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ABSTRACT

Breast cancer is the most frequent cancer and the most common cause of cancer
deaths among females worldwide. Ovarian cancer is a highly lethal gynecologic
malignancy that is the seventh most common cancer and the eight cause of death
from cancer in women worldwide. In Finland, 4694 new breast cancer cases and 471
new ovarian cancer cases were diagnosed in 2012. Both breast and ovarian cancers
are heterogeneous groups of diseases that can be divided into several subtypes; each
subtype has distinct biological and clinical characteristics and responses to therapies.
The major risk factors of breast and ovarian cancers include age and family history,
and genetic predisposition accounts for as much as 10% of breast and 15% of
ovarian cancers. The two major susceptibility genes for both diseases are BRCA7
and BRCA2, and several other susceptibility genes have been identified. However,
in the majority of high-risk breast and/or ovatian cancer (HBOC) families, the
genetic predisposition factors remain unidentified, making the genetic counseling of
these families challenging. The aim of this study was to obtain new information
about the genetic factors that predispose individuals to breast and ovarian cancer in
the high-risk Finnish BRCA7/2-negative HBOC families. The obtained information
can be utilized in designing more efficient diagnostic, screening, prevention, and
therapeutic strategies for breast and ovarian cancer, as well as new tools for genetic
counseling.

Three different methodological approaches were utilized to identify genetic
predisposition factors in high-risk Finnish BRCA7/2 founder mutation-negative
HBOC families: 1) mutational screening of candidate genes by Sanger sequencing,
TaqMan genotyping assays, the HRM-method, and MLPA; 2) genome-wide copy
number variation analysis using a SNP genotyping array; and 3) exome sequencing
by target enrichment of the protein coding region of the genome and next-generation
sequencing,

A candidate gene approach revealed that previously known pathogenic mutations
in BRCAT and CHEK?Z contribute to 13.4% of cancer cases in HBOC families. The
proportion of CHEK2 mutations was remarkable and clinically relevant.
Additionally, a novel and possibly pathogenic variant was detected in BRCA2. Copy

number variation analysis identified several potential copy number variations that
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likely increase the risk of HBOC susceptibility and explain the fraction of breast and
ovarian cancer cases. Chromosomal aberrations at 3pl11.1, 5q15, 8p23.2, and
19q13.41 were of special interest. Of these, deletions at 3p11.1 and 8p23.2 affected
intronic regions of EPHA3 and CSMDI1, respectively, whereas duplication at
19q13.41 disrupted the coding region of the ERIT"-2 gene. Moreover, a deletion at
5q15 was located in a non-genic region but was determined to affect regulatory
elements. Exome sequencing analysis focused on DNA damage repair (DDR)
pathway genes. Five variants in DDR genes (ATM, MYC, PI.AU, RAD1, and
RRM2B) were enriched in a cohort of HBOC cases compared to controls, suggesting
that these variants may be low-to-moderate risk alleles. A rare variant that may have
clinical relevance was detected in BRCA7. Additionally, a rare variant in RAD50
gene was suggested to predispose to male breast cancer. Moreover, defects in novel
candidate genes targeting other pathways, such as DNA repair and replication,
signaling, apoptosis, and the cell cycle, were identified in early-onset breast cancer
patients. The interesting candidate genes included, for instance, DENNDZD,
TICRR, BNIPL, EDN3, and FOCAD.

In conclusion, potential germline sequence alterations and copy number
variations were detected in known susceptibility genes, as well as in novel candidate
genes, and the roles of the variations in HBOC predisposition were indicated. These
findings warrant further confirmation and provide an excellent premise for further
studies.
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YHTEENVETO

Rintasy6pd on yleisin sy6pd ja syOpikuolemien syy naisilla maailmanlaajuisesti.
Munasarjasyopd on erittdiin huonoennusteinen gynokologinen sairaus joka on
vastaavasti naisten seitsemiksi yleisin syopi ja kahdeksaksi yleisin syopikuolemien
syy. Vuonna 2012 Suomessa diagnosoitiin 4694 uutta rintasyopatapausta kun taas
uusien munasarjasyOpatapausten miird oli 471. Rinta- ja munasarjasyOpd ovat
molemmat heterogeeninen joukko sairauksia, jotka voidaan jakaa useisiin alaluokkiin.
Kullakin alaluokalla on tyypilliset biologiset ja kliiniset piirteet sekd terapiavasteet.
Pairiskitekijoitd  rinta- ja munasarjasyovalle ovat ikd ja  perhehistoria.
Perint6tekijoiden vaikutus rintasy6pdin on arviolta jopa 10 % ja munasarjasyopain
15 %. Kaksi tirkeintid rinta- ja munasarjasyopaalttiusgeeniia ovat BRCAT7 ja BRCAZ.
My6s lukuisia muita alttiusgeenejd tunnetaan. Kuitenkaan valtaosassa korkean rinta-
ja/tai munasarjasyopiriskin perheistd altistavia geenivirheiti ei tiedetd, jonka vuoksi
perheiden perinnéllisyysneuvonta on haastavaa. Tutkimuksen tavoitteena oli saada
uutta tietoa rinta- ja/tai munasatjasyoville altistavista perintétekijoistd suomalaisissa
kotkean riskin rinta- ja/tai munasarjasyopiriskin perheissd, joissa ei esiinny
tunnettuja BRCAT- ja BRCA2-geenien muutoksia. Saatua tietoa voidaan hyédyntaa
suunniteltaessa uusia tehokkaampia = strategioita rinta- ja munasatjasyévin
diagnostiikkaan, seulontaan, ehkiisyyn ja hoitomuotoihin seka
perinnollisyysneuvontaan.

Tutkimuksessa hyodynnyttiin  kolmea eri menetelmallistd ldhestymistapaa
geneettisten alttiustekijéiden tunnistamiseksi suomalaisissa korkean rinta- ja/tai
munasarjasyOopariskin perheissi, joissa ei ole tunnettuja BRCAT7 ja BRCA2 geenien
perustajamuutoksia: 1) kandidaattigeenien mutaatioanalyysi hyédyntden Sangerin
sekvensointia, TagMan kemiaa sekda HRM ja MLLPA menetelmia 2) genominlaajuinen
kopiolukumuutosanalyysi ~ kidyttien =~ SNP  genotyypitys  sirua  sekd  3)
eksomisekvensointi hyodyntien genomin proteiinia koodaavan alueen kohdennettua
rikastusta sekd uuden sukupolven sekvensointia.

Kandidaattigeenien mutaatioanalyysissd 16ydettiin BRCAT7- ja CHEKZ2-geenien
tunnettujen haitallisten muutosten esiintyvin 13.4 %:lla korkean rinta- ja/tai
munasarjasyopdriskin  perheistd. Niisti CHEKZ-geenin muutosten osuus oli

huomattava ja kliinisesti olennainen. Uusi ja haitalliseksi ennustettu muutos 16ytyi
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BRCA2-geenisti.  Kopiolukumuutosanalyysissda ~ tunnistettiin ~ potentiaalisia
perinnolliseen rinta- ja/tai munasarjasyopaalttiuteen vaikuttavia
kopiolukumuutoksia. Kopiolukuumuutokset etenkin 3p11.1, 5q15, 8p23.2 ja
19q13.41 alueilla osoittautuivat mielenkiintoisiksi. Ndistdi muutokset 3p11.1 ja 8p23.2
alueilla sijaitsevat EPH.A3 ja CSMD7-geenien introneissa ja muutos 19q13.41
ER1717-2 geenin koodaavalla alueella. Muutos 5q15 alueella sijaitsi geenien viliselld
alueella mutta sen havaittiin mahdollisesti  vaikuttavan siitelyelementteihin.
Eksomisekvensoinnissa keskityttiin muutoksiin, jotka sijaitsivat DNA:n korjausreitin
geeneissa. Tutkimuksessa tunnistettiin viisi muutosta . 4ATM, MYC, PL.AU, RAD1, ja
RRM2B  geeneissd, ja muutosten havaittiin  rikastuneen rinta- ja/tai
munasarjasyopaperheissi kontrolleihin verrattuna viitaten sithen, ettd virheet liittyvit
mahdollisesti matalasta keskisuuren syopiriskiin. BRCA7-geenistd tunnistettiin
lisaksi harvinainen virhe, joka voi olla kliinisesti tirked. Myos RADS50-geenistd
tunnistettiin -~ vithe, joka voi mahdollisesti altistaa  miesrintasyéville.
Eksomianalyysissa keskityttiin my6s potilasjoukkoon, johon kuului hyvin varhaisella
1dlld rintasyGpédn sairastuneita naisia, ja ndilld potilailla tunnistettiin virheitd uusissa
potentiaalisissa kandidaattigeeneissi, jotka osallistuvat etenkin DNA:n korjaukseen
ja  replikaatioon, signalointiin, apoptoosiin ja solusykliin. Mielenkiintoisia
kandidaattigeenejd ovat esimerkiksi DENNDZ2D, TICRR, BNIPL, EDN3 ja
FOCAD.

ViitoskitjatyOssd tyGssd tunnistettiin potentiaalisia petinnélliselle rinta- ja/tai
munasarjasyoville altistavia ituradan muutoksia jo tunnetuissa alttiusgeeneissd ja
uusissa kandidaattigeeneissa. Uudet 16ydokset vaativat varmennusta ja tarjoavat
erinomaisen lihtokohdan jatkotutkimuksille.

16



INTRODUCTION

Breast cancer is the most frequent cancer and ovarian cancer the seventh most
frequent cancer among females worldwide, representing approximately 25% and 4%
of all cancers, respectively (Ferlay et al, 2015). In Finland, 4694 new breast cancer
cases and 471 new ovarian cancers were diagnosed in 2012 (Finnish Cancer Registry).
Ovarian cancer is a particularly lethal gynecological malignancy and is commonly
diagnosed when the disease is already at a late stage. Therefore, the survival rate for
ovarian cancer is much lower than for breast cancer. Both breast and ovarian cancer
are heterogeneous diseases composed of different tumor types with distinctive
features and behaviors. The main risk factors for breast and ovarian cancer include
age, family history, and genetics. The genetic components of both of the diseases
have been well established, contributing to up to 10% of all breast cancer cases and
15% of all ovarian cancer cases (Claus et al, 1996, Lynch et al, 2009). Less than half
of the genetic predisposition to breast cancer has been resolved. Predisposing factors
can be classified into three different categories based on the risk associated with the
disease: high-risk, moderate-risk, and low-risk genes. Two major high-risk genes are
Breast Cancer 1, Early Onset (BRCAT) and Breast Cancer 2, Early Onset (BRCAZ2), and
rare defects in these genes explain a significant percentage (15-20%) of the genetic
predisposition to breast cancer (Miki et al, 1994, Turnbull & Rahman, 2008, Wooster
et al, 1994). BRCAT and BRCAZ2 are tumor suppressor genes that have central roles
in the DNA damage response (DDR) pathway. These genes were detected by linkage
analysis and positional cloning in the mid-90s. Since the identification of BRCA7
and BRCA2, the DDR pathway has been one of the most studied pathways in breast
cancer pathogenesis. Therefore, other genes participating the DDR pathway have
been considered good candidates for breast cancer susceptibility and have been
studied through candidate gene approaches. In this way, rare moderate-risk defects
in Partner And Localizer Of BRCAZ2 (PALB2), Checkpoint Kinase 2 (CHEKZ2), and Ataxia
Telangiectasia Mutated (ATM) have been found to contribute a fraction of the breast
cancer cases (Erkko et al, 2007, Renwick et al, 2006, Vahteristo et al, 2002).
Additionally, rare mutations in high-to-moderate risk genes associated with cancer
syndromes, such as Tumor Protein P53 (IP53), Phosphatase And Tensin Homolog (PTEN),
and Cadberin 1, Type 1, E-Cadherin (Epithelial) (CDHT), explain a fraction of the
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hereditary breast cancer cases (Lynch et al, 1997, Masciari et al, 2007, McBride et al,
2014). Moreover, genome-wide association study (GWAS) approaches have
identified common low-tisk alleles in over 70 loci, and their contribution to breast
cancer predisposition has been estimated to be approximately 14% (Michailidou et
al, 2015). In ovarian cancer, genetic predisposition can be explained by defects in
high-to-moderate-risk genes, such as BRCAT, BRCA2, Mutl. Homolog 1 (MLLHT),
MutS Homolog 2 (MSH2), RAD51 Paralog C (RAD51C), and BRCAT Interacting Protein
C-Terminal Helicase 1 (BRIPT) (Lynch et al, 2009, Pelttari et al, 2011, Rafnar et al,
2011). Of these genes, BRCA7 and BRCAZ explain most (90%) of the genetic
predisposition to ovarian cancer. Despite intensive efforts to identify additional
breast and ovarian cancer susceptibility genes using different methodological
approaches, the majority of predisposing factors remain unidentified, especially in
high-risk breast and/or ovarian cancer families that do not carry mutations in the
two major high-risk genes, BRCA7 and BRCA2.

In recent years, next-generation sequencing (NGS) technologies have provided
high-throughput applications for cancer genetic studies. Particularly, whole exome
sequencing has proven to be a cost-effective method to identify novel susceptibility
genes. The exome (i.e., the protein coding region of the genome) represents only 1-
2% of the whole genome but harbors over 85% of disease-associated mutations,
making it an attractive target in disease gene identification (Ng et al, 2009).

Several breast and ovarian cancer susceptibility genes have been identified, and
both of these diseases are considered genetically heteregeneous. The unknown
portion of the genetic contribution to breast and ovarian cancer is believed to consist
a large number of family-specific, low-to-moderate risk factors that act in
multiplicative fashion (i.e., a polygenic model). The aim of the current study was to
utilize different methodological approaches to identify genetic factors that
predispose individuals to hereditary breast and/or ovarian cancer (HBOC) in the
high-risk Finnish BRCA7/2 founder mutation-negative HBOC families. The overall
aim was to obtain novel information on breast and ovarian cancer genetics, which
could then be utilized in the design of more efficient clinical management strategies

for hereditary breast and ovarian cancer.
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REVIEW OF THE LITERATURE

1 Breast cancer

1.1 Breast overview

The breast consists of 15-20 lobes (consisting of smaller sections termed lobules),
the nipple, ducts (thin tubes connecting the lobes and nipples), fatty- and fibrous
tissue, as well as blood and lymphatic vessels (Figure 1). The main function of the
breast is to produce milk.

Lymph nodes

Figure 1. Breast and adjacent lymph nodes. SEER Cancer Statistics Factsheets: Female Breast
Cancer (National Cancer Institute, Surveillance, Epidemiology, and End Results Program).
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1.2 Epidemiology

Breast cancer (BC) is the most frequent cancer in the world among females, with an
estimated 1.67 million new cancer cases diagnosed in 2012 (25.2% of all cancers)
(Ferlay et al, 2015). BC is also the most common cause of cancer deaths among
females worldwide, with an estimated 522,000 deaths in 2012 (14.7% of all cancer
deaths) (Ferlay et al, 2015). The incidence rates of BC vary nearly fourfold across
different regions, with rates ranging from 27 per 100,000 in Middle Africa and
Eastern Asia to 96 per 100,000 in Western Europe (Fetlay et al, 2015). Ditferences
in incidence rates between countries can be explained by several factors, including
ethnicity, genetics, socio-economically correlated environmental factors related to
lifestyle, nutrition, the use of exogenous hormones, reproduction, mammographic
screening, and cancer treatment possibilities (Bray et al, 2004, Jemal et al, 2010).
However, the incidence rates in developing countries have begun to increase in past
tew decades due to the increased adoption of lifestyles that are common in Western
countries, including smoking, the consumption of saturated fat and calorie-dense
food, physical inactivity, the use of oral contraceptives, late child bearing, and fewer
pregnancies (Bray et al, 2004, Jemal et al, 2010). Mortality rates for BC also vary
between countries ranging from 6 per 100,000 in Eastern Asia to 20 per 100,000 in
Western Africa (Ferlay et al, 2015). In developed countries with high incidence rates,
the mortality rates have been stable or are decreasing due to a reduction in the use
of menopausal hormone therapy, early detection by mammographic screening, and
improved treatment possibilities (Jemal et al, 2010). Moreover, five-year relative
survival rates vary from approximately 40% to 90% in low- and high-income
countries, respectively (Coleman et al, 2008). In Finland, 4694 new BC were
diagnosed in 2012, with an incidence rate of 91.3 per 100,000, a mortality rate of 14
per 100,000, and a five-year relative survival rate of 89% (Finnish Cancer Registry).

1.3 Risk factors

Gender. Being a female is the major risk factor. BC also occurs among men, but it
is much rarer, with an incidence of less than 1% that of female BC (Miao et al, 2011).

Age. BC is most common in middle-aged and older women. The median age at
diagnosis is 61 years (National Cancer Institute, Surveillance, Epidemiology, and
End Results Program).
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Race/Ethnicity. White non-Hispanic females have the highest incidence rates
of BC, whereas the highest mortality rates of BC are observed among African-
American females (National Cancer Institute, Surveillance, Epidemiology, and End
Results Program).

Personal history of BC. A woman with previous BC has an elevated risk of
developing a second cancer of the contralateral breast (Molina-Montes et al, 2014).
Moreover, BRCAT/2-mutation cartiers are at higher risk of contralateral BC than
non-carriers (Molina-Montes et al, 2014). Additionally, benign breast conditions and
high breast density are strong risk factors for BC (Tice et al, 2013).

Family history of BC. Family history is a strong risk factor for BC. However,
the extent of the risk varies according to the nature of the family history (i.e., the
type of relative affected, the age at which the relative developed BC, and the number
of relatives affected) (Pharoah et al, 1997). A woman’s risk of BC is two or more
times greater if she has first-degree relative (mother, sister, or daughter) who
developed the disease before the age of 50. Moreover, the younger the relative is
when she develops BC, the greater the risk (McPherson et al, 2000). The BC risk
increases by between four and six times if two first-degree relatives develop the
disease (McPherson et al, 2000). The risk is also increased, although to a lesser extent,
if the BC is diagnosed in a second-degree relative or any relative at all (Pharoah et al,
1997). BC risk is age-specific, and the risk is higher in women under 50 years of age
who have a relative with early-onset BC (Pharoah et al, 1997). Moreover, family
history of ovarian cancer increases the risk of BC given that both cancers are a part
of HBOC syndrome caused by defects in BRCA7 and BRCA2 (Lynch et al, 2009).

Genetics. The occurrence of several BC cases in the family with certain features
can indicate a genetic predisposition to the disease. These features include 1) early
age of onset; 2) a bilateral BC; or 3) the occurrence of other cancer including ovarian
and male BC (McPherson et al, 2000). Approximately 5-10% of BCs in the general
population are estimated to be caused by genetic factors, primarily related to the two
major high-risk BC susceptibility genes, BRCA7 and BRCA2 (Claus et al, 1996, Miki
et al, 1994, Wooster et al, 1994). Several other BC predisposition genes have been
identified and can be classified into three categories based on the different levels of
risk and prevalence in the population: rare high-penetrance risk genes, rare
moderate-penetrance risk genes, and common low-penetrance risk genes (Stratton
& Rahman, 2008). Known susceptibility genes explain less than half of the genetic
predisposition to BC (Couch et al, 2014).

Hormonal and reproductive factors. A prolonged or increased exposure to

estrogen, including early age of menarche, late age at menopause, nulliparity, and late
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age at first birth are associated with and increased risk of BC. In contrast, reducing
exposure to estrogen, such as through long-term breast-feedings is thought to be
protective (Collaborative Group on Hormonal Factors in Breast Cancer, 2002,
Martin & Weber, 2000, McPherson et al, 2000). Exposure to exogenous hormones,
such as use of oral contraceptives or postmenopausal hormone replacement therapy
(use for over 10 years), is thought to elevate the risk for BC (Collaborative Group
on Hormonal Factors in Breast Cancer, 1996, McPherson et al, 2000). Furthermore,
treatments with the synthetic estrogen diethylstilbestrol during pregnancy have been
associated with increased BC risk both in pregnant woman and in the unborn
daughter (Palmer et al, 2006). The differential risk of BC among BRCA7 and BRCA2
mutation carriers has been associated with reproductive factors (Pan et al, 2014). For
example, a later age at first birth is associated with a lower risk of BC in BRCAT7 but
not BRCA2 mutation carriers, and breast feeding for at least 1-2 years conferred a
37% reduction in BC risk for BRCA7 but not BRCAZ2 mutation carriers (Pan et al,
2014).

Environmental factors. A growing number of studies have implicated dietary
factors in BC development, but the results have been somewhat conflicting. High
intake of red meat, animal fat and saturated fatty acids have been reported to increase
the risk of BC, whereas high intake of vegetables, fruits, fiber, unsaturated fatty acids,
and phyto-estrogens (obtained from soya products, sourdough rye bread, berries)
are suggested to reduce the BC risk (Hanf & Gonder, 2005). Obesity is a known risk
factor for several cancers, including BC, although the exact molecular mechanisms
are poorly understood (Khandekar et al, 2011). Specifically, an increased body mass
index has been associated with BC risk in postmenopausal women (Renehan et al,
2008). Moreover, physical activity has been associated with a decreased BC risk, and
several epidemiologic studies have found a 25% average risk reduction amongst
physically active women compared to the least active women (Lynch et al, 2011).
Alcohol consumption during the time when breast tissue is particularly vulnerable to
carcinogens (between menarche and first full-time pregnancy) has been associated
with increased risk of BC (Liu et al, 2013). Smoking has been reported to increase
the BC risk, although there is inconsistency between various epidemiologic studies
(Terry & Rohan, 2002). Ionizing radiation (both diagnostic and therapeutic) is a
well-known risk factor for the development of BC (Drooger et al, 2015). There is a
clear positive dose-risk relation, which is modified by age, whereby young age at
exposure is associated with an increased risk (Drooger et al, 2015). Moreover, it has
been found that patients with BRCA7 and BRCAZ2 mutations might be more
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sensitive to the deleterious effects of ionizing radiation due to an impaired capacity

of repairing double strand DNA breaks (Drooger et al, 2015).

1.4 Clinical features and pathology

BC is most frequently diagnosed among women aged 55-64, and the median age at
diagnosis is 61 years (National Cancer Institute, Surveillance, Epidemiology, and
End Results Program). The first sign of BC is usually a lump in the breast. Other
symptoms may also include changes in breast size and shape, changes in nipple shape
and the surrounding area, skin changes, nipple discharge other than milk, and pain
in the breast.

BC is not a single disease. Instead, it can be divided into various subtypes with
distinctive histological and biological characteristics, clinical behaviors, and
responses to therapy. Histologically, breast tumors can be broadly categorized into
in situ carcinomas and invasive (infiltrating) carcinomas (Figure 2). In situ carcinoma
is a pre-invasive BC in which malignant cells are confined within the site of origin
and which can transform into an invasive cancer over a few years or even decades
(Barnes et al, 2012). However, only a subset of in situ cancers become invasive, and
recent studies do not support the notion that in situ carcinoma is an obligate
precursor of invasive BC (To et al, 2014). In situ carcinomas account for
approximately 20% of all diagnosed BCs (To et al, 2014). Moreover, in situ
carcinomas are further divided into ductal and lobular based on the origin of the
cancer cells (Figure 2). Ductal carcinoma in situ is a more common and
heterogeneous group of tumors than lobular carcinoma in situ, which presents low
histological variation (Figure 2). Similarly to in situ tumors, invasive carcinomas are
classified into subtypes, with the major subtypes being infiltrating ductal, invasive
lobular, ductal/lobular, mucinous, tubular, medullary, and papillary (Figure 2). Of
these, infiltrating ductal carcinoma and lobular carcinoma are the most common
subtypes, accounting for approximately 50-80% and 5-15% of all breast carcinomas,
respectively (Weigelt & Reis-Filho, 2009). In addition to histological type,
histological grade (grades 1-3) is used to classify breast carcinomas. Grade is an
assessment of the degree of differentiation and proliferative activity of a tumor and
reflects its aggressiveness (Weigelt et al, 2010). Moreover, several molecular markers
are used to further classify invasive carcinomas to determine which patients are likely
to respond to targeted therapies. The most commonly used markers include estrogen
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receptor (ER), progesterone receptor (PR), and human epidermal growth factor
receptor 2 (HER2) (Payne et al, 2008).

Breast Cancer
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Figure 2. Histological classification of breast cancer subtypes (Malhotra et al, 2010). Reprinted by
permission of Taylor and Francis LLC.

More recently, new technologies have been used to further differentiate the
molecular subtypes of BC according to gene expression profiles. The five main
molecular classes of BC have been determined to be luminal A (ER/PR+, HER2-),
luminal B (ER/PR+, HER2+), HER2-overexpressing (ER/PR-, HER2+), basal-like
(ER/PR-, HER2-), and normal breast-like tumors (unclassified) (Perou et al, 2000,
Sotlie et al, 2001, Sotlie et al, 2003). Furthermore, a claudin-low subtype (ER/PR-,
HER2-) has also been identified (Herschkowitz et al, 2007). The luminal A group of
tumors show high expression of ERa and related transcription factors, whereas
luminal B has high expression of a cluster of genes related to proliferation (Santos
et al, 2015). The HER2-overexpressing subtype is characterized by a high expression
of genes at 17q22.24, including Erb-B2 Receptor Tyrosine Kinase 2 (ERBBZ2) and Growth
Factor Receptor-Bound Protein 7 (GRB7), whereas the basal-like subtype highly expresses
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laminin, and keratins 5 and 17 (Santos et al, 2015). Normal breast-like tumors have
high expression levels of adipose tissue genes. The claudin-low subtype is
characterized by low expression of claudin genes, which are involved in tight
junctions and cell-cell adhesion, and high expression of vimentin, N-cadherin, and
immune system response genes (Santos et al, 2015). Basal-like, HER2-
overexpressing, and claudin-low tumors are the most aggressive and are associated
with a poor survival. In contrast, the luminal A type is the class of least aggressive
tumors (Santos et al, 2015). Both basal-like and HER2-overexpressing subtypes are
associated with a high frequency of TP53 mutations, whereas the basal-like subtype
is associated with only BRCAT7 mutations (Cancer Genome Atlas Network, 2012).
Basal-like tumors are often referred to as triple-negative BCs (INBCs) because most
are negative for ER, PR and HER2 (Cancer Genome Atlas Network, 2012).

In addition to molecular classification of BC, a functional classification system
based on the BC stem cells is emerging (Malhotra et al, 2010). In this system, BCs
are classified based on the tumor-initiating cells, and there are currently two
hypotheses in this regard. One suggests that BC heterogeneity arises from distinct
mammary stem/progenitor cells at vatious levels within the mammary cell hierarchy,
whereas the other hypothesis is that BC originates from a single mammary
stem/progenitor cell that is transformed by vatious oncogenes to give rise to various
types of cancer (Malhotra et al, 2010). Several markers for this classification system
have been identified, including CD44/CD24 and Aldehyde Dehydrogenase 1
Family, Member A1 (ALDH1) (Malhotra et al, 2010).
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2 Ovarian cancer

2.1 Ovaries overview

The ovaries are a pair of organs in the female reproductive system and are located in
the pelvis, one on each side of the uterus (Figure 3). The main function of the ovaries

is to produce egg cells and the female hormones, progesterone and estrogen.
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Figure 3. Female reproductive anatomy. SEER Cancer Statistics Factsheets: Ovary Cancer
(National Cancer Institute, Surveillance, Epidemiology, and End Results Program).

2.2 Epidemiology

Ovarian cancer (OC) is a highly lethal gynecologic malignancy. It is the seventh most
common cancer and the eighth highest cause of death from cancer in women
wotldwide, with an estimated 239,000 new cases (3.6% of all cancers) and 152,000
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deaths (4.3% of all cancer deaths) in 2012 (Ferlay et al, 2015). The incidence rates of
OC are highest in more developed regions, with rates in these areas exceeding 7.5
per 100,000, whereas the lowest incidence is in Africa, with rates below 5 per 100,000
(Ferlay et al, 2015). Differences in incidence rates around the world are due to
ethnicity, genetic factors, socio-economically correlated environmental factors
related to lifestyle, nutrition, the use of exogenous hormones, reproduction, and
both diagnostic and medical treatment possibilities (La Vecchia, 2001, Lowe et al,
2013). The mortality rates of OC are higher in developed regions, such as North
America and Europe (from 5 to 6 per 100,000) than in less developed regions, such
as Bastern Asia (2 per 100,000) (Ferlay et al, 2015). More than 70% of women with
OC are diagnosed with advanced disease (Rauh-Hain et al, 2011). The five-year
survival rates for women with advanced disease vary from 20% to 30% (Rauh-Hain
et al, 2011). In Finland, 471 new OC cases were diagnosed in 2012 (Finnish Cancer
Registry), making OC the tenth most common cancer and the fifth highest cause of
death from cancer among women. In Finland, the incidence of OC is 8.6 per
100,000, the mortality rate is 4.8 per 100,000, and the five-year survival rate is 49%
(Finnish Cancer Registry).

2.3 Risk factors

Gender. OC is a sex-specific cancer, and being a female is a major risk factor.

Age. OC risk increases with age, and the majority of OCs are diagnosed in older
women. The median age at diagnosis is 63 years (National Cancer Institute,
Surveillance, Epidemiology, and End Results Program).

Race/Ethnicity. The highest incidence and mortality rates of OC are observed
among white females (National Cancer Institute, Surveillance, Epidemiology, and
End Results Program).

Family history of OC. A family history of OC is one of the strongest risk factors
for the disease. A woman with an OC-affected first-degree relative (mother, sister,
daughter) has a 5% risk, and a woman with two OC-affected first-degree relatives
has a 7% risk for developing the disease, whereas the lifetime risk for developing OC
in the general population is 1.6% (Prat et al, 2005). Additionally, a family history of
BC increases the risk of developing OC given that these two cancers comprise the
hereditary breast and ovarian cancer (HBOC) syndrome, which is caused by defects
in BRCAT and BRCA2 (Lynch et al, 2009).
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Genetics. It is estimated that inherited susceptibility can explain 5-15% of all
OCs (Lynch et al, 2009). Hereditary OC occurs in three different forms, site-specific
OC and as a component of two cancer syndromes, HBOC and Lynch syndrome
(also known as hereditary nonpolyposis colorectal cancer, or HNPCC syndrome)
(Prat et al, 2005). The causative genes for site-specific hereditary OC and HBOC
syndromes are two tumor suppressor genes, BRCA7 and BRCA2, whereas Lynch
syndrome is associated with defects in DNA mismatch repair genes, including
MI_HT and MSH?2 (Prat et al, 2005). The majority (65-85%) of all hereditary OCs
are due to mutations in BRCA7 and BRCA2, and another 10-15% of hereditary cases
can be explained by Lynch syndrome gene mutations (Lynch et al, 2009). A carrier
of a BRCAT or BRCA2 mutation, unselected for family history, has an average
cumulative lifetime risk of 39% and 11% for developing OC by the age of 70,
respectively (Antoniou et al, 2003). Moreover, the risk estimates for mutation carriers
are higher in HBOC families (Lynch et al, 2009).

Hormonal and reproductive factors. The ovarian epithelium responds strongly
to the local hormonal environment. Long-term exposure to elevated estrogen levels,
including early age of menarche, late age at natural menopause, and hormone
replacement therapy increase the risk of OC (Hunn & Rodriguez, 2012). Pregnancies
(especially after 35 years of age), having many children, breastfeeding, and the use of
oral contraceptives have protective effects (Hunn & Rodriguez, 2012).

Environmental factors. Several environmental factors related to lifestyle have
been reported to influence OC risk, but the study results are somewhat inconclusive
or controversial. Overweight and obesity (body mass index greater than 30) in early
adulthood have been reported to increase the risk of OC (Olsen et al, 2007). In
contrast, moderate physical exercise has been suggested to lower OC risk (Cannioto
& Moysich, 2015). Dietary factors, such as the intake of carbohydrates and dairy,
have been suggested to increase the risk of OC, whereas the consumption of green
leafy vegetables, vegetable oils and fish have been shown to have a protective effect
(Hunn & Rodriguez, 2012). Additionally, a high dietary intake of vitamin D has been
reported to be protective against specific histological subtypes of OC (Merritt et al,
2013). Smoking has been reported to increase the risk of mucinous subtype of OC,
but its effect on overal OC risk is uncertain (Collaborative Group on
Epidemiological Studies of Ovarian Cancer et al, 2012).

Inflammatory factors. Inflammatory factors have been reported to be involved
in ovarian carcinogenesis. Endometriosis has been shown to be associated with an
increased risk of ovarian carcinoma, especially endometrioid and clear cell types
(Prowse et al, 2006). Moreover, pelvic inflaimmatory disease and perineal talc
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exposure have been shown contribute to OC risk, although the results for the latter
risk factor are somewhat inconclusive (Houghton et al, 2014, Huncharek et al, 2003,
Lin et al, 2011).

2.4 Clinical features and pathology

OC develops at a later age and is most typically observed in women over 60 years of
age. The hereditary form of OC is diagnosed about a decade eatlier than non-
hereditary forms (Jazaeri, 2009). The symptoms of OC are unclear and can be easily
confused with those of common conditions, such as problems with digestion.
Symptoms may include abdominal bloating, pelvic and abdominal pain, feeling full
quickly, and difficulty eating (Goff, 2012). In the absence of clinically significant
symptoms and a lack of efficient screening methods, OC is primarily detected when
the disease is already at a late stage.

The origin and pathogenesis of OC are poorly understood making early detection
and new therapeutic approaches difficult. OC is a heterogeneous disease composed
of different types of tumors that have distinct features, behavior, and treatment
responses. Over 90% of the ovarian tumors are considered to originate from ovarian
surface epithelial cells, whereas other tumor types are considered to arise from germ
cells and sex-cord-stromal cells (Lynch et al, 2009). Based on the histopathology and
molecular genetic analyses, at least five main types of ovarian carcinomas are
identified: high-grade serous carcinoma (HGSC; 70%), endometrioid carcinoma
(EC; 10%), clear cell carcinoma (CCC; 10%), mucinous carcinoma (MC; 3%), and
low-grade serous carcinoma (LGSC; <5%), accounting for a total of 98% of ovarian
carcinomas (Prat, 2012). All these tumor types have different risk factors, precursor
lesions, patterns of spread, molecular events during oncogenesis, response to
chemotherapy, and prognosis (Table 1). HGSC is the most common ovarian
carcinoma and is detected at an advanced stage in approximately 80% of patients
(Prat, 2012). Thus, HGSC has the poorest prognosis of the different tumor types
(Table 1). Moreover, HGSC type particularly has been associated with germline
defects in BRCAT7/2 genes (Risch et al, 2006), whereas EC and CCC types ate
associated with endometriosis (Rosen et al, 2009). Relevant in this regard, EC is the
major HNPCC type (Prat, 2012). Moreover, OCs can be further classified according
to stages. The staging of OC (stages I-IV) is based on the FIGO nomenclature
(Heintz et al, 2006). Stage I disease is limited to the ovaries, whereas stage IV

indicates metastatic disease.
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Based on the distinct morphologic and molecular genetic features, a dualistic
model of ovarian tumorigenesis has been proposed in which OCs can be divided
into two subgroups: Type I (low-grade pathway) and Type II (high-grade pathway)
(Kurman & Shih, 2010). Type I tumors consist of low-grade serous, low-grade
endometrioid, mucinous, clear cell and transitional (Brenner) carcinomas. Type 11
tumors consist of high-grade serous carcinoma, undifferentiated carcinoma and
malignant mixed mesodermal tumors (carcinosarcomas). Type I tumors are generally
indolent, present in stage I (tumor confined to the ovary), and develop from well-
established precursors; these tumors are referred to as borderline tumors. Type 1
tumors are relatively genetically stable and present specific mutations in certain
genes, such as Kirsten Rat Sarcoma Viral Oncogene Homolog (KRAS), B-Raf Proto-Oncogene,
Serine/ Threonine Kinase (BRAF), ERBB2, Catenin (Cadherin-Associated Protein), Beta 1, 88
#Da (CINNBT), PTEN, and Phosphatidylinositol-4,5-Bisphosphate 3-Kinase, Catalytic
Subunit Alpha (PIK3CA); however, Type 1 tumors rarely exhibit TP53 mutations.
Type II tumors are aggressive, present in advanced stage, develop from
intraepithelial cells, are genetically highly unstable, and have a high frequency of
TP53 mutations.

Moreover, there is compelling evidence that tumors that have been traditionally
considered primary ovarian tumors (high-grade serous, clear cell, and endometrioid)
actually originate in other pelvic organs and involve the ovary secondarily.
Specifically, high-grade serous carcinomas are reported to arise from epithelial
lesions in the distal fimbriated end of the fallopian tube, and clear cell and
endometrioid carcinomas originate from ovarian endometriosis (Kurman & Shih,

2010, Prat, 2012)
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Table 1. Ovarian carcinoma: clinical and molecular features of the five most common types. (Prat, 2012) by permission of Oxford University Press.

HGSC LGSC MC EC ccc
Risk factors BRCA1/2 ? ? HNPCC ?
Precursor lesions Tubal Serous Cystadenoma/ Atypical Atypical

intraepithelial carcinoma borderline tumor borderline tumor? endometriosis endometriosis
Pattern of spread Very early transcoelomic spread  Transcoelomic spread  Usually confined to ovary  Usually confined to pelvis  Usually confined to pelvis
Molecular abnormalities BRCA, p53 BRAF, KRAS KRAS, HER?2 PTEN, ARID1A HNF1, ARID1A
Chemosensitivity High Intermediate Low High Low
Prognosis Poor Intermediate Favorable Favorable Intermediate

Abbreviations: CCC, clear cell carcinoma; EC, endometrioid carcinoma; HGSC, high-grade serous carcinoma; HNPCC, hereditary polyposis colorectal carcinoma; LGSC,
low-grade serous carcinoma; MC, mucinous carcinoma.
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3 DNA Damage Response (DDR) pathway

The maintenance of genome integrity ensures the transmission of correct genetic
material across generations. Genetic material is continuously threatened by
spontaneous damages, such as occurs during DNA metabolism, and by damaging
agents coming from outside (exogenic) or inside (endogenic) the cell. Exogenic
threats include ultraviolet light, ionizing radiation, and chemicals, whereas endogenic
threats include reactive oxygen species, which are side products of normal cellular
metabolism. To protect genetic material from such damage, cells use a DNA damage
response (DDR) system that detects DNA damage and promotes the appropriate
cellular response, such as senescence, cell cycle checkpoint activation, DNA repair,
apoptosis, or tolerance (Figure 4). If the DDR machinery does not work properly,
the genome becomes unstable, which may result in uncontrolled behavior of the cell

and, eventually, cancer development. These processes are reviewed in (Bartek et al,
2007, Ciccia & Elledge, 2010, Harper & Elledge, 2007, Zannini et al, 2014)
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Figure 4. The DNA damage response promotes the appropriate cellular response. (Zannini et al,
2014) by permission of Oxford University Press.
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3.1 Different DDR repair mechanisms

DNA damage can be either single-stranded or double-stranded, and different repair
mechanisms are activated depending on the type of damage. Mispaired DNA bases
are changed to correct bases by mismatch repair, and small chemical alterations of
DNA bases and single-strand breaks are corrected by base excision repair. More
complex single-strand errors, such as pyrimidine dimers and intrastrand crosslinks,
are repaired by nucleotide excision repair. For the interstrand crosslinks, interstrand
crosslink repair is used. DNA double strand breaks (DSB) are the most deleterious
form of DNA damage and are repaired by at least by four independent mechanisms:
nonhomologous end joining (NHE]), homologous recombination (HR), alternative
NHE], and single strand annealing. Of these processes, NHE] and HR are the two
major mechanisms. Depending on the extent of DNA end processing, different
mechanisms are used to repair DSBs. HR is considered the most error-free
mechanism as it utilizes sister chromatids as a template for the synthesis of new
DNA. These processes are reviewed in (Ciccia & Elledge, 2010, Lord & Ashworth,
2012).

3.2 Key proteins in DDR

The DDR machinery is a complex network comprising numerous pathways,
proteins, and protein complexes that function in a well-coordinated manner. The
DDR is involved in all steps of this process, from DNA damage detection to the
activation of a cellular response to the damage. In basic terms, the DDR cascade
consists of proteins termed sensors, apical kinases, mediators, downstream kinases,
and effectors (Figure 5). The major regulators of DDR are the phosphoinositide 3-
kinase (PI3K)-related proteins kinases, ataxia-telangiectasia mutated (ATM), and
ATM and RAD3-related (ATR), which share many biochemical and functional
similarities. ATM primarily functions in response to DSBs, whereas ATR is primarily
activated in response to replication stress. However, both ATM and ATR target an
overlapping set of substrates in the DDR cascade. DNA lesions are recognized by
sensor proteins that vary with the different DDR regulators. For ATM, damage is
recognized by the MRN complex, which consists of Meiotic Recombination 11
Homolog A (S. Cerevisiac) (MRE11), RAD50 Homologue (S. Cerevisiae) (RAD50),
and Nijmegen Breakage Syndrome 1 (NBS1). For ATR, the damage-sensing proteins
include replication protein A (RPA) and the 9-1-1 complex bound by ATR
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interacting protein (ATRIP). The 9-1-1 complex consists of RAD9 Homolog A (S.
Pompe) (RADY), RADT Checkpoint DNA Exonuclease (RADT), and HUS'T Checkpoint
Homolog (S. Pomple) (HUST). Following detection of the DNA damage, ATM and
ATR initially phosphorylate mediator proteins, which can amplify the DDR by acting
both as recruiters of ATM/ATR substrates and as scaffolds upon which to assemble
complexes. At the site of DNA damage, phosphorylation of histone variant H2A
Histone Family, Member X (H2AX) on Serine 139 by ATM and ATR kinases is
required to recruit mediators, such as Mediator of DNA-Damage Checkpoint 1
(MDC1). Other mediator proteins include, for example, Tumor Protein P53 Binding
Protein 1 (53BP1), BRCA1, Topoisomerase (DNA) II Binding Protein (TopBP1),
and Claspin. Two kinases, CHK2 for ATM and Checkpoint Kinase 1 (CHK1) for
ATR, are involved in spreading the DNA damage signal through a phosphorylation
cascade. Along with ATM and ATR, CHK1 and CHK2 also phosphorylate effector
proteins, such as p53 and Cell Division Cycle 25 (Cdc25), which execute DDR
cellular responses. Additionally, a large number of other proteins are known to
participate in the DDR cascade. The DDR has also been discovered to play a role in
variety of different pathways, including RNA splicing, chromatin remodeling,
transcription, ubiquitination, and circadian rhythms. These findings are reviewed in
(Ciccia & Elledge, 2010, Cimprich & Cortez, 2008, Harper & Elledge, 2007, Sulli et
al, 2012).
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Figure 5. Key proteins in the DNA damage response. Reprinted by permission from Macmillan
Publisher Ltd: [NATURE REVIEWS CANCER] (Sulli et al, 2012), copyright (2012).

3.3 DDR and cancer

The DDR plays a central role in human physiology. Hereditary defects in genes
encoding key proteins in the DDR contribute to various human diseases, including
neurological disorders, infertility, immune deficiency, premature aging, and cancer.
Cancer, in particular, is driven by genomic instability. Several DDR-related cancer
syndromes have been recognized. The DDR syndromes, which can include breast
and ovarian cancer, include HNPCC syndrome, familial breast cancer syndrome,
Fanconi anemia (FA), Ataxia-telangiectasia (A-T), and Li-Fraumeni syndrome (LES).
Of these, HNPCC is related to defects in mismatch repair genes such as MILH7,
MSH2, MutS Homolog 6 (MSHG), and Postmeiotic Segregation Increased (S. Cerevisiae) 2
(PMS2). Familial breast cancer syndrome is related to defects in homologous
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recombination and damage signaling, and the causative genes include .4TM, BRCAT,
BRCA2, BRIP1, CHK2, NBS1, PALB2, RAD50, and RAD51C. Motreover, FA is
related to defects in interstrand crosslink repair and homologous recombination, and
several FA genes have been recognized, including Fanconi Anenzia, Complementation
Group D1 (FANCDT1 or BRCA2), Fanconi Anemia, Complementation Group | (FANC]
or BRIPT), and Fanconi Anemia, Complementation Group N (FANCN or PAIB2).
Furthermore, A-T and Li-Fraumeni syndromes are associated with defects in DNA
damage signaling and DSB repair; causative genes for these conditions include ATM
and TP53, respectively. Reviewed in (Ciccia & Elledge, 2010, Jackson & Bartek,
2009)
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4  Genetics of cancer

4.1 Hallmarks of cancer and mutation signature

Cancer can be considered a genetic disease. Cancer develops from a single somatic
cell that acquires changes in its DNA sequence throughout its lifespan and thereby
gains a growth advantage compared to other cells. Six alterations in cancer cell
physiology are considered essential for malignant growth, including self-sufficiency
in growth signals, insensitivity to growth-inhibitory signals, evasion of programmed
cell death, limitless replicative potential, sustained angiogenesis, and tissue invasion
and metastasis (Hanahan & Weinberg, 2000). Somatic mutations in the cancer cell
genome may encompass several distinct classes of DNA sequence changes, including
the substitution of one base by another, insertions or deletions of small or large
segments of DNA, inter- or intrachromosomal rearrangements, and copy-number
changes (Stratton et al, 2009). In solid tumors, such as those derived from the breast,
colon, or pancreas, an average of 33 to 65 genes display somatic mutations, and
approximately 95% of these mutations are single base substitutions (Vogelstein et al,
2013). Additionally, epigenetic changes, which alter chromatin structure and gene
expression, the acquisition of new DNA from exogenous sources (e.g., from viruses)
and defects in the mitochondrial genome contribute to cancer development (Stratton
et al, 2009).

Somatic mutations in cancer cell can be classified into driver and passenger
mutations according to their consequences for cancer development (Stratton et al,
2009). Driver mutations directly or indirectly confer a selective growth advantage to
the cell in which they occur. The other mutations that accumulate in the cell but do
not confer selective growth advantage are considered passengers. Typically, two to
eight driver mutations are necessary for cancer development (Vogelstein et al, 2013).
Two main types of genes participate cancer development; tumor suppressor genes
and oncogenes. Specifically, cancer-inhibiting tumor suppressor genes are
inactivated and cancer-promoting oncogenes are activated by mutations.
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4.2 Tumor suppressor genes

Tumor suppressor genes encode proteins whose normal function is to inhibit cell
transformation. The proteins participate in a variety of critical and highly conserved
cell function, including regulation of the cell cycle and apoptosis, differentiation,
surveillance of genomic integrity, repair of DNA errors, signal transduction, and cell
adhesion (Oliveira et al, 2005). Tumor suppressor genes can be divided into three
classes, caretakers, gatekeepers, and landscapers, based on different properties
(Kinzler & Vogelstein, 1997, Kinzler & Vogelstein, 1998). Caretaker genes encode
DNA repair proteins that act as caretakers of the genome. The inactivation of
caretaker gene results in a greatly increased mutation rate and genomic instability.
Gatekeepers prevent cancer through direct control of cell growth. The inactivation
of gatekeeper gene contributes directly to the neoplastic growth of the tumor.
Landscaper genes encode proteins that affect the microenvironment of the tumor.
According to Knudson’s two hit hypothesis, two mutational events are required to
inactivate the both alleles in tumor suppressor genes (Knudson, 1971). In the
dominantly inherited form, one mutation is inherited via germinal cells and the
second occurs in somatic cells. In the nonhereditary form, both mutations occur in
the somatic cell. One of the most commonly known tumor suppressor genes is TP53,
which is mutated in more than half of all human cancers (Vousden & Lu, 2002). In
BC, BRCA7T and BRCAZ2 are by far the two most commonly known tumor
suppressor genes (Miki et al, 1994, Wooster et al, 1994).

4.3 Oncogenes

Oncogenes encode proteins that promote cell proliferation. These genes can be
categorized into six groups: transcription factors, chromatin remodelers, growth
factors, growth factor receptors, signal transducers, and apoptosis regulators (Croce,
2008). Oncogenes are derived from proto-oncogenes by point mutations,
amplifications, or chromosomal rearrangements (Croce, 2008). Compared to tumor
suppressor genes, an activating somatic mutation in one allele of an oncogene is
generally sufficient to confer a selective growth advantage on the cell (Vogelstein &
Kinzler, 2004). One of the most commonly known oncogenes is 1-Myc Avian
Myelocytomatosis  Viral  Oncogene Homolog (MYC) (Dang, 2010). Moreover, the
amplification of the ERBB2/HER?2 oncogene in BC is a well-known biological
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marker with therapeutic value. Amplification of this gene is seen in approximately

20% of BCs and is associated with an aggressive disease (Sauter et al, 2009).
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5 The genetic predisposition to breast and ovarian
cancer: susceptibility genes

The genetic predisposition to breast and ovarian cancer has been well established.
Up to 10% of all BCs and up to 15% of all OCs are caused by inherited genetic
defects (Claus et al, 1996, Lynch et al, 2009). Less than half of the genetic
predisposition to BC has been resolved (Figure 6). BC predisposition factors can be
classified into three categories according to the risk associated with the disease: high-
risk genes (>10-fold elevated risk), moderate-risk genes (2-4-fold elevated risk) and
low-risk genes (<1.5-fold elevated risk) (Turnbull & Rahman, 2008). Rare mutations
in two major high-risk genes, BRCA7 and BRCA2, explain the majority 15% of BC
tamilial relative risk (i.e., the ratio of the risk of disease for a relative of an affected
individual to that for the general population) (Figure 6). Additionally, rare mutations
in high-to-moderate risk genes that are associated with cancer syndromes (e.g., TP53,
PTEN, Liver Kinase B (LKB1), and CDHT) and in moderate-risk genes (e.g., CHEK?,
ATM, and PAILB2) add another 3% and 4% to the BC familial relative risk,
respectively (Figure 6). The remaining known genetic predisposition to BC is due to
common single nucleotide polymorphisms (SNPs) in low-risk genes, such as
Fibroblast Growth Factor Receptor 2 (FGRE2), Caspase 8, Apoptosis-Related Cysteine
Peptidase (CASPS), and TOX High Mobility Group Box Family Member 3 (TOX3) (Figure
6). In epithelial ovarian cancer, approximately 90% of the genetic predisposition is
explained by gene defects in the high-penetrance genes BRCA7 and BRCAZ,
whereas the remaining 10% of the genetic predisposition is attributable to defects in
HNPCC syndrome genes (Prat et al, 2005). Additionally, moderate-to-high risk
alleles in genes such as BRIP7 and RAD57C have been determined to contribute to
a fraction of OC predisposition (Pelttari et al, 2011, Rafnar et al, 2011)
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Locus SNP  Odds ratio Locus SNP_ Odds ratio

6q14.1 1817529111 1.97 8q24 1513281615 1.09 CDCA7 151550623 094
*BACA2  rs11571833 144 TOX3 153803662  1.09 10g26.12 1611199914  0.94
CHEK2 CCND1  1s75015166 138 COYL2 1513320835  1.09 COX11  rs6504950  0.94
ATM ESA1 153757318 1.33 1p13.2* 1511552449  1.08 *SSBP4  rs4808801 094
PALB2 FGFR2 152981579 133 2q35 1516857600  1.08 2q35 1513387042 093
BRIP1 CCND1  rs554219 1.33 RANBP1 15204247 1.08 PDE4D  rs1353747 093
TP53 RAD51C FGFR2 152981582 1.26 zmiz1 15704010 1.08 11q13.1 153903072 0.92
pTEN RAD51D *MERIT40 158170 1.26 12q24 181292011 1.08 11q24.3 511820646  0.92
LKkB1 BARD1 TERT rs10069690  1.24 3p26.2 156762644 1.07 PAX9 182236007 0.92
CDH1 /,/"‘“ X DNAJC1  rs11814448 122 8p21.1 159693444 1.07 RADSIL1  rs999737 092
CCDN1  rs614367 121 8q2421  rs11780156  1.07 NRIP1 152623003 092
MKL1 156001930  1.21 LSP1 3817198 1.07 PEX14 15616488 091
MDM4 154245739 119 CCDCBEC 15941764 1.07 FOXQ1  rs11242675 091
ESR1 52046210 1.16 TET2 rs9790517 1.06 8g21.11 156472903 091
HNF4G ~ rs2043550 114 CDKN2AB 151011970 106 RADS1LT  rs2588809  0.91
5p12 1510941679  1.13 TGFBR2 1512493607  1.05 LGR6 156678914 09
12p13.1  rs12422552 113 9q31.2 1510759243 1.05 NTN4 1517356907 09
MAP3K1  rsB89312 112 DNAJC1 157072776 1.05 2q142 154840887 0,89
TCF7L2 157904519 1.12 191331  rs3760082 105 9q31 13865686 0.89
22q122  rs132390 1.12 RAB3C  rs10472076  1.04 2ZNF365 1510995190  0.86
2p24.1 1812710696 1.1 ANKRD16 2380205  0.98 ADAM29 36828523  0.84
2q31.1 152016394 11 “CASP8  rs1045485 097 MERIT40 12363956  0.82
SLC4A7  rs4973768 1.1 7935 15720475 0.96 TERT 152736108 077
EBF1 51432679 1. CHST9 151436004 096 PTHLH 10771399 0.72
FTO 1511075995 1.1 FTO 1517817449 095
g‘pl 12 111249433 1.09 18q11.2 1527616 0.95 *+ Denotes coding variant

Figure 6. Genetic variants that predispose to breast cancer. From (Couch et al, 2014). Reprinted
with the permission from AAAS.

5.1 High-risk genes: BRCA1 and BRCA2

5.1.1 BRCA1

Gene. The Breast Cancer 1, Early Onset (BRCAT) gene is located on the long arm of
chromosome 17 at 17q21. It was detected in the early-90s as a strong candidate gene
for breast and ovarian cancer susceptibility by linkage and positional cloning
methods (Miki et al, 1994). BRCAT is a large gene, spanning an 81 kb region of
genomic DNA, consisting of 24 exons, and encoding a protein of 1,863 amino acids
(Miki et al, 1994, Smith et al, 1996). Exon 1 is non-coding, and exon 11 is the largest
exon, encoding over 60% of the BRCA1 protein (Miki et al, 1994, Thakur et al,
1997). The majority of clinically relevant mutations are in exon 11 (National Human
Genome Research Institute, Breast Cancer Information Core Database).

Protein structure and function. The two most important regions of the BRCA1
protein are a RING domain in the amino terminus and two BRCT domains in the
carboxyl terminus (Figure 7a). Additionally, in the middle of the protein are nuclear
localization signals (NLS) and a coiled-coil domain (Figure 7a). BRCA1 has
phosphorylation sites for ATM/ATR and CHK2 kinases and has a critical
interaction with several proteins, including BRCA1 Associated RING Domain 1
(BARD1), PALB2, Abraxas, Retinoblastoma Binding Protein 8 (CtIP), and BRIP1
(Figure 7a).

41



BRCAT1 has vital role in normal cellular development, and BRCA1 deficiency
leads to early embryonic lethality in mice (Hakem et al, 1996, Ludwig et al, 1997).
BRCA1’s key role is to maintain genomic stability and function as a tumor
suppressor (Wang, 2012). This protein acts as central mediator of the cellular
response to DNA damage, regulating the activities of multiple repair and checkpoint
pathways (Wang, 2012). BRCA1 is a substrate of the central DNA damage response
kinases ATM/ATR, which control the DDR (Wang, 2012). The highly conserved
zinc-binding RING domain (residues 20-68) has DN A-binding properties and is an
interaction site for BRCAl-associated RING domain (BARD1) (Wu et al, 1990).
BRCA1 and BARD1 form a heterodimeric RING finger complex that has ubiquitin
E3 ligase activity. The enzymatic activity of the BRCAT-BARD1 complex has been
suggested to be critical in DNA double strand break repair and the tumor
suppression function of BRCA1, but the exact role of this enzymatic activity is not
well understood (Hashizume et al, 2001, Morris & Solomon, 2004, Reid et al, 2008).
Another protein that binds to the BRCA1 RING domain is BRCAl-associated
Protein-1 (BAP1), which is a nuclear-localized deubiquitinating enzyme that has
been suggested to have tumor suppressor properties (Eletr & Wilkinson, 2011,
Jensen et al, 1998). Two tandem and highly conserved BRCA1 BRCT domains
(residues 1699-1736 and 1818-1855) are essential for the tumor suppressor function
of this protein (Glover, 2006). These BRCT domains are phospho-peptide-binding
domains that recognize a phospho-SPxIF motif (S, serine; P, proline; X varies; I,
phenylalanine) (Wang, 2012). Similar BRCT domains are present similar in a wide
variety of proteins and are involved in cell cycle regulation and DNA repair (Glover,
2006). BRCT-interacting proteins include Abraxas, BRIP1, and CtIP, which directly
interact with BRCT domains through their phospho-SPxF motifs in a
phosphorylation-dependent manner (Wang, 2012). Additionally, the BRCA1 coiled-
coil domain is an interacting site for PALB2 and BRCA2 (Wang, 2012). Moreover,
the tumor suppression function of BRCA1 has been shown to occur via
heterochromatin-mediated silencing (Zhu et al, 2011).
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Figure 7. BRCA1 and BRCA2 functional domains and interacting proteins. Adapted and reprinted by
permission from Macmillan Publishers Ltd: [NATURE REVIEWS CANCER] (Roy et al,
2011), copyright (2011).

5.1.2 BRCA2

Gene. Breast Cancer 2, Early Onset (BRCA2) is located on chromosome 13 at 13q12.
This gene was detected as another major breast and ovarian cancer susceptibility
gene by linkage and positional cloning methods in the 90s, immediately following
BRCAT identification (Tavtigian et al, 1996, Wooster et al, 1994). BRCAZ2 is a large
gene, spanning approximately 70 kb of genomic DNA, consisting of 27 exons, and
encoding a protein of 3,418 amino acids (Wooster et al, 1994). Similar to BRCAT,
exon 1 is non-coding and exon 11 is the largest exon, encoding over half of the
protein (Tavtigian et al, 1996). The majority of clinically relevant BRC:A2 mutations
are located in exon 11 (National Human Genome Research Institute, Breast Cancer
Information Core Database).

Protein structure and function. The BRCA2 protein consists of a DNA
binding domain, eight BRC repeats, and nuclear localization signals on the C-
terminus (Figure 7b). A critical phosphorylation site for cyclin dependent kinase 2
(CDK?2) is located on the C-terminus (Figure 7b). BRCA2 has many interaction sites
for different proteins, including RAD51 Recombinase (RAD51), PALB2, and
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Deleted In Split-Hand/Foot 1 (DSS1); these sites are critical for BRCA2’s proper
function (Figure 7b).

BRCA2 maintains genome stability and has a key role in the HR pathway in DNA
double-strand break repair. The HR pathway is dependent on the recombinase
function of RAD51, which is an important interacting partner of BRCA2. BRCA2
binds directly to RAD51 through its C-terminus and conserved BRC repeats.
BRCA2 is recruit RAD51 to the nucleus and to the site of DNA damage by utilizing
its nuclear localization signals, which are lacking in RAD51. Moreover, BRCA2
regulates RAD51 function during recombination events. The N-terminal portion of
BRCA2 interacts with PALB2, physically linking it to BRCA1. The BRCA1-PALB2-
BRCA2 complex is needed for the recruitment of RAD51 to the site of DNA
damage. DSS1 interacts with DNA-binding domain of BRCAZ2, and this interaction
is critical for the proper functioning of BRCA2. On the C-terminus of BRCA2 is a
CDK2 phosphorylation site (§3291), the phosphorylation status of which modulates
BRCA2’s C-terminal interaction with RADS51. These findings are reviewed in
(Gudmundsdottir & Ashworth, 2006, Roy et al, 2011)

5.1.3 Contribution of germline BRCA1/2 mutations to hereditary breast and
ovarian cancer

Monoallelic germline BRCA7 and BRCA2 mutations predispose to hereditary breast
and ovatian cancers in a highly penetrant manner. Pathogenic BRCA7/2 mutations
appear to account for approximately 30% of cases of these cancers in high-risk
families (Couch et al, 2014). Most deleterious mutations are small insertions or
deletions that result in the translation of a truncated protein (Mavaddat et al, 2013).
The frequency of BRCA7/2 mutations varies depending on the population in
question. The frequencies are highest in founder populations, such as Ashkenazi
Jews (Levy-Lahad et al, 1997). According to a study of breast/ovarian cancer patients
who were unselected for family history, the average cumulative risk in BRCA7- and
BRCA2-mutation carriers by age 70 years was 65% and 45% for breast cancer and
39% and 11% for ovarian cancer, respectively (Antoniou et al, 2003). The risk
estimates for mutation carriers in multiple-case high-risk families are even higher
(Antoniou et al, 2003). Moreover, risk estimates vary by age at diagnosis of the index
case, the type and site of the cancer, and the site of the mutation (Mavaddat et al,
2013). In addition, several genetic modifiers of BRCA7 and BRCAZ2 contribute to

cancer risk in mutation carriers (Antoniou et al, 2008). Biallelic mutations in both of
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these genes are rare. Specifically, biallelic BRCA7 mutations are extremely rare and
have been reported only in one eatrly-onset OC patient (Domchek et al, 2013).
Moreovert, a recent study reported a biallelic BRCA7 mutation in one eatly-onset BC
patient who presented with a Fanconi anemia-like disorder (Sawyer et al, 2015).
Biallelic BRCA2 mutations have been associated with Fanconi anemia subtypes
(Howlett et al, 2002). Additionally, a recent study reported a presence of biallelic
BRCA2 mutations in single family presenting with early-onset colorectal cancer in
the absence of Fanconi anemia features (Degrolard-Courcet et al, 2014).

BRCAT- and BRCA2-related breast tumors differ from each other and from
sporadic cancers. Typically, compared to sporadic tumors, BRCA7-related tumors
are poorly differentiated ductal carcinomas of higher grade and higher mitotic index.
Such tumors also exhibit a greater degree of nuclear polymorphism, less tubule
formation, and may exhibit features of medullary carcinoma (Mavaddat et al, 2013).
BRCAT-related tumors are often negative for estrogen and progesterone receptors
and HER2 and are more likely to be p53-positive (L.akhani et al, 2002). Moreover,
BRCAT7-related tumors resemble basal subtype of BC (Sotlie et al, 2003). The
specific phenotype for BRCA2-related tumors has not been consistently described
(Phillips, 2000).

5.1.4  Contribution of germline BRCA1/2 mutations to other cancers

BRCAT mutations are associated with an increased prostate cancer risk in male
carriers (Leongamornlert et al, 2012). BRCA2 mutations have been shown to
contribute to prostate, pancreatic, gallbladder, bile duct, and stomach cancers, as well
as melanoma (Breast Cancer Linkage Consortium, 1999). Both BRCA7 and BRCA2
mutations increase the male BC risk, and the risk is higher in BRCA2 mutation
carriers (Tai et al, 2007).

5.1.5 The germline BRCA1/2 mutation spectrum in Finnish hereditary breast
and/or ovarian cancer families

In Finland, germline BRCA7/2-mutations contribute approximately 20% to familial
breast and ovarian cancer cases (Hartikainen et al, 2007, Vehmanen et al, 1997a). In
the Finnish breast and ovarian cancer studies, several BRCA7 and BRCA2
deleterious mutations have been reported, and total of fourteen mutations, seven in

each gene, are considered founder mutations. These mutations are designated as
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such given that they are recurrent and account for the majority of all detected
BRCAT/2 mutation in Finland (Hartikainen et al, 2007, Huusko et al, 1998,
Sarantaus et al, 2000, Vehmanen et al, 1997a, Vehmanen et al, 1997b). The most
frequently — observed Finnish  founder mutations include  3604delA,
3744delT/3745delT, 4216-2ntA>G, 4446C>T, 5370C>T in BRCAT and 999del5,
7708C>T, 8555T>G, and 9346-2ntA>T in BRCAZ2 (Sarantaus et al, 2000). There
are geographical differences in the distribution of founder mutations across Finland.
For example, in the Northern and Eastern part of Finland, the mutation spectrum is
scarce and specific, whereas in Southern Finland, almost all founder mutations have
been detected (Hartikainen et al, 2007, Huusko et al, 1998, Sarantaus et al, 2000).
Moreover, one mutation, 4088insA in BRCA2, has been detected uniquely in the
Eastern part of Finland (Hartikainen et al, 2007). Large genomic rearrangements in
BRCAT/2 ate rare and only one study has reported a large BRCAT7 deletion in a
Finnish family with a history of OC (Pylkas et al, 2008).

9.2 High-to-moderate-risk genes involved in cancer syndromes

5.2.1 TP53 and Li-Fraumeni syndrome

Tumor protein p53 (TP53) gene is located on chromosome 17 at 17p13. This gene
spans approximately 20 kb of genomic DNA and consists of 11 exons, encoding a
393-amino acid protein (i.e., p53) (McBride et al, 1986). Protein p53 is a tumor
suppressor protein whose main function is to maintain cell integrity by controlling
cell survival, proliferation, and death (Vousden & Prives, 2009). Protein p53 is
activated by diverse cell stress signals, such as DNA damage, oxidative stress,
hyperproliferative signals and hypoxia (Bieging et al, 2014). In its active form, p53
triggers the transcription of various target genes that further induce responses such
as cell cycle arrest, DNA repair, senescence, and apoptosis. These effects ultimately
either promote the repair and survival or the permanent removal of damaged cells
(Vousden & Prives, 2009). In addition, p53 regulates processes such as cellular
metabolism, stem cell function, invasion and metastasis, and cell-cell communication
within the tumor microenvironment; these effects may also contribute to tumor
suppression (Bieging et al, 2014). Protein p53 is inactive in more than half of all

human cancers due either to mutations in the TP53 gene or defects in signaling
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pathways upstream or downstream of p53 (Vousden & Lu, 2002). Over 80% of
TP53 mutations in human tumors localize to the central region of the gene, which
encodes a highly conserved, sequence-specific DNA-binding domain (exons 5-8)
(Bieging et al, 2014, Vousden & Lu, 2002).

Germline mutations in TP53 contribute to Li-Fraumeni Syndrome (LFS) and its
variant, Li-Fraumeni Like-Syndrome (LFL). Both of these conditions are rare
autosomal cancer predisposition syndromes characterized by familial clustering of a
wide spectrum of tumors in children and young adults. These tumors are
predominantly breast tumors, bone and soft-tissue sarcomas, brain tumors,
leukemia, and adrenocortical tumors (Birch et al, 1994, Malkin et al, 1990). LFL
resembles LSF but is defined by less stringent classification criteria (Birch et al, 1994,
Eeles, 1995). Germline TP53 mutations are observed in 71-77% and 22-40% of LFS
and LFL families, respectively (Varley et al, 1997, Varley, 2003). In LFS families,
nearly half of the individuals with germline TP53 mutations develop cancer by the
age of 30 years, and the lifetime cancer risk is 73% in males and almost 100% in
females. This latter high-penetrance is primarily due to early-onset BC (McBride et
al, 2014). BC is the most common cancer type among female TP53 mutation carriers
in LFS/LFL families, accounting for 27% of all cancers (McBride et al, 2014).
Moreover, germline TP53 mutations have been reported to contribute up to 8% of
eatly-onset BC cases with family history of the disease (Lalloo et al, 20006, Lee et al,
2012, Mouchawar et al, 2010).

In Finland, germline TP53 mutations are very rare in the general BC population
but explain a small fraction of the hereditary BC cases (Rapakko et al, 2001).
Pathogenic TP53 mutations occurring in the conserved region of TP53 have been
reported in 3/108 (2.8%) Finnish BRCAT7/2-negative hereditary BC families that
also exhibit features of either LFS or LFL (Huusko et al, 1999, Rapakko et al, 2001).

5.2.2 ATM and Ataxia-telangiectasia

Ataxia Telangiectasia Mutated (ATM) gene is located at locus 11q22-23 and consists of
06 exons, encoding a large protein of 3,056 amino acids (Gatti et al, 1988, Savitsky
et al, 1995, Uziel et al, 1996). The encoded protein belongs to a family of PI3K-
related kinases that are involved in various cellular responses to genotoxic stress.
These functions are carried out via phosphorylation of key proteins in cellular
response pathways (Shiloh & Ziv, 2013). The protein kinase ATM has a central role
as an activator of the DNA damage response cascade after DNA double-strand
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breaks (Shiloh & Ziv, 2013). ATM exists as a homodimer that dissociates into active
monomers upon activation, which occurs via autophosphorylation at Ser1981 after
DNA damage (Shiloh & Ziv, 2013). In its active form, ATM is recruited to the DNA
damage site, where it activates a signaling cascade that includes direct and indirect
phosphorylation events of a large number of proteins. These phosphorylation events
lead to the activation of cell-cycle checkpoints and the initiation of DNA repair
(Shiloh & Ziv, 2013). Downstream targets of ATM include also proteins that are
encoded by the known BC susceptibility genes TP53, BRCAT, and CHEKZ (Ahmed
& Rahman, 2000).

Homozygous germline defects or compound heterozygosity in .AATM are a cause
of Ataxia-telangiectasia (A-T), a rare autosomal recessive disorder characterized by
cerebellar degeneration, immunodeficiency, chromosomal instability, cancer
predisposition, radiation sensitivity, and cell cycle abnormalities (Savitsky et al, 1995,
Swift et al, 1986). Moreover, heterozygous A-T-causing germline mutations have
been shown to increase BC risk from 2-to-9-fold in female relatives of A-T patients
and in hereditary BC patients without a family history of A-T in different populations
(Broeks et al, 2000, Olsen et al, 2005, Renwick et al, 2006, Swift et al, 1987,
Thompson et al, 2005, Thorstenson et al, 2003). However, despite the central role
of ATM in DNA repair pathway, the contribution of .4TM mutations to the risk of
other cancers is not clearly understood (Thompson et al, 2005). Although .4TM has
been considered a moderate penetrance BC gene, various studies have been
inconsistent regarding the degree of BC risk related to heterozygous ATM variants
(Ahmed & Rahman, 2006, Prokopcova et al, 2007).

In Finland, the contribution of germline .ATM variants to BC predisposition has
been studied in different geographical BC cohorts. A common heterozygous ATM
polymorphism, 5557G>A with IVS38-8T>C, was associated with bilateral BC (odds
ratio (OR) = 10.2; 95% confidence interval (CI) = 3.1-33.8; p = 0.001) in a cohort
of 185 breast or breast-ovarian cancer patients from 121 Northern Finnish families
(Heikkinen et al, 2005). However, the findings were not supported by further case-
control association analysis utilizing an extensive cohort of Southern Finnish familial
and unselected BC patients (Tommiska et al, 2006a). Moreover, two pathogenic
mutations, 7570G>C and 6903insA, that were originally identified in Finnish A-T
families were observed in 3/162 (1.9%) BC families of Central and Northern Finnish
origin (Allinen et al, 2002). The apparent yet overall limited role of heterozygous
ATM variants in hereditary BC predisposition was confirmed by the identification
of two pathogenic mutations, 7570G>C and 6903insA, and one A-T-causative
mutation (8734A>G) in 6/541 (1.1%) familial (P = 0.006, OR 12.4, 95% CI 1.5-
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103.3) and 7/1124 (0.6%) unselected BC cases of Finnish origin (P = 0.07, OR 6.9,
95% CI 0.9-56.4); in population controls, the prevalence of these mutations was
1/1107 (0.1%) (Pylkas et al, 2007).

5.2.3 PTEN and Cowden syndrome

Phosphatase And Tensin Homolog gene (PTEN) is located on the long arm of
chromosome 10 at 10923 and encodes a 403-amino acid protein (Li et al, 1997).
PTEN is a dual specificity protein and lipid phosphatase that blocks the PI3K/Akt
signaling pathway and thereby inhibits cell survival, growth, and proliferation
(Hopkins et al, 2014). Moreover, PTEN is known to act in a PI3K-independent
manner, inhibiting migration and affecting genomic stability, gene expression, and
the cell cycle (Hopkins et al, 2014).

PTEN is frequently altered in a variety of human cancers, including the brain,
breast, and prostate. To date, more than 2700 PTEN mutations have been identified
in different tumor types (Hopkins et al, 2014). PTEN has been detected as a
causative gene for Cowden syndrome, a rare autosomal dominant familial cancer
syndrome with a high risk of breast and thyroid cancer and the presence of benign
hamartomas in several tissue, including the skin, breast, thyroid, oral mucosa, and
intestinal epithelium (Hopkins et al, 2014, Nelen et al, 1996, Nelen et al, 1997). The
lifetime risk for female BC among PTEN mutation carriers is as high as 85%, even
higher than the BC risk estimates for BRCA7/2-mutation catriers (Antoniou et al,
2003, Tan et al, 2012). Germline PTEN mutations have been reported to be rare in
high-risk non-BRCA7/2 BC families (Blanco et al, 2010, Guenard et al, 2007).
However, a Finnish hereditary BC study reported that germline PTEN promoter
region variants affect tumor progression and the gene expression profile in BC
(Heikkinen et al, 2011).

5.24 STK11 and Peutz-Jeghers syndrome

Serine/ Threonine Kinase 11 gene (STK71, also known as Liver Kinase B1, I.KBT) is
located on the telomeric end of chromosome 19 at 19p13 and encodes a
serine/threonine kinase (STK11) of 433 amino acids (Hemminki et al, 1998). STK11
is tumor suppressor protein involved in several cellular responses, such as energy

metabolism, cellular polarity and cellular growth. STK11 regulates these processes
primarily via AMPK/mTOR signaling (Hemminki et al, 1998, Korsse et al, 2013).
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Moreover, STK11 is involved in cell cycle regulation and apoptosis, and one of its
interacting partners is the tumor suppressor protein p53 (Korsse et al, 2013).

STKT1 is a causative gene for Peutz-Jeghers Syndrome (PJ]S), a rare autosomal
dominant disorder characterized by hamartomatous polyps of the gastrointestinal
tract, mucocutaneous melanin deposits, and an increased risk of benign and
malignant neoplasms of the intestinal tract, pancreas, ovaries, testis, breast, and
uterus (Giardiello et al, 1987, Giardiello & Trimbath, 2006, Hemminki et al, 1998,
Jenne et al, 1998). Patients with PJS have a cumulative risk of 37-93% for all cancers
and of 32-54% for BC by the age of 70 (van Lier et al, 2010). The BC risk among
PJS patients is comparable to the BC risk associated with germline BRCA7/2
mutations (Antoniou et al, 2003). Germline STK77 mutations have been reported to
be rare in high-risk non-BRCA7/2 BC families (Guenard et al, 2010).

5.2.5 CDH1 and hereditary diffuse gastric cancer syndrome

Cadberin 1, type 1, E-cadberin (epithelial) (CDHT) gene is located on chromosome 16 at
16q22 and encodes a calcium-dependent cell-cell adhesion molecule of
approximately 728 amino acids (Berx et al, 1995). CDHI1 is a transmembrane
glycoprotein that plays an important role in the formation and maintenance of the
normal architecture and function of epithelial cells (Berx et al, 1998). The adhesive
function of CDHI1 is dependent on the interaction of its cytoplasmic domain with
catenin proteins, including B-catenin, which is a proto-oncogene that plays an
important role in Wnt-signaling (Behrens, 1999, Berx et al, 1998). The CDHI1 protein
is a well-known growth and invasion suppressor in epithelial cells and acts through
complex mechanism, including the promotion of tissue organization and inhibition
of apoptosis (van Roy, 2014). The loss of CDH1 expression and/or its abnormal
function play an important role in human cancer development (Paredes et al, 2012).

Germline mutations in CDH7 have been identified as the genetic cause of
hereditary diffuse gastric cancer (HDGC) syndrome, which is characterized by 1) the
familial aggregation of diffuse gastric cancer cases among first or second degree
relatives and 2) an increased risk of other cancers, including lobular breast, colon,
prostate, and ovarian cancer (Fitzgerald et al, 2010, Pinheiro et al, 2014).
Approximately 25-30% of families fulfilling the HDGC criteria harbor inactivating
mutations in the CDH7 gene region (Fitzgerald et al, 2010). Germline CDHT7
mutations are of high-penetrance, conferring high lifetime risks of developing gastric
and lobular BCs (over 80% and 60% by 80 years of age, respectively) (Fitzgerald et
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al, 2010). However, germline CDHT7 mutations are generally rare in lobular BC
patients without a family history of HDGC (McVeigh et al, 2014, Schrader et al,
2011, Xie et al, 2011).

In Finland, germline CDHT alterations have been studied only in Finnish prostate
cancer patients who also presented with gastric cancer in their families. One CDH7
missense mutation has been identified to have a higher frequency in both familial
and unselected prostate cancer cases than in controls in a large-scale population-
based survey (Ikonen et al, 2001).

5.3 Moderate-risk genes

53.1 CHEK2

The Checkpoint Kinase 2 (CHEKZ2) gene is located on the long arm of chromosome
22 at 22q12 and encodes a serine/threonine-protein kinase that functions as a key
mediator of the DNA damage response, cell cycle control and DNA repair (Bartek
et al, 2001). The CHEK2 protein is activated via phosphorylation by the upstream
kinase ATM in response to DNA double strand breaks (Bartek et al, 2001). After
activation, CHEK2 kinase phosphorylates downstream effectors, including the
tumor suppressor proteins BRCA1 and p53, the transcription factor E2F1, the
PI3K, and the phosphatases Cell Division Cycle 25A (Cdc25A) and Cell Division
Cycle 25C (Cdc25C). These effects thereby activate different cellular responses, such
as damage-induced transcription, DNA repait, cell cycle arrest/delay, and apoptosis
(Bartek et al, 2001, Bartek & Lukas, 2003). The CHEK?2 gene consists of 14 exons,
and protein structure shows three characteristic domains: 1) an amino-terminal
SQ/TQ regulatory domain with putative phosphorylation sites by ATM kinase, 2) a
forkhead-associated domain for binding to other phosphorylated proteins, and 3) a
carboxyl terminal serine/threonine kinase domain that has activation loop structure
and shows structural homology with other serine/threonine kinases (Bartek et al,
2001, Nevanlinna & Bartek, 2006) Defects in the CHEK2 protein contribute to the
development both hereditary and sporadic human cancers, and its role as a candidate
tumor suppressor has been suggested (Bartek et al, 2001).

Germline CHEKZ mutations were originally identified in Li-Fraumeni Syndrome,
which is a highly penetrant familial cancer phenotype usually associated with
inherited mutations in TP53 (Bell et al, 1999). However, germline CHEK? variants
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were subsequently identified in familial and unselected BC patients without Li-
Fraumeni or Li-Fraumeni-Like Syndrome, as well as in healthy population controls.
These results suggest that CHEKZ? is a low-to-intermediate penetrance BC
susceptibility gene (Vahteristo et al, 2002). Two germline mutations are the most
studied CHEK?2 variants with respect to hereditary BC and other cancers in different
populations. These mutations include 1) a ¢.1100delC deletion in the kinase domain
in exon 10, which results in a truncated protein; and 2) a missense mutation
(c.470T>C (I157T)) in the forkhead-associated domain in exon 3, which disrupts
critical interactions with its binding partners, such as BRCA1 (Nevanlinna & Bartek,
2006). The ¢.1100delC variant results in an approximately two-to-three-fold increase
in the risk of BC in women without BRCA7 and BRCA2 mutations (Meijers-
Heijboer et al, 2002). Similar observations for the ¢.1100delC variant were reported
in Finnish BRCA7/2-negative hereditary BC patients, with obsetved frequencies
5.5% (28/507) in cases and 1.4% (26/1,885) in controls (Vahteristo et al, 2002).
Additionally, a large international collaborative study by the CHEK2 Breast Cancer
Consortium found the ¢.1100delC variant in 1.9% (201/10,860) of BC cases and of
0.7% (64/9,065) controls (estimated odds ratio 2.34; 95% CI 1.72-3.20). These data
confirm that ¢.1100delC variant confers an increased risk (approximately two-fold)
of BC, and this risk is apparent in women unselected for family history (CHEK2
Breast Cancer Case-Control Consortium, 2004). Moreover, trends have been
observed towards an early age of onset and a bilateral form of BC among ¢.1100delC
variant carriers (CHEK2 Breast Cancer Case-Control Consortium, 2004, Oldenburg
et al, 2003, Vahteristo et al, 2002). Additionally, a higher frequency of ¢.1100delC
variant carriers has been reported in cases with an affected first-degree relative
(Vahteristo et al, 2002). As the ¢.1100delC is a low-to moderate risk variant, it has
been suggested that it acts as a modifier in combination with other gene variants,
thereby multiplying the BC risk in BRCA7/2-negative families (Antoniou et al, 2002,
Oldenburg et al, 2003). Compared to ¢.1100delC, I157T is a lower risk variant and
has been observed in different populations with varying frequencies. The highest
frequencies have been observed in Finnish (7.4%), Polish (6.7%), German (2.2%)
and Byelorussian (5.7%) populations (Bogdanova et al, 2005, Cybulski et al, 2004,
Kilpivaara et al, 2004). A recent meta-analysis confirmed the I157T variant to be
associated with a 1.5-fold increased BC risk both in familial and unselected BC cases
and a 4-fold increased BC risk in lobular BC cases (Liu et al, 2012).

Moreover, CHEK? variants increase the risk of other cancers, including male
breast, colon, prostate, thyroid, and kidney cancers (Cybulski et al, 2004, Meijers-
Heijboer et al, 2002). The contribution of the CHEKZ variants to hereditary prostate
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and sporadic and familial colorectal cancers has also been observed in the Finnish
population (Kilpivaara et al, 2003, Kilpivaara et al, 2006, Seppala et al, 2003).

532 PALB2

The Partner and localizer of BRCA2 (PAILLB2) gene is located on the short arm of
chromosome 16 at 16p12 and consists of 13 exons that encode a 1186-residue
polypeptide. PALB2 binds to the N-terminus of BRCA2 and ensures its proper
function in DNA double-strand break repair (Xia et al, 2006). The interaction of
PALB2 with BRCA2 occurs via its WD40 domain in the C-terminus (Xia et al, 20006).
PALB2 colocalizes with BRCA2 in nuclear foci, promotes its localization and
stability in nuclear structures. In addition, PALB2 enables BRCA2’s recombinational
repair and checkpoint functions, as well as its tumor suppression activity (Rahman
et al, 2007, Xia et al, 2006). Moreover, PALB2 has an important role as a BRCA1-
interacting partner, being part of the BRCA1-PALB2-BRCA2-complex, which plays
a critical role in homologous recombination repair (Sy et al, 2009, Zhang et al, 2009).
The interaction of PALB2 with BRCA1 occurs through the coiled-coil domain in
the N-terminus of PALB2 (Sy et al, 2009). Moreover, PALB2 directly interacts
through its WD40 domain with several other proteins that function in both cellular
responses to DNA damage and homologous recombination DNA repair. These
PALB2-interacting proteins include RAD51, RADS51C, X-Ray Repair
Complementing Defective Repair In Chinese Hamster Cells 3 (XRCC3), and poln
(Park et al, 2014c). The central portion of PALB2 interacts with Mortality Factor 4
Like 1 (MRG15), a component of histone modifying complexes; this interaction is
important in regulating homologous recombination (Park et al, 2014c). Furthermore,
PALB2 interacts with Kelch-Like ECH-Associated Protein 1 (KEAP1), a regulator
of the response to oxidative stress, and plays a role in cellular redox homeostasis
(Park et al, 2014c). PALB2 also functionally interacts with two tumor suppressors,
Receptor Associated Protein 80 (RAP80) and Abraxas (Park et al, 2014c).

Biallelic germline defects in PAIB2 gene predispose to Fanconi anemia type N,
a subtype of a rare, recessive chromosomal instability disorder characterized by
growth retardation, congenital malformations, progressive bone marrow failure,
cancer predisposition, and cellular DNA hypersensitivity to cross-linking agents
(Reid et al, 2007). The Fanconi anemia type N subtype is similar to the D1 subtype,
which is caused by biallelic mutations in BRCA2, and a common feature of both
subtypes is a high risk of childhood cancer (Reid et al, 2007). Furthermore,

53



monoallelic germline loss-of-function (LOF) mutations in PAILB2 have been
associated with an increased risk of BC, and PAILB2 is considered a strong BC
susceptibility gene (Antoniou et al, 2014, Erkko et al, 2007, Rahman et al, 2007,
Southey et al, 2010, Tischkowitz et al, 2012). In contrast, the contribution of other
types of PAILB2 mutations, such as missense variants, to BC risk is uncertain
(Tischkowitz et al, 2012). Germline PAI.B2 LOF mutations are rare but have been
identified in many populations, and the carrier frequencies vary from 0.1% to 3.0%
in familial BC cases (Southey et al, 2013). Population-specific PAILLB2 LOF founder
mutations have been reported in Finland, Poland, Canada, UK, Australia, and USA,
and these recurrent mutations show high enrichment in familial BC cases compared
to healthy controls (Southey et al, 2013). For example, a Finnish founder mutation,
¢.1592delT, was reported in 6/2,501 (0.2%) healthy controls but in 3/313 (2.7%)
Northern Finnish hereditary BC patients and in 18/1,918 (0.9%) BC patients
unselected for family history (P = 0.005; OR 11.3; 95% CI 1.8-57.8 and P = 0.003,
OR 3.94, 95% CI 1.5-12.1, respectively) (Erkko et al, 2007). Another Finnish study
using a cohort of Southern Finnish BC patients identified the ¢.1592delT mutation
in 2/1,079 (0.2%) healthy controls, 19/947 (2.0%) familial BC cases, and 8/1,274
(0.6%) sporadic BC cases (P<0.0001; OR 11.03; 95% CI 2.65-97.78 and P=0.1207;
OR 3.40;95% CI 0.68-32.95, respectively) (Heikkinen et al, 2009). The mean lifetime
risk of BC among females with germline PAIB2 LOF mutation has been estimated
to be 35% (95% CI, 26 to 46) by 70 years of age (Antoniou et al, 2014). The BC risk
in PALB2 mutation carrier is high for cases with a family history of BC, being 58%
(95% CI, 50 to 66) compared to carriers with no affected relatives, for whom the
rate is 33% (95% CI, 25 to 44) (Antoniou et al, 2014). For the Finnish founder
mutation, ¢.1592delT, the BC risk has been estimated to be 40% (95% CI, 17-77) by
70 years of age (Erkko et al, 2008). As the BC risk associated with germline PAIB2
LOF mutations in the familial setting is comparable to germline BRC:A2 mutations
(Antoniou et al, 2003), the clinical relevance and usefulness of PAI.B2 mutation
screening in hereditary BC families negative for BRCA7/2 mutations has been
suggested by a growing number of studies (Antoniou et al, 2014, Casadei et al, 2011,
Haanpaa et al, 2013, Janatova et al, 2013, Southey et al, 2013, Teo et al, 2013).

Additionally, the contribution of PAIB2 variants to the risk for several other
cancers has been studied, with the results indicating an increased risk of male BC
and familial pancreatic cancer (Jones et al, 2009, Vietri et al, 2015); in contrast, there
is little or no evidence showing an association with an increased risk of hereditary
prostate (Erkko et al, 2007, Tischkowitz et al, 2008) or ovarian cancer (Dansonka-
Mieszkowska et al, 2010, Prokofyeva et al, 2012).
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5.3.3 BRIP1

The BRCAT-interacting protein C-terminal helicase 1 (BRIP1, also known as BACHT) gene
is located on chromosome 17 at 17q22 and encodes a 1249-amino acid protein.
BRIP1 is a member of the DEAH helicase family and is a binding partner of BRCA1
(Cantor et al, 2001). BRIP1 binds directly to the BRCT repeats of BRCA1 and
contributes its DNA repair and tumor suppressor functions and checkpoint control
(Cantor et al, 2001, Yu et al, 2003).

Biallelic germline mutations in BRIP7 predispose to Fanconi anemia subtype |
(Levitus et al, 2005), whereas rare monoallelic germline BRIP7 mutations have been
reported to confer susceptibility to BC (Cantor et al, 2004, Seal et al, 2006). A British
study identified truncating germline BRIP7 mutations among BC patients from
BRCAT/2-negative families, and the estimated the relative BC risk is approximately
twofold (Seal et al, 2006). Additionally, germline missense variants in BRIP7 have
been reported in BRCAT/2-negative breast or ovatian cancer patients from Jewish
high cancer risk families (Catucci et al, 2012). In addition to rare variants, common
polymorphisms in BRIP7 have been reported to contribute to the BC risk, but the
results are inconclusive (Pabalan et al, 2013, Ren et al, 2013, Sigurdson et al, 2004).

In Finland, BRIP7 mutation screening analyses in the Finnish breast/ovarian
cancer families have shown that germline mutations are very rare and their
contribution to familial BC seems marginal (Karppinen et al, 2003, Solyom et al,
2010, Vahteristo et al, 2006). Moreover, germline BRIP7 mutations have been
observed to confer a high risk of OC in Iceland and Spain, and BRIP7 has been
identified as a tumor suppressor gene for OC (Rafnar et al, 2011). Additionally,
BRIPT gene polymorphisms have been reported to contribute to an individual’s

predisposition to cervical cancer in the Chinese population (Ma et al, 2013).

5.34 RAD50

The RAD50 Homolog (S. Cerevisiae) gene is located on chromosome 5 at 5q31 and
encodes a protein of 1,312 amino acids (Dolganov et al, 1996). RAD50 is part of
RAD50-MRE11-NBS1 (MRN, also known as MRE11) protein complex, which
plays an important role in maintaining genomic integrity. This complex acts by
governing the activation of the central transducing kinase ATM, thereby enabling
the detection of DNA double-strand breaks and controlling the DNA damage
response (Stracker & Petrini, 2011). Moreover, the MRN complex has a role in DNA

double-strand break metabolism, telomere homeostasis, meiosis, apoptosis, and
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immune system development (Stracker & Petrini, 2011). The RAD50 protein shows
both sequence and structural homology to structural maintenance of chromosomes
family members, which control chromatin structure and dynamics (Lamarche et al,
2010). Similarly to other structural maintenance of chromosomes proteins, RAD50
contains N-terminal Walker A and C-terminal Walker B nucleotide-binding motifs
that associate with one another. This association forms a bipartite ATP (adenosine
triphosphate)-binding cassette (ABC)-type ATPase domain, which binds and
unwinds double-stranded DNA termini (Lamarche et al, 2010). The amino acids
between the N- and C-termini form an anti-parallel coiled-coil that terminates with
a zinc-hook (CxxC) domain (Lamarche et al, 2010). Both the coiled-coil and hook
domains of RAD50 are important for MRN complex function (Lamarche et al, 2010,
Stracker & Petrini, 2011). In the MRN complex, RAD50 directly interacts with
MREI11 through the coiled-coil region, whereas the interaction with NBS1 is
mediated through MRE11 (Lamarche et al, 2010). Moreover, MRE11 possesses both
endonuclease and exonuclease activity and is primarily responsible, together with
RADS50, for DNA binding (Stracker & Petrini, 2011). NBS1 stimulates the DNA
binding and nuclease activities of RAD50 and MRE11 and mediates protein-protein
interactions (e.g., with ATM) at DNA breakage sites (Lamarche et al, 2010). In
addition, the MRN complex functions as a part of multi-subunit genomic
surveillance complex together with BRCA1 and CtIP (Wang, 2012).

Homozygous germline mutations in any of the MRN complex genes predispose
to genomic instability disorders and severe cancer phenotypes. Biallelic mutations in
NBS'T are associated with a rare recessive autosomal Nijmegen breakage syndrome
characterized by microcephaly, growth retardation, immunodeficiency,
radiosensitivity, and cancer predisposition (Digweed & Sperling, 2004). Similarly, the
phenotype associated with biallelic RAD50 mutations resembles the Nijmegen
breakage syndrome disorder (Waltes et al, 2009). Moreover, biallelic mutations in
MRETT are associated with ataxia-telangiectasia-like disorder (Stewart et al, 1999).
Additionally, mouse studies have shown that homozygous MRN gene knockouts are
lethal (Stracker & Petrini, 2011). Heterozygous mutations in MRN genes have been
reported to predispose to common types of cancer, including gastrointestinal,
prostate, and breast cancer (Ebi et al, 2007, Heikkinen et al, 2006, Zuhlke et al, 2012).
Specifically, truncating variants and missense substitutions that occur in key
functional domains in the MRN genes have been associated with an intermediate
(two- to four-fold) BC risk in certain populations (Damiola et al, 2014, Heikkinen et
al, 2006, Zhang et al, 2012).
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In Finland, two pathogenic RAD50 mutations, ¢.687delT and IVS3-1G>A, have
been observed among Northern Finnish BC patients unselected for family history
(Heikkinen et al, 2006). The c.687delT mutation results in a stop codon at 234 and
is a relatively common low-risk Finnish founder mutation. This mutation has been
identified in 8/317 (2.5%) BC patients compared to 6/1000 (0.6%) healthy controls
(P=0.008, OR 4.3,95% CI 1.5-12.5). The IVS3-1G>A mutation has been observed
in 1/317 (0.3%) BC patients but in none of the 1000 healthy controls (Heikkinen et
al, 2006). Additionally, the ¢.687delT has been identified in 3/590 (0.5%) familial BC
patients of Southern Finnish origin compared to 1/560 (0.2%) healthy controls
(Tommiska et al, 2006b).

53.5 RADS1C

The RADS5T recombinase C (RAD51C) gene, one of five RADS5T paralogs, is located
on chromosome 17 at 17q23 and encodes a 376-amino-acid protein that is involved
in the recombinational repair of DNA damage (Dosanjh et al, 1998, Vaz et al, 2010).
RAD51C interacts with other RAD51 paralogs to form two complexes. The first of
these complexes consists of RAD51 Paralog B (RAD51B), RAD51C, RAD51
Paralog D (RAD51D), and X-Ray Repair Complementing Defective Repair In
Chinese Hamster Cells 2 (XRCC2); the second consists of RAD51C and XRCC3.
Both complexes work at different stages of BRCA2-RAD51-dependent homologous
recombination (Chun et al, 2013). RAD51C plays a role in recruiting RADS51 to sites
of DNA damage, regulates the resolution of recombination intermediates, and is
required for CHEK?Z activation and checkpoint function (Somyajit et al, 2010).
Moreover, RAD51C interacts with the RAD18 E3 Ubiquitin Protein Ligase
(RAD18), which has a key role in transmitting the DNA damage signal to elicit
homologous recombination repair (Huang et al, 2009). It has recently been shown
that RAD51C interacts with BRCA2 and PALB2 to form a functionally important
complex in homologous recombination (Park et al, 2014b).

Originally, biallelic germline RA4AD57C mutations were associated with a Fanconi
anemia-like disorder (Vaz et al, 2010). Subsequently, rare pathogenic monoallelic
germline RAD57C mutations were identified in German families with both breast
and ovarian cancer but not BC alone. These results indicated the involvement of the
RADS571C variants in the predisposition to breast and ovarian cancer in a high-
penetrance manner (Meindl et al, 2010). Further studies have revealed that RAD57C

is actually a moderate-to-high risk ovarian cancer susceptibility gene but that
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mutations do not affect or only slightly increase BC risk (Loveday et al, 2012, Pelttari
etal, 2011, Thompson et al, 2012a). However, recent studies in Spanish and Pakistani
populations have supported RAD57C’s role as a breast and ovarian cancer
susceptibility gene. These reports identified germline RAD57C mutations in
BRCAT/2-negative families with breast and ovarian cancer and BC only (Blanco et
al, 2014, Rashid et al, 2014).

In Finland, two recurrent deleterious RAD57C mutations, ¢.93delG and
c.837+1G>A, were observed in 4/277 (1.4%) Southern Finnish breast or ovatian
cancer families. Further screening of these two mutations in a series of breast or
ovarian cancer patient cohorts from the Helsinki and Tampere regions revealed an
association of these mutations with a 14-, 213- and 6-fold increased risk of familial
breast and ovarian cancer, familial OC in the absence of BC, and with unselected
OC, respectively (Pelttari et al, 2011). Another Finnish study confirmed the
contribution of germline RAD57C mutations to hereditary breast and ovarian cancer
susceptibility by identifying a rare novel pathogenic variant, c.-13_14del27,in 1/147
(0.7%) Northern Finnish breast and ovarian cancer families; in contrast, the variant
was absent in 990 unselected BC patients and in 852 healthy controls (Vuorela et al,
2011). Germline RADS57C variants have not been implicated in an increased risk for
other cancers, such as prostate or colorectal cancer in the Finnish population
(Pelttari et al, 2012).

53.6 FAM175A

The Family With Sequence Similarity 175, Member A (FEAM175.4) gene (also known as
ABRAT, CCDCY8 and Abraxas) is located at genomic position 4g21 and encodes a
protein of 409 amino acids (Liu et al, 2007, Wang et al, 2007a). The Abraxas protein
interacts with BRCA1 and is required for genomic stability and tumor suppression
(Castillo et al, 2014). Abraxas binds directly to BRCA1 BRCT repeats through its
phosphorylated SPxF motif at the C-terminus, forming part of the BRCAI-A
complex (Kim et al, 2007, Liu et al, 2007, Wang et al, 2007a, Wang, 2012). The
BRCA1-A complex also includes four other proteins, RAP80, BRISC And BRCA1
Complex Member 1 (BABAMI1), Brain And Reproductive Organ-Expressed
(INFRSF1A Modulator) (BRE), and BRCA1/BRCA2-Containing Complex,
Subunit 3 (BRCC36) (Wang, 2012). Abraxas interacts with RAP80, BABAMI, and
BRE through its MPN domain at the N-terminus and with BRCC36 through its
coiled-coil domain located in the middle of the protein (Castillo et al, 2014). Abraxas

58



is a central organizer adaptor protein in the BRCAI-A complex, mediating
interactions between BRCA1 and other complex proteins and bridging interactions
between each member of the complex (Wang, 2012). The main function of the
BRCA1-A complex is to mediate DNA damage-induced ubiquitin signaling for
recruitment of BRCAT1 to the site of DNA double-strand breaks (Wang, 2012). The
down-regulation any component of the BRCA1-A complex leads to increased cell
sensitivity to ionizing radiation and an inability of cells to both arrest the cell cycle
and mediate homologous recombination-dependent repair in response to DNA-
damage (Wang, 2012). Defects in BRCA1-A complex proteins have been reported
to contribute to breast tumor development (Wang, 2012).

Abraxas has been shown to be essential for DNA repair and tumor suppression
in an #z vivo mouse model (Castillo et al, 2014). Moreover, reduced expression, gene
copy loss, and mutations in Abraxas are observed in multiple human tumors,
including breast and ovarian cancer (Castillo et al, 2014). A germline _Abraxas
mutation that results in abrogated protein nuclear localization and DNA damage
response functions has been reported in 2.4% (3/125) of Northern Finnish BC
families and in 0.1% (1/991) BC patients unselected for family history; in contrast,
this mutation was found in 0% (0/868) of healthy female controls (Solyom et al,
2012).

5.3.7 FANCM

The Fanconi Anemia Complementation Group M (FANCM) gene is located at 14g21 and
encodes a 2,048-residue protein. FANCM belongs to a group of Fanconi anemia
(FA) proteins, the main role of which is to repair DNA interstrand crosslinks (Deans
& West, 2011). Currently, 17 genes encoding FA proteins have been identified. Many
of these genes, including FANCD7 (BRCA2), FANC] (BRIPT), FANCN (PALB2),
and Fanconi Anemia, Complementation Group O (FEANCO or RAD51C), are known
breast/ovatian cancer susceptibility genes (Schneider et al, 2015). FANCM plays a
particularly central role in the FA network. FANCM recognizes interstrand
crosslinks and recruits the FA core complex to the site of damage, ultimately leading
to damage signaling, the recruitment of repair proteins, and checkpoint activation
(Deans & West, 2011). In these crucial processes, FANCM has critical interactions
with Fanconi Anemia-Associated Protein Of 24 KDa (FAAP24) and Apoptosis-
inducing, TAF9-like Domain 1 and 2 proteins (also known as MHF1 and MHF2)
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(Deans & West, 2011). The FANCM protein contains a helicase domain and DNA
translocase activity, which are important for its proper function (Xue et al, 2008).

A heterozygous FANCM nonsense mutation, ¢.5101C>T, was originally
associated with increased BC risk in the Finnish population (Kiiski et al, 2014). By
screening a total of 3,079 Finnish BC patients, the mutation was found to be
particularly enriched in patients with triple-negative BC (OR = 3.56; 95% CI = 1.81-
6.98; P =0.0002). Moreover, a recent study identified a loss-of-function variant,
c5791C>T (p.Argl931%), to be associated with familial BC risk in a multinational
cohort of familial BC patients (N = 8,635; OR = 3.93; 95% CI = 1.28-12.11; P =
0.017). These results further verify the role of FANCM as BC susceptibility gene
(Peterlongo et al, 2015).

9.4 Low-risk genes

Currently, common genetic variants in at least 79 loci have been identified to be
associated with low BC risk, and these variants together explain approximately 14%
of the inherited risk of the disease (Michailidou et al, 2015). These loci have been
detected through GWAS, which use a massive number of BC patients from the
general population and healthy controls. The detected common variants in these
studies typically confer a less than 1.5-fold elevated BC risk, and the risk varies
between estrogen receptor-positive and -negative disease (Garcia-Closas et al, 2013,
Michailidou et al, 2013). One of the most strongly BC-associated common SNPs is
located at the 10q26 locus in the Fibroblast Growth Factor Receptor 2 (FGFR2) gene
region. The FGFR2 risk locus predominantly predisposes individuals to estrogen
receptor-positive BC (Meyer et al, 2013). Other well-known low-risk loci are, for
example, 2q33 (CASPS), 2q35, 5q11 (Mitogen-Activated Protein Kinase Kinase Kinase 1,
E3 Ubiquitin or MAPK3KT), 8q24, 11p15 (Lymphocyte-Specific Protein 1 or L.SPT), and
16q12 (Trinucleotide Repeat Containing 9 or TNRCY) (Cox et al, 2007, Easton et al, 2007,
Stacey et al, 2007). A recent GWAS also highlighted two novel candidate loci, 1q21.1
(PDZ Domain Containing 1 or PDZKT) and 18q12.3 (SE'T Binding Protein 1 or SETBPT),
in BC susceptibility (Michailidou et al, 2015).
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6 Approaches for novel breast and ovarian cancer
susceptibility gene identification

In the past decades, three principal experimental designs have been used in the
molecular identification of genetic breast/ovarian cancer susceptibility factors:
genome-wide linkage analysis, mutational screening of candidate genes, and
association studies (Turnbull & Rahman, 2008). In recent years, NGS techniques
have revolutionized cancer research. NGS technology provides high-throughput and
cost-effective applications that are well suited for disease gene identification and thus
provide a fruitful approach to further reveal genetic factors that contribute to breast

and ovarian cancer susceptibility.

6.1 Linkage analysis

Linkage analysis is based on mapping the disease locus by studying the co-
segregation of genomic markers with disease phenotype utilizing multiple members
of large high-risk families (Turnbull & Rahman, 2008). The region of the linked
marker is further analyzed by positional cloning to identify the likely causative gene.
Linkage analyses are suitable for mapping only high-penetrance genes. The two
major high-penetrance BC genes, BRCA7 and BRCA2, were identified using this
approach in the mid-90s (Miki et al, 1994, Wooster et al, 1994).

6.2 Mutational screening of candidate genes

Candidate gene studies have focused on mutational screening of genes that encode
BRCAT and BRCAZ2-interacting partners or genes that function in the same DDR
pathway as BRCA7/2 (Turnbull & Rahman, 2008). Usually, the whole coding region
of the gene is screened by methods such as direct (Sanger) sequencing or
conformation-sensitive gel electrophoresis in a cohort of breast/ovarian cancer
patients. The deleterious mutations are then further analyzed in a large number of
cases and controls (Erkko et al, 2007). Since the identification of BRCAT7 and
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BRCA2, mutational screening of candidate genes has revealed CHEK?2, PAILB2, and
BRIP1, which ate low-to-moderate breast/ovarian cancer risk genes (Erkko et al,
2007, Seal et al, 2006, Vahteristo et al, 2002).

6.3 Genome-wide association studies

GWAS:s are based on the analysis of variant frequency in a large number of cases
and controls (Turnbull & Rahman, 2008). GWASs utilize linkage disequilibrium-
based markers, and the association of the marker is primarily measured indirectly
(i.e., the associated marker itself is not a causative variant) (Hirschhorn & Daly,
2005). GWASs are the most suitable approach for the detection of variants that are
common in the population (allele frequency >5%). Since early 00s, GWASs have
become large multinational collaborations that analyze millions of genetic markers
in tens of thousands of cases and controls. For example, one such collaboration
effort is the Collaborative Oncological Gene-environment Study, which uses the
largest dataset ever seen in cancer research (239,832 individuals from 167 research
groups all over the world) (Collaborative Oncological Gene-environment Study).
This study aims to identify genetic factors contributing to breast, ovarian, and
prostate cancer. Currently, GWASs have identified more than 70 and 10 loci that are
associated with BC and serous epithelial OC, respectively (Kar et al, 2015,
Michailidou et al, 2015).

6.4 Next-generation sequencing

Next-generation sequencing has become one of the primary tools for identifying
defects that underlie genetic disorders. Whole exome sequencing (WES) (sequencing
of the whole protein-coding region of the genome) has become a particularly widely
used approach for the identification of novel disease genes. Such advances have
primarily been made in Mendelian diseases and more recently, complex diseases have
been examined (Cruchaga et al, 2014, Do et al, 2015, Ng et al, 2009, Ng et al, 2010).
Novel BC susceptibility genes have been identified through WES of multiple-case
BC families (Kiiski et al, 2014, Park et al, 2014a, Thompson et al, 2012b). The exome
represents only 1-2% of the genome but contains approximately 85% of disease-
causing mutations (Ng et al, 2009). Therefore, it is a more cost-effective method in
disease gene identification than whole genome sequencing. When NGS techniques
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develop further and costs decrease, the whole genome sequencing will likely be the
ideal method for revealing the rest of the genetic predisposition to cancer, which
cannot be explained by defects in the coding region. Interestingly, NGS applications
have been widely adopted in the clinical setting as well. For instance, NGS has been
demonstrated to be an efficient screening method in the molecular diagnosis of
hereditary breast and ovarian cancer when using multigene panels of well-known
candidate genes (Castera et al, 2014, Trujillano et al, 2015).
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AIMS OF THE STUDY

The aim of this study was to provide new information about the genetic factors that
predispose to hereditary breast and/or ovarian cancer (HBOC) in high-risk Finnish
BRCA1/2 founder mutation-negative families. The specific aims were the following:

1) To identify additional germline variants contributing to HBOC susceptibility

in seven known hereditary breast cancer-associated genes (I).

2) To analyze the role of germline copy number variations in HBOC
susceptibility (II).

3) To identify HBOC susceptibility genes and gene variants through exome
sequencing (III).
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MATERIALS AND METHODS

1 Study subjects

1.1 High-risk HBOC individuals from the Tampere region (I-I1l)

The study subjects were recruited from the Tampere University Hospital Genetics
Outpatient Clinic (Tampere, Finland). The hospital records and pedigree
information of breast and/or ovarian cancer individuals who obtained genetic
counseling between 1997 and May 2008 (n=350) were reviewed. Those individuals
who 1) had strong family history of breast and/or ovarian cancer, 2) fulfilled the
high-risk hereditary BC criteria, and 3) previously tested negative for BRCA7/2
mutations were selected for inclusion (n=120). Negative mutation individuals were
identified by minisequencing of the previously known 28 Finnish BRCA7/2
mutations and by protein truncation tests (PTTs) of exon 11 for BRCA7 and exons
10 and 11 for BRCAZ2. The high-risk hereditary BC criteria for selecting study
subjects were as follows: 1) the individual or her first-degree relative (only female
family members were included when defining first-degree relatives) was diagnosed
with breast or ovarian cancer before reaching 30 years of age; or 2) two first-degree
relatives in the family were diagnosed with breast and/or ovatian cancer and at least
one of the cancers had been diagnosed at younger than 40 years of age; or 3) three
first-degree relatives in the family had breast and/or ovarian cancer and at least one
of the cancers had been diagnosed at younger than 50 years of age; or 4) four or
more first-degree relatives had breast and/or ovarian cancer at any age; or 5) the
same individual had breast and ovarian cancer; or 6) male BC was observed in the
family. Individuals with bilateral BC were considered to have two separate cancers.
Selected individuals were informed of the study and were asked to give a written
consent to participate, to use their existing DNA samples and medical records, and

to provide additional blood samples. Initially, one individual from each family
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(referred to as the index individuals) who tested negative for BRCA7/2 mutations
was recruited into the study. In total, index individuals from 87 of the 120 recruited
high-risk families gave written consent and new blood samples. Subsequently
(between May 2013 and March 2014), recruitment was extended to affected and
healthy relatives of a subset of high-risk families. In total, 81 relatives from 14 high-
risk families participated in this study. Cancer diagnoses of index individuals and
their family members were confirmed from the hospital records and/or from the
Finnish Cancer Registry. Additionally, Population Registry Centre data were used to
confirm pedigree structures of the families. The numbers of analyzed high-risk
HBOC individuals and sample types in studies I-III are presented in Table 2.

1.2 High-risk HBOC individuals from the Turku region (lI-Ill)

The study subjects were recruited from the Turku University Hospital Department
of Clinical Genetics (Turku, Finland) between May 2013 and February 2015. The
subjects were selected according to the high-risk hereditary BC criteria as described
in the previous section. In addition, these patients had been previously tested to be
BRCAT1/2 mutation-negative according to the protocol designed by the Turku
University Hospital Department of Clinical Genetics. A similar recruitment protocol
was applied for the study subjects as described in the previous section. Originally,
one individual per family was recruited into this study and, subsequently, recruitment
was extended to affected and healthy relatives of a subset of high-risk families.
Written consent and permission to use medical records and existing DNA samples
and to collect new blood samples were obtained from all participants. The cancer
diagnoses of the index individuals and family members were confirmed from the
hospital records. The numbers of analyzed HBOC individuals and sample types in
studies II and III are shown in Table 2.

1.3 Breast or breast and ovarian cancer patients (l1l)

Breast or breast and ovarian cancer patients were BRCA7/2-negative females of
Finnish origin. Formalin-fixed paraffin-embedded (FFPE) breast tissue block
samples of breast or breast and ovarian cancer patients were obtained from the Auria
Biobank (Turku, Finland). FFPE tissue samples from 31 breast or breast and ovarian
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cancer patients were utilized in study III (Table 2). Both tumor and normal tissue

samples were analyzed in parallel.

1.4 Male breast cancer patients (lIl)

Forty-four male BC patients included in this study belonged to a previously
described cohort of male BC patients (Syrjakoski et al, 2003, Syrjakoski et al, 2004).
Five additional male BC patients were recruited from the Turku University Hospital
Department of Clinical Genetics (Turku, Finland), as described in the previous
section. In total, 49 male BC patients were utilized in study III (Table 2).

1.5 Population controls (I-111)

Population controls were female or male blood donors whose blood samples were
obtained from the Finnish Red Cross. The donors’ blood samples had been collected
from the Tampere, Turku, and Kuopio regions during the years 1997-1998. An
anonymous, voluntary blood donor is between 18 and 65 years of age and healthy at
the time of blood draw. Up to 989 female population control samples were utilized
in studies I-1II, and 909 male population control samples were utilized in study III
(Table 2).

Table 2.  Study subjects and sample types used in studies I-Il.

Subjects and sample types Study | Study Il Study Il
Tampere HBOC individuals

Germline DNA 82 81 81

FFPE tissue DNA - - 1
Turku HBOC individuals

Germline DNA - 20 66
Breast or breast and ovarian cancer patients

FFPE tissue DNA - - 31
Male breast cancer patients

Germline DNA - - 49
Female population controls

Germline DNA 384 905 989
Male population controls

Germline DNA - - 909
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1.6 Ethical aspects (I-ll)

Permission to collect data from high-risk HBOC families and to use data from the
Finnish Cancer Registry and Population Register Centre was granted by the National
Institute for Health and Welfare on January 12t 2009 (license number
16/5.05.00/2009). Permission to collect and use blood samples and clinical data
from high-risk HBOC families who visited the Tampere University Hospital
Genetics Outpatient Clinic (Tampere, Finland) was received from the Ethical
Committee of Tampere University Hospital on August 13t 2007 (latest extension
on April 9%, 2013) (license number RO7121). Additionally, permission to carry out
the research project at the Department of Pediatrics Tampere University Hospital
was obtained on October 4t 2007. Permission to use blood and clinical tissue
samples of deceased individuals for medical research purposes was obtained from
the National Authority for Medicolegal Affairs on January 28, 2008 (license number
6107/04/046/07). For collaborative studies, the Ethical Committee of Turku
University Hospital granted permission on June 20t, 2012 (license number
T67/2012) to collect and use blood samples and clinical data from high-risk HBOC
families who visited the Department of Clinical Genetics, Turku University Hospital
(Turku, Finland). Additionally, the Auria Biobank (Turku, Finland) provided
permission to use their samples in the study (license number AB14-9588). All
individuals participating in this study were informed of the analyses and gave written

consent to use their samples and medical records in the study.
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2 Methods

2.1 DNA extraction (I-ll)

Genomic DNA was extracted from peripheral blood leukocytes using Puregene™
kits (Gentra Systems, Inc., Minneapolis, MN, USA) and Wizard® Genomic DNA
Purification Kit (Promega Corporation, Madison, WI, USA). DNA concentration
and purity was measured using a NanoDrop® ND-1000 Spectrophotometer and
NanoDrop 1000 V3.7.1 software (NanoDrop Technlogies Inc., Wilmington, DE,
USA). DNA from the FFPE breast tissue block was extracted using the Arrow DNA
kit and NorDiag Arrow Automated Magnetic Bead-Based Nucleic Acid Extraction
System (DiaSorin, Saluggia (Vercelli), Italy) according to the manufacturer’s
instructions at Fimlab Laboratories (Tampere, Finland) (one Tampere HBOC
individual sample). The DNA extraction of FFPE blocks obtained from the Auria
Biobank was performed using a GeneRead DNA FFPE Kit (Qiagen Inc., Valencia,
CA, USA) at the Department of Medical Biochemistry and Genetics, University of
Turku (Turku, Finland). Prior to DNA extraction, the FFPE block was reviewed by
a pathologist to confirm the presence of tumor cells.

2.2 Sanger sequencing (I, Ill)

Sanger sequencing was utilized to screen sequence variants from genomic DNA. In
study I, the entire coding region and exon-intron boundaries were analyzed for
BRCAT (excluding previously analyzed exon 11), BRCA2 (excluding previously
analyzed exons 10 and 11), PALB2, BRIP1, RAD50, and CDHT. In study 111, 18
variants were detected by exome sequencing and confirmed by Sanger sequencing
for the following genes: V-Akr Murine Thymoma 1 iral Oncogene Homolog 2 (AKT2),
ATM, BRCAT, Cyclin-Dependent Kinase Inbibitor 24 (CDKIN2.A), MY C, Nuclear Receptor
Coactivator 3 (NCOA3), Plasminogen Activator, Urokinase (PLLAU), RADT Checkpoint
DNA  Exonuclease (RADT), RADS50, RAD52 Homolog (S. Cerevisiae) (RAD52),
Retinoblastoma-Like 2 (RBL.2), RPAZ2, Ribonucleotide Reductase M2B (I'P53 Inducible)
(RRM2B), Wingless-Type MMTV" Integration Site Family, Member 3 (WNT3), and
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Wingless-Type MMTV Integration Site Family, Member 104 (WINT10.4). Additionally,
AKT2 and RRM2B gene variants were screened in cohorts of cancer patients and
healthy controls by Sanger sequencing. Primers for BRCA7, BRCA2, CDHT, AKT2,
ATM, CDKN2A, MYC, NCOA3, PLLAU, RAD52, RBL.2, RPA2, RRM2B, WNT13,
and WINT70A were designed with Primer3 software (Koressaar & Remm, 2007,
Untergasser et al, 2012), whereas primer sequences for PAIB2, BRIP1, and RAD50
have been reported previously (Erkko et al, 2007, Tommiska et al, 2006b, Vahteristo
et al, 2006). All primer sequences used for Sanger sequencing are presented in Table
3. The PCR products were purified using rAPid Alkaline Phosphatase (Roche
Diagnostics GmbH, Mannheim, Germany) and Exonuclease I (New England
Biolabs, Ipswich, MA, USA) according to the ExoSAP-protocol (Nucleics,
Woollahra, Australia). Sequencing was carried out using the ABI PRISM® BigDye™
Terminator v3.1 Cycle Sequencing Kit and the Applied Biosystems 3130xl Genetic
Analyzer according to the manufacturer’s instructions (Life Technologies
Corporation, Carlsbad, CA, USA). The sequences were analyzed with Sequencher
software (different versions) (Gene Codes Corporation, Ann Arbor, MI, USA).

Table 3.  Primer sequences used in Sanger sequencing.

Gene_exon

Forward (5'->3')

Reverse (5'->3")

Study |
BRCA1_exon 3

BRCA1_exon 4
BRCA1_exon 5
BRCA1_exon 6
BRCA1_exon 7
BRCA1_exon 8
BRCA1_exon 9
BRCA1_exon 10
BRCA1_exon 12
BRCA1_exon 13a
BRCA1_exon 13b
BRCA1_exon 14
BRCA1_exon 15a
BRCA1_exon 15b
BRCA1_exon 16a
BRCA1_exon 16b
BRCA1_exon 17
BRCA1_exon 18

atgaagttgtcattttataaacctttt
cagttcctgacacagcagaca
ggctcttaagggcagttgty
cacttgctgagtgtgtttctca
gcatacatagggtttctcttggtt
gccaacaattgcttgactgtt
cccatgectttaaccacttc
ttggtcatttgacagttctgc
aatccagtcctgccaatgag
catgggcattaattgcatga
cagcaggaaatggctgaact
tgaattatcactatcagaacaaagca
attggcaggcaacatgaatc
cgatggttttctccttccat
ttggatttccaccaacactg
aagacagagccccagagtca
tgtagaacgtgcaggattgc
tccagattgatcttgggagtg

ggtcaattctgttcatttgcat
tggagccacataacacattca
gtggttgcttccaacctage
tggacagcacttgagtgtca
aaaattagcctggcatggtg
gctgcctaccacaaatacaaa
tgcacatacatccctgaacce
tgggttgtaaaggtcccaaa
aatgcaaaggacaccacaca
tttggccaacaatacacacc
gagcagggacaagaaccaag
gatgtcagataccacagcatctit
totttgticcaatacagcagatg
gagctatttttctaaagtgggctta
ccctgctcacactttcttce
cacagaactgtgattgttttctagatt
tttatgcagcagatgcaagg

taaagggaggaggggagaaa
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Table 3.

Continued.

Gene_exon

Forward (5>3')

Reverse (5'->3')

BRCA1_exon 19
BRCA1_exon 20
BRCA1_exon 21
BRCA1_exon 22
BRCA1_exon 23
BRCA1_exon 24
BRCA2_exon 2

BRCA2_exon 3a
BRCA2_exon 3b
BRCA2 exon 4

BRCA2_exons 5&6

BRCA2 exon7
BRCA2 exon 8
BRCA2 _exon 9
BRCA2_exon 12
BRCA2_exon 13
BRCA2_exon 14a
BRCA2_exon 14b
BRCA2 exon 15
BRCA2 exon 16
BRCA2 _exon 17
BRCA2_exon 18
BRCA2 exon 19
BRCA2 _exon 20
BRCA2_exon 21
BRCA2 _exon 22
BRCA2 exon 23
BRCA2 exon 24
BRCA2_exon 25
BRCA2_exon 26
BRCA2 _exon 27a
BRCA2_exon 27b
BRCA2_exon 27¢
PALB2 _exon 1
PALB2 exons 2&3
PALB2 exon 4a
PALB2_exon 4b
PALB2_exon 4c
PALB2 exon 4d

agggaaggacctctcctctg
tgacgtgtctgctecacttc
tctggacattggactgcttg
agagacagactctcccattgag
ctgggtgacagagcaagacc
ggcgacagagcaagactcc
tggctagtggcaccggtttgg
agattcgcaagagaatggattaatga
aagaactttcttcagaagctccacce
agaatgcaaatttataatccagagta
aacaatttatatgaatgagaatc
taagtgaaataaagagtgaa
aatagtagatgtgctttttga
aagtgaaaccatggataagg
aggtcactatttgttgtaag
taaagcctataattgtctca
atgtagcaaatgagggtctg
cttcaagcaatttagcagtttcag
ccaggggttgtgcttttta
tttggtaaattcagttttggttt
cagagaatagttgtagttgttgaa
attcagtttttattctcagttattc
aagtgaatatttttaaggcagtt
cactgtgcctggectgat
gggtgttttatgcttggttct
gatgagctctaattttgttgta
cacttcttccattgcatctt
caacaactaccggtacaaac
taaaattcatctaacacatctat
aggaaatacttttggaaacat
taggagttaggggagggagactg
gatgacttcaaagtcttgtaaa
tcaatagctgacgaagaactty
aggccgaatggtggattta
ccacttgcccagtattgtty
ctgaatgaaatgtcactgattctt
agagactgtgtctttggcactg
tgtaagtttggaggcacaagg
tcttgcacagtgcctgaag

ggtgcattgatggaaggaag
cagagtggtggggtgagatt
gctgtittgtttggagagtgg
aggctacagtaggggcatcc
aaaccaaacccatgcaaaag
gccaggacagtagaaggactg
tcatgtggttaacctgcaaacga
caggagattggtacagcggca
cgtaattcagcaaatctcagttggea
aatcagattcatctttatagaacaaa
taaatctcagggcaaagg
aacagaagtattagagatgac
acatataggaccaggtttagagac
gcagaggttgcggtaaac
agtggctcatgtctgtaat
cticttaacgttagtgtcatt
gtctgcctgtagtaatcaagtgt
caaagggggaaaaccatcag
aaattacactctgtcataaaagcc
aacacacaatctttttgcataga
agaaaccttaaccatactgc
tttaactgaatcaatgactg
tatatggtaagtttcaagaatacatc
ggcttagacctgatatttctgtcc
catttcaacatactccttcctg
aatcattttgttagtaaggtcat
acaaaacaaaaattcaacatatgg
ggtagctccaactaatcataaga
caactatccaatttgtataaaag
catgtttactaggtatacaacagaa
caaatgggactaacaggtggag
gcagtcctagtggattcac
gtggtttgaaattatattccagtc
acacaaagccaggcctaaaa
cctgggaaatgaataataaagca
tgatttcttcctgttcctitagtc
aaggaggttatctgtagagacagtca
tccacggctactttcctctg
gaagttggcaaaagtggttca
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Table 3.

Continued.

Gene_exon

Forward (5'>3')

Reverse (5'->3')

PALB2_exon 4e
PALB2_exon 5a
PALB2_exon 5b
PALB2_exon 5¢
PALB2_exon 6
PALB2 exon 7
PALB2 _exon 8
PALB2 exon 9
PALB2_exon 10
PALB2 exon 11
PALB2_exon 12
PALB2 _exon 13
BRIP1_exon 2
BRIP1_exon 3
BRIP1_exon 4
BRIP1_exon 5
BRIP1_exon 6
BRIP1_exon 7
BRIP1_exon 8
BRIP1_exon 9
BRIP1_exon 10
BRIP1_exon 11
BRIP1_exon 12
BRIP1_exon 13
BRIP1_exon 14
BRIP1_exon 15
BRIP1_exon 16
BRIP1_exon 17
BRIP1_exon 18
BRIP1_exon 19
BRIP1_exon 20a
BRIP1_exon 20b
RAD50_exon 1
RAD50_exon 2
RAD50_exon 3
RAD50_exon 4
RAD50_exon 5
RAD50_exon 6
RAD50_exon 7

actgaagataatgacttgtctaggaa
tottggattttgttactatttigtg
cgcatggatacagaaatgg
actaaacaattcgacagttcagg
acaatacgaagtagacattttgatga
tgctttgcataaaacagcact
attatccttgtacagtgagaatacaaa
aaaaggttactcctcacatcacc
cagttcaacaatgcggagaa
tttccetggtcacctectaa
tcctgacatactcttgacagtc
tggatatgtaatctgaattatatcttc
ctgtttccagatttctcee
ccctggagtgcaatctcact
cctgggtgaactgggcetgtag
ttgcctacctgtaagttatitatg
gagctgttttggcctttgaga
gttctgattccatgtgaggtt
gatgttcctcaaattctgagataa
gcctatagtgtgaattttaaaatg
gatcaacgcatgacaataatgatg
gcatgttttgttgggtttcattgt
gtaccagctctticaaatgag
acaggtgtgagccactttgc
ctigttgcttgatcttttatgtac
acagctctatgagatatattg
ttttcaaaatgacaagaataagcaa
ctgttagaagttaatatgatg
ccaattttctgtctgtcccac
cttcactagaaaaagcaagtg
acctagcaattatgttagct
attgatgccacccttacta
ttgcttcggcctcagttaag
tttatggtaaacttctgtggttctc
tgccttttictcagaaccaac
gccatttctaacgggatagg
agtgacagcataatatcccactg
tgcctggacctggagtatct
tgaaggatattgaataaggtttggtt

gtatgctggctttgcgagtt
gttcctggcgggacagagt
ggcaaatagtaattgttaactttcatc
acattcactaaggcatttcattc
caagaagctatatgactgaattctttt
tggtaagctgcccatctaca
tgcacttaaaaccagctgaca
cagcacagaaaaacgagatcc
tcttcacaacaaccctgtaaaa
tgcttatgacttactgctctcactt
tccattctictaagtgacacaaaaa
cctaaaaccctttttctcaaagt
gtgaacccagaaaatattctcc
tagcgacagcatggctgaa
ttttaaaatcattccagagaaactaga
accatgttcagctgtaactaactg
ctgagtgggttgctactgtect
gtacatataaaacacatactgagt
catctaaaagcttttacattcaac
cctagttaaccaaagtttactaac
gggttactcactagatttaatctg
ggtatgtattaaacacatgctage
ctatctttaaaagagtcaaccac
ggcacttcaggtatcttctaacttg
ctaggaagcttactgtggtaa
tcataggagaacaagtacaat
aagcaaagcgcaataaaatga
gaatacataccagttcctatg
gatagtagagctcatgttatgtg
ccaccatatttaaggaattaatc
tetgtatcticaggatcgta
taacataagcatgatgacata
ccgaaagatgtagcgacctg
ttttccagtgccaagttttct
gaaaacaaccatcaacttacagacc
gcatccaaattgcaaacaca
ttgatttagccagtccacga
ggatggcaaaatggattcaa
ttcactcagcataagtccttgg
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Table 3.

Continued.

Gene_exon

Forward (5'>3')

Reverse (5'->3')

RAD50_exon 8
RAD50_exon 9
RAD50_exon 10
RAD50_exon 11
RAD50_exon 12
RAD50_exon 13
RAD50_exon 14
RAD50_exon 15
RAD50_exon 16
RAD50_exon 17
RAD50_exon 18
RAD50_exon 19
RAD50_exon 20
RAD50_exon 21
RAD50_exon 22
RAD50_exon 23
RAD50_exon 24
RAD50_exon 25
CDH1_exon 1
CDH1_exon 2
CDH1_exon 3
CDH1_exon 4
CDH1_exon 5
CDH1_exon 6
CDH1_exon7
CDH1_exon 8
CDH1_exon 9
CDH1_exon 10
CDH1_exon 11
CDH1_exon 12
CDH1_exon 13
CDH1_exon 14
CDH1_exon 15
CDH1_exon 16

Study 1l
AKT2_exon 3

ATM_exon 17
ATM_exon 22

cgtgaatctgcagcetatctcaa
tcttcagtgtacatatattecttttge
aattcttgcacaaaatatataacacc
ttittgttcttgatataatgtggagat
tttgcctactcaaattticaaac
agaaaaagatacaaccgtattcaga
cctcagtctaactgtgagaaacatc
tttgctaaaattgtatctagaaatgg
ccgataaaaatgggaagaatga
tgacccctaaagtaagataatggaa
ctgtgctctectgttatgtge
ttcaagatgggaaagacgac
tgcctgttacagatttcatgtt
tgacttttccacttcaggttgtt
accattgaaaatattgaggaagtt
caaaaggctacagagcataggtt
gectgecatgagatgagaag
caaatcaaagaaggggttatgc
gtgaaccctcagccaatcag
ggtcttgagggggtgactc
gttcgctctttggagaagga
gtctggctaggttggactgt
ggatttggcagagaagtacc
ctcagagcctaggaaggtgtg
gtceectectttateectca
ctggttccatgtgttggge
cctttagceecctgagact
gaaagtcatggcagaaacca
gaagaagcgcttaagccgtt
ctgaagagccaggacaagat
cttgcgggtgtctttagtic
ctgtgatagctgctgcttct
ggcatcatccaaccataatc
ccacaagtctgggtgcatt

gtggtaccccttgtgagtca
tgaccgtggagaagtagaatca
aggcatctaacaaaggagagga

atgccaaaatggagtccaac
aaaatgctataatcttaggatcaaaaa
tgagtgcaaggtaggctatttta
aaacaattaaacaggtaagcatgaaa
atgaaaattcaaaggtgtcaaag
aggcatgagatgggtacctt
caagccaccatggaacaag
ggaaggaacttcgttgtcca
gatcgtgctactgcactcca
agtgtccgacgtggtgctat
tetttgtotttctegeattca
gcatttctattcaatggatcttct
ccaggctgaggctaaaattc
tgcaataagaaaatccccagtc
ggtcataaggggaagagcty
tetctctttcagttacttgggtga
cctgtccccaaatgtgagat
cactttctgaggacctacatttct
gacccgaactttcttggaag
ggtgtgggagtgcaatttct
ggctgagaaacctggattaga
cactgggtcttttcectttc
gttaagctcctcatgtgticag
gttacacaacctttgggctt
gacaactggcctagcaggat
ccatgagcagtggtgacactt
gccaaagcgaatctacttct
ggtctigtacagacaaatgaca
gaagctcttccctccaaaagaa
gtatcaatggaaggggtgac
ggagtctctticccacatca
gctgtttcaaatgcctacct
gctcaggcaagctgaaac
gaaactcatctcaagggaagg

gctaacaaggagggagagcea
tgaggcctcttatactgcca
tgtaagacatictactgccatct
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Table 3. Continued.
Gene_exon Forward (5'->3') Reverse (5'->3)
ATM_exon 29 aattcttcttgccatatgtgage tgggcggacagagtgagt
ATM_exon 37 tgtcaacggggcatgaaaat gttgtggatcggctegttty
BRCA1_exon 9 acacccaggatectttcttg tgtaaaatgtgctccccaaaag
CDKN2A_exon 3 agcccatacgcaacgagatt gccagettgcgataaccaaa
MYC_exon 2 actcaagactgcctceeg gaagggagaagggtgtgac
NCOA3_exon 18 gtagagaagtgatgcctgge ctcatgatgttggctcgtag
PLAU_exon 2 gagaggagagagacagctgg ccegtggttctcaagect
RAD1_exon 4 tggaattctctacacacaactgt tcactcgtcatatccaattcaga

RAD50_exon 3
RAD52_exon 6
RBL2_exon 13
RPA2_exon 2
RRM2B_exon 1
WNT3A_exon 2
WNT10A_exon 2

acctgatctcctaatgatgctga
gtctgecgttttcecacttt
ggaagagcggctgtticaaa
gaaggttagggagactcgag
ggatgaggtaaatgttgctgttg
tgttgggccacagtattect
ccaatgacattctggacctcc

acaaccatcaacttacagacct
ctgcgtgactgtgtaactacg
cacaaacctcttcacatgtagga
acaggaggtggaaaatttggc
aactccttgtcaccatccca
aggctcagtcctgcttcag

aagaggaaggagagcagcag

2.3 Multiplex Ligation dependent Probe Amplification (MLPA) (I, Il)

The MLPA method was used to detect large genomic rearrangements in BRCA7 and
BRCA2. The following SALSA® MLPA® kits were used according to the
manufacturer’s instructions: P002-B1 (lot 0508) for BRCAT7 (study I), P090-A2 (lot
0808) for BRCAZ (study I), and POO2 probemix and EK1 reagent kit (lot C2-0811)
for BRCAT (study 1I) (MRC-Holland, Amsterdam, the Netherlands). The analysis
was performed with Applied Biosystems 3130x] Genetic Analyzer and with Applied
Biosystems Genemappet® v.4.0 and Peak Scanner™ v1.0 software (Life
Technologies), as indicated by the manufacturer. In study II, the National Genetics
Reference Laboratory (Manchester, UK) Spreadsheet was utilized for data analysis
according to the manufacturer’s instructions.

2.4 High-Resolution Melt (HRM) analysis (1)

High-Resolution Melt (HRM) analysis was used to screen for genomic DNA
sequence variants in CHEK2. The primers were designed with Beacon Designer™
software (PREMIER Biosoft, Palo Alto, CA, USA). The primer sequences are
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presented in Table 4. The HRM analysis was performed on a Bio-Rad platform (Bio-

Rad Laboratories

Headquarters, Hercules,

manufacturer’s instructions.

Table 4. CHEK?2 primer sequences used in HRM analysis.

CA, USA) according to the

Exon_amplicon

Forward (5’ -> 3')

Reverse (5’ -> 3')

1.1 acctttgttgttggacacttt tggagtttggcatcgtg

1.2 cacgatgccaaactcca taggctcctcaggttctt

1.3 aagaacctgaggagccta caactccaatcagaacct
2.1 tgataattctgattgccttct accagtagttgtcattcac
2.2 gtgtgaatgacaactact ttgctgtatgttcggtat

2.3 ataccgaacatacagcaa actttgaatagcagagattt
31 tttcccactataaatctctgcta ttccattgecactgtgat

32 catacatagaagatcacagt attccagtaaccataagataa
41 tgaaacccatttctactcttt totattcatctcttaatgcctta
4.2 cctaaggcattaagagatgaatac gagaaaccaccaatcacaaat
51 acattcagacaatcacta caatagcaaacttccttt

52 tattggttcagcaagaga ctcacaaattcatccatcta
6_1 actctgttattctgtttatcaaa aggctttatactcttctcatat
71 gtttctcactactttcecttt gcaagcctacattagattct

8 1 tttgtgtttcaggatgga aatagagcttgcaggtag

8 2 ctacctgcaagctctatt cgatttctgcctaattca

9.1 ttggagaatatggttgtg cttcttgagatgacagtaa
92 gtattatacaccgtgactta gaacaagaatctacaggaa
10_1 ggcaagttcaacattattcc gttccacataaggttctcat
10_2 gaaccttatgtggaaccc caacagaaacaagaacttcag
10_3 aagttcttgtttctgttg tcatctaatcacctecta
11_1 ctgagaatgccacttgatt acacttgagtcctatgct
1.2 agcataggactcaagtgt ctttcatattcatacctttctctg
113 cagagaaaggtatgaatatgaaag gaacagaattgacaggagaa
121 tctggcatactcttactgata aaggcttcttctgtcgta
122 gaagttgttggtagtggat cagggcttcccatgtatt

13_1 tattatccttcagacaca atcatctttgcttatcag

132 gatgaagacatgaagaga atcaggaatacgaatacc

14 1 ttttcttttgaacatttctccatt ttcacaacacagcagcaca
14 2 gtgctgetgtgttgtgaa cccaggttccatcaggtt
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2.5 SNP genotyping (I, Ill)

SNP genotyping was one of the methods used to determine the frequencies of the
SNPs identified in population controls in study I and in patient cohorts and
population controls in study III. The genotyping was performed with Applied
Biosystems TaqMan® SNP Genotyping Assays, with ABI PRISM® 7900HT
Sequence Detection System and SDS v2.2.2 software (Life Technologies) according
to the manufacturer’s instructions. Pre-designed and functionally tested assays were
used for three BRCA2 SNPs (1528897749, rs11571833, 1s1801426), and for one
PAILB2 SNP (rs152451) in study 1. For four SNPs, ¢.72A > T (BRCA2), c¢.814G >
A (PALB2), ¢.1000T > G (PALB2), and 1545551636 (PALB2), no pre-designed
assays were available and assays were designed using Applied Biosystems Custom
TagMan® Assay Design Tool (Life Technologies) according to the manufacturer's
instructions (study I). In study III, the following assays were used: C_176281813_10
(CDKN2A c.C496T), C___1244825_20 (RAD52 c¢.G538A), C___2283286_20
(ATM c.1T2572C), C__45273750_10 (ATM c.C3161G), C_166902853_10, (RPA2
c.C122T), C__30585831_10 (ATM c.A5558T), C__63879305_20 (ATM c.A4424G),
C__32333045_10 (RAD50 c.A280C), C_153129907_10 (BRCA7 c.A3904C),
C__32376001_10, MYC n.A77G), C_102161615_10 (RBL2 ¢.G1723C),
C_167350917_10, (NCOA3 ¢.A3353C), C__15956024_20, (PLAU c.G43T),
C__15760210_10 (RAD7 c.G341A), C_168146154_10 (WNT170A c.C337T), and
C_190555357_10 (WNT3A4 c.G277A).

2.6 Copy number variation (CNV) analysis (11)

SNP array protocol. A genome-wide SNP genotyping to identify CNVs from
genomic DNA was performed at the Technology Centre, Institute for Molecular
Medicine Finland, University of Helsinki (Helsinki, Finland). For this analysis, an
Ilumina HumanCytoSNP-12 v2.1 Beadchip, an iScan system, and standard reagents
and protocols provided by Illumina Inc. (San Diego, CA, USA) were used. Illumina’s
HumanCytoSNP-12 v2.1 Beadchip contains approximately 300,000 markers
distributed throughout the genome and has been optimized to target regions of
cytogenetic importance.

Data-analysis. The genotypes were visualized and analyzed with
GenomeStudio™ v2010.2 software, as indicated by the manufacturer (Illumina). The
call rates were greater than 99.5%. It was ensured that the samples met high quality
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criteria (Wang et al, 2007b). CNV calling was performed with the PennCNV
(2009Aug27) program (Wang et al, 2007b). In addition, the QuantiSNP v2.3 (Colella
et al, 2007) and cnvPartition v3.1.6 (Illumina) programs were utilized to confirm the
PennCNV results when selecting CNVs for validation. All three programs were used
with default parameters. CNVs spanning less than three SNPs were filtered out.
Identified CNVs were queried against the Database of Genomic Variants (Database
of Genomic Variants) using the NCBI Genome Build 36 (hg 18). CNVs were
annotated using the NCBI RefSeq gene database (NCBI Reference Sequence
Database) to identify genes and exons overlapping the observed CNV loci. For
intergenic CN'Vs, the loci were expanded upstream and downstream of the CNV to
identify neighboring genes. CNV-affected genes were further studied by enrichment
analyses, including Gene Ontology terms, KEGG pathways, Pathway Commons,
and Wikipathways to reveal common functions of the gene products using the Web-
based Gene Set Analysis Toolkit V2 (WebGestalt2) (Zhang et al, 2005). Additionally,
CNV-affected genes were queried against the NCBI Online Mendelian Inheritance
in Man database (NCBI OMIM Database) and the Genetic Association Database
(Genetic Association Database) to determine whether the genes have previously
been associated with the disease. The Encyclopedia of DNA Elements database
(Encyclopedia of DNA elements at UCSC) was utilized to search possible functional
elements in the CNV region

CNYV validation and genotyping. Seclected CNVs were validated, and their
frequencies were determined in an additional cohort of HBOC patients and
population controls using TagMan® Copy Number Assays, an ABI PRISM®
7900HT Real-Time PCR system, and SDS v2.2.2 software, according to the
manufacturer’s instructions (Life Technologies). The following pre-designed
TagMan® Copy Number Assays were used: Hs04703682_cn (2q34),
Hs03458738_cn  (3p11.1), Hs03253932_cn (5q15), Hs06178677_cn (8p23.2),
Hs02640223_cn (17q21.31), and Hs04482315_cn (19q13.41). As an internal
standard, a TagMan® RNaseP Reference Assay was run with the TagMan® Copy
Number Assays in a duplex, real-time PCR reaction following the manufacturet’s
guidelines (Life Technologies). The analysis was performed with Copy Caller v1.0
software, and copy numbers were calculated using the comparative CT method, as

indicated by the manufacturer (Life Technologies).
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2.7 Exome sequencing (Ill)

Exome capture and next-generation sequencing protocol. Exome capture and
next-generation sequencing was performed at the BGI Tech Solutions (Hong Kong)
Co. Ltd using a SureSelect Human All Exon 51M kit (Agilent Technologies, Inc.,
Santa Clara, CA) and HiSeq 2000 technology (Illumina). Protocols provided by
Agilent, Illumina, and the BGI were followed. The genome sequencing coverage
depth was 50x per sample.

Data-analysis. The reads were aligned with Bowtie2 against the human reference
genome (hgl19) using default parameters (Langmead & Salzberg, 2012). The quality
control was performed by FastQC (Babraham Bioinformatics FastQC). As a
preprocessing step for variant calling, PCR duplicates and reads with mapping quality
less than 10 were filtered out using SAMtools (Li et al, 2009). Variant calling was
performed using a bioinformatics toolkit (Pypette) that was developed in-house
(GitHub annalam/pypette). Variant annotation was conducted with Annovar (Wang
et al, 2010) using the Refseq genes as the reference gene set. Several filtering steps
were used to reduce the number of candidate variants for downstream analyses.
Based on the variant annotation, functional variants (non-synonymous single
nucleotide variants (SNVs), splicing site SNVs/indels, stop gain/loss variants, and
indels inducing frameshift) were prioritized. Furthermore, rare variants (minor allele
frequency = 0.05 were selected by screening the variants against the data from the
1000 Genomes Project (1000 Genomes Project Consortium et al, 2012) (August
2014 version) and the Exome Sequencing Project 6500 (included in Annovar)
(NHLBI Exome Sequencing Project). Additionally, the variants were screened
against the Sequencing Initiative Suomi database to obtain information about allele
frequencies in the Finnish population (Sequencing Initiative Suomi). From the
remaining set of variants, only those variants for which the host genes participate in
the DNA damage response pathway were selected. The pathway data were retrieved
from the IntPath-database, which includes data integrated from the following several
sources: KEGG, Wikipathways and BioCyc (Zhou et al, 2012). To further reduce
the number of candidate variants, the deletetiousness of the variants was evaluated
by utilizing a precompiled set of pathogenicity predictions included in the Annovar's
1jb26_all dataset. The dataset covers predictions of the deleteriousness of all possible
SNVs for 10 pathogenicity predictor methods and 3 methods evaluating the
evolutionary conservation of the variant locus. Only variants that were predicted to
be deleterious by at least one of the predictors or were frameshift indels, were

selected for further assessment. Moreover, variants present only in healthy relatives
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were excluded. Furthermore, variants that had a reliable genotype call rate and were
shared between affected family members or between families were prioritized. Based
on the above-mentioned filtering criteria, candidate variants were selected for further
validation experiments (described in sections 2.2 and 2.5). Moreover, variants
present in only early-onset patients were analyzed in detail. Similar filtering criteria
based on functionality, rarity, and predicted pathogenicity were used, as described
above. However, variants targeting any pathway genes were considered.

2.8 Statistical analyses (I-11)

Association of the identified variants with breast/ovarian cancer was tested using
Fisher’s exact test, and the chi-square test (R v2.15.2 (The R Project for Statistical
Computing) (R Core Team, R Foundation for Statistical Computing, Vienna,
Austria)) and PLINK v1.07 (Purcell et al, 2007). CNV distribution and median
lengths were compared between HBOC individuals and controls using the Wilcoxon
test (R v2.15.2) (study II). When Fisher’s exact test resulted a non-numerical value
for the enrichment analysis, A VCD package was implemented in R to estimate the
numerical values of the odds ratios (Meyer et al, 2012) (study II). P-values were two-
sided. P<0.05 was considered statistically significant.

2.9 Bioinformatics tools (I, Il

A Basic Local Alignment Search Tool (NCBI BLLAST) tool was utilized to determine
whether the identified novel variants were located in genomic regions that are
conserved across different species (study I). The pathogenicity of missense variants
was predicted using the Pathogenic-or-Not-Pipeline (PON-P) (Thusberg & Vihinen,
2009) (study I). PON-P integrates amino-acid tolerance predictors (PolyPhen
version 2, Sift, PhD-SNP, SNAP) and a protein stability predictor (I-Mutant version
3) to predict the probability that missense variants affect protein function. ESEfinder
was used to predict the effects of variants on exonic splicing enhancer elements

(Cartegni et al, 2003) (study III).
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2.10 MicroRNA database search (l)

A microRNA target site search of the microRNA database was performed for the

genomic positions of the novel variants (miRBase).
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RESULTS

1 Germline sequence variants in BRCA1, BRCA2,
CHEK?2, PALB?2, BRIP1, RAD50, and CDH1, and
their contribution to HBOC susceptibility in high-risk
families (1)

In study I, coding region and exon-intron boundaries of seven known BC
susceptibility genes were analyzed to identify additional variants that predispose to
inherited forms of breast and ovarian cancer. Index individuals from 82 of the high-
risk hereditary breast and/or ovatian cancer families analyzed in this study were
previously screened to be negative for 28 Finnish BRCA7 and BRCA2 founder
mutations by minisequencing. These individuals also tested negative for protein-
truncating variants in the largest exons (exon 11 for BRCA7 and exons 10 and 11
for BRCA?2), suggesting that variants other than these already tested defects
contribute to breast and/or ovatian cancer susceptibility in these families. By
thoroughly screening 1) BRCA7 and BRCAZ2 using MLLPA and Sanger sequencing
(with the exception of the previously analyzed largest exons); 2) PAILLB2, BRIPT,
RAD50, and CDHT by Sanger sequencing; and 3) CHEK?Z using the HRM method,
54 different variants in 82 HBOC individuals were identified. The variant spectrum
was as follows: 19 non-synonymous coding variants, 11 synonymous coding variants,
21 intronic variants, and 3 5-untranslated region variants. All the detected variants
wete single nucleotide changes or indels. In total, 14/54 (25.9%) of the identified
variants were novel.

Based on the variant type, novelty, observed frequency in HBOC individuals, and
available information in the databases, the most promising variants were selected
(n=18), and their frequency was determined in 384 controls. The primary focus was

on non-synonymous coding variants as these are most likely to be disease-causing.
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Variant frequencies between HBOC individuals and controls were compared using
Fisher’s exact test, but no statistically significant difference was observed for any of
the variants. This result was probably due to the rareness of the variants and the
limited sample size used in this study. All the identified non-synonymous variants
and their association with breast and/or ovarian cancer risk are presented in Table
5. Three previously known intermediate breast/ovarian cancer risk variants, BRCA7
Arg1699Trp, CHEKZ2 1le157Thr, and CHEK2 1100delC (bold in Table 5) were
observed in 11/82 (13.4%) HBOC individuals. One individual carried both of the
CHEK?2 variants. The contribution of the two CHEK?2 variants to BC risk was
notably high in the analyzed HBOC families, 10/82 (12.2%) (Table 5). The effects
of novel missense variants (n=>5) on protein function was predicted using the PON-
P program: of the analyzed variants, only one possible pathogenic variant (BRCA2
Leu24Phe) was predicted. The substitution of the nonpolar leucine by the nonpolar
phenylalanine with an aromatic ring structure in the side chain at position 24 was
predicted significantly alter the properties of the side chain; this substitution was
predicted to be untolerated. The BRCA2 Leu24Phe variant was observed in one BC
patient (1/82, 1.2%) but in none of the 380 healthy controls (Table 5). The BC
patient had been diagnosed with ductal, grade III disease with ER+, PR- and
HER2+ status at the age of 53 years. Additionally, the patient had two BC-affected
first-degree relatives.

The clinical characteristics of the HBOC individuals carrying the identified non-
synonymous variants were reviewed, but no clear trend was observed among
individuals carrying the same variants. However, one interesting case was an eatly-
onset (diagnosed at the age of 26 years) BC patient carrying both of the BC-
associated CHEK? variants, Ile157Thr and 1100delC. Thus, the combination of the
two CHEK?Z variants was reported to contribute to eatly disease onset. Novel variant
genomic positions were queried against the known microRNA target sites from the
miRBase, but no hits were found. Moreover, a Basic Local Alignment Search Tool
was utilized to determine whether the identified novel variants were located in
conserved genomic positions, which may indicate a pathogenic role for the variant.
Sequence similarities between different species were observed for several novel
variant genomic positions, including BRCA2 Leu24Phe.

Detailed analysis of the BRCA7 and BRCAZ2 genes (Sanger sequencing and
MLPA, excluding the previously analyzed largest exons) revealed additional variants
that were not detected by the genetic testing protocol that targeted only the Finnish
founder-mutations. One such variant was Arg1699Trp in BRCA7, which is a known

intermediate breast/ovarian cancer risk variant.
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Table 5. Identified non-synonymous variants in BRCA1, BRCA2, CHEK2, PALB2, BRIP1, and

RADA50, and their association with hereditary breast and/or ovarian cancer risk.

Carrier frequency (%)

Gene, variant HBOC individuals Controls OR  95%CI P
BRCAT1, Ser1613Gly 52/82 (63.4%) - - -
BRCA1, Met1628Thr 4/82 (4.9%) 6/367 (1.6%) 3.09 0.85-11.19 0.090
BRCA1, Arg1699Trp 1/82 (1.2%) - - -
BRCA2, Leu24Phe* 1/82 (1.2%) 0/380 (0%) - - 0.177
BRCA2, Val2728lle 1/82 (1.2%) 1/378 (0.3 %) 465 0.29-7519  0.325
BRCA2, Lys3326Stop 1/82 (1.2%) 11/378 (2.9%) 041 0.05-3.24 0.702
BRCA2, lle3412Val 1/82 (1.2%) 8/379 (2.1%) 0.57 0.07-4.64 1.000
CHEK2, lle157Thr 8/81 (9.8%) 21/381 (5.5%) 1.88 0.80-4.41 0.203
CHEK2, 1100delC 3/82 (3.7%) 6/380 (1.6%) 2.37 0.58-9.67 0.203
CHEK?2, Val455lle* 79/81 (97.5%) 373/382 (97.6%) 0.95 0.20-4.50 1.000
PALB2, Glu272Lys* 1/82 (1.2%) 0/372 (0%) - 0.181
PALB2, Tyr334Asp* 1/82 (1.2%) 4/380 (1.1%) 116 0.13-10.52  1.000
PALB2, Leu337Ser 6/82 (7.3%) - - -
PALB2, GIn559Arg 10/82 (12.2%) 64/371 (17.3%) 0.67 0.33-1.36 0.323
PALB2, Val932Met 3/82 (3.7%) - - -
PALB2, Gly998Glu 1/82 (1.2%) 14/372 (3.8%) 0.32 0.04-2.44 0.491
BRIP1, Leu195Pro 2/82 (2.4%) - - -
BRIP1, Pro919Ser 32/82 (39.0%) - - -
RAD50, Asp515Gly* 1/82 (1.2%) 4/384 (1.0%) 117 0.13-10.63  1.000

Abbreviations: Cl, confidence interval; HBOC, hereditary breast and/or ovarian cancer; OR, odds ratio.

*Novel variant.

Bolded variants are known breast/ovarian cancer risk variants.
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2 Germline copy number variations and their
contribution to HBOC susceptibility (11)

In study II, a genome-wide SNP genotyping was performed to identify germline
CNVs that confer susceptibility to HBOC. SNP genotyping was performed for index
individuals from 84 HBOC families and 36 healthy controls. After applying strict
sample quality criteria, 81 HBOC individuals and 35 controls were included in the
data analysis. In total, 545 autosomal CNVs, 300 deletions and 245 duplications,
were identified at 273 separate genomic regions in the analyzed HBOC individuals
and controls. The primary focus was on the CNVs that affected potential or known
genes in breast/ovatian cancer predisposition. Additionally, clinical features of the
CNV carriers were inspected. After several filtering steps, 6 CNVs were selected for
further validation by quantitative PCR. Five of these CNVs were genotyped in an
additional cohort of 20 HBOC patients and in up to 869 additional controls by
quantitative PCR (Table 6). The carrier frequencies of the validated CNVs were
compared between 101 HBOC individuals and up to 899 controls (Table 6).
Validated CNVs showed enrichment in HBOC cases compared to controls (Table
6). No statistically significant difference was observed, an effect that was probably
due to the limited sample size used in this study. Therefore, the results require
verification in a larger sample set.

Three of the validated CNVs were intronic deletions affecting Frb-B2 Receptor
Tyrosine Kinase 4 (ERBB4), EPH Receptor A3 (EPHA3), and CUB and Sushi multiple
domains 1 (CSMD7). ERBB4 and EPHA3 encode proteins that are important
regulators in signaling pathways, whereas CSMDT7 is a tumor suppressor gene. A
novel ERBB4-affecting deletion was slightly more frequent in HBOC individuals
(5/101, 5.0%) than in controls (12/358, 3.4%) (OR=1.49 95%CI= 0.52-4.28) (Table
6). The EPH.-A3-affecting deletion was nearly twice as common in HBOC
individuals (12/101, 11.9%) as in controls (27/432, 6.3%) (OR=1.96 95%CI=0.97-
3.94) (Table 6). A novel CSMD7-affecting deletion was observed in one BC patient
(1/101, 1.0%), but the variant was very rate in controls (1/4306, 0.2%) (OR=4.33
95%CI=0.27-69.57) (Table 6). One of the validated CNVs was an intergenic deletion
at a 5q15 region where regulatory elements were reported to be present according to
the The Encyclopedia of DNA Elements database. The 5q15 deletion was observed
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in a homozygous form in one BC patient (1/101, 1.0%) who exhibited an interesting
clinical feature. Specifically, the patient had been diagnosed and died of BC at the
age of 29. The 5q15 homozygous variant was very rare in controls (1/899, 0.1%)
(Table 6). Two of the selected CNVs were exonic; one deletion affected BRCAT,
Neighbor Of BRCAT Gene 1 (NBR1) and Neighbor Of BRCAT Gene 2 (NBR2) and one
duplication affected Endogenons Retrovirus Group 17, Member 2 (ER1/17-2). Large
deletions affecting BRCAT7 are known to predispose to hereditary breast and ovarian
cancet, and the deletion was identified in one BC patient (1/101, 1.0%) (Table 06)
with a family history of OC. ERI17-2 belongs to the endogenous retrovirus group
of proteins, and it has been implicated that in human cancer. The ERIT"-2-affecting
duplication was observed to be slightly more frequent in HBOC individuals (11/101,
10.9%) than in controls (34/334, 10.2%) (OR=1.37 95%CI 0.73-2.55) (Table 6).
However, homozygous ERI/T-2-affecting duplications were over four times more
common in HBOC individuals (4/101, 4.0%) than in controls (3/334, 0.9%) (Table
0).

Some findings were made with respect to the clinical features of the HBOC
individuals with the identified CNVs. For instance, a ductal tumor type was a
common feature for all 3p11.1 deletion (EPH.A3 locus) carriers with BC (n=11). Of
these tumors, 9/11 were ER and PR positive. Similarly, the ductal tumor type
predominated in BC-affected females with a 19q13.41 duplication at the ERIT7-2
locus (10/11 cartiers). Interestingly, 3/4 homozygous 19q13.41 duplication cartiers
had ductal high-grade tumors (grade III), implying a more aggressive disease. Two
of five 2q34 deletion (ERBB4 locus) carriers had a bilateral form of BC diagnosed at
<43 years of age. Cosegregation of the novel 2q34 deletion with breast and/or
ovarian cancer was studied in one family in which an intermediate breast and ovarian
cancer risk variant, BRCA7 Arg1699Trp, was identified (study I). The 2q34 deletion
was identified in one OC-affected and two BC-affected relatives, some of whom

were carriers of the BRCA7 variant and some of whome were not.
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Table 6.  Association of the validated CNVs with hereditary breast and/or ovarian cancer risk.

CNV position, affected Carrier frequency

gene, type and size HBOC individuals Controls OR; 95%CI P
2q34

ERBB4 intronic deletiona 5/101 (5.0%) 12/358 (3.4%)  1.49;0.52-4.28  0.457
28.7-59.0 kb

3p11.1
EPHAS3 intronic deletion 12101 (11.9%)  27/432(6.3%)  1.96;0.97-3.94  0.055
14.6 kb

5q15
intergenic deletion 51101 (5.0%)p 57/899 (6.3%)°  0.92;0.39-2.16  0.845
49.8 kb

8p23.2
CSMD1 intronic deletion? 11101 (1.0%) 11436 (0.2%)  4.33;0.27-69.57 0.259
10.8 kb

17921.31
BRCA1, NBR1, NBR2 exonic 1/101 (1.0%) 0/35) (0%) - 0.555
deletiond, 99.0 kb

19913.41
ERVV-2 exonic duplication 11/101 (10.9%)e 34/334 (10.2%)¢ 1.37; 0.73-255 0.322
15.8-26.9 kb
Abbreviations: Cl, confidence interval; CNV, copy number variation; HBOC, hereditary breast and/or
ovarian cancer; OR, odds ratio.
aNovel variant.
®Homozygous in 1/101 (1.0%) of the HBOC individuals.
¢ Homozogyous in 1/899 (0.1%) of the controls.

dLarge BRCA1-affecting deletions are known to be associated with HBOC susceptibility and there was
no need to genotype additional controls.

eHomozygous in 4/101 (4.0%) of the HBOC individuals.
fHomozygous in 3/334 (0.9%) of the controls.
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3 Identification of HBOC susceptibility genes and
gene variants by exome sequencing (lIl)

In study III, with the aim of identifying gene variants that contribute to HBOC
susceptibility, whole exome sequencing was performed for 37 individuals from 13
high-risk BRCA7/2-negative HBOC families. Of the studied individuals, 23 were
female breast or breast and ovarian cancer patients, one was a male BC patient, and
13 were healthy relatives. Of note, six of the BC patients were diagnosed at a very
early age (= 29 years). In total, 736,963 sequence variants were detected in 37
individuals. Several filtering steps were used to reduce the number of candidate
variants for downstream analyses. The primary focus was on DDR pathway gene
variants that were shared between affected family members or families. FEighteen
candidate variants were selected for further analyses, genotyping of these variants
was performed in a cohort of 129 female HBOC cases and up to 989 healthy female
controls (Table 7). Additionally, two of the variants, which were detected in a male
BC patient, were also screened in a cohort of 49 male BC patients and 909 healthy
male controls (Table 7). Carrier frequencies of the variants were compared between
the cancer cases and controls (Table 7).

Five variants, ATM D1853V, MYC N26S, PL.AU V15L, RAD7 G114D, and
RRM2B R71fs, were enriched in female HBOC cases compared to controls (OR
1.16-2-16) implying that the variants may be low-to-moderate risk alleles (Table 7).
A BRCAT T1302P variant, detected in a two affected females in a single BC family
by exome sequencing, was absent in both female HBOC patients and female controls
(Table 7). This result implies that BRCA7 T1302P is an extremely rare BC
susceptibility variant. The RAD50 194L variant, which was detected in a male BC
patient, was absent in a cohort of male BC cases and extremely rare in male controls
(1/909, 0.1%) (Table 7), suggesting it may contribute to male BC risk. The other
variant detected in a male BC patient, .ATM Y1475C, was absent both in male BC
cases and male controls but was detected in female controls (Table 7). This results
suggests that ATM Y1475C is not specific for male BC. No statistically significant
association was reached for any of the variants, a result that can likely be explained
by the rareness of the variants and the limited sample size. Therefore, the results

need further verification. Eighteen variants were also screened from breast tumor
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tissue samples from an additional 31 BC patients, but no wild type allele loss was

observed.

Table 7.  Validated variants and their association with breast/ovarian cancer risk.

Carrier frequency
Females Males
Gene, variant HBOC cases Controls BC cases Controls P OR; 95%Cl
1
1

AKT2, P50T 21127 5/280 0.88; 0.17-4.57
ATM, F858L 1129 10/975 0.75; 0.10-5.92
ATM, P1054R 1129 14/981 - - 1 0.54;0.07-4.13
ATM, Y1475C 0/129 11278 0/49 0/909  1/1e na

ATM, D1853V 1129 5/989 - - 0.52 1.54;0.18-13.19
BRCA1, T1302P 0/128 0/986 - - 1 na

CDKN2A, H166Y 31129 7/280 - - 1 0.93;0.24-3.62
MYC, N26S 5/1290 23/987 - - 0.14  2.02;0.81-5.01
NCOA3, Q1118P 0/129 71279 - - 0.10 na

PLAU, V15L 21129 11/984 - - 0.60 2.16;0.30-15.45
RAD1, G114D 5/129 15/464 - - 0.79 1.16;0.42-3.22
RAD50, 194L 0/129 0/187 0/49 1909  1/1e na

RAD52, G180R 47129 15/269 - - 0.33 0.55;0.18-1.67
RBL2, E575Q 8/129 221261 - - 0.55 0.73;0.32-1.66
RPA2, S41F 0/129 5/467 - - 0.59 na

RRM2B, R71fsa 16/128¢ 22/2474 - - 0.31 1.39;0.73-2.64
WNT3A, DI3N 1129 4/468 - - 1 0.91,0.10-8.15
WNT10A, R113C 1129 10/988 - - 1 0.77,0.10-6.00

Abbreviations: BC, breast cancer; Cl, confidence interval; HBOC, hereditary breast and/or ovarian
cancer; OR, odds ratio.

a Novel variant

b Homozygous in 1/129 of the female HBOC cases

¢ Homozygous in 1/128 of the female HBOC cases

d Homozygous in 2/247 of the female controls

e Females/Males

An interesting observation related to the MYC N26S variant was made in a single
family by exome sequencing. Genotyping detected the MYC variant in five female
HBOC patients (5/129, 3.9%), of whom one carried a homozygous form of the

variant (Table 7). Interestingly, a homozygous variant carrier was diagnosed with
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triple-negative BC at the age of 61 years and a family history of multiple cancers
(three BCs, colon cancer, and possibly throat and stomach cancers). Further analysis
identified the homozygous MYC variant in the index’s healthy sister (current age 81
years) and in heterozygous form in the index’s healthy young relatives.
Unfortunately, no DNA samples of BC-affected relatives were available at that time.
Of note, the homozygous form of the MYC variant was not detected among 987
healthy controls. A novel frameshift-inducing duplication in RRM2B was found to
be a very common variant in both female HBOC patients and healthy controls
(Table 7), although it was originally considered rare based on the allele frequencies
in the databases. A homozygous form of the RRMZ2B variant was also detected, but
the frequencies were similar both in female HBOC cases and controls (Table 7).
Another interesting observation related to the AATM D1853V variant. The ATM
D1853V was reported to affect splicing. The clinical features of the variant carriers
were inspected. One interesting finding was that one of the PL.AU 751 variant
carriers, detected by genotyping, exhibited a mucinous subtype of BC (grade 2,
ER+/PR+/HER2-) that was diagnosed at the age of 55. The mucinous subtype of
BC is rare and is associated with a good prognosis.

Specific attention was also given to six early-onset BC patients (diagnosed = 29
years) in the exome sequencing cohort. The aim of this analysis was to identify
variants that were present only in these early-onset patients and could explain the
drastic clinical outcome. After several filtering steps, variants of host genes that
participate in certain pathways were considered good candidates for BC
susceptibility. These pathways and functions included the cell cycle, proliferation,
apoptosis, adhesion, different signaling pathways, and the DNA damage response.
The candidate variants are presented in Table 8. Of these, 50 were non-synonymous
SNVs, 4 were stop-gains, and 3 were frameshift indels. The majority of the variants
were detected in a single patient only. Nonsynonymous variants in genes such as
Cyclin-Dependent Kinase 2 Interacting Protein (CINP), Focadhesin (FOCAD), Laminin,
Alpha 5 (LAMAS), Phospholipase D1, Phosphatidylcholine-Specific (PLLD1), RBL.2 and
Sphingosine-1-Phosphate Receptor 5 (§1PR5) were identified in two of six patients (Table
8). Additionally, enrichment was observed in certain pathway gene variants in the
same individual. For instance, enrichment was observed for extracellular matrix
(ECM)-receptor interaction and focal adhesion pathway genes. Additionally, of
special interest were variants that 1) induced a premature stop codon in 4 genes,
including DENN/MADD Domain Containing 2D (DENND2D), EF-Hand Calcinn
Binding Domain 13 (EFCAB13), Epithelial Stromal Interaction 1 (Breast) (EPSTIT), and
TOPBP1-Interacting Checkpoint And Replication Regulator (TICRR); and 2) caused
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frameshifts in 3 genes, including BCL.2/ Adenovirus E1B 19 kD Interacting Protein Like
(BNIPL), Endothelin 3 (EDN3) and Melanoma Antigen Family F1 (MAGEFT) (Table
8).

Table 8. Candidate variants in early-onset breast cancer patients.

Gene Variant Nin patients  Pathway or function

EPSTI1 E395_L396delinsAX 1 apoptosis

MBD4 1358T 1 base excision repair

NEIL3 Q172H 1 base excision repair

EFCAB13  K337X 1 calsium ion binding

MAD1L1 R59C 1 cell cycle, progesterone-mediated oocyte maturation

CDKN2B  A19D 1 cell cycle, TGF beta signaling pathway, pathways in cancer
FANCD2 G901V 1 DNA damage response

MAP3K4 H906P 1 DNA damage response, MAPK signaling pathway

CHEK2 1157T 1 DNA damage response, p53 signaling pathway, cell cycle
RBL2 D33A 2 DNA damage response, TGF beta signaling pathway, cell cycle
RBL2 A34P 2 DNA damage response, TGF beta signaling pathway, cell cycle
RBL2 E60G 1 DNA damage response, TGF beta signaling pathway, cell cycle
TICRR R665X 1 DNA replication

CDC45 E109G 1 DNA replication, cell cycle

CINP N53K 2 DNA replication, checkpoint signaling

LIG1 V281M 1 DNA replication, mismatch repair, base and nucleotide excision repair
TNC V548M 1 ECM-receptor interaction, focal adhesion

TNC VI93L 1 ECM-receptor interaction, focal adhesion

COL11A2  L1MH 1 ECM-receptor interaction, focal adhesion

COL6A2 D227N 1 ECM-receptor interaction, focal adhesion

COL4A6 11161V 1 ECM-receptor interaction, pathways in cancer, focal adhesion
LAMA1 R729H 1 ECM-receptor interaction, pathways in cancer, focal adhesion
LAMAS R1679W 2 ECM-receptor interaction, pathways in cancer, focal adhesion
LAMAS A1021V 1 ECM-receptor interaction, pathways in cancer, focal adhesion
LAMAS R2456H 1 ECM-receptor interaction, pathways in cancer, focal adhesion
LAMAS S2138I 1 ECM-receptor interaction, pathways in cancer, focal adhesion
LAMB1 D957N 1 ECM-receptor interaction, pathways in cancer, focal adhesion
LAMB2 (G436S 1 ECM-receptor interaction, pathways in cancer, focal adhesion
LAMC3 R563W 1 ECM-receptor interaction, pathways in cancer, focal adhesion
MAGEF1  E18fs 1 enhancer of ubiquitin ligase activity

AKAP13 G191R 1 G protein signaling pathways
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Table 8. Continued.
Gene Variant Nin patients  Pathway or function
AKAP8 N505D 1 G protein signaling pathways
PLD1 R398C 2 glycerophospholipid metabolism, pathways in cancer
DHH POA 1 hedgehog signaling pathway
LRP2 T2284A 1 hedgehog signaling pathway
LRP2 P1703S 1 hedgehog signaling pathway
RASGRP3  G282S 1 integrated cancer pathway, MAPK signaling pathway
BNIPL T11fs 1 interacts with BCL2, promotes cell death
EXO1 N279S 1 mismatch repair
NLRP4 G638R 1 NOD pathway
PRDM1 P580L 1 NOD pathway
TAB3 T248M 1 NOD-like receptor signaling pathway
DTX4 R415C 1 notch signaling pathway
NUMBL F449L 1 notch signaling pathway
RET R959Q 1 pathways in cancer
DENND2D  R16X 1 promotes the exchange of GDP to GTP
S1PR5 L318Q 2 signal transduction of S1P receptor
RICTOR D1074G 1 TOR signaling, mTOR signaling pathway
APEX1 164V 1 TSH signaling pathway, base excision repair
FOCAD A1683T 2 tumor suppressor in glioma and colorectal cancer
FBXW8 T470M 1 ubiquitin mediated proteolysis
UBE2Q1 N243H 1 ubiquitin mediated proteolysis
UBES3A A178T 1 ubiquitin mediated proteolysis
BRCA1 P1052L 1 ubiquitin mediated proteolysis, DNA damage response
BIRC6 E892G 1 ubiquitin mediated proteolysis, apoptosis modulation and signaling
EDN3 E187fs 1 variety of cellular roles including proliferation, migration, differentiation
SOX17 G28v 1 wnt signaling pathway
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DISCUSSION

1 Contribution of variants in well-known breast cancer
susceptibility genes to high-risk Finnish HBOC
families (I, II, I

Mutations in well-known BC susceptibility genes, such as BRCA7, BRCA2, ATM,
PAIB2, and CHEKZ, explain approximately 20-30% of the genetic predisposition
to BC (Couch et al, 2014, Mavaddat et al, 2010, Turnbull & Rahman, 2008). BRCA7
and BRCA2 make a major contribution to this predisposition and in Finland
contribute to BC in approximately 20% of HBOC families (Hartikainen et al, 2007,
Vehmanen et al, 1997a). Additionally, Finnish founder mutations have been
identified in CHEK2, PALB2, or RADS50 and contribute to a fraction of BC cases
in Finnish HBOC families (Erkko et al, 2007, Heikkinen et al, 2006, Vahteristo et al,
2002). However, the genetic predisposition factors remain unknown in majority of
the high-risk families. Well-established clinical management strategies exist for
BRCAT and BRCA2 mutation carriers (Couch et al, 2014). However, the clinical
management of high-risk BRCAT7/2-negative HBOC patients is problematic.
Therefore, new information of breast and ovarian cancer predisposing factors is
urgently needed to improve the clinical assessment of high-risk families and to widen
the genetic testing and guidance protocol for other genes and mutations as well.
Additional variants were identified in BRCA7 and BRCAZ2 genes in HBOC
individuals who had been tested to be founder mutation-negative for both of these
genes. The detected variants in these two genes were reported to contribute to BC
in a fraction of the high-risk Finnish HBOC families. The BRCA7 Argl699Trp
variant, which was detected in study I in three BC-affected females in a single HBOC
family, has been classified as clinically significant variant in the Breast Cancer

Information Core database. This variant was further confirmed to be an intermediate
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breast and ovarian cancer risk variant by functional analyses (Spurdle et al, 2012).
Additionally, two other nonsynonymous variants, BRCA7 Met1628Thr and BRCA2
Val2728lle, which were detected in study I, showed enrichment in HBOC families
compared to controls. This result implies that these variants may be low-to-moderate
risk alleles. Although the clinical significance of both variants is unknown
(Deffenbaugh et al, 2002, Ostrow et al, 2004, Phelan et al, 2005), further study is
clearly warranted. Additionally, a rare and possibly pathogenic variant in BRCAT,
T1302P, was detected in study III in two BC-affected relatives in a single family. The
role of this variant in BC predisposition is suspected given that it was not observed
among healthy controls. Additionally, one novel possibly pathogenic BRCAZ2 variant
(Leu24Phe) was detected in a single HBOC family in study I. The novel variant was
particularly interesting as it is located in the N-terminal portion of BRCAZ2, which is
an interaction site for PALB2. PALB2 is essential for key BRCA2 functions, and
sequence variants disrupting this interaction have been reported to play a role in
cancer predisposition (Xia et al, 2000). Thus, additional analyses of the Leu24Phe
variant are warranted. Moreover, a large deletion affecting BRCA7 was detected in
study II in a BC patient with family history of ovarian cancer. The same deletion,
which removes most of the gene, including the promoter, and prevents transcription
of BRCAT, has been reported in the previous Finnish study of ovarian cancer family
(Pylkas et al, 2008). Large genomic rearrangements in both BRCA7 and BRCAZ2 are
rare, but the findings confirm the contribution of BRCAT rearrangements to a
fraction of the HBOC families in the presence of multiple cases of ovarian cancer.
An important finding in study I was that the two known BC-associated CHEK?
variants, Ile157Thr, and CHEK2 1100delC, contributed to BC predisposition in the
Finnish BRCA7/2-negative HBOC families to a remarkable degree (10/82, 12.2%);
these results suggest the clinical relevance of these variants. Among heterozygous
1100delC carriers with a family history of BC, the cumulative risk of BC by age 70 is
estimated to be 37%, which is comparable to the BC risk among BRCA7 and BRCA2
mutation carriers (Weischer et al, 2008). Moreover, 1100delC carriers seem to have
poorer disease-free and overall survival than non-carriers and an increased risk of
developing a second, primarily contralateral, BC (Ripperger et al, 2009). Therefore,
genotyping of the 1100delC variant for clinical assessment of BC risk has been
suggested particularly in Northern and Eastern European populations in which the
CHEK? variants are observed with high frequencies (Weischer et al, 2008). The
1100delC increases the BC risk approximately two-fold, whereas the Ile157Thr is the
lower risk variant (CHEK2 Breast Cancer Case-Control Consortium, 2004,
Kilpivaara et al, 2004). Thus, the CHEKZ? variants are suggested to act in
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combination with other susceptibility alleles to multiply the BC risk (i.e., a polygenic
risk model) (CHEK2 Breast Cancer Case-Control Consortium, 2004). Here, a
particularly interesting finding was that both of the CHEKZ variants, 1100delC and
Ile157Thr, were observed in the same family, and a female patient carrying both of
the variants exhibited a dramatic clinical outcome (BC at the age of 26 years). This
set of results suggest a multiplicative effect of these two variants. Moreover, bilateral
BC was diagnosed in one of the three patients with 1100delC variant, which is in line
with previous observations. However, due to unclear clinical consequences related
to the incomplete segregation of the CHEK?Z variants with BC and the fact that these
variants are very rare in most populations, genetic testing of CHEK?Z variants has
not been justified in the clinical practice (Ripperger et al, 2009). Here, the results
favor a more profound segregation analyses of the two CHEKZ variants, 1100delC
and Ile157Thr, in the high-risk Finnish BRCA7/2-negative hereditary BC families.

ATM has been considered a moderate-risk BC gene, and heterozygous mutations
have been reported to confer an approximately two-fold elevated BC risk (Ahmed
& Rahman, 2006). An ATM D1853V (c.A5558T) variant was reported to contribute
a low-to-moderate BC predisposition in study III. The variant was identified
altogether in four HBOC families. Interestingly, a common .ATM polymorphism
(c.G5557A) was observed among two of the c.A5558T variant carriers at the adjacent
nucleotide position. The ¢.G5557A variant is a common polymorphism. The
association of this variant with BC has been widely studied and has been associated
with bilateral BC in the Finnish study (Heikkinen et al, 2005). In line with these
results, one of the BC patients carrying both of the .ATM variants, c.G5557A and
c.A5558T, had been diagnosed with bilateral disease. Furthermore, the ¢.G5557A
variant has been reported to have an effect on splicing (Thorstenson et al, 2003); a
similar observation was seen for the c.A5558T variant, which it was predicted to
create a new splicing site. Splicing mutations have been reported to be particularly
common in ATM (Thorstenson et al, 2003), which makes the c.A5558T variant an
intriguing candidate. Therefore, further studies are necessary to fully analyze the role
of the c.A5558T variant in splicing, either alone or in combination with the
c.G5557A variant.

BC-associated Finnish founder mutations have been reported in PALB2 and
RAD50 genes (Erkko et al, 2007, Heikkinen et al, 2006), but these founders were
not detected in the present studies. This difference, is likely explained by the rarity
of the mutations and the limited number of the studied families. Instead, a RADS50
1941 variant was reported to contribute to male BC in study III, but this finding

warrants further confirmation. There was no evidence that the identified coding
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variants in the well-known BC susceptibility genes PALB2, BRIP7, RAD50, and
CDHT contributed to female breast or ovarian cancer risk in the analyzed HBOC
families.
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2 Contribution of germline copy number variations to
HBOC susceptibility and the identification of
candidate genes (II)

Copy number variation is defined as situation in which a segment of DNA (1 kb or
larger) shows an altered copy number compared to the reference genome (Feuk et
al, 2006). CNVs are known to play a role in cancer predisposition, but their role in
HBOC is largely unexplored (Krepischi et al, 2012a, Krepischi et al, 2012b). By
studying CNV disrupted genes, defective biological processes and novel candidate
genes undetlying breast/ovarian cancer predisposition can be detected. A previous
Finnish study provided evidence of rare CNVs that contribute to BC susceptibility
by identifying disrupted genes in estrogen signaling and the TP53 tumor suppressor
network (Pylkas et al, 2012).

The current study identified CNV-affected genes as good candidates for HBOC
susceptibility. Of particular interest were ERBB4 at 2q34, EPHA3 at 3pll.1,
CSMD1 at 8p23.2, and ERIT7-2 at 19q13.41.

ERBB4 encodes an epidermal growth factor receptor tyrosine kinase subfamily
member that functions in several cellular processes, including proliferation, survival,
migration, and differentiation (Sundvall et al, 2008). ERBB4 has a role in mammary
carcinogenesis and has been suggested to have both tumor-promoting and tumor-
suppressing functions (Sundvall et al, 2008). An ERBB4-affecting deletion was
observed in 5% (5/101) of the HBOC families. Segregation analysis of the novel
ERBB4-affecting intronic deletion in one HBOC family suggested that the deletion
may be a low-risk variant and may modify cancer risk when occurring in combination
with the intermediate breast and ovarian cancer risk variant, BRCA7 Argl1699Trp,
which was identified in study I.

EPHA3 encodes a protein that functions in signaling pathways. EPHA3 belongs
to the ephrin receptor subfamily of the receptor tyrosine kinase family, which has
central roles in normal cell physiology and disease pathogenesis (Pasquale, 2008).
Ephrin receptor signaling and ephrin ligands regulate tumor growth in variety of
cancers, including BC (Pasquale, 2010). Additionally, altered expression levels of
EPHAS3 have been associated with gastric and colorectal cancers, and CNVs in the
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EPHA3 region have been reported in hematological malignancies (Guan et al, 2011,
Xi & Zhao, 2011, Xi et al, 2012). Moreover, CNVs at the EPH.A3 region have been
implicated in predisposition to hereditary prostate cancer (Laitinen et al, 2015),
making this CNV a plausible candidate also for HBOC susceptibility. Here, the
EPHA3-disrupting deletion occurred in 11.9% (12/101) of the HBOC families.

CSMDT is a known tumor suppressor gene. The loss of CSMD1 has been
primarily associated with head and neck squamous cell carcinoma but has also been
observed in several epithelial cancers, including BC (Ma et al, 2009). Furthermore,
the decreased expression of CSMDT1 has been associated with a high-tumor grade
and poor survival in invasive ductal breast carcinoma; this gene has also been used
as a prognostic marker (Kamal et al, 2010). Therefore, CSMD7 is an excellent
candidate gene for HBOC susceptibility. Here, the CSMD7-affecting deletion was
rare and was observed in a single (1/101, 1.0%) BC family

ER17T7-2 encodes a protein in the human endogenous retrovirus (HERV) group.
HERVs and related genetic elements occupy approximately 8% of the human
genome, but their role in human cells is poorly understood (Suntsova et al, 2015).
HERVs encode active retroviral proteins that are likely involved in important
physiological functions and may be involved in the progression of cancer and several
other human diseases (Suntsova et al, 2015). Moreover, HERVs regulate the
expression of neighboring host genes and modify the genomic regulatory landscape
(e.g., transcription factor binding sites) (Suntsova et al, 2015). Therefore, ERI/17-2
is a very interesting candidate gene in HBOC susceptibility, providing an intriguing
link between breast and ovarian cancer predisposition and endogenous retroviruses.
Here, the ERI/T-2-affecting duplication was observed in 10.9% (11/101) of the
HBOC families. A particularly interesting observation was that the homozygous
form of the duplication (observed in 4/101, 4.0% of the HBOC families) was over
four times more common in HBOC cases compared to controls and seemed to
correlate with high-grade tumors.

One interesting CNV was detected at the non-genic 5q15 region. The CNV was
considered interesting due to clinical outcome of the single HBOC patient
(diagnosed and died of BC at the age of 29) carrying the homozygous form of the
CNV. The homozygous deletion at 5q15 was extremely rare in controls (1/899,
0.1%), implying that it may be disease-related and may have clinical significance for
families with early-onset BC cases. This intergenic deletion may distupt the
transcriptional control of target gene expression, and this hypothesis was supported
by the finding that regulatory element activity is present at the 5q15 deletion region.

Gene expression regulation is a complex process, and regulatory elements can be far
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from the target genes (Kleinjan & van Heyningen, 2005). An interesting observation
was that Repulsive Guidance Molecule Family Member B (RGMB), the aberrant expression
of which has been found in BC (Li et al, 2011), was observed to be the nearest
neighboring gene in the 5q15 deletion region (1.0 Mb). Further studies are necessary
to identify the target gene of the possible regulatory elements that are disrupted by
the deletion at 5q15.
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3 Identification of novel candidate genes and gene
variants in high-risk HBOC families (Il)

3.1 DNA damage response pathway

DDR pathway is one of the central pathways in breast and ovarian cancer
predisposition. Several susceptibility genes from this pathway have been recognized
including BRCAT7, BRCA2, ATM, PAILB2, BRIP1, CHEKZ, and RAD50 (Ciccia &
Elledge, 2010, Jackson & Bartek, 2009). Since the DDR pathway is a complex
network consisting of numerous proteins and complexes, there are likely unknown
candidates in this pathway that contribute to breast and ovarian cancer susceptibility.

In study III, the exome sequencing approach was utilized to analyze 13 high-risk
HBOC families, and the primary focus was in DDR pathway gene variants that were
shared between affected family members or between families. Family-specific
enrichments of multiple rare DDR pathway gene variants were observed, confirming
the central role of the DDR pathway defects in HBOC families. Moreover, different
combinations of possible low-to-moderate risk variants in critical pathway genes
were implicated in cancer predisposition and phenotypic variation (e.g., disease
onset) in the analyzed families. One such interesting combination was observed in a
family in which three BC-affected females were exome sequenced. Two females who
had been diagnosed with BC at a later age (>50 years) carried variants in both
CDKN2A4 (H166Y) and AKT2 (P50T), whereas the third female who had eatly-onset
disease (diagnosed at age 28) carried a variant (G901V) in Fanconi Anemia,
Complementation Group D2 (FANCDZ2). AKT2 is a serine threonine kinase that
functions in a key signaling pathway in mammary gland development and cancer
(Wickenden & Watson, 2010). CDKIN2A is a tumor suppressor gene in melanoma.
Germline defects in CDKIN2A have been reported in female BC patients with
melanoma (Nagore et al, 2009). Of note, melanoma was not observed among BC
patients in the family in which the CDKNZ2A variant was observed but one
unconfirmed melanoma case was reported in their male relative. Moreover,
FANCD?2 belongs to the Fanconi Anemia complementation gene group, in which
biallelic mutations predispose to Fanconi Anemia (Schneider et al, 2015).

Heterozygous mutations in several Fanconi Anemia genes, such as FANCDT

99



(BRCA2), FANCN (PALB2), and FANCM, have been associated with BC
predisposition (Erkko et al, 2007, Kiiski et al, 2014, Wooster et al, 1994). These
results make F.ANCD?2 an interesting candidate gene to further study in terms of BC
susceptibility, particularly in early-onset cases.

The most promising candidate variants (n=18) in DDR genes were observed in
additional cohorts of female HBOC cases, male BC cases, breast tumor samples, and
controls. Due to the rarity of these variants and the limited number of analyzed cases,
no statistically significant association with the disease was reached. In addition, no
wild type allele loss was observed for any of the variants in breast tumor samples.
However, five variants, ATM D1853V, MYC N26S, PL.AU V151, RAD7 G114D,
and RRM2B F71fs, were enriched in HBOC cases compared to controls (OR 1.16-
2-106). These results suggest that the variants may confer low-to-moderate risk for
breast and ovarian cancer and may contribute to a fraction of the cases in HBOC
families. However, further confirmative studies for the variants are warranted. All
five genes in which the variants occur play important roles in the DDR pathway,
making them good candidates genes for disease susceptibility. In addition to ATM,
which is a well-known BC susceptibility gene, MY'C is an established oncogene that
plays a role in a variety of human cancers (Hoffman & Liebermann, 2008). PL.AU
encodes a protein that plays a role in cancer metastasis (Moquet-Torcy et al, 2014).
RADT encodes a component of the cell cycle checkpoint complex that participates
in cell cycle checkpoint activation and DNA repair (Xu et al, 2009), and RRM2B
encodes a protein involved in the p53 checkpoint for the repair of damaged DNA
(Tanaka et al, 2000).

3.2 Other pathways

Pathways related to cell cycle, proliferation, apoptosis, signaling, and adhesion are
interesting candidate pathways for breast and ovarian cancer susceptibility, although
these pathways are primarily unexplored. By focusing on six exomes from early-
onset BC patients (diagnosed = 29 years), rare pathogenic variants in these potential
pathway genes were explored. For instance, deleterious frameshift variants were
detected in BNIPL, EDN3, and MAGEFT, and variants that induce a premature
stop codon were detected in DENND2D, EFCAB13, EPST11, and TICRR. Of
these, BNIPL encodes an apoptosis-associated protein that interacts with B-Cell
CLL/Lymphoma 2 (BCL2) and promotes the invasion and metastasis of human
hepatocellular carcinoma cells (Qin et al, 2003, Xie et al, 2007), whereas EDN3 is an
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important signaling molecule that participates in several key cellular processes, such
as proliferation, migration, and differentiation (Levin, 1995). Furthermore,
DENND?2D is involved in cell signaling, and altered expression levels of this gene
have been reported in cancers (Hibino et al, 2014). TICRR encodes a protein that is
a crucial regulator of DNA replication and cell cycle checkpoints (Sansam et al,
2010). Furthermore, non-synonymous variants were observed in CINP, FOCAD,
and Exonuclease 1 (EXOT), which are also of great interest. CINP is involved in DNA
replication and checkpoint signaling (Lovejoy et al, 2009). FOCAD is a tumor
suppressor gene that has been associated with polyposis and colorectal cancer
development (Weren et al, 2015). Furthermore, EXOT plays a role in mismatch
repair, and its role in susceptibility to BC has been reported (Michailidou et al, 2015).
The novel findings encourage the study of other pathways in breast/ovarian cancer
predisposition and provide information on potential candidate genes. These data can
be used an excellent foundation for future studies.
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4 Limitations of the study

Breast and ovarian cancers are genetically heterogeneous diseases in which numerous
genetic factors play multiplicative roles. Genetic predisposition factors are often rare
and family specific, and there is phenotypic variation within families, making the
identification of predisposition factors challenging. Sample selection is one of the
critical steps when identifying disease-causing genetic factors. In the current study,
breast and/or ovarian cancer families were selected according to strict high-risk
hereditary BC criteria. There criteria were chosen to select families with similar
characteristics and that are most likely to share common hereditary defects. Although
well-selected high-risk HBOC families were used in this study, the number of
analyzed patients was somewhat limited and the statistical analyses lacked significant
association results. For these reasons, these findings require further confirmation in
a larger sample sets. Moreover, the availability of samples from both affected and
healthy relatives was a limiting step in the segregation analyses of certain variants.
Thus, there is a need to continue recruiting more high-risk HBOC families and more
relatives from the studied families. Additionally, tumor samples from these patients
would be essential to further study the deleteriousness of the variants identified in
the germline. When using large sample cohorts, clinically different subtypes (e.g.,
tumors with hormone receptor status) can be utilized. For instance, a previous
Finnish study identified a novel BC susceptibility gene to be particularly associated
with triple-negative BC (Kiiski et al, 2014). Here, for example, the results implicated
that copy number variation at 3p11.1 would be more common in BC patients with
ductal and estrogen- and progesterone-receptor positive tumor. Obviously, this
result should be confirmed in the larger cohort of BC patients to see the trend more
clearly. Overall, the Finnish population, which is a homogenous group, provides an
excellent basis for genetic studies. Although, it should be noted that there can be
great variation in the mutation spectrum between different parts of Finland. For
instance, the prevalence of BRCAT7 and BRCAZ founder mutations varies across the
country (Hartikainen et al, 2007, Huusko et al, 1998, Sarantaus et al, 2000).

Since the identification of the two major breast and ovarian cancer susceptibility
genes, BRCAT and BRCA2, a variety of different methodological approaches have
been utilized in susceptibility gene studies. Each of the approaches have their
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strengths and limitations. In the current study, three different approaches were
utilized, including a candidate gene approach, genome-wide copy number variation
analysis and exome sequencing. The mutational screening of candidate genes is
accurate but often costly and time-consuming when using, for example, direct
sequencing. Genome-wide approaches provide a cost-effective and rapid approach
for the detection of a massive number of genetic variants in a single run. When using
genome-wide approaches, the challenge is to use appropriate filtering strategies to
trim down the number of candidate variants. If using filtering criteria that are too
stringent, disease-causing variants can be excluded already in the data-analysis phase.
Most commonly, variants are filtered based on allele frequency, predicted
pathogenicity, and function. Therefore, it is possible that causative variants were
missed in this study during these filtering steps. Moreover, exome sequencing detects
only variants that are located in the protein-coding region. Therefore, causative
variants that are located outside the coding region and affect, for example,
transcription, may have been missed. Additionally, focusing on certain pathway
genes (study III) might be a useful step in reducing the number of candidate variants.
However, variants in other pathways remain unexplored. Therefore, a subset of
exome-sequenced patients (study III) that included eatly-onset BC cases were re-
analyzed. In this analysis, variants in all pathways were considered potential
candidates when identifying novel candidate genes and pathways that likely play a
role in BC pathogenesis.
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5 Future prospects

There is still a very large gap in knowledge concerning genetic predisposition factors
in high-risk HBOC families that do not carry defects in BRCA7 or BRCAZ2. There
is an immense need to obtain novel information of additional breast and ovarian
cancer susceptibility genes and gene defects to identify at-risk individuals as early as
possible. In this way, these individuals and their family members can be provided
with more efficient prevention, screening strategies, and therapeutic options. For
instance, patients with defective genes in the DNA-damage repair pathway, including
BRCAT and BRCA2 mutation carriers, benefit from treatment with Poly (ADP-
ribose) polymerases (PARP) inhibitors (Livraghi & Garber, 2015).

Novel next-generation sequencing technologies provide fast and cost-effective
applications for the detection of genetic predisposition factors. Whole exome
sequencing, which focuses on only the protein-coding region of the genome, is
currently an attractive method for identifying novel susceptibility genes by (Ng et al,
2009). When additional technologies are developed and costs are reduced, whole
genome sequencing will be a major method for revealing the remaining genetic
defects that underlie these diseases. NGS technologies have been applied in clinical
settings as well. For instance, NGS has been shown to be an efficient tool in HBOC
diagnostics (Castera et al, 2014, Trujillano et al, 2015). However, the major challenge
related to NGS lies in transferring sequencing data into medical diagnoses. There is
a need to develop appropriate and validated guidelines related to data-analysis and
the interpretation of variants that are of unknown significance (Rehm et al, 2013).
Additionally, the amount of data will increase notably for whole genome sequencing,
requiring appropriate storage and handling strategies in the clinical setting.
Furthermore, when the number of candidate variants discovered through NGS
increases, there will be a need to functionally validate the findings and design novel
clinical assessment guidelines.

Moreover, multinational collaborations, such as the Collaborative Oncological
Gene-environment Study (Collaborative Oncological Gene-environment Study), are
likely to play an essential role in identifying predisposition factors for breast and
ovarian cancer. These types of consortia are able to study a massive number of
patients from a variety of populations. Additionally, new technologies have made it
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possible to collect variety of different sample types from patients. The collected
samples and specific clinical information of the patients are increasingly being stored
in biobanks, providing an excellent source for research purposes. Moreover,
sequencing efforts have led to the creation of several databases, such as the 1000
Genomes (1000 Genomes Project Consortium et al, 2012) and The Cancer Genome
Atlas (The Cancer Genome Atlas). These provide large datasets that can be freely
used in cancer genetic studies. It is likely that the available information in these and
other databases will increase massively in the coming years and will provide
unprecedented possibilities in terms of integrating data from different sources.
Constantly increasing genetic information will enable healthcare to move towards
well-tailored medical care. In the future, it will likely be possible to design
personalized screening, prevention, and therapeutic strategies and thereby optimize

the clinical management of hereditary breast and ovarian cancer.
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CONCLUSIONS

The current study was conducted to provide novel information about the genetic

factors predisposing to HBOC in high-risk BRCA7/2 founder mutation-negative

Finnish families.

The major findings of this study were following:

106

Previously known breast cancer-associated mutations in BRCA7 and CHEK2
contributed to 13.4% of the HBOC families. Proportion of the CHEK2
mutations was remarkable and clinically relevant. A novel possibly
pathogenic variant was identified in BRCA2.

Copy number variations at 3pl1.1, 5q15, 8p23.2, and 19q13.41 were of
special interest and their role in HBOC predisposition was indicated.
Deletions at 3p11.1 and 8p23.2 affected intronic regions of EPH.A3 and
CSMD1 genes, whereas duplication at 19q13.41 disrupted the coding region
of ERV17-2 gene. Additionally, deletion at 5q15 occurred at intergenic region

and was reported to affect regulatory elements.

Five variants in DNA damage response pathway genes ATM, MYC, PL.AU,
RAD7, and RRM2B may act as low-to-moderate risk alleles. A rare variant
that may have clinical relevance was detected in BRCA7. Additionally, a rare
variant in RAD50 was suggested to predispose to male breast cancer.
Variants in novel candidate genes targeting DNA repair and replication,
signaling, apoptosis, and cell cycle were observed in eatly-onset breast cancer
patients. Novel candidate genes included, for example DENNDZ2D, TICRR,
BNIPL, EDN3, and FOCAD.
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Abstract

Introduction: Two major high-penetrance breast cancer genes, BRCAT and BRCA2, are responsible for
approximately 20% of hereditary breast cancer (HBC) cases in Finland. Additionally, rare mutations in several other
genes that interact with BRCAT and BRCA2 increase the risk of HBC. Still, a majority of HBC cases remain
unexplained which is challenging for genetic counseling. We aimed to analyze additional mutations in HBC-
associated genes and to define the sensitivity of our current BRCA1/2 mutation analysis protocol used in genetic
counseling.

Methods: Eighty-two well-characterized, high-risk hereditary breast and/or ovarian cancer (HBOC) BRCAT/2-founder
mutation-negative Finnish individuals, were screened for germline alterations in seven breast cancer susceptibility
genes, BRCAT, BRCA2, CHEK2, PALB2, BRIP1, RAD50, and CDH1. BRCA1/2 were analyzed by multiplex ligation-
dependent probe amplification (MLPA) and direct sequencing. CHEK2 was analyzed by the high resolution melt
(HRM) method and PALB2, RAD50, BRIP1 and CDH1 were analyzed by direct sequencing. Carrier frequencies
between 82 (HBOC) BRCA1/2-founder mutation-negative Finnish individuals and 384 healthy Finnish population
controls were compared by using Fisher's exact test. In silico prediction for novel missense variants effects was
carried out by using Pathogenic-Or-Not -Pipeline (PON-P).

Results: Three previously reported breast cancer-associated variants, BRCAT ¢.5095C > T, CHEK2 c470T > C, and
CHEK2 c.1100delC, were observed in eleven (13.4%) individuals. Ten of these individuals (12.2%) had CHEK2 variants,
c470T > C and/or c.1100delC. Fourteen novel sequence alterations and nine individuals with more than one non-
synonymous variant were identified. One of the novel variants, BRCA2 c.72A > T (Leu24Phe) was predicted to be
likely pathogenic in silico. No large genomic rearrangements were detected in BRCAT1/2 by multiplex ligation-
dependent probe amplification (MLPA).

Conclusions: In this study, mutations in previously known breast cancer susceptibility genes can explain 13.4% of
the analyzed high-risk BRCA1/2-negative HBOC individuals. CHEK2 mutations, c470T > C and ¢.1100delC, make a
considerable contribution (12.2%) to these high-risk individuals but further segregation analysis is needed to
evaluate the clinical significance of these mutations before applying them in clinical use. Additionally, we identified
novel variants that warrant additional studies. Our current genetic testing protocol for 28 Finnish BRCA1/2-founder
mutations and protein truncation test (PTT) of the largest exons is sensitive enough for clinical use as a primary
screening tool.
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Introduction

Breast cancer (BrCa) is the most common cancer among
women in Finland, with about 4,000 cases diagnosed
yearly (Finnish Cancer Registry). It has been estimated
that a monogenic trait accounts for 5 to 10% of all BrCa
cases [1]. The two major high-penetrance BrCa genes,
BRCA1 (breast cancer 1) and BRCA2 (breast cancer 2),
are responsible for 30% of hereditary breast cancer
(HBC) cases worldwide, but only for about 20% in Fin-
land [2-4]. BRCA2 mutations have been found to be
more common in the Finnish population than BRCAI
[5]. In addition to BRCA1 and BRCA2 mutations, there
are certain hereditary cancer syndromes, such as Li-
Fraumeni, Cowden, Peutz-Jeghers and diffuse gastric
cancer syndromes, associated with a high risk of BrCa
[6-9]. However, these syndromes very seldom explain
HBC.

BRCA1 and BRCA2 have many DNA damage response
functions in the cell [10]. Therefore, it has been
hypothesized that genes coding for proteins that interact
with BRCA1 or BRCA2 or act in the same DNA repair
pathway would be likely candidate genes for HBC sus-
ceptibility. As expected, CHEK?2 (checkpoint kinase 2),
PALB2 (partner and localizer of BRCA2), BRIPI
(BRCA1-interacting protein 1), and RADS0 (human
homolog of Saccharomyces cerevisiae RAD50) have been
shown to have rare, moderate-risk BrCa-associated var-
iants, which have also been studied in the Finnish popu-
lation [11-14]. In addition, BrCa-associated variants have
been reported in the CDHI (cadherin-1) [15].

Although mutations in many genes have been found
to predispose an individual to BrCa, approximately 75 to
80% of HBC cases remain unexplained [16]. It is likely
that additional BrCa susceptibility gene mutations
remain unidentified, especially in the category of moder-
ate- to low-penetrance gene variants that individually
confer only minimal risk but that, through multiplicative
and/or cumulative effects, can cause relatively high risk
for the carriers [17]. Genome-wide association studies
(GWAs) have revealed multiple low penetrance, single
nucleotide polymorphisms (SNPs) in many genes and
chromosomal loci with increased risk of BrCa. For
example, SNPs in the fibroblast growth factor receptor 2
(FGFR2) gene have shown significant association
with increased risk among BrCa cases with strong family
history [18].

To address the problem of heterogeneous HBC in
genetic counseling, we wanted to investigate possible
additional mutations in HBC-associated genes. The aim
of this study was to screen seven known BrCa suscept-
ibility genes for additional mutations in 82 well-charac-
terized, Finnish, high-risk hereditary breast and/or
ovarian cancer (HBOC) individuals tested to be BRCAI/
2-founder mutation negative. In addition, the sensitivity
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of our current BRCAI/2 mutation analysis protocol was
defined for genetic counseling purposes.

Materials and methods

Patients and controls

Index individuals of 82 high-risk Finnish HBOC families
were screened for germline alterations in BrCa-asso-
ciated genes. All individuals had been detected to be
founder mutation-negative by minisequencing of the
previously known 28 Finnish BRCA1/2 mutations and
by protein truncation test (PTT) of exon 11 for BRCAI
and exons 10 and 11 for BRCA2. Study material had
been collected from the individuals, who visited the
Tampere University Hospital Genetics Outpatient Clinic
between January 1997 and May 2008. The hospital dis-
trict, in the area of Pirkanmaa, consists of over 20%
(1.23 million) of the Finnish population. Individuals
were chosen to be included in this study according to
the following criteria of high-risk HBC: (a) the indivi-
dual or her first-degree relative (only female family
members were included when defining first-degree rela-
tives) had BrCa or ovarian cancer (OvCa) at younger
than 30 years of age; or (b) two first-degree relatives in
the family had BrCa and/or OvCa and at least one of
the cancers had been diagnosed at younger than 40
years of age; or (c) three first-degree relatives in the
family had BrCa and/or OvCa and at least one of the
cancers had been diagnosed at younger than 50 years of
age; or (d) four or more first-degree relatives had BrCa
and/or OvCa at any age; or (e) the same individual had
BrCa and OvCa. Patient with bilateral BrCa was consid-
ered to have two separate cancers. According to these
criteria, our study material also included 11 non-affected
females in addition to 71 BrCa and/or OvCa patients.
We were also able to get blood samples from two
affected relatives in 2 out of 11 separate families with
healthy index. These relatives with BrCa were screened
for the same variant as that identified in the index. The
clinical data of the studied individuals are presented in
Table 1. As controls, 384 blood samples from anon-
ymous healthy females, collected from the Finnish Red
Cross, were used. All individuals have been informed of
the analyses, and they have given written consent to use
their already existing DNA samples. Permission for the
research project has been received from the Ethical
Committee of Tampere University Hospital and the
National Authority for Medicolegal Affairs.

Mutation detection

DNA samples of the individuals were kindly received
from the Tampere University Hospital Genetics Outpati-
ent Clinic. Mutation screening for BRCA1, BRCA2,
PALB2, BRIP1, RADS0, and CDH1 was performed by
direct sequencing. Whole-coding regions and exon-
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Number of index individuals (n = 82)

BrCa

57

Bil. BrCa OvCa BrCa and OvCa Non-affected

8

1 5 1

Age at diagnosis
(BrCa/OvCa)
<30

<40 years
<50 years
>50 years
Type of BrCa
Ductal
Intraductal
Lobular
Papillary
Medullary
Unknown

Ductal carcinomas grade known

Grade 1

Grade 2

Grade 3

ER status known
ER +

ER-

PR status known
PR+

PR-

HER2, status known
HER2+

HER2-

Type of OvCa
Serous
Endometrioid
Mucinous

Clear cell

Other

Unknown

Number of affected (BrCa/OvCa)

first-degree relatives
=2
>1

0

Number of affected (BrCa/OvCa)
second-degree relatives

>
>1

0

w —= = O N

=57
25
24

=57
5

11

41

n=16° n=1 n=10° -

N N N O

- O O O

n=16° - n=>5 -

w O O w N oo

NN

w O O
S O »

[e2)
>
Il
>
Il
@]
>
Il

- O O
w O O
o

Bil. BrCa, bilateral breast cancer; BrCa, breast cancer; ER, estrogen receptor; HER2, human epidermal growth factor receptor 2; OvCa, ovarian cancer; PR,
progesterone receptor. 8 Bilateral breast cancer cases, together 16 cancers, °5 Breast and ovarian cancer cases, together 10 cancers.

intron boundaries were analyzed. Primer sequences for
PALB2, BRIP1, and RAD50 have been reported previously
[12,13,19]. Primers for BRCA1 and BRCA2 (excluding pre-
viously analyzed exon 11 for BRCAI and exons 10 and 11
for BRCA2) and CDH1I were designed by using Primer3

software (Rozen and Skaletsky, Whitehead Institute for
Biomedical Research, Cambridge, MA, USA) [20]. CHEK2
was screened by using high-resolution melt (HRM) analy-
sis on a Bio-Rad platform (Bio-Rad Laboratories Head-
quarters, Hercules, CA, USA). Sequencing was carried out
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using the Big Dye Terminator v.3.1 Cycle Sequencing Kit
and ABIPRISM 3130 x | Genetic Analyzer (Applied Bio-
systems, Foster City, CA, USA). Sequences were analyzed
with Sequencher v.4.7 software (Gene Codes Corporation,
Ann Arbor, MI, USA). Primer sequences, detailed HRM
and PCR reaction conditions are available upon request.

Control frequencies were determined for 18 variants
by HRM (CHEK?2 variants), direct sequencing (BRCA1
c.4883T > C and RADSO0 c.1544A > G) and TagMan®
SNP genotyping assays (Applied Biosystems, Foster City,
CA, USA) and with an ABI7900 instrument (Applied
Biosystems, Foster City, CA, USA). Assays were already
designed and functionally tested for the following SNPs:
c.8182G > A (rs28897749), c.9976A > T (rs11571833),
¢.10234A > G (rs1801426), and c.1676A > G (rs152451).
As for the ¢.72A > T, ¢.814G > A, c.1000T > G, and
€.2993G > A (rs45551636) variants, assays were designed
by Custom TagMan® Assay Design Tool (Applied Bio-
systems, Foster City, CA, USA) according to manufac-
turer’s instructions.

The multiplex ligation-dependent probe amplification
(MLPA) analysis was performed for BRCAI and BRCA2
(SALSA MLPA kit P002-B1 for BRCAI (lot 0508) and
kit P090-A2 for BRCA2 (lot 0808), MRC-Holland,
Amsterdam, the Netherlands) according to manufac-
turer’s instructions and analyzed with ABIPRISM 3130xl
Genetic Analyzer and Genemapper® v.4.0 software
(Applied Biosystems, Foster City, CA, USA).

Statistical analyses

Carrier frequencies between 82 studied individuals and
384 population controls were compared by using Fish-
er’s exact test [21]. All P-values were two sided. Odds
ratios (OR) were generated by two-by-two table.

In silico prediction of novel missense variants effects

The effects of five novel-coding missense variants,
BRCA2 c.72A > T (Leu24Phe), CHEK2 c.1363G > A
(Val455Ile), PALB2 c.814G > A (Glu272Lys), PALB2
c.1000T > G (Tyr334Asp), and RADS50 c.1544A > G
(Asp515Gly), were predicted with a number of tools by
using Pathogenic-Or-Not-Pipeline (PON-P) [22]. The
predictions included those for amino acid tolerance
(programs PolyPhen version 2, Sift, PhD-SNP, SNAP)
and protein stability (I-Mutant version 3). PON-P allows
simultaneous submission of a number of variations and
proteins to selected predictors. PON-P utilizes machine
learning to combine results from several individual
predictions.

MicroRNA database and BLAST search for novel variants

MicroRNA (miRNA) target site search was performed
for the novel variant genomic positions from the micro-
RNA database (miRBase) [23]. Also BLAST search [24]
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was performed for the novel human variant genomic
positions to see if these sites are conserved among dif-
ferent organisms including mouse, rat, cow, and
chicken.

Results

Index individuals of 82 high-risk HBOC families were
screened for germline alterations in BRCAI, BRCA2,
CHEK?2, PALB2, BRIPI, RADS50, and CDHI genes.
Detailed clinical information of analyzed individuals is
shown in Table 1. All of the identified 54 sequence var-
iants with their observed genotype frequencies and rs-
numbers are presented in Supplementary Table S1 in
Additional file 1. All of the identified non-synonymous
and novel sequence alterations are summarized in Table 2.
Table 2 variants are presented in Table 3 with index indi-
vidual and family cancer history. In addition, as our study
material also included healthy index individuals from 11
families, we made an effort to get blood samples from two
affected relatives in 2 out of 11 separate families. These
relatives with BrCa were screened for the same variant as
that identified in the healthy index. Analysis was per-
formed for the new cases in family 112 (CHEK2 c.470T >
C and PALB2 c.1676A > G variants) and family 231
(BRCA1I c.4883T > C variant; Table 3). In family 112, the
case proved to have the same PALB2 c.1676A > G variant
as the index individual but in family 231, the affected rela-
tive did not carry the BRCAI ¢.4883T > C variant (data
not shown). To further evaluate the impact of these 11
healthy index cases, we recalculated the frequencies with-
out these 11 individuals for those variants accepted to be
meaningful for BrCa risk. Supplementary Table S2 in
Additional file 2 shows these re-calculated frequencies for
BRCA1 ¢.5095C > T, CHEK2 c.470T > C, and CHEK2
¢.1100delC variants. No statistically significant effect was
seen for exclusion of the 11 cases.

BRCA1 and BRCA2 mutation analysis

Analysis of BRCAI and BRCA2 revealed altogether 16 dif-
ferent sequence variants, seven in BRCA1 and nine in
BRCA2 [see Supplementary Table S1 in Additional file 1].
All but two of the identified variants in BRCA1, c.4883T >
C and ¢.5095C > T, have been reported to be neutral in
the databases. Heterozygous c.4883T > C variant was
observed in 4 of 82 (4.9%) women of which three had
BrCa and one had a family history of breast, cervix and
skin cancers (Tables 2 and 3). In population controls, the
frequency of the ¢.4883T > C variant was 6 of 367 (1.6%).
The ¢.5095C > T variant has been classified as a deleter-
ious mutation in the Breast Cancer Information Core
(BIC) database. The heterozygous ¢.5095C > T mutation
was observed in 1 of 82 (1.2%) women. The mutation car-
rying woman had BrCa diagnosed at the age of 42 years
and a strong family history of cancer (Tables 2 and 3,
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Table 2 Identified non-synonymous and novel sequence alterations

Carrier frequency
Gene/Nucleotide change®  Effect on protein rs Number®  Individuals Controls P-values OR; 95%Cl Status
BRCA1
4837A > G Ser1613Gly 51799966 0634 (52/82)9 na - - Reported® 9
4883T > C Met1628Thr rs4986854 0.049 (4/82) 0.016 (6/367) 0.090 309;0.85-11.19  Reported® ¢
5095C > T Arg1699Trp rs55770810 2 (1/82) na - - Reported® ¢
BRCA2
68-80insT - - 0012 (1/82)  na - - Novel
72A>T Leu24Phe - 0.012 (1/82) 0 (0/380) 0177 na Novel
793 + 34T > G - - 0.012 (1/82) na - - Novel
8182G > A Val2728lle rs28897749 0.012 (1/82) 0.003 (1/378) 0325 465; 0.29-75.19  Reported” d
9976A > T Lys3326Stop rs11571833 0.012 (1/82) 0.029 (11/378) 0.702 041; 0.05-3.24 Reported” d
10234A > G lle3412Val rs1801426 0.012 (1/82) 0.021 (8/379) 1.000 0.57; 0.07-4.64 Reported” d
CHEK2
444 + 85T > A - - 2 (1/82) 0.005 (2/364) 0457 2.23; 0.20-24.94  Novel
470T > C lle157Thr - 0.098 (8/81) 0.055 (21/381) 0203 1.88; 0.80-4.41 Reported®
792 +39C>T - - 2 (1/82) 0.021 (8/375) 1.000 0.57; 0.07-4.60 Novel
1100delC’ Fs, stop at codon 381 - 0.037 (3/82) 0.016 (6/380) 0.203 2.37; 0.58-9.67 Reported®
1290T > C His430His - 0951 (77/81)° 0974 (372/382)  0.281 0.52; 0.16-1.69 Novel
13147 > C Asp438Asp - 0951 (77/81)° 0974 (372/382)  0.281 052; 0.16-1.69  Novel
1363G > A Val455lle - 0975 (79/81)° 0976 (373/382)  1.000 0.95; 0.20-450  Novel
PALB2
814G > A Glu272Lys - 2 (1/82) 0 (0/372) 0.181 na Novel
1000T > G Tyr334Asp - 2 (1/82) 0.011 (4/380) 1.000 1.16; 0.13-10.52  Novel
1010T > C Leu337Ser rs45494092 0.073 (6/82) na - - Reported®
1676A > G GIn559Arg rs152451 2 (10/82)  0.173 (64/371) 0323 067;033-136  Reported®
2205A > G Pro735Pro - 2 (1/82) na - - Novel
2794G > A Val932Met rs45624036 0.037 (3/82) na - - Reported®
2993G > A Gly998Glu rs45551636 2 (1/82) 0.038 (14/372) 0491 0.32; 0.04-2.44 Reported®
BRIP1
584T > C Leu195Pro rs4988347 0.024 (2/82) na - - Reported®
2755C > T Pro919Ser rs4986764 0390 (32/82°¢ na - - Reported”
RAD50
1544A > G Asp515Gly - 0.012 (1/82) 0.010 (4/384) 1.000 1.17;0.13-1063  Novel
2398-32A > G - - 0.012 (1/82) na - - Novel
3475 +33C> G - - 0.012 (1/82) na - - Novel

Cl, confidence interval; Fs, frameshift; na, not analyzed; OR, odds ratio. *The reference nucleotide sequencies were obtained from the UCSC Genome Browser [44]
and the accession numbers were following: BRCAT: [UCSC Genome Browser:NM_007295.2], BRCA2: [UCSC Genome Browser:NM_000059.3], CHEK2: [UCSC Genome
Browser:NM_007194.3], PALB2: [UCSC Genome Browser:NM_024675.3], BRIP1: [UCSC Genome Browser:NM_032043.1], RAD50: [UCSC Genome Browser:
NM_005732.3], and CDH1: [UCSC Genome Browser:NM_004360.3]. The accession numbers for the protein sequencies obtained from the Swiss-Prot Protein
knowledgebase [45] were following: BRCAT: [Swiss-Prot:P38398], BRCA2: [Swiss-Prot:P51587], CHEK2: [Swiss-Prot:096017], PALB2: [Swiss-Prot:Q86YC2], BRIP1: [Swiss-

Prot:Q9BX63], RAD50: [Swiss-Prot:092878], and CDHT: [Swiss-Prot:P12830]. ®The RefSNP number, obtained from the NCBI Single Nucleotide Polymorphism
database (dbSNP) [46]. “The NCBI dbSNP [46]. “The Breast Cancer Information Core database [47]. “Reported in the Finnish population by Vahteristo et al. [11].
fHeterozygous deletion or insertion.2Due to the high frequency of the variant observed in analyzed individuals, variant is not presented in Table 3.

Figure 1, Family 249). Additional mutation analysis also
revealed two other affected women carrying the ¢.5095C >
T mutation in the same family. In BRCA2, three of the
nine identified variants were novel, c.68-80insT, c.72A > T,
and ¢.793 + 34T > G (Tables 2 and 3.). The heterozygous
missense variant ¢.72A > T (Leu24Phe), was observed in 1
of 82 (1.2%) women but not in population controls. The
¢.72A > T variant carrying woman had BrCa diagnosed at
the age of 53 years. She had also two affected first-degree

relatives (mother and sister). Protein predictions by PON-P
suggested that substitution of leucine by phenylalanine in
position 24 changes significantly the properties of the side
chain and the substitution would not be tolerated. All the
other identified variants in BRCA2 have been reported pre-
viously and they are either neutral or the clinical signifi-
cance of the variants is yet uncertain especially with the
three missense variants, ¢.8182G > A, c.9976A > T and
¢.10234A > G (Tables 2 and 3). No deletions or duplication
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Family id Gene and variant Type of cancer BrCa/OvCa Histology,Grade Receptor status Other cancer cases in the family
(Age at diagnosis if available)
202 BRCA1, 4883T > C Br (26) Ductal, 3 ER-, PR-, HER2- Skin (54)
206 BRCAT, 4883T > C Br (53) Ductal, 1 ER-, PR-, HER2- Bil. Ov (64), Br (49)
231 BRCAT, 4883T > C - Br x2 (33, 46), Cer (60), Skin (73)
232 BRCAT, 4883T > C Br (34) Ductal, na ER +, PR +, HER2 na w
249 (Figure 1) BRCAT, 5095C > T Br (42) Medullary, na na Br x5 (35, 44, 57,67, 71,),
Co (78), Kid (67), Mel (63), Ov (45),
Skin, To (51), Ute (39)
115 BRCA2, 68-80insT Br (59) Lobular, 2 ER+, PR+, HER2- Br x3 (<50), Br x2 (60, 60)
240 BRCA2, 72A > T Br (53) Ductal, 3 ER+, PR-, HER2+ Br x2 (42, 62)
207 BRCA2, 793 + 34T > G Br (38) na na Bil. Br (64)
5 (Figure 8) BRCA2, 8182G > A - Bil. Br x2 (43, 48 and 54, 76),
BRCA2, 10234A > G Br (43), Brain (75), Lip (45), Lung (81),
Skin (75), Sto (56)
4 BRCA2, 9976A > T - Bil. Br x2 (53, 69 and <70),
CHEK2, 470T > C Br (<70)
212 CHEK2, 444 + 85T > A BIil. Br (43) Ductal, 2 and na ER+, PR+, HER2-and  Br (52)
PALB2, 2794G > A na
110 (Figure 3) CHEK2, 792 +39C > T Br (26) Ductal, 2 ER+, PR+, HER2+ Br (48), Ca (84), Pr (64)
CHEK2, 470T > C
CHEK2, 1100delC
RAD50, 2398-32A > G
112 CHEK2, 470T > C - Br x3 (35, 43, 83), Skin (76),
PALB2, 1676A > G Lung (71)
120 CHEK2, 470T > C - Br (64), Ov (72)
122 CHEK2, 470T > C Br (25) Ductal, 2 ER-, PR-, HER2+ Brain (66, Ca (83),Cer (31),
Pr (93), Re (73), Skin (87)
126 CHEK2, 470T > C Br (48) Ductal, na ER, PR, HER2 na Bil. Br, Br x2 (51, <53)
129 (Figure 2) CHEK2, 470T > C Skin (70), Lobular, 2 and ER-, PR-, HER2- and Bil. Br (59), Co (58), Skin (48)
PALB2, 1676A > G Bil. Br (78), Ductal, 1 ER+, PR+, HER2-
Sto (82)
262 (Figure 6) CHEK2, 470T > C Bil. Br Intraductal, na and ER+, PR+, HER2+ and  Br (57), Panc (83), Si (79)
PALB2, 1000T > G (45, 58) Ductal, na ER+, PR+, HER2-
264 (Figure 4) CHEK2, 1100delC Bil. Br (44) Lobular, 2 ER+, PR+, HER2- Br x2 (44, 52)
265 (Figure 5) CHEK2, 1100delC Br (45) Ductal, 3 ER+, PR+, HER2+ Br (38)
PALB2, 1676A > G
237 PALB2, 814G > A Br (28) Ductal, 2 ER+, PR+, HER2+ -
133 PALB2, 1010T > C Br (48) Ductal, 2 ER+, PR+, HER2- Int, Br x2 (73, 79), Skin (60)
235 PALB2, 1010T > C Br (52) na na Bil. Br (28), Br (56)
239 PALB2, 1010T > C Br (37) Ductal, 2 ER+, PR+, HER2- Br (> 90)
250 PALB2, 1010T > C Br (24) Ductal, 3 ER+, PR+, HER2+ Cer (30), Ov (83)
260 PALB2, 1010T > C Br (29) Ductal, 3 ER-, PR-, HER2- Br (58), Lung (60)
267 PALB2, 1010T > C Br (48) Ductal, 1 ER+, PR+, HER2 na Br x2 (51, 58)
113 PALB2, 1676A > G Br (51), Ductal, 3 ER-, PR-, HER2+ Br (35)
Skin (55)
131 (Figure 7) PALB2, 1676A > G Bil. Br (54) Intraductal, na and na Bil. Br (46), Br (48)
BRIP1, 584T > C Ductal, 2
229 PALB2, 1676A > G Bil. Br (68) na na Bil. Br (50, 70), Br x2 (45, 50)
236 PALB2, 1676A > G Br (29) Intraductal, na na Br (52)
246 PALB2, 1676A > G Thy (30), Ductal, 3 ER-, PR-, HER2+ Br x2 (49, 54), Re (61)
Cer (33),

Br (39)
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268 PALB2, 1676A > G Br (62) Papillary, na
PALB2, 2205A > G

271 PALB2, 1676A > G Thy (62), Lobular, 2

Br (65)

102 PALB2, 2794G > A Br (29) Lobular, na
BRIP1, 584T > C

244 PALB2, 2794G > A Br (45) Ductal, 2

270 PALB2, 2993G > A Br (66) Ductal, 3

257 RAD50, 1544A > G Br (39) Lobular, 2

225 RAD50, 3475+33C > G Br (43) Ductal, 1

ER+, PR+, HER2- Br x2 (36, 38)

ER+, PR+, HER2- Br x2 (43, 44)
ER-, PR-, HER2+ Br (72)

ER+, PR+, HER2- Bil. Br (<45), Br x2 (<35, 46),

Brain (67)
ER+, PR+, HER2- Br x2 (48, <66)
ER+, PR+, HER2- Br (69)
(

ER+, PR+, HER2- Br x2 (52, 77), Kid (64)

ER, estrogen receptor; PR, progesterone receptor; HER2, human epidermal growth factor receptor 2; na, not available; Bil, Bilateral; Br, breast; Ca, cancer with
unknown primary site; Cer, cervix; Co, colon; Int, intestines; Kid, kidney; Mel, melanoma; Ov, ovary; Panc, pancreas; Pr, prostate; Re, rectum; Si, Sigma; Sto,
stomach; Thy, thyroid; To, tongue; Ute, uterus. *"Homozygous variant. Cancers diagnosed in the paternal side of the family are presented in italics. Cancers diagnosed
in siblings or their children of the index patients are underlined. Cancers diagnosed in the children of the index patients are presented in bold.

were identified either in BRCAI or BRCA2 by multiplex
ligation-dependent probe amplification (MLPA).

CHEK2 mutation analysis

In CHEK?2, two previously reported BrCa-associated var-
iants in the Finnish population, ¢.470T > C and
¢.1100delC, were identified in 10 of 82 (12.1%) individuals
(Tables 2 and 3). The heterozygous c¢.470T > C variant
was observed in eight women of which three were healthy.
Two of the ¢.470T > C variant carriers had bilateral BrCa
and they carried also PALB2 missense variants (an exam-
ple of the family pedigree of the index individual carrying
the both variants is presented in Figure 2, Family 129).

The heterozygous ¢.1100delC variant was detected in
three women (Tables 2 and 3). One woman carrying
¢.1100delC with an early-onset disease of 26 years of age
also carried the c.470T > C and the novel ¢.792 + 39C > T
CHEK?2 variants as well as the RADS50, c.2398-32A > G
variant (Figure 3, Family 110). A second patient with the
¢.1100delC variant had bilateral BrCa at the age of 44
years and two other affected individuals in her family
(mother and father’s sister; Figure 4, Family 264). A third
patient with the ¢.1100delC variant had BrCa diagnosed at
the age of 45 years and one affected individual (mother) in
her family. This woman carried also the PALB2 c.1676A >
G variant (Figure 5, Family 265). In addition to c.470T > C

Br 44

Family 249
Br71 Skin ‘Mel 63Br 57 Q’te 39
o 78 Br 67
Kid 67
Ov Br 35 Br42 72 o 51

45 BRCA1, ¢.5095C>T | BRCA1, ¢.5095C>T

BRCAT1, ¢.5095C>T

Figure 1 Family 249 pedigree. Family pedigree of the index individual with the identified BRCAT c.5095C > T variant (same variant was also
identified in the daughter of the index individual and in the daughter of the index individual's paternal uncle). Individuals with breast or ovarian
cancer with age at diagnosis are marked with black circles. Other cancers are marked in grey and accompanied by age at diagnosis, if known.
Index individual is marked with an arrow. Deceased individuals are indicated with a slash. Current ages of healthy females are marked if known.
Br, breast cancer; Co, colon; Kid, kidney; Mel, melanoma; Ov, ovarian cancer; To, tongue; Ute, uterus.
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Family 129

T EEY e LT

Bil. Br 59, 64

Skin 7
Bil. Br 78

Sto 82

CHEK2, c.470T>C
PALB2, c.1676A>G

Skin 48

Co 58
Figure 2 Family 129 pedigree. Family pedigree of the index
individual with the identified CHEK2 c470T > C and PALB2 c.1676A
> G variants. Individuals with breast cancer with age at diagnosis
are marked with black circles. Other cancers are marked in grey and
accompanied by age at diagnosis, if known. Index individual is
marked with an arrow. Deceased individuals are indicated with a
slash. Bil. Br, bilateral breast cancer; Co, colon; Sto, stomach.

and ¢.1100delC, five novel variants (Table 2) and one com-
mon polymorphism [see Supplementary Table S1 in Addi-
tional file 1] were identified in CHEK2. The novel non-
synonymous variant, ¢.1363G > A (Val455lle), is based on
the computational predictions, and is likely benign.

PALB2 mutation analysis

In PALB2, altogether nine different variants, including
three novel ones, were identified [see Supplementary
Table S1 in Additional file 1]. Only one of the identified
variants reported previously, c.2586 + 58C > T, has been

Family 110
Pr 64 Ca
Br 48 53 53 59
N\ 37
Br 26

CHEK2, c.470T>C

CHEK2, c.792+39C>T

CHEK2, c.1100delC

RADS50. c.2398-32A>G
Figure 3 Family 110 pedigree. Family pedigree of the index
individual with the identified CHEK2 c470T > C, ¢.792 + 39C > T,
¢.1100delC, and RAD50 c. 2398-32A > G variants. Individuals with
breast cancer with age at diagnosis are marked with black circles.
Other cancers are marked in grey and accompanied by age at
diagnosis, if known. Index individual is marked with an arrow.
Deceased individuals are indicated with a slash. Current ages of
healthy females are marked if known. Br, breast cancer; Ca, cancer

Family 264

Br 52

W Bil. Br44 52

CHEK2,
c.1100delC

17

Figure 4 Family 264 pedigree. Family pedigree of the index
individual with the identified CHEK2 c.1100delC variant. Individuals
with breast cancer with age at diagnosis are marked with black
circles. Index individual is marked with an arrow. Deceased
individuals are indicated with a slash. Current ages of healthy females
are marked if known. Bil. Br, bilateral breast cancer; Br, breast cancer.

with unknown primary site; Pr, prostate.

associated with a 36% increase of BrCa risk (odds ratio
(OR): 1.36; 95% confidence intervals (CIs), 1.13-1.64; P =
0.001) in a Chinese population [25]. We identified the
¢.2586 + 58C > T variant in 36 of 82 (43.9%) women. A
novel heterozygous c.814G > A variant was identified in

Family 265
Br 38
Br 45

CHEK2, c.1100delC
PALB2, c.1676A>G

22

Figure 5 Family 265 pedigree. Family pedigree of the index
individual with the identified CHEK2 ¢.1100delC and PALB2 c.1676A >
G variants. Individuals with breast cancer with age at diagnosis are
marked with black circles. Index individual is marked with an arrow.
Current ages of healthy females are marked if known. Br, breast cancer.
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1 of 82 (1.2%) women but not in population controls
(Tables 2 and 3). The ¢.814G > A variant carrying
woman had BrCa diagnosed at the age of 28 years, but no
other affected individuals were seen in her family. The
¢.814G > A variant results in amino acid substitution of
glutamic acid to lysine at position 272, which causes a
significant change to side chain properties including size
and change of the charge to opposite. However, protein
predictions by PON-P suggest that variation is neutral.
The second novel heterozygous variant, c.1000T > G
(Tyr334Asp), was observed in 1 of 82 (1.2%) women and
in 4 of 380 (1.1%) population controls. The c.1000T > G
variant carrying woman had bilateral BrCa diagnosed at
the ages of 45 and 58 years and a family history of three
other cancers (Tables 2 and 3, Figure 6, Family 262). She
carried also the CHEK2 ¢.470T > C variant. However, the
protein predictions for the c.1000T > G (Tyr334Asp) var-
iant suggest it to be neutral. A third novel heterozygous
variant, ¢.2205A > G (Pro735Pro), is silent and likely to
be neutral. It was observed in 1 of 82 (1.2%) women
(Tables 2 and 3). Previously reported PALB2 missense
variants, ¢.1010T > C, c.1676A > G, ¢.2794G > A, and
€.2993G > A were identified here with frequencies from
1.2% to 12.2% in analyzed individuals (Tables 2 and 3)
but the variants have not been associated with BrCa risk
(an example of the family pedigree of the index individual

Family 262

Sig 79| Br 57, Panc 83

Bil. Br 45, 58

CHEK2, c.470T>C
ALB2, c.1000T>G

29 23

Figure 6 Family 262 pedigree. Family pedigree of the index
individual with the identified CHEK2 c470T > C and PALB2 c.1000T
> G variants. Individuals with breast cancer with age at diagnosis
are marked with black circles. Other cancers are marked in grey and
accompanied by age at diagnosis, if known. Index individual is
marked with an arrow. Deceased individuals are indicated with a
slash. Current ages of healthy females are marked if known. Bil. Br,
bilateral breast cancer; Br, breast cancer, Panc, pancreas; Si, sigma.
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carrying the c.1676A > G variant in addition to the BRIPI
¢.584T > C variant is presented in Figure 7, Family 131).

BRIP1, RAD50, and CDH1 mutation analysis

In BRIPI, two silent [see Supplementary Table S1 in
Additional file 1] and two missense variants (Tables 2
and 3) were identified. All of the identified variants have
been reported previously and they are likely to be neu-
tral. In RADS50, altogether seven sequence alterations
were observed [see Supplementary Table S1 in Addi-
tional file 1] and three of these were novel (Table 2).
The novel missense variant, c.1544A > G (Asp515Gly),
was observed in 1 of 82 (1.2%) women and in 4 of 384
(1.1%) population controls. The c.1544A > G variant
carrying woman had BrCa diagnosed at the age of 39
years and one affected first-degree relative (Table 3).
According to protein predictions, c¢.1544A > G variant is
likely to be neutral. Two other novel variants, ¢.2398-
32A > G and ¢.3475 + 33C > G, were both observed
with the frequency of 1 of 82 (1.2%) in analyzed indivi-
duals (Tables 2 and 3). In CDH1, 10 different sequence
alterations were identified [see Supplementary Table S1
in Additional file 1]. All of the variants have been
reported previously and they are likely neutral.

MicroRNA database and BLAST search for novel variants

No known miRNA target sites were found in the identi-
fied novel variant genomic positions. In BLAST search,
BRCA2 ¢.72A > T variant position was found to have
sequence similarities between rat and cow. RADS0

Family 131

Vs y )

Se.

Bil. Br46 Br48

85 Z

il. Br 54

PALB2, c.1676A>G
BRIP1, c.584T>C

43 37

Figure 7 Family 131 pedigree. Family pedigree of the index
individual with the identified PALB2 c.1676A > G and BRIPT c.584T >
C variants. Individuals with breast cancer with age at diagnosis are
marked with black circles. Index individual is marked with an arrow.
Deceased individuals are indicated with a slash. Current ages of
healthy females are marked if known. Bil. Br, bilateral breast cancer;
Br, breast cancer.
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c.1544A > G variant position shared similarities with
mouse, rat, cow and chicken. Three novel variant posi-
tions in CHEK2 exon 11 and the RADS0 ¢.3475 + 33C >
G variant shared sequence similarity between mouse, rat
and cow. Variants that occur in the genomic regions
that are conserved across species may indicate a patho-
genic role.

Discussion

In the present study, we screened BrCa susceptibility
genes in 82 Finnish high-risk HBOC individuals with no
known Finnish BRCA1/2-founder mutations. As genetic
counseling and surveillance is greatly needed for these
individuals and their families, we decided to study
BRCA1/2 in more detail and also to analyze five addi-
tional genes that had previously been associated with
BrCa risk.

The majority of known BRCA1/2 alterations are small
insertions and deletions or point mutations (BIC data-
base). Also, large genomic rearrangements have been
reported in both genes with varying frequencies in dif-
ferent populations [26]. In Finland, so far only Pylkis et
al. have reported a large deletion in BRCAI identified in
a Finnish OvCa family [27]. In our study, no deletions
or duplications were found in either BRCAI or BRCA2
by MLPA, which suggests the existence of more
restricted alterations. A total of 16 different sequence
variants were identified from these two genes [see Sup-
plementary Table S1 in Additional file 1] and only one
of the identified variants, ¢.5095C > T in BRCAI, has
been classified as a clinically significant mutation in the
BIC database. In line with this classification, our BrCa
patient carrying this variant had a strong family history
of cancer (Tables 2 and 3, Figure 1, Family 249) and
two other variant carriers with BrCa were also observed
in the same family. The ¢.5095C > T mutation thus can
explain a fraction of the BrCa cases also in the Finnish
population. The clinical significance of the BRCAI
c.4883T > C variant in BrCa predisposition is uncertain
[28,29]. Our data support the idea that it is a low-pene-
trant risk allele, because the variant was observed to be
three times more common in analyzed high-risk indivi-
duals than healthy population controls (Tables 2 and 3).
Novel variant findings in BRCA2 (Tables 2 and 3) war-
rant additional studies, especially the novel missense
variant, ¢.72A > T (Leu24Phe), which was shown not to
be tolerated by protein prediction. Prediction indicated
that the substitution decreases the stability of the pro-
duced protein and this might be the mechanism behind
the disease for this variant. The amino acid position 24
is located near the N-terminal part of BRCA2. Amino
acids 1 to 40 interact with PALB2, and sequence var-
iants in this region have been shown to have effects on
the PALB2 and BRCA2 interaction and thus are
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suspected to have a role in cancer predisposition [30].
The role of the three BRCA2 missense variants, ¢.8182G
> A, c9976A > T, and c.10234A > G, in HBOC risk, is
uncertain [31-33]. All three heterozygous variants were
observed in two healthy women with a history of BrCa,
one carrying the c.9976A > T variant and the other
both the ¢.8182G > A and c.10234A > G variants
(Tables 2 and 3, Figure 8, Family 005). At this stage,
because we only have samples from the index indivi-
duals, no segregation analyses of the variants have been
performed, but these families clearly warrant additional
studies. In recent risk models, it has been suggested that
multiple low-risk variants within the same individual
may actually cause a significantly elevated risk for the
carrier [17]. The overall low frequency of new variants
identified in BRCA1/2 genes suggests that the present
protocol for testing 28 Finnish BRCA1/2-founder muta-
tions and PTT of the largest exons is adequate for clini-
cal use to detect the majority of harmful mutations in
these two genes in the Finnish population.

Two of the CHEK2 variants, ¢.470T > C and
¢.1100delC, have been widely studied in BrCa predispo-
sition in Finland and elsewhere. Previous studies have
shown that the ¢.1100delC allele confers about a two-
fold elevated BrCa risk in women, whereas ¢.470T > C
is a lower risk variant [34,35]. Both variants also

Family 005
Q e
Br 43, Sto 56
Skin 75, Brain é"- Br 43, 48 Bil. Br 54, 76
75, ’ Lip 45
Lung 81

Iy

BRCA2, c.8182G>A
BRCA2, c.10234A>G

Figure 8 Family 005 pedigree. Family pedigree of the index
individual with the identified BRCA2 ¢.8182G > A and ¢.10234A > G
variants. Individuals with breast cancer with age at diagnosis are
marked with black circles. Other cancers are marked in grey and
accompanied by age at diagnosis, if known. Index individual is
marked with an arrow. Deceased individuals are indicated with a

slash. Bil. Br, bilateral breast cancer; Br, breast cancer; Sto, stomach.
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associate with other cancers in the Finnish population
[36-38]. In our study, two of the CHEK2 variants,
c470T > C and ¢.1100delC, were identified in 10 out of
82 analyzed individuals (12.2%) suggesting that the con-
tribution of the two CHEK?2 variants to BrCa risk is
remarkable in the high-risk Finnish BRCA1/2-founder
mutation-negative individuals. However, clinical screen-
ing of the CHEK?2 variants has not yet been justified due
to unclear clinical consequences related to incomplete
segregation of the variants with BrCa in the high-risk
BrCa families [39,40]. Based on the findings of this
study, we agree that interpretation of the CHEK2 muta-
tion analysis results is very difficult, because many other
gene variants were also identified in individuals with
either ¢.470T > C or ¢.1100delC variants and some of
the variant carriers had not (yet) been diagnosed with
BrCa. Thus profound segregation analysis of the c.470T
> C and c.1100delC variants for BRCA1/2-founder
mutation-negative families would be needed to further
study clinical significance of these variants. Also the
novel variants identified in CHEK2 should be further
analyzed.

PALB2 has been associated with BrCa predisposition
in Finland by Erkko et al. [12] and the c.1592delT var-
iant was classified as a Finnish founder mutation. In this
study the founder deletion was not found, which is
probably explained by the limited number of analyzed
high-risk HBOC individuals. We identified two novel
PALB2 missense variants, ¢.814G > A (Glu272Lys) and
¢.1000T > G (Tyr334Asp), in affected individuals (Tables
2 and 3). Protein predictions suggested a non-patho-
genic role of these substitutions but further studies are
needed to confirm these findings. None of the four pre-
viously reported PALB2 missense variants, ¢.1010T > C,
c.1676A > G, ¢.2794G > A, and ¢.2993G > A, have been
associated with BrCa risk [12,41]. Interestingly, these
variants were identified also together with other variants
in analyzed individuals (Tables 2 and 3). One of the
identified intronic variants, ¢.2586 + 58C > T, has been
associated with an increase of BrCa risk in a Chinese
population [25] but there is no evidence of that in the
Finnish population.

BRIPI and RADSO0 genes have been shown to have rare
BrCa associated variants in familial BrCa patients [14,42].
Here, BRIP1 mutation analysis revealed only previously
reported likely neutral variants. Whereas analysis of
RADS50 identified three novel sequence alterations,
including one missense variant, c.1544A > G (Asp515Gly)
(Tables 2 and 3). To further study the role of these novel
variants, additional analyses are needed. Germline muta-
tions in CDH1I have been previously found to associate
with hereditary diffuse gastric cancer syndrome, but
mutations have been also identified in familial invasive
lobular BrCa patients without hereditary diffuse gastric
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cancer [15,43]. Here, only neutral variants were identi-
fied, and all of them have been reported earlier [see Sup-
plementary Table S1 in Additional file 1]. No clear
results were found that any of the identified genetic var-
iants in BRIP1, RAD50, or CDH1 would increase the
BrCa/OvCa risk in the analyzed high-risk Finnish HBOC
individuals.

Conclusions

In this study, 13.4% of the analyzed, high-risk BRCA1/2-
founder mutation-negative HBOC cases can be
explained by previously reported mutations in BrCa sus-
ceptibility genes. CHEK2 mutations, ¢.470T > C and
¢.1100delC, make a considerable contribution (12.2%) to
these high-risk individuals but further segregation analy-
sis are needed to evaluate the clinical significance of
these mutations before applying them in clinical use.
Novel variant findings warrant additional studies with
special interest in the novel missense variant, BRCA2
c.72A > T (Leu24Phe), which was predicted to bear
untolerated mutations and to destabilize the protein.
The complex nature of HBOC addresses the need for
genome-wide approaches to further study these indivi-
duals and to create new tools for genetic counseling.
This study also confirmed that our current genetic test-
ing protocol for the 28 Finnish BRCA1/2-founder muta-
tions and PTT of the largest exons is sensitive enough
for clinical use in the majority of Finnish HBC/HBOC
individuals.

Additional material

Additional file 1: Supplementary Table S1. All of the identified 54
sequence alterations. Supplementary Table ST include detailed
information about all of the identified sequence alterations.

Additional file 2: Supplementary Table S2. Identified breast cancer
associated variants in affected 71 individuals. Supplementary Table
S2 includes re-calculated frequencies for BRCAT ¢.5095C > T, CHEK2
c470T > C, and CHEK2 c.1100delC variants in affected 71 index
individuals (11 unaffected index individuals excluded).
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Abstract

Background: Inherited factors predisposing individuals to breast and ovarian cancer are largely unidentified in a majority of
families with hereditary breast and ovarian cancer (HBOC). We aimed to identify germline copy number variations (CNVs)
contributing to HBOC susceptibility in the Finnish population.

Methods: A cohort of 84 HBOC individuals (negative for BRCAT1/2-founder mutations and pre-screened for the most
common breast cancer genes) and 36 healthy controls were analysed with a genome-wide SNP array. CNV-affecting genes
were further studied by Gene Ontology term enrichment, pathway analyses, and database searches to reveal genes with
potential for breast and ovarian cancer predisposition. CNVs that were considered to be important were validated and
genotyped in 20 additional HBOC individuals (6 CNVs) and in additional healthy controls (5 CNVs) by qPCR.

Results: An intronic deletion in the EPHA3 receptor tyrosine kinase was enriched in HBOC individuals (12 of 101, 11.9%)
compared with controls (27 of 432, 6.3%) (OR = 1.96; P=0.055). EPHA3 was identified in several enriched molecular functions
including receptor activity. Both a novel intronic deletion in the CSMD1 tumor suppressor gene and a homozygous
intergenic deletion at 5915 were identified in 1 of 101 (1.0%) HBOC individuals but were very rare (1 of 436, 0.2% and 1 of
899, 0.1%, respectively) in healthy controls suggesting that these variants confer disease susceptibility.

Conclusion: This study reveals new information regarding the germline CNVs that likely contribute to HBOC susceptibility in
Finland. This information may be used to facilitate the genetic counselling of HBOC individuals but the preliminary results
warrant additional studies of a larger study group.
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gene expression through a dosage effect or by disrupting gene
regulatory elements [10]. CNVs were initially associated with
neurological disorders, but studies have demonstrated the role of
CNVs also in other diseases, including several cancers [11-15].

Introduction

Breast cancer (BC) is the most common cancer among women
in western countries, including Finland. Inherited BC risk is

known to be associated with rare, highly penetrant variants,
mainly single nucleotide polymorphisms (SNPs) and small
insertions and deletions (indels) in BRCAI and BRCA2, which
account for nearly 20% of hereditary breast and/or ovarian
cancer (HBOC) cases in Finland [1-3]. Additionally, variants in
other BRCAI/2 interacting genes, including CHER?, PALB2,
RADS51C, and Abraxas, are known to account for a low proportion
of HBOC susceptibility in the Finnish population [4-7].

In addition to SNPs and small indels, copy number variations
(CNVs) contribute to susceptibility to complex diseases and
disorders [8]. A CNV is a segment of DNA (1 kb or larger) that
presents an altered copy number compared with the reference
genome [9]. Depending on the location, CNVs may affect target
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Despite the fact that several heritable risk factors for breast and
ovarian cancer have been recognised, in the majority (up to 80%)
of HBOC families, inherited risk is likely explained by yet
unknown factors, which makes genetic counselling and clinical
surveillance challenging. The contribution of rare germline CNVs
to breast and ovarian cancer susceptibility has also been
established in the Finnish population, but their role is mostly
unexplored [16,17]. Therefore, new information regarding germ-
line CNVs and their role in HBOC predisposition is needed to
identify CNVs that may be used clinically to facilitate the genetic
counselling of HBOC: families.

To determine additional genetic factors contributing to HBOC
susceptibility in the Finnish population and gain new information
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for genetic counselling, we analysed germline CNVs in a cohort of

84 well-characterised HBOC BRCAI/2-founder mutation-nega-
tive Finnish individuals who have been pre-screened for the most
common high- and moderate-penetrant genes [18].

Materials and Methods

Study Material

Index individuals from 84 HBOC families were collected from
the Tampere University Hospital Genetics Outpatient Clinic
between January 1997 and May 2008. Individuals were selected
according to previously reported high-risk hereditary BC criteria
[18]. All individuals had been determined to be founder mutation-
negative by minisequencing the 28 previously known Finnish
BR(AI1/2 mutations and a protein truncation test (PTT) for
BRCAI exon 11 and BRCAZ exons 10 and 11. Eighty-one of the
individuals included in this study have previously been charac-
terised and screened for germline alterations in seven known BC-
associated genes [18]. In addition, the index individuals from three
additional HBOC families were included (described in File S1).
For CNV validation analysis, index individuals from 20 additional
HBOC families, collected from Turku University Hospital
Genetics Outpatient Clinic between 2007 and 2011 were utilised.
Clinical characteristics of the 20 additional HBOC individuals
(negative for BRCAI/2-mutations) are described in File S2. As
controls, 905 DNA samples from anonymous healthy females,
collected from the Finnish Red Cross, were used. All of the HBOC
individuals studied have been informed of the analyses, and they
have given written consent to use their existing DNA samples.
Permission for the research project has been received from the
Ethical Committees of Tampere and Turku University Hospitals
and the National Authority for Medicolegal Affairs.

Copy Number Variation Analysis

The DNA samples from 84 HBOC individuals and 36 controls
were genotyped by using the genome-wide SNP array HumanCly-
toSNP-12 v.2.1 Beadchip (Illumina, Inc, San Diego, CA, USA),
which targets regions of known cytogenetic importance. Sample
preparation was performed according to the Infinium II assay
protocol (Illumina, Inc, San Diego, CA, USA) at the Institute for
Molecular Medicine, Finland. Log R Ratios (LRRs), B Allele
frequencies (BAF), and X and Y channel intensities for each
sample were exported from normalised Illumina data using
GenomeStudio software (GSGTv1.7.4) to perform CNV calling.
All of the samples had call rates greater than 99.5%. High sample
quality was ensured by applying previously reported quality
criteria [19]. Thus, 81 HBOC individuals and 35 controls were
suitable for analysis. CNV calling was performed with the
PennCNV (2009Aug?27) program [19]. Additionally, two other
programs, QuantiSNP v2.3 [20] and cnvPartition v3.1.6 (Illumina
Inc, San Diego, CA, USA) were used to confirm the PennCNV
results when selecting CNVs for validation. Programs were used
with default parameters. CNVs spanning less than three SNPs
were filtered out.

Statistical Analyses

CNV distribution and median lengths were compared between
HBOC individuals and controls using the Wilcoxon test (R
v2.15.2, R Development Core Team, R Foundation for Statistical
Computing, Vienna, Austria). CNV carrier frequencies between
HBOC individuals and controls were compared with the Fisher’s
exact or ¥ tests (R v2.15.2 and PLINK v.1.07 [21]). All P-values
were two-sided. A P-value<0.05 was considered statistically
significant. Furthermore, a VCD package was implemented in R
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to estimate the numerical values of the odds ratios for enrichment
analysis in case a non-numerical value was returned from the
Fisher’s exact test [22].

CNV Validation and Genotyping by Quantitative Real-
time PCR (gPCR)

Selected CNVs were validated (6 CNVs) and genotyped in 20
additional HBOC individuals (6 CNVs) and in 299-869 additional
healthy female controls (5 CNVs) by TagMan® Copy Number
Assays and TagMan® real-time PCR, respectively, on an ABI
PRISM 7900 sequence detection system (Applied Biosystems,
Foster City, CA, USA). The following pre-designed TaqgMan®
Copy Number Assays were used: Hs04703682_cn (2q34),
Hs03458738_cn (3pll.1), Hs03253932_cn (5q15),
Hs06178677_cn  (8p23.2), Hs02640223_cn (17q21.31), and
Hs04482315_cn (19q13.41). As an internal standard, a TaqMan®
RNaseP Reference Assay (Applied Biosystems, Part Number
4403326) was run with the pre-designed TagMan® Copy Number
Assays in a duplex, real-time PCR reaction (see File S3 for more
details).

Data Analysis

Identified CNVs were queried for overlap with the Database of
Genomic Variants (DGV), Toronto (http://projects.tcag.ca/
variation/) using NCBI Genome Build 36 (hg 18). A CNV locus
was considered novel if it did not overlap with any of the
established CNV loci in the DGV. CNVs were annotated using
NCBI RefSeq genes (http://www.ncbi.nlm.nih.gov/RefSeq/) to
identify genes/exons overlapping the observed CNV loci. For
mntergenic  CNVs, the loci were expanded upstream and
downstream of the CNV to identify neighbouring genes.

Enrichment analyses, including Gene Ontology (GO) terms,
KEGG pathways, Pathway Commons, and Wikipathways, were
performed for CNV-affecting genes to reveal common functions of
the gene products using the Web-based Gene Set Analysis Toolkit
V2 (WebGestalt2) [23]. Furthermore, CNV-affected genes were
queried for overlap against genes listed in the NCBI Online
Mendelian Inheritance in Man (OMIM) database (http://www.
ncbinlm.nih.gov/omim) to identify genomic loci associated with
genetic disorders. In addition, a Genetic Association Database
(GAD) (http://geneticassociationdb.nih.gov/) search was per-
formed to identify genes analysed in previous association studies
for complex diseases and disorders.

Results

We performed genome-wide CNV analysis with a SNP array
targeting regions of known cytogenetic importance for individuals
from 84 Finnish HBOC families and 36 healthy controls. After
applying the quality control criteria, 81 HBOC individuals and 35
controls (n = 116) were included in the data analysis. The aim of
this study was to identify germline CNVs contributing to HBOC
susceptibility in Finnish families.

The PennCNV program was used to detect 545 autosomal
CNVs at 273 different genomic regions in HBOC individuals and
controls (n=116). All of the identified CNVs are presented in
detail in Table S1. A summary of the CNVs identified by
PennCNV are shown in Table 1. The most important observa-
tions are that the average number of CNVs was slightly higher in
HBOC individuals compared with controls, and deletions were
more frequent in HBOC individuals. There was no statistically
significant difference in the median size the CNVs between the
HBOC individuals and controls (52.3 kb vs. 50.5 kb; P=10.90).
However, the median deletion size in HBOC individuals was
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smaller compared with the controls (39.2 kb vs. 56.8 kb; P=0.07).
In contrast, the median duplication size was significantly larger
(P=0.01) in HBOC individuals compared with controls (68.7 kb
vs. 47.5 kb).

Annotation of all of the 545 CNVs against the genes in the
NCBI RefSeq database revealed 313 (57.4%) gene-affecting CNVs
(Table 1). Most importantly, gene-affecting deletions were more
common in HBOC individuals compared with controls (Table 1).
The identified CNVs were compared with healthy control sample
data collected in the Database of Genomic Variants. The main
observation was that the proportion of novel deletions to all
deletions in HBOC individuals was nearly three times larger
compared with controls (Table 1). In contrast, novel duplications
in HBOC individuals were observed less frequently compared with
controls (Table 1).

In this study, we focused on CNVs with the following
characteristics: they were enriched in HBOC individuals com-
pared with controls and 1) affected known or potential genes
contributing to HBOC predisposition (3 CNVs); or 2) they were
homozygous, and carriers presented with interesting clinical
outcomes (1 CGNV); or 3) they were not reported in the Database
of Genomic Variants and affected genes related to BC (2 CNVi).
CNVs of interest were confirmed by another program (Quan-
tiSNP or cnvPartition). In total, six CNVs were selected for further
validation by qPCR, and they were genotyped in additional cohort
of index individuals from 20 HBOC families and five of the CNVs
were genotyped in 299-869 additional healthy female controls
(Table 2). The CNVs were correlated with clinical data from the
HBOC individuals (Table 3).

All six validated CNVs listed in Table 2 are located in genomic
regions related to BC. CNVs in the intronic regions of ERBB4 and
EPHA3 were enriched in HBOC individuals compared with
controls (Table 2). EPHA3 and ERBB4 encode proteins that are
involved in important signalling pathways. A homozygous deletion
in the 5ql5 locus was identified in one BC patient (1 out of the
101, 1.0%) with drastic clinical characteristics (Tables 2 and 3).
This homozygous deletion was observed only in 1 out of the 899
(0.1%) healthy controls (Table 2). Deletions affecting the intronic
region of the CSMDI tumor suppressor gene and exonic regions of
the highly penetrant BRCA were observed only in 1 out of the 101
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Table 1. Summary of the identified copy number variations (CNVs) by PennCNV in 81 hereditary breast and/or ovarian cancer
(HBOCQ) individuals and 35 controls.

Average no

per sample Median size (kb) Gene-affecting (%) Novel CNVs (%)
All CNVs (n =545)
HBOC individuals 392/81 (4.8) 523 228/392 (0.58) 37/392 (0.09)
Controls 153/35 (4.4) 50.5 85/153 (0.56) 11/153 (0.07)
HBOC individuals only 215/81 (2.7) 525 141/215 (0.66) 36/215 (0.17)
Deletions (n=300)
HBOC individuals 222/81 (2.7) 39.2 109/222 (0.56) 30/222 (0.14)
Controls 78/35 (2.2) 56.8 34/78 (0.44) 4/78 (0.05)
HBOC individuals only 116/81 (1.4) 346 72/116 (0.62) 29/116 (0.25)
Duplications (n=245)
HBOC individuals 170/81 (2.1) 68.7 119/170 (0.70) 7/170 (0.04)
Controls 75/245 (2.1) 47.5 51/75 (0.68) 7/75 (0.09)
HBOC individuals only 99/245 (1.2) 60.8 69/99 (0.70) 7/99 (0.07)
Abbreviations: no =number.
doi:10.1371/journal.pone.0071802.t001

(1.0%) HBOC individuals and GSMDI deletion was identified in 1
out of the 436 (0.2%) controls (Table 2). Because large deletions in
BR(CAI are known to predispose to HBOC, there was no need to
screen for the deletion in additional controls. A duplication
affecting the coding region of the ERVV-2 gene, which belongs to
endogenous retroviruses, was more commonly homozygous in
HBOC individuals compared with controls (Table 2).

The clinical characteristics and family cancer history for
individuals with HBOC with the six validated CNVs are presented
in Table 3 (only CNVs identified in our original cohort of 81
HBOC individuals first analysed in the SNP array are presented).
Most importantly, 2 out of the 5 individuals with HBOC with a
novel deletion at the 2q34 ERBB4 locus had bilateral BC that was
diagnosed at =43 years of age (Table 3; families 221 and 212). We
were able to analyse the segregation of the 2q34 deletion in family
249 (Table 3) in which a deleterious BRCAI variant was previously
identified in three individuals (Figure 1) [18]. The 2q34 deletion
was Identified in the index’s mother (homozygous) and two
paternal cousins (heterozygous) (Figure 1). However, the index’s
daughter did not carry the deletion (Figure 1). A common feature
for all of the 3pl1.1 deletion (at £PHAS3 locus) carriers was ductal
BC diagnosed at =50 years and positive hormone receptor status
(6 out of the 8 carriers) in the cohort of 81 HBOC individuals
(Table 3). In the second cohort of 20 additional HBOC
individuals, 3pl1.1 deletion was identified in two BC patients,
one ovarian cancer patient and a patient who had both breast and
ovarian cancer (File S2). Interestingly, all three patients with BC
presented ductal form of the cancer and estrogen and progesterone
receptor positive status (File S2). Intergenic deletion in the 5q15
region was of great interest because it was found as a homozygous
deletion in a BC patient who was diagnosed at age 29 years and
died of BC at the same age (Table 3, family 123). Additionally, one
heterozygous 5ql5 deletion carrier had BC diagnosed at an early
age (24 years) and the other had thyroid and cervical cancers in
addition to BC diagnosed before age 40 years (Table 3; families
250 and 246). A novel deletion of high interest at 8p23.2, which
affects the CSMDI intronic region, was identified in a patient with
ductal grade 2, hormone receptor positive BC diagnosed at a
relatively early age (36 years) with a paternal family history of BC
(Table 3, family 128 and Figure 2). A deletion affecting BRCAI,
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Table 2. Validated copy number variations.

Carrier frequency

Cytoband®  Gene(s) Type Size (kb)® HBOC ind® Controls* P-values OR; 95%ClI Status®
2934 ERBB4 intronic deletion 28.7-59.0  0.050 (5/101) 0.034 (12/358) 0.457 1.49; 0.52-4.28 Novel

3p11.1 EPHA3 intronic deletion 14.6 0.119 (12/101) 0.063 (27/432) 0.055 1.96; 0.97-3.94 Reported
5q15 - intergenic deletion 49.8 0.050 (5/101)f 0.063 (57/899) 0.845 0.92; 0.39-2.16 Reported
8p23.2 CSMD1 intronic deletion 10.8 0.010 (1/101) 0.002 (1/436) 0.259 4.33; 0.27-69.57 Novel

17921.31 BRCAT1, NBR1, NBR2 exonic deletion 99.0 0.010 (1/101) 0 (0/35) 0.555 na Reported
19q13.41 ERVV-2 exonic duplication 15.8-26.9 0.109 (11/101)? 0.102 (34/334) 0.322 1.37; 0.73-2.55 Reported

Abbreviations: Cl = confidence interval; na=not available; OR=odds ratio.

#According to the NCBI Genome Build 36.1 (hg 18). Exact start and end positions of the CNVs are provided in Table S1.

bSize reported in HBOC individuals analysed in the SNP array (may vary between individuals).

“Combined frequencies of original cohort of 81 HBOC individuals (analysed in the SNP array) and cohort of 20 additional HBOC individuals (genotyped by TagMan®
Copy Number Assays). CNVs in the 2g34, 5q15, 8p23.2, and 17g21.31 regions were not observed in additional cohort of 20 HBOC individuals. Heterozygous deletion
(copy number 1) in the 3p11.1 region was also identified in 4 out of the 20 additional HBOC individuals (File S2). Heterozygous duplication (copy number 3) in the
19913.41 region was also identified in 3 out of the 20 additional HBOC individuals (File S2). Homozygous duplication (copy number 4) in the 19q13.41 region was
identified in 1 out of the 20 additional HBOC individuals (File S2).

%Thirty-five controls were first analyzed in the SNP array. CNVs were also screened in additional controls by TagMan® Copy Number Assays (excluding BRCA1 affecting

€Search against the Database of Genomic Variants (DGV).

doi:10.1371/journal.pone.0071802.t002

NBRI, and NBR2 at 17q21.31 was identified in a patient with
hormone receptor-negative BC with a family history of ovarian
cancer (Table 3, family 252).

Enrichment analysis was performed for the CNV-affecting
genes to identify common functions of the gene products. EPHA3,
ERBB4 and BRCAI were identified in several GO term categories
and pathways that were significantly overrepresented (P<<0.05)
(presented in detail in Table S2). Both EPHA3 and ERBB4 were
identified to have molecular functions related to receptor activity,
transmembrane receptor activity, molecular transducer activity,
and signal transducer activity. In contrast, BRCAI was identified in
several pathways related to DNA double-strand breaks and repair.
In addition, Online Mendelian Inheritance in Man (OMIM) and
The Genetic Association database searches revealed the role of

CSMDI i BC.

Discussion

In this study, we aimed to identify CNVs contributing to HBOC
susceptibility in Finland and obtain new information for the
genetic counselling of HBOC families. We utilised a cohort of
well-characterised BRCA1/2-founder mutation-negative individu-
als from 84 Finnish hereditary breast and/or ovarian cancer
families who had been previously screened for variations in seven
known BC genes [18].

Here, we identified more gene-disrupting deletions in HBOC
individuals compared with controls suggesting that altered
function of their protein products, particularly in critical pathways,
could explain pathogenic events in HBOC individuals. Addition-
ally, a proportion of novel gene-affecting deletions, which were not
reported in healthy controls in the database, was higher in HBOC
individuals compared with controls, suggesting that these novel
CNVs are more likely to be disease -related.

We focused on CNVs that were enriched in HBOC individuals
compared with controls and affected genes that likely play a role in
HBOC predisposition. In addition, one intergenic deletion was
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CNV since large deletions in BRCAT coding regions are known to associate with breast and ovarian cancer susceptibility).

fDeletion in the 5q15 region was homozygous (copy number 0) in 1 out of the 101 (0.010) HBOC individuals and in 1 out of the 899 (0.001) controls and heterozygous
(copy number 1) in 4 out of the 101 (0.040) HBOC individuals and in 56 out of the 899 (0.062) controls.

9Duplication in the 19q13.41 region was homozygous (copy number 4) in 4 out of the 101 (0.040) HBOC individuals and in 3 out of the 334 (0.009) controls and
heterozygous (copy number 3) in 7 out of the 101 (0.069) HBOC individuals and in 31 out of the 334 (0.093) controls.

also included for further validation based on the homozygous form
of the aberration and notably poor clinical characteristics of the
carrier. Thus, six CNVs were considered to be the most relevant
for further validation. Because our sample number in the SNP
array was limited, we also genotyped the six CNVs in a cohort of
20 additional HBOC individuals. Furthermore, five of the CNVs
were genotyped in 299-869 additional healthy controls. Because
clinical characteristics of the additional cohort of 20 HBOC
individuals were comparable to our original cohort of 81 HBOC
individuals, we combined the observed frequencies of the CNVs in
both cohorts in Table 2. Additionally, we performed segregation
analysis of one family to determine how the CNV co-segregated
with the disease and another BC-associated variant. The CNVs
were compared with the clinical data of the HBOC individuals.

In this study, the most frequently observed aberration in HBOC
individuals was a deletion disrupting the E£PHAS intronic region
(Table 2). EPHAS3 belongs to the ephrin receptor subfamily of the
receptor tyrosine kinase (RTK) family, which plays an important
role in normal cell physiology and disease pathogenesis [24].
Ephrin receptor signalling together with ephrin-ligands is known
to regulate both tumour growth and suppression in several
different cancers including BC [25]. According to recent studies,
altered £PHAS expression is associated with gastric and colorectal
cancers, and CNVs in the EPHAS3 region have been found to be
associated with haematologic malignancies [26-28]. However,
haematologic malignancies were not observed in EPHA3 deletion
carriers in this study. Our data suggest that an intronic deletion
may disrupt the EPHAS3 regulatory elements, thus leading to
altered protein function and pathogenic BC events. Thus,
considering the important role of EPHAS in signalling pathways,
the segregation of the intronic deletion should be studied in the
families and the deletion should be further screened in a larger
sample set.

The intergenic 5ql15 deletion, particularly as a homozygous
deletion, is highly interesting from a clinical perspective. This
deletion was identified in a patient who had been diagnosed with
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Table 3. The clinical characteristics and family cancer history for HBOC individuals analysed in the SNP array with the six validated

Br/Ov Ca

Family Variation Cancer (age at dg) histology/grade

Ca cases in the family

Receptor Status (age at dg if known)

221 2q34 del Bil. Br (39, 42) duct, gr 1 and
duct, gr 2

212 2934 del Bil. Br (43) duct, gr na and na

263 2g34 del Ov (69), Br (72) duct, gr 3

249 2934 del Br (42) medullary, na

132 2934 del Br (47) duct, gr 1

232 3p11.1 del Br (34) duct, na

244 3p11.1 del Br (45) duct, gr 2

121 3p11.1 del Br (50) duct, gr 3

207 3p11.1 del Br (38) duct, gr 3

230 3p11.1 del Br (33), Kid (37) duct, gr 1

118 3p11.1 del Ov (32), Br (40), Mel (41) Mucinous and
19913.41 dup duct, gr 2

269 3p11.1 del Br (36) duct, gr 1

225 3p11.1 del Br (43) duct, gr 1

123 5q15 del* Br (29) duct, gr 2

250 5q15 del Br (24) duct, gr 3

264 5q15 del Bil. Br (44) lob, gr 2
19913.41 dup

129 5q15 del BCC (70), Bil. Br (78), left: lob, gr 2,

Sto (82) right: duct, gr 1
246 5q15 del Thy (30), Cer (33), Br (39) duct, gr 3
128 8p23.2 del Br (36) duct, gr 2
252 17921.31 del ~ Br (46) duct, gr 3
240 19913.41 dup* Br (53) duct, gr 3
206 19q13.41 dup Br (53) duct, gr 1
133 19q13.41 dup Br (48) duct, gr 2
113 19913.41 dup* Br (51), BCC (55) duct, gr 3
239 19q13.41 dup* Br (37) duct, gr 2

ER+, PR+, HER2— and
ER+, PR+, HER2—

Br (51), Panc (54)

ER+, PR+, HER2— and na Br (52)

ER—, PR—, HER2— -

na Br (35, 44, 57, 67, 71), Ute (39), Kid (67), Mel (63)
Ov (45), Skin, To (51), Co (78)

ER+, PR+, HER2 na Br (38)

ER+, PR+, HER2 na Br (39)

ER+, PR+, HER2— Bil. Br (<(45), Br (<35, 46), Brain (67)
ER—, PR—, HER2+ 4xBr (36, 39, 40, 48)

na Bil.Br (64)

ER+, PR+, HER2— Br (70)

ER+, PR+, HER2— -

ER+, PR+, HER2—
ER+, PR+, HER2—
ER+, PR—, HER2—
ER+, PR+, HER2+
ER+, PR+, HER2—

3xBr (52, 70, 72), Skin (66)
2xBr (52, 77), Kid (64)

Br (65), Eso (73)

Cer (30), Ov (83)

Br (44, 52)

left: ER—, PR—, HER2—,
right: ER+, PR+, HER2—
ER—, PR—, HER2+

ER+, PR+, HER2—

ER—, PR—, HER2—

ER+, PR—, HER2+

ER—, PR—, HER2—

ER+, PR+, HER2—

ER—, PR—, HER2+

ER+, PR+, HER2—

Bil. Br (59), BCC (48), Co (58)

2xBr (49, 54), Rectum (61)

2x Br (45, 58), Gl (57), Mel (69)
Bil. Ov (46), Ov (44)

2xBr (42, 62)

Bil. Br (64), Br (49)

2xBr (73, 79), Int, BCC (60)

Br (35)

Br (>90), Co

*Homozygous CNV.

doi:10.1371/journal.pone.0071802.t003

BC at age 29 and died of the disease at the same age. Homozygous
deletion of the 5q15 locus was extremely rare in healthy controls (1
out of the 899, 0.1%) (Table 2), which emphasises the importance
of the variation. Moreover, it is possible that a fraction of the
anonymous controls may develop breast or ovarian cancer later in
life although they were healthy at the time of the blood draw. The
5ql5 deletion may affect the transcriptional control of target gene
expression. Regulatory elements of the target gene can extend to
long distances outside of the transcription unit [29], which makes
gene expression regulation a complex process. Interestingly,
aberrant expression of the nearest neighbouring gene (1.0 Mb
distance), RGMB, has been implicated in BC [30]. Additional
analysis is needed to determine whether RGMB regulatory
elements exist in the 5ql5 deletion locus. Moreover, a previous
copy number study of breast tumours-associated aberrations in the

PLOS ONE | www.plosone.org

Abbreviations: BCC = Basal-cell carsinoma; Bil. Br=bilateral breast; Br=breast; Ca=cancer; Cer =cervix in situ carsinoma/cervix carsinoma; Co = colon; Dg = diagnosis;
Del = deletion; Duct = ductal; Dup = duplication; Eso = esophagus; Gl = gastrointestinal; gr=grade; Int=intestine; Kid = kidney; Lob = lobular; Mel =melanoma; na=not
available; Ov = ovary; Panc = pancreatic; Sto = stomach; Thy = thyroid; To =tongue; Ute = ute. Cancers diagnosed in the paternal side of the family are presented in italics.
Cancers diagnosed in siblings or their children of the index patients are underlined. Cancers diagnosed in the children of the index patients are presented in bold.

5q15-5921 locus with p53 status and patient survival suggests that
the 5ql5 region may be important in BC predisposition [31].
Furthermore, to reveal possible functional elements located in the
deletion region, the Encyclopedia of DNA Elements (ENCODE)
(http://genome.ucsc.edu/ENCODLE/) was utilised. Preliminary
analysis revealed enhancer and promotor-associated histone mark
(H3K4Mel) activity and DNase hypersensitivity, which indicate
that regulatory elements are active in this genomic region. Thus,
the 5q15 homozygous deletion requires special attention because it
may have clinical significance for screening families with BC with
early disease onset. Interestingly, two heterozygous 5ql5 loss
carriers with lobular BC (Table 3, families 264 and 129) were
previously found to carry BC-associated CHERZ variants [18].
The novel 8p23.2 deletion affects an intronic region in the
CSMDI tumour suppressor gene. GSMDI has mainly been
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bbbh besbelie

Mel 63  Br 57 Ute 39
78 Br 67
q34 del® Kid 67

Ve e O O

Ov 45 Br 35 Br42 72 To 51
234 del BRCA!, ¢.5095C>T BRCAI, c¢.5095C>T
2q34 del 2334 del
111
Br 44

BRCAI, c.5095C>T

Figure 1. Family 249 pedigree. Index individual carries a novel 59.0 kb deletion in the 2g34 locus. The deletion affects intronic region of the
ERBB4 gene, which encodes a receptor tyrosine kinase family member that plays an important role in several cellular signalling pathways. The
deletion was also identified in index’s mother and two paternal cousins. Mother carried homozygous deletion (indicated with an asterisk). Index’s
daughter was tested to be negative for the deletion. Additionally, deleterious BRCAT ¢.5095C>T variant has been previously identified in three
individuals in the family. Females are marked with circles and males are marked with squares. Index individual is marked with an arrow. Breast and
ovarian cancers are marked with black circles with the age at diagnosis. Other cancers are marked with grey and specified with the age at diagnosis
(Br: breast, Co: colon, Kid: kidney, Mel: melanoma, Ov: ovarian, To: tongue, Ute: uterus). Deceased individuals are marked with a slash. Current age of
index’s healthy sister is indicated. Generations are marked with the Roman numerals on the left. The pedigree figure has been modified from Kuusisto
et al, 2011 [18].

doi:10.1371/journal.pone.0071802.g001

| o

Br 58 Mel 69

i
O @® O 4
66 Br45 50 GI57
11
2
46 28 Br 36
8p23.2 del
v
20

Figure 2. Family 128 pedigree. Index individual carries a novel 10.8 kb deletion in the 8p23.2. The deletion affects intronic region of the CSMD1
tumor suppressor gene. Females are marked with circles and males are marked with squares. Number in circle or squares indicates descendants.
Index individual is marked with an arrow. Breast cancers are marked with black circles with the age at diagnosis. Other cancers are marked with grey
and specified with the age at diagnosis (Br: breast, Gl: gastrointestinal, Mel: melanoma). Deceased individuals are marked with a slash. Current ages of
healthy females are presented in the paternal side of the family. In addition, the current age of index’s healthy daughter is indicated. Generations are
marked with the Roman numerals on the left.

doi:10.1371/journal.pone.0071802.g002
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associated with head and neck squamous cell carcinoma, but
CSMD1 losses is also reported to contribute to the tumourigenesis
of several other epithelial cancers, including BC [32]. In addition,
CSMD1I deletions and aberrant splicing have been shown to
contribute to altered CSMD1 function in vivo [32]. Moreover,
decreased CGSMD1 expression has been associated with high
tumour grade and the poor survival of invasive ductal breast
carcinoma, and the role of CSMDI expression as a potential BC
prognostic marker has been suggested [33]. In this study, the
CSMD]-affecting intronic deletion was identified in the index
individual for one BC family (1 out of the 101, 1.0%) (family 128,
Figure 2 and Table 3). In this family, the index patient and her
paternal aunt and grandmother had been diagnosed with BC at
ages 36, 45, and 58 years, respectively (Figure 2). In addition,
gastrointestinal cancer was diagnosed on the paternal side of the
family (father) (Figure 2). Interestingly, the CSMDI-affecting
deletion was observed only in 1 out of the 436 (0.2%) healthy
controls, suggesting that this rare variant likely predisposes
individuals to BC. We are currently seeking DNA samples from
the other family members (family 128) to determine whether the
variation co-segregates with BC in the family. In addition,
although the deletion should be screened for in larger sample
set, the GSMDI gene is a potential candidate for the further study
of HBOC susceptibility in Finnish families.

A novel deletion at 2q34 affects the intronic region of the
ERBB4 gene, which is known to play a role in BC [34]|. FRBB4
encodes an epidermal growth factor RTK subfamily member that
regulates several cellular processes and plays an important role in
cancer [35]. We found that the aberration in ZRBB4 is 1.5 times
more common in HBOC individuals compared with controls
suggesting that it may be a disease-related low-risk variant
(Table 2). In addition, the clinical features of the FRBB4 deletion
carriers were interesting because two of the HBOC individuals
had bilateral BC diagnosed at a relatively early age (Table 3). To
further analyse the deletion, we were able to perform a segregation
analysis in one family in which a deleterious BRCAI ¢.5095C>T
variant was previously recognised (Figure 1) [18]. Thus, three BC
cases in the family (index, index’s daughter and paternal cousin)
are explained by the paternally inherited high-penetrant BRCA!
variant. The ERBB4 deletion was observed on the maternal and
paternal sides of the family (Figure 1). However, in the mother,
who had BC diagnosed at an older age, the ERBB4 deletion was
homozygous, suggesting that the deletion could contribute to BC
development at an older age, particularly in its homozygous form.
Thus, it would be interesting to screen for the deletion in other BC
cases diagnosed at an older age on the mother’s side of the family
as well. Additionally, an ovarian cancer patient who was negative
for the highly -penetrant BRCAI variant was found to carry a
heterozygous form of the 2q34 deletion, suggesting that the
deletion may also contribute to ovarian cancer risk to some extent
(Figure 1).

BRCAI deletions are known to predispose to breast/ovarian
cancer [36]. In this study, a large deletion overlapping exons 1A-
13 of BRCAI was observed in one individual with BC diagnosed at
age 46 years and with ovarian cancers diagnosed in her mother
and half-sister (Table 3, family 252). In our previous analysis, the
sample was excluded from the MLPA analysis due to a low sample
quality value [18]. The BRCAI deletion encompassing exons 1A-
13 has been reported in a Finnish breast/ovarian cancer family
[37]. Here, the deletion was found to affect also the neighbouring
genes NBRI (entire gene) and NBRZ (exons 1-10) according to the
PennCNV, QuantiSNP and cnvPartition programs. Similar
findings have been reported worldwide in a few studies [38,39].
Because the BRCAI deletion is known to be clinically relevant,
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MLPA analysis was performed to validate the BRCAI deletion
(Figure S1). Genetic counselling was offered for the deletion carrier
patient.

The duplication identified at 19q13.41 affects exon 1 of the
ERVV-2 gene. ERVV-2 belongs to the human endogenous
retrovirus (ERV) family and the involvement of ERVs in the
pathogenesis of human cancer has been suggested but their roles in
biological disease processes are poorly understood [40]. Because
19q13 genomic region has been previously associated with BC
[41], this prompted us to further examine the duplication affecting
the ERVV-2 coding region. Screening for the duplication in
additional controls revealed that it was as common in controls
compared with HBOC individuals (Table 2). However, the
homozygous form of the variation was 4.4 times more common
in HBOC individuals compared with controls (Table 2), suggesting
that the aberration may contribute to breast and ovarian cancer
risk to some extent, but further studies are needed to confirm the
findings. Of interest, one of the homozygous duplication carriers
(Table 3, family 240) had been reported to carry a novel BRCA2
variant predicted to be pathogenic [18].

In conclusion, this study is a continuation of our previous work
with the aim of elucidating genetic factors contributing to HBOC
susceptibility in Finland. We have identified several potential
CNVs that likely increase the risk of HBOC susceptibility that may
thus explain a fraction of breast and ovarian cancer cases. The
aberrations at 3pl1.1, 5ql5, and 8p23.2 regions require special
attention because they may be utilised for the genetic counselling
of HBOC families, but more studies are needed to confirm the
preliminary findings.
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