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1 Introduction

1.1 Breast Cancer

1.1.1 Epidemiology

Breast cancer is the most commonly diagnosed malignancy among females, and
it is the second common cancer (11.6 %) among both sexes. Based on the
records in 2018, annually 2,088,849 cases are diagnosed with breast cancer in
the world (Bray et al., 2018). In 154 of 185 countries, breast cancer is the most
frequently diagnosed cancer and is also the major cause of cancer death in 100
countries (Bray et al., 2018). Most of exceptions are countries where the lung
cancer is the main cause of cancer death such as Australia/New Zealand,
Northern Europe, Northern America and many countries in Sub-Saharan Africa
as a result of increased cervical cancer rates (Bray et al., 2018). Breast cancer
incidence rate varies by regions, with almost four-fold change from being highest
in Australia/New Zealand, Northern/ Western/ Southern Europe and Norther
America (94-80 per 100,000 females) to the lowest in South Central Asia (26 per
100,000 females) (Bray et al., 2018). concerning mortality, less changeability has
been shown in breast cancer rate, where Fiji shows the most mortality rates.
Migration studies revealed that majority observed international and inter-ethnic of
diversities in the incidence rate of breast cancer are due to non-genetic factors
rather than genetic factors, despite the fact that genetic factors and personal and
family history of breast and ovarian cancer and inheritance of cancer
predisposition genes such as BRCA1 and BRCAZ2 accounts for 5-10% of breast
cancer cases. Analysis of migration patterns from population with low incidence
rate such as Asian population to the high-incidence rate population such as USA
population uncovered that breast cancer incidence rates elevated in successive
generation (Ziegler et al., 1993). In the past few decades, the incidence rates
have risen as a result of changing exposures to the reproductive and nutrition
factors over time. Developing countries experienced the most dramatic rises
compare to industrialized countries as a result of “westernization of lifestyles” in

regard to late childbearing, having fewer children, use of oral contraceptives,



smoking, calorie-dense foods, lack of physical activity, and obesity(Bray et al.,
2004; Colditz et al., 2006; Jemal et al., 2010; Kirsi Maatta, 2016; Prentice, 2009).
In Germany 70,000 women are being diagnosed with breast cancer annually with
a Grude incidence rate of 169.1 per 100,000 female and the mortality rate of 43.2
per 100,000 cases in 2012, and a five-year relative survival rate of 88%
(https://www.krebsdaten.de/Krebs/EN/Home/homepage node.html; GERMAN
CENTRE FOR CANCER REGISTRY DATA).

1.1.2 Breast Anatomy and Histology

Each breast consists of 15-20 major duct systems which empty at nipple, and
they branch out until they form Terminal Ductal Lobular Unit (TDLU) which
consists of a terminal duct and many small ductules (or acini). Cuboidal to
columnar epithelial cells and an outer layer of myoepithelial cells line up the ducts

and ductules.

1.1.3 Risk Factors

1.1.3.1 GENERAL

Age. The incidence of breast cancer is increasing with aging. Only about 10% of
breast cancer cases occur in women younger than 45 years (National Cancer

Institute, Surveillance, Epidemiology and End Results Program).

Gender. Being a woman is the biggest risk factor regarding breast cancer while
men also develop breast cancer at an incidence rate of 1.1 per 100,000 cases
women develop breast cancer at an incidence rate of 126 per 100,000 (National

Cancer Institute, Surveillance, Epidemiology and End Results Program).

Ethnicity. The incidence rate is higher among white non-Hispanic women in
comparison to Black, Asian/pacific Islanders and American Indian/ Alaska
Natives and Hispanic women, while the mortality rate is higher in Black women
(National Cancer Institute, Surveillance, Epidemiology and End Results
Program). In addition, African American women are more likely to develop triple-
negative breast cancer which is more aggressive than the other breast cancer
types (https://www.breastcancer.org/risk/factors/race_ethnicity accessed
03.12.2018).


https://www.breastcancer.org/risk/factors/race_ethnicity

Lifestyle. Even light alcohol consumption increases the risk of breast cancer.
Smoking and lack of physical activity is linked to the increased risk of breast
cancer. Several studies demonstrated that physical activity leads to a reduced
breast cancer risk in active women compared to inactive women; a meta-analysis
of 31 prospective studies suggested 12% reduction in the risk of breast cancer
among active women (Y. Wu et al., 2013). The association between obesity and
incidence of many cancer types has been previously studied (Renehan et al.,
2008). Epidemiological studies revealed a link between increased body mass
index (BMI) and breast cancer risk in postmenopausal women (Key et al., 2003)
partly due to elevated serum concentration of bioavailable estradiol, which in
terms result in a growth in production of estrogen by aromatase in the adipose
tissue (Key et al., 2003).

Previous Treatments. Radiation to the chest for therapeutic purposes for
cancers other than breast cancer (such as Hodgkin or non-Hodgkin lymphoma)
before the age 30 increases the risk of breast cancer (Clemons et al., 2000)
(https://www.breastcancer.org/risk/factors/radiation accessed on 16.01.2019 and
https://cdc.gov/cancer/breast/basics_info/risk_factors.htm accessed 16.01.2019
). Results of Boice and colleagues’ studies on women exposed to ionizing
radiation either as a therapeutic procedure among tuberculosis patients or among
Hiroshima and Nagasaki atomic bombs survivors demonstrated that that
numerous fluoroscopies are significant risk factors for breast cancer (Boice et al.,
1991; Land et al., 1980). Conclusion from the data collected from 2,573 women
who were tested by X-ray fluoroscopy an average of 88 times in a course of
therapy for tuberculosis and were followed up for an average of 30 years was that
the younger women were at higher risk and the relative risk of 1Gy radiation was

estimated as 1.61 when allowing for 10-year latency.

Oral contraceptive consumption in the last ten years may slightly increase the
risk of breast cancer. The risk is dropping once the uptake is stopped
(https://www.cancercenter.com/breast-cancer/risk-factors/ accessed on
16.01.2019) (McPherson et al., 2000). Diethylstilbestrol, a drug which was

prescribed to pregnant women in 1940s to 1970s to prevent abortion marginally
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elevated the risk of breast cancer (https://www.cancercenter.com/breast-
cancer/risk-factors/ accessed on 16.01.2019) (Colton et al.,, 1993). Hormone
replacement therapy (HRT) which is used to reduce the postmenopausal
symptoms and prevent osteoporosis has been considered as a risk factor for
breast cancer by International Agency for Research on Cancer (IARC, List of
classifications, Volumes 1-123, accessed 17.01.2019). Results of a cohort
studies demonstrated that breast cancer risk is 55-100% higher in current
combination hormone therapy users compared with never users (Beral & Million
Women Study Collaborators, 2003; Chlebowski et al., 2013). Estrogen-only HRT
also increases the breast cancer risk but to a lower extent compared with
combined HRT(Beral & Million Women Study Collaborators, 2003; Ross et al.,
2000).

Reproductive Factors. Longer exposure to the estrogen either due to younger
age at menarche (by 5% for each year younger at menarche) or older age at
menopause (by around 3% for each year older at menopause) increases the risk
of breast cancer (Collaborative Group on Hormonal Factors in Breast Cancer,
2012). Having children decreases the lifetime risk of breast cancer by 7% for each
live birth (“Breast Cancer and Breastfeeding: Collaborative Reanalysis of
Individual Data from 47 Epidemiological Studies in 30 Countries, Including 50 302
Women with Breast Cancer and 96 973 Women without the Disease,” 2002; Ma
et al., 2006). It is also thought that having the first full-term pregnancy before the
age 30 leads to reduced breast cancer risk
(https://www.breastcancer.org/risk/factors/radiation accessed on 16.01.2019).
Results of a meta-analysis showed that 25% reduction in the risk of estrogen and
progesterone positive breast cancers in women who had children in comparison
to those who did not have (Lambertini et al., 2016). Breast feeding also lowers
the risk of breast cancer. A pooled analysis of 47 epidemiological studies showed
that the relative risk for breast cancer is reduced by 4.3% in parous women for
every 12 months of breast feeding (Collaborative Group on Hormonal Factors in
Breast Cancer, 2002).


https://www.cancercenter.com/breast-cancer/risk-factors/
https://www.cancercenter.com/breast-cancer/risk-factors/
https://www.breastcancer.org/risk/factors/radiation%20accessed%20on%2016.01.2019

Surgery of Reproductive Organs. Results of a pooled analysis and a case-
control study demonstrated that the risk of breast cancer among women who
have undertaken hysterectomy and oophorectomy before menopause is 24-41%
lower compared to women who have not had these surgeries (Nichols et al.,
2012; Press et al., 2011).

Personal History. Women who have prior history of hyperplasia or a neoplastic
disease in the breast are at higher risk of developing cancer in the opposite breast
(contralateral) or in another part of the same breast (ipsilateral). Atypical ductal
hyperplasia (ADH) is an identified risk factor for breast cancer. Menes and
colleagues found that the cumulative risk of invasive breast cancer is 2.6 times
higher in individuals with ADH history compared with women with no history of
ADH (Menes et al., 2017). Women with a history of breast carcinoma in situ have
a 2-3-fold increase in the risk of breast cancer when compared with general
female population (Robinson et al., 2008; Soerjomataram et al., 2006). In the
study by Soerjomataram and colleagues the second breast cancer was similarly
common in the ipsilateral and contralateral breast (Soerjomataram et al., 2006).
Ductal carcinoma in situ (DCIS) diagnosis is an indicator of an elevated risk of
breast cancer as it is a preinvasive lesion. The epidemiological study by Innos
and Horn-Ross indicated that the standard incidence ratio (SIR) of ipsilateral
invasive breast carcinoma is 1.7 and the SIR for a contralateral invasive breast
carcinoma is 1.4, in comparison with general female population (Innos & Horn-
Ross, 2008). Lobular carcinoma in situ (LCIS) is not a preinvasive lesion but it
confers an increased breast cancer risk (Singletary, 2003). The risk of breast
cancer increases for all breast tissue and not only the original lesion. Most of the
subsequent malignancies which occur about 15 years after the diagnosis of LCIS
are ductal rather than lobular (Frykberg, 1999; Frykberg et al., 1987). Studies
have shown that risk of second contralateral breast cancer differs according to
the hormone receptor (HR) status of primary tumor. They demonstrated that
having a primary HR negative invasive ductal or lobular breast tumor leads to a
significantly higher risk of second contralateral breast cancer when compared
with HR positive invasive ductal or lobular carcinoma (Coradini et al., 1998;
Kurian et al., 2009; Swain et al., 2004).



Dense Breast. The mammographic density confers almost the greatest risk to
breast cancer compared to most of other cancer risks, and the elevated risk has
been shown to stay at least ten years after the date that mammogram classified
the density (Byrne et al., 1995). The increased risk of breast cancer associated
with qualitative classification of mammographic parenchymal pattern was first
described by Wolf in 1976 (Wolfe, 1976a, 1976b). When evaluating
mammographic density quantitatively, some studies demonstrated an increased
risk of at least four-fold and in some studies the risk for the densest tissues was
1.8 to 6 times as high as the one for the least dense tissues (Boyd et al., 1982;
Byrne et al., 1995; Kato et al., 1995; Saftlas et al., 1991). Only 20-30% of diversity
in the age-adjusted in the mammographic density can be explained by
menopausal status, weight and, number of live births (Boyd et al., 1998; Vachon
et al., 2000), these finding resulted in conducting a classic twin study by Boyd
and colleagues to determine that to which extent the genetic factors can explain
the large unsolved proportion of diversity in mammographic density. They found
that the heritability resolves 60% of variability in density among Australian twins,
67% among North American twins and 63% among all twins studied (Boyd et al.,
2002). These results show that heritability of breast density varies among

different populations.

1.1.3.2 GENETICS

Family History. The first familial breast cancer case was described in 1866 (Paul
Broca, 1866; Singletary, 2003). Thereafter, numerous studies tried to define the
breast cancer risk related to the positive family history. Pharoah and colleagues
(Pharoah et al., 1997) systematically reviewed these studies and performed a
meta-analysis using the data collected from the studies which have been done
between 1966 to 1996. The data was collected from 52 case-control studies and
22 cohort studies which had calculated the breast cancer risk associated with
family history. They discovered the breast cancer risk associated with family
history is dependent on several factors such as the number of affected relatives,
the type of affected relatives (first degree or second degree), and the age at
cancer onset among affected relatives. Comparing the relative risk related to the

family history with no family history they estimated relative risk associated with a



family history of having a first-degree relative with an age at onset of 50 years or
older as high as 1.8. Similar results were obtained in a pooled analysis which was
done by Collaborative Group on Hormonal Factors in Breast Cancer
(Collaborative Group on Hormonal Factors in Breast Cancer, 2001).The relative
risk increases to 3.3 if the affected first-degree relative developed breast cancer
at an age younger than 50. The relative risk is as high as 3.6 for a person with
two first degree relative affected with breast cancer in comparison with one
without a family history. As compared to those without a family history, individuals
with a second degree relative have a relative risk of 1.5 (Collaborative Group on

Hormonal Factors in Breast Cancer, 2001).
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Figure 1. Effect of environmental factors on breast cancer risk (created with BioRender.com)
Factors which are associated with an increased risk of breast cancer are shown in the right side of the figure
and factors associated with reduced breast cancer risk are depicted in the left side of the figure.



1.1.4 Sporadic Vs Familial Vs Hereditary Cancer Syndromes

In 2007 Berliner and Fay published a recommendation for risk assessment and
genetic counseling for hereditary breast and ovarian cancer in a Journal of
Genetic Counseling (Berliner & Fay, 2007). They have defined precisely the
differences between sporadic, familial and hereditary cancer syndromes.
According to their definition, hereditary cancer syndromes follow an autosomal
dominant mode of inheritance. They are developed at an age younger than typical
cancer age at onset while in the case of familial cancer syndrome there are more
cancer cases of a specific cancer type in the family than what is statistically
expected, but no specific pattern of inheritance is detectable. The age at cancer
onset varies among familial cancer syndromes. Sporadic cancer cases in a family
are more likely due to nonhereditary factors and even if there is more than one
affected individual in the family, there is no specific pattern of inheritance.
Moreover, cases usually develop cancer at a typical age. Individual affected with
hereditary cancer syndromes are at risk of multiple primary cancers or bilateral
or multifocal cancers and clustering of rare cancers are detectable while the
familial cancer syndromes might be only due to chance clustering of sporadic
cases, and they might be also due to a common genetic background and a shared
environment and similar lifestyle. First-degree relatives of mutation carriers are
at 50% risk of having the same mutation. One of the characteristics of causative
genes in hereditary cancer is incomplete penetrance and variable expressivity
which leads to different age at onset or no cancer incidence among obligate
carriers of family mutation. Considering the size and structure of family, and the
expected number of cases, Brewer and colleagues, defined a family history score
(FHS) and concluded that breast cancer risk increased with greater FHS (Brewer
et al., 2017).

1.1.5 Clinicopathological Features

According to American cancer society the most common symptoms of breast
cancer are a lump or thickening of nipple and swelling of all or part of breast, skin
changes including skin irritation or dimpling of skin, changes in shape of nipple
such as nipple retraction, nipple discharge, and pain in the breast and nipple

(https://www.cancer.org/cancer/breast-cancer/about/breast-cancer-signs-and-


https://www.cancer.org/cancer/breast-cancer/about/breast-cancer-signs-and-symptoms.html

symptoms.html, accessed on 24.01.2019). Breast cancer more commonly affects
women at age between 55 to 64 years with the median age at diagnosis of 62
(National Cancer Institute, Surveillance, Epidemiology and End results program
https://seer.cancer.gov/statfacts/html/breast.html, accessed on 24.01.2019).
Breast cancer is considered a heterogenous disease both clinically and
genetically (Stingl & Caldas, 2007), therefore a system was needed to organize
this heterogeneity and systemize the language. This is why a system was
developed over time to classify breast cancer sub-types based on histological

and molecular features.

1.1.5.1 Histological Classification

Lack of markers which can define hyperplasia (typical and atypical), carcinoma
in situ, and invasive cancer has made it impossible to define the progression of
breast cancer (Malhotra et al., 2010). Nevertheless, histologically, breast cancer
can be divided into two categories of breast carcinoma in situ and invasive
(infiltrating) carcinoma. Based on cytological and growth pattern, the breast
carcinoma in situ is subdivided into two groups of ductal and lobular carcinoma
in situ (Malhotra et al., 2010). Ductal carcinoma in situ (DCIS) encompasses
about 25% of all breast cancers diagnosed in the United States. It also covers a
broad range of diseases ranging from low-grade lesions which are not lethal to
high-grade lesions which may have foci of invasive breast carcinoma (Virnig et
al., 2010). Based on architectural features of tumor, DCIS can be further
classified into Comedo, Cribriform, Micropapillary, Papillary and Solid (Malhotra
et al., 2010; Virnig et al., 2010). Regarding tumor differentiation, DCIS can be
categorized into high, intermediate, and low-grade tumors (Virnig et al., 2010).
The same as in situ carcinomas, invasive carcinomas are also histologically
categorized into seven sub-groups including infiltrating ductal, invasive lobular,
ductal/lobular, mucinous (colloid), tubular, medullary, and papillary carcinomas.
Among them, infiltrating ductal carcinoma (IDC) is the most common sub-group
which attributes to 70-80% of all invasive lesions (Malhotra et al., 2010). In
comparison to IDC, invasive lobular carcinoma (ILC) explains 10-15% of all
breast cancers (Ciriello et al., 2015; Desmedt et al., 2016; Du et al., 2018). Small,

round, noncohesive tumor cells growing in stroma in a single-file pattern are
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characteristics of ILC (Arpino et al., 2004; Rakha & Ellis, 2010), and in contrast
to IDC they are hardly detectable using standard imaging techniques such as
mammography (Arpino et al., 2004; Krecke & Gisvold, 1993; Lopez & Bassett,
2009). ILCs are more likely occurring at an older age compared to IDC and they
are more likely to be estrogen and progesterone receptor positive (Arpino et al.,
2004). According to the degree of differentiation and proliferative activity of tumor,
IDC can be additionally classified into three sub-types of well-differentiated
(grade 1), moderately differentiated (grade 2), and poorly differentiated (grade 3)
(Malhotra et al., 2010; Weigelt & Reis-Filho, 2009). Grading is an indicator of
tumor aggressiveness (Weigelt & Reis-Filho, 2009). The use of molecular
markers such as estrogen receptor (ER), progesterone receptor (PR), and human
epidermal growth factor receptor (HER2/neu) is well appreciated for the IDC while
its utility is still debated for DCIS (Harris et al., 2007).

1.1.56.2 Molecular Classification

As the current classification of breast cancers which basically provides prognostic
values, is not sufficient to predict responses to the newer targeted therapies and
therapy planning, a new classification system to determine the molecular features
of tumor was necessary. To address this issue the molecular features of tumor,
metastatic propensity, and the signature associated to prognosis (van de Vijver
etal., 2002; van 't Veer et al., 2002; Wang et al., 2005), were broadly investigated
via the high-throughput microarray-based gene expression analysis. Moreover,
benefiting from complementary DNA microarrays and hierarchical clustering
algorithm, Perou et al. and Sorlie et al. developed a new molecular classification
system for breast cancer which consists of four molecular subtypes including
basal-like, HER2-overexpressed, normal breast-like and luminal subtypes A and
B (Perou et al., 2000; Sgrlie et al., 2001; Sorlie et al., 2003). Luminal subtype A
is the least aggressive subtype and is associated with high expression of ERa
and related transcription factors (Santos et al., 2015) while the luminal B subtype
is described by the over-expression of proliferation-related genes (Santos et al.,
2015; Sorlie et al.,, 2001). Normal breast-like subtype exhibited the high
expression of genes which are known to be expressed by adipose tissues. They

were also characterized by over-expression of basal epithelia genes and low
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expression of luminal epithelial genes (Sarlie et al., 2001). Whilst basal-like and
HER2-overexpressed subtypes are similarly the most aggressive breast cancer
subtypes and associated with a poor survival, at the molecular level they are
different. HER2-overexpressed tumors are characterized by over-expression of
several genes at the 17g22.24 locus including Erb-B2 Receptor Tyrosine Kinase
2 (ERBB2) and Growth Factor Receptor Bound Protein 7 (GRB7) (Santos et al.,
2015; Sarlie et al., 2001), while the basal-like subtypes are portrayed by over-
expression of keratins 5 and 17, laminin, and fatty acid binding protein 7 (Santos
etal., 2015; Sarlie et al., 2001). Another breast cancer intrinsic subtype is claudin-
low which was introduced by Herschkowitz and colleagues in 2007 (Herschkowitz
et al., 2007). This subtype is associated with low expression of claudin genes
which are critical for tight junctions and cell-cell adhesion (Herschkowitz et al.,
2007). Regarding the mutation spectrum, data from Sorlie and colleagues (Sarlie
et al., 2001) demonstrated the highest TP53 mutation rate among basal-like and
HERZ2-overexpressed subtype while luminal A subtype showed the lowest
mutation rate in TP53. The TCGA consortium studied 825 breast cancer tumors
and performed exome sequencing, DNA methylation, RNA expression arrays,
genomic DNA copy number arrays, microRNA sequencing and reverse-phase
protein arrays (“Comprehensive Molecular Portraits of Human Breast Tumours.,”
2012). As for the somatic mutations’ spectrum, they revealed the same results as
Sorlie and colleagues. They reported the higher overall mutation rate in basal-
like and HER2-overexpressed subtypes while the lowest overall mutation rate
was observed among luminal A subtypes. The majority of basal like breast tumors
are often triple-negative (TNB) and enriched for loss of p53 function. In regard to
methylation, Iluminal B subtype showed enrichment of hypermethylated

phenotype (Santos et al., 2015).

1.2 Hereditary Breast and/or Ovarian Cancer

The idea of familial predisposition to some cancers such as breast cancer was
developed by Pierre Paul Broca, a French physician, whose wife developed
breast cancer at an early age. in 1866 using the family history of his wife, having
four generations of breast cancer in the pedigree, he described hereditary breast

cancer in his outstanding two-volume treatise entitled Traite des Tumeurs (Paul
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Broca, 1866). In early 1970s, when Knudson proposed the theory of genetic "two-
hit" model for hereditary cancers, the role of tumor suppressor genes was
established (Knudson, 1971). Meanwhile, Lynch and Krush reported their
findings when studying 34 families with high incidence of breast cancer. In nine
percent of the families, they observed interesting association with ovarian
carcinoma (Lynch & Krush, 1972). These findings led to the identification of
hereditary breast and/or ovarian cancer syndrome (HBOC). HBOC accounts for
almost 90% of all hereditary cancers (Kenny & Bickerstaff, 2017). More recently,
large twin-cohort studies provided an insight into heritability of different kind of
cancers including breast and ovarian cancer (Lichtenstein et al., 2000; Moller et
al., 2016; Mucci et al., 2016). By investigating concordance rate of monozygotic
and dizygotic Nordic twins, the heritability of breast cancer has been calculated
to be 27-31% (Lichtenstein et al., 2000; Mdller et al., 2016; Mucci et al., 2016).
The same study has been done on concordance rate of monozygotic and
dizygotic Nordic twins for ovarian cancer and the heritability of ovarian cancer
was estimated to be 39% (Mucci et al., 2016). Twenty percent of breast cancers
are familial (family history of breast cancer) (Carroll et al., 2008). Monogenic
predisposition to hereditary breast and/or ovarian cancer syndrome can explain
5-10% of all breast cancer cases and about 20% of all ovarian cancer cases
(Nielsen et al., 2016). In early 1990s, the linkage analysis and positional cloning
resulted in identification of high penetrance hereditary breast and ovarian cancer
susceptibility genes BRCA1 and BRCAZ2 (Miki, Swensen, Shattuck-Eidens,
Futreal, Harshman, Tavtigian, Liu, Cochran, Bennett, Ding, Bell, et al., 1994;
Wooster et al., 1994, 1995), two DNA-repair genes. Pathogenic variants in
BRCA1 confer a breast cancer risk of 57-65% by age 70 years and a lifetime risk
of 39-44% for ovarian cancer among female carriers. In women, BRCA2
pathogenic mutations lead to 45-55% risk of developing breast cancer by age 70
years and a lifetime risk of 11-18% of developing ovarian cancer (Antoniou et al.,
2003; Chen & Parmigiani, 2007; Mavaddat et al., 2013). BRCA1 and BRCA2
mutations in men also result in a 1.2% and 6.8% risk of breast cancer,
respectively (Tai et al.,, 2007). Despite the fact that BRCA1 and BRCAZ2 are

known as high penetrance HBOC associated genes, there is substantial

12



interindividual and intra-familial (Goldgar et al., 1994) variability in both the age
at onset and the site of cancer incidence among mutation carriers. There are
multiple lines of evidence proposing the influence of additional modifying factors
in cancer penetrance among BRCA1/2 pathogenic variant carriers. In 2002, Begg
and colleagues reported that ignoring the relevant covariables in risk estimating,
results in a bias in penetrance estimation and concluded that it is likely that
modifiers exist which affect the penetrance of BRCA1/2-associated cancers
(Begg, 2002).

1.3 High-Risk Genes

1.3.1 BRCA1

Breast cancer 1, Early Onset (BRCA1) is located on chromosome 17 spanning a
region of 81 Kb of genomic DNA. It was isolated by positional cloning of
chromosome 17921 in 1994 (Miki, Swensen, Shattuck-Eidens, Futreal,
Harshman, Tavtigian, Liu, Cochran, Bennett, Ding, & Et, 1994). The gene
consists of 24 exons of which 22 are coding a transcript of 7.8 kb which results in
a protein of 1863 amino acids (Miki, Swensen, Shattuck-Eidens, Futreal,
Harshman, Tavtigian, Liu, Cochran, Bennett, Ding, & Et, 1994). BRCA1 has a
unique structure; most of exons are in the expected range of about 100- to
500bps except exon 11 which occupies almost 60% of the coding region of gene
and consists of approximately 3500 pbs (Ouchi, 2006). The BRCA1 protein
(Figure 2) contains four major domains: (i) RING domain which interacts with
BARD1 and exhibits E3 ligase activity. The ligase activity of BRCA1 is intensified
when a heterodimer is formed via the RING domain of its partner protein, BRCA1-
associated RING domain protein 1 (BARD1) (L. C. Wu et al.,, 1996). This
heterodimer produces poly ubiquitin chains at K6 linkages. These unconventional
polyubiquitin chains at unconventional K6 sites may mediate downstream
signaling events rather than signaling for protein degradation (L. C. Wu et al.,
1996). (ii) the P300/CBP domain shows transcriptional regulatory activity. This
domain interacts with two transcriptional cofactors: P300 (histone acetyl
transferase p300) and CBP (CREB binding protein) (Trapp et al., 2011). (iii) the

coiled-coil domain interacts with PALB2 which in turns binds to N-terminus of
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BRCAZ2 to form a BRCA1-containing complex which functions in double strand-
break repair via homologous recombination (Sy et al., 2009; Zhang et al., 2009).
(iv) the BRCT domains (BRCA1 carboxy-terminal repeats), conserved in multiple
proteins involved in DNA damage response (DDR), are responsible for interaction
of BRCA1. BRCT domain is a phosphopeptide-binding domain and recognizes
the proteins phosphorylated at serine in SXXF motifs by ATM. BRCA1 interacts
with abraxas, BRIP1 and CtIP (also known as RBBP8) to form BRCA1 macro-
protein complexes that have different and overlapping roles in DDR. These
complexes are mutually exclusive as BRCT domains can bind one protein at a
time (Pfeffer et al., 2017).

(o]
RING NLS Coild-coil BRCT1 BRCT2
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Figure 2. BRCA1 functional domains and interacting proteins.

Domain map of BRCA1 protein. RING domain which interacts with BARD1, NLS (nuclear localization
sequence), coiled-coil domain which interacts with PALB2, and the BRCT domains (BRCA1 carboxy-
terminal repeats) with the interacting proteins are depicted.

1.3.1.1 Normal Function

The role of BRCA1 in maintaining genomic integrity is primarily attributed to its
involvement in complexes required for the repair of DSBs and stalled replication
forks (Roy et al., 2012). It is an extremely crucial component of several different
protein complexes that are required for the performance of these functions. As a
consequence of its BRCA1 C-terminus domains, highly conserved motifs found
in several proteins involved in DSB repair, BRCA1 facilitates the assembly of
complexes with proteins such as BTB domain-CNC homolog 1- (BACH1),
retinoblastoma binding protein 8 (RBBP8) and BRCA1 A complex subunit
(ABRAXAST), each of which has distinct functions in the recognition and initiation
of DSB repair (Savage & Harkin, 2015). The ubiquitination of histone H2A by the
BRCA1-BARD1 complex has been suggested to be essential for repositioning
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tumor-suppressor p53-binding protein 1 from the sites of DNA damage(Densham
& Morris, 2017). It is believed that this favors homologous recombination (HR)-
mediated repair of DSBs over the error-prone alternative non-homologous end
joining (Densham & Morris, 2017; Savage & Harkin, 2015). The BRCA1-PALB2
(partner and localizer of BRCA2)-BRCA2 complex is required for the recruitment
of RAD51 recombinase (RADS17) to the site of DSBs (Roy et al., 2012). By
creating a protein complex, RAD51 facilitates the search for homologous DNA
sequences, triggering strand invasion and initiating the repair process (Ohta et
al., 2011; Roy et al., 2012; Savage & Harkin, 2015).

In DSB repair pathways, end resection promotes the use of homology while
suppressing canonical NHEJ; therefore it is a critical step in DSB repair pathway
choice (Kass & Jasin, 2010). BRCA1 colocalizes with MRE11-RAD50-NBS1
(MRN complex) after DNA damage and interacts directly with CtIP, suggesting
that it is involved in resection (Sartori et al., 2007). The role of BRCA1 in resection
has been suggested by the observation that mutant BRCA1 cells are defective in
one of the homology-based DSB repair pathways, single-strand annealing (SSA),
which, like HR, relies on a resection intermediate but diverges later in the process
(Stark et al., 2004).

Along with DSB repair, BRCA1 is also involved in transcription regulation. The
transcription regulating functions of BRCA1 are mediated either indirectly by the
modulation of transcription regulating pathways or directly by interaction of
BRCA1 with transcription factors. For example, by direct interaction, BRCA1
inhibits the transcriptional activity of the estrogen receptor. A good example of
how BRCA1 modifies transcription factor activity is its interaction with p53. It was
shown that BRCA1 (aa 224-500) interacts with p53's C-terminus and significantly
alters p53's transcriptional activity (Mullan et al., 2006).

Additionally, several studies have shown that phosphorylation of BRCA1
activates specific DNA damage-induced checkpoints, such as the intra-S-phase
checkpoint. In response to DNA damage, BRCA1 is phosphorylated on serine
1387 by ATM, and this phosphorylation event is required for activation of the intra-
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S phase checkpoint (B. Xu et al., 2002). Moreover, phosphorylation of BRCA1 on
serine 1423 is also critical for the arrest of the G2/M cell cycle (B. Xu et al., 2001).

1.3.1.2 Molecular Pathogenesis (BRCA1- Haploinsufficiency)

One mutant copy of the BReast CAncer gene 1 (BRCA1) is associated with a
significant increase in the risk of developing early-onset breast and ovarian
cancer (Narod & Foulkes, 2004). Tumors that develop in individuals with these
conditions are different from sporadic cancers in that they tend to arise rapidly (in
less than a year) and usually between mammographic screenings (Komenaka et
al., 2004). Breast cancers associated with BRCA1 are also unique in that they
tend to be more aggressive than sporadic cancers and are more likely to be of
the basal subtype (Campeau et al., 2008; Robson et al., 1998). The mechanism
behind why pathogenic alterations in a single BRCA1 allele create an increased
and preferential risk for breast and ovarian cancer cannot be explained in mouse
models (Cao et al., 2003; Drost & Jonkers, 2009). A large array of pathways
essential to genomic maintenance, including homologous recombination, double-
strand break repair, S-phase, G2/M, and spindle checkpoints, are regulated by
BRCAA1. Due to its essential role in coupling DNA damage sensing and repair to
the cell-cycle machinery, biallelic inactivation of BRCA1 leads to genomic
instability and cancer development (Huen et al., 2009; Roy et al., 2012; Zhang &
Powell, 2005). It is important to note, however, that BRCA1's proposed functions
are not exclusive to breast epithelial cells. Hence, it remains unclear why BRCA1
pathogenic variants are preferentially associated with cancer incidence in only a
subset of tissues rather than a general increase in cancer incidence (as is
detected with other tumor-suppressor proteins involved in DNA damage repair
for example, p53, ATM) (Musolino et al., 2007; Tisty, 2011). Moreover, for
reasons that remain obscure, it is unclear why breast cancer onset is early and
rapid in BRCA1-PV carriers (Komenaka et al., 2004; Whittemore et al., 1997)
whereas loss of the intact wild-type allele of BRCA1 occurs late during tumor
development (Clarke et al., 2006; Martins et al., 2012). In BRCA1-associated
breast cancers, inherited pathogenic variants lead to specific molecular and
cellular changes in breast epithelial differentiation resulting in a tendency for
basal-like tumors to form (Lim et al., 2009; Proia et al., 2011). BRCA1-PV carriers
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have been shown to have gains and losses of gene copies in key tumor
suppressors and oncogenes in carcinoma-free breast and ovarian tissues
(Baldeyron et al., 2002; Konishi et al., 2011; Martins et al., 2012; Rennstam et
al., 2010). Genetically engineered and primary BRCA 7-haploinsufficient human
mammary epithelial cells (HMEC) have both been shown to have defects in error-
free DNA damage repair prior to BRCA1 loss (Baldeyron et al., 2002; Konishi et
al., 2011; Pathania et al., 2014; Rennstam et al., 2010). According to a more
recent study, premature senescence is not caused by LoH in BRCATmut/+
HMECs. As a result, haploinsufficiency for BRCA1 causes the onset of a
premature senescence-like barrier (a process they call haploinsufficiency-
induced senescence (HIS)). A novel form of haploinsufficiency-induced
senescence (HIS) was discovered in epithelial cells, which is triggered by

activation of the pRb pathway rather than p53 induction (Sedic et al., 2015).

Many of BRCA1's cellular interactions have been discovered since it was first
cloned in 1994. Yet its highly specific role in tumorigenesis in breast tissue-
BRCA1-PV carriers are predisposed to life-time cancer risks of up to 80%-relative
to other tissues that remain unaffected, has not yet been fully understood. To
address this question, Schemler and colleagues have applied a universal model
of tissue-specificity of cancer genes to BRCA1 and presented a systematic review
of four categories of proposed concepts. First, tissue-specific differences in
BRCA1 expression levels have been observed, followed by differences in the
expression of proteins with redundant functions, and then cell-type dependent
interactions of BRCA1 have been highlighted, followed by factors unique to the
cell-type as well as the environment of the breast tissue being identified.
According to their research, tissue-specificity does not affect BRCA1's role in
DSB repair. Furthermore, neither the tissue-specific expression of BRCA1 nor the
absence of redundant proteins could explain the observation. Rather, it results
from the synergistic effects of BRCA1's interactions with breast epithelial cells

and a promoting environment in the breast (Semmler et al., 2019).

Several cellular functions that are mediated by BRCA1 (e.g., DSB repair or cell-

cycle checkpoint control) are observed at similar levels in BRCA1
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haploinsufficient cells and non-mutated cells. BRCA1 haploinsufficient cells,
however, are more susceptible to replicational stress. Breast tissue may be
subjected to increased replicational stress leading to genetic instability due to
estrogen-induced high concentrations of genotoxic metabolites (Fridlich et al.,
2015; Pathania et al., 2014; Savage et al., 2014).

In general, ER- a signaling promotes NHEJ, while HRR and BER pathways are
down regulated. BRCA1 antagonizes the mitogenic effect of activated ER- a
signaling by lowering NHEJ and activating high fidelity repairs like HRR in
estrogen-responsive BRCA1 wild type cells. As BRCA1 inhibits the ligand
dependent ER- a signaling, it prevents ER- a from sequestering p53 and blocking
its subsequent anti-apoptotic functions, therefore maintaining genomic stability.
Conversely, BRCA1 haploinsufficiency or pathogenic alterations reverse the
control over ER-a signaling, thereby stimulating NHEJ and suppressing HRR. As
a result, ER- a, which is not under control of BRCA1, has the ability to suppress
p53 activity and promote uncontrolled cell proliferation in Cyclin D1 dependent
manner. The inhibition of p53 by ER- a might not exist in estrogen-nonresponsive
BRCA1 wild type cells; therefore, p53 might be the major mediator of DDR
instead of ER-a. Ku80 is upregulated in these cells due to an ER- a deficiency,
which stimulates uncontrolled NHEJ. It is possible, however, that the up-
regulation of error-prone NHEJ does not affect cell survival, if these estrogen non-
responsive cells are wild-type for both BRCA1 and p53. On the other hand, the
loss of both BRCA1 and p53 raises concerns about genomic stability. This
indicates that ER- a signaling can enhance BRCA1 function in estrogen-
responsive cells; therefore, BRCA1 loss as well as deregulation of ER- a signaling

together impact chromosomal integrity (Rajan et al., 2021).

1.3.1.3 BRCA1 Pathogenic Variants

To date, there have been more than 1800 rare variants reported in BRCA1 which
include intronic alterations, missense variants and small insertions and deletions
(Breast Cancer Information Core; https://research.nhgri.nih.gov/bic/). Majority of
pathogenic missense variants in BRCA1, which confer a high risk of breast

cancer, are located within the RING finger and BRCT domains (Futreal et al.,
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1994; Miki et al., 1994). Large genomic rearrangements comprise about 14% of
the pathogenic alterations in BRCA1 (Judkins et al., 2012).

Allelic Variations. BRCA1 genotype-phenotype correlation was reported first by
Gayther and colleagues in late 1995. By studying 33 families they reported a
lower ovarian: breast cancer ratio in families carrying mutations downstream of
exon 12 (Gayther et al., 1995). Later, Thompson and colleagues found a
significantly higher ratio of ovarian:breast cancer associated with variants in
central portion of exon 11 as compared to other mutations. This association was
not only attributed to increased ovarian cancer risk but also to decreased breast
cancer risk (Thompson & Easton, 2002). Gayther and colleagues also reported
an increased ovarian vs breast cancer risk associated with mutation in BRCA2
exon 11. They called this region the Ovarian Cancer Cluster Region (OCCR)
(Gayther et al., 1997). In 2015, Rebbeck and colleagues performed an
observational study on more than 31,000 BRCA1 and BRCAZ2 mutation carriers
and computed the hazard ratios for breast and ovarian cancer based on mutation
type, function, and nucleotide position. They also calculated the ration of breast
vs ovarian cancer hazard ratios. Based on their data, there are three Breast
Cancer Cluster Regions (BCCR) in BRCA1 located at ¢.179 to ¢.505 (BCCR1),
€.4328 to c.4945 (BCCR2) and ¢.5261 to ¢.5563 (BCCR2'). They also identified
an ovarian Cancer Cluster Region encompassing the region between ¢.1380 to
c.4062 (approximately exon 11).

1.3.2 Non-Genetic Modifiers of Breast Cancer Risk Among BRCA171-PV
Carriers

In 2014, Friebel and colleagues performed a meta-analysis of 44 articles which
investigated the modifiers of cancer risk among BRCA1/2-PV carriers (Friebel et
al., 2014). In their meta-analysis they have included several factors such as age
at first live birth, menarche, parity, oral contraceptive use, tamoxifen, breast
feeding, mammography, coffee and smoking. Several other factors such as
abortion, infertility, menopause, miscarriage, hormone replacement therapy,

weight, radiation, x-ray and tubal ligation were also investigated but not meta-
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analyzed (due to lack of independent studies). Overall, many of the factors

exhibited a null effect.

Age At First Live Birth. Meta-analysis of age at first live birth was performed
using the data from two cohorts (Lecarpentier et al., 2012; Milne et al., 2010).
Unlike the general population, the meta-analysis showed a reduced effect size
(ES) for the parity at age 30 years or older compared to parity at a younger age
(<20 or 20—24 years) (ES = 0.65, 95% CI = 0.42 to 0.99 the same results were
obtained for parity at age 25 to 29 years with parity at a younger age: ES = 0.69,
95% CI = 0.48 to 0.99. Authors discussed that this inconsistency is either due to
the fact that the effect of the age at first live birth is different among BRCA1
mutation carriers compare to general population or the application of risk reducing
salpingo-oophorectomy or bias in ascertainment could have affected the results
(Friebel et al., 2014).

Breast-Feeding. Friebel and colleagues reported the results of one study on
breast-feeding (Kotsopoulos et al., 2012), since due to overlap in samples in 6
studies they were not able to perform a meta-analysis. The result of this case-
control study revealed a risk reduction for breast feeding compared to never
having breast feeding, among BRCA1-PV carriers (OR = 0.76; 95% CI1 0.61-0.95)
(Kotsopoulos et al., 2012).

Age at Menarche. Due to the fact that age at menarche was not coded
consistently in different studies, Friebel and colleagues were not able to perform
meta-analysis. The results of a match case-control study by Kotsopoulos and
colleagues in 2005 revealed a reverse association between age at menarche and

the risk of breast cancer among BRCA1-PV carriers (Kotsopoulos et al., 2005).

Parity. To study the impact of parity in the risk of breast cancer among BRCA1-
PV carriers, two cohort studies were included in meta-analysis (Lecarpentier et
al., 2012; Milne et al., 2010). The analysis of nulliparous against parous showed
a null association (ES = 0.79; 95% CI 0.59-1.06) but the significant association
was revealed when they further divided the parity into five subgroups of:

nulliparous, one live birth, two live births, three live births and four or more live
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births. According to the meta-analysis having three live births or more and four
live birth or more reduces the breast cancer risk compared to nulliparity (ES =
0.57, 95% CI 0.39-0.85; ES = 0.56, 95% CI 0.36-0.86), respectively (Friebel et
al., 2014). Each additional live birth leads to a 17% risk reduction (ES = 0.57,
95% CI 0.39-0.85; ES = 0.56, 95% CI 0.36-0.86 (Friebel et al., 2014).

Oral Contraceptive Use. The use of oral contraceptive (OC) was meta-
analyzed using the data from seven publication (Friebel et al., 2014). The meta-
analysis of case-control studies revealed a null effect for ever use of OC against
the never use of OC (ES = 0.78; 95% CIl 0.59-1.04) in BRCA1 mutation carriers
while the combined hazard ratio of cohort studies suggested an increased risk for
ever users (ES = 1.59; 95% CI 1.32-1.92) (Friebel et al., 2014).

Prophylactic Oophorectomy. In 1999 Warner and colleagues conducted a
study to investigate the prevalence and penetrance of BRCA1 and BRCA2
pathogenic variants among Ashkenazi Jewish women with breast cancer. They
observed that incidence of breast cancer is maximal between age of 40 and 55
years and it declines afterwards (Warner et al., 1999). These observations are
indicative for the effect of ovarian hormonal effect on promoting breast
carcinogenesis. Meanwhile, Rebbeck and colleagues found an approximately
50% breast cancer risk reduction (OR = 0.53; 95% CI 0.33-0.84) among BRCA1-
PV carriers who undergone a risk reducing salpingo oophorectomy (RRSO)
(Rebbeck, Levin, et al., 1999). In 2017, Heemskerk-Gerritsen and colleagues
followed by Terry and colleagues revealed that the strong association of RRSO
and reduced breast cancer risk might have resulted from several types of bias.
They found no association when they treated the RRSO as a time-dependent

covariate (Heemskerk-Gerritsen et al., 2015; Terry et al., 2019).

Prophylactic Mastectomy. A study performed by Rebbeck and colleagues in
2004 reported that bilateral prophylactic mastectomy reduces the risk of breast
cancer by approximately 90%. A prior or concurrent prophylactic oophorectomy
could lead to 95 % breast cancer risk among BRCA1/2-PV carriers (Rebbeck et
al., 2004).

21



According to a large cohort study of BRCA1-2-PV carriers, diagnostic radiation
exposure before age 30 has been associated with increased risk of breast
cancer among BRCA1-PV carriers (Pijpe et al., 2012). While results of a meta-
analysis revealed a null association between mammography exposure and
breast cancer risk (Friebel et al., 2014), studies reported a statistically significant
increased breast cancer risk for those BRCA1-PV carriers who had experienced
an X-ray exposure compared to those who never had an X-ray exposure
(Andrieu et al., 2006; Lecarpentier et al., 2011).

1.3.3 Genetic Modifiers of Cancer Risk Among BRCA1/2-PV Carriers
Modifying Genes. The presence and absence of specific alleles of modifier
genes can change the penetrance of major genes. The modifying gene can be
linked to the major gene. In this case the modifying allele co-segregates with
mutant allele. A more possible situation is that modifier gene and major genes
are not linked. The modifier genes of hereditary breast and ovarian cancer are
related to sex hormones metabolism and DNA-repair (Narod, 2002). Four genes
have been proposed as potential modifiers of breast and ovarian cancer risk
among BRCA1/2-PV carriers.

Androgen Receptor. Androgen receptor contains a polymorphic glutamine
extension encoded by trinucleotide repeat (CAG)n, which ranges in length in
general population from 17-26 glutamines. In vitro analysis showed that this
polymorphism is reversely related to transactivation activity of androgen receptor
(Kazemi-Esfarjani et al., 1995). Giguére and colleagues also reported an inverse
association between CAG length and breast cancer risk (Giguere et al., 2001).
Rebbeck and colleagues reported an earlier age of breast cancer onset in
BRCA1-PV carriers with at least one long androgen receptor allele (>27 CAG
repeats) (Rebbeck, Kantoff, et al., 1999). These results are indicative of
protective effect of increased androgenic activity, although they were not
confirmed by Dagan and colleagues among Jewish BRCA1-PV carriers (Dagan
et al., 2002).

Nuclear Receptor Co-activator 3. NCOAS3 is also known as “amplified in breast

cancer 17, AIB1, and is needed for female reproductive function and mammary
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gland development (J. Xu et al., n.d.). AIB1 contains a glutamine-rich region
which is encoded by a (CAG)n trinucleotide expansion (Hayashi et al., 1999).
Polymorphic CAG lengths which are ranging in size from 20 to 37 repeats are
believed to have a functional effect on sex-steroid-hormone signaling (Rebbeck
et al., 2001). Rebbeck and colleagues found that BRCA1/2-PV carriers who also
carry a long AIB1 allele (> 29 CAG repeats) are at an approximately threefold
greater risk of developing breast cancer compared to carriers of two short alleles
(Rebbeck et al., 2001).

RAD51. RADS1 is involved in the double strand break repair pathway and
interacts with both BRCA71 and BRCA2 (Baumann & West, 1998). While a
positive association was found between presence of a single nucleotide
polymorphism and breast cancer risk among BRCA2-PV carriers, no significant
modifying effect for BRCA1-PV carriers was observed. (Levy-Lahad et al., 2001;
W. W. Wang et al., 2001).

HRAS. The presence of a variable number of tandem repeat (VNTR) located one
kilobase downstream of the HRAS proto-oncogene was reported to be
associated with an increased risk of ovarian cancer for BRCA1-PV carriers. The

association was not found for breast cancer (Phelan et al., 1996).

Catechol-O-methyltransferase (COMT). was first described by Axelrod and
Tomchick in 1958 as an enzyme catalyzing the O-methylation of catecholamine
neurotransmitters (Axelrod & Tomchick, 1958). COMT also catalyzes the
methylation of catechol metabolites of estrone and estradiol (E1, E2)(M &
Kaakkola, 1999). This single gene encodes both soluble COMT(S-COMT) and
membrane-bound COMT (MB-COMT)(Lundstréom et al., 1991; Salminen et al.,
1990). COMT is expressed in the range of tissues with the greatest expression in
liver and kidney. It is also expressed in both normal breast epithelial cells and
tumor tissue (Weisz et al., 2000). Using the methyl group derived from S-
adenosylmethionine COMT is functioning as O-methylator of catechol estrogens
such as 2-OHE1(E2) at the 2-OH and 3-OH positions and of 4-OHE1(E2) at the
4-OH position (Mannistd & Kaakkola, 1999) and consequently inactivating the

carcinogenic activity of these estrogen metabolites (J. J. Li & Li, 1987; Liehr et
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al., 1986). Catechol estrogen are the main metabolites of E1 and E2 which can
oxidize to catechol estrogen quinones such as E1(E2)-3,4-Q, which in turn can
react with DNA and result in the depurinating adducts 4-OHE1(E2)-1-N3Ade and
4-OHE1(E2)-1-N7Gua (Cavalieri et al., 1997; K.-M. Li et al., 2003). Apurinic sites
in the DNA are generated as a result of depurination of these adducts. These
apurinic sites can be altered by error-prone base excision repair (BER) to
changes which can lead to cancer initiation. COMT is a polymorphic gene. The
mostly investigated variant in COMT is a common missense variant resulting from
a G>A transition leading to a Val to Met alteration at codon 158(108)(Lachman et
al., 1996) . It is a common variant in the European population with an allele
frequency of approximately 53% (ExAc data accessed on 11.12.2018). Studies
have shown that the COMTMet allele showed three-to-four-fold reduction in
enzymatic activity compared to wild type allele COMTV? and it has also exhibited
thermolability (Scanlon et al., 1979). Earlier, Syvanen and colleges also
determined the same reduction of enzyme activity in homozygous individuals and
intermediate enzymatic activity in heterozygous individuals (Syvanen et al.,
1997). This reduction in methylation activity may lead to accumulation of 4-OHE2.
These findings were enough for researchers to hypothesize the association
between this COMT Val158Met and breast cancer risk; however, the data
regarding the association between COMT polymorphism Val158Met is
contradictory. Some studies have indicated increased breast cancer risk
associated with one or two copies of low activity COMT allele (Val158Met) among
postmenopausal women (Huang et al., 1999; Lavigne et al., 1997; Yim et al.,
2001). In contrast, some studies found no association between one or more
copies of low activity COMT allele and breast cancer risk (Bergman-Jungestrom
& Wingren, 2001; Millikan et al., 1998). The results of meta-analyses disagreed
with the biological role of COMT in inactivating genotoxic catechol metabolites of
E2/E1. Two meta-analyses showed a slight protective role for the low activity
COMT SNP in recessive mode (Ding et al., 2010; He et al., 2012). More recently,
in an attempt to find modifiers of BRCA1/2 penetrance, Movassagh et al.,
identified a synonymous substitution p.Leu203Leu (rs165631) in the gene COMT
to have a protective affect among BRCA1/2-PV carriers (Movassagh et al., 2017).
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Common Genetic Modifiers. Unlike the previously used hypothesis-based
association studies, genome wide association studies (GWAS) were successful
in identifying genetic factors that modify breast cancer risk, both in general
population and in BRCA-PV carriers. Genome wide association approach led to
the identification of more than 100 common susceptibility variants for breast
cancer risk in the general population. This number is 22 for ovarian cancer (Milne
& Antoniou, 2016). These SNPs are generally common (minor allele frequency >
0.13) and they have small effect size per one copy number of mutated allele (odds
ratio, all < 1.30) (Milne & Antoniou, 2011). The Consortium of Investigators of
Modifiers of BRCA1/2 (CIMBA) was established to identify common genetic
modifiers of breast and ovarian cancer among BRCA1/2-PV carriers. (Milne &
Antoniou, 2016). The computed relative risks per copy of the minor allele is small
and it ranges from 1.05 to 1.26 for breast cancer and 1.03 to 1.48 for ovarian
cancer. These genetic modifiers can explain small proportion (< 10 %) of the
modifying genetic variance for BRCA1 and BRCAZ2-PV carriers (Milne &
Antoniou, 2016).

Polygenic Risk Score (PRS). The combined effect of several common breast
cancer susceptibility variants, identified in genome wide association studies
(GWAS), is expressed as a polygenic risk score (PRS), which can be a
substantial genetic risk for an individual person. There has been a consistent
association between polygenic risk scores (PRS) and elevated breast cancer risk
in cohort studies in both women with and without a family history of breast cancer
(Mavaddat et al., 2019). As compared with the limited SNP profiles investigated
to date, PRSs based on many SNPs are expected to result in even greater
differences in absolute cancer risks for mutation carriers at the extremes of the
combined SNP distributions (Milne & Antoniou, 2016). Using such genomic
profiles, women can be stratified according to their risk of developing breast
cancer. Thus, screening or other preventative strategies can be targeted at those
women most likely to benefit from them, thereby improving breast cancer
prevention and survival rates (Mavaddat et al., 2019). Nevertheless, PRS risk
stratification is reduced in BRCA1/2-PV carriers compared to the general

population (Sawyer et al., 2012). Coignard et al. have also recently conducted a
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case-only study involving over 60,000 unselected BC cases and 13,000 cases
containing BRCA1/2 pathogenic variants. They demonstrated that several SNPs
associated with breast cancer risk in the general population, which are therefore
included in PRS calculations, are actually associated with BRCA1/2-PV status.
Therefore, they have no impact on BC risk in carriers of BRCA1/2-PV (Coignard
et al., 2021).

1.4 Major Signaling Pathways in Breast Cancer Development and
Progression

Notable analogues exist between normal development and cancer progression
(Huebner & Ewald, 2014; Macias & Hinck, 2012). Many of the signaling pathways
which control the normal human development and allows the cells to
communicate with each other and surrounding environment are either hijacked
or dysregulated by cancer stem cells or cancer cells (Hunter, 2000, 2007; Sever
& Brugge, 2015). In fact, cancer is caused by genetic and epigenetic alteration
which affect the signaling pathways that command cell proliferation and division,
cell death, cell differentiation and cell fate, and cell motility. These alterations
allow cells to break out the mechanisms that normally control cell proliferation,
survival and migration (Sever & Brugge, 2015). Therefore, mutations in pro-
oncogenes can lead to hyperactivation of these pathways while inactivation of
tumor suppressors removes critical negative regulator of signaling (Sever &
Brugge, 2015). Some of the predominant signaling pathways that regulate normal
mammary gland development and breast cancer stem cell functions are

presented here.

1.4.1 ER Signaling and ER-Positive Breast Cancer

About 70% of all breast cancers express the estrogen receptor (ER),
progesterone receptor (PgR), or both, and therefore are considered hormone
receptor-positive (HR+) (Murphy & Dickler, 2016). There are two ERs (ERa and
ErB), which are members of the nuclear receptor superfamily of hormone-
inducible transcription factors (Aranda & Pascual, 2001). Estrogen has high
affinity and specificity for the estrogen receptor. It binds to ER and functions

through two main types of pathways, the classical (or nuclear) pathway and the
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alternative (nonnuclear) pathway (Nardone et al., 2015). Upon ligand binding, the
estrogen-ER complex dimerizes and interacts with coregulator proteins and
estrogen responsive elements within the DNA. This in turn results in activation of
the transcription of a wide range of genes that participate in the regulation of the
cell cycle, DNA replication, cellular differentiation, apoptosis, and angiogenesis.
This is called nuclear (or classical) pathway; however, it starts in the cytoplasm
to activate coregulator growth factor and G-protein coupled signaling.
Coregulators in the nonnuclear pathways consist of receptors (e.g., insulin-like
growth factor-1 receptor, fibroblast growth factor receptor [FGFR], HER2), and
kinases (e.g., mitogen-activated protein kinases, receptor tyrosine kinase, PI3K,
AKT, mTOR, Src, and CDK). ER can also be activated by ligand-independent
mechanisms, which provides several opportunities for crosstalk between the ER,
growth factors, and protein kinases, which can activate or modify ER activity
(Gluck, 2017; Nardone et al., 2015).

1.4.2 HER2 Signaling and HER2 Positive Breast Cancer

HER2 (also known as Neu, ErbB2) is a member of the epidermal growth factor
receptor (EGFR; also known as ErbB) family of receptor tyrosine kinases (RTKs),
which in humans consists of HER1 (EGFR, ERBB1), HER2, HER3 (ERBB3) and
HER4 (ERBB4). Receptor tyrosine kinases are transmembrane single subunit
glycoproteins. RTKs have an extracellular ligand-binding domain, a
transmembrane domain, and an intracellular tyrosine kinase catalytic domain.
Upon ligand activation, the receptors dimerize forming homodimers or
heterodimers, which subsequently results in transphosphorylation. This activates
a number of intracellular signaling pathways including Ras/mitogen-activated
protein kinase pathway, the phosphatidylinositol 3 kinase (PI13K)/Akt pathway, the
Janus kinase/signal transducer and activator of transcription pathway, and the
phospholipase C pathway, which have roles in cell proliferation, survival, motility,
and adhesion (Moasser, 2007). HER2 receptors have no ligand and do not form
homodimers but they heterodimers with other HER family members.
Overexpression of HER2 is found in approximately 20-30% of human breast
cancers (Cho et al., 2003). Breast tumors can have up to 25 to 50 copies of the

HER2 gene and up to a 40- to 100-fold increase in HER2 protein expression
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(Gutierrez & Schiff, 2011; Kallioniemi et al., 1992). HER2 positivity is associated

with more aggressive tumors and a poorer prognosis (Cho et al., 2003).

1.4.3 DNA Damage Response (DDR) Pathway

The stability of the genome is critical for the survival and reproduction of all
cells(Valles et al., 2020). An abnormally altered genetic base sequence can
impair cellular biological functions and cause carcinogenesis (Burgess et al.,
2020). Several important DNA repair functions have evolved in mammalian cells
to protect against different types of damage. Mismatch repair pathways, base
excision repair pathways, and nucleotide excision pathways, for example, have
been well characterized (Kottemann & Smogorzewska, 2013). However, cancer
cells have frequently evolved in relation to abnormal DNA damage repair
functions and processes (Tubbs & Nussenzweig, 2017). Environmental hazards
and endogenous toxic agents, such as free radicals, can compromise DNA
integrity, leading to a range of diseases, including cancer (Lin et al., 2020; Patel
et al., 2021). Cells can generate various types of DNA damage under either
endogenous or exogenous stress, including base pair changes, replication errors
(Ragunathan et al., 2020), and distortion and breakage of DNA double strands
(Marshall & Santangelo, 2020). Numerous studies have identified and
documented the negative effects of common exogenous factors, including heavy
metals and ionizing radiation (Huang & Zhou, 2021; Pariset et al., 2021). Several
types of DNA damage have been reported previously, as follows: (i) single-strand
breaks; (ii) double-strand breaks (DSBs) (Ceccaldi et al., 2016); (iii) base
damage; (iv) sugar damage; (iv) DNA cross-linking and (v) clustered damaged
sites (Frankenberg-Schwager, 1990). There is a growing body of evidence that
DNA double-strand breaks are among the most damaging types of DNA damage
and the most severe threat to cells (Brockelmann et al., 2020). DSBs that are left
without effective repair or repaired with error-prone repair can cause
carcinogenesis or cell death (J. Li et al.,, 2019). Several mechanisms have
evolved in order to ensure genomic stability within cells or even to use DNA
damage as an opportunity for natural selection. These mechanisms have been
identified as the DNA damage response (DDR) (R. Huang & Zhou, 2021).
Pathogenic variants within the DDR genes such as BRCA1 and BRCA2 have
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been described in various cancers, including breast cancer and prostate cancer
(Kitagishi et al., 2013).

Repair pathways include direct reversal, base excision repair, nucleotide excision
repair, mismatch repair, single-strand break repair, and double-strand break
(DSB) repair (Lai et al., 2020; Sassa & Odagiri, 2020; Szewczuk et al., 2020).
Repair of pyrimidine dimers caused by ultraviolet radiation or other factors, or
repair of alkylated bases are considered direct repairs. DNA replication lesions
or bulky adducts caused by distortions of the DNA structure are repaired by
nucleotide excision repair (Kajitani et al., 2021). Repair of mismatched base pairs
in double-stranded DNA, as well as some insertions or deletions of less than four
nucleotides, is known as mismatch repair (Latham et al., 2021; Sena et al., 2021).
Double-strand break repair refers to repair of DSB lesions (Gachechiladze et al.,
2020; Latham et al., 2021; Yoshioka & Matsuno, 2021).

DSB repair has been classified into two broad categories, homologous
recombination (HR) (Wright et al., 2018a) and non-homologous end joining
(NHEJ) (Lieber, 2010a; Wright et al., 2018a). In contrast to the NHEJ pathway,
HR is more conservative and error-free because it relies on the presence of sister
chromatids. As a result, the HR pathway can repair DSBs only during the S/G2
phase of the cell cycle, whereas the NHEJ pathway can repair DSBs at any time
(R. Huang & Zhou, 2021; Lieber, 2010a; Wright et al., 2018a)

1.4.3.1 Non-Homologous End Joining (NHEJ)

Nonhomologous end joining (NHEJ) is a mechanism for repairing double-strand
breaks during the cell cycle (Davis & Chen, 2013). The repair process entails
ligation of the ends of the broken DNA strands, which results in high rates of DNA
loss and variation (Lord & Ashworth, 2012). There are two distinct NHEJ
pathways: classical and alternative. Alternative NHEJ (also known as
microhomology-mediated end joining (MMEJ)) is a less-well-described process
that is more likely to cause translocations and large deletions (Gostissa et al.,
2011). In situations where faithful repair via homologous recombination is no
longer possible due to pathogenic changes or epigenetic alterations, NHEJ is

called upon to repair double-strand breaks (Lieber, 2010).
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1.4.3.2 Single Strand Annealing (SSA)

DSBs are repaired by non-homologous end joining (NHEJ) and homologous
recombination repair (HRR) in humans and other higher organisms. Another DSB
repair system, single-strand annealing (SSA), joins DNA ends using homologous
repeats flanking the DSB. SSA generally occurs when at least two direct DNA
repeats are present on the two ends of a DSB. SSA, unlike HRR, does not require
a donor sequence. However, it is error-prone, as it removes DNA fragments
between repeats along with one repeat. There is homology at breakpoint
junctions of many DNA deletions in cancer cells, suggesting that SSA may play
a role. SSA may result in chromosomal translocations when more than one DSB
occurs on different chromosomes. These translocations are essential for many

types of cancer to develop (Blasiak, 2021).

1.4.3.3 Homologous Recombination Repair

When both strands of the DNA double helix are compromised, homologous
recombination (HR) is necessary in order to access the redundant genetic
information contained in sister chromatids or homologous chromosomes. In
somatic cells and during meiosis, HR is critical in supporting DNA replication and
repairing DNA double-strand breaks (DSBs). HR consists of three processes:
1) double-strand break recognizing (DSBR); 2) synthesis-dependent strand
annealing (SDSA); and 3) break-induced replication (BIR) (Wright et al., 2018).
HR consists of three processes: 1) double-strand break recognizing (DSBR); 2)
synthesis-dependent strand annealing (SDSA); and 3) break-induced replication
(BIR) (R. Huang & Zhou, 2021). ATM and ATR recognize double-strand DNA
breaks in the early stages of homologous recombination, phosphorylate
downstream targets including CHEK2, P53, BRCA1, and H2AX, and initiate
homologous recombination. With the help of BARD1 and BRIP1, BRCA1
organizes the remaining proteins to the site of repair. MRE11, RAD50, and NBS1
form the MRN complex which resects DNA to produce 3'overhangs that are
bound by RPA or Replication Protein A (Krejci et al., 2012; Sung & Klein, 2006;
Valerie & Povirk, 2003). RPA (consisted of a trimer of RPA1, RPA2 and RPA3)
is a single-stranded DNA-binding protein (Dhingra et al., 2019). The recruitment
of BRCA2 is mediated by PALB2 and the loading of RAD51 onto RPA-coated
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DNA takes place with the help of RAD51B, RAD51C, and RAD51D. The RAD51
filament then invades the homologous DNA strand to allow the remainder of DNA
repair to occur using the sister chromatid as a template for error-free repair (Krejci
et al., 2012; Sung & Klein, 2006; Valerie & Povirk, 2003)

In the process of homologous recombination repair of double-stranded DNA
breaks, BRCA1 and BRCAZ are critical proteins. About 5—-10% of breast cancers
are caused by germline BRCA1 and BRCAZ2 pathogenic variants (Alsop et al.,
2012). Additionally, many other proteins involved in homologous recombination
repair have now also been recognized to play a role in hereditary cancer risk,
such as ATM, CHEK2, BARD1, BRIP1, MRE11, RAD50, NBS1, RAD51C,
RAD51D and PALB2 (Walsh, 2015).

1.5 Role of Next Generation Sequencing in Early Diagnosis of HBC
Many areas of medicine, such as oncology, have benefited from next-generation
sequencing (NGS). By using very little nucleic acids, NGS technology allows the
accurate characterization of the "status" of numerous genes, while being cost-
effective and time efficient. A number of second and third generation platforms,
based on a variety of chemical and physical principles, are currently commercially
available. In many studies, NGS technology has been used to characterize the
tumorigenic process and tumor heterogeneity because it is capable of detecting
multiple variants simultaneously. Clinically useful information can be obtained
from an analysis of the molecular landscape of tumors. As a result of NGS
technology, we can identify and discover novel genes that cause cancer
susceptibility, as well as counsel patients and their families about screening,
surveillance, and risk-reduction measures. As NGS was developed in the last
decade, targeted sequencing of several genes, including those that have already
been known to contribute to breast and ovarian cancer susceptibility, as well as
sequencing of entire genomes, transcriptomes, and exomes for identifying novel

genes became possible.

In "targeted gene sequencing”, selected genes or subsets of genes are analyzed
whose involvement in specific diseases has already been detected or suggested.

Since NGS gene panels offer a very high-throughput and cost-effective screening
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method for sequencing specific targets of interest, they are widely used. The
system allows massive parallel multigene analysis in a few days, reducing the

cost and time requirements significantly.

Whole exome sequencing (WES), in which DNA coding regions are captured and
sequenced at a deep level, can detect disease-causing variants and uncover new
targets. WES provides a more complete analysis of the genomic landscape than
targeted gene sequencing. Currently, WES is the most widely used NGS
technique for identifying rare genetic variants. The WES analysis, however, only
provides information about exons, focusing on coding regions. It is therefore
critical to note that this approach omits variants in non-coding regulatory regions

that can act as cancer drivers (Hu et al., 2021; Meldrum et al., 2011).

1.5.1 Next Generation Sequencing

Almost 25 years after the discovery of DNA's structure, the first method for
sequencing DNA was published (Sanger et al., 1977; Watson & Crick, 1953). By
incorporating chain-terminating and radioactively labeled (earlier approach) or
fluorescently labeled (later approach) dideoxynucleotides, this method allowed
the sequencing of a complementary DNA strand to the interrogated template
strand. Following size separation, the fragments were analyzed by gel
electrophoresis to determine their sequences. After the introduction of capillary
electrophoresis, Sanger-sequencing developed into a “first-generation
sequencing” technique that was widely used to sequence both small and large
genomes in bacteria, phages, and humans. This method had a limited throughput
since it could only analyze one sequencing reaction at a time. The advent of next-
generation sequencing (NGS) technologies in 2004 and 2006 transformed
biomedical inquiry, resulting in a dramatic increase in the amount of data
produced from sequencing. This significant increase in data output was the result
of nanotechnology principles and innovations that enabled the massively parallel
sequencing of individual DNA molecules. Regardless of the sequencing platform
used, high throughput and single-molecule DNA sequencing are hallmarks of
NGS (Hu et al., 2021).
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A “second generation” approach, such as those employed by lllumina or lon
Torrent, generally begins with DNA fragmentation, DNA end-repair, adapter
ligation, surface attachment, and in-situ amplification. As a result of these new
“short-read” sequencing technologies, millions of individual sequencing reactions

can be performed simultaneously (Hu et al., 2021).

1.5.2 Library Preparation (DNA-seq)

There are four basic types of DNA-Seq: Whole Genome Sequencing (WGS),
Whole Exome Sequencing (WES), Epigenome Sequencing (ES), and Targeted
Sequencing (TS) (Lightbody et al., 2019). Polymerase chain reaction (PCR) and
hybridization capture-based methods are two approaches to template
preparation. The most common way to prepare TS templates is by PCR.
Amplification sequencing was initially limited to a few genes or exons (short-range
PCR) (Head et al., 2014). Due to long-range PCR (LR-PCR), shotgun sequencing
(sequencing randomly broken fragments shorter than the amplicons) became
dominant, enabling all regions of the gene, including intronic, untranslated,
upstream, and downstream regions, to be sequenced. With LR-PCR, sequence
ambiguities with short amplicon sequencing were resolved (Meldrum et al.,
2011). A hybridization capture-based preparation of templates is applied for WES
and TS using biotinylated probes that are hybridized with regions of interest,
which are then isolated using streptavidin-coated magnetic beads. This approach
provides cost-effective TS of larger genomic regions and more genes with less
chance of allele dropout than PCR-based approaches. There are four core steps
to DNA-Seq library construction: fragmentation, end-repair, adaptor ligation, and

size selection (Podnar et al., 2014).

1.5.3 Sequencing

Clonal amplification and sequencing are two sequential elements of short-read
sequencing. The purpose of clonal amplification is to produce strong, detectable
signals during the sequencing of DNA fragments through solid-phase
amplification. Flow cells (lllumina) and beads (Thermofisher's lon Torrent) are
two examples of solid-phase surfaces to which single DNA fragments can bind.

A PCR emulsion (lon Torrent) or PCR bridge (lllumina) is used to amplify the
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anchored DNA fragments into spatially separated template fragments, depending
on the sequencing platform. Both lon Torrent and lllumina use the "sequencing
by synthesis (SBS)" method, which relies on DNA-polymerase-dependent

nucleotide incorporation into the extended DNA chain (Goodwin et al., 2016).

1.5.4 Data Analysis

The use of these technologies requires streamlined bioinformatics data
management and data analysis given that massively parallel sequencing
generates large volumes of data. A data analysis workflow typically involves three
levels of analysis: primary, secondary, and tertiary (Dolled-Filhart et al., 2013).
Within the primary analysis base-calling is performed on each clonally amplified
DNA fragment by the instrument software following sequencing. During this
phase, quality control procedures such as read filtering and trimming are also
carried out. A FASTQ file is used to store the sequence information along with
the quality scores (Phred values). Pair-end sequencing on the lllumina platform
generates two FASTQ files linked by sequence identifiers. On lllumina
instruments, three indicators are used to assess the quality of sequencing runs:
cluster density, percent of clusters passing filters, and percentage of base calls
with a quality score of at least Q30 (1 in 1000 chance of an incorrect base call).
Read alignment and variant calling are included in secondary analysis. FASTQ
files are used to store short reads, either paired-end or single-end. First, short
reads are aligned against the human reference genome. In order to achieve fast
and accurate alignment, Burrows-Wheeler Aligners (BWA) use a hash-table
algorithm allowing gapped alignment (H. Li & Durbin, 2010). A binary
alignment/map (BAM) format is used for storage of alignment results. User-
friendly software, such as the Interactive Genome Viewer (IGV), can be used to
view alignments. During this stage, coverage is another quality indicator to
consider, which includes depth of coverage (number of times a base is
sequenced) and breadth of coverage (percentage of a reference genome
covered). A sufficient level of coverage ensures sufficient sensitivity and
specificity for variant detection. Variant calling follows read alignment. Through
comparison of reads to a reference genome, variants, SNPs, indels, or larger

structural variants can be identified. GATK and Freebayes (Mckenna et al., n.d.;
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Sandmann et al., 2017) are two open-source tools that can be used for this
analysis. Variant Call Format (VCF) is used to store sequence variation data.
Annotation and interpretation of variants are part of tertiary NGS analysis. The
goal of this analysis is to determine the biological and pathological functions of
found variants (e.g., SNPs, INDELs, and CNVs). In this analysis, ANNOVAR and

VAT are commonly used tools.
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2 Aims
In spite of the fact that pathogenic variants in BRCA1 have the highest

penetrance for hereditary breast and ovarian cancer, the cause of variation in
penetrance between individuals and even within families remains a subject of
research. As a result of this variation, genetic counseling and risk calculation are

challenging.

Besides the environmental factors that have been extensively studied, genetic
factors are another source of variation in the risk of breast cancer among BRCA1
women. The Consortium of Investigators of Modifiers of BRCA1/2 (CIMBA)
carried out Genome Wide Association Studies (GWAS) and described several
candidates: each adding a small part of risk variation in BRCA 1 mutation carriers.
As opposed to GWAS studies that are based on common variants, this study
attempted to predict BRCA1 penetrance and AAO of breast cancer by analyzing
rare variants in genes associated with DNA damage response and genome
integrity maintenance pathways, as well as genes that interact with BRCA1. We
hypothesized that the co-occurrence of a germline truncating variant in DNA-

repair genes with BRCA1 is associated with early onset of breast cancer.

Furthermore, HBOC molecular diagnostic laboratories face significant challenges
when interpreting variants of uncertain significance, especially as the number of
genes implicated in the syndrome grows. A well-established in vivo or in vitro
functional study is considered to be a strong piece of evidence for variant
interpretation in the ACMG/AMP framework. Investigating the effects of these
variants on RNA splicing is a major contribution to understanding their functional
significance. Here we introduce a targeted RNA-sequencing method to
simultaneously evaluate the effect of several variants within several genes on

MRNA and consequently on protein function.
We aim to identify:

1. Modifiers of risk of hereditary breast cancer among BRCA 1-positive women
2. A method to evaluate functional effects of variants of uncertain significance in
HBOC genes.
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3 Materials and Methods

3.1 Study Population

3.1.1 BRCA PV-Carriers From GC-HBOC

BRCA1/2-PVcarriers were selected from more than 30,000 cases referred to and
registered in 12 centers of the German Consortium for Hereditary Breast and/or
Ovarian Cancer biobank. Patients were eligible for the study if (a) they had
developed breast cancer before the age 35 years (early age at onset), (b) they
had developed breast cancer after age 60 or they cancer free by the age 60 and
above (control cohort), (c) patients are unrelated (d) patients who had done the
prophylactic mastectomy or prophylactic oophorectomy prior to the age 45 were
not included in the analyses (Heemskerk-Gerritsen et al., 2015) as they have
reduced the risk of breast cancer. All the patients have been tested positive for
BRCA1/2 pathogenic variants in their centers prior to the recruitment and they
have signed a written informed consent. The study was approved by the local
ethics committee (ethic vote number 053/2017B0O2)

3.1.2 Splicing Pattern in Cancer Predisposing Genes (Targeted RNA-
Sequencing Vs. cDNA Sequencing)

3.1.2.1 Patients’ Characteristics

The interpretation of variants of unknown significance (VUS) is one of the most
challenging aspects of molecular diagnosis of hereditary breast and ovarian
cancer (HBOC), especially with the increasing knowledge of genes that play a
role in this syndrome. One of the keyways in which VUS can have a functional
impact is through their effects on RNA splicing. In attempt to replace the
conventional laborious method of RT-PCR and direct sequencing of isolated
fragments from agarose gel with a powerful semi-quantitative high-throughput
method, we designed a panel of baits to capture the exons of 34 targeted cancer
related genes -without including the baits for known exon-exon junctions to avoid
the enrichment of known transcripts-, along with a bioinformatics pipeline to
analyze aberrant transcripts and splicing variants. We compared the results of

RT-PCR and cDNA sequencing in parallel with targeted RNA-Seq in 5 patients
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either with a personal or a family history of cancer referred to the Women Hospital
in Tdbingen for genetic testing. The patients carried variants in cancer
susceptibility genes including CHEK2, BRCA2, BRCA1, TP53, and STK11.

3.1.2.2 RT-PCR Analysis

Whole blood samples which were collected using PAXgene Blood RNA Tube
(IVD) (PreAnalytiX, A QIAGEN/ BD Company) were used as a source of total
RNA. Total RNA extraction was performed using PAXgene Blood miRNA
(PreAnalytiX, A QIAGEN/ BD Company) according to the manufacturer's
recommended protocol. An Aliquot of 500ng was used for the first-strand cDNA
synthesis by means of SuperScript Il First-Strand Synthesis SuperMix

(Invitrogen, Life Technologies, USA) according to the manufacturer’s instructions.

3.1.2.3 PCR

Blood samples were used to analyze the splice variant for the genes which were
found to carry a splice-site variant and the prediction tools predicted a possible
exon skipping. Primers were designed using “Primer 3" or “primer design”.
Primers were encompassing the upstream and downstream exons of the exon,
which was expected to be skipped. Table 1 shows the primers which were used
for each specific variant. The 25ul PCR reaction contained about 20ng of cDNA
template, 10x buffer + MgCl2 (Roche, F. Hoffmann-La Roche AG), 10mM dNTPs
(Roche, F. Hoffmann-La Roche AG), 5U/ul FastStart Taq polymerase (Roche, F.
Hoffmann-La Roche AG), 5M of Betain, 5x Q-Solution, 10 pmol/ul of Forward and
Reverse primers as well as DNAse-free water. The PCR reactions were
performed in G-Storm thermocycler using a touchdown program starting with
initial denaturation at 95°C for 5 minutes followed by 10 cycles of denaturation at
94°C for 30 seconds, annealing at variable temperatures dependent on the
primer pairs, decreasing one degree at each cycle, for 30 seconds, and
elongation at 72°C for either 30- or 60-seconds dependent on the size of PCR
product. It was followed by 30 cycles of denaturation for 30 seconds at 94°C,
annealing at the temperature which was reached in the final cycle of the first 10

cycles, for 30 seconds, and elongation at 72°C for 30- or 60- seconds following
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by 7 minutes of elongation at 72°C. PDH was used as internal control. PCR

products were analyzed on 1.5% agarose gels.

Table 1. PCR primers

Gene Variant Exon Forward Primer Exon Reverse Primer
number number

CHEK2 c.592 Ex2 GACCAAGAACCTGAGGACCA Ex6 TGCCTCTCTTGCTGAACCAA
G>A

BRCA2 c.8755-2 Ex21 GCAAGATGGTGCAGAGCTTTA Ex23 TTTTGTCGCTGCTAACTGTATG
A>G

BRCA1 c.4093 GTGAATTGGAAGACTTGACTG TGTCACTCTGAGAGGATAGC
T>G

TP53 c.375+5 Ex1 GTGACACGCTTCCCTGGAT Ex6 CCAAATACTCCACACGCAAA
G>A

STK11  ¢.597 Ex2 GGCCAACGTGAAGAAGGAAA Ex7 TTCTTCCGGAACCAGCTGT
G>A

3.1.2.4 DNA Extraction and Sanger Sequencing

The visible fragments corresponding to each patient and matching control was
extracted from agarose gel using a QlAquick Gel Extraction Kit (Qiagen, Inc.)
according to the manufacturer’s instructions. Purified PCR products were
subjected to sequencing using a BigDye Terminator v.3.1 Cycle Sequencing Kit.
PCR mixture (10ul) contains 2ul of purified DNA, BigDye buffer, 10 pmol/pl M13
primers, DMSO, BigDye 3.1, and DNase free water to reach the volume to 10 pl.
PCR reaction was carried out in GStorm thermocycler, initiating with 2 minutes of
denaturation at 96°C, followed by 30 cycles of denaturation at 96°C for 10
seconds, annealing for 5 seconds at 55°C, and elongation for 3 minutes at 60°C
followed by a final extension of 1 minutes at 60°C. PCR products were cleaned
using 10ul cleanDTR magnetic beads per sample which were mixed with 42yl of
85% ethanol, after 3 minutes incubation on a magnetic rack, the supernatant is
discarded and beads are washed with 100ul of 85% ethanol. After 3 minutes
incubation ethanol is removed, and DNA is eluted in 150ul HPLC water. 30ul of

the DNA was transformed to the 4titude plate ready for sequencing.

3.1.2.5 Gene Selection and Panel Design, Library Preparation and Sequencing
Agilent eArray (SureDesign; Agilent was used to design 4690 SureSelect solution
library baits each contained 120-nucleotides which target all known exons of 34
cancer-related genes (Appendix). Prior to the enrichment the RNA integrity
number (RIN) was defined by Agilent 2100 BioAnalyzer (RNA 6000 Pico Kit,

Agilent) and the samples with RIN>7 were selected for library construction. the

39



SureSelectXT RNA Target Enrichment for Illlumina Multiplexed Sequencing
(Agilent), poly A targeted sequencing libraries were generated according to the
manufacturer's recommended protocol except that we used 13 cycles for the Pre-
capture PCR. Libraries are sequenced Libraries either on HighSeq2500 or
NextSeq500 (lllumina, San Diego, CA, USA) All libraries are sequenced on the
lllumina HiSeq 2500 platform in paired-end mode with read length 125bp and at
a depth of approx. 5 million clusters each. Library preparation and sequencing
procedures are performed by the same individual and a design aimed at

minimizing technical batch effects was chosen.

3.1.2.6 Bioinformatic Analysis

Quality of raw RNA-seq data in FASTQ files was assessed using ReadQC (ngs-
bits version 0.1) to identify potential sequencing cycles with low average quality
and base distribution bias. Reads were preprocessed with skewer (version 0.2.2)
and aligned using STAR (version 2.5.4a) allowing spliced read alignment to the
human reference genome (GRCh37). Alignment quality was analyzed using
MappingQC (ngs-bits version 0.1) and visually inspected with Broad Integrative
Genome Viewer (IGV, version 2.3.1). Based on the Ensembl genome annotation

(GRCh37), junction counts were obtained with Sashimi plots generated in IGV.

3.1.3 DNA-Repair Genes Sequencing

3.1.3.1 Gene Selection and Panel Design for Next Generation Sequencing

Genes were selected based on a reported association with breast cancer in the
literature as well as all DNA-repair related genes which were selected from KEGG
GENES database (http://www.genome.jp/kegg/genes.html, last accessed:
26.11.2013). All genes are shown in table 1. Agilent eArray (SureDesign; Agilent)
was used to design the baits to target the entire coding region as well as exon-
intron boundaries £25 bps. All the setting parameters were set as default except

for “Masking” that “Most Stringent” was selected.

3.1.3.2 Library Preparation and Sequencing

DNA was isolated from blood and were shipped from each center to Tubingen
center. Genomic DNA was quantified using Qubit 2.0 fluorometer and dsDNA
Assay kit (Thermo Fischer Scientific, Waltham, MA, USA). 200 nanogram of
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genomic DNA were sheared by a Covaris system (Covaris, Inc., Woburn,
Massachusetts) in order to produce fragments of 120-150 bps size. Prior to
capturing the fragmented DNA was tested for the quality on a TapeStation
(Agilent, Santa Clara, CA). Regions of were captured using Agilent SureSelect
custom RNA probes (Agilent, Santa Clara, CA) and according to the Agilent
SureSelectXT protocol. Post-captured libraries were also tested for quality by a
TapeStation and quantified by a Qubit High Sensitivity dsDNA Assay. Next
Generation Sequencing was performed either on an lllumina Miseq, NextSeq500
or on a HiSeq2500 (Illumina, San Diego CA) platform using paired-end reads of
151 bps or 101 base pairs.

3.1.3.3 Bioinformatic Analysis

An open-access, free-to-use bioinformatics pipeline called megSAP was utilized
for data analysis (version 0.1-379-gb459ce0,
https://github.com/imgag/megSAP). The adapter trimming was performed by
SeqgPurge (Sturm et al., 2016) and the sequencing reads were mapped to the
human reference genome version hg19 using BWA (H. Li & Durbin, 2010). PCR
duplicates were removed by SAMBLASTER (Faust & Hall, 2014). Indel
realignment was conducted by ABRA2 (v.2.05) (Mose et al., 2014). Variant calling
was performed using freebayes (v.1.1.0) (Garrison & Marth, 2012). Variant
annotation was conducted using snpEff/SnpSift (v.4.3i) (Cingolani et al., 2012).
Splice site annotation was performed using Alamut batch (v. 1.5.1, Interactive
Biosoftware). Quality control was performed in three levels of information

including raw reads, mapped reads and variants.

3.1.3.4 Variant Interpretation

A modified version of American College of Medical Genetics and Genomics
(ACMG) guidelines for variant classification (Richards et al., 2015) was used as
a basis for writing an in-house algorithm to classify the obtained variants. To
classify variants in DNA-repair genes the algorithm was written as follows: among
the variants with the minor allele frequency (MAF) below 0.01 in the population
databases such as 1000 Genomes Project (1KGP), Exome Aggregation
Consortium (ExAc), and Exome Sequencing Projects 6500 (ESP6500), those
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leading to a truncated protein due to (a) premature stop codon, (b) small
insertion/deletion resulting in a frameshift, and (c) a start loss were classified as
pathogenic/truncating variants. If there was additional evidence in favor of
pathogenicity such as functional assessment in the literature or if the variant was
clinically assessed and classified in ClinVar, it was a plus for the variant, but it
was not essential. The Splice site variants in the canonical splice site as well as
variants at +/-1 and +/-2, were classified as likely pathogenic if they were rare
(MAF< 0.01) and they disrupt the protein function due to a truncation that they
may cause. The indications for truncation or exon skipping were provided by
Alamut visual incorporated tools such as MaxEntScan, Splice Site Finder Like,
and Human Splicing Finder. For the variants located outside of consensus splice
sites such as Cartegni splice sequences (Cartegni et al., 2002) differences
between wild type splice site and the mutated splice site given by prediction tools
such as MaxEntScan and Splice Site Finder-like was considered to classify them
as variant of uncertain significant or benign in the case that nucleotide was not
conserved (based on phyloP (Cooper et al., 2005; Siepel et al., 2006)score) and
the variant had a MAF>0.05 in population and subpopulation databases.
Synonymous variants were classified as benign if they had MAF>0.05 and they
didn’t cause a new cryptic splice donor or splice acceptor (based on the
differences between wild type and mutant provided by splice prediction tools).
Deep intronic variants in positions that nucleotide is not conserved, and the
variant has a MAF between 0.01 and 0.05, and it doesn’t cause a new cryptic

splice acceptor or donor, were classified as likely benign.

3.1.3.5 Statistical Analysis

Descriptive statistics such as mean, median, IQR, as well as confidence intervals
(95 % CI) have been calculated by GraphPad Prism (GraphPad Software, La
Jolla California USA) to characterize the population studies and to investigate the
differences of pathological characteristics of patients from different cohorts. To
assess the mutational load, the association between mutational load and the age
at breast cancer onset, as well as the association between tumor characteristics
and age at breast cancer onset, we used Fisher’s exact test with a two-sided p

value using GraphPad Prism (GraphPad Software, La Jolla California USA). Rare
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variant association study has been conducted by performing Burden and SKAT-
O association tests implemented in the R package SKAT
(https://www.hsph.harvard.edu/skat/download/) version 1.3.0. Maftools was
operated to visualize BRCA1/2 pathogenic variants (lollipop plots) with a modified

database.

3.1.4 Analysis of Extreme Phenotype Sampling Data
3.1.4.1 Rare Variant Association Study (RVAS)

In order to acquire functional annotation (exonic, nonsynonymous, synonymous,
splicing etc.), European population allele frequencies (from 1KGP, exome Variant
Server (ESV) and ExAc database), in addition to functional impact score from
CADD, variants obtained from freebayes in VCF format were annotated by use
of eDiVA platform. As a consequence, those variants which were annotated as
“‘exonic” or “splicing”, together with variants within segmental duplication
(SegDup identity > 0.9) were excluded from further analysis. Sample quality
control has been done by searching for outliers in (a) number of variants per
sample and (b) transition to transversion ratio per sample. Synonymous single
nucleotide variants which were not in linkage disequilibrium and had an allele
frequency of more than 0.005 in European Variant Server were used to determine
the first 10 principal component analyses (PCA) of all samples. Eventually, the
rare variant load per gene was compared between early and late age at onset
cohorts. As a result, no outlier was detected in any QC test and late and early
age at onset subjects were clustering in a single group in the PCA. Ensuing
quality check, all the variants with the European allele frequency above 0.01 in
any of population databases mentioned above, were removed from analysis.
Furthermore, all the variants with a CADD score below 10 as well as synonymous
variants were excluded. The remaining rare and likely deleterious variants were
used to conduct the Burden and Sequence Kernel Association Test-O (SKAT-0O)
implemented in R package SKAT
(https://lwww.hsph.harvard.edu/skat/download/) version 1.3.0. The
SKAT_Null_Model function with output set to dichotomous outcome (out_type=
“D”) and no sample adjustment (Adjustment= FALSE) was used to compute the
Null model for both tests. SKATBinary function was utilized for the SKAT-O test.
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Barring methods that were set to “optimal.adj” which is equivalent to SKAT-O
method, all the parameters were set as default. Minor allele frequencies (MAF)
which were transformed with Get_Logistic_Weights were used as weights. The
same function and parameters, apart from method that was set to “Burden” was

used for Burden test.

3.1.5 Amplicon Sequencing

3.1.5.1 Library Preparation and Sequencing

Amplicon sequencing was utilized to screen for the variants in COMT gene.
Primers (Table 2) were designed to cover the entire coding region of COMT
including 4 coding exons (out of 6 exons) as well as exon-intron boundaries.
While designing the primers the sequencing adapters were added to the 5’ side
of primers. Primers were designed by primer 3 software(Koressaar & Remm,
2007; Untergasser et al., 2012). DNA concentrations were examined either by
Nanodrop or by Qubit Broad Range dsDNA Assay (Thermo Fischer Scientific,
Waltham, MA, USA) ahead of PCR. To prepare the libraries for sequencing we
used 4 ng of genomic DNA isolated from the blood, for the first PCR. PCR
reactions (25 ul) contained 1X Q5 reaction buffer, 200uM dNTPs, 0.5 uM forward
primer, 0.5 uM reverse primer, 0.02 U/ul Q5 High-Fidelity DNA Polymerase (NEB,
New England BioLabs), 1X Q5 High GC Enhancer, and nuclease-free water. In
the first PCR step, primers contained a Nextera adapter sequence as well as
gene specific primer, amplified our region of interest. The PCR reaction was
carried out in a GStorm Thermal Cycler using the program starting with an initial
denaturation at 98°C for 30 seconds, following 30 cycles of denaturation at 98°C
for 10 seconds, annealing at variable temperature dependent on primer pairs for
30 seconds, and elongation at 72°C for 30 seconds, and a final elongation of 2
minutes at 72°C. The PCR products were visualized on 1.5 % agarose gel to
assure the PCR efficiency. Following the completion of amplification of all six
fragments for each patient, 5pl of each amplicon corresponding to each patient
were pooled and the pool was purified by Ampure XP beads (Beckman Coulter,
Life Sciences) according to the manufacturer’s protocol except that we used 80
% freshly prepared ethanol for washing and DNA was eluted in 21 pl of nuclease-

free water. The pooled, cleaned-up PCR products were used as an input for the
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second PCR. In the second round of the PCR, adaptors were used as primers in
order to add the Nextera XT indices (Nextera XT Index Kit, lllumina, Inc. San
Diego, CA) to both 5’ and 3’ of each fragment to achieve dual indexing. In the
second round of PCR, the 25 pl reaction consisted of 2.5 pl of each index (i5 and
i7), 2 pl of pooled fragments, 1X Q5 reaction buffer, 200 uM dNTPs, Q5 High-
Fidelity DNA polymerase (NEB, New England BioLabs), and nuclease-free water.
The PCR reactions were performed in a GStorm Thermocycler using a program
initiating with denaturation at 98°C for 30 seconds, following 10 cycles of
denaturation at 98°C for 30 seconds, annealing at 55°C for 30 seconds and
elongation at 72° for 30 seconds following a final elongation of 2minutes at 72°C.
The PCR products were purified using the same protocol that was described
earlier and then it was quantified using a Quant-iT Broad Range dsDNA Assay
kit on a Qubit 2.0 Fluorometer (Thermo Fisher Scientific, Waltham, MA, USA).
The equimolar of each patient’s pool was pooled to construct the final library pool.
Libraries were sequenced on lllumina MiSeq (lllumina, San Diego CA) platform
using MiSeq Reagent Nano Kit v2 (300-cycles). To increase the diversity of the
library 10% of genomic DNA from the phage PhiX was added to the library.

Sequences were paired end and 150 bps.

Table 2. Primers used for amplicon sequencing.

Exon

Forward (5->3°)

Reverse (5->3’)

Exon 1- GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAGG TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGG

partl CTGGCATTTCTGAACCTTG AACTCGTTCCAGCCGATAA

Exon 1- GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAGG TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGTC

part 2 CTGGAACGAGTTCATCCTG CTGTAAGGGCTTTGATGC

Exon 2 GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAGC TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGCC
ACCTGTGCTCACCTCTCCT CTTTTTCCAGGTCTGACA

Exon 3 GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAG TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGG
CTGTTCCAGGTCACCCTTGT GCTCTACTGGAATGCCTGG

Exon 4- GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAGC TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGC

partl TAGTGAGGAGCACCCATCC GCACGTGTGCTAGGAAGT

Exon 4- GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAGG TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGGT

part 2 CTACTGGCTGACAACGTGA ACCAGGCTGGGTGAGAGA

3.1.6 Bioinformatic Analysis

Short read sequencing data was generated on the lllumina platform (MiSeq,
paired-end mode with 2x150bp reads). Quality of raw sequencing data in FASTQ

format was assessed with ReadQC (ngs-bits version 2018_06). Reads were
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preprocessed with SeqPurge (ngs-bits version 2018 06
https://www.ncbi.nlm.nih.gov/pubmed/27161244) using default parameters to
remove adapter contamination and low-quality bases. Read alignment to the
human reference genome (GRCh37) was performed with BWA-MEM (version
0.7.17 https://arxiv.org/abs/1303.3997). Alignment quality was analyzed using
MappingQC (ngs-bits version 2018_06) and visually inspected with Broad
Integrative Genome Viewer (version 2.2.4). FreeBayes (version 1.1.0
https://www.arxiv.org/ans/1207.3907) was used to call variants on the aligned
data.

3.1.7 Statistical Analysis

Descriptive analyses such as medians, means and standard deviations for
continuous data and proportion and 95% CI for categorical data were used to
characterize the study population and sequencing results. Association of
identified variants with breast cancer was tested by Fisher’s exact test. P values
are two-sided and a p value of 0.05 is considered to be statistically significant. All
the statistical analyses were done using GraphPad Prism version 6.07 for
Windows (GraphPad Software, La Jolla California USA).
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4 Results

Partial results of the presented work have been published in (Sepahi et al., 2019).
4.1 Sequencing and Participants Characteristics

4.2 Sequencing Results

In this study, 311 genes (Appendix) were evaluated that either maintain genome
integrity and/or have been associated with HBOC. The average depth of the
sequencing was 456x + 197.3 SD. Table 3 provides detailed results and quality
parameters regarding the sequencing process. Of the 3703 variants identified, 43

(1.2%) were truncating variants (Appendix) found in 36 DNA-repair genes.

Table 3. The quality parameters of Next Generation Sequencing

Quality Control Parameter Average for the Panel
Read counts 9.7+ 5.6 Mio

Depth 456.0+ 197.3

20x Coverage percentage 97.8+ 0.3%

Insert size 178.4+ 8.4

On target reads percentage 68.26+ 4.4

Q30 base percentage 95.13+ 1.7

4.2.1 Participants in BRCA1 Positive Early Age at Onset and Control
Cohorts

In total, 152 BRCA1-PV carriers were screened for 311 DNA-repair genes. For
the purpose of extreme phenotyping patients were recruited based on their age
of first breast cancer onset. Of these patients, eight from early age at onset cohort
(<35 years) and three from control cohort (= 60 years) were excluded due to not
meeting the age at onset criteria. Two patients from control cohort were excluded
from further analysis since they had developed ovarian cancer and two had
undertaken prophylactic oophorectomy before the age 45. One patient from the
control cohort was also removed from the analysis as she was carrying a
missense BRCA1 pathogenic variant (ENSTO00000357654:
¢.5365G>A:p.Ala1789Thr) which is known to be a variant of uncertain
significance (ClinVar Accession: RCV000989865.3). Finally, three cases were

removed since the reported BRCA1 pathogenic could not be confirmed. Out of
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these 133 patients, 73 women manifested breast cancer at an age younger than
35 years (median age at onset, 27 years; interquartile range (IQR) 25-27 years)
and 60 women either were diagnosed with breast cancer at an age older than 60
years (n = 25; 41.7%, median age at onset, 64 years (IQR, 62-67)) or have not
developed breast cancer by the time of sample taking (n = 35; 58.3%, median
age, 70 years; IQR, 63-75 years). The demographic characteristics of the BRCA1
positive patients are shown in Table 4.

Overall, 65 BRCA1 pathogenic and likely pathogenic single nucleotide variants
were detected in 117 patients from both cohorts (Appendix). Large exon deletions
and duplications were found in 16 patients (including 13 large deletions and three
large duplications). The most frequent single nucleotide variant in early AAO
cohort is an insertion of C in exon 20 of the BRCA71 gene
(ENST00000357654:¢.5266dupC:p.GIn1756fs) which was detected in 15.1% of
the patients in this cohort. In the control cohort, the missense variant in exon 4
(ENST00000357654: ¢c.181T>G: p.Cys61Gly) was the most frequently (10%)

detected pathogenic variant.

Table 4. Demographic characteristics of the BRCA1 positive population study. Table has been
reprinted from Sepahi et al., 2019

Early age at onset cohort Control cohort

Total Number 73 60

Breast cancer positive 100% 41.7%

Age at onset (range) 21-33 60-87.9
Median Age (IQR) 27 (25-27) 67.3 (62.7-73.2)
Median age of onset 27.8 67.3

BCCR1 (95 %-Cl)
BCCR2 (95 %-Cl)
BCCR2’ (95 %-Cl)
OCCR (95 %-Cl)

BRCA1 variant type % (95 %-Cl)

Frame-Shift-Del
Frame-Shift-Ins
Missense variant
Nonsense variant
Splice-Site
CNV
Family History
Data available for

First-degree relative with
Breast and/or Ovarian cancer

13.8 % (6.1-25.4 %)
8.6 % (2.9-19.0 %)
22.4 % (12.5-35.3 %)
25.9 % (15.3-39 %)

26.0 % (16.5-37.6 %)
19.2 % (10.9-30.1 %)
8.2 % (3.1-17.0 %)
26.0 % (16.5-37.6 %)
5.5 % (1.5-13.4 %)
15.1 % (7.8-25.4 %)

73 (100 %)

41 (56.2 %)

11.5 % (4.4-23.4 %)
5.8 % (1.2-15.9%)
15.4 % (6.9-28.1%)
42.3 % (28.7-56.8 %)

35.0 % (23.1-48.4 %)
16.7 % (8.3-28.5 %)
13.3 % (5.9-24.6 %)
21.7 % (12.1-34.20 %)
5.0 % (1.0-13.9 %)
8.3 % (2.8-18.4 %)

60 (100 %)

59 (98.4 %)
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BCCR: Breast Cancer Cluster region, BCCR1: ¢.179-505, BCCR2: ¢.4328-4945, BCCR2’:
€.5261-5563, Del: deletion, OCCR: ¢.1380-4062, Ins: insertion, CNV: Copy Number Variation.
Table has been reprinted from Sepahi et al., 2019.

4.3 Allelic Variation

4.3.1 Pathogenic Variants in BRCA71 Compared by Type and Location in
Each Cohort

Allelic variation in type and location of pathogenic variants in BRCA1 gene was
assessed between both early and late age at onset cohorts by comparing the PV
frequencies in Breast Cancer Cluster Regions and Ovarian Cancer Cluster
Regions. Patients carrying large deletions/insertions as well as splice-site variant
carriers were excluded from the analysis, since these pathogenic variants may
encompass more than one region and their effect on protein function is not clear.
Although there was no difference in the frequency of pathogenic variants in
BCCRs between the cohorts, OCCR pathogenic variant frequency was higher in
late age at onset; however, it was not statistically significant. (p value= 0.07).
Twenty-two (45.3 %) patients in the control cohort carried a pathogenic variant
within the OCCR compared to 15 (25.9 %) of patients in the early AAO cohort
(Figure 3a).
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Figure 3. Types and locations of BRCA1 pathogenic variants in two cohorts

a) The distribution of pathogenic variants in BCCR (Breast Cancer Cluster Region) and OCCR (Ovarian
Cancer Cluster Region) are compared. b) Types of pathogenic variants in two cohorts; Del: deletion; Ins:
insertion; CNV: Copy Number Variation. Figure has been reprinted from Sepahi et al., 2019.
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Among the early AAO cohort, 76.7 % (95 %-Cl 65.4 % to 85.3 %) of BRCA1-PV
carriers carried a truncating variant whereas 8.2 % (95 %-Cl 3.1 % to 13.3 %)
carried a missense pathogenic variant (ENST00000357654: c¢.181T>G:
p.Cys61Gly) and 15.1 % (95 %-Cl 7.8 %-25.4 %) carried a structural variant. A
truncating variant was found in 78.3 % (95 %-CI.65.8 % to 87.9) of the control
cohort, while 13.3 % (95 %-Cl 5.9 % to 24.6 %) carried a missense pathogenic
variant (Figure 3b) including ENST00000357654: ¢.181T>G: p.Cys61Gly, and
c.5096G>A: p.Arg1699GIn) and 8.3 % (95 % Cl 2.8 % to 18.4 %) carried a

structural variant (large deletion/duplication).
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Figure 4. Pathogenic variants in BRCA1

The X-axis indicates the amino acid position and functional domains of the BRCA1 protein. The lollipops
represent different types of pathogenic variants, which are depicted by different colors. Number of PV
carriers is shown on the Y-axis. Copy number variation is shown by the horizontal bars. Different colors
indicate deletion (red) and duplication (purple). Black bars represent Breast Cancer Cluster Regions
(BCCRs), while the dark blue bar represents Ovarian Cancer Cluster Region (OCCR). The splice-site
variants are not displayed. Figure has been reprinted from Sepahi et al., 2019.

4.4 Environmental Factors

441 Age at Menarche

There was a slightly significant difference in the mean age at menarche among
the BRCA1-PV carriers in early AAO cohort compared with the control cohorts (p
value: 0.047). Data regarding the age at menarche was available for 55 out of 73
patients in the early AAO cohort (73%) compared with 36 out 60 patients in the
control cohort (60%). Patients in the early AAO cohort had an earlier age at

menarche than the control cohort (12.6 vs 13.2 years; p-value) (Figure 5).
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4.4.2 Oral Contraceptive Use

The data regarding the use of oral contraceptive (OC) was available for 66
patients (92%) in early AAO cohort and all the patients in control cohort. While
66% of the patients in early AAO whose data was available had ever used the
OC, only 23% of the patients in control cohort had ever used OC (odds ratio: 6.3;
95%-Cl 2.8 to 13.7; p-value for the Fisher exact test <0.0001) (Figure 5). We did
not identify any difference when we compared the duration of OC use (months)
between the patients in early AAO cohort and control cohort (p-value: 0.5; median
length of OC use in early AAO: 107.5 vs median length of OC use in control
cohort: 84.0).

4.4.3 Parity

The data regarding the parity was available for 59 (80%) of the patients in early
AAO cohort and 44 (73%) of the patients in control cohort. Of these patients only
29% in early AAO cohort were parous compared to 93% in control cohort (odds
ratio 0.03; 95%-CI 0.009 to 0.1; p-value: <0.0001). Parity has also been
compared between the two groups by the number of pregnancies. Unpaired t test
showed a significant difference between the number of pregnancies (p-value: <
0.0001; mean number of pregnancies in early AAO cohort 0.5 vs 2.5 pregnancies
in control cohort). Age at first pregnancy was available for 14 out of 17 parous
women in the early AAO cohort and for 35 out of 41 parous women in the control
cohort. Women in the control cohort had a significantly younger at first pregnancy
compared with women in the early AAO cohort (mean age at first pregnancy in
control cohort: 23 years vs mean age at first pregnancy compared to 27 years; p-
value 0.0003).

4.4.4 Birth Cohort

Women in the early AAO cohort were born after 1960 while women in control
cohort were born between 1919 to 1954. Most women (50.7%) in the early AAO
cohort were born between 1981 and 1993; while the majority of women in the
control cohort (38.3%) were born between 1930 to 1940 (Table 5).
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Table 5. Distribution of patients in each cohort based on the year of birth.

Control cohort (n=60) n (%) Early AAO cohort (n=73) n (%)
<1930 6 (10%)
1930-1940 23 (38.3%)
1941-1950 21 (35%)
1951-1960 10 (16.7%)
1961-1970 _ 10 (13.7%)
1971-1980 _ 26 (35.6%)
>1981 _ 37 (50.7%)

4.4.5 Family History

The data from the total number of first-degree relatives was available for 67
patients out of 73 in early AAO cohort and for all the women in the control cohort.
In general, patients in the early AAO cohort came from smaller families. The
average number of first-degree relatives in early AAO was 3.7 compared to 6.8
persons in the control cohort. About 44% of the patients in the early AAO did not
have a history of breast and/or ovarian cancer in their first-degree relatives, while
this number in the control cohort was only 1.7%. In contrast, about 33% of the
women in the control cohort had three or more affected first-degree relatives while
only one patient in the early AAO cohort (approx. 1.4%) had three or more first-

degree relatives with breast and/or ovarian cancer (Table 6).

Table 6. Family history of breast and/or ovarian cancer among BRCA1 positive patients

Early AAO cohort (n=73) n (%) Control cohort (n=60) n (%)
Family history of breast and or ovarian cancer (no. of affected first-degree relatives)
0 32 (43.8%) 1(1.7%)
1 32 (43.8%) 15 (25%)
2 8 (11%) 24 (40%)
>3 1(1.4%) 20 (33.3%)
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Figure 5. Environmental modifiers in two cohorts
Two cohorts were examined for environmental modifiers of breast cancer risk. a) The age at menarche was
compared between the two cohorts. b) and c) the duration of oral contraceptive use was compared among
those who reported using oral contraceptives. d), f) compare the parity status in each cohort and the age at
first pregnancy and the number of pregnancies among the parous women.

4.5 Truncating Germline Variants in DNA-repair Genes in BRCA1
PV-Carriers

Thirty-six DNA-repair genes were affected by truncating variants. Among a total
of 3703 variants, 43 (1.2 %) of them were leading to a truncated protein. The
truncating variants mainly affected genes in Single Strand Break Repair pathway
(SSBR, 30.6 %), Double Strand Break Repair pathway (DSBR, 30.6%), and
check-point factors (11.1 %). Other truncating variants were found in genes
associated with other functions, such as BRCA71 and BRCAZ2 interactors,
centrosome formation, and signal transduction. There were 42 women (in both
cohorts) who had at least one additional truncating variant in the DNA repair
pathway. Among the early AAO cohort, 26 individuals (35.6 %; 95 %-CI| 24.7 % -
47.7 %) carried at least one additional truncating variant, including two cases who
carried two additional truncating variants in DNA-repair genes (Figure 6a). Out of
60 participants in the control cohort,16 (26.7%; 95%-Cl 16.1 to 39.7%) carried an
additional DNA-repair germline truncating variant. Three participants in this
cohort carried two germline DNA-repair truncating variants; at least one of these

affected a DSBR pathway gene (Figure 6b).
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The risk of developing breast cancer among BRCA1-PV carriers was examined
in relation to the presence of additional DNA-repair truncating variants, adjusted
for age at menarche, oral contraceptive use, parity, and family history. While it
did not reach the conventionally accepted p-value of 0.05 for double heterozygote
patients, the odds ratio indicates an increased risk of breast cancer (OR: 3.1;
95% CI10.92 to 11.5, p-value = 0.07). We conducted a similar analysis on a subset
of subjects matched for family history (early AAO cohort; n = 41 and control
cohort; n = 59) adjusted for age at menarche, oral contraception use, and parity
to confirm the validity of our model (OR: 3.3; 95% confidence interval 0.92 to 13.3;

p-value = 0.07). In this subset of cohorts, similar results were obtained.
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Figure 6. Carriers versus non-carriers of additional truncating variants.
This lollipop plot illustrates the position of BRCA1 pathogenic variants in two cohorts: (a) early AAO and (b)

control cohort; with and without additional DNA-repair truncating variants. The X-axis shows the functional
domain and amino acid positions of the BRCA1 protein, while the Y axis represents the number of carriers.
Each lollipop represents the position of a pathogenic variant of BRCA1 in patients with (red) or without (blue)

additional truncating variants. The horizontal bars show BRCA1 copy number variations in patients with (red)
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and without (blue) additional truncating variants. Splice-site variants are not displayed. Figure has been

reprinted from Sepahi et al., 2019.

4.6 Truncating Variants in Different DNA-repair Pathways

To assess the role of specific DNA-repair pathogenic variants in the age of breast
cancer onset we broke down the mutational load into small fragments. The
mutational load in DSBR and SSBR as two mainly affected DNA-repair pathways
was compared between two cohorts. Among the early AAO cohort, 8/73 women
(11.0 %; 95 %-Cl 4.9 %-20.5 %) carried an additional truncating variant in DSBR
compared to 5/60 women (8.3 %; 95 %-Cl 2.8 %-18.4 %) in the control cohort.
Regarding SSBR genes, we found 8/73 women (11.0% %; 95 %-Cl 4.9 %-20.5
%) in the early AAO cohort carrying additional SSBR truncating variants
compared to 5/60 women (8.3%; 95 %-Cl 2. %-20.5 %) in the control cohort. The
mutational load in DSBR and SSBR did not differ between both cohorts,
respectively. In addition, we compared the age at onset of the DNA-repair PV
carriers to non-carriers inside each cohort. We also tested the age at onset
diversity of those carrying additional PV in DSBR with those carrying additional
PV in SSBR in each cohort. Furthermore, we checked for intra-cohort diversity of
AAO between those carrying additional truncating variants in DSBR and SSBR
genes with the rest of the cohort (including non-carriers and other DNA-repair PV
carriers). We also compared the mean age at onset of DSBR truncating variant
carriers with those carrying additional truncating variants in other pathways.
Moreover, the mean age at onset of DSBR truncating variant carriers was
compared to those without an additional one. The same was done for SSBR
truncating variant carriers (Figure 7). In none of the cases differences were

statistically significant.
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DSBR: double strand break repair, SSBR: single strand break repair. Figure has been reprinted from
Sepahi et al., 2019.
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4.7 Pathological Characteristics

There were 25 (41.7%) patients in the control group who developed breast cancer
at a median age of 64. This group of patients was compared with the early AAO
patients in terms of tumor characteristics. The immunohistochemical staining of
estrogen and progesterone receptors did not differ significantly with regard to the
AAO, however, there was a much higher frequency of ER and PR negativity
among early AAO patients than among affected control patients (p-value = 0.28
and 0.76, respectively, Table 5). In contrast to the tumors of the affected control
patients, the early AAO group had higher histological grades (Table 7), but the

difference was not statistically significant (p-value = 0.24).

Table 7. Histopathological characteristics of tumors

Early AAO cohort Control cohort P value
Number (%) Number (%)
Histological Type
Data available 62 out of 73 22 out of 25
Ductal 53 (85 .5%) 22 (100 %) 0.10
Medullary 6 (9.7 %) 0
Lobular 2(3.2%) 0
Others 1(1.6 %) 0
Histological grade
Data available 66 out of 73 22 out 25
Grade lll 53 (80.3 %) 14 (63.7 %) 0.24
Grade II 13 (19.7 %) 7 (31.8 %)
Grade | 0 1 (4.5 %)
Steroid receptors
Data available 64 out of 73 22 out 25
ER negative 47(73.4 %) 13 (59.1 %) 0.28
PR negative 52 (81.3 %) 17 (77.3 %) 0.76
Human Epidermal
Receptor 52 out of 73 19 out of 25
Data available
HER2/neu negative 49 (94.2 %) 17 (89.5 %) 0.60

Data were available for 67 out of 73 patients from the early age at onset cohort and from 28 cases that
developed breast cancer in the control cohort. ER: Estrogen receptor; PR: Progesterone receptor; HER2:

Human Epidermal growth factor receptor 2. Table has been reprinted from (Sepahi et al., 2019)

There were no significant differences between patients with truncating variants in

DNA-repair genes and patients without additional truncating variants in DNA-
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repair genes regarding expression of estrogen and progesterone receptors

(Table 8).

Table 8. Comparison of histopathological characteristics of DNA-repair PV carriers with non-carriers

Early age at onset (<35)

Controls (>60) with cancer

n=.73 manifestation
n=25
With additional Without With additional Without
truncating additional truncating additional
variant truncating variant truncating
n= 26 variant and breast variant
n= 47 cancer and breast
n=6 cancer
n=19
Data Available 21 43 5 17
ER negativity 15 (71.4 %) 32 (74.4 %) 4 (80.0 %) 9 (52.9 %)
95 %-ClI (47.8- 95 %-ClI (58.8- 95 %-Cl (28.4- 95 %-ClI (27.8-
88.7 %) 86.5 %) 99.5 %) 77.0 %)
Data Available 21 43 5 17
PR negativity 17 (81.0 %) 35 (81.4 %) 5 (100 %) 12 (70.6 %)
95 %-Cl (58.1- 95 %-Cl (66.6- 95 %-Cl (44.0-
94.6 %) 91.6 %) 89.7 %)
Data Available 19 33 4 15
HER2 negativity 17 (89.5 %) 32 (97.0 %) 4 (100 %) 13 (86.7 %)
95 %-Cl (66.9- 95 %-Cl (84.2- 95 %-Cl (59.5-
98.7 %) 99.9 %) 98.3 %)
Data available 22 44 5 16
Grade 3 17 (77.3 %) 36 (81.8 %) 3(60.0 %) 11 (68.8 %)
95 %-ClI (54.6- 95 %-ClI (67.3- 95 %-Cl (14.7- 95 %-ClI (41.3-
92.2 %) 91.8 %) 94.7 %) 89.0%)
Data Available 22 42 5 19
Ductal 18 (81.8 %) 35 (83.3 %) 5 (100 %) 17 (89.5 %)
carcinoma 95 %-Cl (59.7- 95 %-Cl (68.6- 95 %-Cl (66.9-
94.8 %) 93.0%) 98.7 %)

There was no significant difference in tumors of patients carrying additional truncating variant in DNA-repair
genes compared to non-carriers in each cohort. ER: Estrogen receptor; PR: Progesterone receptor; HER2:

Human Epidermal growth factor receptor 2. Table has been reprinted from Sepahi et al., 2019.

4.8 Rare Variant Association Study (RVAS)

For determination of the influence of rare missense (VUS + pathogenic variants)
variants in DNA-repair genes on the AAO of breast cancer in BRCA1-positive
patients, we used the Burden test and SKAT-O (SNP-set (sequence) Kernel
Association Test). As a result, a comprehensive quality control was conducted on
the early AAO cohort and controls (see Methods). In terms of (a) variants per
sample, (b) rare variant load per gene, (c) transition-transversion ratio, and (d)
top 10 PCA components, there were no significant differences observed between

the early AAO cohort and controls (Figure 8).
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The next step was to remove all common variants (MAF > 1% in EVS, 1KGP, or
ExAc) as well as all synonymous variants from both early AAO and control
cohorts (Table 6). We used patients from the early AAO cohort as cases and
patients from the control cohort as controls in order to search for genes
associated with increased risk. Even though there were no significant genes
detected after FDR correction, several genes showed significant uncorrected p-
values in at least one of the two RVAS tests, suggesting the need for further
investigation in independent, larger cohorts. Among these candidate genes
(Table 8) are MYBBP1A (early AAO: 13, controls: 3), MRE11 (7:0), TDG (5:0),
WRN (7:1), TP53BP1 (10:3), and REV1 (8:2). A potential risk reducing factor is
PTCH1 (early AAO: 1, controls: 8).

Table 9. The top eight genes identified by the Burden test. g value after FDR correction

Gene no. affected no. affected Total Total P q Potential
individual in individual in no. no. value value effect
early AAO control Early Control
cohort cohort AAO
MRE11 7 0 73 60 0.0093 0.9 Risk
PTCH1 1 8 73 60 0.0129 0.9 Protective
MYBBP1A 13 3 73 60 0.0169 0.9 Risk
WRN 1 73 60 0.0342 0.9 Risk
TDG 5 0 73 60 0.0409 0.9 Risk
TP53BP1 10 3 73 60 0.0415 0.9 Risk
REV1 8 2 73 60 0.0488 0.9 Risk

4.9 Double Heterozygote Patients

In either cohort, there were two cases carrying pathogenic variants in both BRCA
genes. Patient 1 was diagnosed with breast cancer at the age of 26. She had two
first-degree relatives who had breast cancer. The patient had no family history of
ovarian cancer, nor did any second-degree relative have any type of cancer. She
carried a BRCA1 pathogenic variant (ENST00000357654: c.1016dupA) as well
as a BRCAZ2 pathogenic variant (ENST00000544455.1: ¢.3585 3686delAAAT).
The tumor characteristics of this patient were not available. Patient 2 was
diagnosed with breast cancer at the age of 63.9 years. There were three first-
degree relatives with ovarian cancer in her family, as well as a first-degree relative

with breast cancer. Additionally, there was a second-degree relative diagnosed
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with breast cancer. A nonsense variant of BRCA1 (ENST00000357654: ¢.1687C
> T) as well as a nonsense variant of BRCA2 (ENST00000544455.1: c.8875G >
T) were detected in her. Additionally, a truncating variant was found in EME2, a
DSBR gene (ENST00000568449: c.541_544delGCTG). The

immunohistochemical staining revealed a triple negative tumor.
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4.10 Splicing Pattern in Genes Involved in Cancer

Here we present a targeted RNA-Seq assay to analyze abnormal splicing
junctions either predicted by in silico tools or were expected to have a deleterious
effect of splicing based on variant characteristics. These variants were initially

detected in the patients during the course of diagnosis.

Five variants detected in cancer susceptibility genes detected in patients either
with a personal history or a family history of cancer (predictive test or co-
segregation analysis) were selected for RNA analysis. These variants have been
classified as variants of uncertain significance based on the scientific and familial
data. To further assess the clinical significance of these variants, cDNA- and
targeted RNA-sequencing have been performed for these variants. cDNA

analysis was performed prior to RNA-sequencing.

The RNA splicing junctions of 34 (Appendix) HBOC genes were targeted with an
exon capture enrichment approach. The average number of sequence-reads
generated per sample was about 29 million, with a minimum of 15 million reads

per sample.

Table 10 shows the summary of results of cDNA- and targeted RNA-sequencing.

Table 10. Summary of the targeted RNA-seq and cDNA analysis on 5 variants

Gene Variant (Predicted) cDNA sequencing results Targeted RNA-seq results
RNA effect

TP53 €.375+5 G>A not r.176_375del,p.Gly59Valfs*23 7.4% of the detected
predictable transcripts are aberrant

STK11 c.597 G>A synonymous r.465_597del;p.Tyr156Hisfs*87 7.7% of the detected
p.Glul199= transcripts are aberrant

CHEK2 c.592 G>A missense r.445 592del;p.Glu149Phefs*7 Not detected
p.Val198lle

BRCA2 c.8755-2 A>G skip of coding  r.8755_8953del;p.Gly2919Leufs*2 Not detected
exon 21

BRCA1 c.4093 T>G missense r.4093_4096del;p.Leul365Valfs*27 Not detected
p.Leu365Val

Variant 1. This intronic variant (TP53: ¢.375+5G>A) results from a substitution of
a G to A five nucleotides after the exon 4 (3™ coding exon, transcript ID:
NM_000546.6) of TP53 gene. In addition to the normal transcript, cDNA analysis
revealed the presence of an aberrant transcript. Sequencing of this aberrant

transcript showed that this variant results in a 200bps deletion within the exon 4
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leading to a shift in the reading frame. Consistent with the cDNA-sequencing
results, 464 RNA-seq reads (7.4%) supported a new splice junction within exon
4 which results in deletion of 200 bps (Figure 7c). This transcript was not
observed in the controls. Moreover, Sashimi plots of this variant shows coverage
within the intronic region, which may imply presence of another set of aberrant

transcripts with intronic region inclusion (Figure 7a and b).
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Figure 9. Aberrant splicing detection TP53

a) TP53. Sashimi plot of exon truncation due to activation of a cryptic splice junction (patient in red and
controls in blue). The RNA coverage is given as the RPKM-value and the number of reads spanning the
given intron is indicated on the exon-connecting lines. At the bottom the gene model of the RefSeq
annotation is depicted and the aberrant splice junction is depicted by dotted line. b) a close-up of the Sashimi
plot at the cryptic splice site. C) Sanger sequencing of the isolated cDNA is consistent with RNA-seq results

Variant 2. This variant (STK717: ¢c.597G>A) is a synonymous variant which results
from a substitution of a highly conserved G to A at the last nucleotide of exon 4.
In silico splice site prediction tools such as SpliceSite Finder Like, MaxEntScan,
NNSPLICE, GeneSplicer, HSF predicted a reduction in the capacity of the
canonical splice site. cDNA analysis revealed the presence of an aberrant
transcript. Sequencing of this aberrant transcript showed that this variant results
in results in the deletion of exon 4. Consistent with the cDNA-sequencing results,

1122 RNA-seq reads (7.7%) supported skipping of exon 4. Deletion of exon 4
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disrupts the reading frame of the protein (Figure 8c). This transcript was observed

in the controls as very weak splice transcripts (Figure 8a).
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Figure 10. Aberrant splicing detection STK71
a) STK11. Sashimi plot of exon skipping (patient in red and controls in blue). The RNA coverage is given as

the RPKM-value and the number of reads spanning the given intron is indicated on the exon-connecting
lines. At the bottom the gene model of the RefSeq annotation is depicted and the aberrant splice junction is
depicted by dotted line. b) In silico splice prediction tools predict reduction in the capacity of the canonical

splice site. C) Sanger sequencing of the isolated cDNA is consistent with RNA-seq results

Variant 3. This variant (CHEKZ2: c¢.592G>A; p.Val198lle) affects the first
nucleotide of the fourth coding exon. It is a missense variant resulting in the
substitution of a highly conserved aspartic acid with an asparagine. Splice
prediction tools did not predict an impact on splicing. However, RT-PCR revealed
an aberrant fragment whose sequencing demonstrated that this variant results in
the deletion of coding exon 3. This aberrant transcript was not detected in the

controls. Targeted RNA-seq could not detect the aberrant transcript.

Variant 4. This variant (BRCAZ2:¢.8755-2A>G) located within the canonical splice
acceptor of coding exon 21. Splice prediction tools predict a deleterious effect on
the splicing. Sequencing of the aberrant fragment detected by RT-PCR and was
absent from the controls, revealed skipping of coding exon 21. Skipping of this

out of frame exon results in a shift in the reading frame of the protein and thus a
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premature termination (Table 10). This result however could not be confirmed via

RNA-sequencing.

Variant 5. This variant (BRCA1: ¢.4093 T>G; p.Leu365Val) is a missense variant
that affects a highly conserved nucleotide and resulting in the substitution of a
moderately conserved leucine with valine. This nucleotide substitution results in
the activation of a new splice junction. Activation of this splice donor leads to an
out of frame deletion of 4 nucleotide and premature translation termination (Table
10). However, these results could not be confirmed via targeted RNA-

sequencing.
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4.11 Association Between Catechol-O-Methyltransferase (COMT)

Polymorphisms and Breast Cancer in BRCA1/2 Positive Patients

4.11.1 Participants Characteristics

Using amplicon sequencing, where the material was available, the entire coding
region of COMT was sequenced in patients from early AAO and the control
cohort. In addition, 32 BRCAZ2-PV carrier women who were eligible for the age
criteria in early AAO and the control cohort were also screened for COMT gene.
Out of these 32 BRCAZ2-PV carriers, 17 fell in the control cohort and 15 were
eligible for early AAO cohort. Patients with prophylactic oophorectomy and
mastectomy, and ovarian cancer were excluded from the analysis. In total we
have sequenced 157 patients. Seventy-seven patients in the control cohort either
were diagnosed with breast cancer at an age older than 60 years (n = 32; 41.6%,
median age at onset, 70.6 years (IQR, 62.8-74.1)) or have not developed breast
cancer by the time of sample taking (n = 45; 58.4%, median age, 68 years; IQR,
63.3-73.2 years). Eighty patients manifested breast cancer at an age younger
than 35 years (median age at onset, 27 years; interquartile range (IQR) 25-27

years).

4.11.2 Association of COMT Val158Met Polymorphism and Breast Cancer
Allele frequency was calculated for the mutated low-activity allele (COMTMet) in
each cohort. It was present at an allele frequency of 42.5% in early AAO cohort

compared to 50% in control cohort.

Table 11. Calculated odds ratio (ORs), COMT genotype- and allele frequencies for BRCA1/2-PV carriers in
early AAO and control cohort.

Genotype Control (%) Early AAO (%) OR 95% CI P

(n=77) (n=80)

Codominant model

comTVal/val 15 (19.5%) 28 (35%) 1

coMTVal/Metys, coMmTVal/Val 47 (61%) vs 15 36 (45%) vs 28 0.4 0.2-0.9 0.02*
(19.5%) (35%)

COMTMet/Met s cOMTVal/Val 15 (19.5%) vs 15 16 (20%) vs 28 0.6 0.2-1.4 0.34
(19.5%) (35%)

COMTVal/Met s COMTMet/Met 47 (61%) vs 15 36 (45%) vs 16 0.7 0.3-1.6 0.53
(19.5%) (20%)

Dominant model

COMTVal/Met 4 cOMTMet/Met yg 62 (80.5%) vs. 15 52 (65%) vs. 28 0.4 0.2-0.9 0.03*

COMTVaI/VaI
Recessive model

(19.5%)

(35%)
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COMTMet/Met yg COMTVa/Valy 62 (80.5%) vs. 15 64 (80%) vs. 16 1.3 0.5-2.2 >0.9

COMTVal/Met (19.5%) (29%)
Allele frequencies

COMT Val 77 (50%) 92 (57.5%)
COMT Met 77 (50%) 68 (42.5%)

The odds ratio was calculated to assess the risk of breast cancer among patients
in early breast cancer onset and control cohort. The frequencies of the COMT
genotype among each cohort are shown in Table 11. The odds ratio is calculated
for the presence of one or two mutated low-activity allele under codominant,
dominant and homozygous models (Table 11). Slightly significant results were
obtained when we compared the presence of one low-activity allele with no low-
activity allele, meaning that 61% of the individuals in control cohort carried one
low activity allele compared to 19.5% of the women in this group who had no
mutated allele. These results were significantly lower in the early AAO cohort.
45% of the patients in this cohort carried one low activity allele while 35% had no
low activity allele (odds ratio: 0.4; 95%-CI 0.2-0.9; p-value for the Fisher exact
test 0.02). A similar result was obtained under the dominant model where 80.5%
of the individuals in control cohort carried either one or two mutated low-activity
allele while 65% of the patients in early AAO cohort carried either one or two
copies of the low-activity allele (odds ratio: 0.4; 95%-Cl 0.2-0.9; p-value for the
Fisher exact test 0.03). When we combined all the affected patients from the early
AAO and control cohort (n= 112) and compared them with the small subset of the
patients in the control cohort who were above 60 years of age and remained
unaffected (n= 45) by the time of sample taking, we did not find any significant
results regarding the presence of one or two copies of mutated low-activity COMT
allele (Table 12).

Table 12. Calculated odds ratio (ORs), COMT genotype- and allele frequencies for affected and unaffected
BRCA1/2-PV carriers.
Genotype Unaffected (%) (n = Affected (%) OR 95% ClI P
45) (n=112)

Codominant model

comTVal/val 8 (17.8%) 35(31.25%) 1

COMTVal/Met ys cOMTVal/Val 27 (60%) 56 (50%) 05 0.2-1.1 0.14
COMTMet/Met yg COMTV2I/Val 10 (22.2%) 21 (18.75%) 0.5 0.2-1.4 0.27
COMTVal/Met y5 COMTMet/Met 27 (60%) 56 (50%) 09 0.4-25 >0.9
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Dominant model

COMTVal/Met 4 cOMTMet/Met v,

COMTVaI/VaI
Recessive model

COMTMet/Met Vs COMTVaI/VaI+

COMTVaI/Met
Allele frequencies

COMT Val
COMT Met

37 (82.2%) vs. 8 (17.8)

35 (77.8%) vs 10
(22.2%)

43 (47.8%)
47 (52.2%)

77 (68.75%)vs 35 0.5  0.2-1.1 0.11
(31.25%)
91 (81.25) vs. 21 08 0319 0.66

(18.75)

126 (56.25%)
98 (34.75%)

4.11.3 Association of COMT c.609C>T; p.Leu203Leu and Breast Bancer
The allele frequency for the synonymous variant ¢.609C>T in COMT was
determined for the BRCA1/2-PV carriers in the two cohorts of early AAO and

controls. This variant was present among the BRCA1/2-PV carriers with early

AAO at a minor allele frequency of 2.6%. This variant was detected at a minor

allele frequency of 1.25% in control cohort (Table 13). When the patients were

divided in two groups of affected and unaffected, the minor allele frequency was

slightly higher in unaffected patients (3.3% vs 1.3%); however, this difference was

not statistically significant (odds ratio: 0.4; 95%-CI 0.08-1.4; p-value for the Fisher
exact test 0.3) (Table 13).

Table 13. Calculated odds ratio (ORs), COMT genotype- and allele frequencies for Early and late AAO as
well as affected and unaffected BRCA1/2-PV carriers.

Genotype Late AAO (%) (n =77) Early AAO (%) (n=80) OR 95%ClI P
Codominant model

COMT CC 73 (94.8) 78 (97.5%)

COMT CT 4 (5.2%) 2 (2.5%) 0.5 0.08-2.06 0.4
Allele frequencies

COMTT 2.6 % 1.25%

Genotype

Unaffected (%) (n = 45)

Affected (%) (n=112) OR 95% Cl P

Codominant model
COMT CC

COMT CT

Allele frequencies
COMTT

42 (93.3%)
3 (6.7%)

3(3.3%)

109 (97.3%)

3(2.7%) 04 0.08-1.7 0.3

3 (1.3%)
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5 Discussion

Rare deleterious variants of high-penetrance genes such as BRCA1 and BRCAZ2
account for 5% to 10% of breast cancer cases. BRCA1 and BRCAZ2 are critical
components of the DNA repair pathway. The risk of developing breast cancer by
age 80 is 72% for female BRCA1 PV carriers (Kuchenbaecker, Hopper, et al.,
2017). However, although pathogenic variants of BRCA1 are associated with the
highest penetrance of HBOC, the reasons for inter-individual and intra-familial
variation in penetrance remain unknown. Genetic and environmental factors have
been described as contributing to the small risk difference observed among
BRCA1-PV carriers. Determining the penetrance of pathogenic variants within
BRCA1 is critical clinically. This is critical to avoid overtreating carriers who will
not develop breast cancer in their lifetime or who may develop breast cancer in
the future. By examining 311 DNA-repair genes which contribute to genome
stability via DNA-repair pathways along with BRCA1 and BRCAZ2, we hoped to
address this issue by investigating the differences in AAO of breast cancer among
BRCA1-PV carriers.

5.1 Extreme Phenotype Sampling and Cohorts’ Characteristics
The prognosis of cancer patients is influenced by a number of intrinsic and
extrinsic factors due to the complexity and multifactorial nature of this disease.
Due to their limited penetrance, it is very difficult to identify genetic alterations
associated with significantly different prognosis. In order to identify genetic
features associated with characteristic outcomes, concentrating studies on a
small number of individuals with extremely differentiated phenotypes may be a
more efficient strategy. Instead of performing studies on the entire population,
studies should focus on individuals with extremely differentiated phenotypes.
These individuals are more likely to carry the characteristic genotypes
responsible for the differences in prognosis seen in clinics (Perez-Gracia et al.,
2002).

An extreme phenotype sampling design is used when the covariate of interest is
either too expensive or unattainable for all individuals in a genetic association
study (Bjgrnland et al., 2018).
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This study utilized a preference-selection approach to enrich rare variants by
selecting carriers who are the most informative cases. As a result, we chose two
highly selected cohorts at the extreme ends of age at onset of hereditary breast
cancer in order to identify differences in mutational load. The hypothesis was that
inherited truncating variants in DNA-repair genes, which are partners in
maintaining genome integrity with BRCA1, might reduce the onset age of

hereditary breast cancer by interacting with BRCA1.

In this study 152 patients who carried a PV in BRCA1 were recruited. Patients
were stratified based on the age at breast cancer onset either diagnosed with
primary breast cancer at an age younger than 35 years (early AAO cohort) or
remained cancer-free until the age of 60 years. Therefore, patients who had
developed breast cancer between age 35 and 60 were excluded from the
analysis. Since the inclusion criteria was breast cancer onset, patients with
ovarian cancer onset were disqualified. None of the patients has undergone
prophylactic mastectomy prior to the diagnosis of breast cancer. We have
excluded patients who underwent risk reducing salpingo-oophorectomy before
the age of 45. The risks of OC have been proven to be reduced by risk-reducing
mastectomy (RRM) and risk-reducing salpingo-oophorectomy (RRSO), although
the association between the latter and BC risk is unclear. A consistent reduction
in BC risk of up to 50% has been reported in early studies following RRSO
(Rebbeck, Levin, et al., 1999). A later analysis that considered RRSO as a time-
varying covariate refuted these results, i.e., assuming that the association
between RRSO and breast cancer only begins following surgery rather than
counting all years without cancer. RRSO has been proven not to be associated
with BC risk, when considered as a time-varying covariate, among women with
BRCA1 pathogenic variants and women with other high-risk factors. The
cumulative breast cancer risk curves, however, indicate that RRSO has a slightly
protective effect when performed prior to menopause (Heemskerk-Gerritsen et
al., 2015).

In the first stage sampling the inclusion criteria was presence of a pathogenic

variant in the patients. One patient who carried a missense variant
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€.5365G>A:p.Ala1789Thr within the BRCT2 domain (UniProt: P38398) of BRCA1
protein. This variant results in the substitution of a neutral and non-polar amino
acid with a neutral and polar amino acid. At the time of sample collection this
variant has been given an uncertain classification. The data regarding the
pathogenicity of this variant is conflicting (ClinVar variation ID: 55552). The
variant has been initially reported in two patients from a family with breast and
ovarian cancer. In vitro functional analyses revealed that this variant alters the
DNA DSBR (Guidugli et al., 2011).

Since this variant was detected in one of the individuals with no breast cancer
onset, considering the uncertain clinical significance of this variant, we have

excluded this individual from further analyses.

5.2 Allelic Variation Among BRCA1 Positive Patients

In 2001, Thompson and Easton reported the existence of allelic variation in
BRCA1 pathogenic variants, which was the subject of more recent research by
Rebbeck and colleagues (2015), in which allelic variation in BRCA1 pathogenic
variants was found to be an important contributing factor in the variation in breast
cancer risk among HBOC patients with respect to ovarian cancer. According to
Rebbeck and colleagues, several regions have been identified as being
associated with a higher risk for breast cancer compared to ovarian cancer
(breast cancer cluster regions = BCCRs) and one region as having a higher risk
for ovarian cancer compared to breast cancer (OCCR) (Rebbeck et al., 2015;
Thompson & Easton, 2002).

Here we have evaluated the distribution of the identified variant along BRCA1
gene between the two cohorts. About 22% of the identified BRCA1 PVs in early
AAO cohort were located within the BCCR2’ (c.5261-¢.5563) while this region
encompasses about 15% in control cohort. The majority of BRCA1 PVs in control
cohort (~42%) were located within the OCCR, this number is much less in early
AAO (~26%). Among the two cohorts, there was no difference in mutational
position between BCCR and OCCR; however, there was a non-significant
difference in variant load between the two cohorts (p-value = 0.07). While the

difference was not statistically significant, it is worthwhile to note that pathogenic
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variants in OCCR are not only linked to increased ovarian cancer risk, but they
are also linked to a reduction in breast cancer risk as well. Therefore, these

results are consistent with the age at breast cancer onset in each cohort.

Regarding the type of pathogenic variants, previous studies have shown that
BRCA1 missense PVs were associated with lower breast cancer risks compared
to BRCA1 truncating variants, particularly for missense PVs located within the
BRCA1 C-terminal domain (H. Li et al., 2022; Scott et al., 2003). There were no
differences among our cohorts in terms of the type of BRCA71 PVs. In both
cohorts, the majority of the PVs were truncating variants (76.7% in the early AAO
vs 78.3% in the control cohort) mainly located within exon 11 corresponding to
the OCCR (Figure 2). It was the most common pathogenic missense variant in
both cohorts ¢.181T>G: p.Cys61Gly, whereas the missense variant c.5090G > A:

p.Arg1699GIn was found exclusively in two of the patients in the control cohort.

The most frequently detected PV (c.5266dupC:p.GIn1756fs a.k.a
€.5266_5267insC, and ¢.5382insC or ¢.5385insC using alternate nomenclature)
in early AAO cohort is a common founder variant in the Ashkenazi Jewish
population (Roa, Benjamin, Boyd Alfred A., Volcik Kelly, 1996), while the most
frequently identified PV (c.181T>G: p.Cys61Gly) in control cohort is a European
founder variant (Bogdanova et al., 2010; Domchek et al., 2010) located within the
RING domain of the BRCA1 protein. This variant has been shown to confer a
significantly lower hazard ratio in women aged=50 compared to protein truncating
variants in BRCA1 (H. Li et al., 2022). It was the most common pathogenic
missense variant in both early AAO and control cohorts ¢.181T>G: p.Cys61Gly,
whereas the missense variant ¢.5090G > A: p.Arg1699GIn was found exclusively
in two of the patients in the control cohort. This variant has been shown to be a
hypomorphic BRCA1 variant which confers a reduced cumulative risk of breast
cancer compared with the average BRCA1 truncating variant (Moghadasi et al.,
2017). The presence of this variant only in the control cohort is in line with the

expected decreased breast cancer risk for this variant.
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5.3 Environmental Factors

Several studies have been published in recent years that examine the factors that
modify cancer risk among carriers of the BRCA1/2 pathogenic variant (Friebel et
al., 2014). Researchers included factors such as age at first live birth, menarche,
parity, oral contraceptive use, tamoxifen, breastfeeding, mammography, and
coffee in their meta-analysis. Several other factors were also investigated, but not
meta-analyzed, including abortion, infertility, menopause, miscarriage, hormone
replacement therapy, weight, radiation and x-rays. Many factors showed no

effect.

Previously, a reverse association between age at menarche and the risk of breast
cancer among BRCA1-PV carriers has been reported (Kotsopoulos et al., 2005).
They have found that a later age at menarche is associated with a reduced breast
cancer risk among BRCA1-PV carriers. Consistent with the previous study by
Kotsopoulos and colleagues, in our study patients in the control cohort (who were
cancer free by age 60) showed a significantly older age at menarche in contrast
to patients in early AAO. This difference in the age at menarche among the two
cohorts may explain a small proportion of the differences in the age at breast
cancer onset. This implies that this factor can act as a confounder in our analysis

of the effect of DNA-repair PV on the age at breast cancer onset.

Unlike the previous meta-analyses which have shown a null association between
the parous and nulliparous with the risk of breast cancer among BRCA1-PV
carriers (Lecarpentier et al., 2012; Milne & Antoniou, 2011), our cohorts showed
a significant difference when we compared the number of parous against the
nulliparous women in both cohorts (p-value: <0.0001). Patients in control cohort

tend to be more parous (93% vs 29%).

Friebel and colleagues showed that having three live births or more decreases
the breast cancer risk in BRCA1-PV carriers when compared to nulliparous
BRCA1-PV carriers (Friebel et al., 2014). Due to the small sample size, we were
not able to categorize cohorts into the 5 subgroups suggested by Friebel and
colleagues; however, our results showed that patients in the control cohort have

a greater number of pregnancies (p-value: < 0.0001). We cannot exclude the
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possibility that these results are biased due to the fact that patients in the control

cohort were at an older age at the time of the analysis.

When comparing parity at age 30 or older with parity at a younger age, a meta-
analysis of two cohort analyses revealed a statistically significant reduction in
effect size (Friebel et al.,, 2014). Because of the small sample size and the
extreme phenotypic sampling based on breast cancer onset age, we could not
evaluate the same age groups as previously reported in the meta-analyses.
However, when we compared the mean age at first pregnancy among parous
women in our cohorts, we found different results. In our cohorts, patients in
control cohort showed a significantly younger age at first pregnancy in contrast
with the patients in control cohort. These results are in contrast with the previously
published meta-analysis results which suggested a protective effect against the
breast cancer for BRCA1-PV carriers aged 30 years or older vs women younger
than 39 years (Friebel et al., 2014).

Depending on the type of the analysis (prospective or retrospective; case-control
or cohort analysis) the data regarding the effect of oral contraceptive use and the
risk of breast cancer among BRCA 1-positive patients can vary (Schrijver et al.,
2018). Among BRCA1-PV carriers, a meta-analysis of case-control studies
revealed no difference between those who ever used OC and those who never
used OC, but a combined hazard ratio of cohort studies suggested an increased
risk (Friebel et al., 2014).

We have identified a significant difference in the use of oral contraceptive among
BRCA1-positive women in the early AAO and control cohort. Our results showed
that a vast majority of women in the early AAO cohort (66%) had ever an
experience of OCP use, while only less than a third of women in the control cohort
(23%) had ever used OCP. High prevalence of oral contraceptive use among
patients in the early AAO cohort is in line with the observed fewer number of

pregnancies in this cohort.

These differences in the OCP use and the number of pregnancies among the two

cohorts can be a result of significant difference in the birth cohorts. Women in the

75



control cohort were born between 1919 and 1954 and patients in early AAO
cohort were born between 1960 and 1993. These results are consistent with the
previous studies which have shown that female BRCA1-PV carriers born in 1958
or later are subject to a higher risk of breast cancer (A. Antoniou et al., 2003;
Kroiss et al., 2005). A more recent study has demonstrated a genetic anticipation
of breast cancer among BRCA1/2-PV carriers. In this study it was found that both
BRCA-PV carriers and non-carriers were diagnosed with breast cancer at an
earlier age in successive generations. Observing a downshift in age at diagnosis
in non-carrier pairs suggests that other factors (environmental, lifestyle, or social)

may also be involved (Kedmi et al., 2022).

Moreover, oral contraceptive pills were first introduced in 1950 and it seems that
they were initially used as a mean of menstrual regulation and only by late 1960s
they were prescribed for the indication of contraception (Liao & Dollin, 2012).
Considering the year of birth distribution in our cohorts, this can explain the

differences between the two cohorts regarding the oral contraceptive use.

The presence of a positive family history of breast cancer is an additional risk
factor for breast cancer. Multiple studies using a variety of study designs have
demonstrated an increased risk of breast cancer in women with a family history
of the disease. There is, however, a wide variation in the extent of this risk
according to the nature of the family history (type of family member affected, age
at which the relative developed breast cancer, and number of relatives affected)
and may also vary based on the individual's age. The family history of having a
first-degree relative with an age at onset of 50 years or older increases the

relative risk of breast cancer as high as 1.8 (Pharoah et al., 1997).

In our study, patients from the early AAO cohort came from smaller families and
had less strong family history when compared to the control cohort. In the control
cohort, most patients had two or more first-degree relatives with breast and/or
ovarian cancer. While the majority of patients in the early AAO cohort had either
one or no first-degree relatives with breast and/or ovarian cancer. Having a strong
family history of breast cancer in the first degree is not an indicator of early breast

cancer onset in BRCA1 positive patients, according to these results. In 2010
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Panchal and colleagues evaluated the effect of a positive family history on the
age at breast cancer onset among BRCA1/2 positive patients. Although they
identified a modest trend for BRCA1 carriers, it was not statistically significant
(Panchal et al., 2010). Moreover, Brewer and colleagues showed that having
several affected family members may not represent a very high risk if a woman

comes from a very large family (Brewer et al., 2017).

5.4 Rare Truncating Variants in DNA-Repair Genes

Genome-wide association studies on the modifiers of breast cancer risk identified
several loci that all together can explain approx. 2.2% of the variation in the risk
of breast cancer among BRCA1 positive patients (Milne & Antoniou, 2011). To
assess the effect of rare variants on the differences in breast cancer risk among
BRCAT1 carriers, we focused on the subset of genes, which contribute to genome
stability through different DNA-repair pathways and inherited and acquired
alterations in these genes are critical mechanisms in the genesis of malignant
tumors. It is hypothesized that women with an early age at breast cancer onset
are enriched for heritable defects in DNA repair genes in addition to the main

causal BRCA1 variant.

As it is already known for BRCA1 and BRCA1, haploinsufficiency of genes
involved in DNA damage response is expected to have a deleterious effect on
their protein function. Therefore, for this analysis, we limited the study of the sum-
effect of rare variants only to truncating variants in DNA-repair genes. We
observed that these truncating variants are not highly recurrent in a single gene
or in specific DNA-repair pathways. However, variants affecting DNA double-
strand repair and single-strand repair were highly enriched in both cohorts.
Although truncating variants in DSBR and SSBR were found more frequently in

the early AAO cohort, these results were not statistically significant.

The sum-effect of rare variants in DNA-repair genes has previously been studied
in different cancer types. Pritchard and colleagues showed that the incidence of
germline pathogenic variants in genes mediating DNA-repair processes was
significantly higher among men with metastatic prostate cancer than the

incidence among men with localized prostate cancer (Pritchard et al., 2016).
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Brohl and colleagues also noted that their cohort of Ewing sarcoma patients was
highly enriched for pathogenic/likely pathogenic variants involved in DNA-repair
responses. In pathway analysis, significant enrichment was observed for
hereditary breast cancer signaling, DNA repair pathways, and, in particular, DNA

double-strand break repair pathways (Brohl et al., 2017).

To the best of our knowledge, it is the first study to investigate the effect of rare
variants on the penetrance and the age at onset of breast cancer among BRCA1-
PV carriers. We observed that patients in the early AAO cohort tend to be more
enriched for truncating variants in DNA-repair pathways (35.6% in early AAO vs
26.7% in the control cohort). As the patients in each cohort were not selected and
matched for the modifying environmental factors, and the cohorts were highly
heterogeneous for these factors we conducted a multivariable logistic regression
model to adjust for these confounding factors. The result of this analysis was
replicated for a subset of the cohorts who were matched for the positive family
history. We observed an enrichment of truncating variants in DNA-repair genes
among women positive for BRCA1-PV and earlier breast cancer onset, although
it was not statistically significant. Larger cohorts may prove that carrying an
additional truncating variant in DNA-repair genes may decrease the age at breast

cancer onset among BRCA1-PV carriers.

5.5 Rare Variants Vs. Common Variants (Polygenic Risk Score)

Genome wide association studies (GWAS) have successfully identified genetic
factors that modify breast cancer risk, both in the general population and in
BRCA-PV carriers. More than 100 common susceptibility variants for breast
cancer each has a small effect size (Milne & Antoniou, 2016). Likewise, over 50
common breast cancer susceptibility variants have been linked with breast
cancer risk in BRCA1- and BRCAZ2-PV carriers. The combined effect of these
factors summed up as polygenic risk scores (PRS) which results in significant
differences in the absolute risk of developing breast cancer for BRCA1/2-PV
carriers at the extremes of the PRS distribution (Kuchenbaecker, McGuffog, et
al., 2017). Coignard and colleagues used a novel case-only analysis strategy to

uncover novel genetic modifiers of breast cancer risk for BRCA1- and BRCAZ2-

78



PV carriers and to clarify the effects of known breast cancer susceptibility SNPs
on breast cancer risk for carriers. They found that most SNPs associated with risk
in the general population are also associated with risk for PV carriers, however,
their average effect sizes are smaller. As a result, a large proportion of risk
variation among BRCA-PV carriers remains unknown. By analyzing rare variants
in genes involved in DNA damage response and genome integrity maintenance
pathways as well as genes that interact with BRCA1 in contrast to GWAS studies
that rely on common variants, our study aimed to predict breast cancer risk and
breast cancer age at onset in BRCA1-PV carriers. To enrich for rare variants, we
preferentially selected those BRCA71-PV carriers who showed the extreme
phenotype. For this reason, the extreme ends of age at onset of hereditary breast
cancer were chosen. We aimed to identify differences in the mutational load in
these two highly selected cohorts. We hypothesized that inherited truncating
variants in DNA-repair genes, which are partner components of BRCA1 in the
maintenance of genome integrity, are likely to interact with BRCA1 by reducing

the age at onset of hereditary breast carcinoma.

5.6 Rare Variant Association Study

Rare genetic variants, defined here as alleles with a frequency below 1% to 5%,
have the potential to play a significant role in the development of complex
diseases and traits. For rare genetic variants, standard methods used to test for
association with common variants are underpowered unless sample sizes or
effect sizes are very large. As an alternative, burden tests that assess the
cumulative effects of multiple variants within a genomic region can be utilized. A
burden test is a method that collapses or sums the rare variants within a region
into a single value and then tests its association with the trait in question (Lee et
al., 2014).

Despite the relatively small sample size a rare variant association study (RVAS)
was conducted using the SKAT-O and Burden tests to shed light on the role of
rare variants in the risk of early onset breast cancer among BRCA1 positive
patients. The SKAT-O as a linear combination of the burden and SKAT tests

achieves robust power regardless of whether a given gene has a significant
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proportion of causal variants exerting effects in the same direction or many
noncausal variants or noncausal variants exerting effects in the opposite direction
(Lee et al., 2014).

Following multiple testing corrections, neither the SKAT-O nor Burden tests were
statistically significant. However, MRE11 was the top-ranked gene in the Burden
test. The MRE11 protein is part of the MRN complex (MRE11, RAD50, and
NBS1). The complex is responsible for sensing DNA double-strand breaks and
initiating the repair process (Truijillo et al., 1998). Genomic instability syndromes
associated with germline variants in MRE11, NBS1 or RADS0 are characterized
by immunodeficiency, hypersensitivity to radiation, and cancer predisposition.
Pathogenic variants in the MRE711 gene are associated with ataxia-
telangiectasia-like disorder (Stewart et al., 1999). Pathogenic variations in NBS1
are responsible for Nijmegen breakage syndrome (NBS) (Varon et al., 1998).
RADS0 deficiency has also been described in a case of NBS-like disorder. In
addition to breast cancer predisposition, variants in the MRE11, RAD50, and
NBS1 genes may also increase other cancers risk. Recently, Gupta and
colleagues reported an association between MRE11 variants and triple negative
breast cancer (Gupta et al., 2017). An extensive investigation of MRN in sporadic
breast cancer has revealed that low MRN is associated with high tumor grade,
high mitotic index, as well as ER negative breast cancer (Alblihy et al., n.d.).
According to a univariate analysis, low nuclear MRE11 expression and low

nuclear RAD50 expression are associated with an adverse prognosis.

5.7 Pathological Characteristics

This study also included an assessment of the tumor histology and
immunohistochemistry characteristics of the tumors. This was done in order to
determine whether these tumor characteristics in the two age groups of BRCA1-
PV carriers were distinct from one another. BRCA7-associated breast cancers
have been extensively studied for their clinicopathological characteristics.
Previous studies have found that BRCA7-positive tumors exhibit higher tumor
grade, lower estrogen receptor (ER) expression, and lower progesterone

receptor (PR) expression (Foulkes et al., 2000; Loman et al., 1998; Noguchi et
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al., 1999). However, there is less research on ER and PR expression in young
and older BRCA1-associated breast cancer patients. There was a significant
difference in the prevalence of ER and PR positivity between BRCA1-positive
patients whose age at onset was younger than 50 years of age and BRCA17-
positive patients whose age at onset was over 50 years of age, as reported by
Vaziri and colleagues (Vaziri et al., 2001). Eerola and colleagues reported similar
results from their study in 2005, in which they compared the results of BRCA1/2
positive families to those of BRCA71/2-negative families. BRCA7-positive,
premenopausal patients (age at diagnosis under 50 years of age) showed a
significant difference in the level of ER negativity. In addition, these patients were
also found to have higher-grade tumors when compared to patients who were
postmenopausal (Eerola et al., 2005). In a study by Székely and colleagues, they
stratified breast cancer patients into two categories: early AAO (<35) and late
AAO (>70). In terms of menstrual and reproductive factors as well as the
histological characteristics and immunophenotype of the tumors, there were
statistically significant differences between the two groups. According to their
results, triple negative breast tumors were more common among patients with
early AAO than among those with late AAO. The tumors in the early AAO cohort
were also of a higher grade than those in the late AAO cohort (Borbala Székely
et al., 2010).

Here, in this study we have stratified the BRCA7-positive BC patients based on
the AAO. Patients in the control cohort were either cancer free or had developed
breast cancer as late as 60 years of age. Tumor characteristics in this group were
compared with tumor characteristics in the early AAO cohort. Unlike the previous
studies, we did not identify a significant difference in the immunohistochemical
features of the tumors in the two age groups. While tumors in control cohort are
solely of ductal type, tumors in the early AAO cohort are mainly of ductal type
(85.5%). A small subset of the tumors in the early AAO cohort was of medullary
9.7%) and lobular type (3.2%). The majority of the tumors in both cohorts were of
Il grade (80.3% in early AAO cohort vs 63.7% in control cohort). Estrogen,
progesterone and human epidermal receptor expression were not significantly
different.
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We are also able to demonstrate that carrying a truncating PV in a DNA-repair
gene in addition to carrying a PV in BRCA1 does not change the characteristics
of the tumor. In patients with additional truncating PV in DNA-repair genes in
contrast to those with no additional truncating PV, there were no differences in

the histology or histochemical features of the tumors.

5.8 Splicing Pattern in Genes Involved in Cancer

HBOC molecular diagnostic laboratories face significant challenges when
interpreting VUS, especially given the increasing number of genes implicated in
the syndrome. According to ACMG/AMP framework, well established in vivo or in
vitro functional studies are considered a strong piece of evidence for variant
interpretation (Richards et al., 2015). A major contribution to understanding the
functional significance of these variants is an investigation of their effects on RNA
splicing. This is done to determine if they could cause aberrant RNAs, which
could lead to protein dysfunction or loss of function. In theory, any detected
variant could affect RNA splicing (Soukarieh et al., 2016). In this study, we
developed a targeted RNA-Seq approach that detects and quantifies splicing

junctions in many genes at once.

Here we have studied a few variants in genes which are known to confer
moderate to high breast and ovarian cancer risk. These variants have been
detected in patients with various types of cancer during the course of diagnosis
and have been evaluated as “variants of unknown significance” based on the
available data. The identified variant in TP53 is an intronic variant within the
splicing region of coding exon 4. This variant is absent from the general
population (gnomAD). To date, no functional assessment of this variant has been
reported. Previous studies suggest that variants located at position +5 are prone
to deleterious splicing, more likely as a result of sequential interactions with U1
and U6 snRNAs (Buratti et al., 2007). Our RT-PCR and cDNA sequencing results
which could be confirmed via targeted RNA-seq was consistent with the expected
deleterious effect on splicing based on the variant position and conservation of
this nucleotide position through different species (UCSC). These results imply an

activation of a cryptic splice site within the coding exon 4 resulting in deletion of
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200bps from the coding exon 4 leading to a shift in the reading frame and a
premature translation termination. This aberrant transcript was supported by
7.4% of the reads covering coding exon 4 an exon-intron junction. Recently the
same results were reported for a synonymous variant affecting the last nucleotide
of coding exon 4 (TP53: ¢.375G>A; p.Thr125Thr). RNA analysis on the patient
derived and cultured lymphocyte treated with nonsense-mediated decay inhibitor
agents showed partial skipping of exon 4 (r.176_375del; p. Gly59Valfs*23)
(Rofes et al., 2020). These results together with our results demonstrate the
existence of a cryptic splice junction within exon 4 at the position ¢.176. This

junction is activated in the absence or deactivation of the canonical splice donor.

The second variant which was successfully confirmed via RNA-sequencing to
result in aberrant splicing is a synonymous substitution resulting from a G to A
transition affecting the last nucleotide of coding exon 4. The result obtained by
RT-PCR showed an aberrant transcript and cDNA sequencing showed that this
variant results in coding exon 4 skipping. RNA-sequencing could also detect
similar aberrant transcript supported by 7.7% of the sequencing reads. Skipping
of the exon 4 disrupts the reading frame and leads to a premature stop codon.
This in turn will likely result in either a truncated protein or nonsense-mediated
decay of the mRNA transcript. This variant has recently been reported in two
affected siblings with Peutz—Jeghers syndrome and similar results were obtained

in the RNA analysis reported by the authors (Cerasuolo et al., 2020).

Three other variants in BRCA1, BRCAZ2, and CHEKZ2 have been tested. While we
were able to detect the aberrant transcripts using RT-PCR, targeted RNA-
sequencing was not able to confirm these results. RT-PCR analysis and cDNA
sequencing revealed that the missense variant c.592G>A; p.Val198lle results in
the out of frame coding exon 3 skipping, which leads to a premature stop codon
(r.465_597del;p.Tyr156Hisfs*87), and thus likely leads either to a truncated
protein or nonsense-mediated decay of the mRNA transcript. The BRCAZ2 variant
which affects the canonical splice acceptor of exon 21 was shown by RT-PCR to
result in the out of frame skipping of coding exon 21, which consequently leads

to a premature stop codon. We could not detect the aberrant transcript using
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targeted RNA-sequencing. Similarly, the BRCA1 missense variant ¢.4093T>G;
p.Leu365Val which was shown by RT-PCR and cDNA sequencing to result in an
activation of a cryptic splice donor, and an aberrant transcript with partial skipping
of exon 9 (r.4093_4096del) could not be detected in the targeted RNA-

sequencing data.

For these analyses we utilized the extracted from the whole blood using the
PAXgene system, which provides a snapshot of the transcripts at the time of
sampling. However, a study by Davy and colleagues found that, the PAXgene
system appears not to be well adapted to RNA-Seq, especially for HBOC-
associated genes because these genes are very lowly expressed, especially in
whole blood (Davy et al., 2017).

In comparison to TP53 and STK11 (with 7.698 TPM and 23.66 TPM, respectively)
BRCA1, BRCA2 and CHEK2 have a very low expression level within the whole
blood cells (0.8826 TPM, 0.2086 TPM and 1.259 TPM) (GTEx portal accessed
on 13.12.2022). This may partly explain why we were able to detect aberrant
transcripts for TP53 and STK11, but not BRCA1, BRCA2 and CHEK?2. A technical
adjustment would be required to address this issue. This would be with a
decrease in the number of sequenced samples per run and an increase in
sequencing capacity. The cost of sequencing, however, will be significantly
affected by these changes. Alternatively, one can use patients lymphoblastoid
cell lines (LCL). It is possible, however, that Epstein-Barr virus transformation,
which modifies global gene expression, might have an effect on the splicing
pattern (Davy et al., 2017).

According to recent large-scale studies, gene expression and mRNA isoforms
vary widely between tissues, thus suggesting that for many diseases, sequencing
disease-relevant tissues will be beneficial for interpreting genetic differences
(Melé et al., 2015). Here in this study, we have performed analyses on easy-to-
obtain blood samples. The data from the study by Davy and colleagues
suggested that the predominant alternative splicing in 11 HBOC-associated
genes (including BRCA1, BRCA2, CHEK2, and STK11) is similar in blood and
breast tissue (Davy et al., 2017).
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According to our findings, RNA-seq can be used to interpret both coding and
noncoding variants and can significantly enhance the diagnosis rate for patients

for whom exome or whole-genome analysis has been inconclusive.

5.9 The Effect of Rare and Common COMT Variant on Breast Cancer
Risk Among BRCA1/2 Positive Women

The effect of a polymorphism (p.Val158Met) in the COMT gene has long been
studied on the risk of breast cancer. Based on the biological function of COMT, it
has been hypothesized that women carrying one or two copies of mutated low
activity COMT Met are at increased risk of breast cancer due to accumulation of
potentially carcinogenic estrogen metabolites. Many epidemiological studies
have studied the role of COMT Val158Met in breast cancer risk in both
postmenopausal and premenopausal women unselected for their BRCA status.
However, the results remain controversial. Some original studies reported that
the COMT Val158Met polymorphism was associated with increased breast
cancer risk, but others reported different results (Lavigne et al., 1997; Millikan et
al., 1998; Yim et al., 2001). All these studies were hypothesized based on a
presumed causal role for COMT SNP but not as a genetic modifier of breast
cancer risk. In none of these studies the subjects were tested for the high-,
moderate- and low-risk factor genes involved in hereditary breast cancer. Here,
for the first time, we investigated the effect of COMT polymorphism Val158Met
and the recently reported rare synonymous variant Leu203Leu on breast cancer
risk and the age at onset among BRCA1/2 positive women. We have identified a
slightly significant association between the presence of one or two copies of the
mutated low-activity allele (Val158Met) and later breast cancer onset among
BRCA1/2 positive women. Similar results were reported by Ding and colleagues,
who conducted a meta-analysis of the data obtained from 26 studies, consisting
of 16,693 breast cancer cases and 18,261 controls. Their findings showed a slight
protective role for the low activity COMT SNP in recessive mode among
European populations (Ding et al., 2010). Although their results and their
interpretation of results were criticized by Xi and colleagues (Xi et al., 2011) as
they have pooled studies from populations with significantly different allele

frequency for Val158Met. In addition, they also questioned the finding of a
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protective role for the low activity allele of COMT to be in contrast with the
biological role of COMT in inactivating genotoxic catechol metabolites of E2/E1
(Xi et al., 2011). Moreover, He and colleagues conducted a meta-analysis of
30,199 breast cancer cases and 38,922 controls and reported a similar protective
effect for the mutated allele under the recessive model (He et al., 2012). However,
Jungestrom and Wingren studied the association between COMT polymorphism
and early-onset breast cancer. They conducted a case-control analysis of 126
young breast cancer patients and 117 healthy controls. Looking for (low and high)
allele frequency differences in cases and controls they found no significant
difference in the frequency of low- and high- activity alleles (Bergman-

Jungestrom & Wingren, 2001).

When the patients were divided into two groups of affected and unaffected based
on their breast cancer status, we did not detect any association with the presence
of one or two copies of a mutated low-activity allele. Similarly, an updated meta-
analysis by Qin and colleagues showed no association between low activity

COMT polymorphism and risk of breast cancer (Qin et al., 2012).

Similar to the previous studies on the role of COMT polymorphism on breast
cancer risk our results were conflicting. The confounding factors, which were also
not addressed in our analysis, may account for the inconsistency of these results:
some genetic and non-genetic determinants of the carcinogenic estrogen
metabolites such as the activity of cytochrome P450 and its involvement in
catechol and quinone synthesis (e.g. CYP1B1 and BMI), as well as other COMT
polymorphisms, which may alter COMT mRNA conformation and translation, and
possibly exposure to exogenous catechols such as drugs and environmental
chemicals which could have influence on COMT activity and SNP penetrance
(Yager, 2012).

In an attempt to search for protective genetic signatures among BRCA1/2-PV
carriers by exploring genome variation in women who carry deleterious variants
in BRCA1/2 and in whom early-onset breast cancer has not developed
Movassagh and colleagues identified a rare synonymous variant (Leu203Leu) as

a protective factor (Movassagh et al., 2017). Although our sample size is limited

86



for the purpose of analyzing rare genetic modifiers of the risk of breast and
ovarian cancer among carriers of BRCA1/2, relying on our extreme phenotype
sampling method that seeks to increase power of analysis, we have tested our
early and late AAO breast cancer cohorts that are positive for BRCA1/2
pathogenic variants for the presence of the previously described synonymous
variant in COMT. We did not identify similar results as reported by Movassagh
and colleagues (Movassagh et al., 2017). However, our results are in line with
the results reported by the Consortium of Investigators of Modifiers of BRCA1/2
(CIMBA) which were presented in response to Movassagh and colleagues

(Georgia Chenevix-Trench et al., 2017).

All together, these conflicting results indicate that investigated genetic variants in
COMT may not alone be significant breast cancer risk factors or protective
factors. Larger studies controlled for other confounding factors are required to
investigate the effect of genetic variants in COMT as a modifier of breast cancer

risk.

5.10 Implications and Future Research

Over the past few years, several attempts have been made to understand the
variable penetrance of BRCA1 pathogenic variants. Based on GWA analyses,
several loci were identified that have the potential to modify the penetrance of
BRCA1/2 pathogenic variants and the age at onset of hereditary breast and
ovarian cancer to some extent. This is the first study to assess the effect of
germline truncating variants in DNA-repair pathways on the onset of breast
cancer among BRCAT1 carriers. Based on the odds ratio observed in this study,
there may be an association between co-occurring DNA-repair truncating
variants and pathogenic variants in BRCA1 and an earlier onset of breast cancer.
This study has several limitations, including a small sample size due to the low
number of asymptomatic BRCA1 mutation carriers. Larger cohorts consisting of
women of different ethnicities would be beneficial. Another limiting factor was a
large number of missense variants in DNA-repair genes that are of uncertain
significance and some of which may in time be proven to be clinically significant.

In addition, we did not evaluate copy-numbers as part of our analysis, because
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we believe that copy-number detection from targeted sequencing is more likely
to generate false positives than small-variant detection. Furthermore, we did not
take into account variants located within intronic regions, enhancers, and
promoters, which can have an effect on gene expression and regulation;
however, based on the current scientific knowledge the evaluation of these

variant types is challenging.

Future studies may take the same approach by extreme phenotype sampling to
evaluate the complete genomic signature of BRCA1/2 positive women with early
and late breast cancer onset to identify genetic modifiers other than DNA-repair

pathways.
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6 Summary

Breast cancer is the most common cancer among women, accounting for 30% of
all new cancer diagnoses. Hereditary genetic factors are estimated to explain 5—
10% of breast cancer cases. Currently genetic testing for HBOC includes 13-17
genes, the majority of which are involved in DNA-repair pathways. Pathogenic
variants in BRCA1 and BRCAZ2, two genes which are involved in homologous
recombination repair (HRR), explain about 24% of all HBOC cases. Yet, the
penetrance of pathogenic variants in BRCA1 is not full and the overall risk of
developing breast cancer by the age of 80 is 72% in BRCA1 carriers. Several
factors including genetic and environmental factors have been described to
modify the risk of breast cancer among BRCAT1 carriers. The environmental
factors include birth cohort, age at menarche, number of pregnancies, therapeutic
abortion, oral contraceptives, and prophylactic oophorectomy. The genetic
factors are either the variation of type and location of variants within the BRCA1
gene, or other modifier genes. Here we studied different genetic modifiers of
BRCA1 penetrance. In the first part of the study, we investigated double
heterozygosity for BRCA1 pathogenic variants and rare truncating variants in 313
DNA-repair genes. The selected genes have been linked to DNA-repair
machinery and genome integrity maintenance which are related to HBOC
pathogenesis. Applying extreme phenotype sampling, 113 women registered in
the German Consortium for Hereditary Breast and/or Ovarian Cancer (GC-
HBOC) with BRCA1-PV either with early or late breast cancer onset were
recruited for this study. The patients were sequenced for 313 DNA-repair genes.
Of a total of 3703 detected variants, 43 (1.2%) were rare truncating variants in
the early onset cohort. As compared to 16 controls, 26 women in the early AAO
group had truncating variants (35.6%; 95%-Cl| 24.7 - 47.7%). By controlling for
the environmental factors, we compared the DNA-repair mutational load in these
cohorts and observed a trend towards carrying additional truncating variants in
DNA-repair genes among patients with early onset (OR: 3.1; 95%-CI1 0.92 to 11.5;
p-value = 0.07). However, due to the small sample size, this did not reach the
conventionally acceptable significance level of 0.05. In the second part of this

study, we investigated the role of a known polymorphism (p.Val158Met) and a
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recently described rare synonymous variant (p.Leu203Leu) in the COMT gene,
on the breast cancer onset among BRCA1- and BRCAZ2-PV carriers. A significant
association between the presence of one or two copies of mutated low-activity
allele (p.Val158Met) and later breast cancer onset was detected among BRCA1/2
positive women (p-value 0.02 and 0.03 respectively). In consistent with the results
presented by the Consortium of Investigators of Modifiers of BRCA1/2 (CIMBA),
we did not identify any protective role for the rare synonymous variant in
(p.Leu203Leu) in the COMT gene against the breast cancer onset among
BRCA1/2 positive women. Our study suggests that additional truncating variants
in DNA-repair pathways could affect the penetrance of BRCA1 pathogenic
variants. Larger studies are needed to confirm this effect. And finally, the tested
variants in COMT, another candidate modifier of BRCA1-penetrance, were not
related to breast cancer risk in this study. An increasingly precise penetrance
estimate will help to avoid over- and undertreatment of BRCA1 carriers for breast

cancer.
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7 Zusammenfassung

Brustkrebs ist die haufigste Krebsart bei Frauen und macht 30 % aller neuen
Krebsdiagnosen aus. Es wird geschatzt, dass 5-10 % der Brustkrebsfalle auf
erbliche genetische Faktoren zurlickzufuhren sind. Etwa 25 von insgesamt mehr
als 300 Genen, die mit der DNA-Reparaturmaschinerie und der
Aufrechterhaltung der Genom-Integritat in Verbindung gebracht werden, werden
mit HBOC in Verbindung gebracht. Pathogene Varianten in BRCA1 und BRCAZ2,
zwei Gene, die an der homologen Rekombination Reparatur (HRR) beteiligt sind,
erklaren etwa 24 % aller HBOC-Falle. Die Penetranz der pathogenen Varianten
in BRCA1 ist jedoch nicht vollstandig und das Gesamtrisiko, bis zum Alter von 80
Jahren an Brustkrebs zu erkranken, betragt bei BRCA1-PV-Tragerinnen 72 %.
Es wurde beschrieben, dass mehrere Faktoren, darunter genetische Einflisse
und Umweltfaktoren, das Brustkrebsrisiko von BRCA1-PV-Tragerinnen
beeinflussen. Zu den Umweltfaktoren gehoren die Geburtskohorte, das Alter bei
der Menarche, die Anzahl der Schwangerschaften, Schwangerschaftsabbriche,
orale Kontrazeptiva und prophylaktische Oophorektomie. Bei den genetischen
Faktoren handelt es sich entweder um die Variation der Art und des Ortes der
Varianten innerhalb des BRCA 1-Gens oder um andere Modifikatorgene. In dieser
Studie untersuchten wir die doppelte Heterozygotie fur pathogene BRCA1T-
Varianten und seltene trunkierende Varianten in 313 DNA-Reparaturgenen.
Hierfir wurden im Rahmen einer extremen Phanotyp-Selektion 113 Frauen mit
BRCA1-PV mit frihem oder spatem Auftreten von Brustkrebs fur diese Studie
ausgewahlt. Die Patientinnen wurden mit einem Gen-Panel mittes NGS
sequenziert. Von den insgesamt 3703 detektierten Varianten waren 43 (1,2 %)
seltene trunkierende Varianten. 26 Frauen in der Gruppe mit frihem AAO wiesen
Im Vergleich zu 16 Kontrollpersonen trunkierende Varianten auf (35,6%; 95%-CI
247 - 47,7%). Unter Berucksichtigung der Umweltfaktoren haben wir die
Variantenlast in Genen der DNA-Reparatur in diesen Kohorten verglichen. Dabei
wurde ein Trend zu einer frGheren Erkrankung an Brustkrebs bei zusatzlich
vorhandenen trunkierenden Varianten in DNA-Reparatur-Genen nachgewiesen
(OR: 3,1; 95%-CI 0,92 bis 11,5; p-Wert = 0,07).
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Im zweiten Teil dieser Studie untersuchten wir die Rolle eines bekannten
Polymorphismus (p.Val158Met) und einer kirzlich beschriebenen seltenen
synonymen Variante (p.Leu203Leu) im COMT-Gen fur das Auftreten von
Brustkrebs bei BRCA7- und BRCAZ2-PV-Tragern. Ein leicht signifikanter
Zusammenhang zwischen dem Vorhandensein von einer oder zwei Kopien des
mutierten Allels mit geringer Aktivitat (p.Val158Met) und dem spateren Auftreten
von Brustkrebs wurde bei BRCA1/2-positiven Frauen festgestellt. In
Ubereinstimmung mit den vom Consortium of Investigators of Modifiers of
BRCA1/2 (CIMBA) vorgelegten Ergebnissen konnten wir keine schitzende Rolle
fur die seltene synonyme Variante (p.Leu203Leu) im COMT-Gen vor dem

Auftreten von Brustkrebs bei BRCA1/2-positiven Frauen feststellen.

Unsere Studie zeigt, dass zusatzliche trunkierende Varianten in DNA-
Reparatursignalwegen die Penetranz von pathogenen BRCA7-Varianten
beeinflussen kdnnen. GroRere Studien sind erforderlich, um diesen Effekt zu
bestatigen. Die getesteten Varianten in COMT, einem weiteren Kandidaten fur
die Modifizierung der BRCA1-Penetranz, standen in dieser Studie nicht mit dem
Brustkrebsrisiko in Verbindung. Eine immer prazisere Abschatzung des
Erkrankungsrisikos ermoglicht ein individualisiertes Vorgehen bei BRCAT-
Anlagetragerinnen und tragt dazu bei, eine Uber- oder Unterbehandlung zu

vermeiden.
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12 Appendix

Table 1. List of 311 DNA repair and cancer predisposition syndrome genes as well as the pathways.
DSBR: Double Strand Break Repair, SSBR: Single Strand Break Repair, HR: Homologous
Recombination, NER: Nucleotide Excision Repair, BER, Base Excision Repair, FA: Fancony Anemia,
NHEJ: Non-Homologous End Joining

Gene Details source

AKT1 Eukaryotic Type->Protein kinases->Serine/threonine protein Literature
kinases

ALKBH2 Eukaryotic Type->SSBR->Direct repair kegg

ALKBH3 Eukaryotic Type->SSBR->Direct repair kegg

ANKRD28 Eukaryotic Type->DSBR  ->Other DSBR factors->Protein kegg
phosphatase 6

ANKRD44 Eukaryotic Type->DSBR ->Other DSBR factors->Protein kegg
phosphatase 6

ANKRD52 Eukaryotic =~ Type->DSBR->Other DSBR factors->Protein  kegg
phosphatase 6

APC Eukaryotic Type->Centrosome formation and ciliogenesis Diagnostic
proteins

APEX1 Eukaryotic Type->SSBR->BER->AP endonucleases kegg

APEX2 Eukaryotic Type->SSBR->BER->AP endonucleases kegg

APITD1 Eukaryotic Type->DSBR->FA pathway->FA core complex binding kegg
factors

APLF Eukaryotic Type->SSBR->BER->Other BER factors: Eukaryotic kegg
Type->DSBR->NHEJ->0Other NHEJ factors

APTX Eukaryotic Type->SSBR->BER->Other BER factors: Eukaryotic kegg
Type->DSBR->NHEJ->0Other NHEJ factors

ATF1 Others

ATM Eukaryotic Type->Check point factors->Other check point factors kegg

ATR Eukaryotic Type->Check point factors->Other check point factors kegg

ATRIP Eukaryotic Type->Check point factors->Other check point factors kegg

BABAM1 Eukaryotic Type->BRISC and BRCA1 A complex member 1 Diagnostic

BACH1 Others

BAP1 Eukaryotic Type->Ubiquitin system-> Deubiquitinating enzyme Diagnostic
(DUB)-> Ubiquitin-specific proteases (UBPs)

BARD1 Eukaryotic Type->BRCA1/2 interactor Literature;

diagnostic

BCAS2 Eukaryotic Type->Other factors with a suspected DNA repair kegg
function->PS04 complex

BIVM- Eukaryotic Type->SSBR->NER->Other NER factors kegg

ERCC5

BLM Eukaryotic Type->DSBR->HR: Eukaryotic Type->DSBR->HR- kegg
>Bloom's syndrome complex (BTR): Eukaryotic Type->DSBR->FA
pathway

BMPR1A Eukaryotic Type->Protein kinases->Serine/threonine protein Diagnostic
kinases: TKL group->TGFBR1 family

BRCA1 Eukaryotic Type->DSBR->HR->Other HR factors: Eukaryotic Type- kegg

>DSBR->FA pathway->Downstream FA components
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BRCA2

BRCC3

BRIP1

C170rf70
C190rfa0
CCNH
CCNO
CDC25A
CDC25C
CDC5L

CDH1
CDK4

CDK7
CDKN1A
CDKN2A

CETN2

CHEK1
CHEK2
CNTLN

CRY1
CRY2
CTNNA1

cuL3

CUL4A

cuL4s

CUL5

DCLRE1A

DCLRE1B

DCLRE1C
DDB1

Eukaryotic Type->DSBR->HR->Other HR factors: Eukaryotic Type-
>DSBR->FA pathway->Downstream FA components

Eukaryotic Type->Deubiquitinating enzyme->Ubiquitin-specific
proteases (UBPs)

Eukaryotic =~ Type->DSBR->FA  pathway->Downstream  FA
components

Eukaryotic Type->DSBR->FA pathway->FA core complex
Eukaryotic Type->DSBR->FA pathway->FA core complex
Eukaryotic Type->SSBR->NER->TFIIH complex

Eukaryotic Type->SSBR->BER->DNA glycosylases

Eukaryotic Type->manually selected

Eukaryotic Type->manually selected

Eukaryotic Type->Other factors with a suspected DNA repair
function->PSO4 complex

Eukaryotic Type->Cellular antigens->Proteins

Eukaryotic Type->Protein kinases->Serine/threonine protein
kinases: CMGC group-> CDK family

Eukaryotic Type->SSBR->NER->TFIIH complex

Eukaryotic Type->BRCA1/2 interactor

Eukaryotic Type->Cellular Processes->Cell growth and death-
>Cell cycle->p53 signaling pathway

Eukaryotic Type->SSBR->NER->GGR (global genome repair)
factors->XPC-HR23B-CETN2 complex

Eukaryotic Type->Check point factors->Other check point factors
Eukaryotic Type->Check point factors->Other check point factors
Eukaryotic Type->Centrosome formation and ciliogenesis
proteins-> Centriole proteins

Eukaryotic Type->SSBR->Direct repair

Eukaryotic Type->SSBR->Direct repair

Eukaryotic  cytoskeleton  proteins->Actin  filaments /
Microfilaments

Eukaryotic Type->SSBR->NER->Other NER factors

Eukaryotic Type->SSBR->NER->GGR (global genome repair)
factors: Eukaryotic Type->SSBR->NER->TCR (transcription
coupled repair) factors

Eukaryotic Type->SSBR->NER->GGR (global genome repair)
factors: Eukaryotic Type->SSBR->NER->TCR (transcription
coupled repair) factors

Eukaryotic Type->SSBR->NER->Other NER factors

Eukaryotic Type->Other factors with a suspected DNA repair
function->Nucleases

Eukaryotic Type->Other factors with a suspected DNA repair
function->Nucleases

Eukaryotic Type->DSBR->NHEJ->Other NHEJ factors

Eukaryotic Type->SSBR->NER->GGR (global genome repair)
factors: Eukaryotic Type->SSBR->NER->TCR  (transcription
coupled repair) factors

kegg
Diagnostic
kegg

kegg
kegg
kegg
kegg

kegg

Diagnostic
Diagnostic

kegg
Literature
Diagnostic
kegg
kegg
kegg
Diagnostic
kegg
kegg

Diagnostic
kegg
kegg
kegg
kegg
kegg
kegg

kegg
kegg
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DDB2

DMC1
DNTT
DUT

E2F1
EME1
EME2
EPCAM
ERCC1
ERCC2
ERCC3
ERCC4
ERCC5
ERCC6

ERCC8

ESR1
EXO1
EXO5

FAM175A

FAM175B
FAN1
FANCA
FANCB
FANCC
FANCD2
FANCE
FANCF
FANCG
FANCI
FANCL
FANCM
FEN1
FOXM1
GADDA45A
GEN1
GTF2H1
GTF2H2
GTF2H2C
GTF2H2D

Eukaryotic Type->SSBR->NER->GGR (global genome repair)
factors->Cul4-DDB2 complex

Eukaryotic Type->DSBR->HR->RecA family proteins

Eukaryotic Type->DSBR->NHEJ->X-family DNA polymerases

Eukaryotic Type->Other factors with a suspected DNA repair
function
Others

Eukaryotic Type->DSBR->HR->Other HR factors
Eukaryotic Type->DSBR->HR->Other HR factors
Eukaryotic Type->Cellular antigens->Proteins
Eukaryotic Type->SSBR->NER->Other NER factors
Eukaryotic Type->SSBR->NER->TFIIH complex
Eukaryotic Type->SSBR->NER->TFIIH complex
Eukaryotic Type->SSBR->NER->Other NER factors
Eukaryotic Type->SSBR->NER->Other NER factors

Eukaryotic Type->SSBR->NER->TCR (transcription coupled repair)
factors->Other TCR factor

Eukaryotic Type->SSBR->NER->TCR (transcription coupled repair)
factors->Cul4-CSA complex

Others

Eukaryotic Type->SSBR->MMR->0Other MMR factors

Eukaryotic Type->Other factors with a suspected DNA repair
function->Nucleases
Eukaryotic Type->BRCA1/2 interactor

Others

Eukaryotic Type->DSBR->FA pathway->Other FA pathway factors
Eukaryotic Type->DSBR->FA pathway->FA core complex
Eukaryotic Type->DSBR->FA pathway->FA core complex
Eukaryotic Type->DSBR->FA pathway->FA core complex
Eukaryotic Type->DSBR->FA pathway->FANCD2-l complex
Eukaryotic Type->DSBR->FA pathway->FA core complex
Eukaryotic Type->DSBR->FA pathway->FA core complex
Eukaryotic Type->DSBR->FA pathway->FA core complex
Eukaryotic Type->DSBR->FA pathway->FANCD2-I complex
Eukaryotic Type->DSBR->FA pathway->FA core complex
Eukaryotic Type->DSBR->FA pathway->FA core complex
Eukaryotic Type->SSBR->BER->Long Patch-BER factors
Eukaryotic Type->manually selected

Others

Eukaryotic Type->DSBR->HR->Other HR factors
Eukaryotic Type->SSBR->NER->TFIIH complex

Eukaryotic Type->SSBR->NER->TFIIH complex

Eukaryotic Type->SSBR->NER->TFIIH complex

Eukaryotic Type->SSBR->NER->TFIIH complex

kegg

kegg
kegg
kegg

kegg
kegg

Diagnostic

kegg
kegg
kegg
kegg
kegg
kegg

kegg

kegg
kegg

Literature;
diagnostic

kegg
kegg
kegg
kegg
kegg
kegg
kegg
kegg
kegg
kegg
kegg
kegg

kegg
kegg
kegg
kegg
kegg
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GTF2H3
GTF2H4
GTF2H5
H2AFX
HDAC9
HES1

HFM1
HLTF

HMGB1

HOXB13
HUS1

HUS1B

KANK4
LiIG1

LIG3
LIG4
MBD4
MDC1
MDM4
MEN1

MGMT

MLH1
MLH3
MMS19
MNAT1
MPG
MRE11

MSH2

MSH3

MSH4

MSH5

MSH6

Eukaryotic Type->SSBR->NER->TFIIH complex

Eukaryotic Type->SSBR->NER->TFIIH complex

Eukaryotic Type->SSBR->NER->TFIIH complex

Eukaryotic Type->BRCA1/2 interactor

Others

Eukaryotic Type->DSBR->FA pathway->FA core complex binding
factors

Eukaryotic Type->DSBR->HR->0Other HR factors

Eukaryotic Type->TLS (translesion DNA synthesis) factors->Rad6
epistasis group

Eukaryotic Type->SSBR->BER->Other BER factors: Eukaryotic
Type->SSBR->MMR->0ther MMR factors

Eukaryotic = Type->Check point factors->Rad9-Hus1-Rad1
complex
Eukaryotic  Type->Check point factors->Rad9-Hus1-Rad1l
complex

Eukaryotic =~ Type->SSBR->BER->Long  Patch-BER  factors:
Eukaryotic Type->SSBR->NER->Other NER factors: Eukaryotic
Type->SSBR->MMR->0ther MMR factors

Eukaryotic Type->SSBR->BER->Short Patch-BER factors
Eukaryotic Type->DSBR->NHEJ->DNA Ligase 4 complex
Eukaryotic Type->SSBR->BER->DNA glycosylases

Eukaryotic Type->BRCA1/2 interactor

Eukaryotic Type->manually selected

Eukaryotic Type-> Histone modification proteins->HMT
complexes->MLL-HCF complex

Eukaryotic Type->SSBR->Direct repair: Prokaryotic Type->SSBR-
>Direct repair

Eukaryotic Type->SSBR->MMR->MutL homologs

Eukaryotic Type->SSBR->MMR->MutL homologs

Eukaryotic Type->SSBR->NER->Other NER factors

Eukaryotic Type->SSBR->NER->TFIIH complex

Eukaryotic Type->SSBR->BER->DNA glycosylases

Eukaryotic Type->DSBR->HR->MRN(MRX) complex: Eukaryotic
Type->DSBR->NHEJ->MRX complex

Eukaryotic Type->SSBR->MMR->Mismatch and loop recognition
factors

Eukaryotic Type->SSBR->MMR->Mismatch and loop recognition
factors

Eukaryotic Type->SSBR->MMR->MutS homologs specialized for
meiosis

Eukaryotic Type->SSBR->MMR->MutS homologs specialized for
meiosis

Eukaryotic Type->SSBR->MMR->Mismatch and loop recognition
factors

kegg
kegg

kegg
Literature

kegg

kegg
kegg

kegg

Diagnostic
kegg

kegg

Diagnostic
kegg

kegg
kegg

kegg
Literature

Diagnostic

kegg

kegg
kegg
kegg
kegg
kegg
kegg

kegg
kegg
kegg
kegg

kegg
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MUS81
MUTYH

MYBBP1A

MYC
MYCT1
NBN
NEIL1
NEIL2
NEIL3
NF1

NHEJ1
NOTCH2

NTHL1

NUDT1

NUDT15

NUDT18

OBSL1

0GG1
PALB2

PAPD7

PARP1
PARP2
PARP3
PARP4
PCNA

PCSK7

PER1
PER2
PER3
PIK3CA

PLK1
PLRG1

Eukaryotic Type->DSBR->HR->Other HR factors

Eukaryotic Type->SSBR->BER->DNA glycosylases: Prokaryotic
Type->SSBR->BER->DNA glycosylases

Eukaryotic Type->Other factors with a suspected DNA repair
function->DNA polymerases

Others

Eukaryotic Type->DSBR->HR->MRN(MRX) complex

Eukaryotic Type->SSBR->BER->DNA glycosylases

Eukaryotic Type->SSBR->BER->DNA glycosylases

Eukaryotic Type->SSBR->BER->DNA glycosylases

Eukaryotic Type->Environmental Information Processing->Signal
transduction

Eukaryotic Type->DSBR->NHEJ->DNA Ligase 4 complex
Eukaryotic Type->Environmental Information Processing->Signal
transduction->Notch signaling pathway

Eukaryotic Type->SSBR->BER->DNA glycosylases: Prokaryotic
Type->SSBR->BER->DNA glycosylases

Eukaryotic Type->Other factors with a suspected DNA repair
function

Eukaryotic Type->Other factors with a suspected DNA repair
function

Eukaryotic Type->Other factors with a suspected DNA repair
function

Eukaryotic Type-> Centrosome formation and ciliogenesis
proteins

Eukaryotic Type->SSBR->BER->DNA glycosylases

Eukaryotic  Type->DSBR->FA  pathway->Downstream  FA
components

Eukaryotic Type->Other factors with a suspected DNA repair
function->DNA polymerases

Eukaryotic Type->SSBR->BER->Other BER factors

Eukaryotic Type->SSBR->BER->Other BER factors

Eukaryotic Type->SSBR->BER->Other BER factors

Eukaryotic Type->SSBR->BER->Other BER factors

Eukaryotic =~ Type->SSBR->BER->Long  Patch-BER  factors:
Eukaryotic Type->SSBR->MMR->0Other MMR factors

Eukaryotic  Type->Chaperones and folding catalysts->
Intramolecular chaperones->Subtilisin family

Eukaryotic Type->Check point factors->Other check point factors
Eukaryotic Type->Check point factors->Other check point factors
Eukaryotic Type->Check point factors->Other check point factors
Eukaryotic = Type->Transferases->Transferring  phosphorus-
containing groups

Others

Eukaryotic Type->Other factors with a suspected DNA repair
function->PS04 complex

kegg
kegg

kegg

Diagnostic

kegg
kegg
kegg
kegg

Diagnostic

kegg

Diagnostic

kegg
kegg
kegg

kegg

Diagnostic

kegg
kegg

kegg

kegg
kegg
kegg
kegg
kegg

Diagnostic

kegg
kegg
kegg

Diagnostic

kegg
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PLS3
PML
PMS1
PMS2
PNKP
POLB

POLD1
POLD2
POLD3
POLD4
POLE

POLE2

POLE3

POLE4

POLH

POLI

POLK

POLL

POLM
POLN

POLQ

POLR2A

POLR2B

POLR2C

POLR2D

POLR2E

POLR2F

POLR2G

POLR2H

Eukaryotic Type->Check point factors->Other check point factors
Eukaryotic Type->manually selected

Eukaryotic Type->SSBR->MMR->MutL homologs

Eukaryotic Type->SSBR->MMR->MutL homologs

Eukaryotic Type->SSBR->BER->Other BER factors

Eukaryotic = Type->SSBR->BER->Short  Patch-BER  factors:
Eukaryotic Type->DSBR->NHEJ->X-family DNA polymerases
Eukaryotic Type->SSBR->BER: Eukaryotic Type->SSBR->MMR
Eukaryotic Type->SSBR->BER: Eukaryotic Type->SSBR->MMR
Eukaryotic Type->SSBR->BER: Eukaryotic Type->SSBR->MMR
Eukaryotic Type->SSBR->BER: Eukaryotic Type->SSBR->MMR
Eukaryotic Type->SSBR->BER->Long Patch-BER factors->DNA
polymerase epsilon complex

Eukaryotic Type->SSBR->BER->Long Patch-BER factors->DNA
polymerase epsilon complex

Eukaryotic Type->SSBR->BER->Long Patch-BER factors->DNA
polymerase epsilon complex

Eukaryotic Type->SSBR->BER->Long Patch-BER factors->DNA
polymerase epsilon complex

Eukaryotic Type->TLS (translesion DNA synthesis) factors->Y-
family DNA polymerases

Eukaryotic Type->TLS (translesion DNA synthesis) factors->Y-
family DNA polymerases

Eukaryotic Type->TLS (translesion DNA synthesis) factors->Y-
family DNA polymerases

Eukaryotic Type->SSBR->BER->Other BER factors: Eukaryotic
Type->DSBR->NHEJ->X-family DNA polymerases

Eukaryotic Type->DSBR->NHEJ->X-family DNA polymerases
Eukaryotic Type->TLS (translesion DNA synthesis) factors->A-
family DNA polymerase

Eukaryotic Type->Other factors with a suspected DNA repair
function->DNA polymerases

Eukaryotic Type->SSBR->NER->TCR (transcription coupled repair)
factors->DNA-directed RNA polymerase Il complex

Eukaryotic Type->SSBR->NER->TCR (transcription coupled repair)
factors->DNA-directed RNA polymerase Il complex

Eukaryotic Type->SSBR->NER->TCR (transcription coupled repair)
factors->DNA-directed RNA polymerase Il complex

Eukaryotic Type->SSBR->NER->TCR (transcription coupled repair)
factors->DNA-directed RNA polymerase || complex

Eukaryotic Type->SSBR->NER->TCR (transcription coupled repair)
factors->DNA-directed RNA polymerase Il complex

Eukaryotic Type->SSBR->NER->TCR (transcription coupled repair)
factors->DNA-directed RNA polymerase Il complex

Eukaryotic Type->SSBR->NER->TCR (transcription coupled repair)
factors->DNA-directed RNA polymerase Il complex

Eukaryotic Type->SSBR->NER->TCR (transcription coupled repair)
factors->DNA-directed RNA polymerase Il complex

kegg

kegg
kegg
kegg
kegg

kegg
kegg
kegg
kegg
kegg

kegg
kegg
kegg
kegg
kegg
kegg
kegg

kegg
kegg

kegg
kegg
kegg
kegg
kegg
kegg
kegg
kegg

kegg
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POLR2I

POLR2J

POLR2J2

POLR2J3

POLR2K

POLR2L

POU2F1
PPM1D

PPP4C
PPP4R1
PPP4R2
PPP4R4
PPP6C

PPP6R1

PPP6R2

PPP6R3

PRKDC
PRPF19

PRSS1

PSMC3IP

PTCH1

PTEN
RAD1
RAD17
RAD18
RAD23A

RAD23B

RADS0

RAD51

Eukaryotic Type->SSBR->NER->TCR (transcription coupled repair)
factors->DNA-directed RNA polymerase Il complex

Eukaryotic Type->SSBR->NER->TCR (transcription coupled repair)
factors->DNA-directed RNA polymerase || complex

Eukaryotic Type->SSBR->NER->TCR (transcription coupled repair)
factors->DNA-directed RNA polymerase Il complex

Eukaryotic Type->SSBR->NER->TCR (transcription coupled repair)
factors->DNA-directed RNA polymerase || complex

Eukaryotic Type->SSBR->NER->TCR (transcription coupled repair)
factors->DNA-directed RNA polymerase Il complex

Eukaryotic Type->SSBR->NER->TCR (transcription coupled repair)
factors->DNA-directed RNA polymerase Il complex

Others

Eukaryotic Type->Protein phosphatases and associated proteins-
>Protein Ser/ Thr phosphatases

Eukaryotic Type->DSBR->HR->Protein phosphatase 4

Eukaryotic Type->DSBR->HR->Protein phosphatase 4

Eukaryotic Type->DSBR->HR->Protein phosphatase 4

Eukaryotic Type->DSBR->HR->Protein phosphatase 4

Eukaryotic Type->DSBR->0ther DSBR factors->Protein
phosphatase 6

Eukaryotic Type->DSBR->0ther DSBR factors->Protein
phosphatase 6

Eukaryotic ~ Type->DSBR->Other DSBR  factors->Protein
phosphatase 6

Eukaryotic ~ Type->DSBR->Other DSBR  factors->Protein
phosphatase 6

Eukaryotic Type->DSBR->NHEJ->DNA-PK complex

Eukaryotic Type->Other factors with a suspected DNA repair
function->PSO4 complex

Eukaryotic Type->Environmental Information Processing-
>Signaling molecules and interaction

Eukaryotic Type->Eukaryotic proteasome->Proteasome
interacting proteins (PIPs)-> Other PIPs

Eukaryotic Type->Environmental Information Processing->Signal
transduction

Eukaryotic Type->Protein phosphatases and associated proteins
Eukaryotic Type->Check point factors

Eukaryotic Type->Check point factors

Eukaryotic Type->TLS (translesion DNA synthesis) factors
Eukaryotic Type->SSBR->NER->GGR (global genome repair)
factors->XPC-HR23B-CETN2 complex

Eukaryotic Type->SSBR->NER->GGR (global genome repair)
factors->XPC-HR23B-CETN2 complex

Eukaryotic Type->DSBR->HR->MRN(MRX) complex: Eukaryotic
Type->DSBR->NHEJ->MRX complex

Eukaryotic Type->DSBR->HR->RecA family proteins: Eukaryotic
Type->DSBR->FA pathway->Other FA pathway factors

kegg
kegg
kegg
kegg
kegg

kegg

Diagnostic

kegg
kegg
kegg
kegg
kegg

kegg
kegg
kegg

kegg
kegg

Diagnostic
Diagnostic
Diagnostic

Diagnostic
kegg
kegg
kegg
kegg

kegg
kegg

kegg
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RADS51B
RAD51C

RAD51D
RADS52
RAD54B
RADS54L
RAD54L2
RAD9A

RAD9B

RB1
RBBP8

RBX1

RDM1
RECQL
RECQL4
RECQL5
RET

REV1

REV3L

RFC1
RFC2

RFC3

RFC4

RFC5

RINT1
RMI1

RMI2

RNF8
RPA1l

Eukaryotic Type->DSBR->HR->RecA family proteins

Eukaryotic Type->DSBR->HR->RecA family proteins: Eukaryotic
Type->DSBR->FA pathway->Other FA pathway factors
Eukaryotic Type->DSBR->HR->RecA family proteins

Eukaryotic Type->DSBR->HR->Rad52 family proteins

Eukaryotic Type->DSBR->HR->Rad54 family proteins

Eukaryotic Type->DSBR->HR->Rad54 family proteins

Eukaryotic Type->DSBR->HR->Rad54 family proteins

Eukaryotic  Type->Check point factors->Rad9-Hus1-Rad1l
complex

Eukaryotic Type->Check point factors->Rad9-Hus1-Rad1
complex

Others

Eukaryotic Type->BRCA1/2 interactor

Eukaryotic Type->SSBR->NER->GGR (global genome repair)
factors: Eukaryotic Type->SSBR->NER->TCR  (transcription
coupled repair) factors

Eukaryotic Type->DSBR->HR->Rad52 family proteins

Eukaryotic Type->DSBR->HR->RecQ family DNA helicases
Eukaryotic Type->DSBR->HR->RecQ family DNA helicases
Eukaryotic Type->DSBR->HR->RecQ family DNA helicases
Eukaryotic Type->Cytokine receptors->Receptor tyrosine kinase-
>RTK class XIV (RET receptor family)

Eukaryotic Type->TLS (translesion DNA synthesis) factors->Y-
family DNA polymerases

Eukaryotic Type->TLS (translesion DNA synthesis) factors->B-
family DNA polymerases

Eukaryotic Type->SSBR->MMR->RFC (replication factor C)
Eukaryotic ~ Type->SSBR->MMR->RFC  (replication  factor
C):Eukaryotic Type->Check point factors

Eukaryotic ~ Type->SSBR->MMR->RFC  (replication  factor
C):Eukaryotic Type->Check point factors

Eukaryotic ~ Type->SSBR->MMR->RFC  (replication  factor
C):Eukaryotic Type->Check point factors

Eukaryotic ~ Type->SSBR->MMR->RFC  (replication  factor
C):Eukaryotic Type->Check point factors

Eukaryotic Type->RAD50 interactor 1

Eukaryotic Type->DSBR->HR->Bloom's syndrome complex
(BTR):Eukaryotic Type->DSBR->FA pathway

Eukaryotic Type->DSBR->HR->Bloom's syndrome complex
(BTR):Eukaryotic Type->DSBR->FA pathway

Eukaryotic Type->BRCA1/2 interactor

Eukaryotic ~ Type->SSBR->NER->RPA (replication factor
A):Eukaryotic Type->SSBR->MMR->RPA: Eukaryotic Type->DSBR-
>HR->RPA

kegg
kegg

kegg
kegg
kegg
kegg
kegg
kegg

kegg

Literature;
diagnostic

kegg

kegg
kegg
kegg
kegg

Diagnostic

kegg
kegg

kegg
kegg

kegg
kegg

kegg

Diagnostic

kegg

kegg

Literature

kegg
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RPA2

RPA3

RPA4

RPS15
RRM1

RRM2

RRM2B

SBDS

SHFM1
SLX1A
SLX1B
SLX4
SMAD4

SMARCA1
SMEK1
SMEK2
SMO
SMUG1
SPO11
SSBP1

STAT1
STK11

STRA13

TCEB1
TCEB2
TCEB3
TCEB3B
TCEB3C
TCEB3CL

Eukaryotic Type->SSBR->NER->RPA (replication factor A):
Eukaryotic Type->SSBR->MMR->RPA: Eukaryotic Type->DSBR-
>HR->RPA

Eukaryotic Type->SSBR->NER->RPA (replication factor A):
Eukaryotic Type->SSBR->MMR->RPA: Eukaryotic Type->DSBR-
>HR->RPA

Eukaryotic Type->SSBR->NER->RPA (replication factor A)
Eukaryotic Type->SSBR->MMR->RPA: Eukaryotic Type->DSBR-
>HR->RPA

Eukaryotic Type->BRCA1/2 interactor

Eukaryotic Type->Other factors with a suspected DNA repair
function->Modulation of nucleotide pools

Eukaryotic Type->Other factors with a suspected DNA repair
function->Modulation of nucleotide pools

Eukaryotic Type->Other factors with a suspected DNA repair
function->Modulation of nucleotide pools

Eukaryotic Type-> Pre-60S particles->Export and cytoplasmic
maturation factors

Eukaryotic Type->DSBR->HR->Other HR factors

Eukaryotic Type->DSBR->HR->Other HR factors

Eukaryotic Type->DSBR->HR->Other HR factors

Eukaryotic Type->DSBR->HR->Other HR factors

Eukaryotic Type->Environmental Information Processing-> Signal
transduction->Wnt signaling pathway->TGF-beta signaling
pathway

Others

Eukaryotic Type->DSBR->HR->Protein phosphatase 4

Eukaryotic Type->DSBR->HR->Protein phosphatase 4

Eukaryotic Type->smoothelin-like

Eukaryotic Type->SSBR->BER->DNA glycosylases

Eukaryotic Type->DSBR->HR->0Other HR factors

Prokaryotic Type->SSBR->MMR->0Other MMR factors:
Prokaryotic Type->TLS (translesion DNA synthesis) factors-
>0Other SOS response factors

Others

Eukaryotic Type->Environmental Information Processing->Signal
transduction->PI3K-Akt signaling pathway->AMPK signaling
pathway->AMPK signaling pathway

Eukaryotic Type->DSBR->FA pathway->FA core complex binding
factors

Eukaryotic Type->SSBR->NER->Other NER factors

Eukaryotic Type->SSBR->NER->Other NER factors

Eukaryotic Type->SSBR->NER->Other NER factors

Eukaryotic Type->SSBR->NER->Other NER factors

Eukaryotic Type->SSBR->NER->Other NER factors

Eukaryotic Type->SSBR->NER->Other NER factors

kegg

kegg

kegg

Literature
kegg

kegg

kegg

Diagnostic

kegg
kegg
kegg

kegg
Diagnostic

kegg
kegg
Diagnostic
kegg
kegg
kegg

Diagnostic

kegg

kegg
kegg
kegg
kegg
kegg
kegg
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TDG

TDP1
TELO2
TIMELESS

TIPARP

TIPIN
TMEM189
TMEM189-
UBE2V1
TOP3A

TOP3B

TOPBP1
TP53
TP53BP1

TREX1

TREX2

UBE2A

UBE2B

UBE2N

UBE2NL

UBE2T

UBE2V1

UBE2V2

uiMC1

UNG

USP1
VHL

WDR48

Eukaryotic Type->SSBR->BER->DNA glycosylases: Prokaryotic
Type->SSBR->BER->DNA glycosylases

Eukaryotic Type->SSBR->BER->Other BER factors

Eukaryotic Type->DSBR->FA pathway->Other FA pathway factors
Eukaryotic Type->Check point factors->FPC (fork protection
complex)

Eukaryotic Type->Enzymes
>Glycosyltransferases->Pentosyltransferases->NAD+
ribosyltransferase

Eukaryotic Type->Check point factors->FPC (fork protection
complex)

Eukaryotic Type->TLS (translesion DNA synthesis) factors->Rad6
epistasis group

Eukaryotic Type->TLS (translesion DNA synthesis) factors->Rad6
epistasis group

Eukaryotic Type->DSBR->HR->Bloom's syndrome complex (BTR):
Eukaryotic Type->DSBR->FA pathway

Eukaryotic Type->DSBR->HR->Bloom's syndrome complex (BTR):
Eukaryotic Type->DSBR->FA pathway

Eukaryotic Type->BRCA1/2 interactor

Eukaryotic Type->Check point factors->Other check point factors

Eukaryotic Type->BRCA1/2 interactor

->Transferases-
ADP-

Eukaryotic Type->Other factors with a suspected DNA repair
function->Nucleases

Eukaryotic Type->Other factors with a suspected DNA repair
function->Nucleases

Eukaryotic Type->TLS (translesion DNA synthesis) factors->Rad6
epistasis group

Eukaryotic Type->TLS (translesion DNA synthesis) factors->Rad6
epistasis group

Eukaryotic Type->TLS (translesion DNA synthesis) factors->Rad6
epistasis group

Eukaryotic Type->TLS (translesion DNA synthesis) factors->Rad6
epistasis group

Eukaryotic Type->DSBR->FA pathway->FA core complex binding
factors

Eukaryotic Type->TLS (translesion DNA synthesis) factors->Rad6
epistasis group

Eukaryotic Type->TLS (translesion DNA synthesis) factors->Rad6
epistasis group

Eukaryotic Type->BRCA1/2 interactor

Eukaryotic Type->SSBR->BER->DNA glycosylases: Prokaryotic
Type->SSBR->BER->DNA glycosylases

Eukaryotic Type->DSBR->FA pathway->Other FA pathway factors
Eukaryotic Type->Genetic Information Processing->Folding,
sorting and degradation->Ubiquitin mediated proteolysis
Eukaryotic Type->DSBR->FA pathway->Other FA pathway factors

kegg

kegg
kegg
kegg

Diagnostic

kegg
kegg
kegg
kegg

kegg

Literature
kegg

Literature;
diagnostic
kegg
kegg
kegg
kegg
kegg
kegg
kegg

kegg

kegg
Literature;
diagnostic

kegg

kegg
Diagnostic

kegg
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WRN
XPA
XPC

XRCC1
XRCC2
XRCC3
XRCC4
XRCC5
XRCC6
ZNF350

Eukaryotic Type->DSBR->HR->RecQ family DNA helicases
Eukaryotic Type->SSBR->NER->Other NER factors

Eukaryotic Type->SSBR->NER->GGR (global
factors->XPC-HR23B-CETN2 complex

genome

Eukaryotic Type->SSBR->BER->Short Patch-BER factors
Eukaryotic Type->DSBR->HR->RecA family proteins
Eukaryotic Type->DSBR->HR->RecA family proteins
Eukaryotic Type->DSBR->NHEJ->DNA Ligase 4 complex
Eukaryotic Type->DSBR->NHEJ->DNA-PK complex
Eukaryotic Type->DSBR->NHEJ->DNA-PK complex

Others

kegg
kegg

repair) kegg

kegg
kegg
kegg
kegg
kegg
kegg

Table 3 List of putative truncating variants in DNA repair genes. 43 truncating variants were
detected in 36 DNA repair genes. This table has been reprinted from Sepahi et al., 2019

. - Variant
Gene Coding position Type Pathway
MSH6 MSH6: ENST00000234420: exon4/10: c.2764C>T: stop-gain SSBR
p.Arg922*
FANCL: ENST00000402135: exon14/14: .
FANCL c.1111_1114dupATTA: p.Thr372fs frameshift DSBR
OBSL1 OBSL1: ENSTO0000404537: exon20/21: c.5583delC: frameshift Centrosgme
p.Thr1862fs formation
OBSL1 OBSL1: ENSTO0000404537: exon12/21: c.3906G>A: stop-gain Centrosome
p.Trp1302* e formation
OBSL1: ENSTO0000404537: exon5/20: c.2135-3_2135- Splice- Centrosome
OBSL1 .
2delCA acceptor formation
XPC XPC: ENST00000285021: exon3/16: c.342_343delAG: frameshift SSBR
p.Alall6fs
ATRIP: ENST00000320211: exon8/13: . .
ATRIP €.1152_1155delTGGA: p.Gly385fs frameshift Check point factors
POLQ: ENST00000264233: exon16/30: .
poLQ C.4262_4268delTACTATT: p.lle1421fs frameshift - DNA polymerases
RAD1  RAD1:ENST00000341754: exon4/6:c .325C>T: p.Argl09* stop-gain  Check point factors
RAD1: ENST00000341754: exon2/6: . .
RAD1 €.168_172delAAAGT: p.LysS7fs frameshift Check point factors
POLK POLK: ENST00000241436: exon10/15: c.1243delA: frameshift Y-family DNA
p.Ser415fs polymerases
uIMCcl UIMC1: ENST00000377219: exon15/15: ¢.1996C>T: stop-gain  BRCA1/2 interactor
p.GIn667*
MDC1 MDC1: ENST00000376406: exon10/15: c.3861dupA: frameshift BRCA1/2 interactor
p.Ala1288fs
MSH5: ENSTO0000375742: exon7/25: c.592C>T: .
MSH5 0.Arg198* stop-gain SSBR
MYCT1: ENSTO0000367245: exon2/2: c.623G>A: . . .
MYCT1 b Trp208* stop-gain  no kegg information
SBDS SBDS: ENST00000246868: exon2/4: ¢.258+2T>C: 2ﬁ:f; Pre-60S particles
RINT1 RINT1: ENST00000257700.4: exon9/15: c.1332dupA: frameshift  RADSO interactor 1

p.Phe445fs
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WRN

NBN

CNTLN

DCLRE1C
ALKBH3
RAD52

GTF2H3

BRCA2

BRCA2

FAN1
TIPIN
NEIL1

NEIL1

MPG

EME2

EME2

NTHL1

SLX1B

FANCA

PER1

NF1

BRIP1

TCEB3B

ERCC2

PNKP

PNKP

WRN: ENST00000298139: exon6/35: ¢.522_523dupCT:
p.Trpl75fs
NBN: ENST00000265433: exon6/16: c.612delT:
p.lle205fs
CNTLN: ENSTO0000380647: exon7/26: c.1087C>T:
p.GIn363*

DCLRE1C: ENSTO0000378278 : exon10/14: c.796C>T:
p.GIn266*
ALKBH3:ENST00000302708: exon2/10: ¢.19C>T: p.Arg7*
RAD52: ENST00000545564: exon6/7:
€.508_511delCTCT: p.Leul70fs
GTF2H3: ENST00000543341: exon1/13: c.3G>A:
p.Metl?

BRCA2: ENST00000380152: exon11/27:
c.3865_3868delAAAT: p.Lys1289fs
BRCA2: ENST00000380152: exon22/27: c.8875G>T:
p.Glu2959*

FAN1: ENSTO0000362065: exon2/15: c.929C>G:
p.Ser310*

TIPIN: ENST00000261881: exon2/8: c.20delA: p.Asn7fs
NEIL1: ENST00000355059: exon2/10: c.572dupC:
p.Pro192fs
NEIL1: ENSTO0000355059M_001256552.1: exon4/9:
c.876+1G>T
MPG: ENST00000219431M_002434.3: exon3/5:
¢.253C>T: p.Arg85*

EME2: ENST00000307394: exon4/8: c.541_544delGCTG:
p.Alal81fs
EME2: ENST00000307394: exon7/8: c.929delC:
p.Ala310fs
NTHL1: ENSTO0000219066: exon2/6: c.268C>T:
p.GIn90*

SLX1B: ENST00000330181: exon4/5: ¢.711-1G>C

FANCA: ENST00000389301: exon27/43: c.2571C>A:
p.Cys857*
PER1: ENST00000317276: exon12/23: c.1397delT:
p.Leud66fs
NF1: ENSTO0000358273: exon35/58: c.4600C>T:
p.Argl534*
BRIP1: ENST00000259008: exon9/20: c.1236delA:
p.Val413fs
TCEB3B: ENST00000332567: exon1/1: c.319delG:
p.Glul107fs
ERCC2: ENSTO0000391945: exon18/23:
€.1703_1704delTT: p.Phe568fs
PNKP: ENSTO0000322344: exon17/17: c.1510delC:
p.Arg504fs

PNKP: ENST00000322344: exon11/16: ¢.1029+2T>C

frameshift
frameshift
stop-gain

stop-gain
stop-gain

frameshift
start-loss

frameshift
stop-gain

stop-gain
frameshift
frameshift

splice-
donor

stop-gain
frameshift
frameshift

stop-gain

splice-
acceptor

stop-gain
frameshift
stop-gain
frameshift
frameshift
frameshift

frameshift

Splice-
donor

DSBR

DSBR

Centrosome

formation

DSBR
SSBR
DSBR

SSBR

DSBR

DSBR

DSBR

Check point factors

SSBR

SSBR

SSBR

DSBR

DSBR

SSBR

DSBR

DSBR

Check point factors

Signal transduction

DSBR

SSBR

SSBR

SSBR

SSBR
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ATM, BARD1, BRCA1, BRCA2, BRIP1, CDH1, CHEK2, ERCC2, FAM175A, FANCA, FANCL, FANCM,
GPRC5A, MAP3K1, MLH1, MRE11, MSH2, MSH6, MUTYH, MYCT1, NBN, PALB2, PIK3CA, PMS2,

PPM1D, PTEN, RAD50, RAD51C, RAD51D, RINT1, SMARCA4, STK11, TP53 and XRCC2 (Targeted-
RNA-seq genes)
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Table 4-BRACa1 pathogenic variants

Genomic position Start End Variant Type Coding region (ENST00000357654) Protein Change Early AAO co Control cohort
chrl7 41197784 41197784 Stop -gain ¢.5503C>T Arg1835* no yes
chrl7 41199678 41199678 Stop-gain €.5449G>T Glu1817* no yes
chrl7 41201136 41201136 Splice-donor c.5406+2delT no yes
chrl7 41201198 41201198 Stop-gain ¢.5346G>A Trp1782* yes no
chrl7 41201199 41201199 Stop-gain c.5345G>A Trp1782* yes no
chrl7 41209079 41209079 Frameshift ¢.5266dupC GIn1756fs yes yes
chr17 41209095 41209095 Stop-gain c.5251C>T Argl751* no yes
chrl7 41215361 41215361 Frameshift c.5182delA Met1728fs yes no
chrl7 41215363 41215366 Frameshift ¢.5177_5180delGAAA Argl726fs yes no
chrl7 41215364 41215364 Stop-gain c.5179A>T Lys1727* yes no
chrl7 41215392 41215392 Splice-acceptor c.5153-2delA yes no
chrl7 41215890 41215890 Splice-donor ¢.5152+1G>C yes no
chrl7 41215906 41215906 Frameshift c.5137delG Val1713fs no yes
chrl7 41215947 41215947 Missense ¢.5096G>A Argl1699GIn no yes
chr17 41222939 41222939 Splice region €.4986+6T>C yes

chrl7 41223187 41223217 Frameshift C.AT14_4744delTCTGATGACCCTGA Ser1572fs yes no

ATCTGATCCTTCTGAAG

chrl7 41223242 41223242 Stop-gain c.4689C>G Tyr1563* yes yes
chrl7 41226489 41226490 Frameshift c.4533_4534delCA His1511fs no yes
chr17 41234451 41234451 Stop-gain c.4327C>T Argl443* yes no
chrl7 41234556 41234556 Stop-gain c.4222C>T GIn1408* yes no
chrl7 41234568 41234568 Frameshift c.4210delC Leu1404fs no yes
chrl7 41242963 41242963 Stop-gain c.4183C> GIn1395* yes yes
chrl7 41242984 41242988 Frameshift ¢.4158_4162delCTCTC Ser1387fs yes no
chrl7 41243480 41243483 Frameshift ¢.4065_4068del TCAA Asn1355fs yes yes
chrl7 41243513 41243513 Frameshift c.4035delA Glu1346fs no yes
chr17 41243789 41243792 Frameshift ¢.3756_3759del GTCT Ser1253fs no yes
chrl7 41243805 41243817 Frameshift €.3731_3743delATAGCACCGTTGC His1244fs yes no
chrl7 41243844 41243848 Frameshift €.3700_3704delGTAAA Val1234fs yes no
chrl7 41243923 41243923 Frameshift c.3624dupA Leu1209fs yes no
chrl7 41243936 41243936 Frameshift c.3612delA Ala1206fs no yes
chrl7 41244057 41244067 Frameshift €.3481_3491delGAAGATACTAG  Glul161fs no yes
chrl7 41244063 41244063 Frameshift c.3485delA Aspl162fs yes yes
chrl7 41244214 41244217 Frameshift €.3331_3334delCAAG GIn1111fs yes no
chr17 41244557 41244557 Frameshift €.2989_2990dupAA Asn997fs no yes
chr17 41244625 41244625 Stop-gain €.2923C>T GIn975* yes no
chrl7 41244826 41244826 Stop-gain c.2722G>T Glu908 no yes
chrl7 41244862 41244863 Frameshift €.2685_2686delAA Pro897fs no yes
chrl7 41244997 41244997 Stop-gain €.2551G>T Glu851* yes no
chrl7 41245136 41245137 Frameshift €.2411_2412delAG GIn804fs no yes
chrl7 41245210 41245210 Stop-gain €.2338C>T GIn780* yes yes
chrl7 41245239 41245239 Stop-gain €.2309C>A Ser770* no yes
chr17 41245347 41245351 Frameshift €.2197_2201delGAGAA Glu733fs no yes
chr17 41245587 41245587 Frameshift c.1961delA Lys654fs no yes
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chrl7
chrl7
chrl7
chr17
chr17
chr17

chrl7

chr17
chrl7
chrl7
chrl7
chr17
chr17
chr17
chr17
chr17
chrl7
chrl7
chrl7

41245670
41245861
41245927
41246040
41246212
41246531

41246533

41246785
41246872
41251834
41256985
41258504
41258525
41267764
41267797
41276032
41276045
41276047
41276080

41245670 Frameshift
41245861 Stop-gain
41245927 Stop-gain
41246044 Frameshift
41246212 Frameshift
41246531 Frameshift

41246596 Frameshift

41246785 Stop-gain
41246872 Frameshift
41251834 Stop-gain
41256985 Splice region
41258504 Missense
41258525 Stop-gain
41267765 Frameshift
41267797 Splice-acceptor
41276032 Splice-donor
41276046 Frameshift
41276047 Frameshift
41276080 Stop-gained

c.1874_1877dupTAGT Val627fs
¢.1687C>T GIn563*
c.1621C>T GIn541*
€.1504_1508delTTAAA Leu502fs
c.1336delA Argd4efs
c.1016dupA Val340fs

€.952_1015delCATAACAGATGGGCT
GGAAGTAAGGAAACATGTAATGATA His318fs
GGCGGACTCCCAGCACAGAAAAAA

c.763G>T Glu255*
c.676delT Cys226fs
¢.505C>T GIn169*
c.213-12A>G
c.181T>G Cys61Gly
¢.160C>T GIn54*
c.112_113delAA Lys38fs
c.81-1G>A
c.80+2T>A
c.68_69delAG Glu23fs
c.66dupA Glu23fs
c.34C>T GIn12*

yes
yes
no

yes
yes
yes

no

no
yes
yes
yes

yes
no
no
no
yes
no

yes
yes
yes
no
no
no

yes

yes
no
no
no
yes
no
yes
yes
yes
yes
yes
no
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