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PALB2 (Partner and Localizer of BRCAZ2) plays a key role in the repair of damaged
DNA by localizing BRCA2 and initiating the repair process. The gene has been
recognized as a third breast cancer (BC) predisposition gene, together with BRCA1
and BRCAZ2. The absolute risk for the development of BC for mutation carriers with
a familial predisposition, represents 58% at 50 years of age, similar to that of
BRCA2. Although germline loss-of-function PALB2 mutations is rare, the mutation
spectrum internationally and in South African (SA) is still unknown.

Eighty-six SA breast- and/or ovarian cancer (OVC) patients were selected.
Patients had to be affected with either breast- and/or OVC, have a positive family
history of BC (two or more affected family members, excluding the index), tested
negative for pathogenic mutations in BRCA1/2, represent one of the four main SA
ethnic groups and had sufficient amounts of good quality DNA stored to complete a
comprehensive screen of the entire gene. The complete coding sequence together
with the intron-exon boundaries were screened using gPCR-based high resolution
melt analysis (HRMA). All samples deviating from the baseline was Sanger
sequenced. In silico analysis using a combination of prediction programmes was
performed for single base changes present in the coding regions of the gene.

A total of 20 variants was identified, of which two represented loss-of-function
mutations (PALB2 c.424A>T, p.Lys142Ter and PALB2 c.508A>T, p.Argl70Ter).
These mutations were situated in exon 4. Although the first mutation has been
detected before, PALB2 ¢.508A>T, p.Argl70Ter was novel. These mutations were
detected for the SA Indian (single patient), Coloured (two patients) and Afrikaner
(single patient) populations. The two patients carrying these Class 5 pathogenic
mutations had an extensive family history of BC and other ca types.

Two of the 18 missense variants [PALB2 c¢.2794G>A, p.Ala915Thr
(rs374736398) and PALB2 c.3434G>T, p.Glyl145Vval (novel variant)] were
classified as putative Class 4 variants based on their location in the carboxy-terminal
WD-40 domain, the binding site for the N-terminus of BRCA2. PALB2 ¢.2794G>A,
p.Ala915Thr was detected for three SA patients (SA Indian and White population),
whereas the novel PALB2 ¢.3434G>T, p.Gly1145Val variant was present in a single



Coloured BC patient. In the families of the patients carrying either one of the putative
Class 4 variants, BC was the dominant ca type observed. Interpretation of rare
missense variants such as PALB2 ¢.3434G>T, p.Glyl145Val regarding impact on
clinical treatment remains challenging, as no rare missense variant to date has been
used to determine the clinical management of patients carrying these variants.

The majority of PALB2 variants was observed for the Coloured and SA Indian
populations, whereas for the other three groups, it was limited. This observation
could have been due to the unique admixture of these population groups present in
SA, as SA has a multi-faceted colonisation history based on the country’s location
with respect to major historical trade routes. Another explanation could be the higher
percentage of representation of these two population groups in the cohort, as 33.7%
of the cohort was Coloured with 25.6% self-identified as SA Indian BC/OVC
patients. Although 17.4% of the cohort represented Black patients, the number of
variants observed for this group was very low. This indicated that the prevalence of
PALB2 mutations/variants might be different for each of the SA population groups,
depending on the genetic heritage of these patients. For this reason, the cohort
needs to be increased in order to determine the mutation spectrum. Once this has
been determined, case-control studies should be performed to determine the
relative risk involved with each variant regarding the development of breast- and
other ca types in SA.

Keywords: familial breast cancer, HRMA, mutation screening, PALB2, Sanger

sequencing, South Africa, computer-based analysis
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Breast cancer (BC) is a pandemic disease that has been identified as one of the
leading causes of mortality in women (Klug et al., 2006; Gunnarsson et al., 2008).
Despite numerous attempts to find better treatments and cure, many women are
diagnosed globally every year. In the United States of America (USA), the number
of new cases increased by ~ 27% between the year 2000 and 2014 (Greenlee et
al., 2000; Jemal et al., 2010; Siegel et al., 2014). Similarly, BC is becoming
increasingly common in Africa and other countries as it currently represents the
most commonly diagnosed non-dermatological cancer (ca) among women
worldwide (Gunnarsson et al., 2008). The causes of ca are mainly environmental,
biological and physiological factors, accounting for ~ 80% of all BC cases (Klug et
al., 2006).

Genetics on the other hand are attributed to ~ 15% of all BC cases (Foulkes
et al., 2007; Gunnarsson et al., 2008), whereby the high penetrance BRCA1 and
BRCA2 have been screened to diagnose the disease (Thorslund et al., 2010; Roy
et al., 2012; Anjum et al., 2014). Screening of these genes has contributed to more
appropriate treatment and management of the disease as well as allowed for pre-
symptomatic testing (Thompson & Easton, 2004; Antoniou et al., 2007; Foulkes et
al., 2007). However, these genes only account for 15 — 20% of familial BC cases,
leaving a big proportion undiagnosed (Antoniou et al., 2007; Foulkes et al., 2007).
In recent years, a number of genes have been identified that have the potential to
contribute to the disease with low, medium and recently, high penetrance. Amongst
them is PALB2, the third gene to impact on familial BC risk (Xia et al., 2006; Erkko
et al., 2007; Rahman et al., 2007).

PALB2 protein plays a key role in the repair of damaged DNA by localizing
BRCAZ2 and initiating the repair process (Xia et al., 2006; Pauty et al., 2014; Leyton
et al., 2015). Mutations in PALB2 have been associated with a range of diseases:

initially Fanconi anaemia (FA) in the bi-allelic form, and recently with BC in mono-

Page| 1



allelic form (Erkko et al.,, 2008; Wang & Smogorzewska, 2015; Majumbder &
Chatterjee, 2017). Other diseases include familial pancreatic-, prostate and male
BC (Vietri et al., 2015; Reddy et al., 2016).

Although PALB2 has not been studied well in many countries, mutations in
the gene have been found to carry the same risk as BRCA2, consequently
classifying it as a moderate to high penetrance gene (Hamosh, 2016; Majumbder &
Chatterjee, 2017). For this reason it is also included in the BC gene panel in some
countries such as Finland (Balia et al., 2010; Haanpaa et al., 2013; Majumbder &
Chatterjee, 2017). In South Africa (SA), PALB2 studies have not yielded much
results with regards to either the incidence or the impact of mutations on the
genetically diverse population. Only two studies have been conducted and resulted
in the identification of a single novel mutation, detected in a Caucasian woman from
a cohort of White patients only (Sluiter et al., 2009; Francies et al., 2015).

The objective of this study was therefore to screen PALB2 in high risk SA
BRCAL and BRCA2 negative BC patients for possible mutations. The study hoped
to provide insight into the spectrum of PALB2 variants found for different SA ethnic
groups and the extent to which those variants may contribute to the BC and OVC
burden in SA.

Page | 2



Chaptec 2

¢,tit‘euu‘u‘te ceview

2.1 Introduction

The function of this chapter is to build a knowledge base for research by evaluating
relevant literature on the genetics of familial BC. The aim of the chapter is to provide
broader understanding on the genetics of BC, especially the Partner and Localizer
of BRCAZ2 gene (PALB2 MIM_610355) gene, to present work that has already been
done, and to formulate research questions based on the gaps that have been
identified (Taylor & Medina, 2013).

2.1.1 Method applied for literature searches

A systematic literature review was applied. This method does not only evaluate the
knowledge existing in literature, but it also investigates the strategies used to gather
knowledge and how the information was searched (Taylor & Medina, 2013).

Only scholarly articles found on Google Scholar
(https://scholar.google.co.za) were used to gather background knowledge on the
topic. Searches were focused on the following: familial BC, Breast cancer
susceptibility gene 1 (BRCA1 MIM_113705), Breast cancer susceptibility gene 2
(BRCA2 MIM_600185) as well as PALB2. For PALB2, searches were restricted to
3 areas which are the definition of the gene, the protein, its protein function, and
thirdly, the presence and impact of PALB2 mutations in different populations. The
articles on PALB2 were further restricted to the period between 2006 (year during
which the gene was discovered and defined by Xia et al., 2006) and 2018 (year
during which this dissertation was presented).

For analysis on population studies, the following areas were key: primarily,

the cohort, where the patients’ age of diagnosis (dx), the BRCA1/2 mutations status,
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family history, and the ethnicity of patients were highlighted. These factors were
important as they coincided with the focus of the current research. The mutations
detected in the populations were also taken into consideration. This included their
pathogenicity, whether the mutations were novel or had previously been detected
in other population groups and whether the mutations were associated with BC in
that population group. Lastly, the incidence of mutations in various populations.
This information was applied to the understanding of PALB2 and the protein
it encodes and to confirm the presence and incidence of, or the absence of PALB2
mutations in populations across the world. Furthermore, to confirm or deny the
association of PALB2 mutations with BC, to investigate the clinical significance of

the identified variations, and, to identify the interventions from available knowledge.

2.2 Overview of breast cancer

Similar to most health conditions, BC is a multi-factorial trait and can be classified
as either sporadic or familial (Klug et al., 2006). Sporadic ca is believed to arise
from gene damage acquired from environmental factors such as exposure to large
amounts of radiation, tobacco and lifestyle choices (de Martel et al., 2012).
Biological factors such as virus infections (for instance hepatitis B), bacteria (such
as Helicobacter pylori), parasites (like candida) and other diseases (such as human
immunodeficiency virus infection and acquired immune deficiency syndrome
(HIV/AIDS)) that result in immunosuppression also predispose individuals to ca (de
Martel et al., 2012).

Other influences include hormones and normal aging (Bray et al., 2012; de
Martel et al., 2012). Together, these factors account for the majority (~ 80%) of all
BC cases (Klug et al., 2006). Most of these acquired mutations are neither shared
amongst relatives nor passed on to the next generation (van der Groep et al., 2006).
The mutation driven tumours that develop in these cases are spontaneous and the
patients in most cases do not have a positive family history of the disease (Klug et
al., 2006).

On the other hand, 10 — 15% of BC cases are associated with a genetic
predisposition. Research has shown that mutations in predisposing genes in familial

cases are passed from generation to generation through Mendelian autosomal

Page | 4



dominant inheritance (Claus et al., 1996; Foulkes et al., 2007; Gunnarsson et al.,
2008; Easton et al., 2015). It has been stated that in Westernised countries, up to
20% of women diagnosed with BC have at least one affected relative (Verhoog et
al., 1998; Antoniou et al., 2014). This implies that individuals with a family history of
breast and ovarian ca (OVC) are more likely to develop familial BC compared to

those without a family history (Lichtenstein et al., 2000; Haanpaa et al., 2013).

2.3 Background to the incidence of BC

A significant increase in new BC cases has been observed over the years. In the
United States of America (USA), 182 800 new BC cases were recorded in 2000,
with 207 090 recorded in 2010 and a total of 232 670 new cases in 2014 (Greenlee
et al., 2000; Jemal et al., 2010; Siegel et al., 2014). This increase is not only seen
in the USA but worldwide, hence BC became the most commonly diagnosed non-
dermatological ca amongst women worldwide (Gunnarsson et al., 2008). The
disease has also been identified as the second leading cause of ca mortality in
women after lung ca (Ferlay et al., 2010). The cumulative risk of developing BC is
indicated in Figure 2.1, where the graph shows that the female risk of developing
BC increases significantly with age, especially from the age of 40 years, (Frank,
2004; Erkko et al., 2008; Antoniou et al., 2014).

2.4 Genetics of familial BC

For a long time, the diagnosis of familial BC has been based mainly on germline
mutations present in two (2) high risk BC genes, namely BRCA1 and BRCA2. These
genes account for ~ 20% of all familial BC cases (Thompson & Easton, 2004;
Antoniou et al., 2007; Foulkes et al., 2007). In patients with four or more BC or OVC
affected family members, the odds of detecting a pathogenic BRCA mutation
increases to ~ 85% (Foulkes et al., 2007). As a result, BRCA1 and BRCA2 were
classified as high penetrance genes and are the most clinically significant genes as
far as familial BC is concerned (Wooster et al., 1995; Erkko et al., 2008; Siegel et
al., 2014; Vietri et al., 2015).
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2.4.1 Breast cancer susceptibility gene 1

BRCAL is a tumour suppressor gene which functions as a key negative modulator
of Polycomb repressive complex 2 (PRC2 MIM_601573), a protein that initiates
epigenetic silencing of genes involved in cell fate decisions (Ernst et al., 2010). It is
located on chromosome 17921 and encodes for the BRCAL protein. The protein
plays a major role in promoting the concentration of PALB2 and BRCAZ to sites of
Deoxyribonucleic acid (DNA) damage (Xia et al., 2006; Zhang et al., 2009a). The
protein also prevents abnormal proliferation and alteration of the cells during the
repair process (Xia et al., 2006; Zhang et al., 2009a; Anjum et al., 2014).
Pathogenic mutations in BRCAL account for ~ 40 — 50% of the site-specific
familial BC cases (Verhoog et al., 1998; Xia et al., 2007). These mutations carry an
~ 65% increase in risk for developing BC in females before the age of 70 years
(Antoniou et al., 2003; Thompson & Easton, 2004; Erkko et al., 2008; Anjum et al.,
2014). Clinically, these mutations tend to result in early-onset BC which is, in most
cases, more aggressive, frequently bilateral and have worse histo-prognostic
features such as a high degree of aneuploidy, higher grade tumours and higher
proliferation indices (Verhoog et al., 1998; Wang, 2007; Anjum et al., 2014).

2.4.2 Breast cancer susceptibility gene 2

BRCAZ2, which encodes for the BRCA2 protein, is located on chromosome 13g12 —
gl3 (Wooster et al., 1994; Haley, 2016). The protein is essential for homologous
recombination (HR) repair where it recruits and directs the RAD51 recombinase
(MIM_179617) to the site of the double stranded break (DSB) (Jensen et al., 2010;
Liu et al., 2010; Thorslund et al., 2010; Roy et al., 2012).

BRCA2 pathogenic mutations account for 5 — 7% of all BC cases and are
associated with ~ 45% of BRCA-related BC cases for females under the age of 70
years (Antoniou et al., 2003; Thompson & Easton, 2004; Xia et al., 2007; Erkko et
al., 2008). These mutations often represent late-onset BCs (Foulkes, 2008; Roy et
al., 2012). Additionally, bi-allelic mutations in this gene are known to predispose
individuals to Fanconi anaemia (FA) (Moldovan & D’Andrea, 2009; Antoniou et al.,
2014).
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Figure 2.1 Graphical representation of the mean cumulative female risk of
developing BC and associated confidence intervals. The graph demonstrates that
the percentage risk of developing BC increases with age significantly from the age
of 40 years (Antoniou et al, 2014; viewed on 01/12/2017 at
http://www.nejm.org/doi/full/10.1056/NEJMoal400382#t=article).
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Screening of BRCA1 and BRCA2 has aided in the treatment and management of
the disease, however, these genes only account for ~ 20% of all familial BC cases,
leaving the rest undefined (Gunnarsson et al., 2008; Stratton & Rahman, 2008). As
a result, more possible familial BC causes were investigated and various high,
medium and low risk genes were identified as possible contributors to the familial
BC burden (Ziyaie et al., 2000; Xia et al., 2006; Thompson et al., 2012; Majumbder
& Chatterjee, 2017). This network of genes includes PALB2, BRCAL Interacting
Protein C-Terminal Helicase 1 (BRIP1 MIM_605882), RAD51 paralog C (RAD51C
MIM_602774) and X-Ray Repair Complementing Defective Repair In Chinese
Hamster Cells 2 (XRCC2 MIM_600375), just to mention a few (Xia et al., 2006;
Erkko et al., 2007; Rahman et al., 2007; Mimitou & Symington, 2009; Meind| et al.,
2010; Suwaki et al., 2011; Scully & Xie, 2013).

The newly identified genes have a number of features in common, which
include their critical role in cellular resistance to ionizing radiation (IR) and their
involvement in DNA repair and in strand invasion during HR (Abbott et al., 1998;
Moynahan et al, 2001b; Takata et al., 2001; Zhang & Hannink, 2003; Klug et al.,
2006; Mimitou & Symington, 2009; Suwaki et al., 2011; Park et al., 2013; Scully &
Xie, 2013; Ghosh et al., 2014).

2.4.3 Partner and localizer of BRCA2

PALB2 is amongst the more recently identified BC genes (Xia et al., 2006; Hamosh,
2016). This gene was discovered in 2006 by Xia et al. (2006). It has 13 exons, with
exons 2 to exon 13 coding for the PALB2 protein. It is located on chromosome
16p12.3 (Xia et al., 2006; Erkko et al., 2007; Rahman et al., 2007). The gene was
initially associated with N-subtype FA, then as a moderate BC penetrance gene,
and has recently been classified as a high penetrance gene (Xia et al., 2006; Burke
et al., 2017; Majumbder & Chatterjee, 2017). It encodes a ~ 130 kDa protein which
interacts with BRCA1 and BRCAZ2. This protein is a major determinant for the
nuclear localisation of BRCA2 to the site of repair (Foulkes et al., 2007; Frio et al.,
2010; Tischkowitz & Xia, 2010; Antoniou et al., 2014).
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2.4.3.1 Structure of PALB2 protein

The PALB2 protein is divided into 3 distinct sections, with each section having a
unique function (Figure 2.2 A). The first section ranges from amino acid (aa) 1 to aa
394, and consists of the coiled-coil binding domains known as the amino-terminal
(Figure 2.2 B). The function of this section is to mediate the protein — protein
interactions of three various proteins involved in DNA repair, namely BRCA1, Kelch-
like ECH-Associated Protein 1 (KEAP1 MIM 606016) and RAD51. This interaction
ensures proper localisation of BRCA2 and thus enables DNA repair (Lupas, 1996;
Zhang et al., 2009a; Zhang et al., 2009b; Park et al., 2014).

The central region comprises of aa 395 — 790 (Figure 2.2 C) and contains
two unique areas that modulate the interaction of PALB2 with other proteins (Park
et al., 2013). The first region, the chromatin-association motif (ChAM), ranges from
aa 395 — 446 (Figure 2.2 C). It promotes the association of PALB2 and BRCA2 with
chromatin, which is critical for cellular response to DNA damage (Liu et al., 2002;
Xia et al., 2007; Dray et al., 2010). The second region (aa 611 — 764, Figure 2.2 C)
is responsible for the binding of PALB2 to the Mortality-factor-related gene 15
protein (MRG15 MIM 607303) (Lupas, 1996; Sy et al., 2009a; Xie et al., 2012). Its
interaction with MRG15 not only enables the protein to recognize and pair with the
damaged DNA, but also provides a potential interface between chromatin regulation
and DNA damage repair by HR (Figure 2.3) (Gospodinov & Herceg, 2013; Smeenk
& van Attikum, 2013).

Finally, the carboxy-terminus of the protein ranges from aa 791 — 1186
(Figure 2.2 D). It is dominated by beta-transducin repeats (WD - 40), which plays
an important role in the prevention of tumour formation (Park et al., 2013). These
WD-40 domains mediate protein interactions of numerous key proteins involved in
HR, including BRCA2 and RAD51 (Stirnimann et al., 2010; Park et al., 2013).
Additionally, binding of these PALB2 WD-40 domains to the DNA polymerase (pol

n) mediates recombination-associated DNA synthesis (Buisson et al., 2014).
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Figure 2.2 Structure of the PALB2 protein. A. The three regions of PALB2 protein.
B. The N-terminal portion of PALB2 (aa 1 — 394), which interacts with BRCAL,
KEAP1 and RAD5L1. C. The central region of PALB2 (aa 395 — 790) which interacts
with MRG51. D. The C-terminus of PALB2 which interacts with BRCA2 (Park et al.,

2014; 01/12/2017 at
http://www.sciencedirect.com/science/article/pii/S0304419X14000523).

viewed on
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2.4.3.2 Function of PALB2

The PALB2 protein activates DNA repair after double stranded breaks (DSB) (Fig.
2.3 A). It interacts with BRCA1, BRCA2 and RAD51 and this complex becomes the
key regulator of the extension step after strand invasion at replication-dependent
DSBs (Xia et al., 2006; Sy et al., 2009a; Zhang et al., 2009a; Zhang et al., 2009Db;
Buisson et al., 2010; Buisson et al., 2014; Leyton et al., 2015; Vietri et al., 2015).

Additionally, PALB2 interacts with MRG15 (Figure 2.3 B), a component of
various histone modifying acetyltransferase-deacetylase complexes, and together
are responsible for chromatin regulation and DNA damage repair by HR (Sy et al.,
2009b; Vietri et al., 2015). When PALB2 interacts with KEAP1, it regulates cellular
redox homeostasis (Ma et al., 2012). It also regulates the rate of Nuclear Factors
Erythroid 2-like 2 (NRF2 MIM 600492) accumulation, function and export from the
nucleus following induction (Ma et al., 2012).

PALB2 is also essential for the localisation of BRCA2 as well as the
association of BRCA2 with chromatin and nuclear structures (Xia et al., 2006). This
association is vital for the DNA damage response pathway (Xia et al., 2006; Foulkes
et al., 2007; Zhang et al., 2009a; Zhang et al., 2009b; Frio et al., 2010; Antoniou et
al., 2014; Buisson et al., 2014). The functions of PALB2 are summarised in Figure
2.3 A — E by Pauty et al. (2014).

2.4.3.3 Mechanism of action

In the presence of DNA damage, BRCAL1 is recruited to DSBs by sequential protein-
protein interactions: ubiquitin-dependent signalling (Moynahan et al., 2001a;
Buisson & Masson, 2012). BRCAL then recruits PALB2, and the two interact via aa
1393 — 1424 of BRCAL1 and the coiled-coil domain (aa 9 — 44) of PALB2 (Figure 2.2
B). This interaction is crucial for accumulation and localisation of DNA polymerase
at DSBs, and the extension after strand invasion at DSBs (Sy et al., 2009b; Zhang
et al., 2009a; Zhang et al., 2009b; Buisson & Masson, 2012). Subsequently, PALB2
recruits and binds to BRCA2 via PALB2 C-terminal WD - 40 domain (Xia et al.,
2007; Balia et al., 2010).
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Figure 2.3 The roles of PALB2 in HR. A Protection of DNA from damage. B Double
strand break and chromatin remodelling. C Resection from 5’ to 3’ and single —
strand DNA protection. D RAD51 filament assembly. E Strand invasion,
homologous sequence recognition and DNA synthesis. (Pauty et al., 2014; viewed
on 01/12/2017 at http://www.biochemj.org/content/460/3/331.figures-only).
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Once BRCAZ2 is localized, RAD51 is recruited and assembled into a nucleoprotein
filament with single-stranded DNA (ssDNA). RAD51 will bind to either the N-
terminus or the WD-40 domain of PALB2 (Figure 2.2 D) (Buisson et al., 2010; Dray
et al., 2010). The role of RAD51 is to coat the processed ssDNA filament, promoting
pairing during HR. The protein is also responsible for the initiation of replication at
stalled replication forks (Xia et al., 2006; Zhang et al., 2009b; Buisson et al., 2014;
Leyton et al., 2015).

A fifth protein, MRG15, then interacts with the central region of PALB2 (aa
611 — 764). This protein regulates transcription (Figure 2.2 B) and the acetylation of
histone H4, which is essential for DSB signalling and repair (Carrozza et al., 2005;
Rea et al., 2007; Xia et al., 2007; Wu et al., 2011; Vietri et al., 2015). Overall the
BRCA1 — PALB2 — BRCA2 — RAD51 — MRG15 complex performs the function of
DNA damage response by HR repair in order to maintain genome integrity
(Venkitaraman, 2002; Xia et al., 2006; Sy et al., 2009a; Vietri et al., 2015). The
DNA repair process is illustrated in Figure 2.3 by Pauty et al. (2014).

2.4.3.4 PALB2 mutations and related diseases

Alterations in the structure and function of PALB2 that result from acquired
mutations have been associated with a number of conditions. Initially, PALB2 was
known as FANC-N because of its association with FA (Reid et al., 2007; Xia et al.,
2007; Mamrak et al., 2017). Affected individuals often presented with congenital
abnormalities, bone marrow failure, and ca predisposition (Wang & Smogorzewska,
2015).

Other PALB2 mutations have been associated with a 3 to 4% risk of
developing familial pancreatic ca, increased risk for prostate and male BC and
familial lipomatosis (Erkko et al., 2007; Rahman et al., 2007; Tischkowitz et al.,
2009; Slater et al., 2010; Fernandes et al., 2013; Antoniou et al., 2014; Vietri et al.,
2015; Reddy et al., 2016).

Most importantly, PALB2 mono-allelic mutations have predominantly been
linked to early onset familial BC (Rahman et al., 2007; Xia et al., 2007; Erkko et al.,
2008). These mutations have been associated with about 2 — 4 fold increase in risk
of developing BC, a risk comparable to that of BRCA2 mutations, hence PALB2 was
characterised as a high penetrance gene (Rahman et al., 2007; Tischkowitz et al.,
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2007; Erkko et al., 2008; Balia et al., 2010; Foulkes et al., 2010; Tischkowitz & Xia,
2010; Haanpaa et al., 2013; Majumbder & Chatterjee, 2017).

Although all people are at a risk of developing BC, it has been established
that carriers of PALB2 mutations are four (4) times more likely to develop BC than
non-carriers (Rahman et al., 2007; Antoniou et al., 2014; Wojcik et al., 2016).
Actually, the relative risk of developing BC amongst PALB2 mutation carriers is
higher at a younger age whereby it was estimated at 8 — 9 times as high amongst
those younger than 40 years of age, 6 — 8 times amongst those 40 — 60 years of
age, and 5 times as high amongst those older than 60 years of age (Erkko et al.,
2007; Rahman et al., 2007; Antoniou et al., 2014).

Currently, little is known about the clinical outcomes of PALB2 mutations that
may guide clinical management. But, at protein level, studies suggest that these
PALB2 mutations may result in the loss of BRCA2 and RAD51 localisation, in a
reduced BRCAZ binding capacity, and in the deficiency of DNA synthesis (Xia et al.,
2006; Rahman et al., 2007; Tischkowitz et al., 2007; Xia et al., 2007; Erkko et al.,
2008; Pylkas et al., 2008; Balia et al., 2010; Buisson et al., 2010; Dray et al., 2010;
Hayakawa et al., 2010; Buisson et al., 2014).

Tumours in PALB2 mutation carriers have been found to be identical to those
occurring in BRCA2 cases. They often present with an estrogen-receptor-positive
phenotype that is associated with aggressive disease and result in reduced survival
(Foulkes et al., 2007; Tischkowitz et al., 2007; Heikkinen et al., 2009; Teo et al.,
2013; Antoniou et al., 2014). The ten-year survival of PALB2 mutation carriers was
estimated to be 48%, falling to 32% in women with a tumour of 2.0 cm or larger as
opposed to 74.7% in non-carriers (Heikkinen et al., 2009; Cybulski et al., 2015).

2.5 Previous findings

Multiple international studies have investigated the presence of PALB2 mutations
in association with familial BC across different populations. The majority of these
studies reported mutations that spread across the entire coding region of the gene,
with potential hotspots being exons 4 and 5, most probably due to the exon size
(Figure 2.4) (Rahman et al., 2007; Erkko et al., 2008; Southey et al., 2010; Casadei
et al., 2011; Antoniou et al., 2014; Noskowicz et al., 2014). The mutations were

detected in both male and female BC patients and were most prevalent in patients
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who had a positive family history of BC or other ca types (Foulkes et al., 2007; Erkko
et al., 2008; Papi et al., 2009; Dansonka-Mieszkowska et al., 2010). Some of the
previously detected mutations are indicated in Figure 2.4, together with the types of
ca they are associated with (Pauly, et al., 2014).

The occurrence of PALB2 mutations range from global single nucleotide
variants (SNVs) to rare variants. An example of a global pathogenic mutation is
PALB2 c.509 510delGA, p.Argl70llefs (rs515726123). This mutation has been
detected by multiple studies in Poland, Germany and Russia (Dansonka-
Mieszkowska et al., 2010; Casadei et al., 2011; Wojcik et al., 2016).

The incidence of the mutation varies; it is low in patients without a family
history (as low as ~ 0.6%), but increases to ~ 1.7% for the patients who have one
affected family member and to ~ 4.6% in patients who have a history of 3 or more
affected family members (Dansonka-Mieszkowska et al., 2010; Cybulski et al.,
2015; Woijcik et al., 2016). Although this mutation was detected in various countries,
it must be noted that these countries are geographically in close proximity, therefore
the gene pool may not be significantly different.

Some mutations appear to be more common in a particular population
compared to the rest of the world (Table 2.1). For example, PALB2
1050 1051delAAINSTCT, p.GIn350Hisfs (rs515726060) is more common in the
Chinese population, PALB2 ¢.1633G>T, p.Glu545Ter (rs18077103) in the German,
Polish and Russian populations and PALB2 ¢.2323C>T, p. GIn775Ter
(rs180177111) is common amongst the French-Canadians (Foulkes et al., 2007,
Cao et al., 2008; Bogdanova et al., 2011). Additionally, mutations such as PALB2
c.1571delG, p.Leud51Terfs (rs5845353) and PALB2 ¢.2257C>T, p.Arg753Ter
(rs180177110) are more common in Italy compared to the rest of the world (Papi et
al., 2009; Balia et al., 2010; Vietri et al., 2015). Examples of PALB2 mutations and
the populations for which they were detected are listed in Table 2.1.

Some of these mutations carry a higher risk than others. To demonstrate,
mutation PALB2 ¢.1592delT, p.Leu531Cysfs (rs180177102) has been associated
with a 14.3 - fold increased risk of developing BC before 70 years of age, a risk that
is similar to that of BRCA2 mutations in Finland (Erkko et al., 2008; Heikkinen et al.,

2009; Haanpaa et al., 2013). The presence of this mutation results in the absence

of the C-terminus region, thus inducing lack of interaction between PALB2 and
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Figure 2.4 A schematic representation of known PALB2 mutations distributed across the coding region of the gene, and the

associated influences on the PALB2 protein. The mutations and aa changes are colour coded, with the colours corresponding to

different ca types listed in the key. They are: male and female breast-, ovarian-, prostate-, pancreatic ca, and FA. The colours on the

protein also highlight the different regions of the PALB2 protein, and indicates the binding sites of other proteins involved in dbDNA

repair (Pauty et al. 2014; viewed on 01/12/2017 at http://www.biochemj.org/content/460/3/331.figures-only).
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Table 2.1 PALB2 mutations published in international literature.

German, Russian, African

Mutation Protein rs number Population/ ethnicity Citation
change
PALB2 ¢.172_175delTTGT p.GIn60Argfs rs180177143 | European, African American | Casadei et al. (2011); Hellebrand et al.
(2011); Castera et al. (2014)

PALB2 ¢.196C>T p.GIn66Ter rs180177083 | European, African American | Casadei et al. (2011); Wong et al. (2011)

PALB2 ¢.509 510delGA p.Argl70llefs rs515726123 | European, African Dansoka-Mieszkowska et al. (2010);
American, German, Polish, | Bogdanova et al. (2011); Casadei et al.
Russian (2011); Fernandes et al. (2013)

PALB2 c.697delG p.Val233Leufs | rs180177090 | British, SA Sluiter et al. (2009)

PALB2 ¢.757_758delCT p.Leu253llefs | rs180177092 | European, African American | Casadei et al. (2011)

PALB2 c¢.758dupT p.Ser254llefs rs515726126 | African American, Zheng et al. (2012); Wong-Brown et al.
Australian (2013); Churpek et al. (2015)

PALB2 ¢.1027C>T p.GIn343Trp rs63750603 Italian Catucci et al. (2014)

PALB2 ¢.1037_1041delAAGAA p.Lys346Thrfs | rs587776410 | Malaysian and Singaporean | Pauty et al. (2013)

PALB2 ¢.1050_1051delAAINSTCT | p.GIn350Hisfs | rs180177098 | Chinese, Malaysian, Cao et al. (2008); Pauty et al. (2013)
Singaporean

PALB2 ¢.1050 1053delAACA p.Thr351Argfs | rs515726060 | Malaysian and Singaporean | Pauty et al. (2013)

PALB2 ¢.1056_1057delGA p.Lys353llefs rs180177099 | Spanish Garcia et al. (2009)

PALB2 c.1240C>T p.Arg414Cys rs137854567 | European, American, Bogdanova et al. (2011); Casadei et al.

(2011); Hellebrand et al. (2011)
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Table 2.1 Continues

Mutation Protein rs number Population/ ethnicity Citation
change

PALB2 c.1317delG p.Phed40Leufs | rs515726067 | Italian Balia et al. (2010)

PALB2 c.1479delC p.Thr494Leufs | rs515726071 | African American Churpek et al. (2015)

PALB2 c.1546delA p.Arg516Glufs | rs584481560 | American Fernandes et al. (2014)

PALB2 c.1571delG p.Leud51Terfs | rs5845353 Italian Balia et al. (2010)

PALB2 c.1592delT p.Leu531Cysfs | rs180177102 | Finnish Erkko et al. (2007); Tischkowitz et al.
(2007); Haanpaa et al. (2013)

PALB2 ¢.1633G>T p.Glu545Ter rs180177103 | American, German, Bogdanova et al. (2011); Fernandes et

Russians al. (2014)

PALB2 c.1653T>A p.Tyr551Ter rs118203997 | European, African American | Casadei et al. (2011)

PALB2 ¢.1692A>G p.Lys564Lys rs786201842 | South American Leyton et al. (2015)

PALB2 c.1919C>A p.Ser640Ter | rs760094988 | French, South American Damiola et al. (2015); Leyton et al.
(2015)

PALB2 c.1924delA p.Met642Cysfs | rs730881865 | American Fernandes et al. (2014)

PALB2 c.1947_1948dupA p.Glu650Argfs | rs515726075 | Australian Teo et al. (2013)

PALB2 ¢.1972G>T p.Glu658Ter rs762161397 | European Castera et al. (2014)

PALB2 c.2145_2146delTA p.Asp715Glufs | rs515726081 | German Hellebrand et al. (2011)
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Table 2.1 Continues

Mutation Protein rs number Population/ ethnicity Citation
change

PALB2 c.2257C>T p.Arg753Ter rs180177110 | Italian Papi et al. (2010); Hellebrand et al.
(2011)

PALB2 c.229delT p.Cys77Valfs rs180177084 | Jewish, French Canadians | Tischkowitz et al. (2007)

and mixed ancestry

PALB2 ¢.2323C>T p.GIn775Ter rs180177111 | French Canadian Foulkes et al. (2007)

PALB2 ¢.2325dupA p.Phe776llefs | rs876659997 | European Castera et al. (2014)

PALB2 ¢.2386G>T p.Gly796Ter rs180177112 | European, African American | Casadei et al. (2011); Castera et al.
(2014); Fernandes et al. (2014)

PALB2 ¢.2390delA p.GIn797Hisfs | rs515726086 | Australian Wong-Brown et al. (2013)

PALB2 c.2559C>T p.Gly853= rs180177115 | European, African American | Casadei et al. (2011)

PALB2 ¢.2686dupT p.Ser896Phefs | rs515726091 | European, African American | Casadei et al. (2011)

PALB2 c.2718G>A p.Trp906Ter rs180177122 | European, African American | Casadei et al. (2011)

PALB2 ¢.2962C>T p.GIn988Ter rs118203999 | German Hellebrand et al. (2011)

PALB2 ¢.2982insT p.Ala995Cysfs | rs180177127 | European Rahman et al. (2007)
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Table 2.1 Continues

Mutation Protein rs number Population/ ethnicity Citation
change
PALB2 ¢.2993G>A p.Gly998Glu rs45551636 South American Leyton et al. (2015)
PALB2 ¢.3048delT p.Phel016Leu | rs515726104 | African American Zheng et al. (2012); Churpek et al.
fs (2015)
PALB2 c.3116delA p.Asn1039llefs | rs180177133 | European Rahman et al. (2007); Garcia et al.
(2009)
PALB2 c.3362delG p.Glyl121Vafs | rs515726117 | European Castera et al. (2014)
PALB2 ¢.3549C>G p.Tyrl183Ter |rs118203998 | American Garcia et al. (2009); Ding et al. (2011);

Tischkowitz et al. (2012); Fernandes et
al. (2014)
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MRG15, RAD51 and BRCAZ2 (Vietri et al., 2015).

On the contrary, there are a number of studies that reported no evidence of
an association between BC and PALB2 mutations regardless of a positive family
history of the disease. In the Icelandic population for one, researchers did not find
correlation between BC cases and PALB2 variants detected in the high risk BRCA1
and BRCA2 mutation negative patients who took part in the study (Gunnarsson et
al., 2008). Correspondingly, the large genomic rearrangements in PALB2 in the
Northern Finish population were not associated with BC in high risk BRCA1 and
BRCAZ2 negative patients (Pylkas et al., 2008). Also, research on 25 Australian male
patients with invasive BC did not detect any disease-causing mutations in the
PALB2 gene (De Chalon et al., 2010).

Furthermore, similar results were attained in studies on BC patients in
Korea, Ireland and Chile respectively (Kim et al., 2010; Mclnerney et al., 2010;
Leyton et al., 2015). These studies dispute the hypothesis that PALB2 mutations
are associated with BC in all populations. In fact, it is known that factors such as
epigenetic variation contributes to inter-individual variation in gene expression, and
may contribute to the observed variation in ca susceptibility (Cui et al., 2003;
Calmon et al., 2015).

2.6 South African studies

In SA, BC is the most common ca among women (Sluiter et al., 2009, CANSA,
2012). SA women generally tend to develop BC at a younger age, but the diagnosis
only occurs at a later stage due to the lack of awareness, access to diagnostic
centres available and limited screening services (Walker et al., 2004). The overall
life-time risk of developing BC in SA has been increasing over time. In 2004, 1:13
White and 1:81 Black SA females were at risk of developing BC. Currently, the risk
is 1:15 for White and 1:53 for Black women (Reeves et al., 2004; Francies et al.,
2015). To date, the diagnosis had been centred on BRCA genes as PALB2 has not

been well studied.
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Sluiter et al. (2009) investigated the presence of PALB2 variants in 48 white SA BC
patients attending the Oncology clinic in Pretoria. The cohort was early-onset BC
cases where 35% of patients reported family history and 65% did not have a family
history of BC. The study detected a novel truncating mutation, PALB2 c.697delG,
p.Val233Leufs (rs180177090) in one patient of British descent who was diagnosed
with infiltrating ductal carcinoma at the age of 44. This patient did not have a family
history of BC but of pancreatic, colon and prostate ca (Sluiter et al., 2009). The
drawbacks of the study was that it investigated the variants in White patients only,
an ethnic group that forms only 8.7% of SA population (Francies et al., 2015), as a
result, it was not a complete reflection of SA patients.

Another study was conducted by Francies et al. (2015) on a total of 108 BC
patients attending Johannesburg hospitals. The study screened BRCA1, BRCA2
and PALB2 mutations and CHEK2 ¢.1100delC in different SA ethnic groups
diagnosed with pre-menopausal and/or triple negative BC. The selection criteria
was inclusive of triple-negative BC tumours and early diagnosis. The study did not
take into consideration the family history of patients. It included 78.7% Black, 14.8%
White, 4.6% Indian and 1.9% Coloured patients. None of the patients had
deleterious PALB2 mutations. Although the study had a fair representation of SA
ethnic groups, it did not focus on high risk patients and specifically for PALB2, it did
not consider BRCA status (Francies et al., 2015).

2.7 Experimental methods

The study will make use of Real Time-PCR based High Resolution Melting Analysis
(gPCR based HRMA) and Automated DNA Sanger sequencing.

2.7.1 gqPCR based HRMA

gPCR based HRMA is the combination of polymerase chain reaction (PCR) and
melting analysis performed in a gPCR instrument. It involves the precise monitoring
of the change in fluorescence caused by the release of an intercalating DNA dye
from a DNA duplex as it melts (Krypuy et al., 2006). The fluorescent double stranded
DNA (dsDNA) intercalating dyes are normally added to the reaction mixture prior to
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amplification, and are incorporated in dsDNA amplicons during the PCR annealing
step (Ruskovaa & Raclavskya 2011).

At the end of a PCR reaction, the amplicons are normally in a double
stranded form and have associated with molecules of intercalating dye. The DNA
molecules are then melted by slowly increasing the temperature to as high as 95°C.
During this step, the DNA strands dissociate at a rate and pattern that correlates
with the length and nucleotide sequence of the DNA molecules (Ruskovaa &
Raclavskya 2011). This is observed as a sudden decrease of fluorescence near
melting temperature (Tm), and can be plotted as a melting curve of unique shape.
Based on the nucleotide sequences, wild-type DNA sequence can easily be
discriminated from different mutations present (Krypuy et al., 2006; Ruskovaa &
Raclavskya 2011).

There are many advantages of HRMA. It is a simple, relatively easy to use
assay which can be performed by individuals with no specific skills or those who
had no intensive training. It is cost effective, fast and has high sensitivity/ specificity
(Vossen et al., 2009). Itis flexible and has a non-destructive nature so the products
can be used in other methods such as gel electrophoresis or Sanger sequencing.
HRMA also requires very small amounts of DNA for analysis, and this allows for
better temperature control and fast melting rate (Ruskovaa & Raclavskya 2011). It
is an in-tube method in which the analysis is performed immediately after the
amplification and it thus prevents crossover of PCR products (Krypuy et al., 2006).

Although HRMA is an attractive method, it has its own drawbacks. HRMA
cannot easily be applied in multiplex mode, meaning that it cannot be used to type
variants in several different fragments at the same time. Also, the sensitivity
decreases with an increase in the size of an amplicon (Vossen et al., 2009). In
addition, HRMA falls short in the detection of homozygous variants, for example, the
subtle differences for some variants such as A-T to T-A changes, can easily be
missed (Vossen et al., 2009; Ruskovaa & Raclavskya 2011). However, itis believed
that the advantages of HRMA greatly outweighs the drawbacks, hence it is still the
most widely used method of identification and detection in both research and

diagnostics.
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2.7.2 DNA Sanger Sequencing

Sanger sequencing is a technique used to determine the sequence of nucleotide
bases on a DNA molecule (Ewing & Green, 1998). It provides information on the
size of the sequence, the organization of genes in a sequence, the size of the genes
and where the mutation is found (Kircher & Kelso, 2010). The reaction mixture
comprises of DNA polymerase, a primer which flanks the DNA of interest, the
deoxynucleotides (ANTPs), dideoxynucleotides (ddNTPs) and ssDNA which serves
as a template (Kircher & Kelso, 2010).

Unlike the dNTPs that have a hydroxyl group, the ddNTPs have a hydrogen
ion group at the 3’ terminal. Because of this hydrogen ion, when a ddNTP binds to
a growing stand during the elongation step of DNA polymerase, non-reversible
termination occurs. As this random choice is made each time a nucleotide is added
to the template, and there are thousands of template strands in the reaction, new
strands of every possible length accumulate in the reaction mixture. The resulting
molecules are sorted by their molecular weight and the label attached to the
terminating ddNTP is read out sequentially in the order created by the sorting step,
which is carried out by capillary electrophoresis (Kircher & Kelso, 2010). The laser
then scans the fragments to identify the end nucleotides by the fluorescent colour.
To analyze the results, a computer detects and records the colour of each ddNTP
at the end of each fragment and thus forms a sequence (Kircher & Kelso, 2010).

Automated Sanger sequencing has a wide range of uses. It is applicable in
earlier detection of genetic predisposition to diseases, which enables the
assessment of risks associated with the development of certain diseases such as
ca (Ewing & Green, 1998; Kircher & Kelso, 2010). It is also used in rational drug
design whereby drugs are designed to target specific gene products that cause
diseases (Ewing & Green, 1998; Kircher & Kelso, 2010).

There are advantages to using Sanger sequencing technology. Firstly, the
sequencing machine is highly efficient; up to 384 sequences of between 600 and
1000 nucleotides in length can be sequenced simultaneously. The procedure is fast
and has a low error rate (Ewing & Green, 1998; Kircher & Kelso, 2010). However,
Sanger sequencing is a relatively expensive method and has proven impractical for
larger sequencing projects. It has also been associated with errors which result
from a number of reasons such as, errors in the amplification step, natural variance
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as well as contamination in the sample used. Furthermore, lower intensities and
missing termination variants tend to lead to sequencing errors accumulating toward
the ends of long sequences (Ewing & Green 1998; Kircher & Kelso 2010).

Although the disadvantages of the above mentioned techniques are
highlighted, and can compromise the integrity of the results of the study, these
methods are still effective and applied in many laboratories. In fact, the majority of
studies on PALB2 used these methods to detect mutations and polymorphisms in
their studies. Other reasons for our choice was financial and mechanical constraint
as well as lack of skills in methods such as Next Generation Sequencing.

2.8 Summary

BC is the most commonly diagnosed female ca in SA (Thompson & Easton, 2004;
CANSA, 2012). Familial BC forms ~ 20% of all BC cases and have been defined by
BRCAL1/2, the high risk genes whose mutations are associated with BC (Foulkes et
al., 2007). Although screening these two genes forms the basis of familial BC
diagnosis, their small percentage contribution left room to further explore other
possible contributors.

Many studies have established that PALB2 is an important protein in the
repair of damaged DNA, and that mutations in PALB2 are associated with various
conditions including BC. However, variants in this gene have conflicting
interpretations depending on the populations in which they are detected. For
example, while some variants are described as pathogenic in some populations, the
same variants are classified as benign in others (Xia et al., 2006; Foulkes et al.,
2007; Zhang et al., 2009b; Frio et al., 2010; Antoniou et al., 2014).

The incidence of PALB2 mutations also varies from one population to another.
For example, in Finland, PALB2 mutations are as common as BRCA2 mutations
amongst BC patients, hence PALB2 screening has been incorporated into the
Finnish BC screen. This has not only aided in the treatment and management of the
disease, but is also used for pre-symptomatic testing and making informed
decisions regarding reproduction and lifestyle. In some countries such as SA
however, PALB2 mutations have not been studied extensively, which leaves a lot

of unresolved cases being undiagnosed and receiving unspecific treatment.
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2.9 Aim of the study

The primary aim of this study was to screen for the presence of pathogenic PALB2
mutations in the genetically diverse SA BRCA1/2 negative BC and OVC patients,
using HRMA and DNA Sanger sequencing as screening methods. Additionally, to
assess the gene’s potential role in BC predisposition in patients with a positive
family history.

2.10 Objectives

a) Optimize qPCR-based HRMA assays for each of the 12 coding exons and splice
site boundaries of PALB2 (30 different primer sets) in order to screen for potential
disease-causing mutations.

b) Comprehensively screen a total of 86 BRCA1/2 negative breast- or OVC patients
who had an extensive family history of breast- and other ca types representing each
of the various SA ethnic groups.

c) Perform automated bidirectional Sanger sequencing analysis for amplicons
exhibiting variation based on HRMA results (<-2.5 — >2.5 deviation from the base

line in the subtractive difference plot).

d) Determine the impact of all variants identified on the protein and disease
phenotype.

e) Correlate the mutations found (if any), with that reported internationally.
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Chapter 3
dflethodology

3.1 Introduction

In the previous chapter, the structure of PALB2, the function of the protein and
localisation of the various functional domains were discussed in detail. The chapter
also highlighted the latest findings regarding the presence of various mutations in
distinct populations and their associated effect as far as BC is concerned. This
chapter therefore outlines the study methodology that was utilized to screen for
mutations in the previously unstudied SA population. The chapter describes the
systematic and theoretical framework applied in the study which allowed for the
discovery, collection and analysis of data in order to acquire knowledge in an ethical
manner (Vogt et al., 2017).

3.2 Study design

The study made use of an experimental quantitative design, which involved
selection of a group of individuals upon which a variable was tested without any
random pre-selection processes (Cook, 2015). In this case, archived DNA samples
of SA female BC cases were screened for the presence of disease-causing
mutations in PALB2 to identify the variables (possible deleterious mutations) in the
SA population. For interpretation of data, the study integrated individual case
studies and experimental results generated to reinforce the findings. It included the
patient’s family history, their negative BRCA1/2 mutation status as well as the
PALB2 mutation screening results gathered from various laboratory experiments.
This approach was advantageous in that it saved time and exploited natural
phenomena that allowed for a deep understanding of possible variables without
inflicting the participants any harm (Cook, 2015).
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3.3 Sampling procedure

3.3.1 Samples used for optimisation of conventional and qPCR

DNA samples were obtained from three postgraduate students who initially gave
blood voluntarily after signing consent. These individuals neither had a positive
family history of breast and/or other ca types, nor were they affected by any disease.
These DNA samples were used for the initial optimisation of the conventional PCR
as well as gPCR reactions of the various PALB2 primer sets.

3.3.2 Research participants

From a pool of approximately 4 000 archived DNA samples that were banked at the
Molecular Laboratory of the Division of Human Genetics, National Health
Laboratory Services (NHLS) in Bloemfontein, a total of 86 unrelated BC/OVC
patients were retrospectively selected based on specific selection criteria. For
inclusion, patients should have been born in SA, be affected with either breast or
ovarian ca, had an extensive family history of breast and other ca types (minimum
of three affected individuals including the index) and have tested negative for the
presence of pathogenic mutations in the familial BC genes BRCA1 and BRCA2. An
additional critical factor for inclusion was the availability of sufficient DNA of a good
quality to perform a complete screen of PALB2 using HRMA and Sanger
sequencing. Provincial approval was obtained in advance for the use of their
patients (Appendixes A and B).

For the purposes of this study, a first degree relative was defined as a close
blood relative and included the patient’s parents, full siblings or children. Second
degree relatives were defined as the patient’s grandparents, grandchildren, aunts,
uncles, nephews, nieces or half-siblings. Information regarding family history was
extracted from patient request forms, which in most cases were accompanied by a
family pedigree drawn by the genetic counsellors/genetic nurses/clinicians from the
respective hospital. The selection of patients represented each of the four SA ethnic
groups (self-declared by index patient) and are presented in Tables 3.1 to 3.4.
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Table 3.1 Indian patients included in the study. Indicated is the patient number, the
index patient’s unique laboratory DNA number, dx, ethnicity as stipulated on the

request form, the extent of the family history and the various ca types present in the

family.
Patient DNA number .Age at. # (_)f affected Ca types present in the family
number diagnosis family members
1 CAM2335 35 4 3 Breast, 1 throat
CAM2336 46 3 3 Breast
3 CAM2338 35 4 2 Breast, 2 ovarian
4 CAM2339 38 3 2 Breast, 1 stomach
5 CAM2481 37 3 2 Breast, 1 lung
6 CAM2513 32 4 2 Breast, 1 colon, 1 childhood ca
7 CAM2551 44 4 2 Breast, 1 ovarian, 1 stomach
8 CAM2645 58 4 3 Breast, 1 uterus
9 CAM2646 21 3 3 Breast
10 CAM2708 48 6 5 Breast, 1 lung
11 CAM2758 50 4 3 Breast, 1 uterus
12 CAM2780 66 4 3 Breast, 1 throat
13 CAM2806 57 5 3 Breast, 1 liver, 1 lung, 1
stomach
14 CAM2807 51 4 2 Breast, 1 uterus, 1 prostate
15 CAM2820 67 5 4 Breast, 1 mandible
16 CAM2821 48 5 3 Breast, 1 stomach, 1
leukaemia
17 CAM2826 67 4 3 Breast, 1 mandible
2 Breast, 1 prostate, 1 stomach,
18 CAM2861 28 6 .
1 throat, 1 endometrial
19 CAM2897 83 3 3 Breast
20 CAM2911 42 8 4 Breast, 1 colon, 2 lung, 1
uterus
21 CAM2960 68 5 4 Breast, 1 tongue
22 CAM2985 48 5 5 Breast
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Table 3.2 Black patients included in the study. Indicated is the patient number, the

index patient’s unique laboratory DNA number, dx, ethnicity as stipulated on the

request form, the extent of the family history and the various ca types present in the

family.
Patient DNA number .Age at. # (_)f affected Ca types present in the family
number diagnosis family members
1 CAM2725 30 3 3 Breast
2 CAM2753 58 4 2 Breast, 1 ovarian, 1 throat
3 CAM2754 47 3 2 Breast, 1 ovarian
4 CAM2804 48 2 Breast
5 CAM2815 27 3 2 Breast, 1 trachea
6 CAM2816 25 5 5 Breast
7 CAM2847 46 3 2 Breast, 1 ovarian
8 CAM2869 32 3 3 Breast
9 CAM2912 38 8 4 Breast, 3 cervical, 1 prostate
10 CAM2915 61 4 3 Breast, 1 prostate
11 CAM2950 35 3 1 Breast, 1 stomach, 1 brain
12 CAM2953 33 3 3 Breast
13 CAM2991 35 5 1 Breast, 1 brain, 1 cervical, 2
leukaemia
14 CAM3244 29 3 Breast
15 CAM3256 41 2 Breast, 1 cervical
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Table 3.3 Coloured patients included in the study. Indicated is the patient number,

the index patient’s unique laboratory DNA number, dx, ethnicity as stipulated on the

request form, the extent of the family history and the various ca types present in the

family.
Patient DNA .Age at. # gf affected Ca types present in the family
number number diagnosis family members
1 CAMAS? 32 5 1 Breast, 1 brain, 1 stomach, 1
lung, 1 colon
2 CAM1715 50 10 5 Breast, 1 skin, 1 colon, 1
prostate, 1 lung, 1 leukaemia
3 CAM1817 48 4 4 Breast
4 CAM1818 42 4 4 Breast
5 CAM1860 58 3 2 Breast, 1 prostate
6 CAM1890 38 3 3 Breast
7 CAM1892 50 3 2 Breast, 1 ovarian
8 CAM1998 60 3 2 Breast, 1 throat
9 CAM2233 44 7 3 Breast, 1 ovarian, 1 larynx, 1
colon, 1 intestine
10 CAM2319 29 3 3 Breast
11 CAM2321 56 4 3 Breast, 1 prostate
12 CAM2378 69 4 2 Breast, 2 ovarian
13 CAM2411 38 5 2 Breast, 1 liver, 1 stomach
14 CAM2460 55 8 5 Breast, 1 prostate, 1 lung, 1
stomach
15 CAM2578 42 3 3 Breast
16 CAM2703 62 4 3 Breast, 1 thyroid
17 CAM2755 45 5 3 Breast, 1 prostate, 1 colon
18 CAM2761 39 5 1 Breast, 1 cervix, 1 throat, 2
lung
19 CAM2767 53 4 4 Breast
20 CAM2782 50 29 9 Breast,. 1 colon, 4 brain, 3
ovarian, 5 prostate
21 CAM2811 57 3 2 Breast, 1 ovarian
22 CAM2848 37 7 3 Breast, 2 colon, 2 uterine
23 CAM2906 26 7 1 Breast,1 colon, 1, stomach, 3
prostate, 1 sarcoma
24 CAM2921 40 6 4 Breast, 2 colon
25 CAM2983 31 3 3 Breast
26 CAM2987 45 4 2 Breast, 1 stomach, 1 stomach
27 CAM3061 38 5 5 Breast
28 CAM3077 51 3 2 Breast, 1 lymphoma
29 CAM3158 44 3 1 Breast, 1 ovarian, 1 prostate
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Table 3.4 Afrikaner patients included in the study. Indicated is the patient number,
the index patient’s unique laboratory DNA number, dx, ethnicity as stipulated on the

request form, the extent of the family history and the various ca types present in the

family.
Patient DNA number Age at # of affected Catypes present in the famil
number ! diagnosis family members ypes p ! v
1 CAM2496 27 5 Not indicated
CAM2574 43 4 3 Breast, 1 ovarian
5 Breast, 1 ovarian, 2 prostate,
3 CAM2697 65 9
1 lung
4 CAM2735 59 3 3 Breast
5 CAM2933 43 5 3 Breast, 1 lung, 1 stomach
6 CAM2998 50 8 7 Breast, 1 prostate
7 CAM3043 39 4 4 Breast
8 CAM3050 38 3 3 Breast
9 CAM3055 66 10 9 Breast, 1 prostate
2 Breast, 2 prostate, 1 throat,
10 CAM3127 36 6
1 stomach
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Ethnicity in this study was referred to as proposed by the South African Society of
Human Genetics (SASHG) released in 2013 (Appendix C). White patients who did
not declare an Afrikaner heritage were included in Table 3.5.

3.4 Ethical considerations

The proposed project was presented and approved by the Postgraduate Evaluation
Committee of the Faculty of Health Sciences (FOHS), School of Medicine at the
University of the Free State (UFS) in Bloemfontein (Appendix D). The approved
research proposal was submitted to the Ethics Committee of the Faculty of Health
Sciences of the UFS for ethical clearance (ECUFS NR 31/95C, Appendix E). This
study formed part of a comprehensive project on the familial BC syndrome that
commenced in 1995 (titled “The application of genetic markers for the identification
of familial breast and ovarian cancer” - ETOVS 31/95).

The study adhered to appropriate ethical conduct, which were based on the
four fundamental ethical principles, namely autonomy (self-rule), non-maleficence
(obligation not to harm others), beneficence (take positive steps to prevent harm),
and justice (obligation to provide the patients with what they deserve such as
confidentiality). All the patients included in the study, were initially counselled prior
to familial BC testing by a genetic counsellor/nurse in collaboration with a clinician.
The counselling session was based on the propagated protocol of the SA Genetic

Counselling Association (http://www.geneticcounselling.co.za). This protocol was

constructed for families requesting information regarding familial/hereditary BC and
the involvement of genes such as BRCA1 and BRCA2. It aimed to guide the
counselling sessions according to a standardized format. Once written informed
consent was obtained, blood was drawn and sent to Bloemfontein for BRCA
analysis. All the patients were given unique internal reference numbers (CAM
number) to ensure confidentiality of information (justice).

After the initial genetic testing for mutations in BRCA1 and BRCAZ2, the
extended research study was discussed during a follow-up counselling session in
Durban with participants that tested negative for BRCA disease-causing mutations

(beneficence).
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Table 3.5 White (non-Afrikaner) patients included in the study. Indicated is the
patient number, the index patient’s unique laboratory DNA number, dx, ethnicity as
stipulated on the request form, the extent of the family history and the various ca

types present in the family.

Patient Age at # of affected . .
DNA number ) ) ) Catypes present in the family
number diagnosis family members
1 CAM702 24 4 3 Breast, 1 colon
2 CAM2580 30 3 3 Breast
3 CAM2722 55 3 3 ovarian
4 CAM2730 56 4 3 Breast, 1 pancreas
5 CAM2742 69 4 2 Breast, 1 brain, 1 liver
6 CAM2854 49 4 3 Breast, 1 ovarian
7 CAM2919 46 3 3 Breast
5 Breast, 1 colon, 2 prostate,
8 CAM2945 36 13
2 lung, 2 stomach, 1 throat
9 CAM3010 60 3 3 Breast
10 CAM3140 66 4 3 Breast, 1 ovarian
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Once the patient understood the information and was given ample time to ask
questions, additional informed consent was obtained (autonomy) (Appendix F).
Only patients with adequate amounts of high quality DNA available were included
into the study. No additional blood samples were requested or collected to ensure
non-maleficence (avoid danger or harm to an individual). If informative results were
obtained during this study, the information was to be portrayed back to the
participant via the genetic counsellor.

Permission for the use of the facilities and the apparatus to conduct the
research was obtained from NHLS Business Manager of the Universitas Academic
Laboratories in Bloemfontein (Appendix G).

3.5 Methods

An overview of the methodology involved in this project is presented in Figure 3.1.
The diagram indicates the steps taken in order to successfully screen for mutations
in PALB2 using qPCR based HRMA and automated Sanger sequencing.

3.5.1 DNA extraction

DNA samples used in this study were all extracted previously from
ethylenediaminetetraacetic acid (EDTA) blood samples using the salting out
method. This method was first described by Miller et al. (1988) and adapted for use
in the NHLS diagnostic laboratory by Combrink (2016). The method is currently
performed according to a standardized protocol as described in the Standard
Operating Procedure of this NHLS laboratory, based on the adaptions described by
Combrink (2016).

The method briefly entailed the collection of 10 — 20 ml blood in EDTA tubes.
Upon arrival, all the blood in the EDTA tube was transferred to labelled Nunc tubes
and stored at - 20°C. On the day of extraction, the frozen samples were
thawed and cells ruptured using 45 ml cold lysis buffer [0.3 M sucrose, 10 mM 2-
amino-2-(hydroxymethyl)-1,3-propanediol (Tris) pH 7.8, 5 mM MgCI2, 1% (v/v) t-
octylphenoxypolyethoxyethanol (Trixton X-100)]. The solution was centrifuged
for 20 min at 4000 rpm at 4°C, where after the pellet was resuspended in 1x SET

buffer (10 mM Tris-HCI pH 7.5, 100 mM NaCl, 1 mM EDTA) containing 10 ug.pl'l
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Figure 3.1 Overview of the methodology involved in data collection. The flow diagram indicates the steps taken in order to screen for

mutations in PALB2 using gPCR based HRMA and Sanger sequencing as screening methods. It commenced with primer optimisation
and concluded with in silico analysis of each variant.
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proteinase K and 1% (w/v) sodium dodecyl sulphate (SDS). The solution was
incubated overnight at 37°C.

The following day a volume of 1.4 ml saturated NaCl was added to the
mixture, where after the tubes were vigorously shaken for 15 sec and centrifuged
for 15 min at 4 000 rpm at 4°C. This step was repeated twice. After centrifugation,
the supernatant was transferred to a clean tube and the DNA precipitated using
2 volumes 100% (v/v) ethanol. The solution was gently mixed and incubated for
10 min at - 20°C. The precipitated DNA was scooped from the solution, transferred
to an Eppendorf tube and washed with 70% (v/v) ethanol. The tubes were briefly
centrifuged to pellet the DNA, where after it was air dried and dissolved in T.1E buffer
(10 mM Tris-HCI pH 7.6, 0.1 mM EDTA) (Combrink, 2016).

3.5.2 DNA quantity and quality

The quantity and quality of the extracted DNA was determined using the
NanoDrop®ND-100 Spectrophotometer (v3.01, NanoDrop Technologies) according
to the manufacturer’s instructions. The concentration of the sample was expressed
as ng.ul™.. The purity of the extracted DNA has been proven to be critical for
successful HRMA (Combrink 2016; Oosthuizen 2016), the DNA of potential
research patients were inspected. Two indicators were considered, namely the ratio
of absorbance at A230260 Nm and the ratio of absorbance at Azso280 Nm. The ratio at
230 nm and 260 nm (~ 2.0 — 2.2) indicated possible DNA contaminants (Technical
Bulletin, NanoDrop - http://www.nanodrop.com/Library/T042-NanoDrop-

spectrophotometers-Nucleic-Acid-Purity-Ratios.pdf), whereas the ratio at 260 nm and

280 nm (ideally ~ 1.8) indicated the presence of specific contaminants such as
proteins. An initial DNA dilution (with a concentration of 50 ng.ul-1 in T.1E) was
prepared for the optimisation of the various PALB2 fragments using PCR, where
after the DNA was further diluted to a final concentration of 15 ng.ul-1 for gPCR
based HRMA.

3.5.3 Primer sets for PALB2

The sequences of 30 primer sets used for the complete screening of PALB2 were

obtained from literature (Bogdanova et al., 2011). The primers were homologous to
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the reported PALB2 gene sequence (NG_007406.1, accession MIM 600185,
Genbank accession number U43746). The primer lengths varied from 18 to 29
nucleotides and produced amplicons ranging from 109 to 197 bp (Table 3.6). The
primer sets were manufactured by Gibco® (Life Technologies, United Kingdom).
Each dried primer was dissolved in a T.1E buffer to a concentration of 20 uM, where
after it was further diluted to a final 3 yM for q-PCR as suggested by Combrink
(2016) and Oosthuizen (2016).

3.5.4 Conventional PCR reactions

Optimal amplification of each of the primer sets was tested using a PCR gradient
approach. The optimal Ta was calculated using the online tool provided by the
primer manufacturer (https://www.idtdna.com). The calculation incorporated the CG
content and the length of each primer pair. Once the calculated Ta was determined,
optimisation of the gqPCR commenced with performing PCR using a gradient. A set
of PCR reactions were performed for each of the 30 primer sets across a 10°C
range, ranging from 5°C below to 5°C above the calculated Ta.

The components such as the dNTP’s and Tag DNA polymerase were
obtained from Roche Diagnostics (Roche Diagnostics, Mannheim, Germany). Each
50 pl PCR reaction contained 200 ng template DNA of postgraduate students, 20
UM exon specific primers, 250 yM dNTP, 100 mM Tris-HCI (pH 8.3), 1.5 mM MgCl,,
50 mM KCl and 1 U Taqg DNA polymerase. A no template control containing all PCR
reagents except DNA was included with every run to detect possible DNA
contamination of reagents. PCR was performed using the MyCycler™ (Bio-Rad
Laboratories Inc., Hercules).

The PCR regime entailed one cycle at 95°C for 1 min, followed by 32 cycles
at 94°C for 45 sec, the appropriate annealing temperature (Ta) (ranged from 5°C
below to 5°C above the optimal temperature as indicated by Bogdanova et al., 2011)
for 1 min and 72°C for 45 sec, with a final elongation step at 72°C for 10 min. The
guality of the PCR products was visualised using horizontal gel electrophoresis.

Amplification products were separated using 3% (w/v) agarose gels in the
presence of 0.5 ug.ml™* ethidium bromide (EtBr) and 1 X TBE (0.089 M Tris pH 8,
0.089 M boric acid, 2 mM EDTA), at 95 V for 30 min. The products were sized
against a 50 bp DNA ladder (Roche Diagnostics, Mannheim, Germany) that acted
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Table 3.6 Oligonucleotides used for gPCR based HRMA of PALB2. Indicated are primer names, the 5’ — 3’ sequence of both the

forward and reverse primers and the expected amplicon size.

Exon Forward Primer cited in the 5’ to 3’ Reverse Primer cited in the 5’ to 3’ Expected
direction direction product size (bp)
Exon 2 ATTGTTGGTGTTTTTCTTCTTC AATTTGAGAATACGATTCACTTA 109
Exon 3 CTGGGGCTGTTTTTGTCTCC GTCTAGATTTACCTGAGTGTTT 139
Exon4_1 TCCTCCTCAGAACCTAAAAAT ATCCTCCTGGGCCATCTC 145
Exon4_2 CCTTTAACCCTGGAGATGG TAAATGTCCTTCTTCTGCTGC 150
Exon 4_3 AAAGCAGAAGCTGCCAAGCA TTTGCTACTACTGATTTCTTCCTG 142
Exon4_4 GATTCACTCAGATTGTCTGG GTTGGGCAGTTGGTGGAAT 187
Exon 4_5 GTTACAGAAATTAATGAAGACA CCTTTAGGAGGAATGTGTTC 170
Exon4_6 GTAGTAGTCAGCACCTTGAA GGTTATCTGTAGAGACAGTCA 138
Exon 4_7 CTGTAAGTTTGGAGGCACAA GTTTTCATTTGCTGGTAAGTTA 170
Exon4_8 AAATGAACTCACCTACAATAAC TTGCTTCCAGGCTAAGACTC 170
Exon4_9 GTGAGATTCTAAGTCAACCTAA CTACTTTCCTCTGGCAATTG 156
Exon 4_10 GTTAGAACAACACGAAGCATG GTGCCAGACATCCCTAATTTCA 176
Exon4_11 CCAATGAGGAAACTGACCAA GCAACTGCCTTCCTAGACAA 154
Exon4_12 GCAGTTGCCCAAGCACCT ACCTTTCACTTGAATAAATAATT 180
Exon5_1 GGGTTTTGTTACTATTTTGTGA CAGCATTCCATCCCTCTGAA 150
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Table 3.6 continue

Exon Forward Primer cited in the 5’ to 3° | Reverse Primer cited in the 5’ to 3’ Expected
direction direction product size (bp)
Exon5_2 GATGCTTTCACGGCTCCAT GACTCAAAGGGCTCCACT 164
Exon5_3 AAGTGAAGTCCTGCTCAGAA CTAAGTCCTCCATTTCTGTAT 138
Exon5 4 CTAAACGCATGGATACAGAAA CTGTGGTAGGCCTGTCATTA 183
Exon 5_5 CGGTTGCGCCTGATGATAAT GTTGGGGTGTGCAGCAAGT 150
Exon 5_6 GGACGAACTTGCTGCACAC ACAGAGTCACAGTCACAGGT 161
Exon 5_7 GGACAACCTACCTGTGACT TGGATTGTACCTGTTCGACG 139
Exon 6 AGACTAATGATGTGACTTTTGT CGAGACACTGGAAGAGAATA 132
Exon 7 GCCATTGTGTCAGAATCCTT ATTCCCACTTACCTCTGCGA 187
Exon 8 GCTGCTTTGTTTTATTTAGGTT GGAATTACATACCTGATCTC 117
Exon 9 TATTTGGCTTAGGGCATTGTT TTCTTACCCTCCATCTTCTG 181
Exon 10 ATTACAGAGGCAAAGAAAACC AGCTTACCAAATAACAATGTTGT 131
Exon 11 GTGATCAGCTTATTTATTTTTG GGTCCCAGCCAGTCATTA 142
Exon 12 GACAGTCTATTTGGGATATTTA CACACTTGCCTGCCAGCC 197
Exon 13 1 TCTTTGTATGCTATCAGGTTC AGAGACAGGTGGGAGGAG 132
Exon 13 2 ACTTCTCGGTCAGTGTACTG GAGGCCCAATATATCCAGAAAA 181
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as a sizing standard. The ladder consisted of equimolar mixtures of DNA fragments
with a known length. This enabled correct DNA sizing of each amplicon and
approximate quantification of the amplicons at the various Ta’s. The optimal Ta for
each amplicon were selected based on the intensity of the products across the Ta

ranges, the specificity and correct size of the amplicon.

3.5.5 qPCR for HRMA

Once the optimal Ta of each amplicon had been determined using PCR,
optimisation of the gPCR commenced. Each 9 pl gPCR reaction contained 30 ng
genomic DNA, 0.3 uM of each primer and 3 ul LightScanner® Mastermix (BioFire
Diagnostics Inc, Salt Lake City, UT) as tested and described by Oosthuizen (2016).
The gPCR regime entailed: pre-incubation of one cycle at 95°C for 10 min
(ramp rate of 4.4°C/s), followed by amplification steps consisting of 40 cycles at
95°C for 10 sec (ramp rate of 4.4°C/s), primer dependent Ta for 15 sec (ramp rate
of 2.2°C/s) and 72°C for 10 - 25 sec, depending on the length of the amplicon (ramp
rate of 4.4°C/s) (Combrink 2016). The amplified products were horizontally
separated using a 3% (w/v) agarose gel to inspect the quality and specificity of each
gPCR amplicon. The gels were run using 1X Tris-Borate-EDTA buffer at 95 V for

30 min.

3.5.6 HRMA

High Resolution Melting Analysis was performed on the LightCycler® 480 Il real-
time instrument from Roche Diagnostics (Mannheim, Germany). This system
offered HRMA-based gene scanning as an integrated solution on a plate-based
gPCR instrument. The LightCycler® 480 Gene Scanning Software was based upon
a proprietary algorithm for melting curve grouping according to shape and was used
for the identification of possible variants in the various amplicons.

For the gPCR and HRMA, the DNA was meticulously diluted to 15 ng.pl?
using a low salt buffer (T.1E) in order to eliminate the addition of possible
contaminants that could influence the shape of the melting curves. The aliquots
were incubated for a minimum of 16 h at 37°C to ensure a homogenously diluted
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solution (Combrink, 2016). The concentration of each sample was measured in
triplicate using the NanoDrop® to obtain an average concentration. This was
performed in order to equalise the starting template for all samples (Oosthuizen,
2016).

An immediate high resolution melt (HRM) followed amplification and
consisted of a single cycle starting at 95°C for 1 min (ramp rate of 4.4°C/s) to 40°C
for 1 min to allow heteroduplex formation (ramp rate of 2.2°C/s), where after the
actual melting (Tm) was achieved by gradually increasing the temperature from
60°C to 95°C. Single acquisitions were recorded during the elongation step of
amplification, but were continuous (25 acquisitions per °C) during the melt. The final

phase of the HRM consisted of cooling for 10 sec at 40°C (ramp rate of 4.4°C/s).

3.5.7 Automated Sanger sequencing

All HRMA patient samples deviating from the baseline (cut-off beyond -2.5 to 2.5 for
the relative signal difference) in the difference plots were bi-directionally sequenced
using the BigDye® Terminator v3.1 Cycle Sequencing Kit (Thermo Scientific Corp,
Waltham, MA). Cycle sequencing was performed according to the manufacturer’s
instructions to identify genetic variants. Before sequencing, each qPCR based
HRMA product was purified using lllustra™ Exostar® (GE Healthcare, Chicago,
lllinois) to ensure the removal of single stranded DNA such as primers and single
nucleotides. This step entailed the addition of 2 pl of the enzyme to 5 ul of the gPCR
product. The solution was briefly mixed by pipetting, where after it was incubated
for 15 min at 37°C. This incubation was followed by a second incubation step at
80°C for 15 min to inactivate the enzyme.

Each 10 yl sequencing reaction contained 3 ul cleaned-up PCR product, 1
Ml Ready Reaction master mix, 3.2 uM primer (forward or reverse) and 2 pl BigDye®
sequencing buffer. The amplification regime entailed: one cycle at 96°C for 1 min,
followed by 25 cycles at 96°C for 10 sec, 54°C for 5 sec and 60°C for 4 min, with a
final holding temperature at 4°C. The sequenced products were precipitated by
adding 5 pl 125 mM EDTA and 60 pl 100% (v/v) ethanol according to the

manufacturer’s protocol, followed by a 30 min incubation step at room temperature
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in the dark. After centrifugation at 14 000 rpm for 30 min at room temperature, the
supernatant was aspirated, the pellet washed once with 70% (v/v) ethanol for a
minimum of 30 min and finally air dried in the dark.

Hi-Di™ formamide buffer was added to the dried pellet, where after it was
denatured for 5 min at 96°C and the tubes snap-cooled in a cold block (0 — 5°C).
The pellets were suspended by pipetting, and analysed on an ABI Genetic Analyser.
The electropherograms were analysed by visual inspection using proprietary
sequence analysis software (Chromas version 2.31, www.technelysium.com.au).
The sequences were aligned to the reference sequence for PALB2 with LALIGN
(www.ch.embnet.org/software/LALIGN), after which translation was performed with

the Expasy translate tool (http://au.expasy.org/tools/dna.html).

3.5.8 Quality control

The use of gPCR based HRMA had previously been optimized for use in the
laboratory, hence only optimisation of the various PALB2 primer sets was
performed. Optimisation was critical to ensure mutation screening was performed
using optimal conditions. Critical factors affecting HRMA were taken into
consideration such as the shape and incline of the amplification curve, the crossing
point (Cp) of the reactions (should be between 20 — 30 cycles), the total number of
fluorescence units obtained at the end of cycling and a single Tm of the amplified
product (to ensure amplification specificity). These factors were incorporated to
determine the optimal Ta and cycling regime for each of the primer sets.

During HRMA, all samples were performed in duplicate in order to prevent
false positive or negative results obtained due to pipetting errors. The first reaction
therefore acted as a control for the second. A true positive was considered only if
both samples exhibited the same HRMA profile on the difference plot and was
identified by the instrument’s software as similar and distinctly different from the rest
(deviating from the base line).

As HRMA represents a mutation screening technique, the study did not make

use of any positive controls. All experiments included a no-template control and an
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empty well. The no-template control provided evidence of no reagent cross-
contamination during the execution of the laboratory experiments, whereas the
empty well reflected a clean plate.

During normalisation of the HRMA data, the gliders were used to limit
analysed data only to that surrounding the area of melting of the amplicon. This
excluded background noise that could potentially influence the data observed on the
difference plot. All samples deviating from the baseline (< - 2.5 and > 2.5) and not
grouping with the bulk of the samples, were Sanger sequenced to confirm potential
DNA changes. Sequencing was performed in both directions and a variant was only

called once both reactions displayed the identical DNA change.

3.5.9 Data analysis

Mutations were described according to the guidelines stipulated by the HGVS

nomenclature (http://www.hgvs.org/mutnomen/) and were correlated with that

previously reported. Each variant was initially checked for its existence by
performing an internet based search. Databases such as the Leiden Open Variant
Database (LOVD, http://www.lovd.nl/3.0/home) and Clinvar

(http://www.ncbi.nlm.nih.gov/clinvar/) allocated a class (1 — 5) to each of the known

variants based on the ENIGMA guidelines
(http://enigmaconsortium.org/documents/publications/ENIGMA Rules 2017-06-29

v2.5.pdf) for variant classification (Appendix H).
Variants that were not found in these databases were searched for in the
1000 Genomes project database by using dbSNP

(https://www.ncbi.nlm.nih.gov/projects/SNP/) to investigate whether the variant was

novel or allocated to a specific population cluster. On many occasions this search
delivered a reference single nucleotide polymorphism (SNP) number for the variant
(Reference SNP cluster ID or rs number), indicating that the variant had been
reported and peer reviewed but not reported to a certain database. The rs number
represented an accession number used by researchers and databases to refer to a

specific SNP.
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The analysis of variants with an unknown clinical significance (VUS) was
conducted using a multiple evidence based approach according to the ENIGMA
guidelines (Appendix H). These multi-evidence guidelines represented a universal
and standardised approach to assess the pathogenicity of a variant. Once the
population data was analysed, the variants were grouped according to mutation or
variant type, namely nonsense, missense or synonymous variants. Nonsense
variants lead to terminating codons which in most cases are pathogenic. Missense
variants were examined with computational functional analysis, using
Polymorphism Phenotyping version 2 (PolyPhen-2,
http://genetics.bwh.harvard.edu/pph2/), Sorting Intolerant From Tolerant (SIFT,

http://sift.jcvi.org/) and Mutation Taster (http://www.mutationtaster.org/) to

determine the variants’ conservation across species and to assess possible protein
structure disruption. Variants that delivered inconclusive results across these
databases were then analysed for splice effect predictions. Human Splicing Finder

(http://www.umd.be/HSE3/HSE.html) was used to determine splice defects. Finally, all

variants that showed possible clinical impact (Class 4 to 5) were then searched
across the literature for published functional assay confirmation to confirm or

substantiate the classification class.
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Chaptec 4
Results and discussion

The previous chapter, methodology, precisely stated in detail, the materials and
methods applied in the study to obtain data. It described the ethical considerations
and the process of patient selection. It further outlined the laboratory experiments
which included DNA extraction and dilution. It further more described the mutation
screening methods, which was based on qPCR based HRMA and DNA Sanger
sequencing, as well as the guidelines and internet based websites used for the
interpretation of the data acquired.

The purpose of this chapter is to then present, interpret and explain the
results obtained in order to answer the research question stated in chapter 2. As a
way of justifying the findings presented in this chapter, the study used a positivist
paradigm approach, which states that valid/true knowledge was only derived from
sensory experience and logical interpretation of data as opposed to mere intuition
(Taylor & Medina, 2013). Based on this theory, only results that could be
scientifically verified was included.

The interpretation of the observed data was based on the results of the in
silico analysis that predicted the effect of DNA variants on the biochemical
alterations of respective aa regarding protein folding and function. These findings
were compared with those existing in the literature in order to formulate a hypothesis
that either justified or dismissed the current knowledge.

4.1 Familial breast- and/or ovarian ca patients

The selection criteria allowed for inclusion of 86 BC/OVC patients representing the
four main ethnic groups within SA (Table 3.1 — 3.4). The non-Afrikaner Caucasian
patients were grouped as White and represented a fifth group (Table 3.5). The term
“White” therefore refers to non-Afrikaner Caucasian women, for the purposes of this
study. All these participants had sufficient stock DNA of a good quality and quantity
in order to perform the screen (Figure 4.1 A — B).
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Figure 4.1 Inspection of the quantity and quality of the DNA for CAM2792 as
determined by the NanoDrop®ND-100 Spectrophotometer v3.01. A. DNA
concentration and quality values of the stock DNA at A2sor280 nm and Azsor230 nm. B.
DNA concentration and quality values of the DNA dilution required for g°PCR based
HRMA, indicating the values at A2so/280 NM and Azeo/230 NM.
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4.1.1 Various catypes in families

Participants affected with BC and/or OVC were enrolled into the study based on a
positive family history of breast- and other ca types. An example of an extensive
family history of breast- and other ca types are indicated in the pedigree presented
in Figure 4.2.

Despite the majority being affected with BC and OVC, various other ca types
were observed (Figure 4.3). The five most common ca types present in these
families were breast- (19%), prostate- (13%), stomach- (11%), ovarian- (9%) and
colon ca (9%). These ca types were observed across all ethnic groups (CANSA,
2012). Four of these are represented in the top five most common ca for both men
and women in SA, and account for the majority of ca cases (CANSA, 2012). For SA
women, the most common ca are breast, cervical, ca of Unknown primary (CUP),
colorectal and uterus ca. For men, the most common ca types include prostate-,
colorectal-, lung ca, CUP and Kaposi Sarcoma (CANSA, 2012).

Although various ca types were observed amongst the families, BC remained
the most common (Figure 4.4). In fact, ~ 19% of patients had a history of BC only,
with 84 of the 86 affected patients presenting with at least one family member
diagnosed with the disease. All the families studied, showed a clear indication of a
familial ca syndrome, with an aggregation of various ca types amidst all the BC
cases.

The Coloured population presented with the widest ca range of all (Figure
4.4). Amongst the 29 families studied, a total of 16 different ca types were observed,
with especially prostate-, colon-, throat-, ovarian- and stomach ca repeatedly noted
accompanying BC. Although these are not necessarily the most common ca types
recorded for the SA Coloured population, they represent the most commonly
diagnosed ca types in families of all SA ethnic groups (CANSA, 2012). This might
be attributed to the origin and heritage of this unique SA population, as they
genetically overlap between the indigenous African (Blacks), European and Indian
populations that emigrated to SA during the last 300 years (Quintana-Murci et al.,
2010). Based on Figure 4.4, it is speculated that their susceptibility to genetically
predisposed ca might be broader than that of the genetically more conserved ethnic

groups.
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Figure 4.2 Example of a family pedigree that met the selection criteria. Presented is the pedigree for CAM2782, indicating a familial
clustering of various ca types on both maternal and paternal sides. The index patient currently age 50, was diagnosed with both
breast- and mandible ca. A total of 22 family members (including the index and an unrelated spouse) has been diagnosed with various
ca types. The description for each ca, as well as the position of the index patient are indicated (pedigree constructed using

https://pedigree.progenygenetics.com/, accessed on 12 November 2017).
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Figure 4.3 Representation of the different ca types recorded in the family pedigrees

of the 86 participants. The prevalence of each ca type is indicated as a percentage.
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Figure 4.4 Prevalence of various ca types present in the families involved, recorded for each SA ethnic group.
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Similarly, the SA Indian population also displayed a broad range of ca types, with
13 different ca types recorded in a total of 22 families. Although the range was also
broad, it differed with regards to that observed for the Coloured population (Figure
4.4). This population group represents the largest settlement of Indians outside
mainland India. This SA group is also genetically unique (based on SNP data
obtained during BRCA1/2 screening), as many of the SNPs and mutations detected,
are specific to this group of individuals and have not previously been described for
the original population of India (Roychoudhury et al., 2001; Mastana, 2014;
Combrick et al., 2016).

The Afrikaner families exhibited the smallest range of ca types. In a total of
10 families, only six different ca types were observed. These included breast,
prostate, throat, ovarian, stomach and lung ca. These ca types represented the
typical common ca types observed in the cohort. The small range of ca types
observed does not necessarily imply that the Afrikaner ca profile is markedly
different from the rest. This might not be a true reflection, as a low number of
Afrikaner families were included in this study (10 of 86).

4.1.2 Affected family members

Literature has stated that the risk or likelihood of developing ca increases in
accordance with the number of affected family members in the family. For example,
for BRCA1/2 it was found that for patients with four or more BC or OVC affected
family members, the odds of detecting a pathogenic BRCA mutation increased to ~
85% (Foulkes et al., 2007). When considering all 86 index patients, the average
number of family members diagnosed with breast- and other ca was 4.6 although
the numbers varied (Figure 4.5 A — E).

The group with the most extensive family histories was the Afrikaners with
an average of 5.7 affected members per family (Figure 4.5 D). In this group, the
highest number of affected members was 10, with the lowest being three members
per family (Figure 4.5 D). Succeeding the Afrikaner population, was the Coloured,
Whites and Indians with 5, 4.5 and 4.4 family members respectively (Figure 4.5 A,
B & E). The Black population had a more moderate family history with an average

of 3.7 affected members per family (Figure 4.5 C). Along with genetic constitution,
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Figure 4.5 Family history of patients per ethnic group. A. Families of Coloured patients, B. Families of Indian patients, C. Families of
Black patients, D. Families of Afrikaner patients and E. Families of White patients. The Afrikaner population had the most extensive
history while Black families had the least number of members diagnosed with ca.
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these high numbers are possible due to a more westernised lifestyle and cultural
practices that have been maintained throughout generations. The lower average in
the Black population could be due to a few reasons, which include lifestyle choices
such as having many children, breastfeeding for longer periods and healthier dietary
choices (non-Westernise) eating more vegetables and less meat. Another important
factor that could contribute to this relative low number is the lack of knowledge
regarding the medical history of families (Colditz et al., 2006; CANSA, 2012). It is
not custom in the Black population to discuss ca and other serious illnesses with
the extended family due to religious and traditional beliefs.

The data illustrated in Figure 4.5 confirm to some extent the existing
hypothesis that the overall life-time risk of developing BC in SA is higher for Whites
than it is for Blacks. In 2004, the risk of developing BC was 1:13 for the Afrikaner
and 1:81 for Black SA females. Currently, the risk is 1:15 for Afrikaner compared to
1:53 for Black women (Reeves et al., 2004; Francies et al., 2015). Despite the lower
risk for Black females, it is rapidly increasing (2004 versus 2015). This is most likely

due to the adoption of a more Western lifestyle (van der Merwe et al., 2012).

4.1.3 Age of diagnosis

The risk of developing BC has been proven to increase with age (Frank, 2004; Erkko
et al., 2008; Antoniou et al., 2014). This is evident in countries all over the world
including SA. It is also known that White women are more likely to develop BC than
African American, Hispanic and Asian women (Chupek et al., 2015). However,
African and African American women are more likely to develop more aggressive,
more advanced-stage BC that is diagnosed at a young age (<45) compared to other
population groups (CANSA, 2012; Chupek et al., 2014; Keenan et al., 2015).

In the current study, the average age at diagnosis for patients was 46 years
with the majority for the groups ranging between 46 and 49 (Figure 4.6). White
patients generally had the most advanced age at diagnosis, namely 49.1 years
whereas Black females had the lowest (dx = 39). According to CANSA (2012), ~
50% of White females are diagnosed with BC between the ages of 50 and 70 years
while the same percentage was diagnosed between 40 and 60 years of age in the

Black population. Up to now, it is unclear what is causing this difference particularly
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Figure 4.6 Average age at diagnosis illustrated per ethnic group for the total 86
index patients affected with breast- or OVC.
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in BRCA negative patients, as age at diagnosis is often correlated to mutations in
either BRCA1 or BRCA2 (Verhoog et al., 1998; Xia et al., 2007; Foulkes, 2008; Roy
et al., 2012).

4.2 PALB2 primer optimisation

For the majority of the primer sets, the calculated Ta proved to be best as PCR
resulted in a strong single product that corresponded with the expected fragment
size (Table 4.1). For the remainder of the primer sets, more specific amplification
results were obtained at higher Ta’s, once visualized on an agarose gel (Figure 4.7).

Once the most stringent Ta was established for each primer set using
gradient PCR, the Ta was used within an initial gPCR reaction to determine its
specificity and performance. The gPCR regime as published within the package
insert of the High Resolution Melting Dye designed for the LC480 Il from Roche
(Roche Diagnostics) proved to be optimal for the majority of primer sets.

To ensure optimal Ta, various factors were taken into account. This included
inspection of the shape of the sigmoidal amplification curve, looking specifically at
the Cp, the exponential phase and the final plateau phase. The Cp value
represented the point where amplification first clearly rose above the noise
thresholds (off the baseline) to a statistically significant degree. This value should
ideally range between 20 — 30 cycles for g°PCR based HRMA (van der Stoep et al.,
2008).

Once the Cp was crossed, the slope of the curve needed to be steep to
represent the strong exponential amplification of the selected region. This occurred
when the amplicon-derived fluorescent signal was reliably detected by the
instrument. Once the limited resources provided (such as the primers, nucleotides
and enzyme activity) were utilized, amplification decreased and the amplification
curve tailed off and plateaued.

Additionally, a melt curve analysis or Tm calling was performed post gPCR
to determine the specificity of each Ta. This was performed on the results that were
acquired during the gPCR. The gradual increase in temperature resulted in the
denaturation of the amplicon at a given temperature. This resulted in a decrease in

fluorescence which was then converted into melt curve data to generate the melting
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Table 4.1 Optimized annealing temperatures for g°PCR based HRMA of PALB2.

Indicated are primer names and the optimized Ta of each primer pair.

Exon Ta (°C)
Exon 2 54
Exon 3 56
Exon4_1 60
Exon4_2 62
Exon4_3 54
Exon 4 4 58
Exon 4 5 54
Exon 4_6 60
Exon4_7 54
Exon 4 8 54
Exon4_9 54
Exon 4 10 60
Exon4 11 54
Exon 4_12 54
Exon5_ 1 60
Exon5 2 64
Exon5 3 54
Exon5 4 58
Exon5_ 5 56
Exon5 6 62
Exon5 7 54
Exon 6 58
Exon 7 54
Exon 8 56
Exon 9 54
Exon 10 60
Exon 11 60
Exon 12 54
Exon 13 1 64
Exon 13 2 58
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Figure 4.7 Agarose visualization of optimized PCR products for various PALB2
primer sets. Loaded in Lane 1 — PALB2 exon 4_12 (180 bp, Ta of 56°C); Lane 2 —
PALB2 exon 4_7 (170 bp, Ta of 56°C); Lane 3 — PALB2 exon 4_8 (170 bp; Ta of
56°C); Lane 4 — 50 bp DNA molecular marker; Lane 5 — PALB2 exon 4_1 (145 bp;
Ta of 60°C); Lane 6 — PALB2 exon 5_3 (138 bp; Ta of 54°C); Lane 7 — PALB2 exon

4 3 (142 bp; Ta of 54°C).
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peaks. The presence of more than one peak indicated either the presence of a
second non-specific amplicon or primer dimers.

All the primer sets produced amplification curves exhibiting all three phases
of amplification using the initial optimized PCR Ta. The samples representing a
specific exon grouped and had a similar Cp (Fig. 4.8 A). All the primer sets produced
a Cp of between 25 and 30 cycles, which according to literature was ideal (Erali et
al., 2008; Vossen et al., 2009). A total number of 45 cycles were sufficient for all
gPCRs to plateau (Figure 4.8 A).

The slopes of the sigmoidal amplification curves of the 30 sets were strong,

although the fluorescence units differed between the fragments at the plateau
phase. The number of fluorescence units varied between 180 and 360. As the
relative fluorescence units were a reflection of the quantity of the amplicon, it was
imperative that an attempt was made to increase the fluorescence units without
jeopardizing the sensitivity of the reaction.
In the majority of cases, evidence of non-specific binding was only observed once
the Tm calling was performed, as more than one melting peak was present (Figure
4.8 C). In some instances such as PALB2 exon 13_1, the presence of a secondary
amplicon was already evident in the normalized melt curve (Figure 4.8 B). In order
to increase the stringency of the amplification, the Ta of the gPCR was gradually
increased from 58°C to 64°C (Figure 4.8). With this increase, the secondary peak
became smaller, indicating more specific amplification. At 64°C, only a single
amplicon was present (Figure 4.8 C). This process was followed until nearly all
gPCR reactions produced only a single specific amplicon for the various regions of
interest. The optimized Ta for the gPCR is listed in Table 4.1.

For a small number of primer sets, a secondary peak remained despite all
attempts at further optimisation (increase in Ta and the addition of MgCl2) (Fig. 4.9
A -C). From literature, it was gathered that these secondary peaks could be due to
the inherent nucleotide sequence of that fragment (Krypuy et al., 2006; Erali et al.,
2008; Vossen et al., 2009). These areas tend to exhibit multiple melting domains.
To determine whether this primer set was fully optimized, the fragment was Sanger
sequenced (Figure 4.9 D). The sequence obtained was clean with high Phred
scores and barely any background noise. This indicated the presence of a single

amplicon and absence of non-specific binding of the primers. The sequence further
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Figure 4.8 Optimisation of the Ta for PALB2 exon 13_1 to be used within gPCR based HRMA. A. gPCR amplification curves for

reactions performed at 58°C, 62°C and 64°C. B. Normalized melting curves obtained during gPCR amplification performed at 58°C,
62°C and 64°C. C. Graphs obtained for post g°PCR Tm calling for amplification performed at 58°C, 62°C and 64°C.

Page | 59



P e 1
(13213
sevnoe

TTTTR LS, N CO Wy DONE  JE JNNN JE NS JEme e N e
Conies

B Mesmaliies Weltise Sernen
o e

Nt s "

Figure 4.9. Evidence of more than one melting domains within PALB2 exon 13_2.
A. The amplification curve. B. Normalization of the melting curve, indicating two
melting domains, highlighted by the red circle. C. Tm calling indicating two distinct
melting domains. D. DNA sequence for PALB2 exon 13_2, indicating the presence

of a single amplification product with high Phred scores.
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more aligned with the reference sequence for PALB2 exon 13 2, indicating that
although two distinct melting peaks were detected using Tm calling (Figure 4.9 C),
the amplification was highly specific and optimal.

Once the optimal Ta of the gPCR was established, HRMA was performed
using the data obtained from the qPCR. Gene scanning for HRMA made use of the
Gene Scanning software v1.5 specific for the Light Cycler® 480Il. The analysis was
performed according to the Operator's Manual (Roche Diagnostics, Mannheim,
Germany). The data obtained during HRMA was visualized as various graphs,
which included the gPCR amplification curve, a negative calling, normalization of
the amplification curves (by placement of the gliders), a temperature shift and a
difference plot (Figure 4.10 A — D).

The normalisation, temperature shift, as well as the difference plot were all
derived from the negative calling of the HRMA (Figure 4.10 B). The negative curve
was captured during gPCR with the acquisitions taken from 60°C to 96°C for a 5
min period at a rate of 25 acquisitions per 1°C. The criteria for normalisation
composed of moving the gliders to the area just before and after the melt, and
adjusting them in such a way that the two bars were 1°C apart on both sides (Figure
4.10 C). The temperature shift was adjusted to exclude the last 3 — 5% of the melt
curve data (Figure 4.10 D). The difference plot was performed using the default
sensitivity settings and algorithms suggested by the manual of the Gene Scanning
software (Figure 4.10 F). If a relative signal difference of < -2.5 or > 2.5 from the
baseline occurred, the sample was considered different from the rest based on the

difference in fluorescence intensity.

4.3 PALB2 mutation screening results

4.3.1 Classification of PALB2 mutations

Mutations were described according to the recommended nomenclature system
described by the Human Genome Variation Society (HGVS; ref. 42) with
nucleotides numbered from the A of the ATG translation initiation codon of

the National Centre for Biotechnology Information (NCBI) reference sequence
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Figure 4.10 Graphs utilized for the visualization of HRMA results for PALB2. A. The gPCR amplification curve. B. The negative
calling. C. Normalisation of the amplification curves, indicating the placement of the gliders before and after the melt. D. The
temperature shift. E. The normalized and shifted melting curve. F. The HRMA difference plot for the experiment, with the variant (red
curve) grouping separate from the bulk of the samples (representing the wild types) on the baseline, with a relative signal difference
of 17.0 units.
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NM_024675.3). Genomic and protein sequences for PALB2 were obtained from
NG_007406.1, and NP_078951.2.

Variant classification commenced with determining whether the variant had
been detected before. PALB2 variants were defined as novel when they were not
listed in any databases such as Clinvar, dbSNP, 1000 Genomes
(http://www.ncbi.nlm.gov/tools/1000genomes/) and HGMD

(http://www.hgmd.cf.ac.uk/ac/). ClinVar includes listings by several diagnostic

companies that classify mutations on the basis of variant types, in silico functionality
predictions, population frequencies [Minor allele frequencies (MAF) scores] and
familial pathogenicity segregation. The MAF gave an indication of the frequency of
the variant in the various genomes. The entries into ClinVar are regularly reviewed
based on the number and dates of the submissions. If the variant has been
described before, the rs number was recorded and used for future reference.

The three most common in silico tools that were used to predict the impact
of the various single base changes on protein function included SIFT, PolyPhen-2
and Mutation Taster. For the majority of cases, the ENIGMA classification was used
to determine the clinical impact, if any, of the variant on the disease, substantiated
by peer review publications where possible (Appendix H).

Only rare variants (MAF <0.01) qualified to be VUS. For this purpose, allele
frequencies for the closest relative population were obtained from the 1000
Genomes database, if available. This database was used to determine whether the
variant was restricted to a single continental gene pool or present in multiple global
populations. If the variant has been reported for various global populations at a
frequency >0.01 or 1%, it was considered benign. If the variant has been observed
in a single population at an allelic frequency of <0.01 or <1%, it was considered to
be likely benign. Variants that had the potential to possibly alter the silencing and
enhancing elements at DNA level, was classified as VUS until more information
could be obtained. All VUS variants were compared to the patient’s clinical data and
relevant literature. If no evidential literature was obtained, in silico analysis was

performed to make a final functionality prediction (Oosthuizen, 2016).
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4.3.2 Mutation screening results for PALB2

HRMA revealed the presence of various DNA changes within the cohort of 86 BC
and OVC patients. All the changes represented single base variations. No small
deletions or insertions were detected, which would have resulted in a shift in the
reading frame. All of the single nucleotide variations (SNV) were located within the
coding regions of the gene, with the majority being observed in exon 4 (Tables 4.2
& 4.3). This did not necessarily indicate a mutational hot spot, but was more
attributed to the size of the specific exon, as exons 4 and 5 represent more than
50% of the entire coding region (Figure 4.11).

The classification of these SNVs were problematic, as to date, no PALB2
missense mutation, apart from some clearly truncating mutations, has been
classified as definitely pathogenic in large population studies (Tischkowitz et al.,
2012; Kluska et al., 2017). The only large case control performed to date was by
Southey and co-workers (2016) and Thompson et al. (2015), in which they proved
strong evidence of association with BC risk for PALB ¢.3113G>A, p.Trpl1038*
(rs180177132, OR of 4.21 (95% CI 1.84 to 9.60, p=6.9x108) and other truncating
variants. This association was applicable mostly to European and Australian
women. The specific variant was not detected within the SA cohort. Based on this,
variants detected within this study were inspected for potential clinical impact by
scrutinizing the available literature, performing in silico analyses and inspecting
each variant’s location within the gene. No final conclusions were drawn regarding
pathogenicity as that still needs to be proven using segregation analysis within
these families and future case-control studies. Only Class 3 to Class 5 variants will
be discussed in detalil.

4.3.2.1 Truncating mutations

4.3.2.1.1 PALB2 c.424A>T, p.Lys142* (rs587782005)

PALB2 c.424A>T, p.Lys142* (rs587782005) represented a nonsense mutation that
originated through a single base substitution of an adenine (A) by a thymine (T) at
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Table 4.2 PALB2 variants identified in SA population. Indicated are the exon or region where situated, the designation of the variant
together with the associated protein change, the rs reference number, the minor allele frequency as detected within the Exome
Aggregation Consortium (EXAC) or global databases, clinical impact as indicated by ClinvVar and Ensemble, values for the various
bioinformatics tools (SIFT, PolyPhen-2, Mutation Taster and Human Splicing Finder) and the final IARC classification. Class 5
mutations are indicated in red, with likely pathogenic (Class 4) indicated in pink, variants of unknown clinical significance (Class 3) in
blue, likely benign (Class 2) in grey and benign polymorphisms (Class 1) in green. Novel variants are indicated in yellow. For not
applicable data, the abbreviation na was used. The electropherograms utilised for the variant calling are indicated in Appendix | (raw
data).

Exon | Variant ID Clinical significance IARC
classification
MAF Clinvar Ensemble SIFT PolyPhen-2 Mutation Taster Human Splicing Finder
ClobelExAc rarapie 00 | Pavge 00
2 c.84C>T 0.00002 Benign/Likely benign Likely benign na na Disease causing Alteration of an exonic ESE site Class 2
p.Tyr28Tyr Mostly African 17/04/2017 Potential alteration of splicing
rs761533286 American 5 submissions (61 — 75% variation)

novel

€.629C>T 0.02 Benign Benign . Polymorphism Alteration of an exonic ESE site
p.Pro210Leu African SNP 21/08/2017 Potential alteration of splicing
rs57605939 12 submissions (75 - 100% variation)
4 C.680C>A, novel na na 0.023 0.847 Polymorphism No impact on splicing Class 2
p.Ala227Asp
4 C.738T>G, novel na na na na Polymorphism Alteration of an exonic ESE site Class 1
p.Thr246Thr Potential alteration of splicing
(51 — 75% variation)
4 €.925A>G 0.012 Benign - Likely benign | Benign - Likely 1.0 0.00 Polymorphism Alteration of an exonic ESE site Class 1
p.lle309Val 14/08/2017 benign Potential alteration of splicing
rs3809683 9 submissions (51 — 75% variation)
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Table 4.1 Continues

Exon | Variant ID Clinical significance IARC
classification
MAF Clinvar Ensemble SIFT PolyPhen-2 Mutation Taster Human Splicing Finder
Global/ExAC Pathmionie 00 | Patnosenc 00
4 c.1470C>T 0.00029 Benign/Likely benign | Likely benign na na Polymorphism No impact on splicing Class 2
p.Pro490Pro 14/11/2017
rs45612837 8 submissions
¢.1572A>G 0.002 Benign/Likely benign | Benign/Likely Polymorphism Alteration of an exonic ESE site
Ser524Ser European 14/11/2017 benign Potential alteration of splicing
rs45472400 12 submissions (51 = 75%variation)
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Table 4.3 PALB2 variants identified in SA population. Indicated are the exon
number, the base and the associated amino acid change, the unique identifier or rs

number for each SNP, the number of patients for whom it has been detected, their

ethnicity and age at diagnosis.

Exon | Base change AA change rs number Patient(s) Ethnicity Age
2 c.84C>T p.Tyr28Tyr rs761533286 2815 Black 27
4.3 C.424A>T p.Lys142Ter rs587782005 2338 Indian 35

2735 Afrikaner 59
4.4 c.508A>T p.Argl70Ter novel 2411 Coloured 38
2755 Coloured 45
4.4 €.629C>T p.Pro210Leu rs57605939 2755 Coloured 45
4.4 €.680C>A p.Ala227Asp novel 2411 Coloured 38
2987 Coloured 45
4.5 c.738T>G Thr246Thr novel 702 White 24
1715 Coloured 52
1818 Coloured 42
2319 Coloured 29
2335 Indian 35
2481 Indian 37
2496 Afrikaner 27
2513 Indian 32
2742 White 69
2869 Black 32
2906 Coloured 26
2998 Afrikaner 50
3077 Coloured 51
3010 White 60
3244 Black 29
4.7 ¢.925A>G p.lle309Val rs3809683 2861 Indian 28
4.8 ¢.1010T>C p.Leu337Ser rs45494092 2496 Afrikaner 27
4.10 ¢.1395G>A p.Met465lle rs746805049 2703 Coloured 62
4.11 c.1470C>T p.Pro490Pro rs45612837 2960 Indian 68
4.11 ¢.1508C>A p.Ala503Glu novel 2339 Indian 38
4.12 c.1572A>G pSer524Ser rs45472400 702 White 24
2919 White 46
5.4 €.2014G>C p.Glub72GIn rs45532440 2755 Coloured 45
5.7 €.2393C>T p.Pro798Leu novel 2820 Indian 67
2821 Indian 48
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Table 4.2 Continues

Exon Base change | AA change rs number Patient(s) | Ethnicity Age
5.7 c.2411C>A p.Ser804Tyr novel 2820 Indian 67
2821 Indian 48
7 c.2743G>A p.Ala915Thr rs374736398 2826 Indian 67
2854 White 49
2987 Coloured 45
8 €.2794G>A p.V932M rs45624036 2336 Indian 46
2580 White 30
2854 White 49
9 €.2968G>A p.Glu990Lys novel 2335 Indian 35
12 €.3300T>G p.Thr1100Thr rs45516100 482 Coloured 32
702 White 24
1860 Coloured 58
1998 Coloured 60
2321 Coloured 56
2513 Indian 32
2722 White 55
2753 Black 58
2780 Indian 66
2820 Indian 67
2906 Coloured 26
2933 Afrikaner 43
3055 Afrikaner 66
3244 Black 29
13.2 c.3434G>T p.Gly1145Val novel 2578 Coloured 42
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Figure 4.11 A. Schematic representation of PALB2 with all the single nucleotide variants detected during this study superimposed

on the exonic structure (A). B. The functional and structural domains of the protein are also indicated (adapted from Antoniou et al.,

2014).
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DNA position 421 (chromosome position 16:23636122) in exon 4 (Fig. 4.12 A - C).
The substitution resulted in an aa changing from Lysine (AAG, K) into a stop codon
(TAG, X). This sequence change resulted in the creation of a premature
translational stop signal at codon 142 of the protein.

This mutation was detected for two patients, namely CAM2338 and
CAM2735 (Figure 4.12), and was therefore present in 2.3% (2/86) of the cohort.
CAM2338 represented an Indian woman diagnosed with BC at the age of 35 years
(born 1974). She developed a second primary BC at the age of 38. The second
tumour tested positive for the expression of estrogen- (ER) and progesterone
receptors (PR), but lacked the expression of HER2/NEU receptors (HER2). The
patient had three paternal aunts affected with BC or OVC respectively (Figure 4.13).
The aunts affected with OVC were diagnosed in their 40’s. As the affected family
members formed part of the previous generation, the index patient was the only
remaining ca affected at the time of blood sampling, therefore segregation analysis
could not be performed.

The second mutation carrier (CAM2735) was an Afrikaner patient. This
patient was diagnosed with OVC at the age of 59 (born 1953). This patient had a
sister (dx 46) and a mother affected with BC (dx 62) (Figure 4.14). None of the
patient’s three children have been diagnosed with any form of ca at the time of
testing. Unfortunately both the patient and the affected sister have passed away
since genetic testing commenced, thereby preventing segregation analysis within
the family.

This mutation is rare as ClinVar only indicates three submissions, all by well-
known international clinical pathology laboratories (Ambry Genetics, GeneDx and
Invitae), between the years 2016 — 2017. The mutation has been evaluated by the
expert panel and classified as pathogenic (Class 5) on July 27, 2017 (accessed on
16 November 2017). However, the mutation has not been described previously in
the literature.

The presence of the terminating mutation will result in a shortened PALB2
protein compared to the wild type. This will be due to either being prematurely
truncated or through nonsense-mediated mMRNA decay (Hug et al., 2016). This
piece of protein will be lacking the important C-terminal domain (with WD-40 repeat-
like segments, Figure 2.2), which facilitates various protein—protein interactions
including the BRCA2/PALB2 and the RAD51/PALB2 complexes (Park et al., 2014).
The absence of this interaction has been associated with genomic instability
(Hayakawa et al., 2010; Reddy et al., 2016) and is postulated to carry a 2 — 4 fold
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Figure 4.12 HRMA results for PALB2 exon 4 for 23 familial BC patients, each
performed in duplicate, of which a single patient (CAM 2338) carried the PALB2

C.424A>T,p.Lys142Ter

(rs587782005) mutation.

A. The normalized and

temperature shifted melt curves based on the gPCR HRMA data. B. The difference

plot generated from the melt, with the variant (pink curves) grouping separate from

the bulk of the samples (representing the wild types) on the baseline, with a relative

signal difference of ~ 6.0 units. C. Sequencing electropherogram representing the

PALB2 c.424A>T, p.Lys142Ter mutation, highlighted by the yellow box.
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Figure 4.13 Family pedigree for CAM2338, indicating a positive paternal family
history of BC and OVC in this Indian family. The index patient (who tested negative
for disease-causing mutations in the BRCA genes) is indicated by the arrow head.
This BC patient is affected with bilateral BC (dx 35 and 38) and carries the PALB2
C.424A>T, p.Lys142Ter (rs587782005) mutation. The three paternal aunts were
affected with either BC or OVC, but have since passed away. The symbol

descriptions are indicated.
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Figure 4.14 Family pedigree for CAM2735, indicating a positive maternal family
history of BC and OVC in this Afrikaner family. The index patient (who tested
negative for disease-causing mutations in the BRCA genes) is indicated by the
arrow head. This BC patient is affected with OVC (dx 59) and carries the pathogenic
PALB2 c.424A>T, p.Lys142Ter (rs587782005) mutation. The mother and sister
were diagnosed with BC at the ages of 62 and 46 respectively, and have since

passed away. The symbol descriptions are indicated.
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increase in risk to develop familial BC depending on the family history (SNPedia —

www.snpedia.com/index.php/Rs587782005).

It is interesting to note that the two SA patients were affected with different
types of ca, namely CAM2338 with bilateral BC and CAM2735 with OVC, although
both pedigrees exhibit a family history of both ca types (Figures 4.13 & 4.14).
Although the risk of BC for female PALB2 mutation carriers with a family history of
the disease was 8 — 9 times as high among those younger than 40 years of age
when compared with the general population (such as CAM2338 diagnosed at ages
36 and 38), the risk did not distinguish between unilateral and bilateral disease
(Antoniou et al., 2014).

The only study to seek an association between deleterious PALB2 mutations
and bilateral disease, was Metcalfe and co-workers in Canada (Metcalfe et al.,
2017). They determined that the frequency of deleterious PALB2 mutations were
higher in women with bilateral BC compared to unilateral cases (2.4% compared to
0.6%, p = 0.01). Their study included 2 225 women with BC and a total of 429 cases
with OVC. Their results however, did not indicate an association between PALB2
mutations and OVC, as none of the 429 cases carried a deleterious PALB2
mutation. Their observation was also substantiated by Ramus et al. (2015) for OVC
patients from the United States of America.

The lower percentage of OVC cases carrying deleterious mutations within
PALB?2 is supported in the literature by Kotsopoulos et al. (2016a). They evaluated
the prevalence of PALB2 germline mutations in 1421 epithelial OVC patients and
also screened 4300 European controls. They reported a mere three OVC patients
(0.21%) who carried a deleterious mutation, compared to 0.05% in the controls. All
three the women passed away within two years of diagnosis. The average age at
onset was relatively late, namely 59 years (range of 55 — 62), similar to the age of
diagnosis for CAM2735. Although the incidence of deleterious mutations were lower
in OVC cases, they still reported an association with a four-fold increased risk for
the disease (OR = 4.55; 95% CI 0.76 — 27.24). The association however, was not
significant (p = 0.10), possibly due to the small size of the cohort (Kotsopoulos et
al., 2016b). In a study by Antoniou et al. (2014), a relative risk of 2.31 (95% CI 0.77

— 6.97) for OVC was reported, but only a small number of patients were studied.
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Larger studies of OVC patients unselected for a positive family history are needed
to refine the prevalence and penetrance of deleterious PALB2 mutations in these
cases. To determine whether the PALB2 c.424A>T, p.Lys142Ter (rs587782005)
mutation carries similar risks to BC and OVC as described, the prevalence of this
mutation needs to be thoroughly evaluated within the SA population to confirm its

impact.

4.3.2.1.2 PALB2 c.508A>T, p.Arg170Ter* (novel)

This mutation found in exon 4 represented a single base substitutionofan Abya T
at position 508 (Figure 4.15 A — C). The nucleotide change resulted in an aa change
from Arginine (AGA, A) at codon 170 to a premature termination codon (TGA, X).

This nonsense mutation was detected for two BC patients, namely CAM2411
and CAM2755. This mutation was therefore detected for 2.3% (2/86) of the cohort.
CAM2411 represented a Coloured woman diagnosed with BC at the age of 39 years
(born 1972). Details regarding her tumour were not indicated. The index’ mother
was affected with BC (dx unknown), with two siblings affected with liver and stomach
ca respectively (Figure 4.16). The second patient (born 1968) also self-identified
as Coloured was diagnosed with BC at the age of 45. This patient had a moderate
family history of BC, as two paternal aunts were diagnosed with the disease during
their 40’s, with a third paternal aunt diagnosed with colon ca at a later stage in life
(dx 70’s) (Figure 4.17).

This mutation is novel as it has not been detected before, therefore the
variant has no identification number. The closest variant detected in this region is
the PALB2 ¢.509 510delGA mutation detected in populations within Central and
Eastern Europe (Noskowicz et al., 2014). This mutation represents a recurrent
mutation in especially Germany and Poland (Casadei et al., 2011; Dansonka-
Mieszkowska et al., 2010; Bogdanova et al., 2011). The investigators determined
that this truncating mutation is prevalent in about 1 in 400 BC patients from Belarus,
Russia and Germany. The mutation was furthermore associated with ER+ disease
(Noskowicz et al., 2014).
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Figure 4.15 HRMA results for PALB2 exon 4 for 23 familial BC patients, each
performed in duplicate, of which two patients (CAM 2411 and CAM2755) carried the
PALB2 c¢.508A>T, p.Argl70Ter* novel mutation. A. The normalized and
temperature shifted melt curves based on the g°PCR HRMA data. B. The difference
plot generated from the melt, with the variant (red curves) grouping separate from
the bulk of the samples (representing the wild types) on the baseline, with a relative
signal difference of ~ 18.0 units. C. Sequencing electropherogram representing the
PALB2 ¢c.508A>T, p.Argl70Ter* mutation, highlighted by the yellow box.
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Figure 4.16 Family pedigree for CAM2411, indicating a positive maternal family
history of breast- and other ca types in this Coloured family. The index patient (who
tested negative for disease-causing mutations in the BRCA genes) is indicated by
the arrow head. This patient is affected with bilateral BC (dx 38 & 43) and carries
the truncating PALB2 c.508A>T, p.Argl70Ter* novel mutation. The mother,
maternal aunt and uncle were diagnosed with breast, liver and stomach ca
respectively. All three family members have passed away. The symbol descriptions

are indicated.
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Figure 4.17 Family pedigree for CAM2755, indicating a positive paternal family
history of mostly BC. A single female was also diagnosed with colon ca. The index
patient (who tested negative for disease-causing mutations in the BRCA genes) is
indicated by the arrow head. This patient is affected with unilateral BC (dx 38) and
carries the truncating PALB2 c.508A>T, p.Arg170Ter* novel mutation. Two paternal
aunts were also diagnosed with BC, with a third aunt affected with colon ca. All three

these family members have passed away. The symbol descriptions are indicated.
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The SA novel PALB2 ¢.508A>T, p.Argl70Ter* is situated within the amino-terminal
region (aa 1 — 394) of the protein that comprises the functional binding domains for
KEAP1, BRCA1 and RADS51 (Fig. 2.2 A). As the function of this section of the protein
IS to mediate these protein — protein interactions to ensure proper localisation of
BRCAZ2 (Zhang et al., 2009b; Park et al., 2014), a premature truncation of the protein
will be detrimental to DNA repair. Based on this evidence, this mutation is classified
as a Class 4 to Class 5 mutation. Although both the mutation carriers were affected
with BC at an early age (dx 38 and 45), unfortunately no clinical data regarding their

tumour status were known.

4.3.2.2 Missense mutations

4.3.2.2.1 PALB2 c.680C>A, p.Ala227Asp (novel)

A single base change [Cytosine (C) into A] occurred at 680, within exon 4 (Figure
4.18). The variant resulted in an aa change from Alanine (GCC, A) to Aspatrtic acid
(GAC, D) at codon 227. The variant is novel, as it has not been recorded before,
therefore it has no identification number (Table 4.1). The variant was detected for
two patients (2.3%), namely CAM2411 and CAM2987. These Coloured women
were diagnosed with BC at the ages of 38 and 45 years respectively (Figure 4.18).
Both patients had a positive family history of breast- and various other ca types. The
pedigree for CAM2411 is indicated in Figure 4.16. This patient also carried the
PALB2 c.508A>T, p.Arg170Ter* mutation.

In silico prediction was contradictory, as SIFT and PolyPhen-2 concurred,
with values of 0.023 and 0.847 respectively, indicating a damaging effect (Figure
4.19 A — C). In contrast, Mutation Taster indicated the variant to represent benign
variation (Table 4.2). The splicing predictor (Human Splicing Finder) also did not
indicate any impact on splicing (Table 4.2).

The prediction results for PolyPhen-2 are illustrated in Figure 4.19. The graph
for HumDiv is illustrated in Figure 4.19 A, whereas that of HumVar is presented in
Figure 4.19 B. The existence of the two datasets came about when it was used to
train and test the PolyPhen-2 prediction models. HumDiv was compiled from all
damaging alleles with known effects on the molecular function causing human Men-
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Figure 4.18 HRMA results for PALB2 exon 4 for 23 familial BC patients, each
performed in duplicate, of which two patients (CAM 2411 and CAM2987) carried the
PALB2 c.680C>A, p.Ala227Asp novel mutation. A. The normalized and
temperature shifted melt curves based on the gPCR HRMA data. B. The difference
plot generated from the melt, with the variant (red curves) grouping separate from
the bulk of the samples [representing either the wild type (green curves) or a
common benign polymorphism (PALB2 ¢.738T>G, p.Thr246Thr — blue curves)],
with a relative signal difference of ~ 4.0 units. C. Sequencing electropherogram
representing the PALB2 c.680C>A, p.Ala227Asp novel mutation, highlighted by the
yellow box.
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This mutation is predictedtobe PROBABLY DAMAGING with a score of 0.989 (sensitivity: 0.72; specificity: 0.97)
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Figure 4.19 In silico results for the PALB2 c.680C>A, p.Ala227Asp novel mutation
using PolyPhen-2. A. Prediction results according to HumDiv. B. Prediction graph
results according to HumVar. C. Multiple alignment across species of a section of

75 aa surrounding the position of the variant (http://genetics.bwh.harvard.edu/cqi-

bin/ggi/ggi2.cqi, accessed on 27 December, 2017).
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delian disease. These alleles were combined with differences between the human
proteins and their closely related mammalian homologs, assumed to be non-
damaging, illustrated in the multiple alignment (Figure 4.19 C). The second set of
data (HumVar-trained PolyPhen-2 model) consisted of all human disease-causing
mutations extracted from UniProtKB, together with common human SNPs that have
a MAF > 1%, without annotated involvement in disease (non-damaging). Although
both models can be used, HumVar is recommended by the website for the
diagnostics of Mendelian diseases as it required distinguishing mutations with
drastic effects from all the remaining human variation. For this reason, the
PolyPhen-2 value indicated by HumVar was used for the purposes of this study,
which was 0.847 (Figure 4.19 B, Table 4.2).

The classification of this variant was complicated due to the conflicting data
obtained from the in silico prediction. From the multiple alignment, it is clear that this
region within the protein is relatively conserved, for the surrounding aa sequence
(four aa before and eight aa after) did not vary for the first five species listed (Figure
4.19 C). As the location of the variant at aa 227 fell just outside of the binding area
of RAD51 (Figures 2.2 & 2.4) within the N-terminal portion of the protein (aa 1 —
200) and the fact that the variant was detected for CAM2411 (who also carried the
truncating PALB2 c.508A>T, p.Argl70Ter* novel mutation, Figure 4.15), a
classification of likely benign (Class 2) was awarded. Bi-allelic pathogenic mutations
would have resulted in FA.

4.3.2.2.2 PALB2 c.1395G>A, p.Met465lle (rs746805049)

A single base change [Guanine (G) into A] occurred at 1395, within exon 4 (Table
4.2, electropherogram presented in Appendix ). The variant resulted in an aa
change from Methionine (ATG, M) to Isoleucine (ATA, |) at codon 465. The variant
(rs746805049) has been detected before, although it has a very low MAF (0.0001
— Table 4.2). ClinVar indicates the variant as a VUS, as it has been submitted only
once before (14/11/2017). The variant was detected for a single patient (1.2%) in
this study, namely CAM2703 (Table. 4.2). This patient represented a Coloured
woman diagnosed with BC at the age of 62 years. In silico prediction was
contradictory, as SIFT indicated a value of 0.18 (ranging towards potentially

deleterious), PolyPhen-2 (value of 0.011 — benign), with Mutation Taster also
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indicating it to be polymorphic (Table 4.2). The variant was not situated in a critical
functional domain of the protein (Fig. 2.4), although Human Splicing Finder
indicated a possibility for the alteration of an exonic splicing enhancer (ESE) site
(Table 4.2). As the variant was detected in only 1.2% of the cohort in a heterozygous

state, the classification of ClinVar as a VUS (Class 3) was accepted.

4.3.2.2.3 PALB2 c.1508C>A, p.Ala503Glu (novel)

This single base change C>A occurred at 1508, within exon 4 (Table 4.2,
electropherogram presented in Appendix I). The variant resulted in an aa change
from Alanine (GCA) to Glutamic acid (GAA, E) at codon 503. The variant is novel
(Table 4.2) and was detected for a single patient (1.2%), namely CAM2339 (Table.
4.2). This patient represented an Indian woman diagnosed with BC at the age of 38
years, who had a moderate family history of breast- and stomach ca (Table 3.1).

In silico prediction was contradictory (Table 4.2). SIFT and PolyPhen-2
indicated values of 0.04 (tending towards potentially deleterious) and 0.904
respectively due to the change in the aa properties (from A to E) and the fact that it
is located in a relatively conserved area of the gene across species. Alanine
represents a neutral hydrophobic aa, whereas E is acidic and charged. Mutation
Taster predicted the variant to be polymorphic (Table 4.2). Due to the contraction in
prediction by the various programmes and the fact that the variant is novel, a
classification of VUS (Class 3) is proposed according to the ENIGMA guidelines

presented in Appendix H, until further evidence becomes available.

4.3.2.2.4 PALB2 c.2393C>T, p.Pro798Leu (novel)

This SNP (C>T at ¢.2393) was located in exon 5 (Table 4.2, electropherogram
presented in Appendix I). The presence of the variant resulted in an aa change from
Proline (CCT, P) to Leucine (CTT, L) at codon 798. This SNP represented the fifth
novel variant detected in the cohort (Table 4.2) and was present in two patients
(2.3%), namely CAM2820 and CAM2821 (Table. 4.2). Both these patients were self-
declared as Indian and were affected with BC at the ages of 67 and 48 respectively

(Table 4.2). These patients had an extensive family history of mainly BC (Table 3.1).
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For this variant, SIFT indicated a value of 0.03 (possibly damaging) due to
the change in the aa properties and structure from P to L. The 5-membered aa
residue was transformed to an acyclic aa, which would have resulted in
conformational changes in the immediate vicinity of the substituted site. This could
lead to a significant alteration in the thermodynamic stability of the mutant.

Such a change was investigated by Kundu et al. (2012). They studied the
influence of a non-synonymous change similar to PALB2 ¢.2393C>T, p.Pro798Leu
for neuroblastoma. The SNP investigated was rs1052574 present in the Caspase-
9 gene (CASP9), where the L at position 197 in the native protein was replaced by
a P residue. The investigators used computational tools which predicted the effect
of this SNP. They stated that the polymorphic variant resulted in an aa substitution
from L to P, therefore the residue changed from an acyclic aa to a 5-membered aa
(just the opposite to PALB2 ¢.2393C>T, p.Pro798Leu) which resided in the buried
area of the protein with a high level of conservation. With their bio-informatic
analyses, they concluded that the aa substitution from L to P showed a transition
from helix to coil in the mutant protein, which altered the properties of the aa. This
alteration resulted in the reduction of the stability of the protein, thereby affecting
the function of the CASP9 protein. The authors concluded that the presence of this
variant led to the deregulation of apoptosis and neuroblastoma development (Kundu
et al., 2012).

The prediction by PolyPhen-2 however, was 0.102 (Table 4.2). This value
was based on the moderate degree of conservation across species at the specific
region (Figure 4.20), as this region was not situated in a critical functional domain
of the protein (Figure 2.2). Mutation Taster also predicted the variant to be
polymorphic, with Human Splicing Finder indicating a small possibility for the
alteration of an ESE site (Table 4.2). This variant was therefore preliminarily
classified as a VUS (Class 3).

4.3.2.2.5 PALB2 c.2411C>A, p.Ser804Tyr (novel)

This missense mutation (C>A) in exon 5 at ¢.2411 resulted in an aa change from
Serine (TCT, S) to Tyrosine (TAT, Y) at codon 804 (Fig. 4.21 A — C). Although the
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This mutation is predictedtobe BENIGN with a score of 0.063 (sensitivity: 0.92; specificity: 0.65)
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Figure 4.20 PolyPhen-2 prediction results for the PALB2 ¢.2393C>T, p.Pro798Leu
novel mutation. A. Prediction results according to HumVar. B. Multiple alignment
across species of a section of 75 aa surrounding the position of the variant
(http://genetics.bwh.harvard.edu/cgi-bin/gai/ggi2.cgi, accessed on 27 December,
2017).
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specific change had not been recorded before (therefore novel), two alternatives
involving the same base have been reported to ClinVar, namely PALB2 ¢.2411C>G,
p.Ser804Cys and PALB2 c¢.2411C>T, p.Ser804Phe (both rs149836639 -—
16:23641064 on CHCh37). Both these variants have only been recorded once
before, and therefore has an extremely low MAF. Due to the low MAF, both these
variants were classified as a VUS Class 3 variant by ClinVar and Ensemble.

The mutation (PALB2 ¢.2411C>G, p.Ser804Tyr) was detected for two Indian
BC patients (CAM2820 & CAM2821), diagnosed at ages 67 and 48 respectively
(Table 4.2). These patients had an extensive family history of mainly BC, although
various ca types were also recorded for each of the families. The pedigrees for these
patients are presented in Figure 4.22 A & B. This mutation seems to co-occur with
the other novel variant in exon 5, namely PALB2 ¢.2393C>T, p.Pro798Leu. as
CAM2820 and CAM2821 were the only BC patients to exhibit both variants (Table
4.2). This potential co-occurrence needs to be investigated in future studies to
determine whether the two variants are co-occurring by chance or consistently, and
whether the two SNPs are in cis or trans on the chromosome.

In silico prediction using the various tools concurred, as both SIFT and
PolyPhen-2 indicated potential damage (values of 0.01 and 0.891 respectively) due
to the change in the aa properties and structure (S to Y) in a relatively conserved
region of the protein (Figure 4.23). The missense mutation occurred in the C-
terminus of the protein (aa 791 — 1186), although it was not located in the critical
WD40 region (binding region of five different proteins, Figure 2.2). On the contrary,
Mutation Taster predicted the variant to be polymorphic, together with Human
Splicing Finder indicating a small possibility for the alteration of an ESE site (Table
4.2). Based on the in silico prediction and the fact that all possible alternatives have
been recorded before for this base (although only once), the variant was

preliminarily classified as a VUS (Class 3) until further evidence can be obtained.
4.3.2.2.6 PALB2 c.2794G>A, p.Val932Met (rs34624036)
This mutation represented a single base substitution (G>A) at nucleotide position

2794 within exon 8 (Fig. 4.24 A — C). The presence of this variant resulted in an aa
change from Valine (GTG, V) into M. The resulting aa at codon 932 of the protein
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Figure 4.21 HRMA results for PALB2 exon 5 for 23 familial BC patients, each
performed in duplicate, of which two patients (CAM 2820 and CAM2821) carried the

PALB2 c.2411C>A, p.Ser804Tyr novel

mutation.

A. The normalized and

temperature shifted melt curves based on the g°PCR HRMA data. B. The difference
plot generated from the melt, with the variant (red curves) grouping separate from
the bulk of the samples representing the wild type (pink, green and blue curves),
with a relative signal difference of ~ 8.0 units. C. Sequencing electropherogram
representing the PALB2 c.2411C>A, p.Ser804Tyr novel mutation, highlighted by the

yellow box.
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Figure 4.22 Family pedigrees for two familial BC patients identified with the PALB2
€.2411C>A, p.Ser804Tyr novel mutation. A. Pedigree for CAM2820, exhibiting
three sisters affected with BC and a brother with ca of the mandible. B. Pedigree for
CAM2821, indicating a positive family history of breast-, stomach ca and leukaemia.
The index patient is indicated by the arrow head. The symbol descriptions are

indicated.

Page | 88



This mutation is predictedtobe POSSIBLY DAMAGING with a score of 0.891 (sensitivity: 0.70; specificity: 0.90)
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Figure 4.23 PolyPhen-2 prediction results for the PALB2 ¢.2411C>A, p. Ser804Tyr
novel mutation. A. Prediction results according to HumVar. B. Multiple alignment
across species of a section of 75 aa surrounding the position of the variant

(http://genetics.bwh.harvard.edu/cqgi-bin/ggi/ggi2.cgi, accessed on 27 December,
2017).
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Figure 4.24 HRMA results for PALB2 exon 8 for 23 familial BC patients, each
performed in duplicate, of which a single patient (CAM2854) carried the PALB2
C.2794G>A, p.Val932Met (rs34624036) mutation. A. The normalized and
temperature shifted melt curves based on the g°PCR HRMA data. B. The difference
plot generated from the melt, with the variant (green curves) grouping separate from
the bulk of the samples (representing the wild types) on the baseline, with a relative
signal difference of ~ 25.0 units. C. Sequencing electropherogram representing the
PALB2 c. c.2794G>A, p.Val932Met mutation, highlighted by the yellow box.
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had similar physio-chemical properties to that of the wild-type, for they are both
medium sized aa and hydrophobic.

This variant was detected in three familial BC patients, namely CAM2336,
CAM2580 and CAM2854 (Figures 4.25 A — B & 4.26, Table 4.2). It was present in
3.5% (3/86) of the cohort. CAM2336 (born in 1966) represented an Indian woman
diagnosed with BC at the age of 46 years (Figure 4.25 A). The tumour that was
removed tested ER+, PR+ and HER2-. Her sister was affected with bilateral
disease, diagnosed at the ages of 35 and 45. She died at a young age, soon after
developing her second BC. The older brother was diagnosed with prostate ca
(unconfirmed at the time), as he passed away in a car accident before commencing
treatment at the age of 50.

CAM2580 presented with bilateral BC at the extremely young age of 30. At
the time of initial genetic testing for mutations in BRCA1 and BRCAZ2, this patient
was already 63 years of age (born in 1948) (Figure 4.25 B). The patient’s sister also
presented with BC at a young age (dx 38) and was also still alive at the time of
testing. She herself had not been screened for mutations within BRCA1 and BRCA2
at the time. Both these siblings have therefore been surviving their ca diagnosis for
more than 30 years. No ca has previously been recorded for either of their parents
(Figure 4.25 B).

The third mutation carrier (CAM2854) represented the White (non-Afrikaner)
population and presented with BC at the age of 49 (born 1965) (Figure 4.26). Her
sister was also diagnosed with the disease and passed away during the year 2014
(age at diagnosis not indicated). The maternal family history entailed an aunt and
grandmother affected with OVC, age at diagnosis not indicated (Figure 4.26).

This mutation is situated within the highly conserved WD-40 repeat-like
segments located in the C-terminal domain (Figures 2.2 & 4.27 A — B). The results
of the bio-informatic predictions are presented in Table 4.2. The presence of the
variant was predicted to be deleterious by both SIFT (value of 0), Mutation Taster
and indicated as probably damaging by PolyPhen2 (value of 0.993).

This in silico analysis corresponded to that described for this mutation by
Wong-Brown et al. (2014) and Thompson et al. (2015). Thompson et al. (2015) also
indicated bioinformatic results for Condel (https://omictools.com/) to be deleterious.

Splicing analysis using Human Splicing Finder indicated a possibility for the creation
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Figure 4.25 Family pedigrees for two familial BC patients identified with the PALB2 ¢.2794G>A, p.Val932Met (rs34624036) mutation.
A. Pedigree for CAM2336, exhibiting three siblings affected with breast or prostate ca in this Indian family. B. Pedigree for CAM2580,
indicating a positive maternal family history of BC and prostate ca in this White family. The index patient is indicated by the arrow

head. The symbol descriptions are indicated.
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Figure 4.26 Family pedigree for CAM2854, indicating a positive maternal family
history of BC and OVC in this White family. The index patient is indicated by the
arrow head. This BC patient was diagnosed with unilateral BC (at the age of 49)
and carried the PALB2 c.2794G>A, p.Val932Met (rs34624036) mutation. Her sister
was also diagnosed with BC, the age at onset is not indicated. She has since passed
away. The maternal aunt and grandmother were both affected with OVC. The

symbol descriptions are indicated.
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This mutation is predicted tobe PROBABLY DAMAGING with a score of 0.993 (sensitivity. 0.47. specificity. 0.96)
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Figure 4.27 PolyPhen-2 prediction results for PALB2 ¢.2794G>A, p.Val932Met. A.
Prediction results according to HumVar. B. Multiple alignment across species of a
secton of 75 aa surrounding the position of the variant
(http://genetics.bwh.harvard.edu/cgi-bin/gagi/ggi2.cqgi, accessed on 27 December,
2017).
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of an altered exonic splice site (51% — 75%), thereby potentially alteration of
splicing. This result also corresponded with the findings of Wong-Brown et al.
(2014), as they made use of four splicing programmes, namely Splicing Sequences
Finder — SSF, Max-EntScan, NNSplice and HumanSplicingFinder. Although a
destruction of a cryptic splice site was indicated by only two of the four programmes,
all four indicated an increase in the score of a cryptic site for this variant (Wong-
Brown et al., 2014). This variant was located 46 bp from the 5’ splice site.

Cryptic splice sites are present at the mRNA level and represents an mRNA
sequence that has the potential for interacting with the spliceosome. These splice
sites are only used when a natural splice site was disrupted by a mutation. The
presence of mutations such as PALB2 c. ¢.2794G>A, p.Val932Met in the underlying
DNA can potentially activate a cryptic splice site in part of the transcript that usually
is not spliced.

This missense mutation was present in 3.48% of the cohort (3/86). All three
the patients were affected with BC at various stages in life. The global MAF for this
variant is 0.0010, which indicates a rare occurrence throughout all populations
(<0.01%). From the data presented for individual populations, it is clear that the
variant has never been described for any Asian nor African population

(https://www.ncbi.nlm.nih.gov/). It has mainly been detected within the European

population, with a MAF of 0.005. This concurs with the results obtained for this
study, as two of the three mutation carriers reported a White non-Afrikaner heritage,
possibly reflecting an European connection. The detection of the variant within an
Indian patient is new, as there is currently no MAF value for any of the Asian
populations. This variant has furthermore never been observed in a homozygous
state, which is normally considered natural variation. This was also the case for this
study (Figure 4.10 C). Based on the bioinformatic prediction tools, the low global
MAF (< 0.01), together with the variant being present globally in a heterozygous
state only, this variant was provisionally classified to be likely pathogenic (Class 4).
An IARC classification of Class 4 indicates that the variant, based on the evidence
obtained, has a likelihood of pathogenicity of 95% and above. This class was
differentiated from a VUS (variant of unknown clinical significance) based on the
fact that there was significant but not irrefutable evidence for pathogenicity, as
evident from the multiple agreement of in silico predictions and the low MAF.
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This mutation has been submitted 13 times to ClinVar by various pathology
laboratories, all reporting it to range from benign (Class 1) to likely benign (Class 2).
The last date of interpretation of this variant is listed as 17 February 2017. For the
majority of submissions, the criteria provided for classification was not indicated.
The majority of submitters also did not state whether the patient was affected with
ca, and if so, with which type of ca. All the submissions classified the variant based
on literature reports, which included multiple peer review publications, ranging from
2004 - 2016. It is important to remember that ClinVar is a freely accessible, public
archive for reports on the relationships between human variation and phenotypes.
These submissions often are presented with or without supporting evidence, as in
this case. The submissions are from both research and diagnostic laboratories, and
are often not regularly curated. With diagnostic laboratories using a variety of
methods and pipelines, the calculation models might result in a different
classification. The classification of a variant in ClinVar should therefore be seen as
a guide and not the ultimate for variant classification. It should be interpreted
together with all other scientific findings. As their disclaimer states, they do not
independently verify the submitted information as all variants are analysed using a
global pipeline.

One of the criteria needed for a potential IARC classification of Class 4 (as
proposed by Persaran et al., 2016) includes significant disease association in
appropriately sized case-controlled studies. Such a study was performed by
Thompson et al. (2015). The authors screened a total of 1996 Australian BC index
cases and 1998 non-cancer controls for germline mutations in the coding regions of
the gene. The PALB2 c.2794G>A, p.Val932Met variant was detected and present
in a total of 23 familial BC cases (23/1996, 1.15%), but was also detected within the
same number of non-cancer control individuals (23/1998). Not only was there no
difference between the occurrence of the variant between the BC cases and the
controls, the percentage of occurrence in the Australian cohort was > 0.01 (MAF of
the 1000 genome database was 0.0009). This relatively high incidence in both
patients and controls outweighed the bioinformatic characterisation, which might
have resulted in the classification of this variant by ClinVar and various investigators
as benign (Class 1) to likely benign (Class 2) (Bodian et al., 2014; Richards et al.,
2015; Thompson et al., 2015).
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Interesting to note, is that this variant has been reported for a wide range of
populations, ranging from Poland (Kluska et al., 2017), Spain (Blanco et al., 2013)
to Australia (Wong-Brown et al., 2014; Thompson et al., 2015). The majority of these
populations are all located within Europe, which explains the European MAF of
0.005. This makes the classification and the interpretation of the clinical relevance
of variants such as this difficult, as the results obtained comes from studies on highly
selected populations. The variant has not been detected for populations such as
the Chinese, African and African-American population.

The classification by ClinVar and other researchers should not be seen as
the final conclusion regarding the clinical effect of this variant. Bodian and co-
workers (2014) examined germline variation in five cancer-susceptibility genes in
six healthy, ancestrally diverse individuals representing the general population.
They determined that allele frequencies vary between ancestral groups. They
concluded that for some variants, the minor allele frequency in one population could
be the major allele frequency in another. Based on the various arguments
discussed, the missense variant detected in exon 8 of PALB2 was considered likely-
pathogenic (Class 4) until a formal case-control study has been performed and the
prevalence of the variant in the general population has been determine in an SA
context. Only then, will its role be clearly defined.

4.3.2.2.7 PALB2 c.2968G>A, p.Glu990Lys (novel)

Another novel missense mutation was detected within exon 9 (Table 4.2). This
variant represented a G>A change at nucleotide 2968 (electropherogram displayed
in Appendix I). The conversion resulted in an aa change, from Glutamic acid (GAA,
E) to Lysine (AAA, K) at codon 990. The SNP was detected for a single Indian
patient, namely CAM2335 (Table 4.2). The patient was diagnosed with BC at an
early age (dx of 35) and had a strong family history of the disease (2 family members
affected with BC excluding the index, and a single male affected with throat ca,
Table 3.1). The age at diagnosis of the two family members affected with BC, was
not known.

Glutamic acid is a non-essential aa and represent an acidic aa, whereas K is
basic. Based on the change in the aa properties at codon 990, SIFT predicted the
variant to be deleterious (0.01). This prediction was strengthened by the results for
PolyPhen-2 (0.979), which also indicated the variant to be deleterious (Table 4.2).
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This variant occurred in a highly conserved and critical region of the protein (Figure
4.28 A — B), namely the carboxy-terminal region which comprises of the WD-40
repeats (ranging from aa 791 — 1186, Figure 2.2). These beta-transducin repeats
are involved in the localisation of BRCAZ2 as well as the association of BRCA2 with
chromatin and various nuclear structures (Xia et al., 2006) during its response to
DNA damage. The association of PALB2 with BRCAZ2 is vital for the prevention of
tumour formation (Park et al., 2013). It is evident from the illustration in Figure 4.28
B that very little variation exist within this region across the 18 species highlighted.
The occurrence of this variant at codon 990 will therefore most probably affect the
surrounding residues at the mutation site, and could have an impact on the
association of BRCA2 with PALB2.

Two of the in silico predictions indicated less damaging effects, namely
Mutation Taster and Human Splicing Finder (Table 4.2). Based on the location of
the variant in a critical functional domain and the low MAF of the variant in this study
(1/86), it is proposed that this variant be considered a VUS (Class 3) due to the
discrepancy amongst the prediction programmes. Without the comparison of 3D
modelling of the wild type with that of the variant, no conclusion can be reached
regarding the interior interaction of the new aa within the protein. It is proposed that
this variant be screened for in more familial BC patients that tested negative for
pathogenic BRCA mutations, in order to determine its prevalence in the SA
population.

4.3.2.2.8 PALB2 c.3434G>T, p.Gly1145Val (novel)

The final missense mutation to be discussed was detected in exon 13 (Table 4.2).
This variant represented a G>T change at nucleotide 3434 (Figure 4.29 A—C). The
conversion resulted in an aa change, from Glycine (GGT, G) to Valine (GTT, V) at
codon 1145. The SNP was detected for a single Coloured BC patient, namely
CAM2578 (Table 4.2). The patient was diagnosed with BC at an early age (dx of
42) and had a paternal family history of the disease (2 aunts affected with BC, Figure
4.30).

The presence of the variant resulted in an aa change, from Glycine (GGT,
G) to V at codon 1145. Glycine represents a neutral and polar aa. It is evolutionarily
conserved and represents the smallest aa of the 20. For this reason, it has the ability
to fit into tight spaces of molecules where no other aa could possibly fit.
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Figure 4.28 PolyPhen-2 prediction results for PALB2 ¢.2968G>A, p.Glu990Lys. A.
Prediction results according to HumVar. B. Multiple alignment across species of a
section of 75 aa surrounding the position of the variant
(http://genetics.bwh.harvard.edu/cgi-bin/gai/ggi2.cqgi, accessed on 27 December,
2017).
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Figure 4.29 HRMA results for PALB2 exon 13 for 23 familial BC patients, each
performed in duplicate, of which a single patient (CAM2578) carried the PALB2

€.3434G>T, p.Glyl145Val novel mutation. A. The normalized and temperature
shifted melt curves based on the gPCR HRMA data. B. The difference plot
generated from the melt, with the variant (green curves) grouping separate from the
bulk of the samples (representing the wild type in blue and a common variant PALB2
€.3300T>G, p.Thr1100Thr in red) on the baseline, with a relative signal difference
of ~ 18.0 units. C. Sequencing electropherogram representing the PALB2
€.3434G>T, p.Glyl1145Val novel mutation, highlighted by the yellow box.
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Figure 4.30 Family pedigree for CAM2578, indicating a positive paternal family
history of BC in this Coloured family. The index patient is indicated by the arrow
head. This BC patient was diagnosed with unilateral BC (at the age of 42) and
carried the PALB2 ¢.3434G>T, p.Glyll45Val novel mutation. The symbol

description is indicated.
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In contrast, V has an aliphatic, isopropyl side chain which makes it neutral and
hydrophobic. This aa is also nonpolar. Based on these differences in structure and
composition, SIFT predicted the variant to be deleterious (0.01, Table 4.2). This
prediction was supported by the results for PolyPhen-2 (0.999), which also indicated
the presence of the variant to be deleterious (Table 4.2, Fig. 4.31). This variant is
also situated in the highly conserved WD-40 repeats (ranging from aa 791 — 1186,
Figures 2.2 & 4.31), which facilitates the binding of BRCA2 in order for its
localisation to the point of DNA damage. It is hypothesized that the substitution of
the small G residue with the larger V with a side chain would impact on the
surrounding vicinity of these aa’s. As the binding of the various proteins to the WD-
40 region are critical for DNA repair, the transformation and lack of space could
have an impact on these binding sites, therefore impact DNA repair.

All four in silico prediction models are in agreement regarding the
classification of this missense mutation. They all predicted the variant to be
deleterious, although for Human Splicing Finder it was to a lesser extent (Table 4.2).
Based on the location of the variant and the fact that this novel variant was only
detected for one BC patient in this study (1/86), it is proposed that segregation
analysis be performed in the extended family in order to determine whether the
variant might segregate with the disease. If no affected family members are
available to participate in such a study, a control study should be performed to
determine the presence and prevalence of this variant in the general SA Coloured
population before any predictions regarding risk for family members can be
formulated.

4.4 Conclusion

In total, the study revealed two protein truncating and 18 missense variants (Table
4.2) in the 86 BC/OVC cases studied. Of these, two protein truncating mutations
were classified as pathogenic (Class 5 — four patients), together with two putative
likely pathogenic (Class IV) missense mutations (four patients). All the patients
carrying a protein truncating mutation had an extensive family history of BC and
other ca types, whereas in the families of the four patients with a putative Class 4

missense mutation, BC was the dominant ca type.
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Figure 4.31 PolyPhen-2 prediction results for PALB2 ¢.3434G>T, p.Glyl145Val
novel mutation. A. Prediction results according to HumVar. B. Multiple alignment
across species of a section of 75 aa surrounding the position of the variant
(http://genetics.bwh.harvard.edu/cgi-bin/gagi/ggi2.cgi, accessed on 27 December,
2017).
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The majority of variants was observed for the Coloured and SA Indian populations
(Table 4.2), whereas for the other three groups, it was limited. This could be due to
the unique admixture of these population groups as SA is characterized by extensive
population diversity. The country harbours groups originating from African (79%),
Asian (2.5%) and European (9.6%) populations (de Wit et al., 2010), due to a multi-
faceted colonization history based on the country’s location with respect to major
historical trade routes. The genetic contribution of these previously continentally
seperated population groups led to the establishment of the highly admixed SA
Coloured and Indian populations. Although the SA Indian population has been isolated
from mainland Indian to some extent for more than three centuries, the original Indian
population represents a substantial fraction of global diversity and has been shaped
by multiple waves of migrations and admixture events (Basu et al., 2003; Abdulla et
al., 2009; Reich et al., 2009). This initial admixture would have been brought to SA
and also be present in the SA grouping representing India.

On the other hand, the higher prevalence in the Coloured and SA Indian
subsets could also have been due to the higher number of Coloured and Indian
patients included in the cohort. A total of 29 SA Coloured and 22 Indian BC/OVC
patients were included, compared to 15 Black, 10 Afrikaner and 10 White families.
Although 15 Black patients were studied, the number of variants observed for this
group was very low (Table 4.2). The results obtained from this study indicate that the
prevalence of PALB2 mutations/variants might be different for each of the SA
population groups, depending on the genetic heritage of these patients. The number
of BC/OVC patients representing each of these ethnic groups needs to be increased
in order to determine the prevalence of deleterious mutations. Once the range has
been determined, the general population has to be screened for these variants in order
to determine the possible relative risk involved with each variant for the development
of breast- and other ca types.
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Chaptec §
Conclusion and tecommendations

In 2007, various familial BC investigators such as Rahman and colleagues stated that
with the identification of PALB2 as an additional BC predisposition gene, a clearer
picture of the genetic architecture of BC susceptibility was emerging. At the time,
investigators acknowledged that although the familial BC genes BRCA1/2 would most
probably represent the only major high-penetrance genes, the other genes could
perhaps explain some of the remaining BC burden in high risk families negative for
pathogenic BRCA mutations.

Although the estimated cumulative risk for the development of female BC in
PALB2 pathogenic mutation carriers is proposed to be 14% at age 50 years and 35%
by the age 70 years (Antonio et al., 2014), it was significantly influenced by birth cohort
and other familial factors. These factors resulted in an absolute BC risk for mutation
carriers with two or more first-degree relatives (such as the patients included in this
study) of 58% for BC at 50 years of age. Although this increase in risk is lower than
that for BRCAL, it is postulated to be similar to that of BRCA2 for hereditary BC families
(Antonio et al., 2014).

This was the first SA study to investigate the prevalence of PALB2 germline
mutations in familial BC/OVC patients with a hereditary predisposition that tested
negative for BRCA1/2 pathogenic mutations. PALB2 encodes a protein that together
with BRCA1, BRCA2 and RAD51, plays a critical role in maintaining genomic integrity
by partaking in DNA repair. Loss of function PALB2 mutations will indirectly affect the
expression of BRCA2 which will result in genetic instability and tumorigenesis.

Germline inactivating mutations are relatively rare, varying from 0.1% to 3.9%
depending on the population and the selection criteria used for the subset. The PALB2
mutation rate for this study (4.6%, 4/86) is higher than those reported in the earlier SA
studies (Sluiter, 2009; Francies et al., 2015). This could be the due to the difference in
the selection criteria, as both studies did not select for the presence of a positive family
history of BC nor OVC. Both Sluiter (2009) and Francies et al. (2015) included cohorts
of SA BC patients unselected for family history, diagnosed at a very early age with BC
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or OVC, with the latter group adding triple-negative disease as an additional selection
criterion. The strength of the current study lies in the fact that the focus was to include
BC patients with a strong familial predisposition, as appropriate when investigating the
impact of a familial BC susceptibility gene.

Another explanation for the difference in PALB2 mutation rate could be that the
majority of the participants in the Francies study was Black (78.7%), with very few
Indian and Coloured representation (4.6% and 1.9% respectively). In the present
study, not only did the Indian and Coloured patients represent the majority of patients,
a very small number of variants were observed for the Black patients. The data
presented preliminarily confirms the low prevalence of PALB2 variants for this SA
ethnic group. Francies et al. (2015) could have missed the detection of PALB2
variants, as the Indian and Coloured groups were under represented in their study.
Three of the four loss of function mutations were detected for patients representing
these two SA ethnic groups.

Currently, no definitely pathogenic PALB2 missense variants have been
identified that play a significant role in BC predisposition, suggesting that they might
be extremely rare (Tishckowitz et al., 2012; Tavtigian et al., 2014). Although the
present study identified multiple missense variants, two (PALB2 c¢.2794G>A,
p.Val932Met and PALB2 ¢.3434G>T, p.Glyl145Val) were provisionally proposed as
potentially damaging based on the variant’s location in the carboxy-terminal WD-40
domain (aa 836 — 1186). This domain has the characteristics of a seven-bladed [3-
propeller and provides a binding site for the N-terminus of BRCA2 (Oliver et al., 2009).
Interpretation of these missense variants regarding impact on clinical treatment
remains challenging. There is currently a need to extend international efforts that
classify rare missense variants observed for BRCA1/2, to include those reported for
PALB2. This will assist in the clinical management of patients carrying these variants.

The classification of such a variant will most likely require the incorporation of
many pieces of evidence of which one will be functional assays. Two missense
mutations in this domain in close proximity to the location of the SA mutations (PALB2
€.2816T>G, p.Lys939Trp and PALB2 ¢.3428T>A, p.L1143P), have already been
functionally tested and were proven to exhibit decreased capacity for DNA double-
stranded break-induced homologous recombination (Park et al., 2014). Itis anticipated

that groups such as the Functional Working Group of ENIGMA will develop PALB2
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functional assays for clinical assessment in the future. There is optimism in the
research community that a number of large initiatives will generate data quickly and
on a large scale to make definite analyses related to variant classification and clinical
outcomes a reality for PALB2 in the near future (Southey et al., 2016).

This study, together with Sluiter et al. (2009) confirmed the presence of
pathogenic mutations in the SA population, particularly in the White, Coloured and
Indian groups. It is therefore recommended that larger studies be conducted to
determine the prevalence of these specific and other mutations in these cohorts.
Attempts should be made to perform segregation analyses for the mutations detected,
in order to determine the clinical impact of these PALB2 mutations on related family

members.
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When publishing genetic or biomedical research studies involving patients, controls or population groups in
South Africa, it is often relevant and necessary to identify the groups by their ethnic affiliations. The categories
are psually used as proxies for genetic ancestry, but the ways in which individuals “self-identify”™ are
influenced by many factors, including geographic origin, language and culture. As genetic and biomedical
researchers, we take cognisance of the fact that these are labels of convenience that do mot necessarily
accurately reflect ancestry, nor do they define homogenous groups.

We recognise that preferred identifiers for Sowth African ethnic groups wvary between individuals, groups.
nations and organisations. In citing ethnic labels, we therefore recommend the use of the names or categories
that the people call themselves. Today, South Africans broadly consider themselves White, Black (black
African), Coloured or Indian Importantly too. these are also the categories used in the South African
population census (also at www.statssa. gov).

Due to the international opinion that “Celoured™ is a derogatory term, it is necessary to clarify that in the South
African context, populations who self-identify as Coloured have a complex history of ancestrally derived
admixture. These groups. also frequently termed “Mixed Ancestry™ are ancestrally derived from admixtures of
one or more of the indigenous African populations (Khoe- and San-speaking or Bantn-speaking). immigrants
from Western Europe, or slave labourers from West Africa, Indonesia, Madagascar, Java, India and Malaysia
The term “Coloured” in South Africa is therefore a name that encompasses a wide range of people who are
unigue to this country.

As a gunide, the SASHG commirttee therefore recommends, for publication purposes for genetic and
biomedical studies, the use of the following nomenclature for South African populations: White, Black
African, Coloured and Indian. This terminology should be accompanied by a brief description of the
geographic origin and inclusion criteria of the participants of the specific research study.

If necessary, depending on the journal and/or the reviewers’ comments, it is acceptable to substitute the term
“Mixed Ancestry” for “Coloured”, accompanied by a description of the cohort(s) under study.

Black African communities in South Africa also identify themselves by language: the Zulu people or amaZulu
{(who speak isiZuln). Xhosa or amaXhosa (isi%hosa). Sotho (seSotho). etc. and these affiliations should be
used if the data are available and relevant to the study. Similarly, since San hunter-gatherers and Khoe
pastoralists identify themselves with their community names (e.g. !Xun, {Khomani. //Ganaa, Hailom. etc.)
these affiliations should be used when available and relevant, however if they are grouped together the term
Ehoe-5an is recommended.

We ackmowledge that in the future there may no longer be a need for such “labels™ but at present. particularly
for genetic research purposes, this information 1s pertinent and relevant.
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Additional DNA consent for Inclusion

into a research project on familial breast cancer

CONSENT FOR ADDITIONAL DNA STUDIES

1. [ . request that an attampt be ma
using genetic material to assess the probability that: | [name: | might have inherite
disease-causing mutation in the gene for: FAMILIAL BREAST CAMCER.

2 | understand that the genetic rmiaterial for analysis is to be obtained from: blood cells.
3. | acknowledge that a portion of the sample will be stored indefinitely for later use for:

(&) possible re-analysis for the same disorder
[b) research purposes (for any disorder), subject to the approval of the Institution’s Ethics Committee,

provided that any information from such research will remain confidential and anonymous.

4, The results of the analysis carried out on this sample of stored biological material will be made known t me, via my doct

5. | autharize my doctor(s) to provide relevant clinical details im order for the ressarch to be published.

6. | hiave been informed that:
(&) I will not receive any rumensration for my invelsement in this study.
[1:]] 1'will mot endure additicnal financal costs due to the tests being performed.
() The risks and bensfits assocated with genetic analysis have bean explained to me.

[1:]] The analysis procedurs iz specific to the genatic condition mentionad above and cannot determine the
complete genetic makeup of an individual.

(] The genatics [aboratory is under an obligation to respect and maintain medical confidentiality.
(d] Genetic analysis may not be infarmative for somea families or family members.

(&) where biclogical material is used for research purpeses, there may be no direct benefit to me.

7. | understand that | may withdraw or modify my consant for any aspect of the above at any time withowt this affecting my
future medical care.

8. ALL OF THE ABOVE HAS BEEN EXPLAIMNED TO ME IN A LANGUAGE THAT | UNDERSTAND AND MY QUESTIONS ANSWERE
BY: Dr Ines Buccimazza or Me Namitha Chabilal at Inkosi albert Luthuli Hospital

a. address:
Tel. no.:
signature Date:
of parson gving consent Capacity

Patient signature: Witnessed consant:
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Appendix G

&), NATIONAL HEALTH

‘™ LABORATORY SERVICE

office of the Business Manager
Fractice No. 5200296 UNIVERSITAS ACADEMIC LABORATORIES
PO BOK 339(33)

C/0; CHEMICAL PATHOLOGY
1** FLOOR

BLOCE ©

FACULTY OF HEALTH SCIENCEES
UNIVERSITY OF FEEE STATEE
BLOEMPONTEIN

%301

REQUEST FOR AFFROVAL OF LABORATORY RESOURCES FOR ACADEMIC FURPOSES

Date: 20 April 2016
Fagquestor: Dr. N wvan der Merwe

Project Name: "Screening for PALEZ mutations in South African women with
BRCA negative familial breast cancer — MF Maketha.®

Daar Dr. van der Merwe

Your regquest for use of laboratory facilities / data iz hereby granted
under following conditicons:

1)} That Univergity Ethical Commitbes approval iz abtained

2) That approval for use of NHLS patient data is obtained

3) All existing laboratory data remain confidential to cthe patient and
doctor (anonymity is maintained)

i) This Office must be notified before any publication of any results /
findings is made.

5} WHLE is recognised in all publications

6] Oonly existing data may be used. Any billable tests to be done must
be funded by research or other funds.

7) Equipment may be used only upon approval of relevant manager and
supply of own consumables.

May your project be successful.

Prof Henry Pieta
Busziness Manager
Universitas Academic Laboratories

Aciing Chairpemen: Or Fazel Randem inienim GEOQ: Ke Joyos Mogaie

Fnyrcal dckdrees. 1 Modderonbein Foad, Sandeingiam, Joharmesibung, South airea Foslel Soc-ess: Privete Bag XB, Sandringham, 2131, Soaih Africns
Tl +2F (0} 11 X098 SDE0¢Y OBED 00 MHLEMAST ) mveanhin.nc. zm
Pronlics murmbees: S2002 08
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Appendix |

2: PALB2 c.84C>T, p.Tyr28Tyr (rs761533286)

4: PALB2 c.424A>T, p.Lys142Ter* (rs587782005)

4: PALB2 c.508A>T, p.Argl70Ter*

4: PALB2 c.629C>T, p.Pro210Leu (rs57605939)

4: PALB2 c.680C>A, p.Ala227Asp

4: PALB2 c.738T>G, p.Thr246Thr
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4: PALB2 c.925A>G, p.lle309Val (rs3809683) &

4: PALB2 c.1010T>C, p.Leu337Ser (rs45494092)

L A7 T A 66 AT W T C 1

4: PALB2 ¢.1395G>A, p.Met465lle (rs746805049) AN\N\NM/\M/\/\

4: PALB2 c.1470C>T, p.Pro490Pro (rs45612837)

4: PALB2 c.1508C>A, p.Ala503Glu

4: PALB2 c.1572A>G, pSer524Ser (rs45472400)
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5: PALB2 c.2014G>C, p.Glu672Gly (rs45532440)

5: PALB2 c.2393C>T, p.Pro798Leu

5: PALB2 c.2411C>A, p.Ser804Tyr (rs149836639)

7: PALB2 c.2743G>A, p.Ala915Thr (rs374736398)

8: PALB2 c.2794G>A, p.Val932Met (rs45624036)

9: PALB2 c.2968G>A, p.Glu990Lys
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12: PALB2 ¢.3300T>G, p.Thr1100Thr (rs45516100)

13: PALB2 c.3434G>T, p.Gly1145Val
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