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ABSTRACT

Breast cancer is an increasingly common cause of morbidity and mortality in black South
African women. Of all diagnosed cases of breast cancer in European populations,
approximately 5-10% of these arise due to an inherited mutation in a cancer susceptibility
gene. BRCA1 and BRCA2 gene mutations are the primary contributors to inherited breast
cancer (IBC). However, mutations in other high, moderate and low susceptibility genes
have also been identified. Previous studies indicate that approximately 10% of young
black South Africans with breast cancer have a deleterious mutation in either BRCA1 or
BRCA2 gene. It would, therefore, be pertinent to determine what is contributing to
disease in the remainder of the young high-risk black South African breast cancer patients

by investigating other genes which are known to confer cancer susceptibility.

In addition to a breast cancer syndrome, biallelic BRCA2 mutations can also result in a
Fanconi anaemia (FA) phenotype. Previous studies have identified overlapping BRCA2
mutations, ¢.582G>A and c.5771_5774delTTCA, in patients with either breast cancer or
FA. Approximately 80% of black South African patients with FA are found to be
homozygous for the ¢.637_643delTACCGCC mutation in the FANCG gene. The relationship
between this FANCG mutation and breast cancer in the black South African population has

not been previously determined.

The main aim of the study was to increase current knowledge of the molecular basis of
breast cancer in the black South African population. The study initially focussed on
genotyping the two BRCA2 mutations (c.582G>A and ¢.5771_5774delTTCA) in a sample of
black South African women with breast cancer to determine the frequencies of these
proposed common mutations in this population. This was followed by the construction of
haplotypes using the BRCA2 mutations to evaluate the presence of a founder effect for
each mutation. The study also aimed to screen for the FANCG c.637_643delTACCGCC

mutation in breast cancer patients to determine its role in breast cancer development.
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Finally, screening of 26 cancer susceptibility genes in a targeted gene panel was
undertaken in breast cancer patients who had previously tested negative for mutations in

the BRCA genes.

A total of thirty-five patients were successfully genotyped for two common BRCA2
mutations; one patient (2.86%) tested positive for the c.5771_5774delTTCA mutation and
none of the patients (0%) tested positive for the ¢.582G>A mutation. Using haplotype
analysis, the presence of a founder effect for these two mutations could not be

determined due to inconclusive evidence.

One hundred and nineteen (119) patients were genotyped for the FANCG mutation and
they all tested negative for the mutation. Eighteen patients were screened using the
targeted gene panel and three deleterious mutations were identified in the ATM, BARD1
and RAD50 genes. A total of 248 benign polymorphisms as well as 308 variants of

uncertain significance were also identified in all of the genes tested.

The results of this study highlight the importance of local research to determine
population-specific variation which can subsequently be used to tailor population-specific
testing strategies. Additionally, the findings from the screening intensify the need to move
from single-gene testing to multiple-gene testing in the black South African population.
These results will positively impact on the management of patients who have been found
to have deleterious mutations and can also impact on our ability to prevent cancer
diagnoses in at-risk relatives through increased disease surveillance. The research will
contribute to an improved genetic counselling service with more information which can be
provided to current and future patients. Hopefully with additional research, targets for
therapeutics will be identified and long-term management and prevention strategies of

breast cancer can be implemented.
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GLOSSARY

Positional cloning - A technique used to identify a disease-causing gene based on its
genomic location on a chromosome. This is performed by looking at linkage markers
whose location is known in the chromosome. Following identification of the candidate
gene, mutation analysis in affected individuals is performed to identify the relevant

mutation/s.

Pseudogenes — Genomic sequences that resemble known genes but do not produce a

functional protein

Tumour suppressor gene — A gene whose function is to suppress uncontrolled cell growth

and proliferation to prevent tumour development
Alu sequences — Interspersed, DNA repeat sequences
Biallelic mutations — Mutations that are present on both copies of a specific gene.

Founder mutations — Mutations that are present in a small group of individuals that has
migrated away from a larger group such that the deleterious mutations become

increasingly prevalent in the smaller group

Triple-negative breast cancer — breast cancer which is negative for the expression of
oestrogen and progesterone receptors and human epidermal growth factor receptor 2

(Her2) expansions

Hamartoma tumours — Benign tumours which are composed of a mixture of cells and

tissues which are found at the site of the growth

Polymerase chain reaction — A technique used to produce multiple copies of a particular

region of DNA

Restriction fragment length polymorphism — A variation in a homologous DNA sequence
that can be detected by using restriction endonucleases which recognise a specific pattern

of DNA sequence and produces fragments of varying lengths. The fragments can be used
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to define the genotype of a polymorphism which creates or abolishes a restriction enzyme

site.

Amplification Refractory Mutation System-PCR - A technique used to detect single
nucleotide polymorphisms in a DNA sequence; it can also be used for the detection of
small deletions and single nucleotide changes. Four primers are used in the experiment;
the two outer primers are used to amplify the target sequence while the two inner

primers are specific to the SNP or small deletion of interest

Capillary electrophoresis — A high-throughput technique which makes use of an electric
field to separate molecules based on their mobility and size when voltage is applied. The
technique is used in the process of genotyping by separating fragments of different sizes

which can subsequently be analysed.

Sequencing adaptors - short oligonucleotides which bind to the flow cell and contain
binding sites so that the unique sample barcodes and sequencing primers can be bound

and identified

Molecular identifiers (MIDs) - unique barcodes assigned to each DNA sample so that the

samples can be differentiated from each other during data analysis
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1 INTRODUCTION

This chapter will provide a discussion of breast cancer and briefly elaborate on the
incidence rates of the disease with specific reference to the African context. This will be
outlined in Section 1.1. Section 1.2 will provide a detailed explanation of inherited breast
cancer (IBC) and how different genes are involved in increasing susceptibility to disease.
The genes to be discussed in this chapter are either involved in repair of deoxyribonucleic
acid (DNA) or the regulation of the cell cycle. Some of the genes to be discussed are
involved in the Fanconi Anaemia/Breast cancer (FA-BRCA) pathway which is responsible
for the repair of damaged DNA. When mutations occur in this pathway, one of two
phenotypes can be observed; Fanconi anaemia or breast cancer. The distinction between
the disorders and how the same genes can give rise to the different disorders will be
discussed below. The section will contextualise IBC in the black South African population.
The chapter will then conclude with a rationale for conducting this project and its

importance.

1.1 An overview of breast cancer

Breast cancer is classified as a complex or multifactorial disease which arises as a result of
associations between genetic and external contributors (Zhang et al., 2012). External
factors which can interact with an individual’s genetic material to cause cancer may
include biological carcinogens (e.g. viruses), physical carcinogens (e.g. ultraviolet
radiation) or chemical carcinogens (e.g. benzene) (Lawson & Heng, 2010; Schwarzman et
al., 2015; World Health Organization [WHOQ], 2015). The interaction of carcinogens with
genetic material can lead to the transformation of a normal cell into a tumorigenic cell.
The tumorigenic cell grows and divides but never reaches apoptosis. Many of these cells
develop and eventually form a mass of tissue that is known as a tumour. The tumour
becomes malignant, begins to grow uncontrollably and can spread to other sites

(Nussbaum et al., 2007; Strachan & Read, 2010).
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Breast cancer is one of the leading causes of female morbidity and death worldwide with
approximately 1.67 million women diagnosed in 2012 (Ferlay et al., 2015). Estimates show
that approximately 522 000 deaths were reported globally in 2012 (Ferlay et al., 2015).
African countries are reported to have the lowest incidence rates of breast cancer in
comparison to other parts of the world as observed in Figure 1-1 (World Health
Organization [WHO], 2016). The lower reported incidences could be due to a scarcity of
epidemiological studies, under-diagnosis or protective environmental and genetic factors
(Oluwagbemiga et al., 2012). Additionally, in African countries, cancers are not detected at
earlier stages due to a lack of proper health care facilities and a scarcity of early detection
programmes (Ferlay et al., 2015; Ginsburg et al., 2016). However, it has been shown that
the incidence rates are increasing in Africa (WHO, 2016). This may be the result of an
epidemiological transition; the decline of communicable diseases (due to improvements in
treatment options) and an associated rise of non-communicable diseases, thereby

exposing the increasing incidences (Dalal et al., 2011).

In contrast to the low incidence rates, the mortality rates appear to be higher in African
countries compared to other parts of the world (Figure 1-1). The higher mortality rates
can be ascribed to poorly resourced health facilities in limited resource countries. As such,
cancers are detected at later stages when the disease has progressed extensively, leading

to a greater chance of mortality (Ferlay et al., 2015: Ginsburg et al., 2016).

Page | 2



Breast cancer
incidence rate

per 100000 women
648

Je . Mys868
339458
0241339
O<41

[ Nodata

3 Not applicable

oe

Breast cancer
mortality rate

per 100000 women
181

N 152-181
131152
8101131
<01

B Nodata

[ Not applicable

oe

MORTALITY RATES

Figure 1-1: The distribution of breast cancer incidence and mortality rates worldwide.

A) Incidence rates of breast cancer across the world, showing higher rates in high-income countries and
lower rates in middle and low income countries. B) Mortality rates of breast cancer worldwide. Higher
mortality rates are observed in many African countries in comparison to North America and Europe. (Ferlay
etal., 2015).

There are multiple risk factors known to predispose individuals to breast cancer
development; these include reduced physical activity, poor dietary practices and delayed
childbearing (Shetty, 2013; Brinton et al., 2014). Other risk factors are early-onset
menarche, late stage menopause, the use of oral contraceptives or exposure to
exogenous oestrogen through industrialisation and having a genetic predisposition

(Brinton et al., 2014; Ginsburg et al., 2016).
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About 5-10% of all breast cancer diagnoses are estimated to be inherited, caused by the
transmission of mutated genes from parents to offspring (Peshkin et al., 2010). Inherited
breast cancer shows high genetic heterogeneity and it can be caused by mutations in

several different genes (Melchor & Benitez, 2013).

1.2 The genetic aetiology of inherited breast cancer

Inherited breast cancer is primarily caused by germline mutations in the BRCA1 and BRCA2
genes. Early estimates indicated that mutations in these two genes account for
approximately 20-25% of IBC cases caused by known genes (Easton, 1999). However,
other cancer susceptibility genes have also been implicated in IBC. These include
Phosphatase and Tensin Homolog (PTEN), Cadherin 1, Type 1 (CDH1) and Tumour Protein
53 (TP53) which are considered to confer high risk for breast cancer when mutated and
together, account for approximately 5% of IBC (Borresen et al., 1992; Li et al., 1997;
Pharoah et al., 2001). Genes such as Checkpoint Kinase 2 (CHEK2), Ataxia Telangiectasia
Mutated (ATM) and BRCA1 Associated RING Domain 1 (BARD1), highlighted in Figure 1-2,
are considered to be moderate penetrance genes and explain an additional 5% of IBC
(Borresen et al., 1990; Thai et al., 1998; Bell et al., 1999). Fibroblast Growth Factor
Receptor 2 (FGFR2) and Trinucleotide-repeat-containing 9 (TNRC9) confer a small increase
in risk for IBC (Easton et al., 2007). Another 41 low penetrance genes have been identified
and together with previously identified genes, may account for approximately 14 % of IBC
(Michailidou et al., 2013; Melchor & Benitez, 2013). On-going research is revealing more
genes which are associated with breast cancer susceptibility and an additional 65

susceptibility loci were recently identified and reported (Michailidou et al., 2017).

In patients where a mutation in a known cancer susceptibility gene has not been
identified, disease may result from multiple low-penetrance genes acting together (Smyth

et al., 2015). Alternatively, a large proportion (approximately 51% of cases) can be
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attributed to mutations in unidentified genes (Easton et al. 2007; Cox et al., 2007; Gracia-

Aznarez et al., 2013).

All breast cancer cases

PTEN, TP53, CDH1 (5%}

High/

ATM, CHEK2, BARD1 (5%6)

FGFR2, TNRCS
(145%¢)

Figure 1-2: The genetic contribution to breast cancer cases.

Inherited breast cancer is rare and is observed in approximately 5-10% of all patients diagnosed with breast
cancer. The majority of inherited cases are attributed to mutations in BRCA1 and BRCAZ2. In addition to
BRCA1/2, other high, moderate and low susceptibility genes account for a proportion of the cases. The
majority of patients, however, do not carry mutations in known genes. It is therefore likely that breast
cancer is caused by other genes that are yet to be determined.

Inherited breast cancer due to BRCA1 or BRCA2 mutations is inherited in an autosomal
dominant manner and shows incomplete penetrance (Hall et al., 1990; Miki et al., 1994).
Thus, each offspring born to an individual carrying a pathogenic mutation in BRCA1 or
BRCA2 has a 50% chance of inheriting this mutation. As a result of the incomplete
penetrance, not all individuals who have inherited the pathogenic variant will manifest
disease. The penetrance associated with mutations in BRCA1 or BRCA2 has been shown to
vary between and within families. Females with a BRCA1 or BRCA2 deleterious mutation
have a 39 to 85% risk of developing breast cancer (Yurgelun et al., 2015). The BRCA2 gene
confers a slightly lower penetrance of breast cancer compared to the BRCA1 gene.
Additionally, BRCA1 mutations are more common in high-risk western European and
North American populations than those in BRCA2 (Ford et al., 1998). In contrast, BRCA2
mutations appear to be more prevalent than BRCAI mutations in individuals of African
descent (Pal et al., 2013).
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1.2.1 The BRCA1 gene

The first breast cancer gene BRCA1 (Breast Cancer Gene 1; OMIM 113705), was localised
in 1990 (Hall et al., 1990). The gene was mapped to chromosome 17g21 by a linkage
analysis study in a cohort of individuals with early-onset breast cancer. In 1994, positional

cloning was utilised to identify the causal gene, BRCA1 (Miki et al., 1994).

The BRCA1 gene is a tumour suppressor and it is involved in maintaining genomic
integrity. It comprises 24 exons, 22 of which are coding, and spans approximately 125
kilobases (kb) of genomic DNA (Miki et al., 1994; Cunningham et al., 2014). The BRCA1
gene has a pseudogene (BRCA1P1/WBRCA1) located 45 kb upstream of the BRCA1 5’
terminus (Brown et al., 1996; Tessereau et al., 2015). The pseudogene spans
approximately 14 kb of the genome and it arose from a duplication event. It comprises the
BRCA1 promoter region, exon 1 and the majority of exon 2 (Brown et al., 1996; Tessereau
et al., 2015). The wildtype allele of BRCA1 is transcribed to a 7.8 kb messenger RNA
(mRNA) which is then translated to a breast cancer type 1 susceptibility protein (BRCA1)
comprised of 1863 amino acids (Miki et al., 1994). The protein is expressed in various
tissues such as breast and ovarian tissues, as well as pancreatic and prostate tissues (Miki

et al., 1994; Cavanagh et al., 2015).

The protein, as illustrated in Figure 1-3, is made of the RING (Really Interesting New Gene)
domain and two BRCT (BRCA1 C terminus) domains which are located on the amino and
carboxyl termini, respectively (Meza et al., 1999; Manke et al., 2003). The RING domain
associates with BARD1 (BRCA1-associated RING domain protein 1) to mediate functions
such as ubiquitination, DNA repair and transcription regulation. Additionally, association
of BARD1 with the BRCA1 RING domain is necessary in E3 ubiquitin ligase activity. The
interaction is required for the tumour suppressor function of BRCA1l so that the
appropriate target protein substrate can be ubiquitinated and subsequently degraded

(Meza et al., 1999).
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The BRCT domain’s function is to bind phosphorylated proteins (e.g. ATM) which are
mostly involved in response to DNA damage (Manke et al., 2003). The damage to DNA can
arise during DNA replication processes and from environmental exposure to ultraviolet
and ionising radiation (Jackson & Bartek, 2009). The RING and BRCT domains of BRCA1
make it possible for the protein to bind and interact with various other proteins to retain
genomic stability (Ford & Easton, 1995). The BRCA1 protein, for instance, interacts with
PALB2 and BRCA2 to facilitate homologous recombination-mediated repair. Mutations in
the protein disrupt the interaction with PALB2 and BRCA2, leading to failure in the DNA
repair mechanism (Sy et al.,, 2009). Accumulation of mutations in the cell may

subsequently result in tumorigenesis.

RING | BRCA1 BRCT I BRCT l

CE\ \
o

BARD1

Figure 1-3: A schematic representing the functional domains of the BRCA1 protein.

The protein is composed of 1863 amino acids and has functional domains; the RING and two BRCT domains.
The RING domain associates with BARD1 so that appropriate damaged substrates are ubiquinated and
subsequently degraded. The BRCT domain recruits and binds phosphorylated proteins such as ATM in
response to DNA damage. Proteins such as BRCA2 and PALB2 interact with BRCA1 to facilitate homologous
recombination-mediated repair.

More than 1600 different pathogenic mutations have been identified in the BRCA1 gene
(Petrucelli et al., 2010). The mutations observed include single nucleotide variants (SNVs),
small insertions and deletions, and splice-site mutations. A significant proportion of the
mutations are located within exon 11, which is the largest exon (Dodova et al., 2015).
Large duplications and deletions account for approximately one-third of mutations and
can be attributed to the homologous recombination events between BRCA1 and its

pseudogene (Zhang et al., 2010; James et al., 2015).

Page | 7



1.2.2 The BRCA2 gene

The BRCA2 (Breast Cancer Gene 2; OMIM 600185) gene is a tumour suppressor and it was
mapped in 1994 (Wooster et al., 1994). Wooster et al. (1995) identified the cDNA
sequence of BRCA2 by using a positional cloning technique. The gene is located on
chromosome 13q12.3, contains 27 coding exons, and spans an approximate region of
85kb of the genome (Wooster et al., 1995; Cunningham et al., 2014). The BRCA2 gene
produces a 10.4kb transcript which encodes the breast cancer type 2 susceptibility protein
(BRCA2), comprised of 3418 amino acids (Wooster et al., 1995). The BRCA2 protein shares
similar functions with BRCA1 such as maintaining the integrity of the genome (Sy et al.,

2009).

The BRCA2 protein is composed of a transcription activation domain on its amino or N-
terminus, eight copies of a repetitive motif (known as BRC repeats) and a DNA-binding
domain located centrally and two nuclear localisation signals (NLS) on the carboxyl C-
terminus, as demonstrated in Figure 1-4 (Bork et al., 1996; Bignell et al., 1997; Milner et
al., 1997; Yang et al., 2002). The N-terminal activation domain binds the p300/CBP-
associated factor (P/CAF) which is a transcription co-activator. P/CAF has acetyltransferase
activity which is important in regulating transcription (Fuks et al., 1998). The BRC repeats
bind RAD51 to BRCA2 at sites of DNA damage to facilitate homologous-mediated DNA
repair (Yuan et al., 1999). Downstream of the BRC repeats is a DNA-binding domain which
assists BRCA2 to bind to single and double-stranded DNA (Yang et al., 2002). The NLS on
the C-terminus is responsible for the transfer of proteins into the nucleus (Yano et al.,
2000). This enables BRCA2 to be transported into the nucleus to function in the FA/BRCA
pathway in response to DNA damage as discussed in Section 1.2.3. Deficiency of BRCA2
due to an accumulation of mutations and subsequent inactivation of the domains, leads to

chromosomal instability (Yang et al., 2002).
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Figure 1-4: A schematic representing the functional domains of the BRCA2 protein.

The transcriptional activation domain lies on the N-terminus of the protein. The BRC repeats which bind
RAD51, and the DNA binding domains are located in the centre of the protein. The nuclear localisation
signals (NLS) resides on the C-terminus and facilitate transfer of the protein into the nucleus.

Over 1900 different pathogenic mutations have been identified in BRCA2, most of which
result in truncated, non-functional proteins (Dodova et al., 2015). Unlike withBRCA1, large
duplications and deletions do not occur frequently in BRCA2 and this can be ascribed to
fewer Alu sequences being observed in BRCA2. The majority of mutations in the gene are
found in exons 10 and 11, which are the largest exons (Gayther et al., 1999; Thompson &

Easton, 2004).

1.2.3 Other breast cancer susceptibility genes

Mutations in genes other than BRCA1 and BRCA2 have been associated with IBC. These
genes encode proteins which interact and function in a common pathway to repair
damage in DNA. This explains why overlapping phenotypes are observed when deleterious
mutations are present in any of the genes. Rare deleterious mutations have been
identified in genes considered to be high-, moderate-, and low-risk cancer genes. Some of

the better known susceptibility genes are discussed below.
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1.2.3.1 The PTEN gene

The Phosphatase and tensin homolog (PTEN) gene is a tumour suppressor gene thatis
located on chromosome 10q23.31 (Steck et al., 1997). The gene is composed of nine
exons and an additional exon (“5b”) which is not included in the main transcript (Sharrard
& Maitland, 2000). The PTEN protein is an enzyme involved in regulating cell growth by
restraining the progression of the cell cycle at the G1 phase (Li & Sun, 1998). Germline
mutations in PTEN cause a spectrum of disorders known as PTEN Hamartoma-Tumour
Syndrome (Bland et al., 2017). These syndromes are inclusive of Cowden Syndrome, which
is an adult-onset cancer predisposition disorder, and Bannayan-Riley-Ruvalcaba Syndrome
which arises in childhood and is often characterised by a large head circumference. The
disorders are inherited in an autosomal dominant manner and are characterised by benign
hamartomatous tumours. Mutations in the PTEN gene can give rise to different cancers
such as those of the breast, prostate and brain. Females with a PTEN mutation have an

approximate 67% to 85% lifetime risk of developing breast cancer (Bland et al., 2017).

1.2.3.2 The TP53 gene

The Tumour protein 53 (TP53) gene is located on chromosome 17p13.1 (Bourdon et al.,
2005). The gene contains 11 exons, three transcription initiation start sites and two
promoter regions (Bourdon et al., 2005). The wildtype form of the gene encodes a TP53
protein which is essential in regulating the cell cycle, repair of damaged DNA and
mediating apoptotic responses of damaged telomeres. In addition, the protein also
regulates senescence which is important in suppressing the growth of tumours (Artandi &
Attardi, 2005). When the gene has a pathogenic mutation, it is known to cause Li-
Fraumeni syndrome (Li & Fraumeni, 1969; Sorrell et al., 2013). Li-Fraumeni syndrome (LFS)
is inherited in an autosomal dominant manner and is associated with a predisposition to
many cancers such as breast cancer, brain cancer, sarcomas and adrenal cortical
carcinomas (Sorrell et al., 2013). Breast cancer associated with Li Fraumeni syndrome (LFS)

usually presents between the ages of 20 and 30 and the tumours are aggressive.
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Additionally, the majority of TP53 breast tumours have been shown to be positive for the
over expression of the HER2 receptor. Breast cancer associated with TP53 mutation is

almost 100% penetrant in females (Sorrell et al., 2013).

1.2.3.3 The CDH1 gene

Cadherin-1 (CDH1) is a gene located on chromosome 16g22.1 (Mansouri et al., 1988). It
spans a region of approximately 100 kb of gDNA and contains 16 exons (Berx et al., 1995).
The gene encodes a tumour suppressor protein, epithelial cadherin (E-cadherin), which
functions in cell-to-cell adhesion to form tissues (Petridis et al., 2014). CDH1 inactivating
mutations make individuals susceptible to the development of diffuse gastric cancer.
Inactivating heterozygous mutations can also lead to colorectal or lobular breast cancers.
Individuals carrying the mutated gene have an approximately 39% lifetime risk of

developing lobular breast cancer (Petridis et al., 2014).

1.2.3.4 Fanconi anaemia (FA) genes

Mutations involved in causing breast cancer have also been shown to give rise to a
different phenotype, Fanconi anaemia (FA) when biallelic mutations are present. FA is a
chromosomal breakage disorder and can be inherited in an autosomal or X-linked
recessive manner (Savage et al., 2016). It is often characterised by congenital and
developmental abnormalities, aplastic anaemia, solid tumours and bone marrow failure.
Additionally, individuals with FA have an increased predisposition to developing cancer
(Meyer et al., 2014; Sawyer et al., 2015). Fanconi anaemia is a heterogenous disorder
which can arise due to mutations in at least 21 different genes. These genes encode
proteins that function together to repair damage incorporated during DNA replication

(Dong et al., 2015).
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The FANCDI1 gene, which encodes the Fanconi Anaemia Complementation Group D1
protein, is known to cause a rare FA subtype (Dong et al., 2015; Savage et al., 2016).
Molecular investigations were conducted to determine the relationship between the
BRCA1 and BRCA2 genes, and Fanconi Anaemia (Howlett et al., 2002). Biallelic mutations
in the BRCA2 gene were observed in cells derived from a patient with FA-D1 subtype. The
results of the study revealed that FANCD1 and BRCAZ2 are in fact the same gene (Howlett
et al., 2002). Approximately 3% of all FA cases are a result of rare biallelic mutations in
FANCD1/BRCA2 (Alter et al., 2007). Individuals carrying biallelic BRCA2 mutations have
been shown to present with a more severe phenotype of FA and typically develop cancer
within the first 10 years of diagnosis. This is contrary to classic FA, in which the symptoms
are milder and cancer may develop in the second or third decade of life (Alter et al., 2003;

Rosenberg et al., 2008).

Biallelic mutations in BRCA1 (also known as FANCS) predispose patients to a distinct
subtype of FA, FA-S (Sawyer et al., 2015). The patient described in the study by Sawyer et
al., 2015 presented with early-onset breast cancer and congenital abnormalities
consistent with FA. Genetic testing showed that the patient harboured deleterious

mutations in both of her BRCA1 alleles (Sawyer et al., 2015).

Other FA genes have been reported as moderate-penetrance genes for breast cancer in
their heterozygous form. These genes with overlapping FA and IBC phenotypes include
BRIP1 (FANCJ) and PALB2 (FANCN). Biallelic mutations in these genes are associated with
an FA phenotype, while heterozygous mutations are associated with IBC (Dong et al.,

2015).
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1.2.3.4.1 The Fanconi anaemia/BRCA pathway

The Fanconi anaemia/breast cancer (FA/BRCA) pathway as shown in Figure 1-5, is involved
in the recognition of DNA damage and its subsequent repair (Dong et al., 2015). The two
pathogenic phenotypes observed due to overlapping mutations in the pathway,
demonstrate the close proximity in which the FA and BRCA genes function together in the

cell.

D1/BRCA2
N/PALB2
O/RADS51C
J/BRIP

Figure 1-5: The Fanconi anaemia/BRCA pathway.

BRCA1 and BRCA2 interact with the Fanconi anaemia nuclear protein complex and other proteins to
facilitate the repair of damaged DNA. Disruption of this pathway leads to clinical features observed in BRCA
FA patients. Biallelic BRCA2 mutations often result in a more severe FA, the FA-D1 subtype (D'Andrea, 2013).

Fanconi anaemia and breast cancer genes function in a common pathway but the
disorders differ in their clinical symptoms and presentation, as well as the mode in which
they are inherited. Individuals with FA who are found to have mutated genes which could
be implicated in breast cancer susceptibility may have parents who are also at increased
risk of developing the associated cancers. Screening and management for such individuals
would be advisable in these instances. The existence of both phenotypes within a single
pathway does indicate the importance of examining all Fanconi anaemia associated genes

for susceptibility to breast cancer development in heterozygous form.
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1.3 Molecular genetic testing for individuals at highrisk for developing breast cancer

Genetic testing is a method that is used to identify variants that may be involved in
causing a particular genetic disease. The testing is useful in the diagnosis of symptomatic
individuals, and in screening for mutations in disease genes in individuals at high risk of a
disease (Kroese et al., 2004). Population-specific genetic testing or screening can be
conducted to determine specific, high frequency variants or founder mutations in
individuals in a population that has an increased risk for disease (e.g. the Ashkenazi Jewish
population) (Sequeiros et al., 2012). For those patients ineligible for founder mutation
testing, single gene sequencing for the most likely genes (BRCA1 and BRCA2) and large
genomic rearrangement (LGR) testing using a technique such as multiplex ligation probe

amplification (MLPA) can be provided (Sohn et al., 2016; Winship & Southey, 2016).

In many laboratories across the world, next generation sequencing (NGS) is being
performed to determine the presence of deleterious mutations in cancer susceptibility
genes (Crawford et al., 2017). NGS techniques are high-throughput and enable hundreds
or thousands of genes or genomic regions to be analysed simultaneously, making
sequencing time and cost effective (Winship & Southey, 2016). The different NGS
approaches include whole-genome sequencing (WGS), whole-exome sequencing (WES)
and targeted gene panels (Rehm et al., 2013). The entire genome of an organism is
screened using WGS whereas in WES, only the coding regions of the genome are
sequenced (Rehm et al., 2013).The targeted gene approach differs from both WGS and
WES in that only genes known to be associated with a particular disease or phenotype are
investigated (Rehm et al., 2013). Examining a limited number of genes allows a greater
depth of coverage. In addition, regions of heterozygosity can be confidently identified
when the sequence coverage is of great depth. The data generated from gene panels are

more manageable both in storage and interpretation (Rehm et al., 2013).
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When gene panels yield no results, WES can be employed but this is in rare, exceptional
cases (Noh et al., 2016). This is often performed in a research setting and where results
are suspected to be pathogenic; a diagnostic test is set up to validate the mutation. Since
many variants of uncertain significance (VUS) are produced from NGS techniques,
subsequent functional studies are necessary to determine the pathogenicity of these

variants and their association with disease (Noh et al., 2016).

Next generation sequencing was utilised in the African Genome Variation Project (AGVP)
in an attempt to characterise the genetic diversity seen in Africa (Gurdasani et al., 2015).
In the study, 1 481 individual samples were genotyped using the HumanOmni2.5
genotyping chip comprised of approximately 2.5 million markers and 320 individual
samples were assessed using whole genome sequencing (WGS). The results from the
project will offer comprehensive genomic data which is applicable to African individuals.
In addition, the genome data can be used as a frame of reference for studies conducted in
individuals of African ancestry. The individuals in the study were recruited from 18
populations in Sub-Saharan Africa (SSA) including Yoruba in Nigeria, Luhya in Kenya and
Zulu and Sotho from South Africa (Gurdasani et al., 2015). The advent of NGS techniques
holds promise to identify genetic causes associated with breast cancer and other non-

communicable diseases in African populations where knowledge is limited.

1.4 Breast cancer in African populations

Breast cancer is understudied in African populations. The majority of studies have been
conducted in European populations and thus, under-represent the genomic diversity
observed in African populations. There is currently limited information on ways to
mitigate challenges associated with poor disease prognosis, testing and management.
However, in recent years, studies have been performed to gain more insight into breast

cancer in the African context.
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Individuals of African ancestry have been documented to present with a severe and
aggressive phenotype; their breast cancer diagnoses are often at earlier ages and they
generally have a poorer disease prognosis compared to individuals of European descent.
In addition, patients of African descent present more frequently with triple-negative
breast cancer (TNBC) (DeSantis et al., 2016). This trend has been documented in African-

American individuals and individuals in various parts of the African continent.

The incidence rates of breast cancer in individuals of African descent are increasing. It was
noted that in African-Americans, the incidence rates of breast cancer were estimated to
be 119.4 per 100 000 individuals between the years 1998 and 2002 (Smigal et al., 2006)
and this figure increased to 124.3 per 100 000 in the period between 2008 and 2012
(DeSantis et al., 2016). In Africa, approximately 100 000 new cases of breast cancer were
reported and 49 000 deaths documented in the year 2012 (Ferlay et al., 2015). Incidence
rates differ slightly between the different parts of the African continent; per 100 000
women, the incidence rates were 26.8 in Middle Africa, 30.4 in Eastern Africa, 38.6 in
Western Africa, 38.9 in Southern Africa and 43.2 in Northern Africa in 2012 (Ferlay et al.,
2015). The incidence rates in all African regions might be underestimated due to an under-
representation of data from rural regions. Patients in urban areas have easier access to
healthcare services than those in rural communities and thus patients in rural

communities may be undiagnosed (Ferlay et al., 2015).

An earlier study performed in the United States of America was carried out in order to
evaluate the distribution of BRCA1 and BRCA2 mutations in African-American and white
women diagnosed with early-onset breast cancer (Haffty et al., 2006). The study revealed
that African-American women had more BRCA2 mutations than BRCA1 mutations and a
greater number of variants of uncertain significance, compared to white women who
were found to carry BRCA1 mutations predominantly. These results are consistent with
what is currently being observed in breast cancer patients of African descent (Schoeman

etal. 2013).
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In North Africa, a study was conducted in Algeria to identify mutations in the BRCA1 gene
in patients with triple-negative breast cancer (TNBC) (Gaceb et al., 2017). Investigations
were conducted only for the BRCA1 gene, as the TNBC phenotype is associated more
often with BRCA1 germline mutations than with BRCA2 mutations. DNA samples from 103
patients were examined and eight (7.8%) found to carry a pathogenic mutation in BRCA1

(Gaceb et al., 2017).

A recent pilot study in Tunisia investigated the use of MLPA to determine the prevalence
of large genomic rearrangements in BRCA1 and BRCA2, and the CHEK2 1100delC mutation
in that population (Riahi et al., 2017). The 36 individuals in the study had previously tested
negative for BRCA1 and BRCA2 point mutations. From this study, 5.5% of the patients
were found to have a rearrangement in BRCA1 and no rearrangements in BRCA2 were
identified. In addition, none of the patients tested positive for the CHEK2 mutation (Riahi
etal., 2017).

Genome-wide association studies (GWAS) and fine mapping have been used to identify
more than 100 breast cancer susceptibility loci in women of European descent with breast
cancer (Feng et al., 2017). Due to the reduced linkage disequilibrium detected in African
populations, the markers previously identified in European populations may not
accurately associate the genetic variant to disease risk. The determination of loci
associated with breast cancer in individuals of African descent was carried out by
performing fine-mapping in 6 522 breast cancer patients and 7 643 controls. This revealed
74 breast cancer risk variants. Of the 74 variants, 68 were found to be more common in
the women included in the study, with minor allele frequencies (MAF) more than 0.05.
When odds ratios were examined, it was revealed that 54 of the variants had ratios similar
to what has been previously described in European ancestry. Twelve of the 54 variants
showed a statistical significance with a p-value less than 0.05. Although the study shows
similarities in risk loci across ethnicities, additional research is required to characterise

fully their association with breast cancer development particularly in African women.
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The studies above highlight some of the research that has been done to try and
understand the genetic aetiology of breast cancer in individuals of African ancestry.
Although the studies have provided some significant results, more research is still

warranted.

1.5 Breast cancer in the South African context

According to the National Cancer Registry (NCR) of South Africa, breast cancer is the most
common cancer diagnosed in females, with approximately 8 203 cases diagnosed in 2012
(NCR, 2012). The lifetime risk for disease is approximately 1 in 26 across all ethnic groups.
It is estimated that 1 in 12 white South African females will develop breast cancer in their
lifetime, while the lifetime risk for a black female is estimated to be 1 in 45 (NCR, 2012).
Previous studies suggest that breast cancer has increased in incidence in the black South
African population (NCR, 2012). The ratio of diagnosed cases of black to white women
rose from 1:6 in 1993 to 1:4 in 2012, indicating an increase in the number of diagnosed
cases in the black population (Loubser et al., 2008; NCR, 2012). A number of studies have
been performed to determine the genetic basis of breast cancer in South Africa by looking

at BRCA1, BRCAZ2 and other susceptibility genes.

1.5.1 Inherited Breast Cancer in the Afrikaner population

Various studies have been performed to understand the genetic aetiology of breast cancer
specifically in the Afrikaner population due to the high incidence observed in this group. In
a 2004 study, the BRCA1 gene was screened in 90 South African families of European
origin with breast and/or ovarian cancer to detect predisposing mutations (Reeves et al.,
2004). The families were recruited from Tshwane (formerly Pretoria) and Bloemfontein. Of
these families, 18 (20%) were identified to have a deleterious mutation in the BRCA1
coding region and four of the mutations had not been previously reported. One mutation,
€.2641G>T (p.Glu881Ter), was present in five Afrikaner families and reported as a novel

founder mutation (Reeves et al., 2004).
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In order to further identify predisposing variants in BRCA1 and BRCA2, 147 Afrikaner
breast and/or ovarian cancer families were screened. From the screen, three recurrent
mutations were observed; c.1493delC and ¢.2641G>T in BRCA1, and the c.7934delG
variant in BRCA2. These mutations were observed in 97/103 families who carried a BRCA
mutation, accounting for 94% of BRCA-positive mutations. Genealogical and genotype
analyses revealed that the three variants are founder mutations for the Afrikaner

population (van der Merwe & van Rensburg, 2009).

In a more recent study, a retrospective file review was performed on individuals of
Afrikaner ancestry who reside in Johannesburg (Seymour et al., 2016). The files under
review were those of 86 unrelated individuals who were provided with genetic counselling
services between the years 2001 and 2014. Of the 86 individuals whose files were
reviewed, 54 (62.8%) underwent genetic testing for BRCA1 and BRCA2 genes. Eighteen
(33.3%) of the individuals tested positive for a BRCA mutation and 14 of the 18 (77.8%)

carried one of the reported founder mutations (Seymour et al., 2016).

1.5.2 Inherited Breast Cancer in the Ashkenazi Jewish population

As with the Afrikaner population, mutations that are more common in individuals of
Ashkenazi Jewish ancestry have been identified. The BRCAI1 ¢.185delAG frameshift
mutation was first observed in approximately 1% of the 858 Ashkenazi Jewish individuals
seeking genetic testing for conditions unrelated to cancer. The finding suggested an
especially high risk of developing breast and/or ovarian cancer for one in every hundred
Ashkenazi Jewish women (Struewing et al., 1995). This mutation was then shown to lie in
a founder Ashkenazi Jewish haplotype (Neuhausen et al., 1996). In a South African study,
four families of Ashkenazi Jewish ancestry with a positive family history of breast cancer

were all found to carry the same ¢.185delAG mutation (Reeves et al., 2004).
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The BRCA1 c.1493insC and BRCA2 c.8162delG mutations have also been identified as
common mutations for the Ashkenazi Jewish population (Schoeman et al., 2013). These
three mutations are offered as a first-line test for individuals affected by breast cancer and

with Ashkenazi Jewish ancestry (Schoeman et al., 2013).

The studies above on Afrikaner and Ashkenazi Jewish populations in South Africa
demonstrate the importance of identifying founder mutations as they prove to be a time-
saving and cost effective means of testing. The cost of Afrikaner founder mutation testing
for example, ranges between R1,600.00 and R3,500.00 while costs for comprehensive
screening for BRCA1 and BRCA2 range between R9,000.00 and R25,000.00 (prices will vary
between laboratories and depends on the testing approach) (Seymour et al., 2016). The
detection rate and pricing for founder mutation testing in this population demonstrates
the utility of identifying founder mutations in different ethnic groups and importantly, for

the black South African population which has been previously understudied.

1.5.3 Inherited Breast Cancer in the Black South African and Coloured Populations

In an effort to better understand the genetic aetiology of breast cancer, a study was
performed in the Western Cape Xhosa and coloured (mixed ancestry) populations (van der
Merwe et al., 2012). The study screened for mutations in BRCA1 and BRCA2 genes in 16
black and 105 coloured women. Four pathogenic mutations were identified;
c.1504_1508delTTAAA in BRCA1 and «c.2826_2829del, c¢.6447_6448dupTA and
€.5771_5774delTTCA in BRCA2. The latter mutation was observed in 25% (4/16) of Xhosa
women and 3.8% (4/105) of coloured females included in the study. Haplotype analysis
was performed to determine the presence of a founder effect. The mutation has since
been documented as a founder mutation for the Xhosa and coloured populations (van der

Merwe et al., 2012).
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The above-mentioned founder mutation (BRCAZ2 c. 5771_5774delTTCA) was identified in a
separate study conducted in breast cancer patients based in Gauteng Province. The study
was performed in the Division of Human Genetics at Wits University and investigated the
presence of identify germline mutations in BRCA1, BRCA2 and PALB2 in 108 individuals
from four South African ethnic groups (black, white, coloured and Indian) using a next-
generation sequencing approach and MLPA (Francies et al., 2015). Of the 108 individuals
in the study, 85 (78.7%) were black. The deleterious mutations identified in the black

South African population in this study are summarised in Table 1-1 below:

Table 1-1: Pathogenic germline mutations identified in the black South African population group using next
generation sequencing and MLPA techniques (Francies et al., 2015)

Gene Exon HGVS nomenclature Frequency of mutation | Effect of mutation on
protein

BRCA1 4 c.212G>A 1/85 Missense

BRCA1 10 c.1155G > A 1/85 Nonsense

BRCA1 10 €.1953_1954insA 1/85 Frameshift

BRCA2 7 c.582G > A 1/85 Nonsense

BRCA2 11 €.5771_5774delTTCA 1/85 Frameshift

BRCA2 23 €.9097_9098insA 1/85 Frameshift

HGVS - Human Genome Variation Society

In addition to the presence of the BRCA2 c.5771_5774delTTCA Xhosa/mixed ancestry
founder mutation which was identified in one of the 85 patients (1.2%), the BRCA2
c.582G>A mutation (see Table 1-1 above) was also of particular interest. It had been
previously reported once in the black South African population in the same Division (Chen,
2015). It had also been reported as a causative mutation in a FA patient found to have
biallelic BRCA2 mutations as the cause of disease (Feben et al., 2017). Upon scrutinising

patient files, these two individuals, both with breast cancer, were found to be unrelated

Page | 21




to each other or to the child affected with FA. This may suggest a potential founder

mutation for the black South African population.

Studies conducted in the past have shown that there is poor knowledge of breast cancer
in the majority of black South African women, especially in rural communities (Maree et
al., 2013; Ramathuba et al., 2015). A study undertaken by Maree et al., 2013 in a poor
community in Tshwane, Gauteng Province, revealed that 80.6% of the individuals included
in the study were unaware of the risk factors, warning signs and screening associated with
breast cancer (Maree et al., 2013). In a study conducted in Thohoyandou, Limpopo
Province, 69% of the females in the study had never heard of breast cancer (Ramathuba et
al., 2015). Educating the public (particularly in rural communities) about breast cancer
may therefore aid in identifying at-risk individuals. This could also aid in characterising
BRCA1 and BRCA2 gene mutations, as well as mutations in other cancer susceptibility
genes that contribute to the breast cancer burden in the black South African population.
Identification of such mutations has the potential to improve genetic testing approaches
and counselling in the future. Furthermore, identification of mutations presents an
opportunity to develop better management and treatment options, as well as

personalised or population specific healthcare approaches.

1.6 Rationale for study

Various research projects have been conducted at the Division of Human Genetics
(University of the Witwatersrand and the National Health Laboratory Service) to identify
BRCA1 and BRCA2 mutations in black South African individuals at increased risk for
inherited breast cancer (Chen, 2015; Francies et al., 2015). From these studies, a small
number of rare pathogenic mutations have been identified. Two BRCA2 mutations of
particular interest, ¢.5771_5774delTTCA (p.lle1924ArgfsTer38) and ¢.582G>A
(p.Trp194Ter) were observed in unrelated patients as described in Section 1.5.2 above.

The ¢.5771_5774delTTCA mutation had been previously reported as a founder mutation in

Page | 22



the Western Cape Xhosa and coloured population groups (van der Merwe et al., 2012).
The BRCA2 c¢.582G>A mutation has been reported on the National Center for
Biotechnology Information (NCBI) Clinvar database (accessible at

https://www.ncbi.nlm.nih.gov/clinvar/) as a pathogenic variant for familial breast cancer.

Although these efforts have identified some mutations of in BRCA1 and BRCA2 in the black
South African population, additional data is still required. This data includes understanding
the contribution of specific mutations to the incidence of IBC in this population which
would hopefully aid in streamlining testing approaches, which in turn, could potentially
result in cost-effective genetic counselling and testing services in the local black
population. The use of targeted next generation sequencing technologies to explore the
contributions of genes other than BRCA1 and BRCAZ2 in a setting with limited resources
needs to be evaluated and considered for long-term application for inherited breast

cancer.

1.6.1 The BRCA2 c.5771_5774delTTCA and c.582G>A mutations

In several studies conducted in the Division, the BRCA2 ¢.582G>A and
¢.5771_5774delTTCA mutations have been observed in a number of black patients with
breast cancer and Fanconi anaemia (Chen, 2016; Francies et al., 2015; Feben et al., 2017).
However, a family history of cancer was not observed in either of the families of the
probands with breast cancer. In one of the studies, a proband with an FA phenotype was
found to be a BRCA2 compound heterozygote for the above-mentioned mutations (Feben
et al.,, 2017). The presence of the ¢.582G>A and c.5771_5774delTTCA mutations in
patients diagnosed with breast cancer and FA indicate that these mutations could

potentially be founder mutations in the black South African population.
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1.6.2 The FANCG c.637_643delTACCGCC mutation

A common seven base-pair mutation, c.637_643delTACCGCC, has been identified in the
FANCG gene in the black Southern African population (Morgan et al., 2005). The mutation
was identified in 33/40 (82.5%) of patients of African ancestry with FA (Morgan et al.,
2005). The gene product (FANCG) has been previously shown to directly interact with
BRCA2 in response to DNA damage through homologous recombination repair (Hussain et
al., 2003). Due to this strong interaction, it is important to determine whether FANCG
mutations contribute to a breast cancer phenotype given that BRCA2 mutations

contribute to a FA phenotype.

1.6.3 Next generation sequencing

Previous studies in the Division indicate that approximately 10% of high risk black patients
carry pathogenic germline mutations in either BRCA1 or BRCA2 (Chen, 2015; Francies et
al., 2015). It is therefore important to identify genes and mutations other than BRCA1 and
BRCA2, given that many high-risk patients do not carry a BRCA mutation. The next step
would be to examine other known genes that predispose individuals to inherited breast

cancer when mutated.

1.7 Aims and objectives

The overall aim of the study is to advance current knowledge on the contribution of
known cancer susceptibility genes to inherited breast cancer in the black South African

population.

The following objectives were established in order to achieve this aim:

A. To screen DNA samples from black South African women and women of mixed

ancestry, diagnosed with breast cancer, for the two pathogenic BRCA2 mutations:
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c.5771 5774delTTCA and c.582G>A to determine if they represent common
mutations.

. To perform haplotype analysis across the BRCA2 gene in order to determine
whether a founder effect exists for each of the two mutations.

. To screen DNA samples from black South African women and those of mixed
ancestry, diagnosed with breast cancer, for the FANCG c.637_643delTACCGCC
mutation to examine its contribution to the inherited breast cancer phenotype.

. To utilise a targeted gene sequencing panel to screen multiple susceptibility genes

in high-risk patients for whom no mutation has been identified in the BRCA genes.
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2 SUBJECTS AND METHODS

This chapter will describe the participants included in the study and the methodologies
that were utilised to achieve the aims and objectives outlined in the previous section.
Section 2.1 describes the participants and the selection criteria used to determine which
participants were eligible for the study. Section 2.2 describes how the quality and quantity
of DNA was analysed. Section 2.3 outlines the BRCA2 mutation screening methodologies.
Section 2.4 describes the haplotyping methodologies employed. Section 2.5 describes how
the FANCG mutation was screened and Section 2.6 will discuss the next-generation
sequencing portion of the study including the methodologies and analysis tools used for

data annotation.

The study was approved by the Human Research Ethics Committee (HREC) Medical,
University of the Witwatersrand (WITS) under clearance certificate number: M16111159

(see Appendix A). All solutions used in this chapter are detailed in Appendix C.

2.1 Study participants

Participants in the study were seen and assessed through the Clinical and Counselling
Section of the Division of Human Genetics, University of the Witwatersrand and the
National Health Laboratory Service (Wits/NHLS). The patients were assessed at various
tertiary hospitals in and around Johannesburg, namely: Charlotte Maxeke Johannesburg
Academic Hospital (CMJAH), Chris Hani Baragwanath Academic Hospital (CHBAH), Helen
Joseph Hospital (HJH) and Rahima Moosa Mother and Child Hospital (RMMCH).

The individuals included in the study were all South African women of black or mixed
ancestry who were thought to be at high-risk for inherited breast cancer based on their

age of diagnosis (less than 50 years). At the time of genetic counselling, blood was drawn
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and DNA was extracted under routine diagnostic procedures by the Molecular Diagnostic
Laboratory at the Division. All participants signed an informed consent form (Appendix B)
to participate in research studies related to their primary disease (breast cancer). The

inclusion criteria for this study included:
1) A diagnosis of breast cancer made before the age of 50 years

2) Patients with breast cancer diagnosed older than 50 years with a positive family

history of cancer/s

For the next generation sequencing portion of the study, an exception to the third
inclusion criterion was made for a portion of patients (27.8%) who had previously tested
negative for mutations in the BRCA genes. This was because the aim of this portion of the
study was to determine the presence of other inherited cancer susceptibility gene
mutations in this population. It was, therefore, necessary to select high-risk candidates to
ensure the greatest possible yield in a small sample of patients. Table 2-1 summarises the

number of participants for each objective of the study.

A control group of 100 black South African female individuals were also included in the
study. These DNA samples were sourced from the Birth-To-Twenty cohort study (Richter
et al., 2005), comprised of approximately 3000 individuals born in the Johannesburg-
Soweto metropolitan area in the year 1990. The individuals were 25 years of age at the

time of DNA analysis and breast cancer status was unknown.
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Table 2-1: The number and ethnicity of participants in each study objective

Participants (N)
Study objectives Black Mixed Controls
Ancestry
A: Screening for the ¢.5771_5774delTTCA BRCA2 mutation 27 8 0
B: Screening for the c¢.582G>A BRCA2 mutation 27 8 0
C: Haplotyping analysis 5* 0* 100
D: Screening for the FANCG c.637_634delTACCGCC mutation 119 0 0
E: Next generation sequencing using a targeted breast cancer | 24 0 0
gene panel (24-sample library preparation kit)

*This number was derived from individuals who were found to have one of the two BRCA2 mutations
during the initial screening process (n=1 black individual and n=0 mixed ancestry individuals) as well as
an additional four patients who had previously been found to have these mutations in other research

projects.

Objectives A and B of the study involved screening 35 women (of African and coloured) for
the BRCA2 c. 582G>A and c¢.5771_5774delTTCA mutations; these women had not been
previously tested for BRCA1 and BRCA2 mutations.

Objective C was to perform haplotype analysis for the five individuals who had previously

tested positive for the BRCA2 ¢.582G>A or ¢.5771_5774delTTCA mutations.

Objective D was to screen for the FANCG c.637_634delTACCGCC mutation in all 119
women who had previously tested negative for BRCA1 and BRCA2 mutations across all
breast cancer studies performed previously in the Division, and including those from this

study.

Objective E was to perform targeted sequencing on 24 women who had either not been
previously screened for BRCA1 and BRCA2 mutations (N=18); OR had tested negative
(N=7). The number was limited by the funding available for a single library preparation kit

(24 reactions).
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2.2 Quantitative and qualitative analysis of DNA

The DNA samples were retrieved from storage and analysed for quality. The DNA was
quantified on a NanoDrop ND-1000 spectrophotometer (NanoDrop technologies, Inc.) to
determine concentration. The integrity of the DNA was then analysed by agarose gel
electrophoresis to confirm whether it could be used in downstream applications. This was
performed by resolving the DNA on a 0.8% agarose gel stained with Ethidium Bromide
(EtBr) (Sigma-Aldrich). Subsequent to staining, the DNA was combined with Ficoll based
loading dye. The DNA was then loaded onto the gel and subjected to a voltage of 150 volts
(V) in 1 x Tris-Boric acid EDTA (TBE) buffer alongside a 1kb* DNA ladder (Invitrogen™). The
gel was visualised using the Vacutec gel documentation system (Vacutec) which emits UV
light to excite the EtBr fluorescence. The gel image was captured by GeneSnap v6.08
software (Syngene). Following quality control, non-degraded DNA samples were diluted to
a concentration of 100ng/ul and used in the screening reactions as described in Section

2.3 below.

2.3 Screening for the BRCA2 founder mutations

In order to screen for the two BRCA2 mutations which were thought to be of particular
relevance to the black and mixed ancestry South African populations, it was necessary to

design a genotyping assay appropriate for each mutation.

2.3.1 BRCAZ2 c.5771_5774delTTCA mutation

The ¢.5771_5774delTTCA BRCA2 mutation was screened for by restriction fragment length
polymorphism (RFLP) analysis. The method is cost effective and can easily distinguish
affected individuals from those who are unaffected by cleaving DNA when the restriction

endonuclease site is present.

Page | 29



2.3.1.1 Primer design

Primers were manually designed to amplify the region of interest; sequences and details
are given in Table 2-2 below. The melting temperature (T,,) between the primers is less

than 5°C which improves specificity of primer binding to the target sequence.

Table 2-2: Oligonucleotide sequences used to amplify the BRCA2 region to detect the presence of the
¢.5771_5774deTTCA mutation

Primer Name Direction T, (°C) Length Sequence
c¢5771_Cont_F Forward 53.6 28 5’- TGA AAG ACATATTTACAG ACAGTTTCAG 3’
¢5771_Cont_R Reverse 56.7 28 5’ AGA CTG ACT TAT GAAGCT TCC CTATACT -3’

2.3.1.2 Polymerase chain reaction

Polymerase chain reaction (PCR) was used to amplify the region of interest containing the
BRCA2 ¢.5771_5774delTTCA mutation prior to RFLP analysis. To determine the optimal
temperature for amplification, a gradient PCR was performed with annealing
temperatures ranging between 50°C and 60°C. The optimal annealing temperature (T,) for
this reaction was determined to be 58°C. The PCR mixture was optimised to make up a
total PCR reaction of 20ul as outlined in Appendix D1. Amplification was performed in the
T100™ Thermal Cycler (Bio-Rad Laboratories, Inc.) using the thermal cycling conditions

detailed in Appendix D1.

2.3.1.3 Agarose gel electrophoresis

The presence of the amplicon was confirmed by the electrophoresis of the PCR products
electrophoresed through a 2% agarose gel stained with EtBr (Sigma-Aldrich). The PCR
products were electrophoresed in 1 x TBE alongside a 1kb" DNA ladder (/nvitrogen™) to
enable product size estimation. The gel was visualised as previously described in Section

2.2 and the expected PCR product size was 324 bp.
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2.3.1.4 Restriction fragment length polymorphism analysis

Following amplification, RFLP analysis was used to determine the presence of the
mutation. The restriction endonuclease (RE), Hpy188I, was selected using NEBcutter V2.0
(New England Biolabs, Inc). The digest conditions were as follows: the samples were
incubated on a heating block at 37°C overnight, followed by the inactivation of the
enzyme at 65°C for 20 minutes. The incubation period was prolonged as the standard

digestion time of two hours was insufficient.

The digest products were electrophoresed through a 3% agarose gel stained with EtBr at
100V for one hour and 30 minutes. The gel images were visualised and captured as
previously described in Section 2.2. Following fragmentation of the amplicon by the
endonuclease, fragments of the following sizes were expected in the non-mutation
carriers; 43 bp, 74 bp, 91 bp and 116 bp. When the mutation was present, an additional

fragment size of 161 bp was observed as illustrated in Figure 2-1.

350bp

161bp

116bp o1bp
74bp

43bp

Figure 2-1: An agarose gel electrophoresis image illustrating the restriction digest fragments for the BRCA2
¢.5771_5774delTTCA mutation.

The digest products were electrophoresed alongside an Invitrogen 50 bp ladder. Lane 1 of the gel depicts a
heterozygous individual or positive control (PC). Lanes 2 and 3 are the negative control (NC) samples of
individuals who do not carry the mutation. For a homozygous individual (not depicted), the observed
amplicon sizes would be expected at 161 bp, 116 bp and 43 bp.
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2.3.2 BRCA2 c.582G>A mutation

The presence of the BRCA2 ¢.582G>A mutation was investigated by using a tetra-primer

amplification refractory mutation system-PCR (ARMS-PCR) for genotyping.

2.3.2.1 Primer design

The primers were designed using the Geneious version 7.1.9 software (Geneious). The
primer sequences, primer directions and melting temperatures are indicated in Table 2-3.
The difference in melting temperature between the primers was kept at less than 5°C to

ensure that the primer pairs anneal to the target region efficiently.

Table 2-3: Oligonucleotide sequences used to amplify the BRCA2 region to detect the presence of the
¢.582G>A mutation

Primer name Sequence Melting temperature (T,,)
c.582_inner_F 5’- CTG AGG TGG ATC CTG ATA TGT CTA GG -3’ 57.6°C

¢.582_inner_R 5-TGG GTG GTG TAG CTA AAG AAC TTC AT -3’ 58°C

c.582_Cont_F 5’- CAA ATC TGT ACC TAG CAT TCT GCCTC -3’ 57.3°C

C.582_Cont_R 5’- CAG AAG TAT TAG AGA TGA CAATTA TCA ACC TC -3’ 55.3°C

The sequence below indicates the region being targeted and the position of the primers in

the sequence.

CAAATCTGTACCTAGCATTCTGCCTCatacaggcaattcagtaaacgttaagtgaaataaagagtgaatgaaaaaat
aatatccttaatgatcagggcatttctataaaaaataaactattttctttcctcccagggtcgtcagacaccaaaacatatttctga

aagtctaggagctgaggtggatcctgatatgtcttggtlaagttctttagctacaccacccacccttagttctactgtgctcataggt
aataatagcaaatgtgtatttacaagaaagagcagatGAGGTITGATAATTGTCATCTCTAATACTTCIG
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The sequence regions colour-coded in green indicate the binding position of the outer
primers. These primers are essential in amplifying the region of interest containing the
single nucleotide change. The region in red and underlined is the position of the
nucleotide change. The regions colour-coded in yellow indicate the binding position of the
inner primers which are used to amplify the respective alleles of the nucleotide change to

determine the presence of the mutation.

2.3.2.2 ARMS-PCR for the c.582G>A mutation

A temperature gradient experiment was performed to determine the optimal annealing
temperature for all four primers in the same system. The temperatures tested ranged
between 50°C and 60°C; and 58.8°C was selected as the most optimal annealing
temperature. The PCR was set-up using the PCR components and volumes outlined in
Appendix D2 which were added to make up a total reaction volume of 20ul. A non-
template control (NTC) was also included in the set-up to monitor contamination in the
system. PCR was performed in the T100™ Thermal Cycler (Bio-Rad Laboratories) and the

cycling conditions are outlined in Appendix D2.

2.3.2.3 Agarose gel electrophoresis

Following amplification, the PCR products were loaded on a 2% agarose gel stained with
EtBr and electrophoresed in 1 x TBE for 60 minutes at 150V. Alongside the PCR products
was a 1kb" GeneRuler size standard (Thermo Fisher Scientific™) which was used to
estimate the size of the PCR products. The electrophoresis image was visualised as
described in Section 2.2. The expected fragment sizes for a homozygous individual not
carrying the muataion were 164 bp for the wild-type allele and 324 bp for the control
amplicon. For a heterozygous mutation carrier, fragments with sizes 164 bp, 230 bp and
324 bp would be observed. The 230 bp amplicon indicated the presence of the mutation

as indicated in Figure 2-2.
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Figure 2-2: An agarose gel electrophoresis image illustrating possible outcomes of the ARMS-PCR for the
BRCA2 c.582G>A mutation.

The PCR products were electrophoresed alongside a 1kb" GeneRuler ladder. In lane 1 is a heterozygous
mutation carrier; the 164 bp fragment is the wildtype, the 230 bp fragment is the mutant and the 324 bp is
the control fragment. Lane 3 is the non-template control which is used to determine whether contamination
occurred. There are no amplicons in this lane, indicating that there was no contamination in the system.
Where an individual is homozygous for the mutant allele (not depicted), amplicons only at 230 bp and 324
bp would be expected.

2.4 Haplotype analysis for the BRCA2 ¢.5771 5774delTTCA and c.582G>A mutations

Haplotype analysis was performed for the two BRCA2 mutations (c.5771_5774delTTCA
and c.582G>A) to determine the presence of a founder effect for both of the mutations.
The haplotypes were constructed by using SNP and microsatellite markers. Three SNPs
across the BRCA2 gene and two microsatellites flanking the gene region were used as
shown in Figure 2-3. The microsatellites selected in the study were 17xAT upstream of the
BRCA2 gene and 21xTG located downstream of the gene. The 17xAT microsatellite lies
upstream of the gene, approximately 47kb and the 21xTG microsatellite is approximately
409kb. The gene region containing the microsatellites was examined using the University

of California, Santa Cruz (UCSC) Genome Browser https://genome.ucsc.edu/. The 17xAT

and 21xTG microsatellites were selected as they were located closest to the BRCA2 gene,

in comparison to other microsatellites outside the gene region.
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The SNP markers that were selected have the following dbSNP identification codes:
rs4986860, rs9590940 and rs1801426 and were genotyped in mutation-positive
individuals and control individuals. The genotypes of the control group were necessary to

determine the frequency and distribution of alleles in the general population.

c¢.5771_5774
582G deITTCA i )
Microsatellite 2
ﬂ ﬂ (21xTG)
47 kb 409kb

— BRCAZ gene — -

Microsatellite 1 U U U
(17xAT)

SNP1 SNP2 SNP3
(rs4986860) (rs9590940) (rs1801426)

Figure 2-3: The position of five markers selected within and flanking the BRCA2 gene in respect to
positions of the BRCA2 ¢.5771_5774delTTCA and c.582G>A mutations.

The five markers selected were two microsatellites (indicated by the blue arrows), and three SNPs indicated
by the green arrows. The selected markers were used to determine whether a founder effect exists for the
two BRCA2 mutations that were genotyped.

2.4.1.1 Primer design for the microsatellite markers

Primers were designed to amplify the region containing each microsatellite to be

genotyped as follows:

e Primers were designed manually to flank the region with the marker.

e Where possible, the 5" and 3’-terminus had either a guanine (G) or cytosine (C)

nucleotide to enhance primer binding.

e The difference in T,, between the forward and reverse primer was kept at less than

5°C so that the primers annealed efficiently to the target.
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e OligoAnalyzer Tool (Integrated DNA Technologies,) was used to determine primer
properties such as primer length and T,, and whether there was self- or hetero-

dimerisation and hairpin formation.

e Basic Local Alignment Search Tool (BLAST), an online database which finds regions
of similarity between sequences was used to confirm that the primers bind to

chromosome 13, upstream and downstream of the BRCA2 gene.

The primer sequences used to amplify the microsatellite repeats are given in Tables 2-4

and 2-5.

Table 2-4: Oligonucleotide sequences used to amplify the region containing the 17xAT microsatellite
upstream of the BRCA2 gene

Primer name Sequence
17xAT_microsat_F *5’- CCA TAT TAT AGT TAA AGA GAA AGC TAG -3’
17xAT_microsat_R 5’- GGC ATT TTA AAA AAA GGA ATA CTA ATC -3’

*The forward primer was labelled with a 5’ HEX fluorescent dye

A long stretch of adenine nucleotides was found upstream of the 17xAT microsatellite.
The primer lengths were therefore increased to 27 bp to raise the melting temperatures

and enhance primer binding and specificity.

Table 2-5: Oligonucleotide sequences used to amplify the region containing the 21xTG microsatellite
downstream of the BRCA2 gene

Primer name Sequence
21xTG_microsat_F *5’- ATT TCT TAT AAACCCTTT CAGTC -3’
21xTG_microsat_R 5- GTT CGT AAT ACG AAC TAT AAAC -3’

*The forward primer was labelled with a 5" HEX fluorescent dye

2.4.1.2 Polymerase chain reaction for microsatellite markers

The PCR set-up was performed by adding the PCR components to make up a reaction

volume of 25ul as described in Appendix D3. The primer concentrations used for the

Page | 36



genotyping of the 17xAT microsatellite were 10uM. When the same primer
concentrations were used to genotype the 21xTG microsatellite, no results were
observed. The concentration was increased to 50uM, which still yielded no results. A
concentration of 100uM for both the reverse and forward primers was tested and results
were observed. This concentration was subsequently used to screen all mutation-positive
samples and the control samples. The PCR was performed in a T100™ Thermal Cycler (Bio-

Rad) for both microsatellites as shown in Appendix D3.

2.4.1.3 Capillary electrophoresis for the microsatellite markers

Capillary electrophoresis (CE) was used to separate the various fragments by size, in order
to determine the alleles present at each microsatellite locus. The forward primers were
modified with a fluorescent tag to enable detection of the fragments detection by laser
excitation. The reaction was prepared by adding 1ul of undiluted PCR product, 0.3ul 500
ROX size standard (Applied Biosystems) and 8ul Hi-Di™ formamide to each well on the
MicroAmp 96-well plate (Applied Biosystems). The plate was then placed on a 95°C
heating block for 2 minutes to denature the DNA and immediately cooled at a
temperature of -20°C. The plate was loaded and analysed on the ABI 3130xl Genetic
Analyzer (Applied Biosystems). GeneMapper version 4.0 and GeneMapper ID version 3.2
(Applied Biosystems) software were used to estimate the size of each amplicon generated
during PCR. Allele sizes were estimated using the height of the highest peak observed. The
formulae below were used to calculate the number of repeats each individual carried for

the two microsatellites.

Formula for 17xAT = [(observed amplicon size-79)/2]

The 79 was derived as follows: 27 bases (forward primer) + 27 bases (reverse

primer) + 25 bases (between the microsatellite repeat sequence and the primers)
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Formula for 21xTG = [(observed amplicon size-52 bp)/2]

The 52 was derived from: 23 bases (forward primer) + 22 bases (the reverse

primer) + 7 bases (between the microsatellite repeat sequence and the primers)

Following the microsatellite genotyping, the SNP markers were genotyped to be used for

the construction of haplotypes.

2.4.2 SNP genotyping

The BRCA2 gene was explored to identify appropriate SNPs distributed across the gene.
The SNPs were selected from the dbSNP database in NCBI

(http://www.ncbi.nlm.nih.gov/projects/SNP/) and Ensembl Genome  Browsers

(http://www.ensembl.org/index.html). Criteria for selection were that the SNPs occurred

within the coding region and had a minor allele frequency (MAF) greater than 0.05 (or
5%). SNPs within the coding region were selected as they may directly affect the way in
which a gene product functions, as well as its interaction with other proteins. The MAF is a
score used to indicate how diverse and frequent a SNP is in the general population. The
greater the MAF, the more frequent the SNP is in the population. It is also important to
note that the MAF can differ between populations and where a SNP is associated with
disease, the MAF will differ between the case and control groups. For this study, SNPs
selected were required to have a MAF greater than 5% in individuals with African ancestry
and not individuals in the general population. Table 2-6 shows the SNP identification
codes and genomic position according to the GRCh37/h19 human genome build as well as

the technique that was chosen to genotype each SNP.

It was, unfortunately, noted by the candidate very late in the research process that the
criterion related to MAF was incorrectly applied and thus, selected SNPs had a MAF less
than 5%, indicative of rare SNPs instead of those frequently occurring in the population.
The methodology and results discussed here represent SNP results generated and

analysed despite the knowledge of the candidate’s error and the resultant. A discussion of
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the appropriate SNP selection and future plans to rectify this are elaborated on in Section

4.2.

Table 2-6: Single nucleotide polymorphisms selected for the haplotype study of the BRCA2 gene

SNP ID Reference SNP | Genomic position | Minor allele frequency | Genotyping technique
alleles (MAF) 1000 Genomes

rs4986860 A/G 13:32929309 G=0.01 Real-time PCR

rs9590940 A/C 13: 32944667 C=0.01 RFLP

rs1801426 A/G 13: 32972884 G=0.04 Real-time PCR

2.4.2.1 TagMan SNP genotyping

Of the three SNPs selected for the haplotyping analysis, two (rs4986860 and rs1801426)
were genotyped using predesigned TagMan® SNP Assays (Applied Biosystems). The
TagMan SNP probe-based assays rely on sequence-specific detection so that only the
region of interest is amplified and specific single base changes are detected (McGuigan &
Ralston, 2002). The commercially available assays comprise of two primers (forward and
reverse) which flank the SNP region of interest and two TagMan probes. One probe is
labelled with VIC® reporter dye which is used to detect Allele 1 of the SNP and the other is
labelled with a FAM™ reporter dye to detect Allele 2. The probes are labelled with a
fluorescently labelled reporter dye on the 5’ end and make use of the 5’ nuclease activity
of the Tag polymerase enzyme. At the 3’ end of the probes is a quencher dye which is not
fluorescently labelled. The quencher is responsible for suppressing fluorescence when the
probe has not bound to its complementary sequence on the target DNA. The assay allows
for the target of interest to be monitored throughout the entire amplification run, in real-

time (McGuigan & Ralston, 2002).

Prior to amplification, the DNA and assay components were prepared on a MicroAmp 384-
well plate (Applied Biosystems). The assay was optimised using various parameters and
the most optimal reaction was determined to be one in which the 40X (stock) probe assay
was used with 2.25ul of a 10ng/ul concentration of gDNA. The PCR set-up is outlined in
Appendix D. The plate was loaded onto the 7900HT Fast Real-Time PCR System (Applied
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Biosystems). The amplification thermal cycling conditions are detailed in Appendix DA4.
Sequence Detection System version 2.3 (Applied Biosystems) was used for capturing of

data and subsequent analysis.

2.4.2.2 RFLP SNP genotyping

The third SNP, rs9590940, was genotyped by RFLP. The primer sequences are found in
Table 2-7 below.

Table 2-7: Oligonucleotide sequences used to amplify the region containing the single nucleotide
polymorphism with ID rs9590940 (Chen, 2016)

Primer Name Sequence
BC2 19 fwd US2 01 5’- TAAGGCAGTTCTAGAAGAATGAA -3’
BC2 19 rvs US1 01 5’- GAAACTCATCTCAAACAAAC -3’

PCR amplification was optimised prior to genotyping to determine the ideal temperature
at which primers bind to the target DNA. The range of temperatures tested was between
55°C and 65°C. The optimal annealing temperature was determined to be 60°C. The PCR
was set-up to make up a 20ul reaction as shown in Appendix D4. Amplification was
performed in the Bio-Rad T100™ thermal cycler (Bio-Rad Laboratories, Inc) by using the
conditions detailed in Appendix D4. Following amplification, PCR products were subjected
to restriction by digesting the products with MluC/ endonuclease which was selected using

NEBcutter (New England BioLabs, Inc).

For the fragmentation reaction, 10ul of the PCR product was added to 2ul of the MluCl/
enzyme, 2ul of the CutSmarter buffer and 6ul of ddH,0 in a final volume of 20ul.The
reactions were incubated at 37°C overnight and the enzyme subsequently inactivated at
80°C for 20 minutes. The digested products were resolved on a 3% agarose gel stained
with EtBr alongside a 25 bp Invitrogen™ ladder in 1 x TBE at 100V for approximately 90
minutes for genotype determination. The expected fragment sizes were 46 bp, 74 bp, 140
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bp in the presence of the adenine (A) allele. The cytosine (C) allele abolishes a RE site and

results in as 46 bp fragment and a larger fragment of 214 bp shown in Figure 2-4.

214 bp
140 bp 125 bp
74 bp
46 bp
25 bp

Figure 2-4: An agarose gel image following digest using the MIuCl enzyme to detect the alleles of the
rs9590940 SNP.

Lanes 1 and 2: heterozygous (A/C) genotype determined by the presence of all three fragment sizes (46 bp,
74 bp and 140 bp). Lane 3: homozygous (A/A) genotype determined by the presence of only two fragment
sizes (46 bp and 214 bp). The digest products were electrophoresed alongside a 25 bp ladder to enable size
estimation.

2.4.3 Hardy-Weinberg equilibrium

Subsequent to SNP genotyping, the results were used to determine whether the SNPs are
in Hardy-Weinberg equilibrium. Hardy-Weinberg equilibrium (HWE) suggests that allele
and genotype frequencies in a particular population will remain constant from one
generation to the next, given that no evolutionary influences act on the population
(Wigginton et al., 2005). Evolutionary influences may include the presence of mutations,
genetic drifts, non-random mating, migration or natural selection (Wigginton et al., 2005).
If the population is in HWE, the sum of the allele and genotype must equal 1 (Rodriguez et

al., 2009). That is:

Allele frequencies: p + q = 1 and Genotype frequencies: (p + q)*=p> + 2pq + q°= 1
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In this study, the DNA control samples were genotyped and the selected SNPs were tested
to determine whether HWE exists for the SNPs. This was important to eliminate the
likelihood of associating the markers with disease association based on the frequencies at
which they occur in the control sample population. The online tool, gPLINK (freely

accessible from http://zzz.bwh.harvard.edu/plink/gplink.shtml) was used to calculate the

HWE p-value. A p-value of less than 0.05 is indicative of a SNP that is not in HWE.

2.4.4 Linkage disequilibrium

Linkage disequilibrium (LD) is defined as the non-random association of alleles between
different loci more often than would be expected by chance (Slatkin et al., 2008). Two
measures are often used to estimate LD; they are linkage disequilibrium correlation
coefficient (D’) and correlation coefficient of allele frequencies (r?) (Slatkin et al., 2008). D'
is the difference between the observed and the expected frequency of a given haplotype
and r’is the correlation between a pair of loci. If D’ and r® are both equal to one, this
indicates complete and perfect LD, respectively; that is, two loci have not been separated
by recombination events and will be co-inherited together (Slatkin et al., 2008). The

Ensembl genome browser (https://m.ensembl.org) was used to estimate LD between the

two microsatellite markers (17xAT and 21xTG).

2.4.5 Haplotype analysis using PHASE

In this study, PHASE software (version 2.1.1) was used to assign possible haplotypes
belonging to each individual. Microsatellite and SNP genotypes from mutation-positive
individuals and unrelated controls were used to determine potential allelic combinations
inherited on each chromosome. PHASE is freely available online from

http://stephenslab.uchicago.edu/software.html. The program makes use of a Bayesian

statistical method to remodel haplotypes by predicting those that are expected to occur
naturally in the population (Stephens et al., 2001). The software can utilise SNP,

microsatellite, tri-allelic SNP and Human Leukocyte Antigen (HLA) allele data (Stephens et
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al., 2001; Stephens & Donnelly, 2003). The software was run on a Linux operating system.
The file extraction of the files and the commands used to input data into the software are
outlined in Appendix E. Phasing of control and patient samples was performed to
investigate the presence of disease-associated haplotypes. Haplotypes found to be highly
associated with the respective BRCA2 mutations and rare in the general population or the

control sample would support the existence of a founder effect.

2.5 Screening for the FANCG c.637-643delTACCGCC mutation

DNA samples belonging to 119 individuals with breast cancer who tested negative for
BRCA1 and BRCA2 mutations were screened to determine whether the FANCG c.637-
643TACCGCC mutation confers a breast cancer risk in its heterozygous state. The primer

sequences used for screening can be found in Table 2-8 below.

Table 2-8: Oligonucleotide sequences used to amplify the region containing the FANCG
c.637_643delTACCGCC mutation (Morgan et al., 2005).

Orientation Primer sequence
Forward *5’- CCC AGG GAT TGA AGG ATG TC -3’
Reverse 5’- GCA TGA GAC TGG AGG ACCAC -3’

*The forward primer was fluorescently labelled with a 5’ 6-FAM dye.

The DNA was amplified and genotyped using CE by using the same conditions outlined in
Appendix D3. The PCR products were diluted to 1:50 concentration using 1xTE buffer and

these were subsequently used for CE analysis.
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2.6 Next generation sequencing

In this study, a commercially available targeted gene panel was selected for screening in
order to assess its utility in a South African patient cohort. The BRCA Hereditary Cancer
MASTR™ (Multiplex Amplification of Specific Targets for Resequencing) Plus kit was
supplied by Multiplicom NV. The panel is target-amplification based and 561 amplicons
were generated following library building. Primers are designed to bind to the specific
genomic regions of interest such that only those regions are amplified to produce libraries
and to be sequenced later .The assay was used to identify various germline mutations and
copy number variations (CNVs) in 26 genes (Table 2-9) known to predispose individuals to

inherited breast, ovarian, pancreatic and other related cancers.
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Table 2-9: The 26 cancer susceptibility genes included in the Multiplicom panel for inherited breast cancer.

The table shows the chromosomal location of the genes, their function and the associated cancer phenotypes and other diseases which can arise when
mutations are identified (Genetics Home Reference, 2018).

Gene OoOMIM Chromosomal Normal Function Associated cancer/s Other associated disease/s Disease characteristics
location
ATM 607585 11922.3 Regulation of cell growth and division | Breast, ovarian, stomach, | Ataxia-telangiectasia Telangiectasia, muscle and
bladder cancers neurological degeneration
BARD1 601593 2935 DNA repair and transcriptional | Breast and ovarian cancers, | N/A N/A
regulation and neuroblastoma
BLM 210900 15¢26.1 Unwinding of DNA helix Breast, colorectal, skin | Bloom syndrome Short stature, skin rash upon
cancers and melanoma sun exposure
BRCA1 113705 17921 DNA repair and regulates embryonic | Breast, ovarian, prostate, | N/A N/A
development colon and pancreatic cancers
BRCA2 600185 13g12.3 DNA repair and transcriptional | Breast, ovarian, prostate and | Fanconi anaemia Aplastic anaemia, bone marrow
regulation colon cancers failure
BRIP1 605882 17923.2 Double-stranded break repair Breast cancer Fanconi anaemia Aplastic anaemia, bone marrow
failure
CDH1 192090 16¢22.1 Cell-to-cell adhesion Breast, ovarian, prostate and | Blepharocheilodontic (BCD) | Congenital disorder. Lower
gastric cancers syndrome eyelids and inability of eyelids
to close completely in some
instances
CHEK2 604373 22ql12.1 Regulation of cell growth and division | Breast, ovarian and prostate | N/A N/A
cancers
EPCAM 185535 2p21 Cell-to-cell adhesion Breast, ovarian, stomach and | Lynch syndrome Large intestine and rectum
skin cancers malignancy
FAM175A 611143 4921.23 DNA repair and regulation of the cell | Breast cancer N/A N/A
cycle
MEN1 131100 11g13.1 Regulation of cell growth and division | Breast, pancreatic and lung | Multiple endocrine neoplasia | Endocrine gland malignancies
cancers
MLH1 120436 3p22.2 DNA repair Breast and ovarian cancers Lynch syndrome Large intestine and rectum
malignancy
MRE11A 600814 11921 Homologous recombination and | Breast and ovarian cancers Ataxia-telangiectasia-like Abnormal eye movements,
maintenance of telomere length disorder 1 cerebellar ataxia
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Gene OoOMIM Chromosomal Normal Function Associated cancer/s Other associated disease/s Disease characteristics
location
MSH2 609309 2p21-p16.3 DNA repair Ovarian cancer Lynch syndrome Large intestine and rectum
malignancy
MSH6 600678 2pl6.3 DNA repair Ovarian cancer Lynch syndrome Large intestine and rectum
malignancy
MUTYH 604933 1p34.1 DNA repair Breast, thyroid and duodenal | Familial adenomatous | Adenomatous polyps
cancers polyposis
NBN 602667 8qg21.3 DNA repair Breast, ovarian and prostate | Nijmegen breakage syndrome | Short statue, recurrent
cancers respiratory tract infections,
intellectual disability
PALB2 610355 16pl12.2 Homologous recombination repair Breast and ovarian cancers Fanconi anaemia Aplastic anaemia, bone marrow
failure
PMS2 600259 7p22.1 DNA repair Ovarian cancer Lynch syndrome Large intestine and rectum
malignancy
PTEN 601728 10g23.31 Regulation of cell growth and division | Breast, lung and prostate | Cowden syndrome, | Growth of multiple hamartomas
an promotes apoptosis of damaged | cancers Bannayan-Riley-Ruvalcaba in the skin, thyroid glands or
cells syndrome breast tissue
RAD50 604040 5¢g31.1 Double-standed break repair Breast and ovarian cancers Nijmegen breakage syndrome | Short statue, recurrent
respiratory  tract infections,
intellectual disability
RAD51C 602774 17922 Homologous recombination repair Breast and ovarian cancers Fanconi anaemia Aplastic anaemia, bone marrow
failure
RAD51D 602954 17912 Homologous recombination and | Breast and ovarian cancers N/A N/A
repair
STK11 602216 19p13.3 Regulation of cell growth and | Breast, ovarian, pancreatic | Peutz-Jeghers syndrome Growth of multiple hamartomas
division, maintenance of energy in a | and skin cancers in the gastrointestinal tract
cell
TP53 191170 17p13.1 Regulation of cell growth and division | Breast, bladder, ovarian | Li-Fraumeni syndrome Predisposition to the
cancers and head and neck development of cancerous
squamous cell carcinoma tumours
XRCC2 600375 7936.1 Homologous recombination repair Breast cancer Fanconi anaemia Aplastic anaemia, bone marrow

failure
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2.6.1 DNA purification of genomic DNA

Prior to library preparation and sequencing, the DNA samples were purified using the
QiAmp DNA Micro Kit (Qiagen) which utilises silica-based membranes. The DNA volume
utilised for purification was 10ul. The purification step ensures that buffers or RNA and
protein contaminants which may interfere with or inhibit the sequencing reaction are

removed. The DNA was eluted in a final volume of 30ul in nuclease-free water.

Following elution, the samples were quantified using the NanoDrop ND-1000
spectrophotometer (NanoDrop technologies, Inc.). The selected samples had 0D260/280
and 0OD260/230 ratios of 1.8 or greater as recommended by the manufacturer. The
selected samples were then diluted in nuclease-free water to a final concentration of
10ng/ul. A qubit quantitation assay on the Qubit® 3.0 fluorometer (/nvitrogen™) was used

to measure the final DNA concentration for each sample.

2.6.2 Library preparation

A total of five PCR mixes or plexes (plex 1 to plex 5) were supplied in the kit. Each PCR plex
consists of oligonucleotides specific to different regions targeting the 26 genes as well as
deoxynucleotide triphosphates (dNTPs). The amplification is expected to generate a total
of 561 amplicons. The manufacturer’s instructions were followed for a 24 sample assay;
240ul of each PCR plex was added to 3.6l of the Tag DNA polymerase to make up the
respective master mixes (1-5). For each plex PCR, 10ul of the mastermix is combined with
5ul of the DNA sample. Therefore for 24 samples, the set up involves 120 separate
reactions. A negative control (no DNA template) was included to ensure no contamination
occurred during the PCR set-up. Amplification was performed on the GeneAmp® PCR
System 9600 (Applied Biosystems) as outlined in Appendix F. For detailed library

preparation steps, please refer to the Multiplicom protocol in Appendix F.
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2.6.2.1 Purification of amplicon libraries to remove unbound primers

The PCR products from the five plex reactions were combined using the mixing scheme
outlined in the assay specification sheet (Appendix G). The 24 amplicon libraries were
purified using magnetic Agencourt® Ampure® XP beads (Beckman Coulter, Inc) to remove
buffer, excess unbound primers and dNTPs. Twenty microlitres of the amplicon library was
combined with 24pul of the beads. Amplicons bind to the beads when introduced to a
magnetic field and produce a pellet. The unwanted products aggregated in the
supernatant and could then be subsequently discarded. The bead-amplicon pellet was
then washed twice with 200ul of freshly prepared 70% ethanol and the ethanol discarded.
The pellet was allowed to dry for five minutes to evaporate the ethanol completely to
avoid its interference with the sequencing reaction. The pellet was re-suspended in 20ul
of nuclease-free water and this combination was placed on a magnetic stand and allowed
to separate. The eluent contained the purified amplicons and was transferred to a clean

tube.

2.6.2.2 Quality control to confirm the annealing of primers to target genes

A quality control step was undertaken to confirm that the primers targeting the 26 genes
of interest had successfully annealed to the target regions. This was performed by
combining 5ul of the amplicon library with 3ul of Ficoll dye, which was then
electrophoresed through a 2% agarose gel stained with GelRed™ (Biotium, Inc), alongside
a 1lkb+ GeneRuler ladder (ThermoFisher Scientific™). The gel images were captured by
Omega Fluor™ gel documentation system (Gel Company) as illustrated in Figure 2-5. The

expected fragment size was approximately 450 bp.
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l1kb+ 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24

Figure 2-5: An agarose gel image showing the purified amplicon libraries.

All 24 samples were amplified with primers targeting the genomic regions containing the 26 cancer
susceptibility genes under study. The samples were electrophoresed alongside a 1kb+ marker. Successful
amplification is shown by the presence expected of the expected 450 bp fragment in lanes 1 to 24. Excess
primers are seen at the bottom of the gel image, smaller than 100 bp (the smallest band on the ladder). The
negative control (N.C) has no amplicon present, indicating that no contamination occurred during the
amplification set up.

2.6.2.3 PCR for the annealing of adaptors and molecular identifiers

Following purification, each library was tagged with p5 and p7 adaptors as well as
molecular identifiers (MIDs). Dual indexing was used so that each sample has a unique
combination of two barcodes attached at the 5’ and 3’ ends. PCR was performed to bind
adaptors and MIDs to the amplicon libraries. The purified amplicon libraries were diluted
in nuclease-free water in a two-step serial dilution to 1:1000, 1:500 or 1:250 depending on
the intensity of the PCR product amplicon shown in Figure 2-5. Two microliters of the
diluted amplicon libraries were used for the annealing amplification of MIDs and adaptors

as detailed in Appendix F.
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2.6.2.4 Quality control to confirm annealing of adaptors and molecular

identifiers

Following PCR amplification, a quality control (QC) step was undertaken using a 2100
Bioanalyzer (Agilent Technologies). The Bioanalyzer can be used to quantify or size DNA,
RNA and proteins. It was used here to confirm successful amplification by detecting a

digital signal between 350 and 550 bp.

2.6.2.4.1 Purification of the tagged amplicons

The tagged amplicon libraries were purified again using the Ampure beads. This was to
ensure that excess unbound primers (as seen in Figure 2-5), adaptors and molecular
identifiers are removed as they could interfere with sequencing. Smaller fragments tend
to be preferentially sequenced and this could lead to a loss of sequence data from the

actual sample libraries that are meant to be sequenced.

A total of thirty microliters of the amplicon library was combined with 25.5ul of the
Ampure beads (as specified in Appendix G), mixed by pipetting several times and allowed
to incubate at room temperature for five minutes to ensure that the amplicons had
efficiently bound to the beads. The mixture was then subjected to a magnetic field and the

purification and elution of DNA performed as previously described in Section 2.6.1.

2.6.2.4.2 Pooling of the purified tagged amplicon libraries

The purified amplicon tagged libraries were quantified using a spectrophometer. The

concentrations were then calculated in nanoMolar (nM) as follows:

Sample molarity (nM) = sample concentration [ng/ul] x 10°
656.6 x average amplicon size
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Subsequent to calculating the molarity, the purified libraries were diluted to 4 nM in Tris-
Cl buffer and 5ul of each library were pooled in a 1.5ml microcentrifuge tube and mixed
thoroughly. Five microliters of the pooled libraries was combined with 5ul of Sodium
Hydroxide (NaOH) at normality of 0.2N to denature the amplicons. This was followed by
adding 990ul of pre-chilled HT1 hybridisation buffer to the pooled libraries to dilute them
to a concentration of 20pM. The pooled libraries were quantified on the Bioanalyzer to

confirm the final concentration.

The PhiX control v3 was also diluted to 4 nM by combining 2ul of 10nM PhiX library and
3ul of 10mM Tris-Cl. The PhiX library is from the PhiX genome and is used as an internal
control for the sequencing and alignment to estimate phasing and error rate. The diluted
control was also denatured by adding 5ul of 0.2 N NaOH to 5ul of the 4nM PhiX library and
diluted to 20pM with 990ul of pre-chilled HT1 buffer. The PhiX control 5% spike-in was
performed by combining 30ul of the denatured and diluted PhiX to 570 ul of the pooled
library. This was followed by loading the library onto the reagent cartridge from the
[llumina Miseq reagents kit v3 (lllumina). For detailed instructions on denaturing and
diluting libraries, the Illumina custom protocol which can be found by accessing the

following URL:

https://support.illumina.com/content/dam/illumina-

support/documents/documentation/system documentation/miseq/miseq-denature-

dilute-libraries-guide-15039740-03.pdf

2.6.3 Bridge amplification and sequencing-by-synthesis

Prior to sequencing, a manifest file and sample sheet were uploaded to the Miseq
instrument. The manifest file comprises amplicon and primers sequences which are being
targeted in the assay. The sample sheet contains a list of the samples and the unique

barcode sequences attached to each sample. Following preparation, the samples were
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amplified in the MiSeq instrument by bridge amplification and sequenced by synthesis by

attaching complementary, reversible dNTPs to the strand.

2.6.4 Alignment and variant calling

Following the sequencing run, reads with similar nucleotide orders were clustered
together and the forward and reverse reads were paired. The reads were aligned to form
contigs (overlapping fragments of DNA which form part of a specific region of DNA). The
contigs were aligned to a reference genome for comparison and to identify variants. The
MASTR Reporter data analysis software (Multiplicom NV) was used for contiguous
sequence alignment to the reference genome and for variant calling. The software
provides information such as read depth, zygosity, location of variant in the genome as

well as the variant change observed in the sequence.

A  software tool ~called WANNOVAR, which is freely available at

http://wannovar.wglab.org/index.php, was used for the functional annotation of the

variants identified by the MASTR Reporter software. The tool extracts data from public
databases such as 1000 Genomes, Exome Aggregation Consortium (ExAC), ClinVar and

dbSNP.

The 1000 Genomes database characterises whole-genome human genetic variation (in the
form of SNPs, insertions/deletions and structural variants) from various populations across
the different continents (Auton et al., 2015). The ExXAC database contains exome
sequencing data from different disease-specific and population genetic studies (Lek et al.,
2016). The ClinVar database combines human genetic variation with clinical phenotypes
(Landrum et al., 2014). The dbSNP database is a collection of genome-wide SNPs and
other small-scale genetic variations such as insertions/deletions and microsatellites

(Sherry et al., 2001). wWANNOVAR makes use of these public databases to provide as much
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comprehensive information about a variant as possible. For variants which had not been
previously classified and with no information available on wWANNOVAR and the public
databases, five in silico prediction tools were used to score pathogenicity. The prediction

tools are listed below:

Variant effect predictor — The predictor tool is part of the Ensembl database, and can be
utilised to annotate, analyse and provide an impact score of variants in both coding and
non-coding regions of the genome (Mclaren et al., 2016). The software scores variants as
having either low, modifier, moderate and high impact. Low and modifier impact scores
suggest that the variants lie in the location of a transcript where they do not produce a
damaging consequence on the protein product. The modifier impact, in addition, suggests
that the variant change may not alter protein function but it is possible that it is regulating

the expression of a transcript that lies downstream (McLaren et al., 2016).

Combined Annotation Dependent Depletion (CADD) — A prediction tool that is used to
determine the degree of pathogenicity of a variant (Kircher et al., 2014). The tool scores
SNVs as well as insertions and deletions by using multiple annotations (such as allelic
diversity, pathogenicity and regulatory function) and comparing variants that have
survived natural selection to variants that have been simulated by computer programs.
The tool can predict variants in coding and non-coding regions by providing a numerical
score. A score of 15 or more is suggestive of a potentially deleterious variant (Kircher et

al., 2014).

Sifting Intolerant from Tolerant (SIFT) - A tool that predicts the pathogenicity of SNVs
(missense and silent) which are located in the coding regions and are thought to affect
protein function. The prediction tool scores variants as either tolerated or deleterious

(Simetal., 2012).
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Polymorphism Phenotyping v2 — A tool that predicts the possible effect that an SNV has
on the function of a protein and its folding structure. The tool scores the variants as either

benign, possibly deleterious and probably deleterious (Adzhubei et al., 2013).

MutationTaster — A tool that is used to for variant annotation and to determine the
pathogenicity of a sequence variant. The tool evaluates variants that are protein coding
and those that are non-coding. The software predicts variants as either polymorphic or

disease-causing (Schwarz et al., 2014).

Based on the outcomes of these in silico analyses, variants that were identified and
previously unclassified were assigned with possible classification using the International
Agency for Research on Cancer (IARC) Unclassified Genetic Variants Working Group Five-
class System (Plon et al., 2008). Table 2-10 below describes the five class system of

variants proposed for use in genetic testing.

Table 2-10: The proposed classification system for sequence variants identified in genetic testing by the
International Agency for Research on Cancer (Plon et al., 2008).

Class Description

5 Definitely Pathogenic

Likely Pathogenic

4
3 Uncertain
2

Likely Not Pathogenic or of Little Clinical Significance

1 Not pathogenic or of No Clinical Significance
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3 RESULTS

In Chapter 3, the results and outcomes of the different objectives will be discussed. The
chapter begins with Section 3.1 which provides a description of the genotyping data from
the two BRCA2 mutation genotyping experiments. The results obtained from the
haplotyping analysis follows in Section 3.2. Section 3.3 presents the results from the
FANCG mutation screen. The chapter concludes with a presentation of the results from

the targeted gene panel component of the study in Section 3.4.

3.1 Mutation screening of the BRCA2 c.5771 5774 and c.582G>A mutations

A group of black South African women diagnosed with breast cancer and thought to be at
increased risk of having inherited breast cancer were screened for two BRCA2 mutations
of interest based on previous research in the Division of Human Genetics (Wits/NHLS).
Genotyping was performed to determine the frequency of these mutations in the sample
group and whether the mutations can in future be employed for targeted diagnostic

testing.

A single patient of the total 35 tested (equating to 2.86% of the sample) was found to
carry the ¢.5771 5774delTTCA mutation. The positive result obtained for the
¢.5771_5774delTTCA mutation was verified by the Molecular Diagnostic Laboratory at the
Division and communicated to the patient by a Genetic Counsellor. None of the 35

individuals screened for the ¢.582G>A mutation were identified to carry it.

Having observed these two mutations across multiple studies in two different sample
groups of unrelated individuals (i.e. breast cancer patients and FA patients), the overall
importance of the mutations in inherited cancer syndromes was interrogated. To

contextualise and understand their importance, literature from all studies which involved
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BRCA2 screening were perused to determine and compare the frequencies at which these
mutations were present in the different studies. Table 3-1 summarises the occurrence of
the two BRCA2 mutations in all breast cancer and FA studies conducted in the Division to

date including this study.

Table 3-1: A summary of the BRCA2 ¢.5771_5774delTTCA and/or c.582G>A mutations identified in the
breast cancer and Fanconi anaemia studies conducted in the Division of Human Genetics (Wits/NHLS)

Sample | c.5771_5774delTTCA c.582G>A
Study size
N Frequency N Frequency
(%) (%)
Chen, 2015 33 0 0.00 1 3.03
Francies et al., 2015 85 1 1.18 1 1.18
Feben et al., 2017 4% 2 50.00 1 25.00
Pitere, 2018 35 1 2.86 0 0.00
(Current)
Total 157 4 2.55 3 1.91

*Individuals in this study were from two families in which the probands were found to be biallelic carriers of
BRCA2 mutations. One proband was a compound heterozygote for the two BRCA2 mutations investigated in
this study and the other proband was a compound heterozygote of the ¢.5771_5774delTCCA mutation and
another BRCA2 mutation not under investigation in this study. The study was focussed on Fanconi anaemia,
while all the other studies in the table were on breast cancer.

A total of 157 individuals have been investigated among the various studies of these, the
c.5771 _5774delTTCA mutation has been identified four times while the ¢.582G>A
mutation has been identified three times. In the study performed by Feben et al., 2017,
two unrelated families were investigated where the probands were diagnosed with FA.
Upon genetic testing, one of the probands was found to be heterozygous for the
¢.5771_5774delTTCA and another BRCA2 mutation, while the other proband was found to
be a compound heterozygote of both the BRCA2 mutations investigated in this study. In
both families, no history of an IBC syndrome was reported. The remaining studies focused
on samples of patients who were diagnosed with breast cancer at younger ages.

Collectively, these two mutations account for only 4.46% across the various studies. The
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genotyped mutations were further investigated to determine whether they could

potentially indicate the presence of a founder effect.

3.2 Haplotype analysis

As discussed in section 2.4.2, the methodology employed to carry out this section of the
study was inherently flawed as a result of incorrectly selecting rare SNPs instead of
frequently occurring SNPs. The data is nonetheless presented here to demonstrate the

work of the candidate.

A total of five mutation carriers were included for haplotyping as DNA samples were only
available from those samples; one of the samples was positively identified for the
mutation in this study and the remaining four were positively screened in previous
studies. Of the five mutation carrier samples investigated in this study, two carried the
BRCA2c.582G>A mutation and three had the ¢.5771_5774delTTCA mutation. In addition
to the mutation carriers, 100 controls were included for the haplotype analysis to
investigate the presence of a founder effect in the black South African population for the
two above-mentioned mutations. Five markers were selected for the haplotype analysis as
previously mentioned in Section 2.4 and all the genotypes obtained for all mutation

carrier samples and the controls are listed in Appendix H.

The microsatellites were genotyped using CE. Of the two microsatellites genotyped, the
17xAT microsatellites showed diverse variation of allele sizes compared to the 21xTG
where the variation observed was minimal. As a MAF of less than 0.05 was selected in
error, it is not surprising that the SNP markers showed only minor variation in the control
samples and only a few heterozygous individuals were identified. In contrast, the
mutation-positive individuals were found to be monomorphic for the major allele “A” at

all three SNPs indicating that no variation was present in these individuals. Table 3-2
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presents the genotypes identified for each of the three SNPs and the number of
heterozygotes for each marker. None of the genotyped individuals were observed to be

homozygous for the minor alleles (“C” and “G”) for all SNP markers.

Table 3-2: A summary of the genotypes observed for the three BRCA2 single nucleotide polymorphisms in
the control group (n=100)

rs4986860 (A/G) rs9590940 (A/C) rs1801426 (A/G)
Homozygous (major allele) AA =95 AA =95 AA =77
Heterozygous AG=5 AC=5 AG =23
Homozygous (minor allele) GG=0 CcC=0 GG=0

3.2.1 Hardy-Weinberg equilibrium

Subsequent to SNP genotyping, the SNP results were used to calculate HWE to determine
whether there are evolutionary forces (i.e. natural selection or inbreeding) acting on the
population. Table 3-3 shows the different HWE p-values computed using the gPLINK
software. A p-value of more than 0.05 indicated a SNP that was in HWE. The data in Table
3-3 show that all SNP p-values computed were greater than 0.05 indicating that the SNPs

were indeed in HWE.

Table 3-3: The frequencies of observed and expected heterozygotes, and Hardy-Weinberg equilibrium p-

values computed using gPLINK for each SNP located in the BRCA2 gene and selected for haplotyping.

SNP ID Genotype Observed heterozygote | Expected heterozygote | P-value
frequencies frequencies

rs4986860 AG 0.05 0.04875 1

rs9590940 AC 0.05 0.04875 1

rs1801426 AG 0.23 0.2036 0.3534
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3.2.2 Linkage disequilibrium

Linkage disequilibrium was measured for the 17xAT and 21xTG microsatellite markers to
determine whether they are inherited together. The results obtained from the Ensembl
genome browser measured the average linkage disequilibrium correlation coefficient (D’)
as 0.92 and the correlation coefficient of allele frequencies (r?) as 0.23. The simulated r?
indicates that the alleles at the loci are rare. These results, therefore, indicate that both

loci will always be co-inherited (due to high D’) when the rare alleles are present.

3.2.3 Haplotype analysis

Haplotypes were constructed using SNP and microsatellite marker genotyping data. The
analysis was performed to determine how frequently the haplotypes observed co-
segregate with disease occur in the general population and whether a founder effect
exists for either of the two mutations in the black South African population. For the
mutation-positive samples, seven possible haplotypes were constructed using the PHASE
software and 93 haplotypes were estimated for the control samples (Appendix I). The
paired constructed haplotypes for individuals with the ¢.582G>A and ¢.5771_5774delTTCA
are presented in Tables 3-4 and 3-5, respectively. The haplotypes were analysed
separately by comparing mutation-carriers of each mutation. This was performed to
determine whether similar haplotypes segregate with the same mutation and to provide

evidence for or against the presence of a founder effect.

Table 3-4: The haplotypes constructed by the PHASE software for the mutation carriers of the BRCA2
¢.582G>A mutation.

Mutation Patient Possible haplotypes
1 11AAA21
c.582G>A 11AAA21
12AAA19
2 22AAA19
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The haplotypes in are presented by the order of markers as such: 17xAT SNP1-SNP2-SNP3
21xTG (as illustrated in Figure 2-3). The results obtained and presented in Table 3-4
indicate that individuals with the BRCA2 ¢.582G>A mutation do not share a full haplotype.
However, the small number of patients analysed and the minimal variation observed at
the SNP regions do not conclusively provide evidence for or against the presence of a
founder effect. The same comparison was performed for the c.5771_5774delTTCA and the

results are depicted in Table 3-5 below.

Table 3-5: The haplotypes constructed by the PHASE software for patients with the BRCA2
¢.5771_5774delTTCA mutation

Mutation Patient Possible haplotypes
3 10AAA21
10AAA21
€.5771_5774delTTCA 4 12AAA18
12AAA21
5 11AAA17
10AAA21

Patients 3 and 5 share a common 10 AAA 21 potential haplotype. Patient 4, however,
shows a different haplotype. The monomorphic SNPs in the haplotypes do not provide
enough evidence to segregate potential disease-susceptibility haplotypes from normal

haplotypes.

Subsequent to comparing haplotypes to individuals carrying the same mutation, the
mutation carrier samples and control samples were compared to each other to determine
haplotypes appearing in both groups and how frequently they occur. Five common
haplotypes between the mutation-positive and control samples were observed and are
presented in Table 3-6, along with the number of alleles in which they appeared in the

control samples, the ¢.5771-5774delTTCA and c.582G>A mutation-positive samples.
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Table 3-6: Shared haplotypes observed in either the BRCA2 c.5771-5774delTTCA or c.582G>A mutation-
positive individuals and control samples.

Haplotype €.5771-5774delTTCA ¢.582G>A mutation-positive | Number of alleles (controls)
mutation-positive

10 AAA 21 3 0 1

11 AAA 17 1 0 17

12 AAA 18 1 0 1

12 AAA 19 0 1 1

12 AAA 21 1 0 8

The haplotype 10 AAA 21 appeared more frequently in the ¢.5771_5774delTTCA mutation
individuals than in the controls, potentially segregating with disease but larger studies
would be required to be more definitive. The haplotypes 11 AAA 17 and 12 AAA 21
appeared frequently in the control alleles and may be indicative of haplotypes common in
the normal population and not segregating with disease. The haplotypes 12 AAA 18 and
12 AAA 19, however, are less informative about disease-segregation as they each

appeared once in the mutation-carrier group and the control group.

Biases were expected in the interpretation of haplotypes and allelic frequencies as the
control group was larger in size than the mutation-carrier group. The haplotype analysis
failed to reveal a founder haplotype for either of the BRCA2 mutations. The accuracy of
the results was further skewed by the incorrect SNPs under study and the small sample

size of the mutation-positive individuals.

3.3 Mutation screen of the FANCG c.637 643delTACCGCC mutation

Following the haplotype analyses, the FANCG seven base-pair c. 637_643delTACCGCC
mutation was investigated because FA gene mutations in heterozygous form have been
shown to contribute to the IBC phenotype. The FANCG mutation is a founder mutation in

the black South African population which, when in its homozygous or compound
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heterozygous state with another FANCG mutation, gives rise to FA (Morgan et al., 2005;
Wainstein et al., 2013). As such, the possibility of its contribution to the IBC was
investigated when it is in its heterozygous state. A sample of 119 black and coloured
patients suspected to be at increased risk for IBC were screened for the mutation, using
PCR amplification followed by capillary electrophoresis. The wild-type allele obtained from
the genotyping was 102 bp but when the mutation was present, the mutant allele was 95

bp as illustrated in Figure 3-1.
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Figure 3-1: Capillary electropherograms illustrating the presence and absence of the FANCG
¢.637_643delTACCGCC mutation.

A) A heterozygous individual with the wild-type allele, (102 bp) and the mutant allele (95 bp) resulting from
the seven base pair deletion. B) A homozygous individual for the wild-type allele. For a person suspected of
having an inherited breast cancer syndrome, it would be expected of them to have the mutation in its
heterozygous state as in A should the disease be associated with the presence of the FANCG mutation.

None of the 119 individuals screened for the FANCG gene mutation tested positive. It is
unlikely that the mutation has a significant role in breast cancer development or that a

larger sample size needs to be tested to provide statistical evidence.

3.4 Next generation sequencing

For the final part of the study, a next generation sequencing approach was used to

examine patients thought to be at increased risk of an IBC syndrome for pathogenic
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mutations in 26 inherited cancer susceptibility genes. All patients (n=24) selected for
targeted sequencing were black South African females, diagnosed with breast cancer at
the age of 50 years or younger. A number of these patients (27.8%) have previously been
tested and found not to have mutations in BRCA1 or BRCA2 but were included here to
enrich results for other cancer susceptibility genes. Twenty-six cancer susceptibility genes
were screened for as shown in Section 2.6.2. This section will be divided into the quality
control results determined during library preparation and the results determined

following sequencing on the lllumina MiSeq instrument.

3.4.1 Library preparation

Library preparation was performed by rounds of amplification to target the regions of

interests, attach adaptors and MIDs to the various samples.

3.4.1.1 Quality control to confirm the annealing of primers to target genes

The first step in the preparation of libraries was to perform a multiplex PCR that allowed
all primers targeting the 26 genes of interest to anneal to the DNA samples. This was
followed by purification and then gel electrophoresis to determine whether the primers
bound and if amplification was successful as shown in Figure 2-5. All 24 samples had
amplicons of approximately 450 bp in size, indicating successful amplification and

purification.

3.4.1.2 PCR for the annealing of adaptors and molecular identifiers

PCR was performed to anneal adaptors and MIDs to the DNA samples. The MIDs were
annealed to ensure that samples can be distinguished from each other after sequencing. A
quality control step was performed using the Agilent Bioanalyzer to determine the
fragment size of each amplicon library. Ten of the 24 libraries were randomly selected for
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quality control and the results are shown in Figures 3-2, 3-3 and 3-4. The Bioanalyzer
traces were expected to show peaks between 350 bp and 550 bp. An internal control was

included to determine whether the instrument was detecting signal.

Control
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Figure 3-2: Image of a Bioanalyzer trace indicating the the internal control.
An internal control was included to ensure the accuracy and function of the instrument. The internal control
fragment was sized at approximately 250 bp as expected.
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Figure 3-3: Example image of a Bioanalyzer trace for a successful library.

Six of the ten selected libraries produced the expected signal between 350 bp and 550 bp indicating
successful annealing of adaptors and molecular identifiers. The signal observed at approximately 160 bp is
indicative of adaptor dimers present in the sample.
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Figure 3-4: Example image of a Bioanalyzer trace for an unsuccessful library.
Four of the ten selected libraries were unsuccessful with no signal between 350 bp and 550 bp. The signal

observed at 100 bp is indicative of primer dimers present in the sample.

3.41.3 Pooling of the purified tagged amplicons

Following Bioanalyzer analysis and molarity calculations (Section 2.6.4.2, page_), six
libraries found to have a molarity under 7nM (four of these had no amplification as
indicated in Figure 3-4), were excluded from further analyses. This meant that only 18 of

the 24 libraries prepared could be taken forward for sequencing.

Each of the libraries was diluted to a concentration of 4nM. The libraries were pooled,
denatured and diluted further to a concentration of 20pM as detailed in Section 2.6.4.2.2.
The concentration of the pooled libraries was confirmed on the Bioanalyzer. The pooled
libraries were loaded on the reaction cartridge and onto the lllumina MiSeq instrument
for sequencing. The results obtained from the instrument are fully presented in Section

3.5.

3.5 MiSeq sequencing results for the Multiplicom BRCA Hereditary Cancer MASTR™

Plus kit

During sequencing, the quality metric was obtained as outlined in Appendix J. The quality
metric shows that a phred quality score (Q30) of 88.4% was achieved by the platform. A
cluster density of 1232K/mm? was obtained and 85.7% of the clusters are shown to have

passed filters. These metrics indicate that the sequencing run was of good overall quality.
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Subsequent to sequencing, the FASTQ files generated from the MiSeq instrument were
aligned to human reference genome (GR37/19 build) using the MASTR Reporter data
analysis software and variant calling files were obtained and variants were subsequently

annotated.

A total of 657 variants were identified across the 26 genes investigated in the 18 patient
samples. A total of 411 variants were located in the intronic regions, making up
approximately 62.5% of all variants. The variants in the coding regions made up
approximately 27.5% of all identified variants and 96.7% of them were single nucleotide
variants (SNV). A summary of the total number of variants identified per sample library is
outlined in Table 3-7. Subsequent to functional annotation of the variants, they were
categorised as either benign, likely benign, variants of uncertain significance, likely
pathogenic or pathogenic (see Table 2-10) based on evidence outlined in available

literature and the prediction scores obtained from the in silico prediction tools.
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3.5.1 Previously described Class | and Class Il Variants

A total of 248 previously reported as benign or likely benign variants were identified and
are listed in Appendix K. The variants have been previously reported on ClinVar as either
benign (class 1) or likely benign (class Il). The TP53 variant, c.215C>T, has not been shown
to confer risk to the development of breast cancer but it has been reported to affect the
efficacy of drugs. Two intronic variants, c.214-44G>A in RAD50 and ¢.8755-66T>C in BRCA2
are both reported as benign and in silico prediction tools indicate that they do not alter
the splice-site and have no damaging effect on the protein. Three of the benign variants
have merged rs numbers in dbSNP. The variants with merged ID’s are: ¢.3476-12_3476-
10delTTC in RAD50 was previously rs147883712 and is now rs730881922, c.165-13_165-
10delGTTT in PTEN was rs531173559 and is now rs786204877, and c.706-5_706-4delTT in
PMS2 was rs531184698 and is now rs776641246. The benign variants have no
consequence on phenotype and thus, do not predispose individuals to IBC. MAF for the

variants were extracted from 1000 Genomes and ExAC databases.

3.5.2 Previously described Class IV and V Variants

Three previously reported pathogenic variants which led to a diagnosis of IBC were
identified in three unique patients (16.67%) in this study and are listed in Table 3-8. The
variants had not been reported in 1000 Genomes nor the EXAC database. Two of the three
mutations were identified as truncating, nonsense mutations while the one was
determined to be a missense mutation.

Table 3-8: Three previously reported pathogenic mutations in known inherited cancer susceptibility genes

which were identified in this study using a next generation sequencing approach in three different
individuals

Gene HGVS DNA | HGVS Protein | Mutation dbSNP References
nomenclature nomenclature type

ATM c.1369C>T p.Argd57Ter Nonsense rs749036865 van Os et al., 2017

BARD1 c.3G>A p.Metllle Missense rs587780031 N/A

RAD50 c.412C>T p.Argl38Ter Nonsense rs786203485 Aloraifi et al., 2015

Page | 68




The ATM mutation, c.1369C>T (p.Arg457Ter), is listed as pathogenic in the ClinVar
database and has been previously identified in patients with Ataxia Telangiectasia (Hoche
et al., 2014; van Os et al., 2017). The mutation results in a premature transcription stop
codon, leading to a truncated mRNA transcript which may be degraded by nonsense-

mediated mRNA decay or the transcript may produce a dysfunctional protein.

The BARD1 mutation, c.3G>A (p.Metllle), is reported on ClinVar as pathogenic but no
supporting citations are available. This mutation interrupts the transcription initiation
codon by changing it from a Methionine to an Isoleucine amino acid. It is expected that a
protein will not be produced as the translation signal (Methionine) is eliminated. This
¢.3G>A change has been seen to be pathogenic in genes such as RAD50 and BRCAZ2 in

breast cancer patients (Konecny et al., 2011; Foley et al., 2015).

The RAD50 mutation, c.412C>T (p.Argl38Ter), was identified as a novel mutation in a
breast cancer patient who had previously tested negative for BRCA1 and BRCA2 (Aloraifi
et al., 2015). The mutation results in a truncated mRNA transcript and thus, predicted a

dysfunctional protein (Aloraifi et al., 2015).

3.5.3 Class lll Variants

Variants of uncertain significance (VUS) are variants whose protein effects, function and
association to disease are unknown. To determine how frequent the VUS appear in the
population, minor allele frequencies (MAFs) from 1000 Genomes and ExAC were used.
The frequencies extracted were those observed in all populations and those solely in
individuals of African descent (AFR). In silico prediction tools mentioned in Section 2.6.4
were used to predict the possible pathogenicity of the variants identified. To differentiate
the various VUSs identified in the study, the following sub-classifications for the variants

were implemented and are outlined in Table 3-9.
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Table 3-9: The sub-classification of the various variants of uncertain significance identified in this study

Section VUS Sub-Classification Description Number of Variants
3.53.1 True VUS All reports in the literature suggest these | 16
are true class lll variants.
3.5.3.2 Variants  with  conflicting | Variants with different classifications by | 21
interpretations different groups of individuals
3.5.3.3 Novel variants Variants appearing for the first time in this | 95
study
3,534 ExAC reported variants Variants have been previously reported on | 49
the ExXAC database but have not been
classified
3.5.3.5 dbSNP and 1000 Genomes | Variants have been previously reported in | 127
reported variants dbSNP and 1000 Genome databases but no
there is no literature suggesting the
classification of the variants
3.5.3.6 ExAC, dbSNP and 1000 | Variants have been previously reported in | 98
Genomes reported variants ExAC, dbSNP and 1000 Genome databases
but no classification of the variants is
available
Total 406

3.5.3.1 True variants of uncertain significance

A total of 16 variants which have been previously reported as true class lll variants were

identified in this study and are outlined in Table 3-10 below.
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The MEN1 variant, c.1621G>A and the MSH6 c.4002-11_4002-10delTT variant were seen at high
frequencies in this study and may possibly common variants rather than disease-causing. The ATM
variant, c. 2096C>T which is highlighted in red, is the only variant that was predicted by at least three
prediction tool as possibly deleterious. The variant changes glutamic acid to glycine which leads to
changes in the composition of the side chain of the amino acid, which may ultimately affect protein
folding and structure and possibly function. Further studies can be conducted in the future to

determine the effect of variant on protein function.

The BARD1 ¢.1518 1519delTGinsCT was observed at a high frequencyin this study. It has been
reported on ClinVar with conflicting interpretations of pathogenicity.The variant replaces two
adjacent nucleotides which lead to a missense variant in both positions. The missense variants,
¢.1518T>C and c.1519G>T, were observed to have frequencies of 0.8119 and 0.000424, respectively
in an East Asian subpopulation. The ¢.1519G>T variant frequency is twice the estimated maximal
expected allele frequency for a pathogenic BARD1 variant (0.0002188). Both frequencies observed in
the East Asian population may suggest that the c¢.1518 1519delTGinsCT variant is a benign

polymorphism but further investigations are warranted to correctly classify the variant.

3.5.3.3 Novel variants

Another class of variants identified in this study are those categorised as novel. These variants have
not been previously reported in the literature. A total of 95 novel variants were identified in this
study. Thirteen of the 95 variants were predicted to be disease-causing by at least three of the in silico
prediction tools used and they are highlighted in Table 3-12 below. The remaining 82 variants are

listed in Appendix L and may possibly be benign but more confirmations will be required.
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The BLM c.1536delA variant was present in heterozygous form in the 18 individuals who
were included in this study. The variant may not be pathogenic in its heterozygous state
but its effects when homozygous may need to be investigated. The frameshift variant
c.2156delT in the RAD50 gene is located in a noncoding exon. The variant is, therefore, not
expected to produce a deleterious protein but it will need to be further investigated as it

may be a modifier of downstream genes.

3.5.3.5 dbSNP and 1000 Genomes reported variants

Another class of variants observed in this study were those which have been previously
reported in dbSNP and 1000 Genomes databases. A total of 127 of these variants were
identified in the study and their pathogenicity tested against five prediction tools. One
hundred and seven variants of the 127 were determined to be intronic and the remainder
were in untranslated regions, splice donor and acceptor sites and in between genes. Only
one variant was in the exonic region and it was a synonymous variant. A variant in the
ATM gene, ¢.6573-42delT, has merged rs numbers from rs398017511 and is now

rs11366542. The variants identified are in Appendix N.

3.5.3.6 dbSNP, EXAC and 1000 Genomes reported variants

A total of 98 variants identified in this study have been previously described in the dbSNP
database and the the 1000 Genomes and ExAC databases. The pathogenicity associated
with each of the identified variants has not been reported. Thus, the five in silico tools
utilised in this study were used to predict how deleteriousness of the variants and the
results are in Appendix O. None of the variants were predicted to be disease-causing by at
least three of the tools used, which could potentially mean that the variants do not confer

any risk to disease-development. However, this will need to be validated in the future.

Page | 78



The ¢.20+141G>A variant in the MRE11A gene was identified in this study. The variant was
found to be located in the splice donor site and it was homozygous. Further analysis will
be required to determine whether the variant does not affect transcription or cause exon-

skipping which could lead to aberrations in the protein function.

3.6 Identification of variants in African Genome database

Some of the variants identified in Section 3.5 were searched in the African Genome
Variation Project (AGVP) database to determine how frequently the variants occur in
African populations. Eight variants were selected, including the three pathogenic
mutations in Section 3.5.2. The PMS2 c.269C>G variant was previously only observed in
the ExAC database as described in Section 3.5.3.4 (page _). The remaining four variants
are novel class Ill variants which were predicted to be disease-causing by the in silico tools
used in the study. The variants that were run through the AGVP database are in Table 3-
14.

Table 3-14: The eight variants selected and searched in African Genome Variation Project (AGVP) databases
to determine their frequencies in African population/s.

Three of the mutations (highlighted in red) have been previously reported as pathogenic. The remaining five
variants were novel and predicted to be deleterious.

HGVS nomenclature Gene Protein nomenclature
c.1369C>T ATM p.Argd57Ter
c.286G>A ATM p.Glu96Lys

c.3G>A BARD1 p.Metllle

c.1887delC MRE11A p.Glu632Hisfs*15
c.2478G>C PMS2 p.Glu826Asp
€.269C>G PMS2 p.Ser90Cys
c.802-2delAinsTT PTEN N/A

c.412C>T RAD50 p.Argl38Ter
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Of the eight variants selected and searched in AGVP, only the RAD50 c.412C>T nonsense
mutation was present in the dataset at a low frequency of 0.001 in 320 samples. The

variants in the table are possibly very rare or need to be interrogated in larger datasets.

3.7 Variant verification using Sanger sequencing

A novel splice-site mutation in PTEN, c.802-2delAinsTT, was identified in a patient who
was also found to carry the ATM ¢.1369C>T nonsense mutation. A similar PTEN mutation,
€.802-2A>T, has been previously reported as a pathogenic mutation and has the dbSNP ID:
rs587782455. The mutation has been associated with a hereditary cancer-predisposing
syndrome and it was therefore pertinent to confirm whether this mutation was present.
To confirm the presence of the PTEN mutation and a second pathogenic mutation in the
same individual, Sanger sequencing (studying the forward and reverse sequences) was
performed to determine whether the splice-site mutation was present or whether
slippage occurred in the poly-T stretch surrounding the mutation. The results from the

sequencing are shown in Figures 3-5 and 3-6.
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Figure 3-5: A sequencing chromatogram illustrating the forward sequence region of the PTEN gene
containing the supposed c.802A>TT splice-site variant.

The image indicates a poor sequence region where multiple peaks are present at the site of the mutation
(illustrated by arrow) which are possibly due to polymerase slippage
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Figure 3-6: A sequencing chromatogram illustrating the reverse sequence region of the PTEN gene
containing the supposed c.802A>TT splice-site variant.

At the position of the variant change (shown by arrow), a single peak is observed which indicates
homozygosity of the “T” allele and the absence of a mutation.

The Figures in 3-5 and 3-6 indicate the forward and reverse sequences which were
targeting the region of the ¢.802-2delAinsTT mutation. The reverse sequence in Figure 3-6
indicates a single peak which can be interpreted as a homozygous, normal genotype. This,
therefore, excludes the presence of a mutation at that site in contrast to the forward
sequence where the sequence is unclear. Figure 3-5 confirms that slippage of the
polymerase occurred during sequencing of the forward sequence which ultimately led to a
false-positive result being observed. These images highlight the importance of confirming

NGS variants by using Sanger sequencing to ensure accurate results.
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4 DISCUSSION

This chapter will discuss the findings from the study and the implication/s thereof. A
discussion of the results of all study components will be covered in first part of the
chapter. The latter portion of the chapter will discuss the implications of the study on the
participant, their families as well as the genetic testing approach for black South African
women with breast cancer. The chapter will conclude with a discussion of the limitations

of the study and elaborate on ideas for future research prospects.

4.1 BRCA2 mutation screening

Two mutations (¢.582G>A and ¢.5771_5774delTTCA) in the BRCA2 gene were screened for
in breast cancer patients. The mutations were selected as they had been previously
observed in a number of unrelated individuals with breast cancer who had been
genetically screened at the Division of Human Genetics, Wits/NHLS. As such, the presence
of a founder effect was suspected and the mutations were included in the study to

elucidate their frequencies in black South African individuals with breast cancer.

The results from this study revealed only a single additional patient (in a group of 27 black
and eight coloured women with breast cancer) who tested positive for the
¢.5771_5774delTTCA mutation while none tested positive for the ¢.582G>A mutation.
Both mutations are thus relatively rare and this is supported by previous studies
conducted in the Division. Studies performed to date, including the current one, in the
Division show a cumulative frequency of 4.46% (7 out of 157) individuals who were
identified as carriers of the ¢.5771_5774delTTCA mutation while 3 of 157 (1.91%) were
identified as c.582G>A mutation carriers (Chen, 2015; Francies et al., 2015; Feben et al.,
2017). All the individuals identified to carry the mutations in the Division were black and
no coloured individuals were identified to carry either of the mutations. The

¢.5771_5774delTTCA mutation was previously reported in the Western Cape in black
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Xhosa and coloured populations (van der Merwe et al., 2012). The results from the
Western Cape study showed a 6.6% pick up rate for the BRCA2 ¢.5771_5774delTTCA
mutation; where 4/16 (25%) were black South African Xhosa individuals and 4/105 (3.8%)
were coloured individuals. The differences in mutation frequency could be attributed to
the studies being undertaken in different geographical regions with this study being
performed in Gauteng and the other study in the Western Cape. In the Western Cape, the
majority of the black South African habitants are of the Xhosa ethno-linguistic grouping
and they account for approximately 25% of the provincial population, while the coloured
population accounts for about 49% (Census, 2011). However, the demographics are
different in Gauteng, with Xhosa speakers accounting for about 7.3% of the population
(Census, 2011). It is possible that this mutation is enriched in the Xhosa group and not
necessarily as prevalent in the Gauteng region which is known to be ethno-linguistically
and culturally diverse. In addition to this mutation being reported in South African
populations, mutation carriers have been previously observed in individuals residing in the
Netherlands and the mutation was reported in the Breast Cancer Information Core [BIC] in
the period between 1997 and 1998 (Breast Cancer Information Core [BIC], 2017). The
coloured population in the Western Cape arose from admixture between Dutch settlers
and indigenous South African populations, including those of the Xhosa tribe (Petersen et
al., 2013). This explains why the mutation is also observed in the coloured population in

the Western Cape region.

The BRCA2 c.582G>A mutation is reported as a pathogenic mutation and was previously
added to the BIC database in 1997 (BIC, 2017). In recent years, the mutation has been
identified in four individuals of African descent in studies conducted in South Africa (Chen
2015; Francies et al., 2015; Feben et al., 2017). The mutation has been recently identified
in an ovarian cancer patient in the Netherlands (Weren et al., 2017), suggesting that the
mutation may predispose to hereditary breast and ovarian cancer syndromes as it has
been previously seen in breast cancer patients and a patient with ovarian cancer (Chen

2015; Francies et al., 2015; Weren et al., 2017).
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4.2 Haplotyping analyses of the BRCA2 region

SNP and microsatellite-based haplotypes were constructed to determine whether a
founder effect could be determined for the two proposed BRCA2 mutations. The two
microsatellite markers (17xAT upstream of BRCA2 and 21xTG downstream of BRCA2) in
this study showed a wider variation in the control group, compared to the mutation-
carrier samples. This can be ascribed to the smaller sample size used for the mutation-
carriers. The BRCA2 SNP markers (rs4986860" (A/G), rs9590940 (A/C) and rs1801426
(A/G)) genotyped in this study were found to be polymorphic in the control samples but
not in the mutation carrier group. The rs1801426 SNP shows a MAF frequency of 0.115
(23/200) in the black South African control population in this study but no homozygotes
were observed for the minor allele. It is possible that the homozygote minor allele

genotype is rare in this population.

The mutation carriers showed no variation and were monomorphic for all SNPs. This is
possibly due to the error in selecting SNPs with MAF less than 0.05 (5%) which are quite
rare in the general population. Additionally, the sample size of the mutation-positive
samples was significantly low and this also, could have contributed to the lack of variation
observed in this group of samples. This, overall, made it difficult to discriminate
haplotypes showing disease-association from those found in the normal population.
Individuals with the same BRCA2 mutations were expected to have similar haplotypes but
the results were inconclusive as only a small sample size was interrogated and the SNPs
showed no variation. Thus, no significant founder haplotypes for IBC could be inferred
from the results that were obtained from the study. However, if this section of the study
were to be replicated should funds and additional mutation-positive samples become
available in the future, the following SNPs could be used for the construction of
haplotypes and it is anticipated that the desired results may be obtained; rs1799955 with
MAF of 0.28 (28%), rs9634672 with MAF of 0.23 (23%) and rs7334543 with MAF of 0.22

'SNP rs4986860 has recently been merged with rs52813470 making it a triallelic SNP with A/C/G variation.
The SNP was biallelic at the time when genotyping and haplotyping were performed in the study. Results
may be bias and not representative of the C allele.
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(22%). These SNPs together with an increased sample size may produce the founder
haplotypes required to conclusively confirm the two BRCA2 mutations as founder

mutations for the black population in South Africa.

Founder mutation testing has proven useful in many populations as a starting point for
the evaluation of HBOCS. An example is the Afrikaner population in whom three breast
cancer founder mutations have been described as: BRCA1 c.1374delC, BRCA1 c.2641G>T
and BRCA2 c.7934delG (Reeves et al., 2004; van der Merwe et al., 2009). In a recent study,
the prevalence of the Afrikaner BRCA mutations was determined in a group of patients
found to be carrying a deleterious BRCA mutation. Of the 18 individuals who tested
positive for a BRCA mutation, 14 (77.8%) carried one of the founder mutations, with the
BRCA2 ¢.7934delG being the most prevalent and occurring in 66.7% of the sample size
(Seymour et al., 2016). Founder mutation screening has shown to be cost-effective for this
population. The costs for Afrikaner founder mutation testing are estimated to range
between R1600 and R3500 while costs for comprehensive screening for BRCA1 and BRCA2
range between R9000 and R25000 (Seymour et al., 2016).

Founder mutations are often limited to a population and only present for certain
disorders. When such mutations are identified, it allows for cost effective testing to be
performed as seen with the Afrikaner population for example (Seymour et al., 2016). It
would be beneficial to identify founder mutations, if present, for the black South African

population as this could be both time saving and cost effective.

The results obtained from the BRCA2 mutation screen in this study illustrate that the
mutations account for a minority of black South African HBOCS cases and thus, first line
founder mutation screening may not be beneficial in a diagnostic setting as the positive-
mutation rate would be low. The reduced cost of this type of testing does not appear to

be justified due to the low yield of mutations and thus, the necessity to continue with full
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sequencing and large rearrangement analysis in the BRCA genes as well as the potential
need to screen other inherited cancer susceptibility genes is still required. Despite this,
the concept of founder mutation testing is still a valid approach especially in a resource-
limited setting and so additional work to evaluate the presence of other founder

mutations in other genes should be considered.

4.3 FANCG c.637-643TACCGCC mutation screen

The ¢.637-643TACCGCC mutation in the FANCG gene was shown to account for 80% of
mutant alleles in the FANCG gene for affected FA individuals in the black Southern African
population (Morgan et al., 2005). The mutation was included for evaluation in this study
to determine its contribution and connection to IBC. Other FA genes have been shown to
be associated with an increased susceptibility to breast cancer as the two conditions are
caused by genes which function in a common pathway. A total of 119 individuals
suspected to have an inherited breast cancer syndrome were screened for the FANCG
mutation and none of the individuals tested positive for the mutation. Considering that
the carrier frequency of the founder FANCG mutation in the general population is
approximately 1% (Morgan et al., 2005), it seems unlikely to contribute significantly to the

emergence of IBC in this population.

The findings from this study are consistent with those found in previous studies. In one
study, FA genes including FANCG were screened in 88 families with an IBC syndrome who
had previously tested negative for BRCA1 and BRCA2 mutations. No obvious deleterious
mutations were detected in FANCG in this study (Seal et al., 2003). In a study conducted in
a Finnish population, FA gene mutations were screened to determine their contribution to
inherited breast and prostate cancer syndromes. The FANCG ¢.832insG mutation was
identified in one of 1174 breast cancer cases who was diagnosed at the age of 43 years
and had no family history of disease. The mutation was not observed in the healthy

control samples. It was postulated that although the heterozygous frame-shift mutation
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was detected, it did not confer high or moderate risk for breast cancer (Mantere et al.,
2015). It is possible that FANCG mutations do not make a significant contribution to IBC or
they confer a very low risk for disease. Nevertheless, only the single founder mutation in
the FANCG gene was evaluated in this study and so additional research may be warranted

to exclude FANCG as a significant contributor to IBC in general.

4.4 Next generation sequencing: multi-gene panel testing

Next generation sequencing (NGS) technologies were first introduced in 2005 to overcome
the limitations of the Sanger sequencing technology (Margulies et al., 2005). Unlike Sanger
sequencing, NGS techniques are high-throughput and their applications include
sequencing of the entire genome, exome (coding regions) or targeted regions of the
genome. NGS technologies make use of massively parallel sequencing (MPS) to decipher
the genetic code (Margulies et al., 2005). MPS enables multiple genes to be sequenced
simultaneously on a large-scale, drastically reducing time and costs associated with
sequencing in comparison to Sanger sequencing. The first human genome sequence cost
approximately $2.7 billion in 2001. Over the years, the cost has reduced drastically to an
estimated $1000 in 2016 (Weymann et al., 2017). This, therefore, enables scientists to

perform large-scale sequencing at affordable prices.

The advent of NGS technologies has made it possible to study complex traits with less
difficulty. Due to the nature of these traits being genetically heterogeneous, single gene
testing for the associated genes is costly. NGS can therefore identify all predisposing
variants and susceptibility loci associated with a particular complex trait in one test
(Winship & Southey, 2016). Furthermore, NGS technologies can be effectively used to
identify indels (insertions/deletions), single nucleotide variants (SNVs) and copy number
variants (CNVs). Although there are a number of advantages to utilising NGS technologies,

there are complications to these technologies; these include the identification of multiple
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variants of uncertain significance and incidental findings. These remain a significant

challenge for clinicians to report back to patients (Winship & Southey, 2016).

The NGS application utilised in this study was a targeted gene panel. Targeted gene
sequencing is used to evaluate only genes that are of interest for a particular trait (Gray et
al., 2015). This, therefore, increases the speed at which results are obtained and also
significantly reduces costs and data associated with sequencing compared to whole-
exome or whole-genome sequencing. Additionally, gene panels produce high read depth,
approximately 500X, increasing the accuracy of the assay. Novel and rare variants are
thus, more confidently called (Gray et al., 2015). Given the large quantity of variants as
well as the high read depths achieved in this study, as well as the well-defined gene
contributors to IBC, the choice of a targeted gene panel for this study was justified. For
the purposes of this study, amplicon targeted sequencing was chosen to sequence the 26
cancer susceptibility genes of interest. Targeted sequencing of the 26 cancer susceptibility
genes was performed to detect deleterious mutations in additional cancer genes (beyond
BRCA1 and BRCA2) that had not been previously investigated in the black South African
population. Furthermore, this was performed to potentially increase the mutation
detection rate in black South African patients with breast cancer suspected to have a
hereditary component. Following sequencing and analysis, the variants were categorised
as either benign (class | and class Il), pathogenic (class IV and class V) or variants of
uncertain significance (class Ill). The majority of the variants identified were found in the
ATM gene and this can possibly be attributed to the large genomic size of the gene

(approximately 150kb).

4.4.1 Previously described Class | and Il variants

A total of 248 previously reported benign or likely benign variants were identified in this
study as outlined in Appendix K. These variants do not confer a risk to the development of

breast cancer and were reported in ClinVar as either benign or likely benign. Two intronic
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variants, ¢.214-44G>A in RAD50 and c.8755-66T>C in BRCA2 are both reported as benign
in ClinVar and in silico prediction tools show that they do not alter the splice-site and have
no damaging effect on the protein. The allele frequencies in African populations in 1000
Genomes and ExAC datasets indicate that the derived allele for the majority of the
variants are rarer than those that are ancestral. The benign and likely benign variants
identified have been reported to have no consequence on phenotype and thus, do not
predispose individuals to IBC. The large number of variants identified as benign or likely
benign in this study serves to highlight the great genomic diversity which is observed in

African genomes.

4.4.2 Previously described Class IV and V variants

Pathogenic variants are those which show a clear significance for a clinical phenotype and
have a 99% minimum likelihood to be pathogenic (Plon et al., 2008). Some pathogenic
variants are truncating and lead to the production of an incomplete mRNA transcript
(Miller & Pearce, 2014). These variants introduce premature stop codons through the
incorporation of point mutations and small insertions or deletions. The mRNA can be
subjected to the nonsense—mediated mRNA decay pathway where it will be degraded,
significantly reducing the levels of protein in the cell and ultimately leading to disease
(Miller & Pearce, 2014). Two truncating variants, ATM ¢.1369C>T (p.Argd57Ter) and
RAD50 c.412C>T (p.Argl38Ter) which both result in a premature stop codon were

identified in this study in two unrelated patients.

Ataxia Telangiectasia (AT) is a disorder inherited in an autosomal recessive manner and
arises due to mutations in the ATM gene (van Os et al., 2017). The ATM c.1369C>T
mutation observed in this study was previously identified in a homozygous and compound
heterozygous state with another ATM gene mutation in patients with AT (Hoche et al.,
2014; van Os et al., 2017). Women found to be heterozygous carriers of truncating

variants in ATM have been shown to be at high risk for developing breast cancer as the
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heterozygous variants tend to act as dominant negatives (Goldgar et al.,, 2011). In
addition, the penetrance associated with truncating mutations in ATM was estimated to
be similar to the penetrance associated with germline mutations in the BRCA2 gene

(Goldgar et al., 2011).

In a recent study, the ATM gene was investigated to determine its role in breast cancer
development in a Moroccan population (Marouf et al., 2017). Breast cancer patients
(N=163) and controls (N=150) were screened for the ATM ¢.7271T>G and c.1066—-6T>G
variants which had been previously associated with an increased risk for breast cancer
development. Forty of the patients in the Moroccan had previously tested negative for
mutations in the BRCA1 and BRCA2 genes and thus, further investigation was required.
Subsequent to genotyping, the results from the study indicated that none of the patients
screened for the ATM gene tested positive for the variants (Marouf et al., 2017). Whilst
the Moroccan study revealed no pathogenic mutations, this study demonstrated one
pathogenic mutation in the ATM gene. This highlights the importance of undertaking local
research to evaluate inherited breast cancer susceptibility genes as mutation profiles
between countries within the same continent may not always be similar. It is also possible
that ATM gene mutations are uncommon in populations of African ancestry as seen in

both studies.

The RAD50 c.412C>T (p.Argl38Ter) mutation identified in one patient in this study, was
previously reported as a novel mutation in an Asian breast cancer patient (Guan et al.,
2014). The Asian study was performed to determine the efficacy of NGS targeted panels
for detecting mutations in hereditary cancer syndromes and the study provided proof that
NGS panels are indeed efficient in detecting pathogenic mutations (Guan et al., 2014).
Panel testing was used in a different study to detect pathogenic mutations in the cancer
susceptibility genes in breast cancer patients who had previously tested negative for
mutations in the BRCA1 and BRCA2 genes (Aloraifi et al., 2015). The results from the

study indicate that approximately 3% of the identified mutations were in the RAD50 gene
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(Aloraifi et al., 2015). This provides further evidence that RAD50 is a key cancer

susceptibility gene as well as the importance of utilising gene panels.

The third pathogenic mutation identified in this study was a deleterious missense
mutation in the BARD1 gene. The mutation identified was a c.3G>A which causes a codon
change from a methionine to isoleucine at the first codon position on the amino acid chain
(p.Metllle). This mutation disrupts the start codon of the mRNA transcript and prevents
the start of translation due to the interruption of methionine, which is an essential
component of translation initiation. In the presence of such a mutation, the ribosome will
not initiate the translation process until another methionine is detected downstream of
the original initiation codon (Hartl et al., 2011). This may lead to a different protein being
produced or no protein being produced at all if a methionine is not detected in the amino
acid chain. The absence of a protein product can thus lead to a disease phenotype if one
normal allele is not sufficient to produce the amount of protein required by the cell (Hartl
et al., 2011). The c.3G>A (p.Metllle) mutation has also been previously reported to be
deleterious in breast cancer patients carrying the said mutation in either RAD50 (Aloraifi

etal., 2015) or BRCA2 (Xia et al., 2006).

The pathogenic mutations identified in this study will be validated in a diagnostic setting
and the results will be given to the patients by a genetic counsellor or clinician. This may
provide some explanations for the presentation of breast cancer in young individuals in
these families. Predictive testing can also be offered to relatives of the patients to identify
at-risk carriers within the families. This will aid in improving surveillance for the
development of tumour growth by performing regular mammograms and breast self-
examination. When the cancer is detected at its early stages, relatives may opt for

preventative surgery such as mastectomies before the cancer progresses.
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4.4.3 Class lll variants

Variants of uncertain significance (VUS) are variants that have been identified through
genetic testing to be different from the reference sequence but their clinical significance
to disease is unknown (Plon et al., 2008). For genes that have not been as extensively
studied as BRCA1 and BRCA2 in the context of inherited cancer syndromes, most variants
are categorised as uncertain until more information is available to either classify them as

benign or pathogenic (Plon et al., 2008).

4.4.3.1 Previously described Class Ill variants

A total of 17 previously reported VUS and 20 variants of conflicting interpretations were
identified in this study. Six of the previously reported VUS and one of the conflicting
variants were predicted by at least three in silico predictions to be potentially deleterious
as highlighted in Sections 3.5.3.1 and 3.5.3.2. All the variants predicted as deleterious are
missense mutations and thus change the amino acid where the mutation is present which
changes the composition of the protein and possibly function. Further analysis on these
variants will need to be performed to reclassify their pathogenicity. The BARDI1
€.1518 1519delTGinsCT and MSH6 ¢.3557-4delT variants in Section 3.5.3.1 and the MEN1
€.1621G>A and the MSH6 c¢.4002-11 4002-10delTT variants in Section 3.5.3.2 were
observed at high frequencies in this study. Based on the frequencies at which they occur
here and their pathogenicity predicted as not deleterious by the in silico tools, they can be
re-classified to likely benign (Class Il) variants until enough evidence is provided in future
to re-classify them as benign (Class I). The variants are possibly commonly occurring in the

population and not associated to IBC.
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4.4.3.2 Previously reported variants classified as Class Il in this study

The next set of variants classified as Class Ill variants in this study are those that were
previously reported in EXAC and the 1000 Genomes and dbSNP database but not classified
as described in Sections 3.5.3.4, 3.5.3.5 and 3.5.3.6.

The BLM c.1536delA and RAD50 c.2156delT variants described in Section 3.5.3.4 were
both predicted as deleterious by the in silico prediction tools utilised in the study. Based
on the frequency of these variants in this study, it is unlikely that they are deleterious
despite them being predicted as such. The ¢.3292C>T variant in RAD50 was identified in
one individual and it was predicted by four of the five tools as deleterious. Further
analyses will need to be performed to determine the pathogenicity of the variant. If it is
proven that the variant is indeed pathogenic, the results will need to be reported to the
patient and their families, which will significantly aid in improving genetic counselling and
management of the disease in the family and other unrelated individuals identified to
carry the same variant. The ¢c.20+141G>A variant in the MRE11A gene was predicted by
the Variant Effect Predictor (VEP) in silico tool as a high risk variant. The variant was seen
to be located in the splice donor site and it was present in its homozygous state in the
individual carrying the variant. The likelihood of identifying a homozygous deleterious
variant is extremely low, unless the variant was produced as a sequencing artefact or the
parents of the individuals are closely related. Further studies are warranted to correctly
classify this variant as it could affect the splicing mechanism, leading to aberrations in
transcription and subsequently protein production. If the variant is found to be truly

deleterious, consanguinity within the family will need to be investigated.

4.4.3.3 Novel Class Ill variants

A total of 95 novel class lll variants were identified in the study and 13 of the variants

were predicted as potentially pathogenic by three of the five prediction tools used to
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ascertain the pathogenicity of each variant. The ¢.281T>C, c. 290T>A, ¢.302T>A, c.307T>A,
c.314T>A, ¢.323T>A and ¢.327T>A variants in the ATM gene appeared at high frequencies
in this study and were predicted as deleterious by the majority of in silico tools utilised.
These are unlikely to be pathogenic and may have been incorrectly predicted by the tools
due to the ATM gene not being very well characterised as a breast cancer predisposing
gene as the BRCA1 and BRCA2 genes. In silico prediction tools use available information so
regions that are less studied may often result in a less reliable prediction (Kerr et al., 2017;
Ernst et al., 2018). Most of the tools have also been shown to have low specificity, which
results in an over-prediction of missense variants as deleterious. This often produces a
false-positive or false-negative results which can potentially affect clinical management.
As such, it is suggested that in a clinical setting, in silico tools should not be used as
primary evidence for variant classification and must be supported by segregation and/or

functional analyses (Kerr et al., 2017; Ernst et al., 2018).

The ¢.286G>A variant in the ATM gene and the MRE11A ¢.1887delC variant each appeared
once in the 18 individuals whose DNA was sequenced. The MRE11A variant is a frame-shift
mutation and may potentially lead to the production of a truncated protein. Further
investigation and evidence is warranted to correctly re-classify these variant. This will
assist in providing the probands and their families with an improved, genetic counselling
service. The PTEN c.802-2delAinsTT, c.802-1G>T and c.802G>T variants were identified in
the same individual and can their presence can be attributed to the sequencing error
which occurred in the reverse sequence of the gene as described in Section 3.7. The
reverse sequence (Figure 3-6) shows a clear region which omits the presence of the
mutation compared to the forward sequence (Figure 3-5) indicating an unclear region
where the polymerase could have slipped during sequencing. These variants therefore do

not require further analyses.
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4.4.3.4 Re-classification of Class Ill variants

African genomes are genetically diverse and understudied; it is therefore unsurprising that
VUS appear more frequently in African populations compared to European populations.
These variants pose a great challenge for counsellors and clinicians as their significance
cannot be inferred from sequence data alone, and it is thus often difficult to interpret and
communicate the findings back to the patients (Cheon et al., 2014). The feedback
provided by the clinician can be based on the tumour histology of the individuals or the
pattern of the cancer that is observed in the family but not the variant identified in the
sequence. Predictive testing and management options cannot be offered to the relatives
of the individual with the VUS and therefore, relatives at risk of developing disease will
not be identified (Cheon et al.,, 2014). This section will, therefore, discuss published

recommendations on how to classify VUS.

Multiple recommendations have been made to classify a VUS as either benign or
pathogenic. One recommendation is that segregation analysis can be performed to
provide sufficient evidence to confirm a variant as pathogenic by performing genetic
screening on family members affected with cancer (Eccles et al., 2015). If the same variant
is seen in cancer-affected members in a family and across different families, the VUS can
be reclassified. However, in families where there is limited history or no history of a
cancer syndrome, segregation analysis will not provide sufficient evidence for variant

reclassification and further analyses would need to be performed.

Segregation analysis is taken into account when utilising the multifactorial likelihood
classification model to establish pathogenicity (Lindor et al., 2012). The model makes use
of multiple parameters to estimate whether a VUS has similar characteristics to previously
reported pathogenic variants. The model incorporates amino acid biochemical and
evolutionary conservation with clinical data of the patient. In addition, it combines the

tumour characteristics and segregation of variants in cancer-affected family members to
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calculate probabilities as evidence to classify the variant as pathogenic or not (Lindor et
al., 2012). When high penetrance cancer susceptibility genes such as TP53 and CDH1 are
extensively studied and more cancer predisposing pathogenic variants are identified, the
same model could be applied to estimate pathogenicity of VUS. Due to the complex
nature of VUS and their interpretation thereof, guidelines were issued in 2015 to aid in

interpreting variants.

The American College of Medical Genetics and the Association for Molecular Pathology
(ACMG) issued guidelines that can be used for interpreting and classifying variants
(Richards et al., 2015). To assess the pathogenicity of novel variants, several lines of
evidence would need to be evaluated. The first line would be to perform computational
analysis using multiple in silico prediction tools to determine the impact of the variant on
protein function. This would be followed by functional and segregation analyses and
correlated to the phenotype of the proband to classify the variant according (Richards et

al., 2015).

In a low-resource country such as South Africa, functional analyses for VUS classification
may be performed in collaboration with other institutions that have the required
resources and expertise. This study has revealed a lot of Class Ill which most could be
classified as Class Il (likely benign variants) based on their frequencies in this study as well
as the predictions from the computational analyses until further evidence is obtained to
correctly classify them. This study further highlights the complexity of African genomes
and the high number of variants of uncertain significance and novel variants that are often
observed in African populations. There is currently paucity of information about African
populations and the results here will, therefore, contribute to adding more knowledge
and in future, will enable better characterisation of the variants which pose a great

challenge to genetic counsellors and clinicians.
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4.4.4 Interesting case identified from the gene panel screening

One of the patients (CANC473) was identified to have two pathogenic mutations upon
initial data analysis; a truncating mutation (c.1369C>T) in ATM and a splice-site mutation
(c.802-2delAinsTT) in the PTEN gene. The latter mutation had not been previously
reported. However, a similar mutation (c.802-2A>T) which is in the PTEN gene has been
reported in ClinVar as pathogenic. It was therefore expected that the mutation identified
in this study may also have a deleterious effect. Upon inspection of the sequence
surrounding the region with the apparent mutation, it was noted that a poly-A stretch was
present and thus, polymerase slippage could have occurred. Sanger sequencing was then
performed to confirm the presence of the variant. The reverse sequence revealed that no
mutation was present, while the forward sequence revealed the presence of slippage. This
highlighted the importance of validating NGS variants using Sanger sequencing to avoid
incorrect reporting of variants to patients, which could ultimately lead to mismanagement

or mistreatment of disease.

In previous years, a study revealed an instance where a female with bilateral breast cancer
and an adenocarcinoma of the endometrium was found to carry two pathogenic
mutations in TP53 and CDH1; both genes which are high-penetrance genes for inherited
cancers (Heitzer et al., 2013). Upon discovery of these mutations that were detected by an
NGS technique, the patient and her family were provided with appropriate genetic
counselling services. Due to the different cancers being observed in the family, the
mutations identified in the two genes enabled a better explanation of the disorders. This
subsequently enabled the proband and her family to receive improved management and
survelliance strategies for the different cancer syndromes (Heitzer et al., 2013). Although
the family was assisted and the gene mutations were associated with the various cancers
in the family, the identification of two pathogenic mutations poses a great challenge for
genetic counselling. This can be difficult in advising patients and their relatives of which
survelliance strategies to opt for as some syndromes have overlapping disease-causing

genes. Additionally, there may be difficulties in providing families with probabilities of
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future children inheriting either one the mutations or even both. The use of NGS
applications is appropriate in detecting multiple pathogenic mutations but also brings

forth the challenges of interpretation of results to both the counsellors and the families.

4.4.5 Appropriateness of the gene panel in the black population

The gene panel screen was a pilot study to serve as a proof-of-principle for the
employment of gene panels in the black South African population for the study of IBC.
The utilisation of the gene panel enabled the detection of deleterious mutations outside
of BRCA1 and BRCA2 as aimed for. The panel detected pathogenic mutations in the ATM,
BARD1 and RAD50 genes in three out of 18 (accounting for 16.7%) patients who were
successfully sequenced. In the previous study conducted where the BRCA1 and BRCA2
genes were screened, the positive-mutation pick-up rate was 6.06% (Chen, 2015). This
further illustrates the necessity to perform multi-gene testing on the black South African
population as an additional mutation pick-up rate in other genes was achieved in this
study. Additional studies need be undertaken to determine if there are other genes
outside of the 26 genes made available on this commercial kit which should be included in
diagnostic testing or indeed if any genes among the 26 can be safely omitted due to a lack
of results obtained. This would therefore require additional NGS screening using different

panels in a larger sample of black South African women with breast cancer.

4.5 Contribution of study to participants and their families

The BRCA2 mutation screen and haplotype analysis conducted in the study did not yield
any significant results which could potentially aid in improving the participants’ lives
except for the single individual who was found to have the ¢.5771_5774delTTCA mutation
and subsequently provided with counselling. However, the next generation sequencing
study was able to identify pathogenic mutations in at least three of the 18 participants.
The families of the affected probands can be offered predictive testing, which in turn

could aid in early detection of the disease and thus, improved management. Individuals
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identified to carry the mutations could perform regular breast examinations and
mammograms to detect tumour growth which can be managed in earlier stages should

disease arise.

4.6 Limitations of study

The study had a number of limiting factors which are elaborated on below. The most
significant limitation of the study was the small sample size of the breast cancer affected
individuals. A larger sample size may have been able to detect the two potential founder
mutations in the BRCA2 gene (¢.582G>A and c.5771_5774delTTCA), although these have
been shown to occur at similar frequencies as with previous studies (Chen, 2015; Francies
et al., 2015; Feben et al., 2017). One objective of the study was to perform haplotyping to
determine the presence of a founder effect for the above-mentioned BRCA2 mutations.
Again, due to the small sample size and also the incorrectly selected SNPs that had low
MAF, the haplotypes constructed for the potential BRCA2 mutations showed no significant
association to disease as the SNPs were all determined to be monomorphic. A larger
sample size and the inclusion of frequently occurring SNPs in the population may make it
possible to make significant inferences to the constructed haplotypes and to either

include or exclude the presence of a founder effect.

For the sequencing part of study, a small kit which could take up to a maximum number of
24 samples was purchased due to availability of research funding. A larger kit with a larger
set of genes and the ability to sequence approximately 50 individuals might have
increased the mutation pick-up rate. Additionally, a number of VUS were identified in the
study. This makes it challenging to interpret and feedback the results to the patients and

their families and as such, further analysis of these variants is warranted.
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4.7 Future prospects

This study indicated that a founder effect was not determined for the two BRCA2
mutations Additional research to identify if founder mutations exist in other cancer
susceptibility genes for the black South African population should be considered as they
have been shown to be cost-effective in studies conducted in individuals of other ethnic
groups. The study highlighted the effectiveness of a targeted gene panel in detecting
deleterious mutations. Furthermore, several VUS were identified in the study. These
variants need further studies to be conducted in an attempt to correctly classify them as
they pose a major challenge for genetic counselling and management. Potential future
studies to improve testing, counselling and management for IBC are proposed and

outlined below.

4.7.1 Functional and segregation analysis

Variants of uncertain significance and novel variants are postulated to appear at high
frequencies in individuals of African ancestry due to the higher genetic diversity observed
in African populations (Eccles et al., 2015). This was also observed in this study where a
large number of VUS and novel variants in different genes were observed. The
pathogenicity of these variants cannot easily be determined based on their sequence
information alone and insufficient evidence is unavailable to classify these variants
correctly. This evidence can be provided by either performing segregation or functional
analyses (Richards et al., 2015). Screening of a control cohort may also assist to exclude

common variants in the population.

A total of 37 previously described class Il variants were identified in this study. An
additional 369 variants which have been reported in databases such as ExAC, 1000
Genomes and dbSNP were also identified. However, no clinical data for these variants is
available. In this study, all the variants were run across five in silico tools to predict

pathogenicity. However, the results from the tools in some instances were conflicting. This
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is consistent with previously published literature where different in silico prediction tools
provide inconsistent classification for a specific variant. In a recent publication, the
pathogenicity of rare missense variants in BRCA1 and BRCA2 was investigated in four
populations (African, European, Latino and Asian) using different in silico tools (Ernst et
al., 2018). The prediction by tools showed inconsistencies and reduced reliability in
classifying variants across all populations included in the study. As a result, the study
suggested that in silico tools be used in conjunction with other analyses to provide a more

accurate interpretation of variant pathogenicity (Ernst et al., 2018).

Therefore, the presence of African genome data and understanding more about the
genetic aetiology of IBC in African populations may contribute in the in silico prediction
tools simulating more accurate results and showing consistency of results between
different prediction tools. Nevertheless, computational analysis alone is not sufficient to
determine pathogenicity and further functional and segregation analyses may need to be

performed to accurately classify these variants clinically.

4.7.2 Next generation sequencing

A next generation sequencing approach was used in this study. A larger gene panel such as
the BROCA (breast-ovarian cancer) gene panel (Walsh et al., 2010; Shirts et al., 2016) may
be used to improve mutation pick-up rates. The BROCA panel is currently composed of 66
cancer risk genes and can be utilised to detect mutations in individuals suspected to have
an inherited predisposition to breast and ovarian cancer syndromes and other related
cancers (i.e. pancreatic, colorectal and endometrial). The sequencing assay can detect
variants in exons, introns and certain promoter regions. In addition, the assay is capable of
detecting large deletions (Walsh et al., 2010; Shirts et al., 2016). In a recent study, DNA
samples of individuals of African descent from Brazil were evaluated using the BROCA
panel (Felix et al., 2017). In the study, 173 cases and 119 controls were included for

screening. Pathogenic mutations were detected in 37 cases (accounting for 21.4%) and in
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one control (accounting for 0.84%). Twelve mutations were identified in BRCA1 and ten in
the BRCA2 gene. Other mutated genes were ATM, BRCA1/BARDI1, BRIP1, FAM175A,
FANCM, NBN, PALB2, RAD51C, SLX4 and TP53. This study shows the importance of using a
gene panel consisting of multiple genes to understand the genetic aetiology of breast

cancer more completely (Felix et al., 2017) as has been shown.

In addition to targeted gene panels, whole-exome sequencing can be performed to
examine genetic susceptibility to disease. Although this type of sequencing focuses on the
coding regions of the genome, it could be more affordable in the South African context in
comparison to whole-genome sequencing. Exome sequencing was utilised to screen for
deleterious mutations in 60 females in the Middle East diagnosed with early-onset breast
cancer or with a strong evidence of an inherited breast cancer based on family history
(Marafie et al., 2015). In the study, novel variants were identified in BRCA1 and BRCA2.
However, mutations in BARD1, TP53 and mismatch repair genes appeared to play a more
significant role in disease predisposition than BRCA1 and BRCA2 (Marafie et al., 2015).
Exome sequencing also has the potential to reveal novel genes which may be pertinent in
disease development. Novel genes would be genomic sequences which show no
homology to known sequences but possess regulatory elements and a coding sequence as
known genes (Klasberg et al., 2016). Additionally, these genes could be previously
identified genes which have not yet been associated with cancer syndromes. Exome
sequencing can be employed in South Africa to understand breast cancer in the black
South African population. Additionally, this type of sequencing will be able to detect
mutations in the entire coding region and not only genes limited to those in gene panels.
The limitation of utilising exome sequencing is that the variants of uncertain significance
observed in gene panels will be multiplied in exomes; posing an even greater challenge for

interpretation and genetic counselling.

Page | 102



4.7.3 Epigenetic studies

Epigenetic modifications are changes which occur on the DNA and alter gene expression
and activity but are not present in the DNA sequence (Holliday, 2006). These modifications
include methylation, acetylation, ubiquitination and phosphorylation. Methylation has
been observed in the MLH1 gene in a proportion of individuals diagnosed with colorectal
cancer. In recent studies, methylation of the BRCA1 promoter region has been studied in
breast cancer patients and methylation has been proposed to be a mechanism for disease
predisposition. The methylation patterns of the BRCA1 promoter region studied in 255
women who were diagnosed before the age of 40 and tested negative for germline
mutations in BRCA1 (or ATM, BRCA2, CHEK2, PALB2 and TP53). These women were also
included in the study as they had tumours with similar morphological features to those
associated with BRCA1 germline mutations. The methylation patterns in peripheral blood
were compared to those observed in the tumours. From the study, methylation was
detected in the promoter region of peripheral blood and the associated tumours were
highly methylated. The authors propose that epigenetic mutations in BRCAI may
predispose individuals to breast cancer (Wong et al., 2011). A similar study can be
considered in a South African population to determine whether epigenetic modifications
play a significant in disease susceptibility and how frequently these modifications appear

in the said genes.

4.7.4 Genome-wide association studies

Genome-wide association studies (GWAS) are studies which examine genetic variants
distributed across the genome in multiple individuals to determine whether a variant/s is
associated with a particular trait. Approximately 100 genetic variants have been
associated with breast cancer susceptibility (Easton et al., 2007; Michailidou et al., 2013;
Michailidou et al., 2015). However, the majority of the variants were identified in women
of European descent and are not entirely representative for women of African ancestry. In
an attempt to determine association between breast cancer susceptibility and genetic

variants, a GWAS study was conducted in women of African ancestry; 6 522 breast cancer
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cases and 7 643 controls were included. The study included, for example, Nigerian
women, African-American women and women in the African diaspora (Feng et al., 2017).
Fine mapping was performed to examine 74 variants in 72 regions known to increase
cancer risk. From the 74 variants, 68 were found to be frequent in African populations
with MAFs greater than 0.05. In six of the 72 regions examined, seven markers in known
genes were found to associate with breast cancer in this population (Feng et al., 2017).
Performing GWAS in black South African breast cancer patients will be important in
identifying susceptibility variants specific for this population and the study can
subsequently be replicated in other African populations. This will better characterise

variants that show association with breast cancer in individuals of African ancestry.

4.7.5 Environmental and genetic contributors to breast cancer

Breast cancer results from the interaction of both genetic and environmental factors.
However, it remains unclear how genetic risk loci interact with environmental risk factors
and to what extent. To try and understand the complex interaction, a study was
performed by examining approximately 35 000 invasive breast cancer cases and 41 000
controls of European ancestry (Nickels et al., 2013). Potential gene-environment
interactions were investigated between 23 breast cancer susceptibility SNPs and 10
environmental risk factors. The environmental factors included were body mass index,
height, the use of oral contraceptives, alcohol consumption, and smoking of cigarettes,
age at menarche, parity (number of births) or pregnancies of the female, the use of
menopausal hormone therapy, breastfeeding and physical activity. From the study, SNP
rs3817198 in LSP1 was shown to be influenced by parity while SNP rs1045485 in CASP8
was influenced by alcohol intake (Nickels et al., 2013). Performing such studies in African
populations could in future aid in reduction of certain environmental exposures based on
susceptibility variants carried by individuals, which in turn could reduce risk of disease
development. Additionally, this may contribute to the explanation of why individuals of
African ancestry are generally diagnosed earlier and have an aggressive tumour

phenotype compared to their European counterparts.
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5 CONCLUSION

The overall aim of this study was to determine key role players in the development of
inherited breast cancer in black South African women. In order to achieve this aim, a
number of objectives were undertaken. The suspected BRCA2 founder mutations
(c.582G>A and ¢.5771_5774delTTCA) investigated in this study together account for a
cumulative mutation pick-up rate of approximately 4.46% in all studies conducted in the
Division as outlined in Section 3.1. This illustrates that an examination of these two
mutations alone would not be sufficient to be implemented for first-line testing for IBC in
this population group and that full sequencing of the BRCA genes as well as large
rearrangement analysis would be a more likely beneficial test offering as is currently being

offered.

The results from this study did not yield sufficient evidence to associate haplotypes to
disease susceptibility owing to a miscalculation in the selection of SNPs with MAFs of
greater than 0.05 and the small sample size of the mutation-positive individuals. This
portion of the study would need to be repeated using the correct SNP as described in
Section 4.2 above. This would be ideally performed in a larger group of individuals

identified to have the mutations under investigation.

In an effort to improve knowledge about the inheritance of breast cancer in the black
South African population, next generation sequencing was utilised. Studies that were
previously performed at the Division of Human Genetics, Wits University/NHLS showed
that approximately 10% of women suspected to have an inherited breast cancer
syndrome carried a deleterious mutation in either BRCA1 or BRCA2 and the need to
expand the scale of screening was warranted. The 26 cancer susceptibility genes screened
for in this study identified pathogenic mutations in three genes; ATM, BARD1 and RAD5O0.
The mutation pick-up rate of this study was approximately 16.67% above BRCAI1 and

BRCA2 which is higher compared to previous findings although the small sample size
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needs to be taken into consideration when evaluating mutation yields. In addition,
multiple novel and previously-reported VUS were identified as expected in African
genomes which are genetically diverse. Although these VUS create challenges in terms of
clinical management and genetic counselling, they provide additional avenues of further
research studies. The study further indicates the need to move from single-gene testing to
multi-gene testing which promises to be more informative with regards to the genetic
aetiology of black South African individuals and at improved costs. The use of NGS
applications may aid in identifying pathogenic mutations in African populations which can
be used in population-specific gene testing. This can significantly reduce costs associated
with testing. In future, genetic counselling and management options provided to the
inherited cancer patients and their families may be greatly improved. This pilot study also
highlights the importance of performing extensive studies such as the use of a larger
targeted gene panel or functional studies which can potentially assist in better
characterising VUS and novel variants. The study also highlights the importance of
including a control cohort to aid in determining the potential pathogenicity of variants
observed in the case cohort. These will contribute significantly towards a better
comprehension of IBC in the black population, which will benefit the lives of individuals

affected by cancer syndromes.

These cumulative results from the study have proven to be useful in reaching the aim of
better understanding the genetic aetiology of inherited breast cancer in the black South
African population. While some of the genes investigated have been shown to be more or
less significant, this study’s key benefit has been in highlighting the importance of local
research in establishing a comprehensive and targeted genetic testing for this population.
It has also shown that NGS technologies should be employed for diagnostic testing even in
a limited resource setting as they have proven in the study to be effective. On-going
research with regards to IBC in this population group should be encouraged as there are
still a lot of avenues open for investigation to help us better understand the genetics of

the syndrome in our local population.
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Appendix B: Consent form

National Health Laboratory Service
University of the Witwatersrand, School Of Pathology
Division Human Genetics

GENETIC COUNSELLING CLINIC v

Hospital Street, Johannesburg 2001 PO Box 1038, Johannesburg 2000
Telephone: +27-11-489-9224/9223/9211 Fax: +27-11-489-9226
Prof A Christianson 011 489-9211 Prof A Krause 011 489-9219 Ms T Wessels 011 489-9243

GENETIC TESTING FOR INHERITED CANCER
CONSENT DECLARATION

Having discussed the matter fully with the genetic counselling staff at the Division of Human
Genetics, Johannesburg, I wish to have a dlagnostic/predictive test for

I understand that the results of the test should show whether or not | have a mutation in the
gene(s). | further understand that rarely the results may be uninformative
or difficult to interpret, but this will be discussed with me at a genetic counselling consultation.

This is a voluntary decision. | realise that, although I have contributed a blood sample for DNA
typing, I am free to withdraw from the testing at any time. However, the sample remains the property
of the Division of Human Genetics. unless otherwise instructed by me.

Terms and conditions of testing:
e [ accept that the policy of the Division of Human Genetics is that results will be given to me

in person in a genetic counselling consultation

I accept that I am responsible for the payment of the genetic test

In the case of international testing, | accept that results will only be released to me once I have
settled the account with the international laboratory

Regarding mv DNA sample:
o It may be stored for further DIAGNOSTIC genetic testing related to the above condition,

the results of which will be communicated to me if relevant ves / no
e It may be stored for further genetic testing for RESEARCH purposes related to the above
condition, the results of which will be communicated to me, if relevant yes / no

e [t may be stored, to be used as an ANONAMOUS SAMPLE for general screening
If my DNA sample is used anonymously, | understand that no further information
resulting from such tests will be communicated to me yes/no

Regarding mv genetic test result:
* In order to clarify the genetic risk of the above condition in my blood relatives,

my genetic test results may be shared with other family members yes/no
FULL NAME ot snes SIGNATURE..............
AT e DATE
WITNESS:
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Appendix C: Recipes for laboratory solutions

0.5M Ethylenediaminetetraacetic acid (EDTA)

e 93.06 grams (g) of EDTA

e Add 500 mL of distilled water

e Adjust pH to 8 using Sodium Hydroxide (NaOH)

Tris-Borate EDTA (TBE) 10 X buffer:

e 108 g of Tris base

e 58 g of Boric acid

e 7.44 g of EDTA or 9.3g of Na,EDTA

Make up a final volume of 1 Litre by adding distilled water

Ethidium bromide stained low electroendosmosis (LE) agarose gels:

e 0.8%: 0.8 g of agarose powder in 100millilitres (mL) of 1xTBE and 0.8ul of EtBr

e 2.0%: 2.0 g of agarose powder in 100mL of 1xTBE and 2pl of EtBr

e 3.0%: 3.0 g of agarose powder in 100mL of 1xTBE and 3ul of EtBr

Ficoll based loading dye

e 5gof50% sucrose

e 1mLof50nMEDTA

e 0.01 g of 0.1% bromophenol blue
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e 1gof10% Ficoll

Add distilled water to make up a final volume of 10 mL

Tris-EDTA 1 X buffer

e 10 mL of 10 nM Tris-HCI
e 2mLoflmMEDTA

Make up a final volume of 1 Litre by adding distilled water
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Appendix D: Protocols

1. The BRCA2 c.5771_5774delTTCA mutation PCR protocol and conditions

PCR component Final concentration 20 pl reaction 50 ul reaction
KapaTaq 2x Ready Mix 1x 10l 25 ul
c5771_Cont_R 10 pM 0.8 ul 2 ul
c5771_Cont_F 10 pM 0.8 ul 2 ul

DNA template 100 ng/ul 2 ul 3ul

ddH,0 - 6.4 ul 18 ul
Thermal cycling conditions

PCR step Temperature (°C) Time

Initial denaturation 95 2 min

Denaturation 95 30 sec

Annealing 58 30 sec 30 cycles
Elongation 72 1 min

Final extension 72 2 min

Hold 12 oo

The amplicons were electrophoresed in 2% agarose gel.

Expected PCR product size: 324 bp
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2. The BRCA2 c.582G>A mutation PCR protocol and conditions

PCR components Final Concentration 20 pl reaction
KapaTaq 2x Ready Mix 1x 10 ul
c582_Control_R 10 uM 0.6 ul
c582_Control_F 10 uM 0.6 ul
c582_inner_F 10 uM 0.8 ul
C582_inner_R 10 uM 0.8 ul
DNA template 100 ng/ul 1yl
ddH,0 - 6.2 pl
Thermal cycling conditions
PCR step Temperature (°C) Time
Initial denaturation 95 5 min
Denaturation 95 30 sec
Annealing 58.8 40 sec
Elongation 72 1 min
Final extension 72 5 minutes
Hold 15 oo

The amplicons were electrophoresed in 2% agarose gel.

30 cycles

Expected PCR product sizes are 324 bp for the control amplicon, 230 bp for the mutant

allele and 164 bp for the wildtype allele.
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3. Microsatellite and FANCG 7 bp mutation genotyping protocol and conditions

PCR components Final concentration 25 pl reaction
AmpliTaq Gold polymerase buffer 1x 2.5 ul
AmpliTaq Golg MgCl, 2.5mM 2.5 ul

dNTPs 1x 2.5 ul
Forward primer 10 uM 0.5 ul
Reverse primer 10 um 0.5 ul

ddH,0 - 15.3 pl
AmpliTaq Gold polymerase 2.5 Units/pl 0.2 ul

DNA template 100 ng/ul 1yl

To genotype the 21xTG microsatellite, a concentration of 100 uM for the primers was

used. However, the concentrations of other reagents are as outlined in the table above.

Thermal cycling conditions

PCR step Temperature (°C) Time

Initial denaturation 94 5 min

Denaturation 94 1 min

Annealing 60 1 min

Elongation 72 1 min 30 cycles
Final extension 72 5 min

Hold 15 oo

To genotype for the FANCG c.637-643delTACCGCC mutation, the final extension time was

10 minutes. The other thermal cycling conditions are as outlined above.
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4. SNP genotyping

TagMan SNP genotyping

384-well plate PCR set-up. Genotyping for SNPs rs4986860 and rs1801426

PCR components Final concentration 5 ul reaction
Probe-primer mix 40X 0.25 ul
TagMan Genotyping | 2X 2.5 ul
Mastermix
DNA 10 ng/ul 2.25 ul
Thermal cycling conditions

PCR step Temperature (°C) Time

Initial denaturation 95 10 min

Denaturation 95 15 sec

Annealing and elongation 60 1 min

Restriction fragment length polymorphism

Genotyping for SNP rs9590940

40 cycles

PCR components

Final concentration

20 pl reaction

KapaTaqg Ready Mix 2x 10 pl
Primer 19_F 10 uM 0.8 ul
Primer 19_R 10 uM 0.8 ul
ddH,0 - 7.4 ul
DNA 50 ng/ul 1yl
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Thermal cycling conditions

PCR step Temperature (°C) Time

Initial denaturation 95 5 min
Denaturation 95 30 sec
Annealing 60 30 sec
Elongation 72 1 min
Final extension 72 2 min
Hold 12 oo

The PCR products were electrophoresed on 2% agarose gel.

The expected amplicon size: 334 bp

30 cycles
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Appendix E: File extraction and input of genotypes for PHASE haplotyping software

File extraction

The software was run on a Linux operating system. PHASE is able to support executable

files which need to be extracted using two command lines:

1. gunzip phase.linux.2.1.1.tar.gz

The command line “gunzip” is used to decompress files in “gz” format and “tar” refers to
an archive or folder of files. This command therefore instructs the program to decompress

and extract files from “phase.linux.2.1.1” which is in tar.gz format.

2. tar -xvf phase.linux.2.1.1.tar

The second line makes use of the “tar —xvf” command and instructs the program to
extract files from an archive “f”, which refers to the filename. The filename in this case

was “phase.linux.2.1.1”.

Input file format

An input file containing the genotype information of all samples to be analysed was
prepared using the instructions document included in the software. The input file specifies
the number of individuals genotyped, the number of loci, the genomic position (base pair
units) and type of locus (SNP, microsatellite, triallelic SNP or HLA alleles), followed by the
genotypes for each individual sample. After creating the input file, a basic command line

such as the one below is used to run the program:

./PHASE <filename.inp><filename.out>
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The mutation-positive patients and controls were analysed separately using the following

command lines:

For mutation-positive samples: ./PHASE Controlsamples.inp Controlsamples.outFor

control samples: ./PHASE AllsamplesandSNPs3.txt.inp AllsamplesandSNPs3.txt.out

The software will then input the genotype data from the file, e.g. Controlsamples.inp, run
the file and produce an output file i.e. Controlsamples.out, which can then be viewed and

interpreted.
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Appendix F: Multiplicom protocol

=
INSTRUCTIONS FOR USE Multiplicom
germline MASTR™ Plus with MID for llumina MiSeq®

Table 6. Master reaction mix for multiplex PCR

# of Samples | PCR Mix Plexx | Tag DMA polymerase | Tag DNA polymerase 1/10 diluted*
2 — 3l

20pl
4 40 pl 0.6 —
24 240 ul ER| —
40 400 pl & ul —

* Do not pipette less than 0.5 W of Tag DNA polymenase because the solution is viscous. If less than 0.5 i of undilubed
Tog DNA polymerase is required (= 4 somples), prepare @ 1/10 dilution by odding o minimum of 0.5 W Tag DNA
polymerase in molecular biclegy grade water, followed by vortexing (2-3 5] and centrifuging 20 5 at 12,000 x g. Add the
required amount to the master reoction mix.

#  Vortex briefly (2-3 5) and centrifuge each master reaction mix vial at 12,000 x g for 10 s

Vortexing at this step is essential for successful amplification.

10.1.2.  PCR reaction setup for multiplex PCR

#* For every DNA sample, combine 5 pl of the DNA sample {containing an equal amount of
201050 ng genomic DNA; see Section 9 for more details) with 10 pl of each master reaction
mix (prepared under Section 10.1.1).

*  For each preparation a negative contrpl should be included by adding 5 pl molecular biclogy
grade water to 10 yl of each master reaction mix and close the vial or well immediately.

+ Vortex briefly (2-3 5) and centrifuge at 12,000 x g for 10 5.

10.1.3.  PCR cycling profile for multiplex PCR

*  Run the thermal cycling profile shown in Table 7.
Table 7. PCR cydling prafile for multiplex PCR

botyces Tine

1 98"C 10 min
95°C 453
20 60°C 45s
6E"C 2 min

1 72°C 10 min
1 4°C <1lh

*  Setthe ramp rate of the PCR cycler betwesn 1 and 25C/5 for ail heating and cooling steps.

* Do not store the amplified products for more than 1 h at 4°C (since this would induce primer
dimer formation).
Continue immediately with Sections 10.3 and 10 4.

The resulting set of MASTR Plus-derived amplicons per individual can be controlled for their quality
as described below under Section 10.2.
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INSTRUCTIONS FOR USE Multiplicom
germline MASTR™ Plus with MID for lllumina MiSeq®

10.2. Quality control of multiplex PCR by agarose gel or digital alternative
This section is optional but highly recommended
= Following thermal cycling a quality control step can be performed by:

o Agarose gel: run 5 pl of each PCR amplified product on a 2% agarose gel containing
0.1 pgfml ethidium bromide or eguivalent (carefully follow all safety instructions
applicable in the laboratory), to check for the presence of amplicons.

- Digital alternative (nanofluidic-based method): check for the presence of amplicons

according to manufacturer's instructions.

= Successful amplification is detected as a clearly visible but dispersed band or equivalent digital
signal that ranges between 250 bp and 450 bp.

=  The negative control should not display any amplification product for the run to be wvalid.
Amplification in the negative control indicates cross-contamination. The complete PCR run
should be discarded and the source of comtamination should be investigated before attempting
a new PCR run. Suitable measures should be taken to avoid recccurrence of such a problem.

10.3. Mixing of the multiplex reactions from a single DNA sample

= The MASTR Plus-derived amplicons are mixed per individuzl DNA sample in an appropriately
labeled 1.5 mi tube, applying the fixed mixing scheme for MASTR Plus resulting in an amplicon
library per sample. Keep all PCR products on ice while handling.

= Vortex briefly (2-3 5) and centrifuge at 12,000 x g for 10 5.

The specific fixed mixing scheme is provided in the “MASTR Plus Assay Specification Sheet™:

Section 2.

Each amplicon library is subsequently purified to remowve small residual DNA fragments using
magnetic bead-based DMA purification as specified below in Section 10.4.

Proceed immediately with purification of the amplicon libraries.
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germline MASTR™ Plus with MID for lllumina Miseq®

10.4. Furification of the amplicon libraries

Purify each amplicon library using Agencourt® AMPure® XP beads using the following protocol
below.

The volumes of amplicon library versus Agencourt AMPure XP and

the number of required purification rounds are specified in the
“MASTR Plus Assay Specification Sheet™: Section 3.1, indicated as the workflow “MASTR Plus™.

Remark: in case the volume of the amplicon library is less than the volume indicated, add molecular
biology grade water to reach the required volume.

(1) Gently shake the Agencourt AMPure ¥P bottle to resuspend any magnetic particles that may
have settled.

(2] Combine xx W amplicon library with xx pl Agencourt AMPure XP.

(3] Mix reagent and amplicon library thoroughly by pipette mixing 10 times. Let this mixture
incubate for 5 minutes at room temperature for maximum recovery.

(4] Place the tubes on a magnetic bead separator for 2 minutes to separate beads from the
solution. Aspirate the cleared solution from the reaction plate and discard.

(5]  Dispense 200 pl of freshly made 70% ethanol to each tube, and incubate for 30 s at room
temperature while moving the tubes around on the magnetic bead separator. Aspirate the
ethanol and discard. Repeat this wash step once more.

(6] Proceed with the appropriate steps below.

In case the MASTR Plus reguires other round(s) of purification:

(7] Remove tubes from the magnetic bead separator, and add 42 pl of molecular biclogy grade
water to each tube; pipette mix 10 times.

(8]  Place the tubes on the magnetic bead separator for 1 minute to separate beads from the
solution.

(@) Transfer 40 pl eluent to a new appropriately labeled tube; this is the purified amplicon
library.

[10)  Add xx pl Agencourt AMPure XP beads (if necessary, recalculate the recommended amount
of beads specified in the Assay Specification Sheet for a sample volume of 40 pl to ensure the
optimal ratio of beads per volume).

(11) Repeat steps 3-6.

In case of the final purification round:

(7] Allow the pellet to dry.

(8] Remove tubes from the magnetic bead separator, and add 20 pl of molecular biclogy grade
water to each tube; pipette mix 10 times.

(@] Place the tubes on the magnetic bead separator for 1 minute to separate beads from the
solution.

(1] Transfer the eluent to a new appropriately labeled tube; thisis the purified amplicon library.

Proceed immediately with the Universal PCR as described in Section 11.1, or store the purified
amplicon libraries immediately in a freezer between -15°C and -25°C.
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INSTRUCTIOMS FOR USE Multiplicom
germline MASTR™ Plus with MID for lllumina MiSeq®

11. TEST PROTOCOL MID FOR ILLUMINA MISEQ®

The following procedure should be strictly followed and performed by gualified personnel; any
deviation from the prescribed protocol can lead to erronsous results.

111 Tagging of amplicons origingting from a single specimen with MIiDs

The purifiad MASTR Plus-derived amplicons are tagged resulting in the incorporation of MIDs and
the p5 and p7 adaptors required for sequencing on the MPS system (Figure 2).

The MID kit reagents are required for tagging the MASTR Plus-derived amplicons and are provided as
separate MID kits for sequencing on the [llumina MiSeq MPS system, each containing unigue MID
SEUEnCes.

For the complete list of ovailable MID for iluming MiSeq kits, wisit the Section
“Complementary MASTR Plus products” on the website: http//www.multiplicom.com.

The precise sequences of the MIDs contained in MID for luming Miseq kits [IFL243)
ran be obtained from http/fwww_muitiplicorn. comykeycode
using the KEY-CODE printed on the box lobel of the used MID kit.

1111 Freparation af Universal master reaction mixes

Far each sample (including the MASTR Plus negative control sample) to be sequenced in the same
seqUencing run on an MPS system, a fresh master mix containing a unique combination of MID p7-p5
Primear kixes should be freshly prepared as specified below.

Remarks:

(1) To avoid issues with low nucleatide diversity in the Illumina MiSeq run, use the Support tools for
MID selection.

(2] 1f aiming to detect variants with an allele frequency of 10% or lower, run-to-run sample carryover
can be a confounding factor. To prevent this, it is recommended to avoid sequencing the same
MASTR Plus assay with the zame MID combination in two consecutive runs.

The Support tools for MID sefection (IFU142, IFU143 and IFUZ240] can be obitoined from

hittp:/fwww. multipicom.com/keycode using the KEY-CODE
printed on the box label of the used MID kit.

» Remove the required Universal PCR M, Amplification Reagent (4R] and MID p7 and p3 Primer
Mixes from the freezer and allow complete thawing on ice. The obligatory &R is included in the
MASTR Plus kit.

Remark: Make sure to use the AR provided with the specific MASTR Plus kit in use.

» After thawing, vortex each vial thoroughly and centrifuze at 12,000 = g for 10 5 before use.

» Remove the Tag DMA polymerase from the freezer and put on ice. Centrifuge at 12,000 x g for

10 s before usa.

For each MID combination, label a new PCR tube and mix the necessary reagents according to the

scheme exemplified in Takle & (required volumeas are indicated for each reaction).

wortex briefly [2-3 5] and centrifuge each Universal master reaction mix vial at 12,000 x g for 10 5.
Wortexing at this step is essential for successful amplification.
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Tabis 8. Master reaction mix for Univarsal PCR

T N

Universal PCR Mix 20ul
Amplification Reagent 20ul
MID p7 Primer Bix 4l
MID p5 Primer Bix 4l
Taq DNA polymerase 110 diluted* 25l

* Do mot pipatte kess thor 0.3 w) of Teg DNA polymerase becouse the solution s wiscows: prepone ¢ 1,/10 cilution by adding @
minimum of 0.3 il Tag OWA polymarcse in mokecuior bioiogy grode water, fofowed by vortaxing (2-3 5] and centrifliging
105 of 12,000 x 5. Acd the neguired emownt ho the mester recclion mix.

1112 PCR reoction setup for Universal PCR

# ‘When this Universal PCR does not follow immediately on the esecution of the specific MASTR
Plus [and purified amplicon librarnes were stored between -15°C and -25°C), remove the purified
amplicon libraries from the freezer, allow complete thawing on ice, vortex briefly (2-3 s3),
centrifuge at 12,000 x g for 10 5 and proceed immediately.

# Dilute the purified amplicon library from each sample (including the MASTR Plus negative control
sample), using a two-step serial dilution in molecular biclogy grade water.

The specific dilution foctor is provided in the “MASTR Plus Assay Specification Sheet™: Section 4.

»  Add 2 pl of this dilution to 48 pl of the fresh Universal master reaction mix, and close the vial or
well immediately. Vortex briefly (2-3 =) and centrifuge at 12,000 x g for 10 5.

1113 PCR cycling profile for Universal PCR

# PRun the thermal cycling profile shown in Table 9.
Tabie 8. PCR gpding profiie for Univarsal PCR.

T eoropesr | tempeotwe | tme |

1 o8*C 10 min
o5°C 455

20 64°C 455
63°C 2 min

1 72°C 10 mim

1 45%C Max. 12 h

*  Sat tha mmp rote of the PCR cyckar batwean 1 ond 2505 fior ail heoting and cooding staps.

* Do not store the amplified products for more than 12 h at 4°C before proceeding with the
workflow. Continue immediately with Section 11.4 otherwise immediately store amplified
products between -15°C and -23°C.

The resulting tagzed amplicon library per individual can be controlled for its guality as described
below under Sections 11.2 and 11.3. Multiplicom recommends performing at least one of these
quality control steps (preferentially Section 11.3).
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11.2 Quality controd of Universal PCR by agaorose gel or digital alternative
Thiz saction is optional, but highly recommended
* Following thermal cycling, a quality control step can be performed by:

= agarose gel run 5 pl of each amplified sample on a 2% agarose gel containing 0.1 pe’ml
ethidium bromide or equivalent [carefully follow all safety instructions applicable in the
laboratory), to check for the presence of amplicons.

= Digital alternative [nanofluidic-based method): check for the presence of amplicons
according to manufacturer's instructions.

» Successful amplification of the Universal PCR is detected as a clearly visible but dispersed band or
equivalent digital signal between 350 and 550 bp.

* The negative control showld not display any amplification produect for the run to be wvalid.
armplification in the negative control indicates cross-contamination. The complete PCR run should
be discarded and the source of contamination should be investigated before attempting a new
PCR run. Suitable measures should be taken to avoid reccourrence of such a problem.

11.3 Quality controd of Universal PCR by fluorescent labeling and frogment analysis
This section is optional, but highly recommended
The quality of the Universal PCR can be reviewed in detail, based on the pattern of the amplicons of a

tagged amplicon library of a specific MASTR Plus. The reguired chromatograms can be obtained using
an ABl capillary sequencer with Genescan [G5) module.

11.21  Preporation of Gi-lobeling master reaction mix

= Remove the G5-labeling PCR Mix from the freezer and allow complete thawing on ice.
+  after thawing, vortex sach vial thoroughly and centrifuge the vials at 12,000 = g for 10 s before

uze.
* Remove the Taq DMA polymerase from the freezer and put on ice. Centrifuge at 12 000 x g for
10 5 before use.

* Prepare a G5-labeling master reaction mix for all samples that will be labeled with volumes per
reaction as indicated in Table 10.

Tabie 10. Master reaction mix for G5-labeling PCR
s e
G5-labeling PCR Mix 13 pl
Taq DN& Polymerasa* 0.075 pl

* Do rot pipatte kess thar 0.9 w) of Tog DNA polyrmerass Becawse tha soiwtion is wisoows. I kass thar 0.9 W off undiluted Tog
DNA polymerase is reguired v 7 reochions], prepore @ 1710 dilwhon by ooding o mimimum of 0.5 pi of Tog DNA
polymerase i moiecuior biology groce woter. followed by vortexing ongd camdrijfuging 20 5 of 12,000 x g. Ad0 he
reguired amount to the Gi-labeiing PCR Al

& Vortex briefly (2-3 £} and centrifuze the vial at 12,000 x 2 for 10 5.
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1132 PCR reaction setup for G5-lobeling PCR

» For each Universal PCR reaction that will be analyzed, combine 2 pl of the Universal PCR product
[obtained after completion of Section 11.1.3) with 13 pl of the freshly prepared G5-labeling
rmaster reaction mix, and close the vial or well immediately.

» Vortex briefly (2-3 5} and centrifuge at 12,000 x g for 10 5.

11.3.3. PCR cycling profile for G5-lobeling PCR

# Run the thermal cycling profile shown in Table 11.

Tabie 11. PR cycling profile for G5-labeling PCR

1 QEc 10 min
a5°C 30s
5 63°C 30s
63°C 30s
1 72°C 10 min
1 4°C -

*  Sgttne remp rote of the PCR oyckr betwaen 1 and 255 for ail hechng and cocling staps.

1134 Frogment analysis

# Prepare a size standard mix for all reactions using the volumes per reaction indicated in Table 12,
Tabie 12. Preparation of G5-lebaled amplicons for fragment enalysis

Volume (x no. o samples)
Hi-Di™ Formamide 10 pl
G600 size standard 0.3 pl

» For each reaction dispensa 10 pl of size standard mix per well into 3 96-wall plate.

»  Add 2 pl of the G5 labeling PCR-product to a well containing the “Size standard mix".

» Centrifuge the plate at 1,000 x g for 10 5.

& Denature 3t 95°C for 3 minutes and immediately put on ice.

* Run on the fragment analyzer according to manufacturer's instructions.

» Review the generated data [.fsa files) with MaQ-5 software using the required Assay Description
file [.enc file] and G5 Reference Pattern. The Universal PCR amplification is valid if the analysis
pattern is consistent with the G5 Reference Pattern.

The MAO-5 software, Assay Description file and &5 Reference Pattern

can be obtained from kitp.fwww muitiplicom. com,/Jeycode
using the KEY-CODE located on the box label of the used MASTR Plus gssay.

If @ valid analysis pattern is obtained, continue mmediately with the Section 11.4, otherwise
immediately store amplified products between -15°C and -25°C.

If the analysis i not valid, carefully review the assay protocol for deviations. I the analysis is
persistently non-valid, contact customer service: customearservice @multiplicom.oom.
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114

Purification of the tagged amplicon libraries

Purify each tagged amplicon library using Agencourt® AMPure® XP beads using the protocol below.

The volumes of amplicon library versus Agencourt AMPure XP and
the number of required purificotion rounds are specified in the

“MASTR Plus Assay Specification Sheet”: Section 3.2,
indicated as the workflow “MID for Muming Miseg ™.

Gently shake the Agencourt AMPure XP bottle to resuspend any magnetic particles that may
have settled.

Ccombine xx pl tagged amplicen library with x pl Azencourt AMPure Xp.

Mix reagent and tagged amplicon library thoroughly by pipette mixing 10 times. Let this
mixture incubate for 5 minutes at room temperature for maxzimum recovery.

Place the tubes on a magnetic bead separator for 2 minutes to separate beads from the
solution. Aspirate the cleared solution from the reaction plate and discard.

Dispense 200 pl of freshly made 70% ethanol to each tube, and incubate for 30 5 at room
temparature while moving the tubes around on the magnetic bead separator. Aspirate the
ethanol and discard. Repeat this wash step once more.

Proceed with the appropriate steps below.

In case the MASTR Plus requires other roundis) of purification:

1o

i1}

Remove tubes from the magnetic bead separator, and add 42 pl of molecular biology grade
water to each tube; pipette mix 10 times.

Place the tubes on the magnetic bead separator for 1 minute to separate beads from the
solution.

Transfer 40 pl eluent to a new appropriately |abeled tube; this is the purified tagged amplicon
library.

Add xx pl Azencourt AMPure ¥P beads (if necessary, recalculate the recommended amount of
beads specified in the Assay Specification Sheet for a sample volume of 40 pl to ensure the
optimal ratio of beads per volume).

Repeat steps 3-6.

In case of the final purification round:

@
&)

&)

(1

Allow the pellet to dry.

Remove tubes from the magnetic bead separator, and add 20 pl of molecular biclogy grade
wiater to each tube; pipette mix 10 times.

Place the tubes on the magnetic bead separator for 1 minute to separate beads from the
solution.

Transfer the eluent to a new apprepriately labeled tube; this is the purified tagged amplicon
library.

Procesd immediately with Section 11.5, or store the purified tagged amplicon libraries immediately
in a freezer between -15°C and -25°C.
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115 Pooling of different purified togged amplicon libraries
* Determine the concentration of the cbtained purified tagged amplicon libraries by either:
o aspectrophotometric method,
= a flugrometric method,
o= gQPCR (eg, KAPA Library Quant Kits, KAPA Biosystems).
Femark: when AR3 is used for the Universal PCR, only a spectrophotometric method can be used.

+ Calculate the concentration of each purified tagged amplicon library in M, using the following
equation:
sample cone [ng,/uwl] » 10%

5 [g =
ampls cone [nM] 656.6 X arerage amplicon size

The overoge amplicon size gfter the Universol PCR is specified in the

“MASTR Plus Assay Specification Sheet”: Section 5.

*  Dilute each purified tagged amplicon library to 10 nkd in 1 x TE buffer, vortex briefly (2-3 5} and
centrifuge at 12,000 x g for 10 s.

*  If multiple amplicon libraries need to be sequenced on an MPS system, pool equal volumes for
samples requiring the same minimal coverage (see Remarks 2 and 3). This results in an amplicon
pool with 3 required numbser of total read pairs that can be calculated by multiplying the number
of poaled samples with the minimal coverage per sample.

+  Vortex briefly (2-3 5} and centrifuge at 12,000 x g for 10 5.

* In case of combining = 1 amplicon pocls, combine those by using volumes that are directly
related to the calculated number of read pairs for each of these amplicon pools, eg, an amplicon
pool which requires 24,000 read pairs will need a volume that is twice as high as an amplicon
pool requiring 12,000 read pairs.

*  Vortex briefly (2-3 5} and centrifuge at 12,000 x g for 10 5.

Remarks:

(1) Take care to pool only purified tagged amplicon libraries that contain different MID
combinations (incorporated in the Universal BCR step of the MID for Hlurmina Miseq kit).

2] For SNV analysis, it is highly recommended to obtain a certain minimal coverage (number of
read pairs) per individuzal sample, corresponding to a minimal coverage per affected allele of
50 read pairs. Mevertheless, higher coverage may be required to detect low frequency
variants.

2] For CHY analysis, it is highly recommended to obtain a certain minimal coverage [number of
read pairs) per individual sample, correspending to 2 minimal coverage per amplicon of 300
read pairs.

4] Faor the caloulation of the number of samples per run, take into account that the Phix control
library added to the sample already uses part of the capacity of the run.

The minimal number of read pairs per somple is spedfied in the
“MASTR Plus Assay Spedfication Sheet”: Section 5.
The required percentoge of the PhiX control librory is specified in the

“MASTR Plus Assgy Spedfication Sheet”: Section 6.
The number of samples per run con be calculated by using the Colculotor ot
hittp:www. muitiplicom. com, calculotor.

Procesd immediately with Section 12, otherwise immediately store the amplicon pool in a freezer
batween -15"C and -25%C.
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12, BRIDGE AMPLIFICATION AND ILLUMINA MISEQ SEQUENCING

Run-to-run sample carryover can be a confounding factor increasing the noise of the sequencing run.
To reduce carryover, it is recommended to perform a maintenance wash prior to sequencing. The
wash tray should be thoroughly cleaned after each use to eliminate any risk of template molecules
remaining in the tray. Additionally, it is recommended to avoid sequencing the same MASTR Plus
assay with the same MID combination in two consecutive runs. When still suffering from carnyover
effacts, contact lllurning Technical support for further assistance.

The amplicon pool is further processed using one of the Reagent Kits provided by Hlumina Inc.,
containing all necessary consumables and a reagent cartndge for sequencing the purified tagged
amplicon library on an lllumina Miseq MPS system following the guidelines described below.

A detoiled description on how to sef up an lluming Miseq run con be found in the lluming Misag

system user guide. Make sure always to use the lotest version of the iluming MiSeq user guide.

Remark: When not proceeding immediately with Section 12 after completing Section 11.5,
redetermine and recalculate the concentration of the sequencing sample as described in that
section.

#  Choosa the applicable llumina MiSeq Reagent Kit: Kit v2 or Mano Kit v2 (300 cycles, 2 x 251 bp;
M5-102-2003 or MS-103-1003 respectivaly], or Kit v3 (600 cycles, 2 % 301 bp; M5-102-3003).

The number of cycles for Read1 ond Read2 is specified in the
“MASTR Plus Assay Spedfication Sheet™: Section §.

xmx = R1/R2 = yyy, in which R1=Read1 and R2=Read2
% bases sequenced bidirectional, for v2 ond v3

Remark [explanation on equation abowve)

o xxx indicates the minimal number of cycles for a specific MASTR Plus to ensure that every
base is saquenced (no overlap between R1 and RZ).

o yyy indicates the theoretical number of cycles required for complete bidirectional sequencing
of all amplicons (full overlap between R1 and R2).

o Due to the limited number of cycles of the cwrrent Illumina Reagent kits, for most germline
MASTR Plus assays the theoretical yyy cannot be reached. Therefore, the theoretical
parcentage of bases sequenced bidirectional is given for the w2 and v3 Reagent kits
respactively.

Mote that the following bases were not taken into account: (1) bases of the target specific
primers, and (2| bases of control amplicons [when prasant).
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Appendix G: Assay specification sheet

—
Multiplicom
p—

MASTR™ Plus Assay Specification Sheet

BRCA Hereditary Cancer MASTR Plus

1. ASSAY SPECIFIC INFORMATION

Humber of PCR Mices 5
Humber of amplicons 561
Amplification Reagent 3

2. ASSAY SPECIFIC MIXING SCHEME

Plex 1 10.5 pl Plex 4
Plex 2 a4 Plex 5 6 .u
Plex 3 R

RATIO AMPLICON LIERARY VERSUS AGENCDURT AMPURE BEADS

_ _ Agersooaert®
b S AMPure® XP .

I'|.|.|!|5I'R“" Plus 20 i 24 ul 1712
MID for lllumina MiSeq® 30l 25.5 pl 1/0.85
Short Read &mplification Ful pll 36 pl 1/1.2

4. DMLUTION PURIAED MASTR-DERIVED LIBERARY FOR UMIVERSAL PCR
171000

5. AVERAGE AMPLIOOM SIZE AFTER UNIWVERZAL PCRH & MINIMAL COVERAGE PER SAMIPLE

Avyg amplioon Min. covermge per sample Miin. covermge per samiple
e SHYV analysis CNV anmbysis

MID for lllumina MiSeq™ 273 bp 561 000 read pairs 1 583 OO0 resd pairs
Short Bead Amplification” IT6 bp 1 055 0D reads 3 164 500 reads
*  Forwuse with for PGAM Seguancmg 200 Kit w2 [Life tachnoloagias)
6. ADDITMONAL INFORMATION FOR MISEQ SEQUENCING

‘% PhiX Control Library 5%
No. Cycles Read]l and Read2 156 < R17R2 = 369

¥ bapes seguenced wa §3.23 %
bidirectionallby wi EEAB %

7. REFEREMCES
All additional MASTRE assay specific files ded for analysis of the dats can be downlosded from
httpef fweana . maultiplicom.comfkeycode where you will be reguested to enter the produwct EEY-CODE found on
the box Iabel snd box insert.

FOR SPECIFIC GUIDELINES OMN ANALYSIS OF PMS2 EXONS 11-15 AND CHEKZ EXON 11, REFER TO TECHMICAL
GUIDE IFLATS

05 Adultisdicors WV, of rights reserae.

ey md Risdicom . com
Pagge 1 ol 2

Reswishon date: February 23, 1S
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Appendix I: Haplotypes generated by PHASE software

Haplotypes constructed for the patient samples

Haplotype

Number of alleles

N o 1A WON R

10 AAA 21
11 AAA 17
11 AAA 21
12 AAA 18
12 AAA 19
12 AAA 21
22 AAA 19

PR R R, N R W
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Haplotypes constructed for the control samples

Haplotype Number of alleles
1 2 AAA 22 1
2 3 AAA 17 7
3 3 AAA 18 2
4 3 AAA 22 3
5 3 AAG 24 1
6 3 ACG 22 1
7 4 AAA 18 1
8 4 AAA 20 2
9 4 ACA 17 1
10 8 AAA 18 1
11 8 AAA 20 1
12 8 AAA 22 1
13 9 AAA 17 1
14 9 AAA 19 3
15 9 AAA 21 1
16 9 AAA 24 2
17 10 AAA 17 4
18 10 AAA 18 4
19 10 AAA 19 1
20 10 AAA 20 3
21 10 AAA 21 1
22 10 AAA 23 1
23 10 AAA 24 9
24 10 AAA 25 1
25 10 AAG 21 2
26 11 AAA 17 17
27 11 AAA 18 5
28 11 AAA 19 3
29 11 AAA 20 4
30 11 AAA 22 2
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31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63

11 AAA 24
11 ACA 17
11 ACA 22
12 AAA 14
12 AAA 17
12 AAA 18
12 AAA 19
12 AAA 20
12 AAA 21
12 AAA 22
12 AAA 24
12 AAG 20
12 AAG 21
12 AAG 22
12 AAG 23
12 GAA 24
13 AAA 14
13 AAA 17
13 AAA 18
13 AAA 19
13 AAA 20
13 AAA 22
13 AAG 19
14 AAA 14
14 AAA 17
14 AAA 18
14 AAA 19
14 AAA 20
14 AAA 21
14 AAG 28
15 AAA 21
15 AAA 22
15 AAA 24

PN U R WA N D PR R R WR WW PR P W R R NN PRP P B0 NNR WPR R P
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64
65
66
67
68
69
70
71
72
73
74
75
76
77
78
79
80
81
82
83
84
85
86
87
88
89
90
91
92
93

16 AAA 18
17 AAA 19
18 AAA 22
19 AAA 18
19 AAA 24
19 GCG 20
20 AAA 20
20 AAA 24
21 AAA 18
21 AAA 20
21 ACA 20
22 AAA 14
22 AAG 19
22 AAG 20
22 AAG 22
23 AAA 17
23 AAG 19
24 AAA 20
24 AAA 21
25 AAA 18
25 AAA 25
26 AAA 17
26 AAA 18
26 AAA 20
27 AAA 17
27 AAA 19
28 AAA 18
28 AAA 20
29 AAA 17
32 AAA 17

P R R R, N R N R P N R R R P PSRN R PN O R, R NN R R
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Appendix J: Quality metrics obtained from the lllumina MiSeq instrument
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