mucinous, tubular and other rare subtypes. In addition 

to invasive tumors, breast malignancies can also be non-invasive carcinomas in situ, 

which are local tumors that have not invaded to the surrounding tissue (Hanby, 

2005; Malhotra, Zhao, Band, & Band, 2010). 

Several classifications have been established to determine the aggressiveness, 

prognosis and therapeutic options of breast cancer. The most commonly used 

staging system for measuring the extent to which the cancer has spread is based on 

the primary tumor size (T), number of regional lymph nodes that contain cancer (N) 

and existence of distant metastasis (M) (Giuliano, Edge, & Hortobagyi, 2018). The 

higher the stages of these TNM classes, the more severe cancer and worse 
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prognosis the patient usually has (National Cancer Institute). In addition to staging, 

the cancer growth and spreading rate can be estimated by histologically defined 

tumor grade (ranging from 1 to 3), which indicates the differentiation stage of the 

tumor tissue. Grade 1 includes well-differentiated tumors with features similar to 

the normal breast tissue, grade 2 comprises moderately differentiated tumors, 

whereas grade 3 tumors are poorly differentiated, show frequent mitoses and lack 

of normal tubule formation (Rakha et al., 2010). Well-differentiated tumors usually 

lead to better prognosis as they grow and invade more slowly, but patients with 

grade 3 tumors have significantly worse relapse-free and overall survival. Thereby 

the grading is important for the treatment decisions, and for example high-grade 

patients are often recommended to receive adjuvant chemotherapy instantly (Rakha 

et al., 2010; Rosenberg, Chia, & Plevritis, 2005).  

Breast tumors can also be categorized into five main molecular subtypes 

according to their gene expression profiles: luminal A, luminal B, HER2 over-

expressing type, basal-like and normal breast-like tumors (Perou et al., 2000; Sorlie 

et al., 2003). Traditionally, immunohistochemistry and chromogenic in situ 

hybridization (CISH) have been used for defining expression status of estrogen 

receptor (ER), progesterone receptor (PR) and human epidermal growth factor 

receptor 2 (HER2), which can be used as surrogates for the gene expression 

profiling  (Dai et al., 2015; Giuliano et al., 2018; Perou et al., 2000).  In addition to 

hormonal receptor statuses, also proliferative marker status (ki-67 expression) and 

specific multi-gene expression arrays (such as 50-gene signature panel PAM50) 

have been utilized for further classifying the tumors into intrinsic subtypes 

(Malhotra et al., 2010).  

Luminal A (mostly ER+/PR+ and HER2-) is the most common subtype (~60% 

of breast cancers) with good prognosis and response to hormonal therapy, but these 

patients usually benefit only minimally from conventional chemotherapy (Dai et 

al., 2015; Paik et al., 2004). Luminal B (ER+/PR+ and HER2+) tumors account for 

~20% of the cases, have worse prognosis and more proliferative tumors than 

luminal A type, but can be treated with combined chemotherapy and hormonal 

treatment (Dai et al., 2015; Malhotra et al., 2010; Paik et al., 2004). Basal-like 

tumors (~15%) show gene expression profiles mimicking basal epithelial cells, are 

often triple-negative (ER-, PR- and HER2-), have poor prognosis, show aggressive 

behavior and are least likely to respond to hormone therapy. Basal-like tumors are 

also more frequent among BRCA1 mutation carriers (Dai et al., 2015; Sorlie et al., 

2003). About 10% of the breast cancers are HER2-type (ER-, PR- and HER2+), 

which are higher grade, have poor prognosis and often harbor TP53 mutations (Dai 
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et al., 2015). Additionally, a small proportion of the tumors are suggested to be 

normal breast-like, resembling hormonally the luminal A type, but with different 

gene expression pattern and worse prognosis (Dai et al., 2015; Rakha, Reis-Filho, 

& Ellis, 2010).  

Information of the hormonal receptor statuses is useful not only for research 

purposes but also for determining whether targeted therapies would be beneficial. 

Patients with ER+/PR+ tumors usually respond well to treatment with the 

antiestrogen drug tamoxifen or aromatase inhibitors, and HER2-type malignancies 

can be treated, for instance, with HER2-binding monoclonal antibody trastuzumab 

(Herceptin), which has improved the survival of HER2 overexpressing patients 

(Malhotra et al., 2010; Slamon et al., 2011). 

Several different factors have been estimated to increase breast cancer risk. 

One major influencer is age, as incidence of breast cancer doubles every ~10 years 

until menopause, after which the occurrence rate slows down significantly. Another 

group of risk sources are hormone-related factors with 2–3-fold relative risk, 

including early menarche, late menopause, nulliparity, late age at first pregnancy 

and hormonal replacement therapies (McPherson, Steel, & Dixon, 2000). Also 

previous diseases in the breast tissue (4-fold relative risk), obesity especially among 

post-menopausal women (2-fold relative risk), ionizing radiation, low amount of 

exercise and alcohol consumption can have an impact on cancer development, but 

the estimations of the risk increment level caused by these factors vary (Danaei et 

al., 2005; McPherson et al., 2000). In addition to these, a proportion of the breast 

cancer cases is explained by hereditary predisposition to the disease (Stratton & 

Rahman, 2008). 

2.3 Inherited breast cancer susceptibility 

Familial breast cancer is defined by clustering of breast cancer cases in a family 

with higher incidence than in the general population. At individual level, women 

with a first-degree relative affected by breast cancer have about two-fold risk of 

developing the disease compared to women with no breast cancer cases in the 

family (Collaborative Group on Hormonal Factors in Breast Cancer, 2002). This 

could be due to shared environment and lifestyle habits, but epidemiological and 

twin studies have shown that a majority of the familial cases can be explained by 

inherited genetic factors (Mucci et al., 2016; Peto & Mack, 2000). Of all breast 

cancer cases, up to 10% have been estimated to have a strong hereditary 

background (Nielsen et al., 2016). In comparison to sporadic cases, families with 
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clustering of breast cancer exhibit more often early-onset, bilateral and male breast 

cancers together with an increased prevalence of ovarian and prostate tumors (Nagy 

et al., 2004; Roy, Chun, & Powell, 2011). 

Hereditariness of breast cancer has already been acknowledged for several 

decades, but it was only in the 1990s when the first specific breast cancer associated 

genes were identified (Miki et al., 1994; Wooster et al., 1995). To date, almost 200 

loci have been connected to breast cancer predisposition, some of the genes 

increasing also the risk for ovarian and other cancers in addition to breast 

malignancies (Michailidou et al., 2017; Stratton & Rahman, 2008). The breast 

cancer associated genes have traditionally been divided into three classes according 

to their impact on the risk: rare mutations in high-penetrance genes cause a 

strikingly elevated, 10–20 fold, relative risk to develop breast cancer, whereas rare 

moderate- and common low-penetrance alleles confer lower relative risk, about 2–

6 fold and <2-fold, respectively (Fanale et al., 2012; Foulkes, 2008; Stratton & 

Rahman, 2008). Illustration of these three breast cancer susceptibility gene classes 

with the major identified genes are presented in Figure 3. 
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Fig. 3. Examples of the breast cancer susceptibility genes categorized according to 
their disease penetrance, the main detection approach and population frequency. 
Notably, the relative risk and frequency of specific variants can vary from these in 
different populations. Modified from Foulkes 2008 and Fanale et al. 2012. 

2.3.1 High-penetrance susceptibility genes 

The major breast cancer susceptibility gene, BRCA1 in chromosome 17q21, was 

identified through linkage analysis and positional cloning more than twenty years 

ago (Hall et al., 1990; Miki et al., 1994). Since then, the cancer-associating variants 

and function of the BRCA1 protein have been extensively studied. The BRCA1 

gene consists of 24 exons (exon 11 being notably long) and it encodes a 1863-

amino-acid-long nuclear phosphoprotein (Clark, Rodriguez, Snyder, Hankins, & 

Boehning, 2012). Cancer predisposing variants have been identified throughout the 

gene, although they are more enriched in some of the functional domains. To date, 

over 800 unique mutations have been confirmed to have a significant impact on 

cancer risk (Breast Cancer Information Core Database, (Clark et al., 2012). Proper 
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functioning of BRCA1 is highly important for the cells, since it has critical roles in 

the maintenance of genomic stability through cell cycle checkpoint activation and 

DNA double-strand break repair by homologous recombination (Roy et al., 2011). 

Inherited loss-of-function mutations in BRCA1 confer approximately 70–80% 

lifetime risk of breast and 40–60% risk of ovarian cancer (Online Mendelian 

Inheritance in Man [OMIM] phenotype MIM number #604370), both of which are 

several times higher than the risk in general female population (Downs-Holmes & 

Silverman, 2011; Levy-Lahad & Friedman, 2007; Roy et al., 2011). 

The other high-penetrance gene, BRCA2 in 13q12.3, was also discovered in the 

1990s by studying BRCA1 mutation-negative breast cancer families (Wooster et al., 

1995). BRCA2 encodes a 3418-amino-acid protein which has a key function in the 

promotion of strand invasion during homologous recombination mediated DNA 

repair (Roy et al., 2011). Heterozygous mutations in BRCA2 lead to 50–60% 

lifetime risk of breast cancer and up to 30% risk of ovarian cancer (MIM #612555). 

In addition, the susceptibility for pancreatic cancer is also increased.  In male 

carriers, BRCA2 mutations confer an increased risk for both breast and prostate 

cancer (Clark et al., 2012; Roy et al., 2011).  

Germline mutations in BRCA1 and BRCA2 are estimated to explain about 15–

20% of the familial breast cancer cases (Lalloo & Evans, 2012). In contrast, somatic 

mutations in these genes are uncommon in the breast tumors. At the population 

level, the cancer predisposing mutations in these genes are rare, as the carrier 

frequency is about 1 in 1,000 individuals (Nagy et al., 2004; Stratton & Rahman, 

2008). However, the prevalence varies between countries, and some specific 

mutations are known to be enriched, for example, in the Ashkenazi Jewish 

populations, due to the founder effect (Struewing et al., 1997). Several types of 

mutations are observed in BRCA1/2 genes, but majority of the predisposing alleles 

are frameshift or nonsense mutations leading to truncated protein products, while 

less than 10% are missense mutations causing an amino acid change (Nagy et al., 

2004). Notably, monoallelic mutations cause predisposition to breast cancer, 

whereas biallelic mutations in BRCA2 (FANCD1) lead to a subtype of Fanconi 

anemia, a very rare autosomal recessive disease characterized by bone marrow 

failure, congenital abnormalities and predisposition to multiple cancers (MIM 

#605724) (Howlett et al., 2002). In contrast, biallelic mutations in BRCA1 have 

long been estimated to lead to embryonic lethality, until a couple of studies reported 

compound heterozygous BRCA1 mutations in an early-onset ovarian cancer patient 

with microcephaly, and in an early-onset breast cancer patient exhibiting also 

multiple developmental and cellular anomalies consistent with Fanconi anemia 
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features (MIM #617883) (Domchek et al., 2013; Sawyer et al., 2015). In addition, 

a homozygous loss-of-function BRCA1 mutation was recently reported in a 2.5 

year-old girl with features of short stature, microcephaly, neurodevelopmental 

delay, congenital heart disease and dysmorphic features (Freire et al., 2018). 

A small proportion of the hereditary breast cancer cases are explained by other 

rare cancer syndromes with high-penetrance gene mutations. Whereas somatic 

TP53 mutations are observed frequently in breast tumors, rare germline TP53 

mutations cause Li-Fraumeni syndrome (MIM #151623), which is characterized by 

highly increased risk for several malignancies, including early-onset breast cancer, 

sarcomas and brain tumors. Half of the patients with Li-Fraumeni syndrome 

develop some cancer by the age of 30, breast cancer being the most common type 

accounting for 25–30% of the tumors (Sorrell, Espenschied, Culver, & Weitzel, 

2013). Other familial cancer syndromes with approximately 40–60% lifetime risk 

of breast cancer include Peutz–Jeghers syndrome (MIM #175200, mutated STK11), 

hereditary diffuse gastric cancer (MIM #137215, mutated CDH1) and Cowden 

syndrome (MIM #158350, mutated PTEN) (Lalloo & Evans, 2012). 

2.3.2 Moderate-penetrance susceptibility genes 

Mutations in moderate-penetrance susceptibility genes slightly increase the 

probability to develop breast cancer, and depending on the variant, the risk is about 

2–4 fold when compared to the general population. Moderate-penetrance alleles are 

relatively rare, as the carrier frequency is usually under 1%, although this can vary 

between geographical regions and ethnic groups (Hollestelle, Wasielewski, 

Martens, & Schutte, 2010; Lalloo & Evans, 2012). In contrast to hundreds of 

predisposing mutations in BRCA1 and BRCA2, moderate-penetrance genes usually 

harbor a limited number of cancer-associating variants. These variants are also 

more difficult to identify as causative predisposing mutations than high-penetrance 

alleles since they do not show complete disease segregation in the families 

(Hollestelle et al., 2010).  

Genetic linkage studies were successful in recognizing the high-penetrance 

breast cancer genes, whereas other methods have been proven more useful when 

searching for the missing hereditary components. The main approach for 

identification of moderate-risk susceptibility alleles has been candidate gene 

studies, in which genes functioning in the known cancer-related pathways have 

been screened for mutations in breast cancer cases and population controls. These 

studies have identified the most important moderate-risk genes to date, ATM, 
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CHEK2, PALB2 and NBS1 (Stratton & Rahman, 2008), although the risk associated 

with some alleles in these genes can be comparable to high-penetrance variants. 

For example, the cumulative risk for developing breast cancer by the age of 70 

years is 91% for the Australian PALB2 mutation c.3113G>A (p.W1038*), similar 

to the risk caused by BRCA1 and BRCA2 alleles (Southey et al., 2010). In addition 

to the well-established moderate-risk genes, a few other genes have shown cancer 

association at least in some populations, warranting still further studies for more 

accurate risk estimations. 

ATM (ataxia-telangiectasia mutated) encodes a protein kinase which has an 

important role in the activation of DNA double-strand break repair by 

phosphorylating crucial DNA damage response proteins, such as BRCA1, p53 and 

CHEK2 (Shiloh, 2003). Biallelic mutations in ATM cause the autosomal recessive 

disease ataxia-telangiectasia, the features of which include debilitating progressive 

neurodegeneration, immunodeficiency and predisposition to different cancers 

(MIM #208900) (McKinnon, 2004). Causative mutations for ataxia-telangiectasia 

have been observed to be breast cancer susceptibility alleles when heterozygous, 

leading to a 2–3-fold relative breast cancer risk. However, the risk has been 

estimated to be even up to 15-fold in the case of certain variants (Chenevix-Trench 

et al., 2002; Goldgar et al., 2011; Renwick et al., 2006).  

 CHEK2 (Checkpoint kinase 2) protein is a key mediator in the DNA damage 

response which modulates the activity of p53 and BRCA1 by phosphorylation, and 

further regulates the cell-cycle checkpoint arrest and apoptosis (Bartek, Falck, & 

Lukas, 2001). CHEK2 mutation c.1100delC has been confirmed to be a moderate-

risk allele in several populations, conferring about two-fold breast cancer risk in 

unselected cases and five-fold risk among familial cases (Hollestelle et al., 2010; 

Meijers-Heijboer et al., 2002; Vahteristo et al., 2002). A few other variants, 

including p.I157T, p.S428F, c.IVS2+1G>A, c.del5395 and p.Y390C, have been 

identified as risk alleles in some populations, but the limited amount of data leave 

their impact on the overall risk unconfirmed (Hollestelle et al., 2010; Wang et al., 

2015).  

PALB2 (partner and localizer of BRCA2, FANCN) mediates the nuclear 

localization and stability of BRCA2 in homologous recombination directed DNA 

double-strand break repair, and it was identified as a moderate-risk gene a decade 

ago (Erkko et al., 2007; Rahman et al., 2007). The breast cancer associating variants 

are mainly truncations, conferring up to 6-fold or even higher relative risk, 

suggesting a role for PALB2 as the third most important breast cancer susceptibility 

gene (Hollestelle et al., 2010; A. J. Lee et al., 2016). In Finland, the only observed 
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causative variant is the founder mutation c.1592delT, occurring in ~1% of 

unselected patients and with higher incidence in familial cases. It causes an 

estimated 40% cumulative risk of breast cancer by the age of 70-years (Erkko et 

al., 2007; Southey et al., 2016). Similar to BRCA2, biallelic mutations in PALB2 are 

also causative for a subtype of Fanconi anemia (MIM #610832) (Xia et al., 2007). 

NBS1 (Nibrin) has a critical role in the initiation of DNA repair as it is a part 

of the MRE11-RAD50-NBS1 (MRN) protein complex, which recognizes DNA 

double-strand breaks and recruits ATM to the damage site. This complex is also 

involved in several other cellular processes, such as DNA recombination, 

maintenance of telomere integrity and cell cycle checkpoint control (Kobayashi, 

Antoccia, Tauchi, Matsuura, & Komatsu, 2004). A few cancer-associating variants 

have been identified in NBS1, and monoallelic carriers of the most prevalent 

mutation, c.657del5, have about 3-fold or higher increased breast cancer risk, at 

least in the Slavic populations (Steffen et al., 2006). In addition to breast cancer, 

heterozygous NBS1 mutations can also predispose to other cancer types, including 

melanoma and gastrointestinal lymphoma, whereas biallelic mutations cause 

Nijmegen breakage syndrome, characterized by chromosomal instability, 

immunodeficiency and high incidence of childhood lymphoma and leukemia (MIM 

#251260) (Hollestelle et al., 2010; Varon et al., 1998). 

BRIP1 (BRCA1-interacting protein 1, FANCJ) is a RecQ DEAH helicase 

involved in DNA repair by interacting directly with BRCA1 (M. Peng, Litman, Jin, 

Fong, & Cantor, 2006). It was identified as a susceptibility gene in the early 2000s, 

and truncating mutations were estimated to cause a two-fold relative breast cancer 

risk in the British population (Cantor et al., 2001; Seal et al., 2006). However, a 

recent study with larger case-control cohorts did not show evidence of BRIP1 

truncating mutations associating with breast cancer, challenging its role as a 

moderate-risk breast cancer gene (Easton et al., 2016). Instead, heterozygous 

BRIP1 truncations have been confirmed to increase ovarian cancer risk by three-

fold, whereas biallelic mutations lead to Fanconi anemia subtype J (Levitus et al., 

2005; Ramus et al., 2015). Similarly to BRIP1, also RAD51C was initially 

identified as a breast cancer susceptibility gene, but further studies have confirmed 

the strong association only with increased risk for ovarian cancer (Loveday et al., 

2012; Meindl et al., 2010).  

Several additional genes have a suggestive role as moderate-risk genes, but the 

evidence is usually limited to specific geographical areas or ethnic groups. For 

instance, a rare founder mutation c.687delT in RAD50 has thus far been identified 

as a susceptibility allele only in the Finnish population, where it has been estimated 
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to cause a 4-fold increased breast cancer risk (Heikkinen, Karppinen, Soini, 

Makinen, & Winqvist, 2003; Heikkinen et al., 2006). Recently, a deletion 

(c.904_916del) in an early DNA damage response (DDR) gene, MCPH1 

(Microcephalin), was identified to be enriched in the Northern Finnish breast 

cancer patients, conferring up to 8-fold risk in familial and 3-fold risk in unselected 

cases (Mantere et al., 2016). MCPH1 has several crucial functions in the DDR, 

including the regulation of chromatin relaxation, which is essential for enabling the 

entrance of the repair machinery to the DNA breaks, and recruitment of several 

other DNA repair proteins, such as ATM and BRCA2, to the damage sites (Rai et 

al., 2006). It also functions in the development of fetal brain, and biallelic MCPH1 

mutations cause primary microcephaly, a neurodevelopmental disorder defined by 

severely diminished brain size, seizures and mental retardation (MIM #251200) (A. 

P. Jackson et al., 2002). 

2.3.3 Low-penetrance susceptibility genes and alleles  

Low-penetrance alleles are the third group of susceptibility factors, conferring 

under two-fold relative risk for developing breast cancer. However, they are 

significantly more common than the rare moderate- and high-risk alleles, as low-

penetrance variants may have a population frequency ranging from ~5% up to over 

50% (Stratton & Rahman, 2008). As this type of variants are not likely to be 

identified as susceptibility alleles through linkage analysis or traditional small-

scale candidate gene approaches, the main method to search for low-penetrance 

factors have been the genome-wide association studies (GWAS). These large-scale 

studies can analyze simultaneously hundreds of thousands single nucleotide 

polymorphisms (SNPs) throughout the genome in up to hundreds of thousands 

cases and controls (Easton et al., 2007). The identified associating variants can 

reside either in coding or non-coding genomic regions, and be either causative or 

in linkage disequilibrium with nearby variants, thus having a role only as reporter 

SNPs. Most of the low-penetrance alleles identified so far are not localized in 

known coding areas, but can lie in predicted regulatory regions and have an impact 

on the chromatin interactions and expression levels of genes several hundred 

kilobases away (Milne et al., 2017). According to the polygenic model, a large 

number of variants, each conferring only a small risk, is needed to cause an 

increased cancer susceptibility. The estimations suggest that over 30 of such alleles 

are required to account for 3-fold familial risk. Furthermore, the variants can 

together have multiplicative, additive, antagonistic, synergistic or complex 
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intermediate interactions, in addition to the interplay with environmental and 

hormonal factors, thus making the risk estimations of these variants complicated 

(Easton et al., 2007; Houlston & Peto, 2004; Turnbull & Rahman, 2008). 

Some of the best-known low-penetrance alleles, identified already a decade 

ago, include FGFR2 intron SNP rs2981582, associated with ~1.3-fold risk, 

TOX3/TNRC9 upstream SNP rs3803662 with 1.1-fold risk, and CASP8 coding 

variant rs1045485, which is actually associated with a decreased disease 

susceptibility with an odds ratio of 0.88 (Cox et al., 2007; Easton et al., 2007). In 

recent years, dozens of novel susceptibility loci have been established, bringing the 

number of the identified low-penetrance alleles to more than 150. For example, in 

2017, a large consortium-based GWAS reported 65 new breast cancer risk loci 

identified by using over 137,000 breast cancer case and 119,000 population control 

samples of European and East Asian ancestry (Michailidou et al., 2017). In another 

study, ten variants were associated specifically with ER-negative breast cancer 

(Milne et al., 2017). The current estimations suggest that the common low-

penetrance variants identified through GWAS could explain up to 18% of the 

familial relative risk of breast cancer (Michailidou et al., 2017).  

The approximate proportions of hereditary breast cancer risk explained by the 

known susceptibility genes are shown in Figure 4. 
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Fig. 4. Estimations of the proportions of hereditary breast cancer cases explained by 
various susceptibility genes. Modified from Couch et al. 2014, Lalloo & Evans 2012 and 
Michailidou et al. 2017. 

2.3.4 Different classes of predisposing variants in high- and 
moderate-penetrance susceptibility genes  

The increased cancer risk can be caused by several types of inherited variation in 

the susceptibility genes, ranging from large-scale genomic rearrangements to 

single-nucleotide variants. Notably, the level of pathogenicity is not necessarily 

connected to the extent of the mutation in the genome, since, for example, some 

deleterious missense mutations may confer higher cancer risk than truncating 

variants (Chenevix-Trench et al., 2002; Goldgar et al., 2011). 

Structural variants display differences in the orientation, location or copy 

number of genomic segments, affecting larger regions (>100 bp) than small-scale 

insertions or deletions (indels) (Quinlan & Hall, 2012). The most common type of 

structural variants in the human genome, copy number variants (CNVs), are 

defined as ≥1 kilobase (kb) deletions, insertions or rearrangements in the DNA. 

Common germline CNVs with high population frequency have been estimated not 

to associate with breast cancer (Wellcome Trust Case Control Consortium et al., 



38 

2010), although some exceptions have been reported, such as deletion in the 

APOBEC3A_B gene region with an observed ~18% frequency in breast cancer 

cases and 14% in controls, respectively (Kumaran et al., 2017). CNVs with low 

incidence are suggested more likely to be causative for the increased cancer risk, 

and indeed, they have been observed more frequently in breast cancer cases than 

controls. Several of the genes affected by rare CNVs observed in the patients have 

been reported to be altered also in other cancers or associated with specific 

functions, for example with estrogen signaling and TP53 tumor suppression 

networks (Krepischi et al., 2012; Pylkäs et al., 2012). Rare deleterious CNVs have 

also been detected in many of the known cancer genes, including RB1, BRCA1, 

BRCA2, TP53 and CHEK2 (Shlien & Malkin, 2009). This variant type explains a 

significant part of the inherited breast cancer risk in BRCA1, as large genomic 

rearrangements (mainly deletions) account for ~10–30% of all the deleterious 

BRCA1 mutations. The proportion is slightly smaller for BRCA2, although these 

vary depending on the population (James et al., 2015; Montagna et al., 2003). 

The classical and most prevalent breast cancer susceptibility alleles in majority 

of the high- and moderate-risk genes are protein-truncating variants (Stratton & 

Rahman, 2008). These include point mutations, splice site mutations and indels, 

which can lead to a frameshift and eventually to a premature stop codon. This type 

of mutations can create null-alleles if the defective mRNA transcripts are 

eliminated through nonsense-mediated decay, or the mutated genes can be 

translated into stable truncated protein products (Baker & Parker, 2004). Depending 

on the stability of the defective protein, these mutations can promote the malignant 

conversion of the cells through haploinsufficiency, dominant-negative activity or 

by functioning together with somatic mutations according to the two-hit model 

(Payne & Kemp, 2005).  

The third main predisposing variant class in the high- and moderate-risk genes 

is missense mutations, which cause a single amino acid change in the protein. These 

explain about 7% of the disease-associated variants in BRCA1 and less in BRCA2 

(Abkevich et al., 2004; Tavtigian & Chenevix-Trench, 2014), whereas half or even 

more of the deleterious germline mutations in TP53, CHEK2 and ATM are rare 

missense mutations. Particularly, substitutions located in evolutionarily conserved 

regions or those affecting the only functional domain of the protein are more likely 

to cause defects on the protein function than variants in variable regions (Olivier, 

Hollstein, & Hainaut, 2010; Tavtigian & Chenevix-Trench, 2014). Transcripts with 

missense mutations are mostly stable at mRNA level and can therefore act in a 

dominant-negative manner. This is reported for example for BRCA1, in which 
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breast cancer-associating p.Gly1706Glu and p.Ala1708Glu substitutions result in 

lower level of BRCA1 recruitment to the DNA damage site than in cells with wild 

type gene or truncating BRCA1 mutations (Vaclova et al., 2016). Similarly, in the 

ATM gene a heterozygous substitution p.Val2424Gly decreases the ATM kinase 

activity by 90% in the carrier lymphoblastoid cells and leads to 14-fold breast 

cancer risk by the age of 70 (Chenevix-Trench et al., 2002). Despite the 

identification of these evidently deleterious amino acid substitution alleles, many 

missense mutations in the risk genes are often described as unclassified variants 

since their true impact on cancer predisposition is difficult to determine and the 

disease penetrance may vary. To estimate the pathogenicity of the variants, several 

in silico sequence analysis tools have been developed, which can predict the effect 

of the mutation on the protein folding and function, thus helping to distinguish the 

causative breast cancer risk alleles (Tavtigian & Chenevix-Trench, 2014).  

Even though the classes of breast cancer-predisposing variants vary, a majority 

of the identified alleles affect genes encoding DDR proteins (Stratton & Rahman, 

2008). Thus, over the recent years, the DDR-related pathways and genes have been 

the main target in the search for novel cancer-predisposing factors. 

2.4 DNA damage response (DDR) 

The DDR is a cellular signal transduction network comprising several pathways, 

which function in the recognition and repair of damaged DNA. In addition to the 

actual repair activities, also cell cycle checkpoint control and apoptosis have 

important roles in preventing the passage of mutated DNA to daughter cells by 

either arresting the division of cells or inducing cell death, respectively. As cancer 

arises from a cell carrying a burden of genetic alterations, effective DDR is crucial 

for the prevention of genomic instability and malignant conversion (S. P. Jackson 

& Bartek, 2009).  

The sources of damage can arise either from normal physiological processes, 

such as DNA replication and metabolism of reactive-oxygen compounds, or 

exogenous agents, including cigarette smoke, ionizing radiation and UV light 

exposure (S. P. Jackson & Bartek, 2009). One of the most common types of 

endogenous damage are replication errors induced by failed proofreading of the 

DNA polymerases. Normally, when a new DNA strand is synthesized, the 

polymerase-produced error rate is about one in a million nucleotides, whereas a 

polymerase with deficient proofreading can produce an error once in every 10,000 

nucleotides. This underlines the importance of proper-functioning polymerases and 
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the subsequent DNA repair mechanisms in prevention of replication and 

transcription-related DNA damage (Goodsell, 2004). Of the environmental factors, 

the most pervasive damage source is UV light. Estimations suggest that strong 

sunlight can induce up to 100,000 DNA lesions per exposed cell per day, 

highlighting the connection between excess sunlight exposure and increased risk 

for skin cancer (Ciccia & Elledge, 2010; S. P. Jackson & Bartek, 2009). 

The damaging agents can create several types of DNA lesions, including 

nucleotide mismatches or modifications, interstrand crosslinks (ICLs), single-

strand breaks (SSBs) and double-strand breaks (DSBs) (Bekker-Jensen & Mailand, 

2010; S. P. Jackson & Bartek, 2009). Since one cellular machinery is not capable 

of responding to all of these damages, various distinct pathways are involved in the 

repair of DNA lesions (Figure 5), and their activation depends on the damage type 

and phase of the cell cycle (Brown, O'Carrigan, Jackson, & Yap, 2017; S. P. Jackson 

& Bartek, 2009; Khanna & Jackson, 2001; Postel-Vinay et al., 2012). Several of 

the genes functioning in DDR pathways are also causative for a wide spectrum of 

hereditary cancer syndromes caused by deleterious germline mutations (Table 1).  

 

 

Fig. 5. DNA damaging agents, examples of the induced lesions and the main repair 
pathways. Modified from Brown et al. 2017, Khanna & Jackson 2001 and Postel-Vinay 
et al. 2012. 
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Table 1. Hereditary cancer syndromes associated with mutations in DDR genes.  
Modified from Ciccia & Elledge 2010, Loveday et al. 2012 and Ramus et al. 2015 

Syndrome Mutated gene DDR defect Cancer 

Ataxia telangiectasia ATM Damage signaling, 
DSB repair, oxidative 
stress 

Lymphomas, leukemias, 
(breast cancer) 

Bloom syndrome BLM HR Carcinomas, leukemias, 
lymphomas 

Dyskeratosis congenita DKC1, TERC Telomere 
maintenance 

Carcinomas 

Familial breast or breast 
and ovarian cancer1 

ATM, BRCA1, BRCA2, 

BRIP1, CHK2, NBS1, 

PALB2, RAD50, RAD51C 

HR, damage signaling Breast cancer, ovarian 
cancer (BRCA1, BRCA2, 

RAD51C, BRIP1) 
Fanconi anemia FANCA-C, FANCD1, D2, 

FANCE-G, FANCI, J, L-W 

ICL repair, HR AML, myelodysplasia, 
squamous cell carcinoma 

Li-Fraumeni syndrome1 TP53 DNA damage 
signaling, DSB repair 

Brain and breast cancer, 
sarcomas 

Ligase IV syndrome LIG4 NHEJ ALL, lymphomas 
Lynch syndrome1 MSH2, MSH6, MLH1, 

PMS2 

MMR Colorectal cancer, 
carcinomas 

MYH-associated 
polyposis 

MYH BER, oxidative 
damage repair 

Colorectal cancer 

Nijmegen breakage 
syndrome 

NBS1 Damage signaling, 
DSB repair, 
replication fork repair 

B cell lymphoma 

Radiosensitive severe 
combined 
immunodeficiency 

ARTEMIS NHEJ Lymphomas 

Rothmund Thomson 
syndrome 

RECQL4 BER, HR Osteosarcoma, skin 
cancers 

Seckel syndrome ATR, PCTN, SCKL2, 

SCKL3 

Damage signaling, 
DSB repair, 
replication fork repair 

AML 

Werner syndrome WRN HR, BER, telomere 
maintenance 

Sarcomas 

Xeroderma pigmentosum XPA-G, POLH NER Squamous and basal cell 
carcinoma, melanoma 

1dominant inheritance, the others have recessive inheritance. ALL: acute lymphocytic leukemia, AML: 

acute myeloid leukemia, BER: base excision repair, DDR: DNA damage response, DSB: double-strand 

break, HR: homologous recombination, ICL: interstrand crosslink, MMR: mismatch repair, NER: 

nucleotide excision repair, NHEJ: non-homologous end-joining. 
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2.4.1 MMR, NER and BER pathways 

DNA mismatch repair (MMR) has an important role in post-replication DNA repair 

by correcting replication error-induced mispaired bases that have escaped the DNA 

polymerase proofreading. Additionally, insertion-deletion mismatches caused by 

strand slippage during replication of microsatellite regions can be repaired through 

the MMR pathway (Hsieh & Yamane, 2008). The key proteins in the MMR are 

MLH1, PMS2, MSH2 and MSH6, which are named after the homologues in E. coli. 

Of these, the first two form the MutSα complex, which is involved in the initial 

identification and binding of mismatched bases, while the latter two form the 

MutLα complex essential for signalling the downstream MMR events, respectively 

(Richman, 2015). Functional MMR is needed for the genomic integrity, as 

inactivated MMR pathway leads to a cellular mutator phenotype showing a high 

rate of spontaneous mutations and instability of microsatellite regions involving 

mono- and di-nucleotide repeats. Furthermore, germline mutations in the MMR 

genes are causative for Lynch syndrome, also known as hereditary non-polyposis 

colorectal cancer, defined by high predisposition to early onset (average age <45 

years) colorectal cancer and also endometrial cancer in women. Estimations 

suggest that the major susceptibility gene in Lynch syndrome is MLH1 (MIM 

#609310), as the mutations in it account for ~42% of the cases; the remaining 

proportion is caused by defects in the three other MMR genes (Hsieh & Yamane, 

2008; Richman, 2015). 

Nucleotide excision repair (NER) is responsible for the removal of bulky DNA 

lesions, such as pyrimidine dimers and helix-distorting lesions induced by UV light 

or environmental mutagens. NER can function through two subpathways, which 

differ from each other by the initiation: global genome NER (GG-NER) can occur 

anywhere in the genome and involves XPC-RAD23B complex activity, whereas 

transcription-coupled repair (TC-NER) is specific for correcting lesions in the 

transcribed strand of active genes and is initiated by RNA polymerase stalling and 

CSA/B protein binding (Scharer, 2013). Defects in NER pathway genes XP-A to 

XP-G are causative for the recessive photosensitive syndrome Xeroderma 

pigmentosum (XP), leading to >1,000-fold increased risk to develop skin cancers, 

and mutations in ERCC8 (CSA, MIM #216400) and ERCC6 (CSB, MIM #133540) 

are associated with Cockayne syndrome including features of microcephaly, 

neurodegeneration and mental retardation (de Boer & Hoeijmakers, 2000). 

The base excision repair (BER) is the main mechanism for repairing for 

instance deamination-, oxidation-, or methylation-induced small base lesions that 
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do not significantly disturb the DNA double helix structure. The BER pathway is 

initiated by a group of DNA glycosylases which recognize and remove specific 

damaged bases, forming apurinic/apyrimidinic (AP) sites. AP endonuclease 

cleaves the site, and the resulting SSB can be repaired by two separate pathways 

involving different downstream proteins and nucleotide inserting: short-patch BER 

uses replacement of only single nucleotide, whereas in long-patch BER <10 new 

nucleotides are synthesized (Krokan & Bjoras, 2013). BER pathway-related 

inherited diseases, defined by predisposition to sarcomas and skin cancers, include 

Werner syndrome and Rothmund Thomson syndrome, with defects in 

WRN/RECQL2 (MIM #277700) and RECQL4 (MIM #268400) genes, respectively 

(Ciccia & Elledge, 2010). 

2.4.2 DNA double strand (DSB) break repair pathways 

DSBs are a particularly harmful type of DNA damage for the cells since the lack of 

complementary strand makes repair more difficult than fixing a break affecting 

only a single strand. It has been estimated that if occurring in a critical gene, even 

a single unrepaired DSB can lead to apoptosis or trigger malignant transformation 

of the cell (S. P. Jackson & Bartek, 2009). Several of the known breast cancer-

associated genes, including BRCA1 and BRCA2, encode proteins functioning in 

DSB repair (Ciccia & Elledge, 2010). Thus the DSB response-associated pathways 

have been under profound research, and the involved genes have been targets for 

candidate gene screenings in order to identify novel breast cancer susceptibility 

factors.  

There are two main mechanisms for DSB repair: homologous recombination 

(HR) and non-homologous end joining (NHEJ), of which HR is active only during 

S/G2 phases, whereas NHEJ is predominant in G0/G1 phases but can function 

throughout the cell cycle (Bekker-Jensen & Mailand, 2010). NHEJ is based on the 

ligation of broken DNA ends directly together, but HR-directed repair requires 5’-

3’ exonucleolytic resection and the presence of a sister chromatid to be used as a 

template for the newly synthesized strand (G. Peng & Lin, 2011). A schematic 

model of the HR pathway is presented in Figure 6. 



44 

Fig. 6. A simplified model of the HR pathway. Upon DNA damage, MRN complex 
recognizes and binds the lesion, leading to recruitment of several other repair proteins. 
DNA ends are resected and the formed ssDNA is protected by RPA and subsequently 
by RAD51. Sequence homology is searched from sister chromatid, enabling synthesis 
of a new strand and finally ligation which completes the DNA double-strand structure. 
Modified from Peng & Lin 2011 and Shuen & Foulkes 2011. 

During the initiation of HR, the MRN protein complex recognizes the DNA break 

and promotes the recruitment of ATM kinase to the damage site. ATM 

phosphorylates the associated histone H2AX, which in turn induces the localization 

of other DDR proteins to the damage site, firstly MDC1, RNF8 and RNF168, and 

after the histone polyubiquitination, a larger protein complex including BRCA1, 

RAP80 and ABRAXAS. BRCA1-activated and CtIP-mediated resection of DNA 

ends enables the binding of RPA replication protein to the single-stranded DNA, 

which is further replaced by PALB2/BRCA2-activated RAD51. The RAD51 

nucleoprotein filaments search for sequence homology to form a Holliday junction, 

leading to the synthesis of a new strand according to the template of the sister 
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chromatid and ligation completing the DNA double-strand structure (Ciccia & 

Elledge, 2010; Hartlerode & Scully, 2009; Shuen & Foulkes, 2011). In addition to 

the major factors described here, there are several other proteins participating in the 

HR pathway activities. These include, for example, the SWI/SNF chromatin 

remodeling complex which stimulates chromatin relaxation at DSB sites, RecQ 

family helicases that unwind the DNA, and DNA polymerase Polδ promoting the 

heteroduplex DNA extension (Ciccia & Elledge, 2010; Maloisel, Fabre, & Gangloff, 

2008; Ouyang, Woo, & Ellis, 2008). Furthermore, HR is not only needed for the 

DSB repair in somatic cells, but also for the exchange of genetic material between 

homologous chromosomes during meiosis (Andersen & Sekelsky, 2010). 

In NHEJ, as there is no homological sequence to guide the repair, the broken 

DNA ends are joined straight back together without resective processing. This can 

lead to loss of nucleotides in the DNA, making NHEJ a more error-prone DSB 

repair mechanism than HR (Ciccia & Elledge, 2010). NHEJ initiates by binding of 

Ku70/80 complex to the DNA ends on the damage site, leading to activation and 

recruitment of DNA-PKcs kinase, Artemis and DNA polymerase X to the lesion. 

These proteins bring the two broken ends back to close proximity and enable the 

formation of intact double-stranded DNA. The strands are ligated back together by 

a protein complex consisting of XRCC4, DNA ligase IV and XLF (Hartlerode & 

Scully, 2009; G. Peng & Lin, 2011). In contrast to the HR pathway, genes from the 

NHEJ pathway have not shown strong evidence as high- or moderate-risk breast 

cancer risk factors (Fu et al., 2003). 

In addition to the actual repair proteins, cell cycle checkpoint controllers are 

important factors during DDR as they either delay the cell cycle progression to 

facilitate DNA repair or induce apoptosis to prevent the transmission of damaged 

DNA to the daughter cells. As a main response to DSBs, ATM activates the 

checkpoint kinase CHEK2 which regulates the downstream effectors by 

phosphorylation, whereas CHEK1 controls the cell cycle progression also during 

unperturbed cell cycles, and is activated by ATR in response to a wider spectrum 

of damage, such as replication fork stalling and DNA ICLs (Bartek & Lukas, 2003). 

Fanconi anemia (FA) pathway  

The Fanconi anemia (FA) pathway is important in the recognition and removal of 

DNA ICLs, which are highly toxic lesions that can impede transcription and 

replication of DNA. In addition, FA pathway has also been connected to replication 

fork protection and cytokinesis (Ceccaldi, Sarangi, & D'Andrea, 2016). The FA 
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pathway initiates through ATR-activated recognition of ICL site by FANCM-

FAAP24 proteins, followed by the recruitment of Fanconi anemia core complex 

(FANCA, -B, -C, -E, -F, -G, L, FAAP20 and FAAP100) and subsequent 

monoubiquitination of FANCD2–FANCI complex. Binding of the D2-I to the 

chromatin is followed by recruitment of several repair proteins, first nucleases 

FAN1 and FANCP/SLX4 which resect the DNA, leading to activation of the 

downstream repair factors. These include FANCD1/BRCA2, FANCN/PALB2, 

FANCJ/BRIP1, FANCO/RAD51C and FANCS/BRCA1, which participate in the 

repair of DNA through the HR pathway (Ceccaldi et al., 2016; Moldovan & 

D'Andrea, 2009). Currently at least 21 genes, each composing a different 

complementation group, have been identified as causative for FA, the latest 

proposedly being FANCW (RFWD3) (Knies et al., 2017). In addition to the FA 

phenotype with biallelic defects, several factors in the downstream part of the FA 

pathway are well-established breast cancer susceptibility genes, defined by 

inherited heterozygous mutations (Howlett et al., 2002). 

2.5 Search for novel breast cancer risk alleles 

Even though the search for breast cancer-associating genes has already been 

ongoing for more than twenty years, still only about half of the familial cases are 

explained by the known hereditary factors (Couch et al., 2014). The research 

methods have been developing rapidly in recent years, and high-throughput next-

generation sequencing (NGS) is emerging as the main approach for risk allele 

search, along with probe-based GWAS. GWAS have traditionally been used for the 

identification of common low-penetrance SNPs, but the microarray technology has 

also been utilized in the search for cancer-associating CNVs. Depending on the 

assay, CNVs can be detected, for example, by analyzing intensity signals and 

division of the SNP allele frequencies, but the more accurate breakpoints of the 

variants need to be further fine-mapped with other methods (McCarroll, 2008). 

Even though the SNP probes usually cover the genome relatively well in the GWAS, 

some locations containing disease-associating mutations can still be poorly covered 

and missed out from the analysis. This limitation can be conquered by using NGS-

based methods as they cover every base pair in the targeted area. 

NGS as a genomic analysis tool covers several distinct methods, including 

whole genome sequencing (WGS), whole exome sequencing (WES) and 

sequencing of targeted gene panels (Shyr & Liu, 2013). WES and targeted 

sequencing are cost-efficient methods which allow concentrating on the relevant 
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genomic areas and usage of larger sample sizes within one sequencing run, whereas 

the advantage of WGS is that data is received from every region of the genome, 

including the non-coding areas (Goodwin, McPherson, & McCombie, 2016). In 

addition to the applications in the research field, NGS-based methods have been 

incorporated into clinical use. Specific multi-gene panels are becoming useful tools 

also for routine hereditary breast cancer diagnostics, as dozens of genes can be 

screened simultaneously to identify breast cancer-associating mutations, instead of 

sequencing separately only high-risk genes or specific founder mutations. However, 

the disadvantages include the identification of deleterious variants in genes with no 

established management guidelines and high rates of variants of unknown 

significance, thus still limiting the clinical use of gene panels (O'Leary et al., 2017). 

During recent years, WES has been used in several studies to search for novel 

breast cancer susceptibility factors. The potential cancer association has been 

reported for several genes, including BLM, ERCC3, FANCC, FANCM and RECQL, 

mutations in which may confer at least moderately increased risk for breast cancer 

(Cybulski et al., 2015; Kiiski et al., 2014; Sun et al., 2015; Thompson et al., 2012; 

Vijai et al., 2016). Notably, all of these novel susceptibility factors function in the 

DDR-related pathways, establishing the need for further investigation of the genes 

involved in these cellular functions.  

2.5.1 Susceptibility gene studies using the Northern Finnish breast 
cancer cohort 

The Northern Finnish population has successfully been used for identification of 

several breast cancer susceptibility genes. Various moderate-risk founder mutations, 

including PALB2 c.1592delT and RAD50 c.687delT, have shown enrichment in the 

breast cancer cohort from this geographical region (Erkko et al., 2007; Heikkinen 

et al., 2006). This illustrates that the use of founder populations, such as the Finns, 

provides an optimal opportunity to study the involvement of rare variants in 

different diseases. Contribution of specific genes to disease risk is easier to prove 

if several families with the same mutation can be identified. 

Over the past few years, the Northern Finnish breast cancer cohort has been 

utilized in two comprehensive genetic studies. Firstly, a genome-wide microarray 

study was performed for 178 Northern Finnish familial or young breast cancer 

cases and 128 healthy controls in order to explore the role of rare genomic structural 

variants in inherited breast cancer predisposition (Pylkäs et al., 2012). The results 

showed rare CNVs being overall slightly more frequent in the cases than controls, 
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and several of the genes disrupted in the patients being involved in DDR and 

maintenance of genomic integrity. According to the subsequent pathway analysis, 

the genes disrupted by the CNVs in the patients formed a network closely related 

to TP53 tumor suppressor or estrogen signaling, including the genes encoding p53-

binding proteins DAB2IP and CASP3 and estrogen-metabolizing enzyme 

CYP2C19. Since the number of cases and controls in the microarray study was 

relatively small, the use of larger cohorts was suggested for investigating further 

the breast cancer-associations of the observed CNV alleles. 

Secondly, the role of DDR pathway genes in cancer predisposition in the 

Northern Finnish population was studied by targeted NGS of 796 DDR genes in 

189 hereditary breast cancer patients (Mantere et al., 2016). This approach led to 

identification of a recurrent protein-truncating allele, c.904_916del, in MCPH1, a 

gene involved in DNA DSB repair and chromatin remodeling (Rai et al., 2006). 

However, due to the large amount of data produced by the targeted sequencing, 

other cancer-associating alleles in addition to the MCPH1 deletion was expected to 

be found by using different kinds of data filtering strategies. 
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3 Aims of the study 
Since less than half of the familial breast cancer cases are explained by known 

inherited susceptibility factors, there is a need to search for novel risk alleles. As 

the genomic extent of predisposing variants can vary from large rearrangements to 

mutations affecting single base pairs, this study explored the cancer-associations 

for specific rare CNVs, protein-truncating variants and missense mutation 

candidate alleles using Finnish breast cancer case and control cohorts. 

The specific aims were: 

1. To define the exact breakpoints of six germline CNV deletions identified 

previously in Northern Finnish hereditary breast cancer patients, and to explore 

the prevalence of the deletion alleles in unselected breast cancer case and 

control cohorts. Furthermore, the aim was to study the associations of recurrent 

CNV variants with different breast cancer-related clinical parameters.  

2. To identify breast cancer-associating alleles among the protein-truncating 

variants observed in targeted NGS of 796 DDR genes in 189 Northern Finnish 

hereditary breast cancer patients.  

3. To identify breast cancer-associating alleles among the missense variants, 

predicted as deleterious, identified in targeted NGS of 796 DDR genes in 189 

Northern Finnish hereditary breast cancer patients. 

  



50 

 



51 

4 Materials and methods 

4.1 Breast cancer cases and controls 

Number of the used breast cancer case and control samples in studies I–III are 

summarized in Table 2. The cohorts are described in more detail in the following 

chapters. 

Table 2. Number of the breast cancer cases and controls included in studies I–III 

Cohort Study I Study II Study III 

NGS Hereditary cohort 
 

189 189 

Hereditary Northern Finnish 
 

247 203 

Hereditary Helsinki 
 

1,175 
 

Hereditary Tampere 
 

87 
 

    

Unselected Northern Finnish 842 1,565 1,639 

Unselected Kuopio 
 

668 501 

Unselected Helsinki 
 

1,727 
 

Unselected Tampere 
 

646 
 

    

Controls Northern Finnish 497 1,228 1,139 

Controls Kuopio 
 

288 456 

Controls Helsinki 
 

1,272 
 

Controls Tampere 
 

767 
 

4.1.1 Study I 

Northern Finnish unselected breast cancer cases and controls 

The Northern Finnish unselected breast cancer cohort consisted of 842 patients 

unselected for family history of breast cancer and age at disease onset, operated at 

Oulu University Hospital during the years 2000–2011. The median age at diagnosis 

for the cases was 57 years (variation 28–92 years). The clinical parameter data was 

available for 554 patients and was obtained from the pathology reports. These 

variables included tumor grade, histology, tumor size (T), nodal status (N), distant 
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metastases (M), ER, PR, HER2 and Ki-67 status. The ER and PR status was 

indicated by nuclear immunostaining of the tumor cells, 1–10% for weak, 10–50% 

for moderate, and >50% for strong positivity, and negativity was defined by no 

staining. HER2 expression was studied by chromogenic in situ hybridization (CISH) 

and immunohistochemistry, positivity including weak, moderate or strong staining 

and negativity no staining at all. The Ki-67 status was divided into four classes: 0 

for negative, 1 for weak, 2 for moderate and 3 for strong expression.  

The controls were 497 geographically matched female cancer-free Northern 

Finnish Red Cross blood donors (variation of age at donation 18–66 years), which 

were provided by the Finnish Red Cross Blood Service with information only about 

their gender, age and place of blood donation. 

4.1.2 Study II 

NGS discovery cohort of 189 Northern Finnish hereditary breast cancer 
patients 

The targeted NGS was performed for 189 Northern Finnish breast cancer patients 

with an indication of hereditary disease susceptibility, including 127 cases with 

family history of breast or breast and ovarian cancer and 62 cases with young 

disease onset (age at diagnosis ≤40y) (Mantere et al., 2016). The inclusion of the 

young cases in the familial cohort is based on the assumption that hereditary 

predisposition can be suspected in women developing breast cancer under the age 

of 40 regardless of family history of the disease (Brunet, 2010). Sixteen of these 

patients carried known mutations in BRCA1, BRCA2, PALB2 or TP53, respectively, 

and they were included in the study to validate the sensitivity of mutation detection 

and to identify plausible additional variants with modifying effects.  

The extended hereditary patient cohorts: Northern Finnish, Helsinki and 
Tampere cohorts 

The frequency of variants in TEX15, FANCD2 and RNF168 genes was evaluated in 

extended hereditary cohorts. The Northern Finnish hereditary cohort (n=247) 

consisted of 166 familial and 81 young breast cancer cases. These included the 189 

familial and young cases from the NGS discovery cohort. Criteria for the 166 

familial patients were the following: 1) three or more breast and/or ovarian cancers 
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in first- or second-degree relatives (n=86); 2) two cases of breast, or breast and 

ovarian cancer in first- or second-degree relatives, of which at least one with early 

disease onset (<35 years), bilateral breast cancer, or multiple primary breast or 

ovarian tumors in the same individual (n=26); or 3) two cases of breast cancer in 

first- or second-degree relatives (n=54). Of the hereditary cohort, 19/247 cases 

carried known mutations in BRCA1 or BRCA2. The young cases were unselected 

for a family history of cancer and were diagnosed with breast cancer at or below 

the age of 40 (median 38, variation 25–40 years). 

The Helsinki hereditary breast cancer cohort comprised 1,175 patients in total, 

consisting of 612 patients from families with three or more breast or ovarian 

cancers among first- or second-degree relatives and 563 patients with one affected 

first-degree relative. The familial breast cancer patients were negative at least for 

BRCA1/2 founder mutations, and all of the patients were diagnosed in the Helsinki 

University Hospital.  

The hereditary cases from Tampere included 87 index cases of BRCA1/2 

mutation negative hereditary breast, or breast and ovarian cancer families, 

diagnosed in the Tampere University Hospital. 

The unselected patients: Northern Finnish, Helsinki, Tampere and Kuopio 
cohorts 

The Northern Finnish unselected breast cancer cohort consisted of 1,565 patients 

unselected for family history of breast cancer and age at disease onset, operated at 

Oulu University Hospital during the years 2000–2016. 

The unselected breast cancer cohort from Helsinki consisted of 1,727 patients 

diagnosed in the Helsinki University Hospital; altogether 416 patients from this 

unselected series had a family history of breast cancer and were also included in 

the Helsinki hereditary breast cancer cohort. 

The unselected breast cancer cohort from Tampere consisted of 646 patients, 

diagnosed in the Tampere University Hospital during 1997–1999.  

The unselected breast cancer cohort from Kuopio comprised 668 patients from 

the province of Northern Savo in Eastern Finland, diagnosed in the Kuopio 

University Hospital during 1995–2014. 
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Controls 

The controls used in the study II were cancer-free Red Cross blood donors from 

Northern Finland (n=1,228, including 758 females and 470 males), Helsinki (n= 

1,272 females) and Tampere (n=767 females). The Eastern Finnish controls were 

selected from the National Population Register at the same time interval and were 

matched for sex, age and long-term area of residence for the unselected cases from 

Kuopio (n=288 females). 

4.1.3 Study III 

Northern Finnish hereditary breast cancer cohort 

In study III, the same NGS discovery cohort of 189 Northern Finnish hereditary 

breast cancer patients was used as described for study II. 

The frequency of variants in RECQL and POLG genes was evaluated in 

extended Northern Finnish BRCA1/2 mutation-negative hereditary cohort (n=203), 

consisting of familial (n=143) and young (n=60) breast cancer cases. These 

included 132 BRCA1/2 mutation-negative cases from the NGS hereditary BC 

cohort. The familial cases consisted of 81 patients from families with three or more 

breast and/or ovarian cancers in first- or second-degree relatives, 24 patients with 

two cases of breast, or breast and ovarian cancer in first- or second-degree relatives, 

of which at least one with early disease onset (<35 years), bilateral breast cancer, 

or multiple primary tumors including breast or ovarian cancer in the same 

individual, and 38 patients with two cases of breast cancer in first- or second-degree 

relatives. The young breast cancer cases were diagnosed with breast cancer at or 

below the age of 40 (median 38, range 25–40 years). 

Unselected breast cancer cohort (Northern Finnish and Kuopio) 

The unselected breast cancer cohort used in study III consisted of 1,639 Northern 

Finnish cases diagnosed at the Oulu University Hospital during the years 2000–

2016, and 501 cases diagnosed at the Kuopio University Hospital during 1990–

1995. The number of subjects included in the mutational screenings varied between 

the variants. The clinical parameter data was available for 1,124 patients. 
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Controls 

The control subjects were cancer-free Northern Finnish Red Cross blood donors 

(n=1,139, 697 females with a mean age of 39 years, and 442 males with a mean 

age of 43 years) and cancer-free females matched for age and long-term area of 

residence for the cases from the Kuopio cohort (n=456). 

4.2 DNA and RNA extraction and cDNA conversion (studies I-III) 

Genomic DNA samples used for the variant screenings were extracted from 

peripheral blood lymphocytes using the standard phenol-chloroform method, 

Puregene D-50K purification kit (Centra) or UltraClean Blood DNA Isolation Kit 

(MoBio). In study II, the effect of the variants FANCD2 c.2715+1G>A, TEX15 

c.7253dupT and TEX15 c.8325G>A at mRNA level was studied. The total RNA 

was extracted from Epstein-Barr virus transformed lymphoblastoid cell lines 

(LCLs) of the mutation carriers and wild type controls using RNeasy Mini Kit 

(Qiagen). The reverse transcription was performed with iScript cDNA synthesis kit 

(Bio-Rad), and the outcome of the mutations was studied using cDNA-specific 

Sanger sequencing (ABI3500xL Genetic Analyzer, Applied Biosystems). In 

addition, TEX15 gene expression in MCF7 breast cancer cell line was tested by 

cDNA-specific amplification. 

4.3 Genotyping of the CNV deletion alleles (study I) 

The previous genome-wide microarray study was performed by using Illumina 

HumanOmni1-Quad BeadChips and analyzed with GenomeStudio Genotyping 

module (Illumina Inc.) and Nexus Copy Number Discovery Edition 5.1 software 

(BioDiscovery Inc.) to detect germline CNVs (Pylkäs et al., 2012). Six of the 

identified deletion CNV alleles were selected for study I. These were either 

recurrent (CDH19 and CYP2C19), or singletons identified only in patients and 

chosen by their biological function (DCLRE1C, CASP3, DAB2IP and ITGA9). 

Exact breakpoints of the deletion CNVs were defined by qPCR (Bio-Rad CFX96) 

and nested PCR (GeneAmp High Fidelity PCR System, Applied Biosystems) with 

the primers surrounding the breakpoint coordinates. The breakpoints were further 

confirmed by Sanger sequencing. Nested allele-specific PCR for the screening of 

the deletion alleles in the cases and controls was performed in a multiplex format, 

and deletion carrier samples were used as positive controls. The obtained PCR 
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amplicons were analyzed with Bioanalyzer (Agilent Technologies) and the 

observed deletion carrier samples were verified by Sanger sequencing. Additionally, 

CYP2C19 and CDH19 deletion carriers were confirmed as heterozygotes by wild 

type allele-specific PCR. For the CYP2C19 deletion, the remaining allele in carriers 

with breast cancer and those who were healthy was investigated by genotyping the 

three literature-described metabolizer types: CYP2C19*2 c.681G>A (poor 

metabolizer), CYP2C19*3 c.636G>A (poor metabolizer) and CYP2C19*17 -

806C>T (ultra-rapid metabolizer) with Sanger sequencing (De Morais et al., 1994; 

Roddam et al., 2000; Sim et al., 2006; Wedlund, 2000). 

4.4 NGS of 796 DDR genes in 189 hereditary breast cancer cases 
(studies II and III)  

The targeted sequencing was performed for 189 Northern Finnish breast cancer 

patients, including 127 familial cases and 62 cases with young disease onset. The 

796 genes included in the sequencing panel (designed with Agilent SureDesign 

application) were encoding either I) proteins identified as being part of DNA repair 

processes using the GeneOntology searches and STRING v.9.0 (612 genes) 

(Ashburner et al., 2000; Szklarczyk et al., 2011) or II) novel BRCA1- and PALB2-

interacting proteins identified in protein complex purification assays performed 

with epitope-tagged versions of the proteins in HeLaS3 cells (184 genes). Agilent 

HaloPlex 5Mb custom target enrichment system was used for the library 

preparation, and sequencing of the target coding regions, splice sites and 5’ and 3’ 

untranslated (UTR) regions was performed in the Institute of Molecular Medicine 

(FIMM) using Illumina HiSeq2500 platform. The sequencing resulted in mean read 

depth of 174x per sample, and the read threshold >7 was used in the variant calling 

procedure in the bioinformatics pipeline developed by FIMM (Sulonen et al., 2011). 

NGS data filtering strategy for detection of protein-truncating variants 
(study II) 

The filtering and validation steps performed in study II are presented in Figure 7. 

Briefly, wANNOVAR (Chang & Wang, 2012) and SureCall v.1.0 (Agilent) were 

used for the variant annotation, the focus being on the rare protein-truncating 

variants (nonsense, frameshift and splice site mutations) with minor allele 

frequency ≤0.01 in dbSNP and ExAC (Lek et al., 2016). These were further 

visualized in Integrative Genomics Viewer (IGV) (Robinson et al., 2011), and 
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variants selected for the case-control analysis were confirmed by Sanger 

sequencing. 

 

Fig. 7. Detection and filtering of the protein-truncating variants in study II. BC: breast 
cancer, ExAC: The Exome Aggregation Consortium, IGV: The Integrative Genomics 
Viewer, MAF: minor allele frequency. 

NGS data filtering strategy for detection of deleterious missense mutations 
(study III) 

The filtering and validation steps performed in study III are presented in Figure 8. 

Briefly, annotation of the variants was performed with Annovar, which utilized the 

SIFT, PolyPhen-2 and MutationTaster software packages to predict the effect of the 

identified missense mutations on the protein function (Adzhubei et al., 2010; 

Kumar, Henikoff, & Ng, 2009; Schwarz, Rodelsperger, Schuelke, & Seelow, 2010). 

The cutoff values for the predictions were the following: SIFT ≤0.05 (deleterious), 

PolyPhen-2 HDIV ≥0.957 (probably damaging), PolyPhen-2 Hvar ≥0.909 

(probably damaging) and MutationTaster “A” (“disease_causing_automatic”) or 

“D” (“disease_causing”). Only variants with MAF ≤0.01 in dbSNP and ExAC were 

included (Lek et al., 2016). IGV was used for visualization of the variants, and 

those selected for the case-control analysis were confirmed by Sanger sequencing.  
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Fig. 8. Detection and filtering of the missense variants in study III. BC: breast cancer, 
ExAC: The Exome Aggregation Consortium, IGV: The Integrative Genomics Viewer, MAF: 
minor allele frequency. 

4.5 High-resolution melt (HRM) analysis used for the case-control 
screenings (studies II and III) 

Variants that were detected in the targeted sequencing (39 rare protein-truncating 

variants in study II, and 10 out of the 35 missense substitutions in study III) were 

screened in the case-control cohorts by using high-resolution melt (HRM) analysis. 

HRM is a real-time-PCR and DNA-melting combining method based on the 

denaturation of double-stranded DNA into two separate strands. The melting 

temperature is different between the wild type and heterozygous mutant samples 

and can be detected when using a fluorescent dye (Vossen, Aten, Roos, & den 

Dunnen, 2009). The HRM analyses were performed with CFX96 Real-Time PCR 

Detection System (Bio-Rad) using Type-it HRM reagents (Qiagen), and the PCR 

success was monitored with CFX Manager software and melting curves were 

created with Precision Melt Analysis software (Bio-Rad). A mutation carrier DNA 
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sample was included in each run as a positive control, and all samples creating a 

positive-like or differential melting curve were Sanger-sequenced. 

4.6 TaqMan SNP and MassARRAY genotyping (studies II and III) 

The case-control screenings for the Helsinki cohorts in study II were performed by 

using Custom Taqman SNP genotyping assays and TaqMan Genotyping Mastermix 

(Thermo Fisher) with 7500 Fast Real-Time PCR System or 9800 Fast Termal 

Cycler. The genotypes were analyzed using either 7500 Fast System SDS software 

v.1.3.1 or 7500 software v.2.0.6 (Applied Biosystems). Heterozygous mutation 

carrier samples were included as positive controls in every analysis. Genotyping of 

25 missense variants in study III was performed in Kuopio using MassARRAY® 

and iPLEX™ Gold (Sequenom Inc.). All the findings were confirmed by Sanger 

sequencing.  

4.7 Sanger sequencing (studies I-III) 

Sanger sequencing was used for confirming the findings in all three studies. Before 

the sequencing reactions, the PCR products were purified with Exo-FAP assay 

(Thermo Fisher). The sequencing was performed in Biocenter Oulu Sequencing 

Center by using BigDye Terminator v.1.1 Cycle Sequencing kit (Applied 

biosystems), standard ethanol precipitation purification and ABI3500xL Genetic 

Analyzer (Applied biosystems). 

4.8 Cell culture (study II) 

LCLs from one wild type and one carrier of TEX15 c.7253dupT, TEX15 c.8325G>A 

and FANCD2 c.2715+1G>A, respectively, were cultured for the mRNA stability 

experiments. The peripheral blood B-lymphocytes were immortalized by Ebstein-

Barr virus, and the cells were cultured in 37°C and 5% CO2 using RPMI 1640 

medium (Gibco, Invitrogen) containing 20% fetal bovine serum (FBS) and 1% L-

glutamine. The MCF7 breast cancer cell line for TEX15 expression study was 

cultured in Dulbecco’s modified eagle medium (Sigma) containing 10% FBS and 

1% penicillin/streptomycin. 



60 

4.9 LOH and evolutionary conservation analyses (study III) 

Genomic DNA from formalin-fixed, paraffin-embedded (FFPE) breast tumor 

samples of 11 POLG p.Leu392Val carriers was extracted by using both phenol–

chloroform–isoamyl alcohol extraction and GeneRead DNA FFPE Kit (Qiagen). 

LOH was studied by PCR and Sanger sequencing an amplicon (136 bp) 

surrounding the p.Leu392Val site in tumor and normal (peripheral blood DNA) 

samples. The allelic ratios between tumor and normal DNA were assessed by peak 

height value comparison from the sequence chromatograms (ab1 Peak Reporter, 

Applied Biosystems,). The allelic imbalance (AI) values were calculated for each 

sample pair, and the thresholds AI >1.67 or <0.60 were used for determining tumors 

having LOH (Tuupanen et al., 2008). 

The evolutionary conservation of POLG p.Leu392 and RECQL p.Ile156 

protein sites was studied with PRALINE multiple sequence alignment tool 

(http://www.ibi.vu.nl/programs/pralinewww/). 

4.10 Chromosomal analysis (study II) 

Chromosomal analysis was performed for six heterozygous TEX15 c.7253dupT 

carriers (three breast cancer cases, one male diagnosed with prostate and skin 

cancer, and two healthy females) and nine wild type controls (healthy females). The 

analysis involved a minimum of 50 Giemsa-banded metaphases per sample, 

obtained from regular short-term 3-day cultures of peripheral blood T-lymphocytes 

(Heikkinen et al., 2006). The blood samples of the patients selected for 

chromosomal analysis were collected at least 5 years after the initial breast cancer 

diagnosis and treatment. The samples were evaluated by light microscopy and 

imaged with an automatic chromosome analyzer (CytoVision version 7.2, Applied 

Imaging). Chromosomal aberrations were divided into five subtypes: 1) telomeric 

associations, 2) chromatid/chromosome breaks and deletions, 3) simple 

chromosomal rearrangements, 4) complex chromosomal rearrangements, and 5) 

total rearrangements. 

4.11 Statistical analyses (studies I-III) 

Mutation carrier frequencies between the cases and controls in all three studies 

were compared using Pearson's χ2-test or Fisher's exact test. The same tests were 

also used for the comparison of clinical parameter data between the mutation carrier 
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and wild type patients in studies I and II. The meta-analyses in study II were 

performed using logistic regression model combining all the analyzed geographical 

cohorts. Mann-Whitney U-test was used to determine the number of different 

chromosomal aberrations between TEX15 c.7253dupT carriers and controls in 

study II. In study III, the 10-year breast cancer-specific survival (BCSS) between 

the POLG p.Leu392Val carriers (n=48) and non-carriers (n=899) from the 

unselected breast cancer cohort was compared using univariate Kaplan-Meier 

analysis and Cox regression. The survival time was defined as the time from the 

date of diagnosis to the last follow-up or death.  

The obtained p-values were two-sided and values ≤0.05 were considered 

statistically significant. All analyses were performed with IBM SPSS Statistics 22.0 

for Windows (IBM Corp.).  

4.12 Ethical statements (studies I-III) 

These studies included informed consent from all of the participating individuals 

and were approved by the Ethical Board of the Northern Ostrobothnia Health Care 

District, the Ethical committee of the University of Eastern Finland and Kuopio 

University Hospital, the Ethical Committee of Tampere University Hospital and the 

National Authority for Medicolegal Affairs, the Ethical committee of Helsinki 

University Central Hospital, and the Ministry of Social Affairs and Health in 

Finland.  

  



62 

 



63 

5 Results 

5.1 Genomic coordinates, case-control screenings and clinical 
parameter associations of CNV deletion alleles (study I) 

The exact genomic coordinates of the deletion CNV alleles fine-mapped with qPCR 

corresponded well to those received from the previous microarray study (Pylkäs et 

al., 2012). The only exception was DAB2IP locus, for which the deletion (159 kb) 

was significantly larger than originally predicted (103 kb). Three out of the six 

deletion alleles (DCLRE1C, CASP3 and DAB2IP) were not observed in the studied 

unselected breast cancer cases or controls, thus remaining singletons in the original 

discovery patient cohort. Deletion in ITGA9 was found in one patient and one 

control, whereas alleles in CDH19 and CYP2C19 were recurrent in both cohorts. 

The genomic locations, disrupted genes, deletion sizes and carrier frequencies of 

the studied CNVs are presented in Table 3. 

Table 3. Genomic coordinates, sizes and carrier frequencies of the studied CNV 
deletion alleles 

Disrupted 

gene 

Location Size Carrier 

frequency        

cases (%) 

Carrier 

frequency 

controls (%) 

OR (95% CI) P-value 

DCLRE1C Chr10: 14,983,925–

15,065,676 

82 kb 0/842 (0.0%) 0/497 (0.0%) - - 

CASP3 Chr4: 185,506,876–

185,841,468 

335 kb 0/842 (0.0%) 0/497 (0.0%) - - 

DAB2IP Chr9: 124,201,774–

124,361,084 

159 kb 0/842 (0.0%) 0/497 (0.0%) - - 

ITGA9 Chr3:  37,750,166–

37,810,925 

61 kb 1/842 (0.1%) 1/497 (0.2%) 0.6 (0.03–9.5) 1.000 

CDH19 Chr18: 64,082,045–

64,335,669 

254 kb 12/842 (1.4%) 3/497 (0.6%) 2.4 (0.7–8.5) 0.168 

CYP2C19 Chr10: 96,497,324–

96,559,110 

62 kb 31/842 (3.7%) 17/497 (3.4%) 1.1 (0.6–2.0) 0.804 

BC: breast cancer, CI: confidence interval, OR: odds ratio. Coordinates according to hg19. 

Since the DCLRE1C, CASP3, DAB2IP and ITGA9 alleles were either absent or 

extremely rare in the studied cohorts, their true impact on cancer risk remained 

unknown. The CDH19 deletion showed higher frequency in cases (12/842, 1.4%) 

than controls (3/497, 0.6%), but due to allele rarity the difference remained 
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statistically non-significant (p=0.168, table 2). The carrier frequency of CYP2C19 

deletion was only slightly higher in the breast cancer cases (31/842, 3.7%) when 

compared to controls (17/497, 3.4%), being relatively high in both groups (Table 

2). Carriers of these recurrent CDH19 and CYP2C19 variants were further verified 

to be heterozygotes.  

For the CDH19 and CYP2C19 alleles, the case–control screenings were 

followed by comparisons of clinical parameters between the carrier and non-carrier 

cases (data available for 551 patients). The tumor characteristics of CDH19 

deletion carriers did not significantly differ from non-carriers, although the carrier 

tumors were more frequently higher grade (7/12, 58.3%, of the tumors grade 3) 

than the non-carrier tumors (197/522, 37.7%). The tumors of CYP2C19 deletion 

carriers showed significant association with negative ER status (p=0.048) and 

similar direction for the negative PR status (p=0.078). Negative HER2 status was 

at similar level as in wild type tumors, but when combining all three parameters, 

CYP2C19 deletion carriers were at significantly higher risk for developing triple-

negative (ER-/PR-/HER2-) breast cancer than non-carriers (p=0.021, OR=2.83), 

Table 4. 

Table 4. Comparison of hormonal receptor status between the CYP2C19 CNV carrier 
and non-carrier tumors  

Category Status Carrier % WT % P-value OR 95% CI 

ER Neg 10 34.5% 101 19.3% 0.048 2.19 0.99-4.86 
 

Pos 19 65.5% 421 80.7% 
   

PR Neg 13 44.8% 153 29.4% 0.078 1.95 0.92-4.16 
 

Pos 16 55.2% 368 70.6% 
   

HER2 Neg 24 82.8% 447 85.6% 0.595 0.81 0.30-2.18 
 

Pos 5 17.2% 75 14.4% 
   

Type LumA 16 55.2% 385 73.8% 
   

 
LumB 3 10.3% 43 8.2% 0.021 2.83 1.20-6.66 

 
HER2 2 6.9% 32 6.1% TN vs. other 

  

 
Triple-neg 8 27.6% 62 11.9% 

   

CI: confidence interval, ER: estrogen receptor, LumA: luminal A, LumB: luminal B, Neg: negative, OR: 

odds ratio, Pos: positive, PR: progesterone receptor, TN: triple-negative, WT: wild type. 

As the known biological function of CYP2C19 is related to estrogen metabolism, 

and the tumor characteristics of CYP2C19 deletion carriers were connected to 
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estrogen responsiveness, the status of the remaining CYP2C19 allele in relation to 

literature-described metabolizer genotypes was studied in both carriers with breast 

cancer and those who remained healthy. No poor metabolizers CYP2C19*3 were 

identified, whereas four poor metabolizers CYP2C19*2 were identified in patients 

(4/31, 12.9%) and one in controls (1/17, 5.9%). The frequency of CYP2C19*17 

ultra-rapid metabolizer genotype was similar in patients (7/31, 22.6%) and in 

controls (3/17, 17.6%). Regarding the deletion carriers with ER negative breast 

cancer, one (1/10) had a poor-metabolizer CYP2C19*2, two (2/10) had an ultra-

rapid metabolizer CYP2C19*17, and the majority (7/10) had a wild type as the 

second allele. These results indicate that the breast cancer risk of the individuals 

carrying the CYP2C19 deletion is not significantly affected by the metabolizer 

status of the remaining allele. 

5.2 Case-control analysis of rare protein-truncating variants 
identified in the targeted NGS of DDR genes (study II) 

In order to identify novel breast cancer predisposing alleles, targeted NGS of 796 

DDR genes in 189 Northern Finnish hereditary breast cancer patients was 

performed. The resulting mean sequencing depth was 174x per sample, and 90.5% 

of the captured region was covered at least 7x, which was used as a variant calling 

threshold. Altogether 39 protein-truncating variants fulfilled the criteria after 

filtering and validation, 21 of those being nonsense, 9 frameshift and 9 splice site 

mutations, respectively.  

Case-control analyses for the 39 variants were performed using unselected 

Northern Finnish breast cancer case (sample size variation 578–1565) and control 

(337–1228) cohorts. Of the screened variants, 10 were observed to be singletons in 

CHD1L, CYP19A1, DCLRE1A, ERCC2, EXO1, GNL3, IGHMBP2, NAT10, 

PTPRH and TOP3A genes. Furthermore, variants in the genes MSH3, NINL and 

ZRANB3 were identified in only two patients while none were seen in the controls. 

Lack of additional DNA samples from family members of these carriers prevented 

the mutation segregation studies, leaving the impact of these very rare variants on 

breast cancer risk unknown. Twenty-five of the recurrent variants did not have 

statistically significant differences in the carrier frequencies between cases and 

controls, thus not providing evidence for their involvement in the breast cancer risk. 

Four recurrent mutations showed association with breast cancer in the Northern 

Finnish cohort: FANCD2 c.2715+1G>A, TEX15 c.7253dupT, TEX15 c.8325G>A 

and RNF168 c.640_644del5, the latter two, however, with only borderline 
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significance. These mutations were further screened in an extended Northern 

Finnish hereditary breast cancer cohort together with additional hereditary and 

unselected breast cancer cohorts and healthy controls from the Helsinki, Kuopio 

and Tampere regions.  

5.2.1 TEX15 frameshift variant associates with breast cancer in the 
hereditary cohort 

The targeted NGS identified one duplication and one nonsense variant in the DNA 

DSB repair-related gene TEX15 (testis expressed 15), which showed potential 

association with breast cancer in the case-control studies. A duplication 

(c.7253dupT) inducing a frameshift and a premature stop codon 

(p.Leu2418Phefs*6, rs760604179) was enriched in the Northern Finnish hereditary 

breast cancer cohort (3/247, 1.2%), when compared to controls (1/1190, 0.1%, 

p=0.018, OR=14.6), Table 5. Three more carriers were identified in the unselected 

cohort (3/1317, 0.2%). Majority of these carrier cases had a relatively early disease 

onset, the age at diagnosis being 36, 38 and 39 for the hereditary cases, and 37, 47 

and 58 for the unselected cases, respectively. Two of the carriers from the hereditary 

cohort had a father diagnosed with prostate cancer, one of whom was also identified 

as a carrier while the other was not available for testing. Despite the unselected 

background, two of the carriers from the unselected cohort also had a second-

degree relative diagnosed with breast cancer. When performing the case-control 

screenings for the other Finnish cohorts, no additional carriers were found, 

indicating the variant being restricted only to the Northern Finnish population. 

Table 5. Frequency of the studied TEX15 variants in the Northern Finnish cohorts 

Variant Cohort Carrier frequency (%) OR 95% CI P-value 

TEX15 Hereditary BC 3/247 (1.2%) 14.6 1.5-141.1 0.018 

c.7253dupT Unselected BC 3/1317 (0.2%) 2.7 0.3-26.1 0.627 
 

All BC 6/1564 (0.4%) 4.6 0.6-38.1 0.149 

  Controls 1/1190 (0.1%)       

TEX15 Hereditary BC 71/247 (2.8%) 2.7 1.1-6.8 0.063 

c.8325G>A Unselected BC 10/1318 (0.8%) 0.7 0.3-1.6 0.411 
 

All BC 171/1565 (1.1%) 1.0 0.5-2.1 1.000 

  Controls 13/1203 (1.1%)       

1Includes one BRCA2 mutation carrier. BC: breast cancer, CI: confidence interval, OR: odds ratio. 
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The identified nonsense TEX15 mutation c.8325G>A (p.Trp2775*, rs146619272) 

was more common in the cohorts than the duplication, and showed a borderline 

association (p=0.063, OR=2.7) with breast cancer when comparing the Northern 

Finnish hereditary breast cancer cases (7/247, 2.8%) and controls (13/1203, 1.1%). 

Ten more carriers were observed in the Northern Finnish unselected cohort 

(10/1318, 0.8%), and screening of the other Finnish cohorts revealed similar 

frequencies between the cases and controls (~1%). Altogether, these results indicate 

that this c.8325G>A nonsense variant is not a breast cancer susceptibility allele or 

that the risk associated with it is low. 

Even though both of these TEX15 protein-truncating variants induce a 

premature stop codon, only the duplication showed a significant association with 

breast cancer. To study this discrepancy, the effect of the variants was studied at 

mRNA level using the carrier LCLs. Interestingly, the transcript from the nonsense 

allele c.8325G>A was efficiently targeted by nonsense-mediated decay, whereas 

the breast cancer-associated duplication c.7253dupT mRNA was stable in the cells. 

The different behavior indicates that the c.7253dupT mutation might disturb at least 

some cellular functions of TEX15, plausibly in a dominant–negative manner, but 

the effect of c.8325G>A is only at the dosage level of TEX15. Unfortunately, the 

presence of the truncated protein product could not be tested since there was no 

suitable antibody available. However, the impact of c.7253dupT on genomic 

instability was studied by measuring chromosomal rearrangements from the 

peripheral blood lymphocytes. This was based on the previous studies reporting 

mutations in some other DDR genes, including PALB2, to increase the frequency 

of spontaneous rearrangements in the carrier cells (Nikkila et al., 2013). Our results 

indicated TEX15 defect having a plausible effect on the genomic instability as a 

higher number of rearrangements was observed in the TEX15 duplication carriers 

compared to non-carriers, although the association remained below the level of 

statistical significance (p=0.067). 

5.2.2 FA allele in FANCD2 shows enrichment in the Northern Finnish 
hereditary breast cancer cases 

A splice-site mutation c.2715+1G>A (p.Glu906Leufs*4, rs201811817) in the FA 

pathway gene FANCD2 was observed in 3/247 (1.2%) of the Northern Finnish 

hereditary breast cancer cases and in 2/1228 (0.2%) of healthy controls (p=0.036, 

OR=7.5), Table 6. Two carriers were identified in the unselected cohort (2/1552, 

0.2%). The variant leads to a use of a downstream cryptic splice-donor site 
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c.2715+28_29, which results in inclusion of a 27-bp intron sequence into mRNA. 

This translates into a premature stop codon after three inserted amino acids. cDNA-

specific sequencing of mRNA extracted from the mutation carrier LCLs showed 

expression and at least partial stability of this mutated FANCD2 allele.  

Table 6. Frequency of the FANCD2 variant in the Northern Finnish cohorts 

Variant Cohort Carrier frequency (%) OR 95% CI P-value 

FANCD2 Hereditary BC 31/247 (1.2%) 7.5 1.3-45.3 0.036 

c.2715+1G>A Unselected BC 2/1152 (0.2%) 1.1 0.2-7.6 1.000 
 

All BC 51/1399 (0.4%) 2.2 0.4-11.3 0.459 

  Controls 2/1228 (0.2%)       

1Includes one BRCA1 mutation carrier. BC: breast cancer, CI: confidence interval, OR: odds ratio. 

In the hereditary cohort, all three carriers had relatively early disease onset (age at 

diagnosis 39, 40 and 42 years, respectively). In addition to several breast cancer 

cases in the families, two carrier patients also had a close relative diagnosed with 

blood cancer at the age of 1 and 17 years, respectively. Unfortunately, the disease 

segregation was difficult to confirm due to the lack of family member DNA samples. 

Of note, one of the carrier patients had also a BRCA1 mutation c.4097-2A>G, but 

curiously there were several individuals in the family carrying both these FANCD2 

and BRCA1 mutations, some of whom remaining healthy even at older ages. 

However, the pathogenicity of this particular FANCD2 splicing variant is supported 

by its occurrence at a compound heterozygous state in two FA patients (Kalb et al., 

2007).  

Screening of the FANCD2 c.2715+1G>A variant in other Finnish breast cancer 

and control cohorts identified a few more carriers but revealed this mutation being 

rare, which is expected for the causative FA alleles. Four carriers were observed in 

the Helsinki hereditary breast cancer cohort; three of them had relatively early 

disease-onset (41, 44, 49 and 68 years, respectively). Two of them were also 

diagnosed with basal cell carcinoma. In the meta-analysis combining the Finnish 

cohorts, OR of 2.6 was observed among the BRCA1/2 mutation-negative hereditary 

cases when compared to controls, but the association remained statistically non-

significant. Clinical parameters were studied for the carrier patients with pathology 

report data available, and 3/11 (27%) of the tumors were triple-negative (ER-/PR-

/HER2-), the subtype of which has been associated with defects in other DDR genes 

in previous studies (Couch et al., 2015). LOH analysis could have provided more 
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information about the tumor suppressive role of FANCD2, but unfortunately, 

c.2715+1G>A carrier tumor samples were not available for the experiments. 

5.2.3 Variants in RNF168 and other genes causative for inherited 
syndromes 

In addition to the FA gene FANCD2, several other protein-truncating variants were 

identified by the targeted NGS in genes causative for recessively inherited 

syndromes. These genes included APTX, CEP164, CYP19A1, ERCC2, ERCC6, 

IGHMBP2, NTHL1, RNF168 and UVSSA, which are connected to syndromes with 

various symptoms, including muscle function or eyesight impairment and 

predisposition to different cancers (OMIM). Majority of the variants in these genes 

were recurrent and did not show association with breast cancer, but three mutations 

remained singletons (in CYP19A1, ERCC2 and IGHMBP2 genes), leaving their 

cancer-association undetermined. 

Among this group of syndrome genes, a deletion allele was identified in 

RNF168, which is an important DSB repair factor required for recruiting BRCA1 

to the DNA damage site (Stewart et al., 2009). Biallelic RNF168 truncating 

mutations have previously been reported in a few cases with recessively inherited 

RIDDLE syndrome (Radiosensitivity, Immunodeficiency, Dysmorphic features 

and Learning Difficulties) (Devgan et al., 2011; Pietrucha et al., 2017; Stewart et 

al., 2009). The deletion allele identified here (c.640_644del5, Lys214Terfs, 

rs777601326) was more frequent in the Northern Finnish hereditary cases (4/247, 

1.6%) than in controls (6/1185, 0.5%), but showed only a borderline significance 

for the breast cancer association (p=0.077, OR=3.2). It was also identified in the 

other Finnish cohorts, but did not associate with breast cancer risk. Curiously, it 

had a notably high frequency in the Eastern Finnish Kuopio cohort, not only in 

cases (2.6%) but also in controls (4.5%), indicating that homozygotes for this 

c.640_644del5 variant should be expected in the Finnish population, especially in 

the Kuopio region. 

5.3 Case-control analysis for the predictably deleterious missense 
variants in DDR genes (study III) 

The targeted NGS data was utilized also for the identification of deleterious 

missense variants causing single amino acid substitutions. In total, 35 missense 

variants met the filtering criteria and their prevalence was studied in unselected 
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breast cancer cases (n=492–2,035) and controls (n=277–1,539) from Northern and 

Eastern Finland. As a result, the majority of these were very rare or showed similar 

frequencies in the analyzed case and control cohorts. Curiously, these included also 

a recurrent BRCA2 variant p.Ser3291Cys at an evolutionarily conserved 

phosphorylation site of the protein. Furthermore, NUFIP1 variant p.Trp14Ser was 

detected in controls only, whereas AXIN2 p.Thr308Met was absent from both the 

unselected cases and controls. The role of the AXIN2 variant as a breast cancer 

susceptibility allele cannot be completely ruled out since there were two carriers in 

the original hereditary NGS cohort, both of whom were diagnosed with breast 

cancer below the age of 50 (47 and 49 years, respectively). Their families also 

exhibited several cancer types, including gastric, uterine and breast cancer. 

However, DNA samples from the family members were not available for testing 

the mutation segregation, thus leaving the impact of this AXIN2 variant on the 

cancer risk uncertain. Two most potential breast cancer-predisposing variants, 

affecting the RECQL and POLG genes, respectively, were studied in more detail 

using a larger unselected cohort and an extended BRCA1/2 mutation-negative 

hereditary breast cancer cohort. Of these genes, RECQL encodes a RecQ DNA 

helicase implicated in resolving stalled replication forks, and it has recently been 

identified as a breast cancer susceptibility gene (Cybulski et al., 2015; Kwong et 

al., 2016; Sun et al., 2015). In contrast, these current results proposed a novel link 

between breast cancer predisposition and germline missense variants in POLG, a 

gene encoding DNA polymerase γ responsible for the replication of mtDNA (Singh, 

Ayyasamy, Owens, Koul, & Vujcic, 2009). 

5.3.1 RECQL variant p.Ile156Met was observed only in patients and 
associates with breast cancer 

A missense variant p.Ile156Met (c.468T>G, rs777214281) in RECQL was 

identified in two BRCA1/2 mutation-negative hereditary cases (2/202, 1.0%), 

whereas no carriers were observed in the 1,408 controls studied (p=0.016). Four 

more carriers were found in the unselected cohort (4/1,744, 0.2%, p=0.133), this 

variant thus showing a statistically significant association with breast cancer risk 

when combining all breast cancer patients (6/1,946, p=0.043), Table 7. The mean 

age at diagnosis for all p.Ile156Met carriers was 60 years (range 52–72 years), 

which did not differ from the mean in the unselected cohort (58 years, range 28–93 

years). Clinical parameter data was available for five carriers, revealing all of the 
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tumors being of ductal origin. Only one of the tumors was triple-negative (ER-/PR-

/HER2-).  

Table 7. Frequency of the RECQL variant in the studied cohorts 

Variant Cohort Carrier frequency (%) OR 95% CI P-value 

RECQL Hereditary BC1 2/202 (1.0%) NA NA 0.016 

p.Ile156Met Unselected BC 4/1744 (0.2%) NA NA 0.133 
 

All BC 6/1946 (0.3%) NA NA 0.043 

  Controls 0/1408 (NA)       

1Negative for pathogenic BRCA1/2 mutations. BC: breast cancer, CI: confidence interval, NA: not 

available, OR: odds ratio. 

Of the two carriers from the hereditary cohort, family 1 had three breast cancer 

cases confirmed as p.Ile156Met carriers, two of them having a bilateral disease 

(family 1 pedigree presented in Figure 9). There was also an ovarian cancer case in 

this family, similar to the previously identified RECQL mutation-positive families 

(Cybulski et al., 2015; Sun et al., 2015). In hereditary family 2, one out of the two 

additional breast cancer patients was available for testing and was identified as a 

non-carrier (disease onset 69 years).  Two of the carriers from the unselected cohort 

had positive family history for ovarian cancer and two for pancreatic cancer 

(altogether three cases); for one carrier family the data was not available.  

This RECQL p.Ile156Met alteration localizes to a functionally important 

ATPase domain of the protein and the affected codon was observed to be 

evolutionarily highly conserved throughout several species, further supporting the 

likely deleterious effect of this variant. 



72 

Fig. 9. Pedigree of one RECQL p.Ile156Met carrier family. Black: breast cancer, gray: 
other cancers. Plus: p.Ile156Met carrier, minus: non-carrier. Age at diagnosis, at time of 
death or at last monitoring is shown below the individual. Ad: adenocarcinoma renum 
extra renalis; BC: breast cancer; Bilat BC: bilateral breast cancer; Hep: hepatic cancer; 
Large int: large intestinal cancer; Ovca: ovarian cancer; Sto: stomach cancer; Ut: 
uterine cancer. 

5.3.2 Variant p.Leu392Val in POLG was twice more frequent in breast 
cancer cases than in controls 

The POLG missense variant p.Leu392Val (c.1174C>G, rs145289229) was 

relatively frequent in the analyzed cohorts and showed a significant two-fold 

enrichment in the combined cohort of all breast cancer cases (53/2,238, 2.4%) when 

compared to controls (18/1,539, 1.2%, p=0.010, OR=2.1), Table 8. The prevalence 

was similar both in the unselected breast cancer cohort (2.4%) and in the BRCA1/2 

mutation-negative hereditary cohort (2.5%).  
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Table 8. Frequency of the POLG variant in the studied cohorts 

Variant Cohort Carrier frequency (%) OR 95% CI P-value 

POLG Hereditary BC1 5/203 (2.5%) 2.13 0.78-5.81 0.177 

p.Leu392Val Unselected BC 48/2035 (2.4%) 2.04 1.18-3.52 0.012 
 

All BC 53/2238 (2.4%) 2.05 1.20-3.51 0.010 

  Controls 18/1539 (1.2%)       

1Negative for pathogenic BRCA1/2 mutations. BC: breast cancer, CI: confidence interval, OR: odds ratio. 

This substitution locates to a functionally important exonuclease domain of the 

POLG protein, and the sequence alignment analysis showed evolutionary 

conservation at this particular site among several species. As POLG functions in 

the replication of mtDNA, and mitochondrial changes are expected to often take 

place during tumor development, association of the p.Leu392Val variant with the 

breast cancer-specific survival (BCSS) and tumor characteristics was studied. No 

significant differences were detected in either the BCSS or tumor features between 

the carriers and non-carriers, although patients with available information of Ki-67 

status showed higher cell proliferation state among the carriers with borderline 

significance (p=0.06, OR=3.76). The age at diagnosis did not differ between the 

carriers (mean 57 years) and non-carriers (mean 58 years). LOH was studied from 

eleven FFPE archived tumors of the carriers, and 1/11 tumors showed a loss of the 

wild type allele. Unfortunately, due to the poor quality of mtDNA in the FFPE 

samples, the effect of this variant on mtDNA depletion in the carrier tumors could 

not be studied.  
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6 Discussion 

6.1 CNV deletion allele in CYP2C19 is associated with triple-
negative breast cancer (study I) 

Fine-mapping of six previously identified deletion CNVs (Pylkäs et al., 2012) 

revealed the high-resolution microarray analysis being relatively accurate on 

determining the genomic location of the alleles, since the true breakpoint 

coordinates corresponded well to the predicted ones for five out of the six deletions 

studied. The prevalence of the deletions was explored in the Northern Finnish 

unselected breast cancer cases and controls, and the alleles disrupting DCLRE1C, 

CASP3 and DAB2IP genes were completely absent in the studied cohorts, whereas 

deletion in ITGA9 was observed only in one patient and one control. As these four 

variants were extremely rare or singletons in the discovery patient cohort, their 

impact on breast cancer predisposition remains unrevealed. Two of the studied 

alleles were recurrent, of which the CDH19 deletion was more than twice as 

frequent in the unselected breast cancer cases (1.4%) compared to controls (0.6%). 

CDH19 encodes a cadherin, a cell-cell adhesion protein establishing and 

maintaining intercellular connections, and loss of function of cadherins has 

previously been connected to cancer formation (Kremmidiotis et al., 1998). 

However, here the association remained below the level of statistical significance, 

indicating the need for larger case–control cohorts to demonstrate the plausible 

breast cancer-predisposing effect of the studied CDH19 variant. 

An unexpectedly high prevalence was observed for the CYP2C19 deletion, as 

its carrier frequency was over 3% in both cases and controls. Even though not 

showing strong evidence as an overall breast cancer predisposing allele, the 

CYP2C19 deletion was significantly associated with triple-negative tumor subtype 

(p=0.021). This is particularly interesting, since CYP2C19 participates in the 

metabolism of estrogen (Cheng et al., 2001), and disruption of estrogen signaling 

is considered to have an effect on breast cancer risk. High exposure to estrogen, 

due, for instance, to early menarche, late menopause or not giving birth, is a known 

breast cancer risk factor, but the increased level could also be caused by variations 

in the enzymatic machinery responsible for its metabolism (McPherson et al., 2000). 

As part of the cytochrome P450 enzyme family, CYP2C19 is involved in the 

processing of several drugs and other compounds in the liver, but it also participates 

in the estrogen metabolism by catalyzing 17β-hydroxy dehydrogenation and 16α-
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hydroxylation of estradiol (Cheng et al., 2001; Cribb et al., 2006). The currently 

studied heterozygous 62 kb deletion is expected to result in a null allele, which 

could presumably lead to a poor metabolizer-like phenotype. As the genotype of 

the remaining allele seemed not to play a role in the association with triple-

negativity, a genuine haploinsufficient situation with a single gene copy being 

unable to sustain full functionality of the protein could be expected. Alternatively, 

as the deletion allele extends to a wide range, starting only 1.3 kb from the 3’ end 

of the adjacent CYP2C18 gene, it could change the genomic landscape of this 

region, leading to aberrant expression of both genes. Large genomic deletions may 

also disturb the communication between the homologous alleles needed for their 

full function by deleting regulatory elements required for this process (Lupski & 

Stankiewicz, 2005). 

Previous studies about the cancer associations of CYP2C19 have been 

somewhat contradictory, but decreased breast cancer susceptibility has been 

reported for the carriers of ultra-rapid metabolizer allele CYP2C19*17 which 

increases the CYP2C19 transcription rate, whereas poor metabolizers carrying a 

null allele have been linked to increased risk for several cancers, including 

malignancies of the digestive system (Isomura et al., 2010; Justenhoven et al., 2009; 

Zhou et al., 2013). The reason why the currently studied allele predisposes 

particularly to ER negative breast cancer is puzzling and the mechanism through 

which the CYP2C19 deletion operates remains unclear, but one of the plausible 

explanations is that any perturbations in the estrogen metabolism can have an effect 

on breast cancer risk. 

6.2 TEX15 c.7253dupT frameshift variant is stable at mRNA level 
and associates with breast cancer (study II) 

The targeted NGS identified two protein-truncating variants in TEX15, which were 

analyzed further using a case-control approach. Both c.8325G>A and c.7253dupT 

were enriched in the Northern Finnish hereditary cohort when compared to controls, 

but only the latter showed significant association with breast cancer (p=0.018). 

When these TEX15 variants were studied at mRNA level, the c.7253dupT allele 

was stable, whereas c.8325G>A was efficiently degraded by nonsense-mediated 

decay. The stable mutant allele may potentially disturb some of the cellular 

functions more severely than a complete null allele, thus explaining the difference 

in the cancer association.  
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Both of the observed variants reside in the same long exon (1259 bp) preceding 

the last exon of the gene, but the c.8325G>A null allele creates a stop codon close 

to the original site, whereas the c.7253dupT frameshift allele produces a more 

distant stop codon. According to a recent nonsense-mediated decay exploring study, 

the length of the exon and the distance of the new stop codon from the original site 

are key factors for defining the efficiency of transcript degradation (Lindeboom, 

Supek, & Lehner, 2016). This could provide an explanation for the difference in 

the stability of these two TEX15 alleles. Interestingly, the breast cancer-associating 

c.7253dupT variant behaves similarly to the Finnish susceptibility alleles in PALB2 

and MCPH1, which both reside in a long exon of the gene and are stable at mRNA 

level (Mantere et al., 2016; Nikkila et al., 2013). Unfortunately, the effect of the 

variants on protein level could not be studied due to lack of a suitable TEX15 

antibody. 

All the biological functions of TEX15 are not currently well known, but it has 

been shown to participate in HR and to guide the loading of RAD51 to the DNA 

DSB sites along with BRCA1 and BRCA2 during male meiosis (Chen et al., 2016; 

Yang, Eckardt, Leu, McLaughlin, & Wang, 2008). Reflecting this sex-specific 

function, biallelic mutations in TEX15 have been reported to cause spermatogenic 

failure in both men and mice (Okutman et al., 2015; Yang et al., 2008). Curiously, 

two of the c.7253dupT carriers had a father diagnosed with prostate cancer, one of 

whom was also confirmed as a carrier while the other was not available for testing. 

This observation has been supported by a recent study, which reported 

p.Gln1631His variant in TEX15 associating significantly with prostate cancer 

(p=0.0069) (Lin et al., 2017). TEX15 is not the only gene connected to 

predisposition for both breast and prostate cancer, as, for example, male carriers of 

BRCA2 mutations are also at higher risk for both diseases (Roy et al., 2011). 

However, the connection between the specific genes and the associated cancer type 

is not clear, and TEX15 expression and activity may be initiated only upon specific 

conditions during DDR. Despite the described testis-specific function, this study 

confirmed TEX15 expression also in patient-derived LCLs and the MCF7 breast 

cancer cell line. Furthermore, TEX15 expression has been reported not only in other 

normal tissues (such as uterus, brain and smooth muscle), but also in cancer 

samples, including breast, lung and bladder cancer, and cutaneous melanoma 

(GTEx Consortium, 2013; Loriot, Boon, & De Smet, 2003; Uhlen et al., 2015). In 

the breast cancer dataset retrieved from the cBioPortal database, TEX15 was altered 

in 324 (5.5%) of the queried samples, including mutations and larger amplifications 

or deletions (Gao et al., 2013). All these results strongly indicate that the role of 
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TEX15 extends beyond meiosis-specific DSB repair, but this still remains to be 

studied further.  

In addition to the role as a breast cancer susceptibility gene, recurrent TEX15 

protein-truncating variants could account for spermatogenic failure in the Finnish 

population. Even though the cancer-associating mutation c.7253dupT was 

observed only in the Northern Finnish cohort and was absent from Helsinki and 

Tampere cohorts, the c.8325G>A null allele had a frequency of ~1% in Finland. 

Thus, individuals homozygous for this variant could be expected in the population, 

who would suggestively suffer from spermatogenic failure, as reported for biallelic 

TEX15 truncation carriers in previous studies (Okutman et al., 2015). 

6.3 FA allele in FANCD2 shows enrichment in breast cancer cases 
(study II) 

A splice site variant c.2715+1G>A in FANCD2 was identified in three Northern 

Finnish familial breast cancer patients, showing a significant association with the 

breast cancer risk in the hereditary cohort (p=0.036). Meta-analysis of the 

combined Finnish cohorts suggested this variant being a plausible moderate-risk 

allele, but as the mutation is very rare, the association did not reach the level of 

statistical significance. As the c.2715+1G>A mutant allele was at least partly stable 

at the mRNA level, it could be acting in a dominant-negative manner, disturbing 

DDR and proper repairing of the DNA lesions. The pathogenicity of this variant is 

strongly supported by its occurrence as a compound heterozygote in two FA 

patients, and as is typical for FA alleles, natural selection maintains their frequency 

low in the population (Kalb et al., 2007). However, according to the ExAC database 

(Lek et al., 2016), FANCD2 c.2715+1G>A occurs also outside Finland and should 

be studied further in larger cohorts to verify its role in breast cancer predisposition. 

Several genes functioning in the downstream part of the FA pathway, including 

PALB2 and BRCA2, are well-established risk factors for both FA and breast cancer 

(Howlett et al., 2002; Xia et al., 2007). Only during recent years, truncating 

mutations in two of the upstream genes, FANCM and FANCC, have been connected 

to breast cancer susceptibility at least in some populations (Kiiski et al., 2014; 

Peterlongo et al., 2015; Thompson et al., 2012). Of these, FANCM is involved in 

the recognition of DNA damage and initiation of the FA pathway, whereas FANCC 

is part of the FA core complex (Moldovan & D'Andrea, 2009). It should be noted, 

however, that despite the original reports, biallelic FANCM mutations are unlikely 

to be causative for FA (Lim et al., 2014; Meetei et al., 2005). In relation to the 
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position in the pathway, FANCD2 functions in between the downstream and 

upstream part of the FA pathway, as the FANCD2-FANCI complex binds to the 

chromatin after the core complex, and its monoubiquitylation leads to recruitment 

of the downstream repair proteins (Ceccaldi et al., 2016). In addition to the classical 

ICL repair, FANCD2 and other FA proteins are also suggested to have functions in 

the promotion of replication fork stability and control of chromosome segregation 

during mitosis (Ceccaldi et al., 2016; Lachaud et al., 2016). Once these additional 

activities are understood in more detail, they might provide further insights into the 

breast cancer predisposition-related molecular functions of FANCD2. 

6.4 High prevalence of c.640_644del5 variant in the RIDDLE 
syndrome gene RNF168 (study II) 

Study II also provided information for the field of clinical genetics, as many DDR 

genes are known to cause recessively inherited congenital disorders. Several 

protein-truncating variants were identified in this type of genes, but they did not 

show significant association with breast cancer. A particularly interesting variant 

was observed in the RNF168 E3 ubiquitin ligase encoding gene at heterozygous 

state in multiple individuals. RNF168 has an important function in the recruitment 

of BRCA1 and TP53BP1 to the DNA DSB sites during HR, and biallelic mutations 

in the RNF168 gene are causative for the rare RIDDLE syndrome with features of 

increased radiosensitivity and immunodeficiency (Stewart et al., 2009). The 

identified recurrent c.640_644del5 deletion had a strikingly high carrier frequency, 

especially in the studied Eastern Finnish cohorts. Based on its prevalence, and if 

not being embryonically lethal when homozygous, it is likely that RIDDLE 

syndrome patients exist in Finland. To date, only four patients with this syndrome 

have been described worldwide, and even their symptoms and phenotype differ 

from each other (Devgan et al., 2011; Pietrucha et al., 2017; Stewart et al., 2009). 

Thus it is possible that the severity of this condition may vary, which warrants 

further investigations. For rare diseases like RIDDLE syndrome, identification of 

additional patients is important for more in-depth characterization and 

understanding of the disease phenotype and etiology.  This novel knowledge can 

ultimately lead to better diagnosis and potential treatment options for such rare 

hereditary diseases. 
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6.5 Further evidence for RECQL being a breast cancer 
susceptibility gene (study III) 

RECQL p.Ile156Met substitution is proposed to be a rare breast cancer-associating 

variant in the Finnish population since it was observed only in cases and not in 

controls (p=0.043). Three out of the six identified carriers also had a positive family 

history of ovarian cancer, indicating this plausibly being a part of the cancer 

spectrum associated with RECQL mutations. This observation is in line with the 

previous studies from RECQL mutation positive families (Cybulski et al., 2015; 

Sun et al., 2015). 

RECQL is a member of RecQ helicases which unwind double-stranded DNA 

during DNA replication, recombination and repair. Furthermore, RECQL prevents 

DNA DSBs by stabilizing stalled or regressed replication forks, making it an 

important player in the maintenance of genomic integrity (Berti et al., 2013). 

RECQL-deficient cells have been reported to be oversensitive to ionizing radiation 

and to show an increased load of DNA damage, including DSBs and spontaneous 

sister chromatid exchanges (Sharma et al., 2007; Sharma & Brosh, 2007). 

Additionally, several of the previously identified breast cancer-associated 

truncating and missense mutations were observed to completely abolish the 

helicase activity of RECQL in vitro (Sharma, Doherty, & Brosh, 2006; Sharma et 

al., 2007; Sun et al., 2015).  Two of these helicase-disrupting missense variants, 

p.Ala195Ser and p.Arg215Gln, locate to the helicase ATP-binding domain of the 

protein (Sun et al., 2015), where the currently identified p.Ile156Met also resides, 

suggesting that this variant could potentially lead to a similar defect.  

RECQL has in recent years been identified as a plausible moderate-risk breast 

cancer susceptibility gene, for which this study III provides further evidence 

(Cybulski et al., 2015; Kwong et al., 2016; Sun et al., 2015). The reported cancer-

related RECQL mutations have been both protein truncating-variants and missense 

substitutions, but the exact disease penetrance is difficult to estimate due to the 

rarity of the mutations.  

6.6 Missense variant in DNA polymerase gene POLG associates 
with breast cancer susceptibility (study III)  

The other breast cancer-associating missense variant, p.Leu392Val in POLG, 

showed significant two-fold enrichment in the breast cancer cases when compared 

to controls, indicating a plausible moderate effect on the disease predisposition 
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(OR=2.05). POLG encodes the catalytic subunit of DNA polymerase γ, which is 

the only polymerase involved in the replication mtDNA. The identified 

p.Leu392Val variant affects an evolutionarily highly conserved residue in the 

exonuclease domain of the protein, which is responsible for the proofreading 

activity during the replication (Lodi et al., 2015). Since several mitochondrial genes 

encode proteins crucial for the cellular energy production through oxidative 

phosphorylation (OXPHOS), error-free replication of mtDNA is highly important 

for the cells. Pathogenic variants have previously been identified throughout the 

POLG gene, which lead to mtDNA depletion and increased mtDNA mutation rate 

(Copeland, 2012). Several of these mutations are causative for a variety of severe, 

mostly recessively inherited, mitochondrial diseases, including Alpers-

Huttenlocher syndrome, ataxia–neuropathy disorders and progressive external 

ophthalmoplegia with defects in muscle-, nerve- and brain-related functions 

(Stumpf, Saneto, & Copeland, 2013). According to Tang et al, ClinVar and POLG 

mutation databases, the currently identified p.Leu392Val is classified as a variant 

with uncertain significance and is likely not causative for these severe conditions 

(Tang et al., 2011). It has also been reported in 3/127 parkinsonian patients and 

1/140 controls, but lacks the evidence for being causative for the Parkinson’s 

disease (Luoma et al., 2007; Tang et al., 2011). However, it has been shown to have 

an effect on POLG function by decreasing the mtDNA content after treatment with 

nucleoside reverse transcriptase inhibitor in yeast models (Baruffini, Ferrari, 

Dallabona, Donnini, & Lodi, 2015).  

Whereas mitochondrial diseases affect particularly tissues in which the cells 

are not constantly dividing, defects in OXPHOS and control of oxidative stress due 

to mtDNA depletion or mutations have also been reported in various cancer types, 

including breast cancer (Weigl, Paradiso, & Tommasi, 2013). Decreased OXPHOS 

has even been proposed as one of the hallmarks of cancer as it can increase the 

cellular glycolytic energy production (Hanahan & Weinberg, 2011). Supporting 

further the observed cancer association, POLG variants may have a direct role in 

tumor development, as another substitution in the exonuclease domain, p.Thr251Ile, 

has been shown to increase tumorigenicity in breast cancer cells by promoting 

invasion (Singh et al., 2009). Another study has reported a promoter region SNP, 

which leads to increment of POLG mRNA expression, to have a protective effect 

on breast cancer risk when homozygous (OR=0.81) (Popanda et al., 2013). In 

relation to this observation, variants causing defects in POLG are in turn potential 

factors for increasing the risk of developing breast cancer. 
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7 Concluding remarks 
The aim of this study was to search for novel alleles that are linked to inherited 

predisposition to breast cancer. This study explored the cancer associations for 

selected candidate alleles representing different genetic variation classes, ranging 

from large deletions to small single-nucleotide variants causing protein truncations 

or missense alterations. Based on the obtained results, the major conclusions are 

the following: 

1. The previous microarray study was relatively accurate in estimating the 

breakpoints of deletion CNVs, as the genomic coordinates responded well to 

those obtained in this study by qPCR.  

2. Inherited large deletion in CYP2C19 gene with a role in estrogen metabolism 

has an influence on the molecular subtype of breast cancer, as it was 

significantly associated with hormonally triple-negative tumors. 

3. Targeted NGS identified two protein-truncating variants, c.7253dupT 

frameshift and c.8325G>A null allele, in DNA DSB repair-related gene TEX15. 

Of these, c.7253dupT produced a stable mRNA transcript and associated with 

hereditary breast cancer in the Northern Finnish population. 

4. Splice site variant c.2715+1G>A in FANCD2, identified previously in two FA 

patients, showed significant association with hereditary breast cancer. This 

suggests yet another link between FA and breast cancer susceptibility. 

5. Missense variant p.Ile156Met in DNA helicase gene RECQL was observed 

only in breast cancer patients, not in healthy controls, providing further support 

for the recently established role of RECQL as a breast cancer susceptibility 

gene. 

6. Missense variant p.Leu392Val in mtDNA replicating gene POLG was twice 

more frequent in the breast cancer cases compared to healthy controls, 

proposing a novel connection between the inherited defect in mtDNA 

polymerase and increased breast cancer risk. 
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8 Future prospects 
The current study has brought a piece of novel information to the incomplete list 

of familial breast cancer risk factors by identifying breast cancer-associating 

variants in four different genes. Furthermore, the results indicate that depletion in 

the estrogen metabolism-related CYP2C19 gene may have an effect on the 

hormonal subtype of breast cancer. The cancer-association was observed for two 

protein-truncating variants in TEX15 and FANCD2, and two missense variants in 

RECQL and POLG, respectively. It should be noted, however, that despite the 

statistically significant associations, most of these variants were very rare and 

studied using relatively small sample sizes. Thus, investigations using larger case-

control cohorts from different populations would be required to further confirm 

these findings. As some of the variants may be enriched specifically in Finland, 

screening of the affected genes as a whole could plausibly lead to identification of 

different susceptibility alleles in other populations. 

Even in this era of NGS-based approaches and publicly available databases 

containing huge amounts of genomic data, identification of genetic risk factors for 

familial breast cancer is still difficult, as the predisposing alleles can be extremely 

rare, even unique to specific families, and may not show complete segregation with 

the disease phenotype. During the recent years, it has also become evident that 

inherited susceptibility to breast cancer is rarely a single gene disorder, but might 

instead be caused by a combinatorial effect of several parallel gene mutations in 

moderate- or low-penetrance susceptibility genes. 

This study showed targeted NGS being a cost-efficient and powerful tool for 

identifying novel breast cancer-associating alleles, as the genes from the DDR-

related pathways have been the most likely candidates for breast cancer 

susceptibility genes. However, targeted sequencing relies on a priori assumptions 

of plausible cancer-associating genes and pathways, whereas WGS and WES are 

non-restricted and unbiased approaches generating variant data from all of the 

human genes, the former also beyond coding regions. On the other hand, WGS and 

WES may identify a larger number of unsolicited findings and unclassified variants 

that burden the analysis process. Considering this, the Finnish founder population 

provides an optimal source to study genetic diseases, such as hereditary breast 

cancer, as the specific mutations may be enriched in the population and are easier 

to detect as causative variants than in outbred populations. In the future, WES could 

be a cost-efficient approach to investigate the missing hereditary predisposing 

factors also in the Northern Finnish breast cancer cohort. 
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Genomic research has been undergoing a revolution in recent years, as there 

has been establishments of large biobanks and genomic databases, such as the 

Sequencing Initiative Suomi (SISu), the Genome Aggregation Database (gnomAD) 

and the Cancer Genome Atlas (TCGA). In 2017, the FinnGen project was launched 

in Finland, the purpose of which is to collect and create genomic data of 500,000 

Finns during the next ten years. The project is aiming to improve human health 

through genetic research and to identify new therapeutic targets and diagnostics for 

treating different diseases. Combined with family-based studies, the extensive 

amount of genetic data this project is producing could also pave the way to 

recognizing novel breast cancer susceptibility factors.  
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