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Glossary

Genetic terms:

Admixture -used specifically in relation to the coloured subpopulation of South Africa, it
refers to the genetic lineages resulting from intermarriages between individuals of

different ethnic backgrounds.

De novo - a diagnosis of HD in the absence of a family history and no expanded parental

HTT alleles.
Haplogroup - a collection of similar haplotypes.

Haplotype - a set of DNA polymorphisms that tends to be inherited together as an intact

unit.

HD genocopy - a term that has been proposed as an alternative to the more commonly

used ‘phenocopy’.

HD phenocopy - a genetic condition that is clinically indistinguishable from HD, but with a

different underlying mutation.

Intermediate allele —an allele with a repeat size between 27-35 CAG, with the potential to

expand into the pathogenic range in a single transmission.

Reduced penetrance allele - an allele in the lower end of the pathogenic range (36-39

CAG) that may or may not be associated with clinical symptoms in a normal life span.
TagSNPs - SNPs selected to represent the genetic variation across a specific region.
Epidemiology terms:

Incidence - number of new cases affected by a given condition within a specified period of

time.
Prevalence - number of people affected by a given condition at a specified point in time.
Statistical terms:

Mean CAG -also average, the mean is calculated as the sum of observations divided by the
number of observations. It is a measure used to indicate the point where a population is

centred.

Median CAG- the value that divides the distribution of observations in half. It is another

measure used to indicate the point where a population is centred.

xii



Mode - also modal CAG, the most frequent observed value.

0dds ratio - the ratio of the probability of occurrence of an event to that of non-
occurrence. It expresses the association between a risk factor and a disease by comparing

the likelihood of disease under different circumstances.

p-value - used to define statistical significance, it is the estimated probability of rejecting
the null hypothesis when that hypothesis is true. The null hypothesis is that there is no
difference between the categories. When the p-value is < 0.05, the null hypothesis is

rejected and this difference is said to be statistically significant.

Range - the distance between the highest and lowest observations, it is a measure of

variability in a given population.
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Abstract

Huntington disease (HD) is a devastating neurodegenerative condition characterised by a
triad of symptoms: behavioural/psychiatric changes, cognitive decline and movement
disorder. The dominantly inherited disease-causing mutation is an expanded trinucleotide
(CAG) repeat in the Huntingtin(HTT) gene. Clinical symptoms are believed to be the result
of degeneration of specific neuronal populations that are susceptible to the presence of a
toxic expanded protein product. The disease is incurable and following the onset of

symptoms, is progressively debilitating over 10-20 years and eventually fatal.

Although typical epidemiological studies of prevalence are challenging for a genetic
disorder such as HD, family studies and various other methods of ascertainment have been
used to estimate its occurrence in different populations. Prevalence is therefore known to
vary geographically; population-specific haplotypes have been hypothesised to be the
basis of this variation between ethnic groups. High prevalence estimates for populations
with European ancestry led to the supposition that the HD mutation was introduced to

different regions by Europeans.

In South Africa, a survey in the 1970s estimated that the prevalence of HD in the white and
coloured subpopulations was similar at 2 per 100 000 individuals; while that in the black
subpopulation was significantly lower, at less than 0.01 per 100 000 individuals.
Molecular genetic analyses have since revealed links between the white and coloured
subpopulations which would explain the similarity in prevalence; however, our knowledge

of the genetics of HD in the black subpopulation, has been sorely lacking.

This study provides, for the first time, a comprehensive analysis of the HTT gene in an
African population. An evaluation of the normal distribution of CAG-tract sizes highlighted
significant differences between the subpopulations. Haplotype analysis identified
population-specific disease-associated haplotypes, confirming distinct origins of the HD

mutation in the different subpopulations.

In a coloured family with the rare juvenile form of the disease, DNA sequencing revealed
no novel variants within the immediate vicinity of the CAG-tract that could be associated
with the observed instability. This indicates that genome-wide analyses may be more
useful in identifying factors related to repeat instability and future investigations are

planned for a cohort of South African patients affected by juvenile onset HD.

Xiv



A review of all records at the two public laboratories offering a confirmatory molecular
test for the diagnosis of HD, provided the opportunity to calculate minimum estimates of
frequency based on genetic ascertainment. HD prevalence was estimated at 0.5, 2.2 and
7.8 (per 100000 individuals) for the black, coloured and white subpopulations
respectively. These figures can be associated with the distribution of CAG-tract size and

the population-specific haplotypes identified in this study.

Overall, the results reported here emphasise the genetic diversity present in different
populations in SA. Knowledge of this diversity is critical to the development of
therapeutics. Furthermore, this project has laid the foundation for South Africa to
participate in a global prospective study of HD aimed at improving our understanding of
disease mechanisms and most importantly, the clinical management and care offered to

HD patients.
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For the purpose of this thesis, the candidate has elected to adhere to the
nomenclature used by the South African government and by its peoples. The peoples’
self-identification as Black African, Coloured and White is used throughout. These
identities are largely based on ethno-cultural factors and not on socio-political

differences; therefore there is no implied negative connotation.
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Section

Chapter 1 provides an introduction to HD and a comprehensive review of available
literature on epidemiological and molecular genetic aspects. The subject of HD in
South Africa is also addressed as background to the project and the overall aims

are outlined.



Chapter 1: INTRODUCTION

1.1 Huntington disease

1.1.1. A history

The first concise description of Huntington disease was made by Dr George
Huntington an American physician, in 1872 (Huntington 1872). Following the
completion of his medical studies at the age of 21 years, George Huntington
presented an essay titled ‘On Chorea’ before the Meigs and Mason Academy of
Medicine. The essay was later published in The Medical and Surgical Reporter, and
Huntington sealed his place in medical history with his astute description of the

condition that now bears his name.

Historical records suggest that the disease was recognised as early as the
seventeenth century and several scholars may have published descriptions prior to
Huntington’s seminal publication (Dunglison 1842; Osler 1894). However,
Huntington had the benefit of a family practice spanning several generations in a
small community, with both his father and grandfather having been physicians in
the same East Hampton village. This allowed him to delineate “three marked
peculiarities in this disease: 1. Its hereditary nature 2. A tendency to insanity and
suicide 3. Its manifesting itself as a grave disease only in adult life” (Huntington

1872).

Chorea, originating in the Greek khoreia which means ‘dancing in unison’,
describes a disease of the nervous system characterised by jerky involuntary
movements made by afflicted individuals. Prior to George Huntington’s description
of the particular condition that came to be known as Huntington’s Chorea, the term

‘chorea’ caused much confusion in the 19t century, with over a dozen conditions



categorised therein (Osler 1894; Hayden 1981). Several forms of chorea had
previously been recognised as hereditary; however, it was only three decades later
with the re-discovery of Mendel’s laws that the mechanism of inheritance
described by George Huntington was understood to be of an autosomal dominant

pattern (Lanska 2000).

For many decades, Huntington’s chorea was synonymous with a vicious stigma,
arising from the neurological symptoms in combination with the hereditary aspect.
There is evidence that affected individuals, suspected of witchcraft, may have been
put to death both in England and the United States (Hayden 1981). In the 20t
century, it was one of the conditions targeted by the eugenics movement and
afflicted families were subjected to horrendous abuse including forced

sterilisations and even death in some societies (Harper 1992a).

It is unfortunate that to this day, a degree of shame and secrecy still encompasses
families and individuals living with HD. The personal experience of one HD family
has been shared by historian Alice Wexler in a recent perspective (Wexler 2010).
The public perceptions of, and theories surrounding how and why certain families
are affected, highlight the necessity of addressing history in order to change

present and future attitudes.

1.1.2. Clinical presentation

George Huntington'’s classic delineation of hereditary chorea in 1872 defined many
aspects of the adult form of what is now known as Huntington disease (HD). The
triad of movement disorder, emotional disturbance and cognitive impairment are

the accepted defined clinical features (Walker 2007; Sturrock and Leavitt. 2010).



In addition, a family history of movement disorder or behavioural problems,
although undiagnosed, may be an indication of HD. Importantly, the presentation
and severity of symptoms, and progression of the condition may vary significantly

from one patient to another even within the same family.

The presence of motor symptoms, has conventionally been used to define the onset
of disease for the purpose of consistency in making a clinical diagnosis (Walker
2007; Sturrock and Leavitt. 2010). However, subtle changes in behaviour and

executive functioning are often evident at an earlier stage.

Alarge, on-going longitudinal observational study on mutation positive individuals
(PREDICT-HD), has estimated that abnormalities may be detectable up to 20 years
prior toan official clinical diagnosis (Paulsen et al. 2008). The terms pre-manifest
or pro-dromal HD have been used to describe this group of individuals who are
asymptomatic, those who exhibit only subtle symptoms or who remain

undiagnosed (Sturrock and Leavitt. 2010).

HD is typically a disorder of adulthood with an average age at onset of 35 to 44
years. However, symptoms may manifest anytime from childhood to much later in
life. Following onset, the disease is inexorable and patients eventually succumb to
complications related to dysphagia, aspiration and infection. Death has been
estimated to occur 10-20 years subsequent to diagnosis (Margolis and Ross. 2003;

Walker 2007; Roos 2010; Sturrock and Leavitt. 2010).

Disease pathology is limited to the brain and accounts for the major clinical
symptoms. Although the spectrum of pathological changes may vary between
affected individuals, the HD brain is generally notably smaller by weight and

volume (Vonsattel et al. 2008).



Prominent degeneration occurs in the caudate nucleus, the putamen and the
cerebral cortex. Nuclear inclusions have been identified in neostriatal and
neocortical neurons and can be detected long before the onset of clinical symptoms
(Vonsattel et al. 2008); however, their role in disease pathogenesis remains

unclear (Walker 2007; Sturrock and Leavitt. 2010).

Figure 1. Pathology of the HD brain (right) compared to a normal brain (left). The images depict
the severe degeneration and decreased brain volume evident post-mortem (Vonsattel et al.

2008).



The three ‘peculiarities’ of the condition as delineated by George Huntington are

briefly examined below.

1.1.2.1. The hereditary nature

The first and possibly most important characteristic noted by George Huntington
was that affected individuals had at least one parent who was affected if they lived
to adulthood. However, if the children of an affected individual did not develop the
condition even in old age, then the thread was broken and successive generations

were free from disease (Huntington 1872).

HD is a classic autosomal dominant monogenic disorder and the molecular
genetics of the disease will be addressed extensively in subsequent sections of this

thesis.

1.1.2.2. The tendency to insanity and suicide

The second highlighted feature was the “tendency to insanity and suicide”
(Huntington 1872). A significant aspect of HD is cognitive dysfunction, resulting in
impaired executive functioning, speech and comprehension; any of which may
have been viewed as signs of insanity (Margolis and Ross. 2003; Walker 2007). The
decline is noticeably progressive over the course of disease, culminating in

dementia in the latter stages.

Under the limited understanding of neuropsychiatric disorders in the 1800s,
behavioural problems and personality changes in HD patients may well have been
perceived as insanity. Psychiatric manifestations are a well-documented
phenomenon in HD and known to be widely variable (Anderson and Marder. 2001;

Walker 2007; Sturrock and Leavitt. 2010). Common features include apathy,



irritability /aggression, obsessive compulsive behaviour and anxiety. Psychosis has

also been reported, albeit less frequently (van Duijn et al. 2014).

Fortunately, psychiatric symptoms are often responsive to treatment, although
limited evidence exists for the efficacy of various medications currently in use
(Roos 2010; Nance 2012; Killoran and Biglan. 2014). Clinical intervention is critical
to manage symptoms and prevent suicidal ideation and/or suicide attempts which
often occur as an impulsive act at specific stages of disease (Anderson et al. 2010;

Sturrock and Leavitt. 2010).

Numerous studies have been carried out on suicide as it has been shown to be of
marked importance within families that carry the mutation (Farrer et al. 1986; Di
Maio et al. 1993; Almqvist et al. 1999; Robins Wahlin et al. 2000). The rate of
completed suicide in HD mutation carriers is estimated at between four and eight
times higher than the general population; while suicidal attempts and ideation
occur up to 20% more frequently (Wetzel et al. 2011; Hubers et al. 2012; Hubers et

al. 2013).

Both socio-demographic factors and clinical characteristics such as depression,
have been associated with suicidal ideation, suicide attempts and completed
suicide. Members of HD families may therefore require careful monitoring and
regular screening to identify individuals at increased risk of suicide (Hubers et al.

2013).

1.1.2.3. The late onset
The final peculiarity described by George Huntington was the onset of chorea in
adult life. Based on his review of the medical records in east Hampton, there were

no documented cases of marked chorea presenting before the age of 30 or 40 years



(Huntington 1872; Bates 2005). In addition, it was improbable for an individual
with a family history to present with chorea after the age of 40 years, leading to his

conclusion that HD was almost exclusively an adult onset condition.

Although no mention was made by Huntington of symptoms occurring in children
or adolescents, this rare form of the disease had likely been described by Lyon in
1863 (Hayden et al. 1982). The onset of symptoms before the age of 20 years and
in some cases as early as childhood, defines juvenile HD (JHD) which is reported to

affect up to 10% of all HD patients (Gonzalez-Alegre and Afifi. 2006; Walker 2007).

The clinical presentation of JHD is different from the adult-onset form, as it is
characterised by rigidity and hypokinesia and has been termed the Westphal
variant (Topper et al. 1998; Gonzalez-Alegre and Afifi. 2006; Walker 2007).
Seizures are common and a decline in performance at school and delayed motor

milestones may be an indication of early onset HD in children with a family history.



1.2 The Huntington disease gene

Between 1983 and 1993, scientists around the world worked tirelessly to isolate
and characterise the HD gene. Research efforts were driven by collaborations with
a number of non-profit organisations; notably the Committee to Combat
Huntington Disease (CCHD) and the Hereditary Disease Foundation (HDF) founded

in 1967 and 1978 respectively (Bates 2005).

The success story surrounding the identification of the HD gene and disease-
causing mutation draws heavily on the advocacy of patient and family groups such
as these, and highlights the importance of their involvement in research. Of utmost
significance was the concurrent development and evolution of molecular

techniques.

1.2.1. Identification of the gene and mutation

In 1983 a marker linked to the HD locus was reported, assigning the genetic defect
to chromosome 4 (Gusella et al. 1983). This was the initial step in a lengthy
investigation that eventually led to the isolation of the HD gene. As one of the first
successes in mapping an autosomal condition using DNA polymorphisms, this

approach fuelled the identification of many disease genes.

Once chromosome 4 was identified as the location of the HD gene, a large
international collaborative effort ensued. Making use of novel molecular
techniques, new markers were generated and genetic and physical maps were
established; these narrowed the region of interest to the short arm of this

chromosome (Wasmuth et al. 1988; Whaley et al. 1988; Bates et al. 1991).



Further work and haplotype analysis revealed the most likely candidate region to
be a 100 kilobase pairs (kb) fragment, between markers D4S180 and D4S182 on
4p 16.3 (MacDonald et al. 1992). An exon amplification strategy ultimately led to
the identification of a novel gene, IT15 (interesting transcript 15), containing a
polymorphic CAG triplet repeat in exon 1 that was found to be expanded on HD

chromosomes (The Huntington's Disease Collaborative Research Group 1993).

The IT15 gene, later renamed the Huntingtin (HTT) gene, spanned roughly 210 kb
and encoded a previously unknown protein of approximately 348 kilodaltons

(kDa) (The Huntington's Disease Collaborative Research Group 1993).

This was the fourth condition for which the disease-causing mutation was found to
be a triplet repeat expansion, following the identification of Fragile X Syndrome
(FXS) (Verkerk et al. 1991), Spinal and Bulbar Muscular Atrophy (SBMA) (La Spada
et al. 1991) and Myotonic Dystrophy type 1 (DM1) (Brook et al. 1992); all

neuromuscular disorders.

The largest contribution of research material for linkage analyses came from the
Maracaibo region of Venezuela, reported to have the highest concentration of HD
affected individuals in the world (Young et al. 1986; The U.S.-Venezuela
Collaborative Research Project and Wexler. 2004). The now well-known Venezuela
kindreds, at the time of their recruitment, already spanned several generations and
included thousands of affected individuals. The Venezuela cohort remains an
invaluable resource for research and continues to provide insight into various
aspects of disease pathogenesis (The U.S.-Venezuela Collaborative Research

Project and Wexler. 2004; Brocklebank et al. 2009).



1.2.2. Molecular genetics

Following the identification of the gene and the disease-causing mutation,
numerous studies were performed to elucidate the underlying mechanisms. The
triplet ‘CAG’ encodes the amino acid glutamine (Q); an expanded repeat
sequencethus translates into an abnormally long stretch of glutamine residues
(polyglutamine) in the mutant protein. As a result, HD is classified as one of nine
known polyglutamine (polyQ) disorders, all of which result in progressive and

selective neurodegeneration (Murphy et al. 2012).

1.2.2.1. Length of the CAG-tract

Of primary importance was the development of robust techniques for PCR
amplification of the CAG repeat to enable repeat sizing and establish pathogenic
associations (Andrew et al. 1993; Goldberg et al. 1993a). Initially, a constant length
was assumed for the adjacent CCG repeat; however, evidence of polymorphism
soon led to the development of accurate sizing using primers specific to the CAG

repeat (Andrew et al. 1994a; Bates 2005).

The distribution of CAG repeat lengths was examined in different population
groups and a clinical diagnosis confirmed for the majority of subjects (Kremer et
al. 1994). Disease symptoms were found to be associated with expanded repeats of
36 CAG or more. Alleles with between 36 and 39 repeats indicated reduced
penetrance (RP) based on reports of unaffected elderly individuals (Rubinsztein et

al. 1996); while fully penetrant alleles had 40 repeats or more.

An intermediate range of alleles with between 27 and 35 CAG repeats has been
shown to exhibit instability on transmission, resulting in new mutations and de

novo cases of HD (Goldberg et al. 1993b; Goldberg et al. 1995).
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These new mutations occur in the absence of a family history; the presence of
intermediate alleles (IAs) is therefore particularly pertinent to genetic counselling

(Semaka et al. 2006; Semaka et al. 2010).

The international standardisation of pathogenic limits across molecular testing
laboratories is critical to accurate diagnosis, more so for those individuals that
carry alleles at the thresholds. Defined thresholds for repeat sizing in the HD gene
(Nance et al. 1998) have been revised as more data became available, and testing
guidelines are regularly reviewed for the purpose of quality control and

standardisation (Potter et al. 2004; Losekoot et al. 2013).

Current limits are presented in Figure 2 and highlight the range of repeat lengths

associated with pathogenesis (positive), reduced penetrance (RP) and IAs.
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Figure 2. Categories of CAG repeat lengths relative to HD pathogenicity. IA: intermediate allele,
RP: reduced penetrance allele. Image designed by Dr Alice Hawkins and reproduced with

permission from www.predictivetestingforHD.com.

Studies of repeat lengths revealed an important inverse correlation between the
age of disease onset and the size of the repeat expansion (Andrew et al. 1993;
Duyao et al. 1993; Snell et al. 1993). This relationship was found to be particularly
strong for repeat lengths of 60 or more, that were inevitably associated with
juvenile onset HD. However, the correlation was somewhat weaker for expansions
with between 40-50 repeats, suggesting that additional factors may play a role in
determining the age of disease onset (The U.S.-Venezuela Collaborative Research

Project and Wexler. 2004).
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The contribution of other factors to disease onset was investigated in the cohort of
Venezuelan HD families. Using linear regression analysis on the log-transformed
age of onset, a residual age of onset was calculated. Variance-components
methodology applied to this data suggests that approximately 59% of the
variability in residual age of onset is due to heritable genetic modifiers and/or
shared environmental factors (The U.S.-Venezuela Collaborative Research Project

and Wexler. 2004).

These data provided compelling evidence for the existence of genetic loci that
influence the onset of symptoms and endorsed the use of genome-wide association
studies in HD patients (Li et al. 2003; Li et al. 2006). Although no modifiers have
been confirmed in replication studies (Andresen et al. 2007a); the potential for
identification of human-validated targets is sufficient justification for on-going

analyses (Lee et al. 2012; Ramos et al. 2012; Gusella et al. 2014).

Using the correlation between the size of the repeat and age of onset, several
models have been generated for the purpose of predicting disease onset based on
the length of the CAG repeat (Langbehn et al. 2004; Andresen et al. 2007b).
Attempts to validate these prediction methods emphasise the incomplete
understanding of additional factors that contribute to age of onset of HD and the
lack of tangible clinical utility offered by the length of the repeat (Langbehn et al.

2010).
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1.2.2.2. Instability of the CAG-tract

The instability of the CAG repeat in the HD gene was initially recognised in the
expansion (and occasional contraction) of transmitted chromosomes within
families used in linkage analyses (Duyao et al. 1993; The Huntington's Disease

Collaborative Research Group 1993).

Similar to other repeat expansion disorders, for example DM1 and Spinocerebellar
Ataxia type 1 (SCA1), repeat length tends to increase on transmission (Ranen et al.
1995). The result of this is generally an earlier age of onset in the next generation,
a phenomenon known as anticipation (Harper et al. 1992; Duyao et al. 1993; Ranen

etal. 1995).

The length of the repeat itself influences instability on transmission; longer repeats
are more prone to subsequent expansion (Ranen et al. 1995). Significant increases
in repeat length are also strongly associated with the sex of the transmitting
parent, with large expansions almost exclusively being transmitted paternally
(Duyao et al. 1993; Kremer et al. 1995). However, the precise underlying
mechanism is still not fully understood. Repeat instability will be examined further

in a subsequent section of this thesis.

1.2.3. Genetic testing

Molecular genetic tests for HD are offered by laboratories worldwide using PCR-
based methods which have been reliably shown to detect expanded repeats
associated with disease pathogenesis (Nance et al. 1998; Potter et al. 2004;
Losekoot et al. 2013). There is however, evidence of intra- and inter-laboratory
variation and this warrants consideration when results are reported (Quarrell et

al. 2012a).
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In an effort to minimise variability, laboratories are required to maintain strict
standards of quality control and samples are checked against known sizing
controls. Where indicated, apparently homozygous results may require additional
investigation by Southern blotting and/or triplet repeat primed PCR (TP PCR), in
order to exclude the possibility of very large expansions (Guida et al. 1996; Warner

et al. 1996; Losekoot et al. 2013).

In practice and subsequent to the identification of the disease-causing mutation,
direct mutation analysis facilitates confirmation of a clinical diagnosis of HD.
Accurate analysis of carrier status is also available for at-risk family members in
order to alleviate uncertainty and enable future planning (Potter et al. 2004;

Losekoot et al. 2013).

Predictive or pre-symptomatic testing protocols have been carefully developed
and updated over time and are generally recommended for adults (18 years and
older) with a known family history of HD (International Huntington Association
and the World Federation of Neurology 1994; MacLeod et al. 2013). The process
includes extensive counselling and psychological assessment over several months
which aims to provide adequate support and to ensure as far as possible, the

individual’s ability to cope with the result (Harper et al. 2000; Walker 2007).

Pre-symptomatic testing for HD was first made available following the localisation
of the gene to the short arm of chromosome 4 (Meissen et al. 1988; World
Federation of Neurology Research Group on Huntington's Chorea 1990). As the
first dominantly inherited condition for which predictive testing was feasible,
protocols for similar late-onset disorders have been largely modelled on the HD

experience (Harper et al. 1990; Hayden 2003).
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Prenatal testing may be requested by couples who become aware of a familial risk
of HD, again with adequate preparation and counselling. Furthermore, pre-
implantation genetic diagnosis (PGD) is also available if desired, to circumvent the
possibility of having a child who carries the genetic mutation (Van Rij et al. 2011;

Losekoot et al. 2013; Morrison 2014).

1.3 The Epidemiology of Huntington disease

Epidemiology is defined as the study of why and how frequently a particular
disease occurs within a defined population - population at risk (Coggon et al.
2009). Various methods and measures can be used to contribute to the evaluation
and development of public health strategies. The incidence of a disease refers to
the rate at which new cases occur in the population within a specified time period.
On the other hand, prevalence is the proportion of the population that is affected by

a condition at a given time point (Coggon et al. 2009).

Due to the single-gene Mendelian nature of HD, traditional epidemiological
methods have not shown much success in determining the incidence or prevalence
(Pringsheim et al. 2012). Available information is therefore not generally based on
a comprehensive epidemiological analysis of the population at risk and instead

classical genetic approaches and analyses have been employed.

Prior to the identification of the genetic mutation and the availability of direct
testing, a diagnosis of HD was largely dependent on the clinician’s experience with
observing and/or diagnosing the disease. With a confirmatory molecular genetic

test now widely accessible, diagnosis is no longer subjective. Nevertheless, issues
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of variation in study design and methodology still cast doubt on the precision of

ascertainment (Harper 1992b; Walker 2007; Pringsheim et al. 2012).

In spite of these limitations, minimum estimates of prevalence have been made for
various populations. It is clear from these reports, that although probably
underestimated due to incomplete ascertainment, HD prevalence varies
geographically and between ethnic groups (Morrison 2012; Pringsheim et al

2012).

1.3.1. Geographical variation

In most Caucasian populations, HD prevalence has been estimated at between 4
and 8 individuals per 100 000 (Harper 1992b; Walker 2007; Pringsheim et al.
2012). Certain areas, such as the Maracaibo region in Venezuela and the island of
Tasmania, exhibit significantly higher prevalence rates due to known founder
effects. The genotypic heterogeneity described in the Venezuelan kindreds shows
evidence of several different origins for the mutation; nonetheless, the majority of
affected individuals can be traced back to a single Caucasian ancestor (Paradisi et

al. 2008).

Reports of HD in Asian populations are few and lacking in detail, however,
available information suggests that the prevalence is significantly lower than in
Caucasian populations (Chang et al. 1994; Nakashima et al. 1996). Although a
systematic survey has not been published confirming the current HD prevalence in
Asian populations, more recent data indicates similarly low estimates (Shang et al.

2012; Jiang et al. 2014).
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Similar to the Asian populations, African populations are underrepresented in the
literature. Apart from a single systematic study performed in South Africa (SA)
(Hayden et al. 1980a) there are no comprehensive reportson the occurrence of HD
in sub-Saharan Africa. Attempts have been made to calculate minimum estimates
of prevalence in a few other African countries, however, these are predominantly
based on case reports(Harper 1992b). Notably, all these reports pre-date the
identification of the gene and thus molecular confirmation of affected status is

lacking.

In 2012, a meta-analysis of published studies on HD prevalence and incidence
examined data from 17 prevalence studies post-1985 (Pringsheim et al. 2012),
only one of which was performed on an African population in Egypt (Kandil et al.
1994). The study methodology, including diagnosis and survey technique, was
inadequately described and results were deemed unreliable (Pringsheim et al.

2012).

Importantly, North African populations show evidence of Arab and European
admixture and are genetically different from sub-Saharan African populations
(Henn et al. 2012). A distinction between the two regions (North Africa and sub-

Saharan Africa) is therefore necessary for genetic analyses.

More recently, Lekoubou and colleagues performed a systematic review of the
literature available from sub-Saharan Africa on neurodegenerative diseases, and
neurocognitive impairment related to HIV infection (Lekoubou et al. 2014). A total
of 19 publications reported on HD, of which nine originated in SA. The authors
note the lack of information on neurodegenerative disorders in sub-Saharan Africa.

The review (Lekoubou et al. 2014) highlights the necessity of determining the
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current burden of disease, particularly given the increasing life expectancy of

African populations.

An increase in life expectancy suggests that the disease burden for age-related
conditions, such as HD, may be on the rise. This has been discussed with regard to
European populations (Morrison 2010; Spinney 2010; Morrison 2012; Pringsheim
et al. 2012). Unfortunately a similar comparative assessment cannot be performed

for African populations due to the lack of data.

Although HD in African populations was originally thought to be the consequence
of admixture with Europeans, subtle clinical differences had been reported in black
American kindreds (Hayden et al. 1980a; Folstein et al. 1987). The latter authors
speculated on the possibility of an additional disease locus but dismissed this as
unlikely in the absence of molecular evidence. However, current data confirm the
existence of disease phenocopies which also show varying frequency in different

ethnic groups.

1.3.2. Huntington disease phenocopies

Following identification of the HD gene, phenocopies were estimated to account
for approximately 1% of clinically diagnosed patients (Andrew et al. 1994b;
Kremer et al. 1994). An HD phenocopy is a term used to broadly describe any
syndrome that manifests similar symptoms in the absence of an HTT expansion

(Wild and Tabrizi. 2007).

A number of these have since been characterised and include: Dentatorubral-
pallidoluysian atrophy (DRPLA), several sub-types of Spinocerebellar Ataxia (SCA)

1, 2 and 3, and the HD-like (HDL) syndromes HDL1, HDL2 and HDL4 (also known
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as SCA17) (Schneider et al. 2007; Wild and Tabrizi. 2007; Martino et al. 2013).
These conditions exhibit significant overlap with HD on clinical examination.
Importantly, their frequency is reported to vary from one ethnic group to another

and differential diagnosis should therefore take this into consideration.

Of particular relevance to the epidemiology of HD in SA is HDL2. The causative
mutation was first identified in an African American family as a CTG repeat
expansion in the Junctophilin-3 (JPH3) gene (Margolis et al. 2001). Subsequent
studies have shown that the mutation occurs almost exclusively in patients with
African ethnicity or admixture, with only one patient of middle-eastern ancestry

reported so far (Margolis and Ross. 2003; Bardien et al. 2007; Wild et al. 2008).

Indeed, black African patients in SA have been reported to exhibit an almost equal
distribution between the HD and HDL2 mutations, following a clinical diagnosis of
HD (Magazi et al. 2008). Both the HTT and JPH3 expansions are thus routinely
investigated in individuals with the HD phenotype and any indication of black
African ancestry, including those from the coloured subpopulation (Bardien et al.

2007; Krause and Greenberg. 2008).

1.3.3. The rise in prevalence

The highest estimates of HD prevalence exist for populations of European descent.
Populations of African and Asian origin are reported to have significantly lower
estimates, less than 1 individual per 100 000 in some cases (Conneally 1984;

Harper 1992b; Pringsheim et al. 2012).

Using a meta-analysis approach and service-based assessment, worldwide

prevalence of HD has most recently been approximated at 2.71 per 100 000
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individuals (Pringsheim et al. 2012), with distinct variation across geographical
regions and ethnic groups. Studies of populations with European ancestry revealed
an overall prevalence of 5.70 per 100 000 compared to 0.40 per 100 000 for Asia.
There were no studies on African populations that met the necessary criteria

(Pringsheim et al. 2012).

Recent discussion and commentary around the true prevalence of HD
acknowledges the likelihood that all published figures are in fact incomplete
estimates, even in developed countries (Morrison 2010; Rawlins 2010; Spinney

2010).

A study in Northern Ireland reported a prevalence of 6.4 per 100 000 individuals
in 1991 (Morrison et al. 1995); this estimate had risen to 10.6 by 2001 (Morrison
et al. 2011). General practice records in the UK revealed a similar increase in adults
(older than 21 years) diagnosed with HD (Evans et al. 2013). Between 1990 and
2010, the estimate HD prevalence rate rose from 5.4 individuals to 12.3 individuals
per 100 000. This increase was observed across every age range but was most

dramatic in individuals of 51 to 60 years.

In the province of British Columbia (BC) in Canada, the prevalence of HD has been
recently estimated at 13.7 per 100 000 individuals (Fisher and Hayden. 2014).
Using several different sources of ascertainment, this study provides a best
estimate of HD prevalence in BC. Importantly, 81.6 per 100 000 individuals were
estimated to be at between 25% and 50% risk of having inherited the disease-
causing mutation and thus developing the disease later in life. This may have

significant implications for future planning and resource allocation.
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The studies outlined here indicate that HD prevalence has been largely
underestimated, likely due to incomplete ascertainment. The importance of
employing a variety of ascertainment tools when assessing prevalence is thus
emphasised. However, uncertainty remains as to whether the reportedly higher

rates of prevalence are simply the result of improved ascertainment.

Available information suggests that the prevalence of HD is indeed on the rise
(Morrison 2012; Pringsheim and Jette. 2012; Pringsheim et al. 2012). In the
developed world, patient organisations have played a significant role in raising
awareness and combating the stigma associated with HD. The establishment of
disease registries and recruitment for clinical trials and studies of HD in Europe

and North America, has also encouraged disclosure.

In addition, a longer-living population may account for the higher prevalence of HD
observed in parts of the world with effective healthcare management systems (Loy
et al. 2010; Rawlins 2010). Clinical management and other interventions have led
to an improved quality of life for HD patients and therefore, affected individuals

may be more likely to seek medical care.

Overall prevalence of HD in any population has long been associated with
differences in the genetic background of the population under investigation.
Intermediate alleles that occur in the general population have been shown to
occasionally result in new HD mutations (Myers et al. 1993; Semaka et al. 2006;
Semaka et al. 2010). Haplotype analysis has provided considerable information
regarding mutation origins in different populations and may subsequently reveal

clues to the propensity for expansion shown by IAs.
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1.3.4. Haplotype differences

Haplotypes constructed using microsatellites and other polymorphic markers
prior to the isolation of the gene were the first indication that the HD mutation had
several different origins (MacDonald et al. 1991; MacDonald et al. 1992).
Subsequently, haplotype analysis using known polymorphisms within the gene,
including the CAG-tract and the adjacent CCG polymorphic repeat, revealed
evidence of differences in the genetic background of various population groups.
These were suggested to be the basis of variation in regional HD prevalence

(Andrew et al. 1994a; Squitieri et al. 1994; Rubinsztein et al. 1995).

The availability of single nucleotide polymorphisms (SNPs) has made still more
detailed analyses possible. In 2009, a comprehensive analysis of the genetic
diversity in the HTT region identified a subset of tag SNPs (tSNPs) that were
significantly associated with disease chromosomes in a European cohort (Warby et
al. 2009). A number of these SNPs were determined to be closely linked to
expanded CAG-tracts and constituted a cluster of similar haplotypes (designated
haplogroup A) found on 95% of disease chromosomes in the cohort of European

patients.

Remarkably, the same haplotypes were found to be enriched on chromosomes in
the intermediate range (27-35 CAG) compared to the general population (<27
CAG). The association of specific SNPs with both expanded and intermediate
chromosomes suggested that de novo mutations occurred on a similar genetic
background; supporting the hypothesis that specific haplotypes are predisposed to

expansion (Warby et al. 2009).
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A subsequent study investigated the genetic background of an East Asian
population (China and Japan), in an effort to determine whether the HD mutation
occurred on a similar haplotype background to the European population(Warby et
al. 2011). Interestingly, whereas expansion was most associated with haplogroup
A (variants Al and A2) in the European HD cohort, expanded chromosomes in the

East Asian population were associated with haplogroup C.

The authors proposed two hypotheses to explain why the mutation was more
likely to occur on a specific genetic background (or haplotype): 1) Repeat
instability is largely due to the size of the CAG repeat and chromosomes with ‘high-
risk’ haplotypes had a larger average CAG-tract size, 2) Genetic cis-elements
influence the instability of the CAG-tract and increase the propensity for expansion

when the repeat is in the intermediate range (Warby et al. 2011).

Notably, the average CAG repeat size in the East Asian population was shown to be
lower than that of the European population. However, that difference did not hold
for chromosomes on haplogroup C. In fact, haplogroup C in both populations
exhibited a similar association with expansion and thus a comparable estimated
prevalence; this has been proposed as a ‘baseline frequency of HD’ (Warby et al.
2011). This study did not include any African populations and no investigationwas
made into sequence differences that may influence repeat instability, and thus

expansion of specific haplotypes.

1.3.5. Intermediate alleles
The prevalence of HD in any population is thought to be a fine balance between the
new mutation rate and the elimination of large expansions (Rubinsztein et al.

1994; Semaka et al. 2010). In HD families, transmission of an allele with over 60
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CAG repeats (usually paternal) results in juvenile onset and this allele is generally
not passed to the next generation. De novo mutations have been reported in
individuals with no family history of HD, and shown to arise from a parent with an
allele in the intermediate range (Goldberg et al. 1993b; Myers et al. 1993; Almqvist

et al. 2001; Semaka et al. 2010).

The new mutation rate may thus be estimated from the proportion of IAs in the
general population that result in a pathogenic expansion. Due to the instability of
the CAG repeat, these changes may occur sequentially (usually in small
increments) from one generation to the next. The frequency of IAs in the general
population is reported at between 1 and 3.9% with the rate of new mutations from

this pool estimated at 10% (Falush et al. 2001; Semaka et al. 2006).

Susceptibility to instability has been investigated by sperm analyses and exploring
familial transmissions (Goldberg et al. 1995; Chong et al. 1997; Brocklebank et al.
2009), however, there is inconclusive evidence regarding the stability of [As and
studies of larger sample sizes are required (Semaka et al. 2010). There has been no
assessment of the frequency of IAs or the occurrence of new mutations in the

South African population.

Although IAs are considered non-pathogenic, new data suggest that they may
confer a behavioural phenotype (Killoran et al. 2013). The Prospective Huntington
At Risk Observational Study (PHAROS) is an observational study comprising over
1000 unaffected at-risk participants at 43 different sites in North America
(Huntington Study Group PHAROS Investigators 2006). The cohort of individuals
with IAs numbered 50 and psychiatric manifestations in this group included

apathy and suicidal ideation, commonly associated with prodromal HD (Killoran et
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al. 2013). The prodromal stage denotes the period between initial symptoms and

clinically defined disease onset.

The authors suggest that this phenotype may be a result of familial associations;
the individuals in the study having possibly inherited genetic modifiers of the
disease that are believed to alter the disease phenotype in affected relatives.
Alternatively, and with evidence from individual case reports of late-onset HD in
individuals with IAs, it may be necessary to adjust the limits of the disease-
associated repeat of range (Killoran et al. 2013). However, this recommendation

would require a definitive association of IAs with disease.

1.4 Huntington disease in South Africa

1.4.1. The people of South Africa

The Republic of South Africa is located at the southern-most tip of the African
continent and is divided into nine provinces. The country has a rich diversity
stemming directly from its historical background. This diversity is reflected in the
fact that SA has 11 official languages and a number of others which are unofficially
recognised. As a first language, English ranks only fourth, with Zulu, Xhosa and

Afrikaans taking the top three positions (spoken as first language).

The population is estimated at over 50 million with extensive variation in culture

and ethnic origin (www.statssa.gov.za). Following the 2011 census, Statistics
South Africa (SSA) estimated that just under 80% of the population was comprised

of Black Africans; with White (or Caucasian) and Coloured (or mixed ancestry)
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people representing significantly smaller proportions and people of Indian/Asian

origin making up the smallest proportion (Figure 3).

[t is worth reiterating here that the identity of an individual is a complex structure
involving language, culture and other non-biological aspects. Genetic ancestry may

therefore not reflect the perceived identity of an individual or group.

Figure 3. A proportional representation of the South African population. The pie-chart is based

on available 2011 census data (www.statssa.gov.za).
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1.4.1.1. Black South Africans

As indicated in the figure (Figure 3), the majority of the South African population is
of black African ethnicity (also referred to as indigenous African). This group
comprises the original people of Southern Africa, the Khoe (formerly Hottentot)
and the San (formerly Bushmen); and to a significantly larger extent the Bantu-
speaking tribes that migrated into Southern Africa, likely from west and central

Africa (Lane et al. 2002; Soodyall et al. 2008; Montano et al. 2011).

The San and Khoe peoples are currently grouped together and known as the Khoe-
San. They are represented today by small groups of people in SA, Namibia and
Botswana who self-identify as belonging to either of the two groups (Soodyall et al.
2008). Analyses of mitochondrial DNA and Y chromosomes haplogroups, indicate

an ancient common origin for the Khoe and the San peoples.

Bantu speakers can be broadly classified on linguistic grounds into Western Bantu
who speak an older more diverse language, and the Eastern Bantu (Lane et al.
2002; Montano et al. 2011). The estimated 400 Bantu languages are spoken by
over 200 million people across sub-Saharan Africa, and may have originated in

central West Africa.

Urbanisation in SA has led to major socio-economic changes that have significantly
altered the demographics of the black subpopulation by bringing many different
people together. The relationships between genes, languages and geographical
location has been the subject of several studies and these have revealed evidence
of extensive admixture, amongst different African tribes and with contributions

from other peoples (Lane et al. 2002; Soodyall et al. 2008; Montano et al. 2011).
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1.4.1.2. Coloured South Africans

The coloured population is a large and ethnically distinct mixed ancestry
subpopulation with diverse genetic and cultural contributions. An estimated 9% of
the population self-identifies as ‘Coloured’ and is recognised as a group specific to
SA. The majority are historically Afrikaans speakers and largely resident in the
Western Cape province based on the most recent census data

(www.statssa.gov.za).

As one of the most admixed populations in the world, the historical origins of this
group lie in the settlement of Europeans at the Cape and the subsequent
enslavement of different peoples. Contributions have been identified from the
native Khoe-San, local Bantu speakers and people from Mozambique, Madagascar,

India and Indonesia (Mountain 2003; Patterson et al. 2010).

Several investigations have been made into the genetic constitution of the coloured
population (de Wit et al. 2010; Quintana-Murci et al. 2010; Chimusa et al. 2013;
Daya et al. 2013). Consistent with historical evidence, the results indicate that
major components are Khoe-San (largely maternal), Bantu and European; with a

smaller less-significant Asian contribution (Quintana-Murci et al. 2010).

Although the coloured population from the Western Cape is known to be different

from the groups found in the rest of the country, there is no official distinction

made between them (www.statssa.gov.za). Notably, the genetic makeup of the
Cape Coloured, as they are commonly known, comprises indigenous African (Khoe-
San), European and Indonesian (Javanese) components (de Wit et al. 2010; Daya et

al. 2013). Outside of the Western Cape, the coloured groups are predominantly
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descended from intermarriages between Bantu-speakers and Europeans who

penetrated the interior of SA.

1.4.1.3. White South Africans

In 1652, the Dutch established a refreshment station at the Cape of Good Hope
which marked the beginning of European settlement of the Cape (Jenkins 1990).
By 1800, the Afrikaans community numbered 15 000, all descendants of a small
group of Dutch, German and French immigrants. The 19th century saw the arrival
of other European immigrants, although this did not result in much integration

with the Afrikaans peoples.

In the 1970s, several genetic conditions were already recognised in this group:
Porphyria variegate, Colonis polyposis and Sclerosteosis, to name a few (Beighton
1976). Subsequently, the Afrikaner community has been shown to exhibit a
number of founder events including for the HD mutation (Hayden et al. 1980b;
Scholefield and Greenberg. 2007). Other founder mutations have been reported
for: Long QT Syndrome, Keratolytic Winter Erythema, Hypertrophic
Cardiomyopathy and SCA7 (de Jager et al. 1996; Starfield et al. 1997; Moolman-

Smook et al. 1999; Greenberg et al. 2006).

1.4.1.4. Indian/Asian South Africans

Comprising the smallest subpopulation in SA, this group is descended largely from
people who entered the country from around 1860 (Winship and Beighton. 2011).
The majority were Hindus indentured to work in the sugar cane fields of Natal,
now the province of KwaZulu-Natal. Predictably, the largest proportion of Indian
or Asian peoples anywhere in the country is resident in this province. Smaller

groups settled in Johannesburg, Cape Town and other centres.

30



[t is noteworthy that HD is not one of the conditions reported to be prevalent in the
Indian community of SA (Winship and Beighton. 2011). To-date, molecular testing
records have fewer than five families with a positive diagnosis of HD. Due to the
scarcity of known families with HD in this group, the analyses reported on in this

thesis did not include Indian/Asian South Africans.

1.4.2. Reports on Huntington disease in South Africa

The proposition of an apparently high occurrence of HD in SA was first made in
1962 by Klintworth in a report on 16 different families diagnosed with HD,
including one black family (Klintworth 1962). Of these 16 families, a foreign origin
could be traced for nine, with ancestors from England, Austria, Holland, Russia and
Germany. Three of the Afrikaner families were determined to have a common
Dutch ancestor. In the same year (1962), the first conference on Human and
Clinical Genetics was held in Johannesburg; several genetic disorders relevant to

SA, including HD, were discussed (Jenkins 1990).

The 1970s marked a period of particular interest in human genetics as a specialty.
In 1972, the Department of Human Genetics was established at the University of
Cape Town (UCT) (Beighton et al. 2012). This initiative was followed by the
creation of a Chair of Human Genetics in 1975, at the University of the
Witwatersrand (Wits) in Johannesburg (Jenkins 1990). Human genetics was thus
positioned as an important field of research which encouraged the training of a

large number of medical geneticists and molecular scientists.

The occurrence of HD across the different ethnic groups of SA, and its presence in
both adult and juvenile forms was documented in at least 2 publications in the

1970s (Saffer et al. 1974; Glass and Saffer. 1979).
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As a young medical graduate in the mid-1970s, Dr Michael R. Hayden undertook
his doctoral research at UCT with the overall aim of better understanding the
occurrence of HD in SA. The project investigated the origin of the HD mutation in
the South African population based on genealogical analyses and attempted to

estimate the prevalence of HD in the country (Hayden 1979).

A pilot study in the Western Cape Province preceded the country-wide
investigation, and the published results estimated the frequency of HD in the Cape
Coloured population. Minimum prevalence was estimated at 3.5 per 100 000
individuals in this group, with a relatively higher frequency of juvenile HD than

reported elsewhere (Hayden and Beighton. 1977; Hayden et al. 1982).

Over several years, all known cases were painstakingly documented and followed
up, making it possible to record minimal estimates of disease prevalence.
Subsequently, the results of Dr Hayden’s completed doctoral thesis were published
in a series of manuscripts, three of which appeared in the 1980 August issue of the
South African Medical Journal (SAM]) (Hayden et al. 1980a; Hayden et al. 1980b;

Hayden et al. 1980c).

Minimum prevalence estimates were made for the white, coloured and black
population groups in South Africa; 22.2, 21.7 and 0.1 per million respectively
(Hayden et al. 1980a). These figures were based on a total of 481 cases of HD
investigated around the country, including 11 black individuals. The authors
discussed the probability that these figures were underestimates due to
incomplete ascertainment, believed to be the direct result of a poor understanding

of the disorder, both socially and medically.
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Another publication reported on an extensive genealogical study in the Afrikaner
population,which traced the HD mutation over 14 generations to a single Dutch
ancestor who was born in the Cape in 1670 (Hayden et al. 1980b). Additional
commentary was made on social aspects of the disease including the imposition of
economic and social burdens, and importantly the observed antisocial behaviour

such as criminal tendencies (Hayden et al. 1980c).

1.4.3. Molecular investigations

The molecular laboratory at the Division of Human Genetics, UCT (referred to here
as ‘the division’), has performed a number of studies on HD. The recruitment of HD
patients and family members initiated in the 1980s for research into the disease,
provided an invaluable resource in biological material (stored blood and DNA

samples) (Hayden et al. 1987).

As part of a large international collaboration, a doctoral research project
(Greenberg 1990) at the division undertook linkage analysis of several South
African HD families. Genetic linkage to the D4S10 locus was established in 10
families from the three main ethnic groups. The haplotypes established using
restriction fragment length polymorphisms (RFLPs) were distinct across the

different populations of SA (Greenberg et al. 1991).

Using disequilibrium data, a founder effect was indicated in the six coloured
families investigated. Two different haplotypes were constructed for each of the
black families, neither of which was similar to those identified in the white and
coloured families. The results of this study, the first of its kind performing linkage
analysis in black African HD families, indicated the unique origin of the HD

mutation in this population group (Greenberg et al. 1991).
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Following the identification of the HD gene, a master’s project within the division
constructed haplotypes across a narrower region (September 1999). Using the
CAG and CCG repeats, the microsatellite marker D4S127 and the deletion
polymorphism A2642, haplotypes were constructed for eight families - two each
from the black and white subpopulations, and four from the coloured

subpopulation.

The results revealed four major haplotypes (and three sub haplotypes) suggesting
multiple origins for the mutation. Importantly, the two black African families were
shown to have two distinct haplotypes, consistent with the results of the previous

study (Greenberg 1990; September 1999).

In 2005, a third study attempted to delineate the origins of the HD mutation in SA
based on SNPs (Scholefield 2005). Human genetic variation can be characterised
by genotyping SNPs, one of the most abundant polymorphisms in the DNA
sequence. The availability and density of SNPs enables researchers to narrow the
region under investigation. The (generally) bi-allelic nature of SNPs also makes
them more amenable to computational analysis, facilitating the estimation of

disease-associated haplotypes and thus mutation origins.

Using the genotypes of six SNPs across the HTT gene region, SNP-based haplotypes
were constructed for 15 South African HD families representing the black (two
families), coloured (six families) and white (seven families) subpopulations
(Scholefield and Greenberg. 2007). The white families were further subdivided
into Afrikaans and English speakers. Although genotyping of loci was incomplete in
the black families (due to depleted DNA stocks), a common core haplotype was

identified in two Afrikaner and four coloured families.
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The ancestral origins of these six families, implicated a single individual of Dutch
origin as a major source of the HD mutation in the SA population as had been
reported previously (Hayden et al. 1980b; Scholefield and Greenberg. 2007).
Computational analysis of SNP genotypes from control individuals indicated that
this founder haplotype was likely to extend into the coloured general population

(Scholefield and Greenberg. 2007).

Taken together, these molecular studies provided evidence that the HD gene was
not solely the result of immigration as had been suggested (Hayden et al. 1980a).
In fact, several distinct origins are apparent in the different population groups.
Challenges encountered with microsatellite-based haplotypes were diminished by
the more informative SNPs; the abundance of SNP data in combination with high
throughput genotyping technologies, has been subsequently exploited by this and

other detailed analyses.

1.4.4. Clinical and testing services

In 1978, Dr Hayden established a clinic specialising in the management and care of
HD patients and their families at Groote Schuur hospital (GSH) in Cape Town.
Importantly, this was the first multiracial clinic at GSH (personal communication,
Dr Hayden). Patients were referred to the HD clinic from around the country, and
throughout the 1980s biological material was collected with consent for research

and stored at the Division of Human Genetics, UCT.

This clinic was later expanded to include the management of all patients diagnosed
with neurogenetic conditions, and is operational to date on a monthly basis.

Associate Professors Alan Bryer and Jeannine Heckmann are currently the
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consultant neurologists, supported by other specialist clinicians, genetic

counsellors and nurses.

Subsequent to the identification of the gene in 1993, accurate confirmation of a
clinical diagnosis of HD was made possible by direct mutation analysis (The
Huntington's Disease Collaborative Research Group 1993). South African DNA
samples were initially sent to the Hayden laboratory in Vancouver, Canada for
molecular genetic testing. In 1995 a facility was established at UCT with technical
support and instruction provided by the Hayden laboratory (personal
communication, Dr Hayden). This was followed by a second facility at Wits in 2001

(Krause and Greenberg. 2008; Futter et al. 2009; Sizer et al. 2012).

At the time the present study was initiated, these were (and still are) the only two
centres in the country offering a molecular confirmation of diagnosis for HD in the
public health care system. The service is provided under the National Health
Laboratory Service (NHLS), in affiliation with the two academic institutions: UCT
and Wits. The two centres receive all referrals for HD testing from the nine
provinces of South Africa, with NHLS/UCT catering largely to the Cape provinces

(Western, Northern and Eastern) and NHLS/Wits to the rest of the country (Figure

2).
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Figure 4. A provincial map of South Africa showing the locations of the two public testing

facilitiesfor HD (indicated by the red stars). Map sourced fromwww.hdwallpapers-3d.com.

A comprehensive service is offered by experienced specialists at both centres. A
molecular confirmation of diagnosis is requested, following a clinical assessment
performed by a medical geneticist and/or neurologist. Additional services are
offered by psychiatrists, clinical psychologists, genetic counsellors and nurses, and
social workers. Genetic counselling services are fundamental for the support of
patients and families with HD and in SA are recognised under the Health

Professions Council of South Africa (HPCSA).
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Predictive testing is accessible to family members who would like to know their
carrier status. The protocols have been established according to international
guidelines and tailored for the specific needs of the population (Greenberg et al.
1996; Krause and Greenberg. 2008; Futter et al. 2009; Sizer et al. 2012). In

addition, prenatal testing is available upon request.

Due to the limited resources available in the public health care system, the
majority of families have been left to fend for themselves on a daily basis following
a diagnosis of HD. There are no existing facilities specialised for the management
and care of patients and a number have, on occasion, ended up in psychiatric

institutions.

There is therefore an urgent need to determine the medical and social burden
pertaining to HD in SA. In addition, understanding the molecular genetics of HD in
diverse populations would potentially contribute to global research efforts into a

cure and effective therapeutics for HD.
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1.5 Project aims and objectives

The project which forms the subject of this thesis was a collaborative effort
between the two HD testing centres and institutions in SA: NHLS/UCT and
NHLS/Wits; and the Centre for Molecular Medicine and Therapeutics
(CMMT)/University of British Columbia (UBC) in Vancouver, Canada. Ethics
approval was granted under HREC REF 215/2012 (UCT), M110433/M10745
(Wits), UBC-CREB H05-7032/H06-70467 (UBC); and was renewed annually for the

duration.

The overall aim was to investigate the genetic background of the HD gene in the
South African population by evaluating three key features: the distribution of CAG
and CCG repeats,the occurrence of population-specific HTT haplotypes and the
potential influence of cis-acting elements on repeat instability. It was also
necessary to give an overview of current disease prevalence in order to provide

context for these results.
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Aim 1
Determine the distribution of CAG and CCG repeat lengths in the general

population of SA.

Objectives
1. Genotype and size the CAG-tract in a large cohort (at least 1000 individuals)
from the general population, with significant representation of each
subpopulation
2. Determine mean, median and mode values and the distribution of IAs for
each subpopulation
3. Genotype the polymorphic CCG repeat and determine the pattern of allele

distribution within each subpopulation
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Aim 2
Construct HTT haplotypes and determine their association with disease in the

different subpopulations of SA.

Objectives
1. Genotype SNPs across the HTT gene in a cohort of HD families and
individuals from the general population
2. Genotype and size the CAG-tract and CCG repeat for all family members
3. Construct SNP-based haplotypes and identify those associated with disease;

sizing data (CAG and CCG repeats) is needed to establish phase
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Aim 3
Investigate the presence of cis-acting elements within the HTT gene that may

influence repeat instability in a family with juvenile-onset HD.

Objectives
1. Identify affected individuals with confirmed expanded alleles that have
shown unstable transmission across at least one generation
2. Perform direct DNA sequencing and analysis of the region encompassing
the CAG-tract, including exon 1 and the promoter region
3. Investigate the presence of sequence variants that may influence observed

CAG-tract instability
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Aim 4
Estimate the current prevalence of HD in the South African population by means of

genetic ascertainment.

Objectives
1. Assess all records of HD testing performed in SA between 1995 and 2010 (a
16-year period)
2. Identify the total number of individuals with a molecularly confirmed

diagnosis and calculate minimum estimates of the current prevalence of HD
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SECTION II

This section presents the molecular investigations that address the three main
aims of the project. Each chapter includes a brief introduction, the methods and

materials employed, results and discussion.

The sizing and haplotype studies (Chapters 2 and 3) were performed by the
candidate at the Hayden laboratory with support from Chris Kay (CK), Marlies
Ketelaar (MK) and Jennifer Collins (JC). CK and MK contributed to molecular assays
and data analysis for CAG/CCG sizing and haplotyping. JC performed the manual
assignment of haplotypes to specific variants. CK contributed to the statistical
analysis of haplogroup variants present in different groups. These results have

been published in part, Baine et al. 2013 (included in the Appendices)

The analyses reported in Chapter 4 were performed at the Division of Human
Genetics laboratory (UCT) by the candidate. All patient recordsat NHLS/UCT and
NHLS/Wits were reviewed by the candidate. The sourcing and aliquoting of DNA

control samples used in the study was performed by the candidate.



CHAPTER 2: THE DISTRIBUTION OF CAG AND CCG REPEATS
IN THE SOUTH AFRICAN POPULATION

2.1 Introduction

The CAG-tract in the HD gene has been extensively investigated since its
identification as the pathogenic mutation (The Huntington's Disease Collaborative
Research Group 1993). Publications immediately following the isolation of the
gene defined the size limits associated with disease symptoms (Snell et al. 1993;
Kremer et al. 1994). A number of polymorphisms around the repeat were also
reported and haplotype analysis used to explore their association with expansion

(Pecheux et al. 1995; Rubinsztein et al. 1995; Rubinsztein et al. 1996).

Differences in the distribution of unexpanded CAG repeats are evident across
ethnically diverse population groups. The mean CAG calculated for general
population alleles has been linked to the prevalence of HD in that population
(Warby et al. 2011; Pulkes et al. 2014). In populations with a low prevalence of
HD, such as East Asia (Japan), the mean CAG-tract size was found to be lower than

in those with a high HD prevalence.

In addition, an association has been made between HD prevalence and the
proportion of IAs in the general population. Since IAs have the potential to
contribute de novo mutations (Rubinsztein et al. 1994; Semaka et al. 2010), it can
be hypothesised that a lower proportion of IAs may correlate with a lower

prevalence of HD in a given population.
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In SA, there has been some evidence of differences in the distribution of CAG
repeat lengths reported in control cohorts. A previous study at UCT investigated
the distribution of CAG-tract size in a total of 300 control chromosomes, with each
of the three subpopulations represented by 100 chromosomes (September 1999).

The results are summarised below.

Table 1. Overview of the CAG sizing results from a South African cohort investigated in 1999.

Black Coloured White
Total N 100 100 100
Range 12-28 14 - 27 11-37%*
Median 20 20 24
Mean 17.57 18.29 18.73
Mode 16 18 18
% IAs 1 1 -

[As - intermediate alleles, N - number. *Range includes a single large allele of CAG37 with
the second largest allele being CAG25. Data taken from the results of a Master’s project
(September 1999)

In this sample, although the range for the white subpopulation indicates 11-37,
only a single allele (CAG37) in the zone of reduced penetrance was reported, no
other alleles larger than CAG25 were present (Table 1). One allele in the IA range
was observed in each of the black and coloured subpopulations (CAG28 and CAG27
respectively). This equates to an IA frequency of 1% for the black and coloured

groups.

The same study (September 1999), explored the distribution of the polymorphic
CCG repeat adjacent to the CAG-tract (data not shown here). In the black
subpopulation, CCG10 was the most frequent allele (44%); while the coloured and

white subpopulations both had CCG7 as the most frequent allele (43% and 53%
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respectively). In all three groups, the CCG allele sizes ranged between 6 and 11

with a median of 8.

Another study on a random sample of 100 individuals (200 chromosomes) from
each of the black and white subpopulations was performed at the NHLS/Wits
laboratory. A summary of the CAG repeat sizing results is shown in Table 2 below

and shows some parallels with the data inTable 1above.

Table 2. Overview of the CAG sizing results from a South African cohort investigated in 2001.

Black White
Total N 198 200
Range 11-32 8-28
Median 17 18
Mean 17.24 18.27
Mode 15 17
% IAs (N) 2 (4) 1(2)

[As - intermediate alleles , N — number. Data taken from the results of an Honours project
(by Claire Hetem).

The mean CAG in the black subpopulation (17.24) is similar to that reported in the
previous study (17.57, Table 1). The white subpopulation has a mean CAG of 18.27,
comparable to 18.73 (Table 1). The modal CAG values in this second cohort (Table 2)
are slightly lower for both the black (15) and the white (17) groups, compared to

the modal CAG values (16 and 18, respectively) in the first cohort (Table 1).

An IA frequency of 2% was calculated for the black subpopulation and in this
larger sample (N=200), the white subpopulation has an IA frequency of 1% in

contrast to the absence of [As in the first cohort (Table 1).
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The studies summarised here were both based on small cohorts which limits the
reliability of statistical measures in relation to the general population. The first aim
of this current study was thus to genotype the CAG-tract and CCG repeat in a large
sample taken from the general South African population, in order to obtain
significant representation of the distribution. Of particular interest were the black
and coloured subpopulations due to the lack of information regarding the HD gene

in African populations.

47



2.2 Methods

2.2.1. Sample collection and preparation

Individuals representative of the general South African population were identified
from various sources. The two molecular genetic laboratories (UCT and Wits) have
samples that have been collected and stored with consent for research. These
samples were de-linked and anonymised for use as controls. Additional de-linked
and anonymised controls were sourced from various researchers with the
approval of the Human Research Ethics Committees. A total of 1341 DNA aliquots

from the three main subpopulations of SA were utilised in this study.

All samples were identified and transported by the candidate, to the Hayden
laboratory at the CMMT in Vancouver for analysis. DNA quantification was
performed using a Quant-iT ™ PicoGreen® dsDNA Assay Kit (Life Technologies)
according to manufacturer’s instructions. The assay is specific to double-stranded
DNA (dsDNA) and can be performed in 96-well plates. This enables the
quantification of a large number of samples in a single batch. Where appropriate,

working dilutions (100 ng/uL) were made.

2.2.2. CAG and CCG sizing

The lengths of the CAG repeat and the adjacent CCG repeat were determined by
polymerase chain reaction (PCR) amplification and capillary electrophoresis.
Original primer sequences and PCR conditions (Andrew et al. 1994a) have been
modified over time for optimal amplification of the 2 repeats. The primers used
were available at the Hayden Laboratory (CMMT, Vancouver). The figure below

shows the binding positions of these primers.
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Figure 5. Schematic representation of the CAG and CCG repeats showing primer binding
positions. The pure CAG repeat is amplified in one reaction (H344F(a)/H450R); the multiplex
reaction amplifies the total CAG and CCG (H344F(b)/H482R), and the pure CCG (H419F/H482R)
in a single step. H344F(a) and H344(b) carry different fluorescent tags to enable differentiation

of the reaction products (details in Appendices).

Amplification was performed in two separate reactions: the first is specific to the
CAG repeat; while the second is a multiplex that amplifies (in the same reaction)
the CCG repeat, and the total CAG/CCG repeat. Details of the primer sequences
(including modifications), and optimal reaction conditions are given in the

appendices.

Each reaction was performed in a 96-well plate and included a negative control (no
DNA) and controls with known CAG repeat sizes. Subsequent to amplification,
products from the two reactions were pooled and submitted to the analytical
facility at UBC. Fluorescent tags on the primers (appendices) allow the separation

and recognition of the different PCR products by capillary electrophoresis.

Following capillary electrophoresis, the results were analysed using GeneMapper
(v4.0) software (Applied Biosystems) and sizing calls for each sample checked

manually to ensure the correct CAG and CCG alleles were recorded.
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2.2.3. Statistical analysis

All statistical analyses were performed using Stata/IC (v12.0) (Stata Corporation
2011). Significant differences are reported with p-values and where p does not
reach significance (p=0.05), indicated with n.s. (not significant). Mean CAG values
were compared using one-way ANOVA, pair-wise comparison of means between

the subpopulations was performed.
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2.3 Results

This study attempted to address the lack of information regarding the HTT gene in
black African populations by genotyping as many control samples as could be
obtained. In addition, the coloured subpopulation is unique to SA and thus of
particular interest. Therefore, the majority of samples collected and reported on

here are of black African or coloured ethnicity.

2.3.1. CAG sizes in the general population

An overview of the results for each subpopulation is presented in Table 3.

Table 3. CAG-tract sizing results for the general population cohort investigated in this project.

Black African Coloured White
N 1204 1042 436
Range 11-33 9-36 9-31
Median 17 17 17
Mean (SD) 16.88 (+2.73) 17.62 (+2.96) 18.48 (+3.18)
Mode 15 17 17
% IAs (N) 1.50 (18) 1.73 (18) 3.67 (16)
% Large alleles (N) 2.16 (26) 5.18 (54) 6.65 (29)

[As - intermediate alleles, N - number, SD - standard deviation

The range of normal CAG sizes is widest in the coloured subpopulation (9-33,
excluding the two alleles with 36 repeats which lie in the zone of reduced
penetrance). The median value for all three subpopulations is 17 (Table 3) and
modal CAG is different in the black subpopulation (15) compared to the white and

coloured subpopulations (17).

There is a notable difference in the proportion of IAs, which in the white

subpopulation (3.67%) is more than twice that in the coloured (1.73%) and black
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groups (1.5%) (Table 3). In addition, the proportion of large alleles (with between
23 and 26 CAG repeats) differs across the three subpopulations. Although the
proportions of IAs and large normal alleles would be expected to show consistent
differences, this is not true of the cohort investigated here and will be discussed

further.
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Figure 6. Frequency distribution of CAG repeats on general population alleles. Differences in the modal CAG of the three subpopulations are clearly evident
in the peaks of the bar graph; similar in the coloured and white groups (CAG17) and lower for the black subpopulation (CAG15). Two alleles in the zone of

reduced penetrance (RP) were observed in the coloured subpopulation (indicated by the arrow).
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A one-way ANOVA indicated a significant difference between the three
subpopulations (p < 0.0001). Pairwise comparison of mean CAG values revealed a
significant difference (p < 0.001) between the black (95% CI: 16.72-17.05) and

white (95% CI: 18.21-18.75) groups.

Using Stata, two-way histograms were constructed for each subpopulation. CAG
repeat size is graphed on the x-axis and probability density on the y-axis (Figure 7).
A normal density curve is overlaid on each of the histograms to approximate
normal distribution. The highest point of the normal density curve is the average of
the distribution; this point is observed to shift across the three subpopulations and

is a clear indication of the differences in the calculated mean CAG values (Figure 7).
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Figure 7. Histogram plots for the three subpopulations. Normal density curves are overlaid on
each histogram. The dotted line approximates the median point (average) in the black
subpopulation and arrows indicate this point in each group. There is an observable shift of this
median in the graphs from the black subpopulation (a) to the coloured subpopulation (b); and

the furthest shift is evident in the white subpopulation (c).

55



2.3.2. CCG alleles in the general population
The distribution of CCG alleles also showed marked variation across the three

subpopulations.

Figure 8. The distribution of CCG alleles across the three subpopulations. The largest
proportion of CCG alleles in the white subpopulation are CCG7, compared to the black
subpopulation where CCG10 is the most commonly observed. The black subpopulation also

has a significant proportion of CCG alleles that are not the common CCG7 and CCG10.

The difference in the proportional variation of CCG alleles is evident from Figure
8above. A chi-square test revealed a significant difference (p < 0.001, Pearson chi-

square test) between the proportions of CCG alleles in the different categories.

In the black subpopulation, the majority of alleles are CCG10 (43.9%), compared to
CCG7 (33.3%). This is in contrast to both the white and coloured subpopulations

where the CCG7 allele is more frequent than the CCG10.

A total of 22.8% of the CCG alleles in the black subpopulation are ‘other’ than
CCG7/CCG10, compared to only 12.9% and 8.5% in the coloured and white
subpopulations respectively (Figure 8). These results are highlighted (in bold text)

in the detailed CCG sizing table below (Table 4).
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Table 4. CCG sizing results for the general population cohort investigated in this project.

CCG allele Black African Coloured White
N proportion N proportion N proportion

4 0 0.0% 1 0.1% 1 0.2%
5 5 0.4% 4 0.4% 0 0.0%
6 37 3.1% 11 1.1% 0 0.0%
7 400 33.3% 505 48.5% 261 59.9%
8 95 7.9% 55 5.3% 12 2.8%
9 84 7.0% 52 5.0% 23 5.3%
10 527 43.9% 403 38.7% 138 31.7%
11 50 4.2% 10 1.0% 1 0.2%
12 2 0.2% 1 0.1% 0 0.0%

Total 1200 100.0% 1042 100.0% 436 100.0%

N - number

The majority of alleles from the white subpopulation lie within a narrow range (7
to 10 repeats), with only two alleles falling outside of this (one CCG4 and one
CCG11). The range of CCG alleles is widest in the coloured subpopulation, with

every allele identified in the South African population present in this group.
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Figure 9. Frequency distribution of CCG alleles in the general population. The most common
allele in the white and coloured subpopulations is CCG7, compared to CCG10 in the black

subpopulation. The three subpopulations show distinctive patterns of CCG allele distribution.

The figure highlights the CCG sizing results in a bar graph. Differences in the CCG
alleles present across the three subpopulation are clearly evident in the distinctive

patterns shown in the frequency distribution.
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2.4 Discussion

2.4.1. The mean CAG

Specific mean (average) CAG values are presented for the cohorts representing the
different ethnic groups in SA. Importantly, the mean CAG in the black African
subpopulation (16.88) is significantly lower than that calculated for each of the
other groups. Likewise, the modal CAG (most frequent allele) observed in the black
subpopulation (15) is lower than in the other two subpopulations (17). The lower
modal CAG is consistent with the observed lower mean CAG in the black

subpopulation.

Although the estimates are outdated (Hayden et al. 1980a), the pattern of similar
HD prevalence figures for the white and coloured groups and a much lower
occurrence in the black subpopulation, is consistent with the mean CAG values in
this study. The lower mean CAG in the black subpopulation suggests that there are
proportionately fewer HD patients in this group compared to the white and

coloured groups.

The mean CAG in the black subpopulation (16.88) is comparable to values
published for Asian populations; 16.9 for Chinese and Japanese (Warby et al. 2011)
and 16.49 for Thais (Pulkes et al. 2014). This appears to reflect the reportedly low
prevalence of HD in Asia (Harper 1992b; Pringsheim et al. 2012). However, the
absence of current estimates makes it difficult to draw meaningful conclusions
regarding the link between the mean CAG and the frequency of HD in these Asian

populations.
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The white South African population, as discussed in Chapter 1 of this thesis, had its
origins in European settlers (Jenkins 1990). It was thus anticipated that the
distribution of CAG repeat sizes and any statistical measures would be similar to
other studies performed on European cohorts. Considering the mean and modal
CAG values in Table 3 (page 51), the results show that the white South African
population is indeed similar to other European cohorts (Squitieri et al. 1994;

Warby et al. 2011), with comparable values (mean CAG ~ 18 and modal CAG = 17).

In the current study, the coloured subpopulation has a similar distribution of CAG
repeats to the white subpopulation, with the most frequent allele observed as 17 in
both groups. Other than indigenous African, the largest contribution to the makeup
of the coloured population is European (de Wit et al. 2010; Quintana-Murci et al.

2010), which may explain the similarities seen between in the two groups.

The mean CAG recorded for the coloured subpopulation (17.62) is intermediate
between the values for the black and white groups (16.88 and 18.48 respectively),
and is possibly an indication of the admixture present in this group. Admixture is
also evident in the wide range of alleles, presumably the result of genetic

contributions from the different ethnic groups.

2.4.2. Proportion of intermediate alleles

Intermediate alleles hold primary significance due to their potential to expand into
the pathogenic range in a single transmission (Goldberg et al. 1993b; Myers et al.
1993). The frequency of IAs has been estimated at ~1% in European populations
(Goldberg et al. 1995; Sequeiros et al. 2010), however little is known about their

occurrence in other populations.
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The rate of new mutation has been estimated to be at least 10% of currently
known cases in each generation, based on measures of mutational flow in disease
alleles (Falush et al. 2001). This analysis highlights the likely under-ascertainment
of individuals with less than 44 repeats and suggests that HD may not be so rare
outside of known pedigrees. Another assessment of new mutations from IAs
reported a possible rate of 8%, much closer to the estimate made using the

mutational flow model (Almqvist et al. 2001).

It is conceivable, that given the presence of I1As in the general population and their
contribution to de novo cases of HD, a larger proportion of IAs provides a bigger
pool of alleles from which new mutations could arise. Thus, a comparatively higher
proportion of IAs may correlate with a higher prevalence of HD in a given

population.

The cohort investigated here shows consistency with the reported lower
prevalence of HD in black South Africans (Hayden et al. 1980a), since the smallest
proportion of [As was identified in this group. Given the similar prevalence
estimates in the coloured and white subpopulations, one would expect similar
proportions of IAs in these two groups. Remarkably, the proportion of IAs in the
white subpopulation is more than double that observed in the coloured

subpopulation (Table 3, page 51).

One possibility is that new mutations (resulting from expansion of IAs in the
general population) simply occur at a much lower rate in the coloured
subpopulation, compared to the white subpopulation. This suggestion is consistent
with anecdotal evidence (clinic records) which shows that a large number of

patients in this group can trace ancestral links to well-known HD families.
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However, it is also feasible that different populations exhibit specific mutation

rates influenced by other factors, such as genetic background.

Subsequent to the observation of differences in the proportion of IAs, the category
of large alleles (23 to 26 CAG repeats) was evaluated in the different
subpopulations. The step-wise model (Warby et al. 2011) suggests that the pool of
IAs is in turn supplied by the expansion of larger normal alleles. Thus, their
distribution may be associated with HD prevalence since the incremental
expansions that result in pathogenic repeat lengths, originate in this cluster. A
population with a comparatively larger proportion of large alleles may therefore

exhibit a correspondingly higher prevalence of HD.

Interestingly, the pattern exhibited by these proportions is more consistent with
the reported estimates of prevalence (Hayden et al. 1980a); that is to say, similar in
the white and coloured groups and smaller in the black subpopulation (Table 3,
page 51). It may be worth noting, that the assessment of general population alleles
included unaffected HD family members (considered as control individuals), and
the unexpanded alleles from affected individuals. HD families may be more likely
to have alleles with larger CAG repeats, thus contributing to the discrepancy

observed in the proportions of IAs across the subpopulations.

In order to assess the frequency of new mutations in the South African population,
an investigation of all individuals diagnosed with HD and determined to carry an
expanded allele is required. New mutations (sporadic HD) are defined by the
absence of a family history and CAG sizing of the individual’s parents to confirm
repeat sizes of less than CAG36 (Semaka et al. 2010). This would enable the

calculation of a new mutation rate estimate for each of the subpopulations in SA.
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In addition, an assessment of the occurrence of [As within HD families may shed
light on whether there is a significant contribution of these alleles to disease

pathogenesis in the South African context.

2.4.3. CCG alleles and haplotypes

The most frequent alleles in the South African population are the CCG7 and CCG10
(Figure 8 and Figure 9, pages 56 and 58). The results are consistent with a previous
study on a smaller cohort of South African individuals (September 1999). In this
significantly larger sample, it is notable that there are numerous other alleles
present, particularly in the black subpopulation. The CCG7 and CCG10 alleles are
also the most commonly identified alleles in studies across various ethnic groups

(Andrew et al. 1994a; Masuda et al. 1995; Pramanik et al. 2000; Ma et al. 2010).

Initial methods of PCR amplification for the CAG repeat in the HTT gene used
primers flanking both the CAG-tract and the adjacent CCG repeat, under the
assumption that the size of the CCG repeat was constant. However, subsequent
analysis revealed that the repeat was polymorphic, ranging between 7 and 12
repeats (Andrew et al. 1994a). The CCG repeat has therefore been used as an

intragenic marker for the purpose of haplotype construction.

Haplotype analyses showed that for most European populations, the CCG7 allele
was predominantly associated (>80%) with expanded CAG repeats in HD patients,
compared to the general population (approximately 60%) (Andrew et al. 1994a;
Barron et al. 1994; Pecheux et al. 1995). Furthermore, CCG7 has also been
associated with a higher mean CAG on unexpanded chromosomes; whereas CCG10

was linked to a reduced mean CAG length (Squitieri et al. 1994).
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A similar association of the CCG7 allele with expansion was reported for the Indian
population (Pramanik et al. 2000). The study reported a single ‘unique’ CCG4 allele
from 380 control chromosomes (0.3%). From the results of the current study in
SA, the coloured and white subpopulations each have a single CCG4 allele which

equates to 0.1% and 0.2% respectively (Table 4, page 57).

In contrast to the association of a CCG7 with expansion, haplotype analysis in East
Asian populations indicates that the CCG10 allele is associated with expansion
(Masuda et al. 1995; Morovvati et al. 2008; Ma et al. 2010; Jiang et al. 2014). Thus,
HD in both China and Japan appears to have one or more distinct origins, not

shared with European populations.

In a Japanese cohort, only a single CCG6 was identified in 185 control alleles; the
others being either CCG7 or CCG10 (Masuda et al. 1995). That population therefore
exhibits a low level of heterogeneity in the HTT gene, a strong contrast with the

results for the South African population (Figure 9, page 58).

The distribution of CCG alleles in the present study highlights, most importantly,
the diversity contained in the South African population. Furthermore, the presence
of multiple other alleles is a strong indicator of distinct origins of the HD mutation

in the different population groups.
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CHAPTER 3: THE HUNTINGTON DISEASE GENE SHOWS
DISTINCT POPULATION-SPECIFIC GENETIC ORIGINS IN
SOUTH AFRICA

3.1 Background

The presence of the HD mutation in many parts of the world was originally thought
to be the result of European migration, including disease clusters such as had been
identified in Tasmania and Venezuela. Genealogy that traced the origins of HD
families in North America back to the ‘old country’ supported this notion (Shaw
and Caro. 1982; Conneally 1984; Harper 1992b). Moreover, as sporadic cases were
few and difficult to ascertain, the mutation rate for HD was estimated to be very
low (although estimates varied depending on the sample population and the

method of assessment).

These observations together with the high prevalence in populations with
European ancestry, and comparatively low frequency in other population groups
supported the hypothesis of a single or at least a small number of mutations for the

majority of HD cases (Hayden 1981; Harper 1992b).

In the early 1990s, studies that attempted to isolate the HD gene using linkage
analysis were confounded by seemingly contradictory recombination events
(MacDonald et al. 1989; MacDonald et al. 1991; Snell et al. 1992). One suggestion
was that this was the result of multiple origins of the mutation in HD
chromosomes. Using multi-allelic polymorphisms in combination with the two-
allele systems previously used for linkage analysis, MacDonald et al. showed that
approximately one third of chromosomes shared a primordial haplotype

(MacDonald et al. 1992).
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Based on the chromosomes with a shared haplotype, the candidate region was
narrowed to a 700 kb fragment between markers D4S180 and D4S182
(MacDonald et al. 1992; The Huntington's Disease Collaborative Research Group
1993). Several other haplotypes were identified in the study, indicating the

presence of several different mutation origins.

Subsequent studies identified distinct disease-associated haplotypes in different
population groups, using several intragenic and extragenic markers linked to the
HD gene (Squitieri et al. 1994; Almqvist et al. 1995). The specific polymorphisms,
CCG7 and A2642 found to be associated with expanded chromosomes, were shown
to be similarly linked to normal chromosomes with a higher than average mean

CAG size.

These observations led to the proposition that pre-mutation chromosomes existed
in unaffected individuals in the general population and served to maintain the
frequency of HD (Goldberg et al. 1993b; Snell et al. 1993). Intermediate alleles
(IAs) with between 30 and 35 CAG repeats, were subsequently shown to have the

potential to expand to pathogenic size on transmission.

Further investigation of new mutation families provided someevidence that
particular chromosomes,exhibiting a few specific haplotypes, may be predisposed
to expansion (Squitieri et al. 1994; Rubinsztein et al. 1995). This indicated the

existence of a significantly higher HD mutation rate than previously estimated.

The A2642 deletion polymorphism was initially thought to contribute to repeat
instability and/or disease pathogenesis (Rubinsztein et al. 1995). However, large
normal alleles were also found to carry this deletion in similar proportions to the

HD chromosomes. It was thus determined not to be causative of expansion but
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merely a possible marker of haplotypes predisposed to expansion, having arisen

on an ancestral chromosome with a high CAG repeat length.

Based on these findings, a step-wise model of expansion was proposed for the
evolution of HD alleles: large normal chromosomes on a particular haplotype(s)
predisposed to expansion, undergo small expansion events resulting eventually in
an IA which is more prone to instability and has the potential to expand into the

pathogenic range on transmission (Andrew and Hayden. 1995).

HD prevalence in a given population may therefore be correlated with the
distribution of specific predisposing haplotypes; which haplotypes are themselves
associated with a higher mean CAG length. This step-wise model of expansion has
been extensively investigated by Warby and colleagues (Warby et al. 2009; Warby

etal. 2011).

In SA, genetic haplotype differences have been studied in small cohorts
representing the major population groups that comprise the South African
population. Linkage analysis on eight HD families revealed the expansion to be
associated with a CCG7 allele in six of the families (September 1999). One of the
two black African families analysed had a CCG10 allele in phase with the
expansion, and a family from the coloured subpopulation had a rare CCG5 allele. In

both black families, a unique non-disease-associated CCG11 allele was identified.

One allele in the 1A range (CAG30) was identified in 11 individuals from the same
coloured family. The allele segregated on non-disease-associated chromosomes
with a CCG10 allele, and was stably transmitted in all cases. A second IA (CAG31)
was observed in a single individual from a different coloured family, and was also

linked to a CCG10 allele (September 1999).
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The second aim of this current study was therefore to perform a comprehensive
SNP-based analysis of haplotypes across the HTT gene, in order to delineate
specific association with disease and mutation origins in the different
subpopulations. The genetic background of 1As identified in the general population

was also investigated.

68



3.2 Methods

3.2.1. The Huntington disease databases

Division of Human Genetics, NHLS/UCT

In 1977, a registry was established at the Department of Human Genetics
(currently the Division of Human Genetics) as part of a nation-wide study of HD
families. The registry was initiated by Dr Hayden with support from Professor
Peter Beighton (then head of department); and a DNA banking centre followed in
1986 (Greenberg 1990). This formed the basis of what is at present, an extensive
electronic database with details of affected individuals and their families; including
demographic information where available. In several cases this comprises large

pedigrees, each with hundreds of individuals.

Biological material is stored under a unique identifier. All samples referred for HD
testing have been coded ‘H’; families are numbered sequentially, as are members
within the family. For example, H 200.15KER is a fictional code that denotes a
sample as the 15t member recorded from the 200t family referred for HD testing.
The ‘KER’ is a further distinguishing feature taken from the first three letters of the
individual’s first name. It must be noted that external referrals typically have very

limited information included on the request form.

A number of different methods have been used to isolate DNA from blood cells
(lymphoblasts), resulting in varying purity and concentration. The current
technique uses the PureGene DNA Isolation kit (Biozym, The Netherlands) with

minor adjustments to the standard protocol.
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Following isolation of genomic DNA from whole blood, the molecular test for the
HD expansion is performed using standard published primers (Goldberg et al.
1993a; Andrew et al. 1994a) and results are recorded electronically. DNA aliquots

are then stored at -20°C (short term storage) or -80°C (long term storage).

Division of Human Genetics, NHLS/Wits

The Division of Human Genetics at Wits was established in the latter part of the
1970s and has offered testing for HD since 2001 under the NHLS. Prior to this,
patients were seen at affiliated hospitals and blood was drawn for DNA extraction.
An aliquot of DNA was then transferred to the UCT molecular laboratory for

testing, with additional aliquots stored at Wits.

As previously mentioned, this current project was performed in collaboration with
Professor Amanda Krause, head of the clinical section (Division of Human
Genetics, NHLS/Wits). It is noteworthy that the specialist neurogenetics clinic at
GSH in Cape Town has to-date, never examined and diagnosed a black African
patient. However, the genetics clinics in Johannesburg regularly evaluate and
diagnose black African patients (personal communication). This collaboration was
thus critical to ensure the evaluation of a comprehensive cohort of patients from

across SA.

A similar electronic database records patient and family information at
NHLS/Wits. Samples are coded ‘HC’ and families are numbered sequentially, as are
individuals within a particular family. Genomic DNA is isolated from whole blood
and the molecular test for the HD expansion performed. Thereafter, aliquots are

stored for future research.
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3.2.2. The patient cohort

The two databases (NHLS/UCT and NHLS/Wits) were scrutinised for all
individuals diagnosed with HD and confirmed to carry an expansion in the HTT
gene. Clinical files at both facilities were interrogated for demographic information
to corroborate electronic records. Due to the long-standing nature of the HD
registry in Cape Town, it was particularly challenging to ascertain complete
demographics and in some cases recorded DNA samples could not be found and
had likely been depleted. In addition, there was an overlap of records between the

two databases prior to 2001.

As far as possible, DNA samples recorded as mutation positive were retrieved from
storage and evaluated at either facility. Quality was assessed by gel electrophoresis
and samples with marked degradation (i.e. smearing) were excluded.
Concentration was determined using a Nanodrop spectrophotometer and working

dilutions of 100 ng/uL prepared.

The final patient cohort comprised 128 individuals (37 of whom were black, 21
coloured and 70 white). DNA samples were transported to the Hayden laboratory
at the CMMT (Vancouver, Canada) for quantification and genotyping as previously
described for the control samples (Section 2.2.1. Sample collection and

preparation, page 48).

3.2.3. CAG and CCG sizing
Repeat sizing was performed for the CAG-tract and the adjacent CCG repeat as has

been described previously (Section 2.2.2. CAG and CCG sizing, page 48).
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3.2.4. Statistical analysis
Statistical analyses were performed to compare the results obtained for the HD
cohort from each subpopulation. The tests were described in a previous section

(Section 2.2.3. Statistical analysis, page 50).

3.2.5. SNP genotyping

In order to construct haplotypes around the HTT gene, genotyping was performed
at 96 SNP loci across the gene. The Illumina Bead Array platform was used to
perform high throughput genotyping with a customised GoldenGate® Assay
(Warby et al. 2011). The manufacturer’s protocol outlining the workflow is

provided in the Appendices.

Raw data were analysed using GenomeStudio®Data Analysis Software (Illumina)
and following auto-calling, each locus was assessed manually to ensure correct
genotyping. A list of all genotyped SNPs is given in the Appendices. Three of the 96
SNPs were excluded from further analyses as the results exhibited no defined

genotype clusters.

3.2.6. Haplotype construction

Haplotypes were constructed by inference based on the genotypes of individuals at
the remaining 93 loci across the HTT gene. SNP genotypes were imported into
PHASE (v2.1) (Stephens et al. 2001), which uses a Bayesian algorithm to
reconstruct haplotypes from population genotype information. By combining
previous information with the probability of the haplotype in the observed data,
this method treats unknown haplotypes as random quantities and calculates their

conditional distribution and frequencies (Stephens and Donnelly. 2003).
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Where available, family information was included in the analysis in order to assign
haplotypes to known CAG-tract sizes. For the majority of patients (and for all
controls), haplotypes were simply associated with CAG size. The assemblage of
haplotypes into haplogroups was done manually based on previously determined
criteria (Warby et al. 2009). Haplogroup assignment was based on 22 tSNPs across
the HTT gene region, with variants defined by specific SNPs within the

haplogroups (Figure 10, page 74).

Due to the diversity and distinctiveness of haplotypes in the South African
population, it was necessary to define several novel haplogroup variants. The
variants and tSNPs are shown in the figure below. Details of tSNPs (rs number and

chromosomal position) are given in the Appendices.
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Figure 10. Defined haplogroups and variants in the South African population based on 22 tSNPs across the HTT gene. Haplogroup variants in REDtext are
novel South African variants. Red, yellow and blue shaded SNP genotypes close to the CAG and CCG repeats define haplogroups A, B and C respectively.
Green shaded SNP genotypes define variants within the specific haplogroups. Asterisks (*) are used where either SNP allele may be present in variants C and

C-SA. The two repeats (CAG and CCG) are shaded grey. SNP details (rs number and chromosomal position) are given in the Appendices.
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3.2.7. Phylogenetic analysis of haplogroup variants

To investigate relationships between haplogroup variants within each
subpopulation, phylogenetic analyses were performed using the Molecular
Evolutionary Genetics Analysis (MEGA) software, (v6.0) (Kumar et al. 1994;
Tamura et al. 2013). This package infers patterns of evolution based on

comparative analyses of DNA or protein sequences.

The main addition to MEGA6 is the capability for building molecular
evolutionary trees scaled to time (TimeTrees) using the RelTime method which
estimates relative times of divergence for all branching points (Tamura et al.
2013). This method was exploited to show relative divergence times for

haplogroup variants identified in the South African population.

As outlined in the previous section, tSNPs were used to categorise the
haplotypes constructed by PHASE into haplogroups; these were then further
sub-divided (haplogroup variants). Representative haplotypesfrom each
subpopulation were selected to analyse the relationships between these

variants.

For each set of sequences, a Neighbour-Joining (N]) tree was constructed; the NJ
method does not assume a constant rate of evolution for all lineages.
Evolutionary distances were computed using the Maximum Composite
Likelihood method and the interior branch test (1000 bootstrap replicates)
used to examine the reliability of the inferred phylogenies (Kumar et al. 2004).
Subsequently, divergence times were calculated using the RelTime method

(Tamura et al. 2013).
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3.3 Results

In the diagnostic environment, a previous report showed that HD had been
confirmed in over 200 families of coloured and white ethnicity, and in at least
50 black families (Krause and Greenberg. 2008). Approximately 600 records
from the NHLS/Wits database and over 1000 records from the NHLS/UCT
database were reviewed by the candidate; all individuals with a confirmed

mutation status across both databases were identified.

High throughput SNP genotyping and CAG/CCG repeat sizing was performed for
both expanded and unexpanded alleles. Haplotype analysis and assignment was
successfully performed for 96 unrelated HD alleles and 368 unrelated general
population alleles. Phase was determined and haplogroups assigned as

described (Section 3.2.6. Haplotype construction, page 72).

3.3.1. CAG sizes in the patient cohort

An overview of the CAG repeats associated with disease in a cohort of South
African patients is shown below (Table 5). The distribution is subsequently
represented as a bar graph for the total patient cohort comprising 128

individuals (Figure 11).

Table 5. CAG-tract sizing results for the patient cohort investigated in this project.

Black African Coloured White
N 37 21 70
Range 37-57 42-58 38-61
Median 44 44 44
Mean (SD) 44.51 (+4.02) 46.19 (+4.75) 44.77 (+4.09)
Mode 46 43 43

N - number, SD - standard deviation
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The range of repeat sizes in this cohort is widest in the white subpopulation.
Median values are the same while mean CAG varies across the three groups;
although the differences do not reach significance. Modal CAG in the black

subpopulation (46) is higher than in the other two groups.
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Figure 11. Frequency distribution of expanded CAG repeats in the patient cohort. There are subtle differences observable in the range of sizes and the
modal CAG values (peaks) across the three subpopulations. Two individuals from the white subpopulation had a CAG repeat of 61, associated with JHD.

There was one affected individual from each of the black and white subpopulations, with an allele in the zone of reduced penetrance (36-38 CAG).
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3.3.2. Population-specific haplogroups and variants

The figures below show the haplogroups and variants identified in the South
African population. The differences in distribution across the three
subpopulations and between HD and general population alleles are evident. The
haplotypes were defined using 22 tSNPs and each haplogroup is a collection of

similar haplotype variants.

Figure 12. HTT haplogroups identified in the South African population. a) Haplogroups
associated with expanded alleles (N=96) in the three subpopulations. A markedly different
distribution is evident, with nearly all alleles (96.7%) from the white cohort assigned to
haplogroup A. The majority of alleles from the black cohort however, are assigned to
haplogroups B and C (83.3%). b) Haplogroups on general population alleles (N=386) in the
three subpopulations. The largest proportion of alleles was assigned to haplogroup C;
however, a comparatively large proportion of alleles in the white subpopulation was
assigned to haplogroup A. A very small proportion in the coloured subpopulation was

designated O for ‘other’.
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Haplotypes that could not be definitively assigned to haplogroups were
clustered together in the category ‘other’ (O). A small proportion of general
population alleles from the coloured subpopulation were classified as such in

Figure 12 above. The haplogroups were further categorised into variants.
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Figure 13. Haplogroup variants on phased unrelated alleles in the South African population. a) Haplogroup variants associated with expanded alleles (N=96).
The largest proportion in the white and coloured cohorts consists of variants A1 and A2, while in the black cohort the largest proportion is the B2 variant,

followed by C variants. b) Haplogroup variants on general population alleles (N=386). The distribution of haplotypes is distinct to each subpopulation.
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In order to determine which variants are associated with specific categories of

CAG-tract sizes, general population and HD alleles were compared. The variants

determined to show significant differences in distribution, in each of the three

subpopulations are represented in the figure below (published in Baine et al.

2013).
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Figure 14. Haplogroup variants significantly associated with expanded alleles in the South

African population.a) Black

subpopulation.
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In the white subpopulation, variants A1 and A2 are associated with HD alleles
(CAG>35) (OR 7.76, p=0.0028 and OR 10.0, p=0.0003 respectively, Fisher's
exact test). Haplogroup C is largely absent from HD alleles (OR 0.07, p=0.00093
Fisher's exact test). Similarly in the coloured subpopulation, variants A1 and A2
are associated with HD alleles (OR 5.87 p=0.0366 and OR 75.56 p=2.202E-07).
Haplogroup C is uncommon on HD alleles versus those in the mixed general
population (OR 0.12, p=0.0030, Fisher's exact test).

In stark contrast with the white and coloured groups, HD alleles from the black
subpopulation HD alleles are predominantly associated with the novel variant
B2 (OR 12.27, p=2.06E-07, Fisher's exact test). In addition the unique South
African C group (C-SA) tends to be uncommon on HD alleles compared to the
general population (OR 0.34, p=0.0552, Fisher's exact test). Notably, other
haplogroup C variants do not differ between HD and general population alleles

in the black subpopulation (OR 0.73, p=0.4543) (Baine et al. 2013).

3.3.3. Phylogeny of haplogroup variants

Phylogenetic analyses were performed using MEGA6 and the results are
presented in TimeTrees in the figures below. TimeTrees were drawn as outlined
in the methods section of this chapter (Section 3.2.7. Phylogenetic analysis of

haplogroup variants, page 75).
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Figure 15. A time tree estimating phylogeny between selected haplogroup variants in the
South African population. Evolutionary history was inferred using the Neighbour-Joining
method in MEGA®G. Divergence time points were calculated with the RelTime method for all
branching points, using the branch lengths from the inferred tree. The analysis involved 11
nucleotide sequences with 93 SNP positions. The divergence time scale is indicated beneath

the tree.

Analysis of a subset of representative haplotypes (11) from the whole
population was performed in order to provide an overview of the relationships
between the different haplogroup variants. Within haplogroup A, two main
branches cluster the different variants. A1, A5 and A4 variants are most closely
related; while A2 and A7 share a branch point and have evolved independently
of the other variants. B1 and B2 also appear to have evolved fairly separately.
The TimeTree indicates that haplogroup C encompasses variants that are
comparatively older in origin and following the split, C and C-SA evolved along

separate branches.
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Figure 16. TimeTrees estimating phylogeny between selected haplogroup variants from
each subpopulation. Evolutionary history was inferred using the Neighbour-Joining method
in MEGAG for: a) the black subpopulation (six variants), b) the coloured subpopulation (nine
variants) and c) the white subpopulation (seven variants); each with 93 SNP positions.
Divergence time points were calculated with the RelTime method for all branching points,
using the branch lengths from the inferred trees. The divergence time scale is indicated

beneath each tree and is specific to subpopulation.
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Although the TimeTrees produced for each subpopulation (Figure 15, page 84)
use different representative haplotypes, they show similar overall topology as
the TimeTree for the entire population. Haplogroup A variants cluster together
and are the most recently evolved, relative to the other haplogroups.
Interestingly, the variants representing the black subpopulation appear to have

comparable timelines of evolution.

A similar time frame is estimated for the evolution of A and B variant clusters,
compared to the variants in haplogroup C. This is noticeably different in the
coloured and white subpopulations where haplogroup C variants are

significantly older than the A and B variants.

3.3.4. Haplogroup variants associated with intermediate alleles

Haplotype analysis was performed for general population alleles categorised as
IAs following CAG-sizing (Section 2.3.1. CAG sizes in the general population,
page 51). A total of 28 IAs from two of the subpopulations were successfully
genotyped, and haplotype assignment was performed. The results are presented

below for the coloured (N=11) and black (N=17) IAs.
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Figure 17. Haplogroup variants associated with IAs (N=28) from the coloured and black subpopulations. In the coloured subpopulation, the predominant

variant is C followed by the Al variant. The predominant variants in the black subpopulation are C and novel variants A6 and A7.
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3.3.5. A haplogroup variant in a family with juvenile Huntington disease

The HD cohort analysed here included a family well-known to the specialist
neurogenetics clinic at GSH in Cape Town. The family pedigree is a large one and
since the 1980s, at least 20 individuals have received a diagnosis of HD with
several more suspected. Fifteen family members have been confirmed

molecularly to carry an expanded repeat in the HD gene.

The haplotypes identified in this family were of particular interest, due to the
relatively early age of onset exhibited by most of the affected individuals
(diagnoses generally made in the early- to mid-twenties). In addition, the
presence of two cases of juvenile HD, including one with childhood onset
(diagnosis at five years of age), suggested a role for genetic factors on repeat

instability.

The haplogroup variant A2 was determined to be associated with the HTT
expansion in this, and 12 other HD families from the coloured subpopulation.
The non-disease associated variants identified within the family, were
categorised under haplogroup C. The genetic background of the HTT gene in this
family was therefore explored further and the molecular investigation is the

subject of Chapter 4 of this thesis.
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3.4 Discussion

3.4.1. Origins of the mutation

This study is the largest in-depth analysis of the HTT gene performed on an
African population, and is thus a source of novel data regarding mutation
origins. Early suggestions that the HD expansion arose from one or a few
mutation events in Europe and was distributed around the world by migration
(Hayden et al. 1980a; Harper 1992b), have been refuted by a number of studies
in different populations (Morovvati et al. 2008; Paradisi et al. 2008; Ma et al.

2010; Pulkes et al. 2014).

As described in the introductory chapter, the population of SA is unique in its
diversity, encompassing a range of ethnic origins and genetic backgrounds. The
considerable admixture presented by the coloured subpopulation provides a
rare opportunity for comparative analyses of the HD gene and mutation. This
extensive analysis of the South African population contributes evidence of
population-specific haplotypes, and confirms the presence of unique origins for

the mutation in the different groups.

Haplotypes defined by 22 tSNPs closely associated with the disease-causing
expansion, show distinct variation across the three subpopulations of SA (Figure
12, page 79; Figure 13, page 81; Figure 14, page 82). Given the country’s history
and evidence from previous genealogical and molecular studies (Hayden et al.
1980b; Scholefield and Greenberg. 2007), it is not surprising that expanded HTT
alleles in the white and coloured subpopulations predominantly associate with

the variants A1l and A2 (Figure 13, page 81).
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These particular variants (A1l and A2) were found to be significantly associated
with expansion in populations with European ancestry (Warby et al. 2009;
Warby et al. 2011) and were labelled ‘high-risk’ haplotypes, due to the relatively
higher prevalence of HDin European populations compared to other
populations. In the cohort of black South Africans with expanded alleles, A1 was
absent and A2 was identified in a single individual (equates to 2.4%, Figure 13,

page 81).

This difference in the distribution of Al and A2 variants across the
subpopulations is significant and confirms unique origins for the HD mutation
in the black population. Expanded HTT alleles in the black subpopulation are
predominantly (~38%) associated with the haplogroup variant B2 (Figure 13,
page 81). Furthermore, this observation indicates that a specific genetic
background confers a proportionally higher probability of HTT expansion

respective of ethnicity.

The HTT alleles from the coloured general population exhibit the largest
number of haplotype variants, likely due to the admixture that resulted in this
uniquely South African population. A small proportion of general population
alleles could not be assigned a specific haplogroup and were designated ‘other’;
another likely indicator of admixture within the group. Similar to the white
subpopulation, the majority of HD alleles in the coloured group are either Al or

A2 variants (total 70.9%) (Figure 13, page 81).

As discussed previously (Section 1.4.1. The people of South Africa, page 26), the

Western Cape province is to date predominantly populated by the coloured
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subpopulation; given that the Cape was the main point of entry for Europeans

into Southern Africa.

In addition, a founder haplotype has been previously described, linking the
coloured and white groups (Scholefield and Greenberg. 2007). The results
presented here conclusively demonstrate that for the majority of coloured HD
families, the mutation is indeed European in origin; with possible minor

contributions from other ethnic groups.

3.4.2. Evolution of haplogroup variants

Phylogeny is usually defined as the evolutionary history of a group of
organisms. In the current study, phylogenetic analyses were performed in order
to establish relationships between sequence variants and estimate their relative

ages.

A subset of sequences selected to represent the variants present in the overall
population revealed the anticipated clustering of variants according to
haplogroup (Figure 15, page 84). Haplogroup A variants are the most recently
evolved, while haplogroup C variants, C and C-SA, are older and have evolved

along very distinct branches.

Interesting to note is the definition of haplogroup C variants by the presence of
a CCG allele other than CCG7 (Figure 10, page 74).The CCG7 allele has been
associated with expanded CAG repeats and larger CAG-tract size in European
populations (Squitieri et al. 1994). In the HD cohort investigated here, the
majority of expanded alleles from the white and coloured subpopulations

(96.7% and 75.1%, respectively) are categorised by the presence of a CCG7. In
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the black subpopulation, only 54.8% of the expanded alleles carry a CCG7 (i.e.

non-haplogroup C variants).

However, the variants predominantly associated with expansion across all three
subpopulations are defined by the presence of a CCG7 allele; A1 and A2 in the

white and coloured groups and B2 in the black group.

This observation corroborates the association of the CCG7 allele with expansion
and corresponds with the results of the phylogenetic analysis performed here.
In the TimeTrees for the three subpopulations (Figure 16, page 85), the

separation of haplogroup C variants is again clearly evident.

Remarkably, the variants selected to represent the black subpopulation are
estimated to be similar in age and therefore appear to have evolved quite
independently (Figure 16, page 85). In the coloured subpopulation, the
haplogroup C variants are considerably older than the other variants; while in
the white subpopulation, haplogroup C variants are only marginally older

compared to the other variants.

It is therefore reasonable to propose that the HD mutation arose independently,
on several different backgrounds and at different time-points in the South

African population.

3.4.3. Haplogroup variants on intermediate alleles
The hypothesis that de novo mutations originate from the pool of IAs in the
general population was investigated by evaluating the genetic background of a

cohort of [As. It was anticipated that the distribution of haplogroup variants
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associated with IAs would reflect the presence of those variants predominantly

associated with expanded HD alleles.

The results from this cohort of I1As that were successfully assigned haplotypes
indicate that this is true, at least for the black and coloured subpopulations for
whom this analysis was possible. In the black subpopulation, the variants B2
and C associated with expanded alleles (Figure 13, page 81) were identified on

59% and 54.7% of 1As, respectively (Figure 17, page 87).

The coloured subpopulation reveals similar results, with the disease-associated
variant Al (Figure 13, page 81) identified on 16.7% of IAs (Figure 17, page 87). For
both subpopulations, the majority of IAs occur on haplogroup C which is also

significantly represented on expanded alleles.

Due to the limited number of [As investigated, it is difficult to draw definitive
correlations regarding the propensity of expansion exhibited by specific genetic
backgrounds. Additional analyses of a larger cohort of IAs and the genetic
background of new mutations is therefore recommended. Nevertheless, the
results suggest that expansions do occur on a genetic background predisposed

to expansion and that these alleles can be found in the general population.
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CHAPTER 4: AN INVESTIGATION INTO THE PRESENCE AND
POSSIBLE ACTION OF CIS-ACTING FACTORS ON CAG-TRACT
INSTABILITY

4.1 Background

4.1.1. Repeat expansion disorders and instability

The human genome contains numerous polymorphic repeat sequences
(microsatellites or short tandem repeats), that for many years only served as
marKkers for linkage analysis (Paulson and Fischbeck. 1996). In the early 1990s
however, a number of human diseases were shown to result from the expansion
of trinucleotide repeat sequences: FXS (Verkerk et al. 1991), X-linked SBMA (La
Spada et al. 1991) and HD (The Huntington's Disease Collaborative Research

Group 1993).

Subsequently, other repeat expansions have been associated with disease;
including a tetranucleotide repeat in patients with Myotonic Dystrophy type 2
(DM2) (Liquori et al. 2001) and massively expanded pentanucleotide repeats in
SCA10 patients (Matsuura et al. 2000). Close to 30 different disorders, effecting
neurological, neurodegenerative or developmental symptoms are now known

(Castel et al. 2010; La Spada and Taylor. 2010; Kim and Mirkin. 2013).

The pathogenic mechanisms underlying these disorders can be categorised into
three main groups: loss of gene function (e.g. in FXS), toxic gain of function by
the protein (e.g. HD) and toxic gain of function by the RNA (e.g. DM2) (Nelson et
al. 2013). The trinucleotide CAG repeat underlying HD, encodes the amino acid
glutamine (Q) and is the basis of a toxic gain of function for at least eight other
disorders (reviewed by (Orr and Zoghbi. 2007).
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In spite of the shared mutational mechanism, the polyglutamine disease-causing
genes share little structural or functional similarity. However, the pathogenic
entity in all cases is believed to be the polyQ-containing protein or peptide,

which induces selective neurodegeneration (Orr and Zoghbi. 2007).

Repeat instability is a key feature of these dynamic mutations with evidence for
both somatic and germline changes in repeat length (Pearson et al. 2005).
Tissue-specific somatic mosaicism has been shown for HD, SCA1 and a number
of others (Telenius et al. 1994; Chong et al. 1995; Tanaka et al. 1996). However,
the proposition that disease pathology and severity were correlated with longer
repeats in the affected tissues was not be substantiated. Mosaicism was shown
to be present also in tissues with a high cell turnover rate such as the liver and

colon (Tanaka et al. 1996).

In HD, family studies revealed germ line instability with expansion occurring on
both maternal and paternal transmissions (Kremer et al. 1995; Ranen et al.
1995; Telenius et al. 1995). Interestingly, maternal transmission occasionally
resulted in contraction and large expansions were almost exclusively paternally

transmitted.

Anticipation (earlier age at onset of disease in the child versus parent) was
shown to be linked to paternal transmission, and the majority of juvenile onset
cases (> CAG60) (Duyao et al. 1993; Kremer et al. 1995; Ranen et al. 1995). The
sex of the transmitting parent is thus recognised as a significant factor in
intergenerational differences in CAG repeat lengths. The repeat length itself is

central to instability, with expanded repeats in the disease-associated range
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showing a higher propensity for expansion on transmission no matter the sex of

the parent (Kremer et al. 1995; Ranen et al. 1995).

DNA metabolic processes (repair, replication and recombination)have been
shown to contribute to instability, either independently or in combination with
other tissue-specific mechanisms (Pearson et al. 2005; Wells et al. 2005). The
tendency of repeat sequences to form unusual DNA structures largely underpins
this instability and an understanding of contributing factors is vital to the
development of novel therapeutic approaches for these disorders (Castel et al.

2010).

Cis-elements, such as the repeat sequence and purity of the tract have been
suggested to affect instability, with support for this hypothesis shown in animal
models (Pearson et al. 2005; Castel et al. 2010). Thus far, only one such element
has been conclusively associated with instability; the CCCTC-binding factor
(CTCF) adjacent to the CAG repeat associated with SCA7 (Libby et al. 2008;

Castel et al. 2010).

Furthermore, the suggestion has been made that the association of specific
haplotypes with the HD expansion may be linked to cis-elements in and around
the sequence (Warby et al. 2009; Castel et al. 2010; Warby et al. 2011). Research

efforts to elucidate these cis-elements and epigenetic mechanisms are ongoing.

Evidence of repeat instability is nowhere more apparent than in families with
the juvenile form of HD. In the survey of South African HD families undertaken
by Hayden and colleagues in the 1970s, a notable finding was a high frequency

of juvenile cases in the coloured population (Hayden et al. 1982).
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4.1.2. Juvenile Huntington disease

The onset of HD symptoms is typically in middle age with the majority of
patients being diagnosed between 35 and 45 years (Margolis and Ross. 2003;
Roos 2010). In a subset of patients (5-7%), onset of symptoms occurs before the
age of 21 years and this has been classified as early-onset or juvenile HD (JHD)
(Nance and Myers. 2001; Quarrell et al. 2012b). Although George Huntington
did not encounter juvenile cases and therefore made no mention of JHD in his
classic account, medical records indicate that this rare form was recognised

prior to 1872 (Roos 2009).

The phenotypic spectrum of JHD is distinctly different from the adult
presentation, and additional variation is evident between patients affected
before the age of 10 years (childhood onset) and after the age of 10 years
(adolescent onset) (Nance and Myers. 2001; Gonzalez-Alegre and Afifi. 2006).
Unlike the adult choreic form, the major motor feature is prominent Parkinson-
like rigidity, also known as the Westphal variant of HD. Dystonia and
bradykinesia may be present and a steady decline in IQ is a marked feature as
the disease progresses (Nance and Myers. 2001; Gonzalez-Alegre and Afifi.

2006).

Genetic testing generally reveals a repeat length of over 60 CAG repeats, with a
preponderance of male transmissions; an estimated 80% is inherited from
affected fathers (Duyao et al. 1993; Siesling et al. 1997; Nance and Myers. 2001).
A family history is a requirement prior to testing a child for the HD mutation
and a complete clinical picture is of utmost importance. Premature diagnosis of

disease is of concern within a known HD family, where behavioural problems
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may be wrongly attributed to the onset of clinical symptoms (Siesling et al.

1997; Nance and Myers. 2001).

In all cases, a definitive age of disease onset is difficult to ascertain for HD
patients (Walker 2007; Sturrock and Leavitt. 2010). Diagnosis is generally made
at a time when symptoms are clinically distinct and does not account for subtle
changes and psychiatric manifestations that are known to occur during the pro-
dromal or pre-manifest stage. Furthermore, the HD phenotypic spectrum varies
widely and disease presentation may be very different between patients, even

within the same family.

The clinical distinction between juvenile and adult forms is thus largely

arbitrary and is based on onset before the age of 21 years (Siesling et al. 1997).

4.1.3. Juvenile Huntington disease in South Africa

In 1974, the first official report was made of a family with JHD (from the
coloured subpopulation) originating in Natal (Saffer et al. 1974). The family
comprised four siblings, all of whom had juvenile onset of disease symptoms;
and a paternal aunt with the adult form. The father (transmitting parent), was
deceased at the time of investigation but was reported to have been affected by
a movement disorder and progressive dementia, compatible with a diagnosis of

HD.

On clinical examination, symptoms varied amongst the patients, ranging from
chorea to rigidity and cerebellar signs, however, all five showed a degree of

mental impairment (Saffer et al. 1974).
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Subsequently, a national survey of individuals affected by HD in SA highlighted
the unexpectedly high frequency of JHD in the coloured subpopulation (referred
to in the study as ‘mixed ancestry’) (Hayden et al. 1982). A total of 11
individuals presented with juvenile onset HD, comprising 15.7% of the cohort of
mixed ancestry patients. The overall frequency of JHD in SA was reported to be
7.7% with all recorded HD patients being from the white or coloured

subpopulations.

Consistent with the studies discussed above, paternal transmission was more
common than maternal. The unique genetic constitution of the coloured
subpopulation was proposed as an explanation for the high prevalence of JHD,
and it was suggested that genetic factors may play a modifying role in disease

phenotype (Hayden et al. 1982).

The family with two cases of JHD highlighted in the previous chapter, was
selected for further investigation. Furthermore, having identified the
haplogroup variant (A2) associated with the mutation in this family, a unique
opportunity was presented to explore the hypothesis that cis-elements may
contribute to the propensity of specific variants to expansion (Warby et al.

2009; Castel et al. 2010; Warby et al. 2011).
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4.2 Methods

4.2.1. Family details and sample selection

Figure 18. Pedigree of a JHD family from the coloured subpopulation. Standard symbols:
circles represent females, squares represent males, filled in symbols represent affected
individuals and a line through a symbol designates those deceased. Red arrows designate
the two cases of JHD. The six individuals selected for sequencing were those for whom DNA

samples available and their CAG repeat sizes are indicated.

A total of six samples were selected for sequencing to investigate the
transmission of the HTT gene across two generations in this family: 1:2, 11:3,6
and III:1,2,4. CAG repeat sizes for these individuals were available from
diagnostic test results recorded on the NHLS/UCT database. The significantly
expanded alleles transmitted to the two individuals presenting with JHD are

shown in the figure.
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4.2.2. Sequencing of the CAG-tract

A set of primers was designed (HDCAGF and HDCAGR) to specifically amplify
the CAG-tract and left unlabelled (i.e. no fluorescent tags) in order to minimise
the background signal. PCR amplification was successfully performed in the
molecular laboratory at UCT, following lengthy optimisation procedures
(primer sequences and optimised reaction conditions are given in the
Appendices). Each reaction included a negative control (no DNA) to ensure no

reagents were contaminated.

Following amplification, the maximum volume of reaction product was slowly
electrophoresed, through a 2% agarose gel (SeaKem® LE Agarose, LONZA) to
allow the separation of expanded and unexpanded alleles. A molecular weight
marker (GeneRuler™ 100bp Plus DNA Ladder, ThermoScientific) was
electrophoresed alongside the PCR products for the purpose of estimating

product size.

The gel was stained with SYBR® Safe DNA Gel Stain (Invitrogen) which binds to
nucleic acids enabling visualisation. The UVIpro gel documentation system
(UVItec) was used to visualise the PCR products under ultraviolet (UV) light and
photographs taken using UVIpro software (UVItec). Exposure to UV light was

minimised and the expanded allele quickly excised to reduce DNA degradation.
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Figure 19. Gel image showing PCR amplified products (CAG repeat). A molecular weight
marker (M) was electrophoresed alongside the products from individuals labelled 1 - 6. The
arrow indicates the expansion, which varies depending on the length of the CAG repeat.
Each amplification reaction included a negative control (N) to ensure no contamination.
PCR products were electrophoresed through a 2% agarose gel at 100 volts for 2 hours to
enable allele separation. The gel was stained with SYBR® and products visualised under UV

light.

Gel slices were transferred to the Central Analytics Facility (CAF) at
Stellenbosch University, for extraction and sequencing. Sequence results were
visualised as electropherogram trace files (example in Figure 20 below); aligned
to a reference sequence and edited where necessary using BioEdit software

(v7.2.0) (Hall 1999).

Figure 20. An example of the trace obtained from sequencing of the CAG-tract. The

selection shows 18 repeats and is visualised using BioEdit.
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Sequencing of the CAG-tract was successfully achieved for all six individuals,
including those with very large repeats (>CAG80). There was no evidence of
variation within the tract itself in any sample, therefore a larger region was

selected for further investigation.

4.2.3. Sequencing of the HTT promoter and exon 1

The HTT promoter is reported to be 972 nucleotides long. Another set of
primers (HTT promF and HTT promR) was designed to flank the gene promoter
and exon 1, which contains the CAG-tract. The expected PCR product is
approximately 1408 nucleotides in length but varies depending on the length of
the CAG repeat. Direct Sanger sequencing is reliable for between 500 to 600 nt,
therefore an internal primer (HTT promseq2) was required to enable complete
sequencing of the region following amplification. Primer positions are shown in

Figure 21 below.

HTT promF

R —

HTT promseq2 HTT promR

R

__[ promoter | ] Exon 1 § |7

{CAG-tract}

Figure 21. Schematic representation of the HTT gene promoter region. The promoter is
indicated, overlapping with Exon 1 which contains the CAG-tract (shaded). HTT promF/R are
the primers flanking the region of interest and used for PCR amplification and sequencing,

HTT promseq2 is an internal primer designed to enable complete sequencing.
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Amplification of this region was especially challenging due to its size and the
presence of large repeats, and required extensive and lengthy optimisation. The
primer sequences and final PCR conditions are given in the Appendices. Each
reaction included a negative control (no DNA) to ensure no reagents were

contaminated.

Figure 22. Gel image showing PCR amplified products (promoter and exon 1). A molecular
weight marker (M) was electrophoresed alongside PCR products from individuals labelled 1
- 6. There is an empty well between individuals 1 and 2, C is an unaffected family member
who does not carry the expansion. The arrow indicates the expansion, which varies
depending on the length of the CAG repeat. Each amplification reaction included a negative
control (N) to ensure no contamination. PCR products were electrophoresed through a 2%
agarose gel at 100 volts for 2 hours to enable allele separation. The gel was stained with

SYBR® and products visualised under UV light.
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A similar procedure was followed for gel electrophoresis and excision as in the
preceding section (Section 4.2.2. Sequencing of the CAG-tract, page 101), and gel
slices transferred to the CAF for extraction and sequencing. The results were

visualised and analysed using Bioedit software (v7.2.0) (Hall 1999).

Figure 23. An example of the trace obtained from sequencing of the HTT promoter region.

The selected sequence shows the first 75 nucleotides visualised using BioEdit.

Sequencing of the promoter region was successful for all but one sample, I11:2

(Figure 18, page 100).
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4.3 Results
Several variants were identified in the promoter region following sequencing
with the primer HTT promF. Only one of these variants was shared between one

JHD individual (III:3) and the transmitting parent (I1:3). All are recorded SNPs.

Figure 24. Variants identified in the HTT promoter region indicated by arrows: a)
rs28431418 in one sample IlI:3, b) rs28616835 in two samples 11:3 and Ill:3, c) rs149624523
in one sample IlI:3, d) rs116191541 in one sample II:3. The traces were visualised using

Bioedit.

No additional variants were identified using the internal primer (HTT
promseq2), however this could be due to the poor results obtained using this
primer. Unfortunately time constraints on the project prevented subsequent

follow-up.

106



4.4 Discussion

Although different publications have reported on the occurrence of JHD in the
South African population (Saffer et al. 1974; Hayden et al. 1982), not much is
recorded about the clinical presentation or the molecular background of this
rare form of the disease. The prevalence study performed in the 1970s which
reported a comparatively high frequency of JHD in the coloured subpopulation
(Hayden et al. 1982), suggests that a detailed and systematic investigation is

required in order to complete the profile of JHD in the South African context.

The two electronic databases (NHLS/UCT and NHLS/Wits) have on record at
least 14 known cases of HD (Table 6, page 109) with an approximate age of onset
before the age of 21 years, and a genotype result of more than 60 CAG repeats
(Siesling et al. 1997; Nance and Myers. 2001). Of these 14 individuals, two are
siblings who inherited a significantly expanded repeat from their affected father

(Figure 18, page 100).

Due to the repeat instability observed in these transmissions, this family was
selected for further investigation of the genetic sequence surrounding the CAG-
tract. Furthermore, the expanded allele was found to be associated with
haplogroup variant A2, the predominant variant in the coloured subpopulation
(Figure 13, page 81). Thus, cis-elements that could potentially confer a

predisposition to expansion were also sought.

Repeat instability as a mechanism underlying the dynamic nature of
trinucleotide expansion disorders has been the subject of numerous
investigations. Larger repeats are known to be associated with more severe

disease and earlier onset of symptoms (Fortune et al. 2000). The earlier age of

107



onset in successive generations as a result of germline instability, a
phenomenon known as anticipation, is of particular clinical significance (Harper

etal. 1992).

Several hypotheses have been explored and studies of transgenic mouse models
have identified both cis-elements and trans-factors that potentially modify
repeat instability. Cis-elements such as DNA sequence, GC-content, CTCF binding
sites, CpG-methylation, DNA replication processes have all been suggested to

play a role (Cleary and Pearson. 2003).

Associated trans-factors include proteins involved in DNA replication, repair
and recombination. In addition, interactions between trans-factors and cis-
elements may lead to changes in the regulation of transcription, replication and

DNA damage and repair processes (Castel et al. 2010).

This investigation undertaken on a family with JHD and a specific haplotype
variant associated with expansion, aimed to elucidate sequence variants that
may be linked to repeat instability. The gene promoter region and the CAG-tract

were amplified and sequenced in separate reactions.

There were no novel variants identified using the approach undertaken here,
however this family remains an enigma and offers potential for more complex
and extensive analyses on a genome-wide level. Changes in gene expression and
novel DNA variants may yet be revealed which could advance our

understanding of the mechanisms involved in repeat instability.
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The cohort of individuals recorded on our databases with a diagnosis of JHD is
worth highlighting here. The code JHD’ has been used for the sake of
anonymity. Year of birth and age at which a clinical and molecular diagnosis was
made are also indicated. The age at diagnosis is used here, rather than the age of
onset, due to the challenge involved in accurately determining initial onset of

symptoms.

CAG repeats are shown in the table where confirmed (lower CAG/upper CAG).
The subpopulation is indicated, and the haplogroup variant associated with

expansion in the family is also given where available from this current study.

Table 6. A cohort of South African patients diagnosed with JHD.

Sample Date of Age at CAG Subpopulation Haplogroup
code birth (year) diagnosis repeats variant
(years)

JHD 1.1 1994 11 23/83 COLOURED A2
JHD 1.2 2002 7 25/85 COLOURED A2
JHD 1.3 1991 20 15/55 COLOURED A2
JHD 1.4 1989 16 10/78 COLOURED A2
JHD 2.1 1980 25 16/61 COLOURED A2 (?)
JHD 3.1 1991 16 13/65 COLOURED C-SA
JHD 4.1 1991 9 19/>80 COLOURED A2
JHD 4.2 1976 22 - COLOURED A2
JHD 5.1 1978 22 17/61 COLOURED UNKNOWN
JHD 6.1 1974 22 - BLACK A3
JHD7.1 1993 17 17/60 WHITE UNKNOWN
JHD 8.1 1993 18 24/65 WHITE UNKNOWN
JHD 9.1 1989 22 15/64 COLOURED C
JHD 10.1 1991 19 16/59 COLOURED UNKNOWN
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The two individuals investigated in this study are designated JHD 1.1 and 1.2 in
the table. JHD 1.3 is a known member of the same family, a cousin to the two
probands (Figure 18, page 100). JHD 1.4 also belongs to this family, however
questions surrounding paternity have been raised. This individual may be a

sibling of JHD 1.1 and 1.2 OR a paternal cousin.

Interestingly, anecdotal information suggests that JHD 2.1 is related to the
individuals above and belongs to a different branch of the family (designated
here JHD 1). The haplogroup variant is therefore indicated as A2 (?) and

requires confirmation of relationship.

JHD 4.1 and 4.2 are also members of a large pedigree. This family has been
known to the division since the 1970s and currently comprises over 150
individuals, 40 of whom have received a diagnosis of HD and many more are

suspected to be affected or likely to develop HD later in life.

This cohort provides a significant number of individuals for clinical and

molecular investigations, to be undertaken in the future.
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Section III

This section comprises Chapter 5 in which minimum estimates of HD
prevalence have been determined, based on molecular genetic testing records.
All data was evaluated and analysed by the candidate in consultation with a
statistician (Mr Henri Carrara) and an epidemiologist (Dr Sumaya Mall) at the

Faculty of Health Sciences, UCT.



CHAPTER 5: A MINIMUM ESTIMATE OF THE CURRENT
PREVALENCE OF HUNTINGTON DISEASE IN SOUTH AFRICA

5.1 Background

As briefly outlined in Chapter 1, determining the prevalence and/or incidence of
a monogenic disorder like HD can be a complex process requiring many
different methods of ascertainment (Harper 1992b). At the very least, a careful
and thorough interrogation of the following needs to be performed: hospital
records, death certificates, reports from medical specialists and general

physicians.

Subsequent to the identification of the gene in 1993 and direct mutation testing
for the confirmation of an HD diagnosis, molecular genetic testing records have
become vital for complete ascertainment. Several recent studies have utilised
different methods, including examination ofdiagnostic laboratory records, in an
effort to estimate current prevalence rates (Morrison et al. 2011; Evans et al.
2013; Fisher and Hayden. 2014). Results suggest that there has been a

noticeable increase in the prevalence rates of HD for the populations assessed.

However, the reported rise in prevalence could conceivably be a direct result of
improved ascertainment. In a number of first-world countries, a centralised
health care system and electronic records, make it possible to assess many
different forms of data. Evidence suggests that HD prevalence rates have indeed
increased due to: a population that lives longer, the improved quality of life
offered by available interventions and reduced stigmatisation resulting from

increased societal awareness.
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The lack of prevalence data for neurodegenerative disease affecting populations
in sub-Saharan Africa has been noted (Lekoubou et al. 2014). Comparative

studies of HD prevalence in African populations are therefore implausible.

In sub-Saharan Africa, genetic ascertainment is limited by the fact that a
molecular test is generally requested by a clinician whose patient has sought
medical attention. Thus, affected individuals who never seek medical care may
be missed and ascertainment would be incomplete in populations for whom

universal healthcare and specialist clinics are not available.

This limitation could possibly be addressed by door-to-door surveys, the
methodology employed for common diseases and proposed by epidemiologists.
However, the rarity of HD makes this a challenging technique, particularly in a

resource-limited setting like SA and Africa in general.

In SA, genetic testing has been performed by the molecular laboratory at UCT
since 1995. A second facility was established at Wits in 2001 and these two
centres currently provide confirmatory molecular genetic tests for HD under the
public NHLS system (Section 1.4.4. Clinical and testing services, page 35).
Records from these two centres were extensively investigated by the candidate
in order to identify individuals with a confirmed genetic diagnosis of HD for

inclusion in the haplotyping study (Chapter 3 of this thesis).

Despite the limitations presented by the lack of a centralised healthcare system
and different sources of ascertainment, the results of this study would be
lacking in context if no attempt was made to estimate the current prevalence of

HD in SA.
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An estimate of HD prevalence in SA was therefore calculated based on the total
number of individuals with a molecular confirmation of diagnosis (36 CAG
repeats or more in the HTT gene), following referral for testing. This is by no
means a complete ascertainment of HD cases in the country. The results
presented here are minimum estimates, provided for the sole purpose of

contextualising the results of the molecular investigations.
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5.2 Methodology and Results

5.2.1. Review of molecular testing records

The testing records at the two public testing centres (NHLS/UCT and
NHLS/Wits) were reviewed over a 16-year period, 1995 to 2010. HD has been
reported to progress over 15-20 years from diagnosis (Sturrock and Leavitt.
2010; Walker 2007). The selected period (1995-2010), therefore provides a
reasonable timeframe within which to estimate the total number of affected

individuals. The cut-off dates were 1st January 1995 to 31st of December 2010.

The table below presents the results of a critical review of the available
molecular testing records in the public sector. Stringent criteria were employed;
only diagnostic tests results are reported, no predictive or pre-natal tests. A
small proportion of records with no reported CAG repeat size, but merely ‘E’ for
expanded were also excluded. Furthermore, every effort was made to ensure no

overlap between the records at NHLS/UCT and NHLS/Wits prior to 2001.
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Table 7. Summary of molecularHD testing performed in SA (1995-2010).

Year Tests performed (N) Positive (N) Negative (N) Equivocal (N)
1995 12 11 1 0
1996 31 20 9
1997 19 12 6 1
1998 28 20 6 2
1999 23 17 5 1
2000 30 15 15 0
2001 50 33 17 0
2002 37 26 10 1
2003 35 21 13 1
2004 55 27 21 7
2005 66 25 38 3
2006 42 23 16 3
2007 68 39 23 6
2008 46 22 20 4
2009 48 23 23 2
2010 48 19 27 2
Total 638 353 250 35
N - number

The total number of tests included for assessment was 638 with an average of
39.8 tests performed per year, between 1995 and 2010. Positive tests were
recorded as 353, translating to a pick-up rate of approximately 55.3%. An
average of 22 positive diagnoses are confirmed per year. A large number of
negative tests (N=250) was observed which equates to 39.2% of the total
number of tests performed. The sizing results for a representative sample of

individuals tested is presented in (Figure 25, page 116).
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An equivocal test result may be defined as one for which only a single allele can
be identified using standard laboratory protocols. This result can be due to: 1)
the presence of two homozygous alleles that cannot be differentiated, 2) allele

dropout or 3) the presence of an expanded allele beyond the range of detection.

The objective of the molecular laboratory is to avoid, as far as possible,
transmitting a result of this nature. In consultation with the clinical team,
recommended techniques (Losekoot et al. 2013) may be employed where
necessary, in order to resolve an equivocal result. A total of 35 tests were

recorded as equivocal.

The positive molecular test records from the two centres are broken down by

ethnicity in the table below.

Table 8. Summary of positive tests recorded, by subpopulation.

Subpopulation NHLS/UCT NHLS/Wits
(1995-2010) (2001-2010)
N Proportion (%) N Proportion (%)

Black 15 6.6 38 30.2
Coloured 58 25.6 14 11.1
White 151 66.5 70 55.6
Indian 3 1.3 4 3.2

227 100.0 126 100.0
N - number
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Figure 25. Frequency distribution of CAG sizing results obtained from molecular testing records. Normal alleles range from 5 to 26 CAG (N=439), with the

two most frequently observed alleles being CAG15 and CAG17. Expanded alleles range from 36 to 85 CAG (N=168) and 9 alleles had more than 60 CAG

repeats. Only 8 alleles were sized as IAs (27-35 CAG) and 11 were determined to be within the zone of reduced penetrance (36-39 CAG). This is only a

representative sample (N=626 alleles) of CAG sizes available from the molecular diagnostic testing records, therefore does not correlate directly with the

tabulated results.
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5.2.2. Minimum estimates of prevalence

An important assumption was made for the estimation of prevalence: the
majority of referrals to the two public laboratories for HD testing originated
within the provinces (the Western Cape and Gauteng) where these facilities are
located. This assumption was essential in order to limit the geographical area, a

critical factor in the calculation of a prevalence estimate.

The most recent population census in SA was performed in 2011 and results are

available from Statistics South Africa (www.statssa.gov.za). The population of

the Western Cape was estimated at 5,822,734, while Gauteng was estimated to
have a considerably larger population at 12,272,263 (Table 9, page 118). In spite
of the significantly smaller land area covered by Gauteng (Figure 4, page 37), the
population is more than double that of the Western Cape. This is predominantly
the result of migration to the city of Johannesburg, the economic capital of SA,

and its surrounding areas.

The table highlights the demographic differences between the two provinces.
The overwhelming majority of the population of Gauteng is black African; in
direct contrast to the Western Cape province where almost half the population

identifies as coloured (Table 9).
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Table 9. The distribution of subpopulations across the Western Cape and Gauteng

provinces
Population group Western Cape Gauteng

N Proportion (%) N Proportion (%)
Black African 1912547 32.8 9493 684 77.4
Coloured 2840404 48.8 423 594 3.5
Indian/Asian 60 761 1.0 356 574 2.9
White 915 053 15.7 1913 834 15.6
Other 93 969 1.6 84527 0.7
Total 5822734 12 272 263

N - number, Data from (www.statssa.gov.za).

Prevalence estimates were thus calculated using the following equation:

N (people diagnosed with HD) 100 000
*

Total population (Western Cape + Gauteng)

The minimum current estimate for HD prevalence overall is approximately 1.95
per 100 000 individuals. Prevalence estimates for the three subpopulations are
given in the table, with the total number of affected patients indicated. Minimum
estimates of HD prevalence form the 1970s survey are also shown for

comparison (Hayden et al. 1980a).

Table 10. Minimum estimates of prevalence for the South African population.

Subpopulation | HD affected Current estimate *Previous estimate
(N) (per 100 000) (per 100 00)

Black African 53 0.5 0.01

Coloured 72 2.2 2.17

White 221 7.8 2.22

N -number, *(Hayden et al. 1980a)
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Based on the above prevalence estimates of HD in the different subpopulations,
the minimum number of individuals expected to be currently affected by HD

across the country was calculated using the equation:

prevalence estimate
100 000

* total subpopulation (N)

Population sizes for each subpopulation, were sourced from

www.statssa.gov.za. The results are presented in the table below:

Table 11. Number of people potentially affected by HD in SA

Subpopulation | HD affected Current estimate Expected affected
(N) (per 100 000) (N)

Black African 53 0.5 190

Coloured 72 2.2 101

White 221 7.8 358

Total 346 649

N - number

The approximate number of affected people possibly present in the South
African population is almost double the number currently known. No statistical
analyses were performed here due to the fact that these figures are very much

approximated values.
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5.3 Discussion

The prevalence of HD in SA has been minimally estimated here at 2 individuals
per 100 000 (based on the population of two provinces). Population-specific
minimum estimates are presented in Table 10 (page 118); these figures are

markedly different and will be discussed further below.

Database records at the two public testing centres indicate that the total
number number of tests performed in SA per year between 1995 and 2010, has
risen steadily (Table 7, page 114). Between 2005 and 2010, an average of 53
referrals were made per year for a diagnostic HD test. Positive diagnoses

average approximately 22 per year.

The pick-up rate (55.3%) is similar to that recorded elsewhere (52.4% in Spain
and 55.8 in Slovenia) (Ramos-Arroyo et al. 2005; Peterlin et al. 2009). However,
it is not as high as the rate reported (65.6%) for a large sample from Germany,
Austria and Switzerland in the 1990s (Laccone et al. 1999). A recent report from
Cuba highlights the ethnic variation present in that country and reports a pick-

up rate of approximately 48% (Vazquez-Mojena et al. 2013).

Interestingly, there is a very distinct difference in the demographics of the
individuals tested at the two facilities. The NHLS/UCT database reveals a total of
227 positive HD tests recorded since 1995. Of those, only 6.6% were black
patients (Table 8, page 115). Since initiating testing in 2001, NHLS/Wits has
recorded a total of 126 positive HD tests. In stark contrast to the NHLS/UCT
records, 30.2% of these confirmatory diagnoses have been made for black

individuals.
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Another significant contrast is evident in the coloured subpopulation.
NHLS/Wits records show only 11.1% of patients diagnosed molecularly are

coloured, compared to 25.6% from the NHLS/UCT records (Table 8, page 115).

These observations are consistent with the distribution of the subpopulations of
SA, between the two provinces of Gauteng and the Western Cape (Table 9, page
118). The observation that the majority of patients tested were from the white
subpopulation at both centres (66.5% at NHLS/UCT and 55.6% at NHLS/Wits;

Table 8, page 115) is a strong indicator that access to medical services is skewed.

It is worth noting again here, that the specialist neurogenetics clinic at GSH in
Cape Town has to date not examined or diagnosed a single HD patient from the
black subpopulation (personal communication, Professor Greenberg). Further
scrutiny of the NHLS/UCT records reveals that the black patients (Table 8, page

115) were in fact referred from outside of the Western Cape.

Given the assumption made regarding geographical limits, there was the
possibility that a proportion of positively diagnosed cases would originate from
outside of the established provincial boundaries. For the purpose of this study,
this was deemed an acceptable limitation for the calculation of prevalence
estimates. A future study may attempt to address the occurrence of HD in each
of South Africa’s provinces, initially by following up referrals and subsequently

investigating all medical records within the province.

The minimum estimates of prevalence presented in (Table 10, page 118) appear
to be consistent with reports that HD in black African populations occurs at a

significantly lower frequency compared to other population groups.
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However, the prevalence estimate calculated in this study (0.5 per 100 000) is
50 times greater than that published previously (Hayden et al. 1980a). This is
not surprising considering that since the 1970s two major changes have taken
place, namely abolition of the apartheid system of governance and the

availability of direct mutation testing.

Apartheid (an Afrikaans word meaning ‘apartness’) was a model of racial
segregation implemented and enforced in SA by the National Party which won
the national election in 1948 (Louw 2004). In essence the system was designed
to protect the Afrikaner culture and establish sovereignty in response to Anglo
(British) domination following the Anglo-Boer War (1899-1902). As a direct
result, over several decades, black South Africans were forcibly removed to
rural ‘homelands’ as urban areas were demarcated for the minority white

population.

Designated ‘second-class’ citizens, black South Africans were subject to severe
marginalisation, both economic and social (Louw 2004). This culminated in
progressive poverty, poor education and a lack of access to services. Following
the abolition of apartheid and the establishment of SA as a democratic state in

1994, radical changes have been observed.

Combined with the availability of direct mutation testing for the HD gene and
increased access to previously denied services, the large increase in the
frequency estimate of HD in the black subpopulation (Table 10, page 118) is
comprehensible. The estimated prevalence is comparable to figures from Asian
populations, where HD has been reported to occur at a similarly low frequency

(0.4 per 100 000 individuals) (Pringsheim et al. 2012).
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A significant difference is also observed in the estimated prevalence for the
white subpopulation (Table 10, page 118). The current figure (7.8 per 100 000
individuals) is comparable to worldwide estimates for Caucasian populations
(Pringsheim et al. 2012). Interestingly the minimum estimate of HD prevalence
calculated in this study for the coloured subpopulation (2.2 per 100 000
individuals), is almost identical to that reported previously (Hayden et al
1980a). It is thus conceivable that this figure is not far removed from the actual

frequency of HD in this subpopulation.

Although no attempt was made in this study to investigate additional sources of
ascertainment, it is almost certain that numerous cases of HD remain
undiagnosed for various reasons. Extrapolating the minimum estimates of
frequency to the South African population as a whole, provided an opportunity
to calculate the number of people that may be affected by HD (Table 11, page
119). The results suggest that a significant proportion of individuals is

unknown.

There are currently very few facilities available to provide specialist care,
particularly for elderly individuals. Old age homes and hospices are not
available in the public health care system, and only a small minority of the
population has the resources to avail themselves of the private facilities. It is
therefore a fairly reasonable assumption that only a few cases of HD would be

missed by not investigating these facilities.

For the majority of the black African population, various suppositions can be
made regarding individuals and families who manifest HD symptoms.

Superstition still plays a significant role in this group and rather than seek
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medical attention, patients and their families may be more likely to consult with
traditional healers and/or witchdoctors (known as Sangomas in SA) (Sizer et al.

2012).

Outside of major hospitals and institutions, misdiagnosis is likely to contribute
to fewer referrals for testing and a lower ascertainment rate overall. The
diagnosis of HD requires specialised training in neurology and experience of
movement disorders. Regrettably, medical resources in rural areas are limited

to primary health care clinics and access to specialist services is not available.

The lack of medical services and specialist clinics is especially relevant for the
majority black population across the country who reside in rural communities,
removed from any urban development. In addition, a large proportion of the

coloured subpopulation inhabits rural areas in the Western Cape.

African communities have largely maintained a traditional sense of family and
community, particularly in rural areas. Individuals affected by HD may therefore
be accepted and cared for by the extended family and the community as a

whole, who view this simply as ‘part of life’.

Although efforts have been made to redress the historical impact of the
apartheid system, poverty and a lack of education combine to make this an
ongoing challenge. Central to this transformation is the establishment of disease
registries and advocacy groups, not only for HD but for the many other non-

communicable diseases that are becoming more prevalent in SA.
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Section IV

This section summarises the results of the molecular investigations reported on
in Section II and the prevalence estimates calculated in Section III. Concluding

remarks and future research prospects are also presented.



CHAPTER 6: CONCLUDING REMARKS AND FUTURE
PROSPECTS

6.1 Population-specific differences

The differences between the various groups that comprise the South African
population were extensively investigated during the course of this project. The
results presented and discussed in Chapters 2 and 3, indicate clear distinctions
between the subpopulations for the HD gene. Furthermore the diversity evident

in these groups is particularly promising for future research.

The mean CAG values calculated for a large sample of alleles taken from the
general population, show statistically significant differences between the black
subpopulation and the white and coloured groups. There is also a difference in
the mean CAG value observed for the white and coloured subpopulations,

although this does not reach statistical significance.

Additional differences were evident in the range of repeat sizes and the modal
CAG recorded for each subpopulation (Table 3, page 51). Results from CCG sizing
of general population alleles (Figure 9, page 58) further highlight the variation in

the HTT gene across the three subpopulations.

The detailed investigation of HTT haplotypes provides the greatest sense of the
diversity present within the South African population. The disease-associated
haplotypes identified (Figure 13, page 81) are specific to subpopulation and can

be linked to the respective mean CAG values determined from the sizing study.
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The lower mean CAG in the black subpopulation correlates with the distinctive
distribution of HTT haplotypes in this group, compared to the white and

coloured subpopulations.

6.2 Origin of the Huntington disease mutation

The identification of population-specific haplotypes in this study, definitively
illustrates that the HD mutation in SA occurs on unique genetic backgrounds.
For several haplotypes, clear assignment to the previously defined haplogroup
variants (Warby et al. 2009) was not possible; necessitating the definition of

novel variants. These variants included: A6, A7, B2 and C-SA (Figure 10, page 74).

In the coloured and white subpopulations the mutation is, as anticipated,
predominantly associated with haplotypes identified in European populations
(Warby et al. 2009). These so-called ‘high risk’ haplogroup variants (A1 and A2)
are completely absent from the black subpopulation, where the mutation is
predominantly associated with haplogroup B (specifically the novel variant B2)
and haplogroup C (Figure 13, page 81). This suggests that any given population
has its own ‘high risk’ haplotypes.

An analysis of phylogeny revealed specific relationships between the haplotypes
identified in each subpopulation. Haplogroup A variants are generally the most
recently evolved, while haplogroup C variants comprise ‘older’ haplotypes. C-SA
in particular is a novel variant not previously identified; this variant may well be
specific to African populations. The results suggest that the HD mutation arose
at different time points on different genetic backgrounds, respective of the

ethnic group.
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The variation in the proportional distribution of IAs and large alleles warrants
further investigation into the respective haplotype backgrounds. IAs have been
shown to have the potential to expand on transmission into the pathogenic
range, resulting in de novo HD cases. The stepwise model proposes that this
propensity for expansion is linked to haplotype, with specific genetic

backgrounds showing increased instability (Warby et al. 2009).

Although limited by the small size of the cohort, the results of the haplotype
analysis on IAs identified in this cohort (Figure 17, page 87), indicate that this
may well be true. Further investigation of a larger sample of IAs is therefore
recommended. In addition, the occurrence of new mutations warrants
exploration, in order to determine the occurrence of de novo HD cases in the
South African population. The presence of cis-elements and trans acting factors

in relation to the potential for expansion may also be investigated.

6.3 Repeat instability

An investigation into DNA sequence variations that could be associated with
repeat instability was performed on a South African coloured family with JHD.
The family investigated presented an opportunity to study the presence of cis-
elements, both in the context of JHD and in relation to the haplogroup variant
associated with the expansion. Due to limited available resources, the
investigation was targeted to the CAG-tract and the immediate vicinity, a region
encompassing the gene promoter and exon 1. No novel variants were identified

using direct DNA sequencing.
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Numerous factors have been suggested to play a role in repeat instability, a key
component of disorders resulting from a repeat expansion. Instability at the HD
gene locus has been shown to result in de novo pathogenic expansions, and
effects anticipation within affected families. Understanding the related
mechanisms is therefore of primary importance, particularly for the

identification of novel therapeutic targets (Castel et al. 2010).

One of the indicated factors is the genetic background of the expanded repeat
and both cis-elements and trans factors have been investigated with regard to
instability. In HD, the association of specific haplotypes with expanded repeat
sequences is a strong indication of the role played by genetic background
(Warby et al. 2009). In addition, the presence of juvenile HD in a very small
proportion of HD families, suggests that instability-related factors may well be

family-specific and heritable.

In spite of the lack of success presented by the approach undertaken here, the
results indicate the need for a broader strategy in an investigation of this
nature. A future molecular study could examine epigenetic mechanisms, such as
methylation status and the effect of micro RNAs in regulating gene expression.
Whole exome sequencing may also be employed in order to identify novel

genetic differences in comparison to a reference sequence.
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6.4 Future prospects

6.4.1. RNA interference as a therapeutic

A number of options have been explored for the treatment of polyglutamine
disorders, of which HD is but one. One of the most promising techniques
involves harnessing the natural RNA interference (RNAi) pathway. This form of
therapy targets mutant messenger RNA (mRNA), thereby suppressing the
expression of the toxic protein product and its downstream effects. Various
methods, both allele-specific and non-allele-specific, have been investigated

(Scholefield and Wood. 2010; Watson and Wood. 2012).

Non-allele-specific methods involve the suppression of both the mutant and
wild-type protein products by targeting the CAG repeat, and have shown
promise in disease models (Boudreau et al. 2009; Hu et al. 2009; Evers et al.
2011). A key consideration is the function of the wild-type protein and whether
or not its loss is tolerable (Watson and Wood. 2012). For instance, loss of the
HTT gene product is embryonic lethal, whereas absence of the Ataxin 1 (ATXN1)
gene which causes SCA1, results in a fairly mild phenotype. Gene replacement
therapy may thus be necessary in some cases to supplement function (Kubodera

etal. 2005).

Even more important to consider is off-target effects resulting from targeting a
repetitive sequence (CAG) that is widely present across the genome and
significantly variable (Butland et al. 2007). However, significant advancements
have been made in mitigating these effects using chemical modifications,
alternative delivery systems and artificial microRNAs (Watson and Wood.

2012).
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Despite the fact that non-allele-specific silencing is less technically challenging,
wherever possible selective suppression of the expanded mutant mRNA is
preferable. The ultimate in personalised medicine, antisense oligonucleotides
(ASOs, or AONs), are designed to target SNPs associated with the HD expansion.
The knowledge of population-specific haplotypes is thus central to the design
and development of ASOs for a population group (Warby et al. 2009; Carroll et

al. 2011).

In white (or Caucasian) populations where the HD mutation has been shown to
be predominantly associated with one or two haplotypes, it has been estimated
that ASOs against two SNP targets could treat up to 85% of HD patients. More
recent analyses estimate this at 65-70% of patients depending on the SNP
targets (Kay et al. 2014). This is, to a large extent, possible due to the

homogeneity of the genetic background in these patients.

As evidenced by the results presented and discussed in this thesis, it would be
exceptionally challenging to make a similar estimate for the South African
population due to the diversity of haplotypes. Although the majority of known
HD patients in SA share a European origin for the mutation, many individuals
and families with unique genetic backgrounds would be neglected by this

approach.

Apart from HD, a number of polyglutamine SCAs are present in SA (Smith et al.
2012) and the common pathogenic mechanism presents an opportunity to treat
several different disorders using a similar technique. For the South African
population as a whole, CAG-targeting therapeutics would likely provide the

widest therapeutic reach. However, the challenges inherent to non-allele-
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specific silencing make the alternative approach relatively encouraging

(Scholefield and Wood. 2010; Watson and Wood. 2012; Wild and Tabrizi. 2014).

The molecular genetics laboratory at UCT has previously undertaken
investigations of allele-specific silencing for SCA7 and SCA1 in cell models
(Scholefield 2008; Baine 2010). Based on founder haplotypes identified in SCA1
patients from the coloured subpopulation, a single nucleotide difference was
targeted to preferentially silence the mutant ATXN1 transcript (Baine 2010).
The results demonstrated proof-of-principle in a limited setting (cellular
model); however, only a small subset of patients stand to benefit from this form

of therapeutic.

On the other hand, the black subpopulation exhibits a strong founder SCA7
mutation; the majority of patients identified have a single SNP allele linked to
the expanded CAG repeat (Greenberg et al. 2006; Scholefield et al. 2009). The
results of a preliminary investigation on this cohort of patientshas contributed
to the overall understanding of RNAI, and its application to selective silencing in
polyglutamine disease. More recently, this preliminary investigation has been
replicated in patient-derived cells and continues to show potential (Scholefield
et al. 2014), supporting its development as a viable therapeutic approach for

this group of patients.

The extensive haplotype investigation undertaken in this study, provides for the
first time, an opportunity to assess the feasibility of allele-specific silencing for
HD in an African population. The disease-associated haplotypes identified here
will be further examined in order to identify potential SNP targets that may be

exploited for therapeutic development.
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Overall both gene silencing methods outlined here are being extensively
researched. Pre-clinical studies for the safety and efficacy of effector molecules
are nearing completion and clinical trials are imminent (Wild and Tabrizi.
2014). It is vital that the diversity of the HD community, including African

populations, is represented in these efforts.

6.4.2. Prevalence study

In order to present a clear picture of the current state of HD in SA, a prevalence
study of the disease is planned for 2015. Accurate estimates are vital for
resource allocation and the delivery of services to the HD community in SA; a

systematic survey of the population is therefore imperative and long-overdue.

The established collaboration between the academic institutions of UCT and
Wits will form the foundation of this project, with the NHLS databases providing
referral records. Cascade screening may be employed in order to identify
additional affected individuals and those at risk of developing HD. This
systematic method of approaching relatives of patients has proven beneficial,
for example in familial hypercholesterolaemia (Ned and Sijbrands. 2011; Ademi

etal. 2014).

Due to the known symptomatic overlap between neurodegenerative disorders
(Wild et al. 2008; Martino et al. 2013), other available patient databases (e.g. the
Spinocerebellar Ataxias, Parkinson disease), will be interrogated for cases of HD

that may have been misdiagnosed.

Contact will be established with clinical specialists (neurologists and

psychiatrists) around the country to explore their knowledge of and familiarity

132



with HD patients. Other medical personnel, such as general physicians who
manage patients on a day-to-day basis, will also be contacted. Wherever
possible, personal visits will be arranged with the clinicians around SA in order

to interview them and review their records.

As mentioned previously, it is unlikely that old age homes would have
undiagnosed affected individuals due to the specialised care required for these
patients. However, psychiatric hospitals and similar facilities have been known
to provide care for HD patients in the past. These may therefore provide an
additional opportunity for the identification of HD cases and will be included in

the search.

Lastly, a family advocacy group, the Huntington’s Association of South Africa
(HASA) established in 2004 has been recently  revived

(www.huntingtons.org.za). There is a concerted effort driven by HASA to raise

awareness of this devastating condition in SA. Currently, facilitated support

groups for families are available in Cape Town and Pretoria.

Apart from raising awareness, HASA’s goal is to establish care facilities for HD
patients. Determining the current burden of disease and how this is likely to
change over time, is therefore essential to fundraising and lobbying in order to
access the resources that will enable provision of services. The planned project

outlined above, therefore has the full backing and support of this advocacy

group.
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6.4.3. Is there a place for South Africa in a global HD registry?

The international research HD community has for decades been closely
associated with patient and family advocacy groups. These groups have been
fundamental to the success that this field has experienced. The willingness of
families to participate in research, combined with the dedication and passion
poured into fundraising efforts has slowly improved our understanding ofHD

and brought us ever closer to a cure.

A significant contribution to research has been through disease registries and
biobanks that enable access to patient and family records and biological
material. In the last decade, a number of large observational studies have been
established for the purpose of collecting prospective data to map the course of
disease. These types of studies also provide a foundation for the recruitment of

patients to clinical trials.

As the most recently established of these prospective registry studies, Enroll-HD
has a global outreach with recruitment sites in North and South America,

Europe and Australia (www.enroll-hd.net). Enroll-HD aims to collate clinical

data and biological material for further research into disease mechanisms and
to facilitate the development and design of effective clinical trials for HD

therapeutics.

Thus far, none of the international observational studies has included
participants from the African continent. Pharmacogenomics studies of South
African populations have highlighted the effect of genetic variation on drug

metabolism and therefore efficacy, as reviewed by Warnich and colleagues
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(Warnich et al. 2011). The development of therapeutic agents must therefore

take into account the genetic context of various population groups.

The results of this South African study show irrefutable evidence of variation
between the subpopulations investigated. It is thus of utmost importance that
studies of these populations are included in the global effort to understand
disease mechanisms. Of particular significance is the genetic diversity reported
here, especially in the black African subpopulation which represents the most

ancient and therefore most heterogeneous group of peoples.

The inclusion of African populations in a global longitudinal and observational
study of HD may provide novel contributions to the understanding of disease,
due to the genetic background. The candidate has therefore initiated a proposal

for South Africa to be considered for inclusion in Enroll-HD.

This would be the very first site in Africa to recruit participants. Furthermore, as
one of the more developed countries on the African continent, SA can act as a
point of contact for the establishment of other African collaborations. Support
from key players in the HD community in SA has already been established and
the proposal is being developed as a collaborative effort between UCT and Wits,

and with the support of the family advocacy group, HASA.

The existence of phenocopies (or genocopies) of HD in the South African
population presents another exciting opportunity for research into previously
unidentified mutations and mechanisms of disease that result in overlapping
phenotypes. HD phenocopies have been estimated to account for between 1 and
7% of clinically diagnosed HD (Wild et al. 2008); however database records
suggest that this figure is much higher in SA (unpublished data).
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Subsequent to the establishment and roll-out of Enroll-HD, a secondary study is
planned known as Enroll-HD-like to provide a similar foundation for the

understanding of HD phenocopies (personal communication).

6.4.4. Do novel molecular causes underlie HD phenocopies?

HD phenocopies have been estimated to account for a proportion of diagnosed
cases (Wild et al. 2008). The subsequent identification of a mutation in the JPH3
gene as the underlying cause of HDL2 partly explained the presentation of HD
phenocopies in SA. HDL2 is reported to be relatively common in the black
patient population (Magazi et al. 2008). It has also been described in the
coloured subpopulation with a possible difference in phenotype (Bardien et al.
2007). The presence of a founder event for this mutation is the subject of a

submitted manuscript (personal communication, Professor Krause).

In the South African population, a significant proportion of individuals clinically
diagnosed with HD have been found not to carry a repeat expansion in the HD
gene. Database records reviewed during this study indicate that close to 40% of
samples referred for HD testing do not carry mutations in either the HD or
HDL2 genes (Section 5.2 Methodology and Results, page 113 and personal
communication). It is therefore necessary to explore the spectrum of HD
phenocopies in the available patient cohort which holds immense potential for

the identification of novel mutations and disease mechanisms.

A complete clinical assessment is a required initial step. The differential
diagnosis of HD and other neurological syndromes (Wild et al. 2008; Martino et
al. 2013) has been previously highlighted and known mutations may be
identified in this cohort.
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However, a thorough clinical assessment may provide indications regarding
potentially novel mutations in subsets of patients with similar phenotypes in the
absence of known mutations. This is a subject for extensive molecular

investigation and will be undertaken in the future.

6.5 Conclusion

This study presents a comprehensive analysis of the genetic background of the
HD gene in the South African population. A large sample of alleles from the
general population was genotyped and the normal distribution of CAG repeat
sizes in the different subpopulations evaluated. The three main subpopulations
were represented and differences between the various groups areextensively

reviewed and discussed.

The distribution of expanded alleles was investigated in a cohort of South
African HD patients. Disease-associated haplotypes were constructed based on
extensive genotyping of SNP loci across the HTT gene. The South African
population exhibited extraordinary genetic diversity and a number of unique
haplotypes were identified. Haplotype analyses, including construction of
phylogeny, confirmed distinct origins for the HD mutation in the different

population groups.

In a family with juvenile onset HD, an investigation was undertaken of the
genetic sequence surrounding the expanded CAG-tract in a number of affected
members. There were no novel variants identified within the HTT promoter or
exon 1 of the gene. More extensive analyses in the future may yield clues to the
mechanisms involved in repeat instability, which could then be exploited for

therapeutic benefit.
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Minimum estimates of the current prevalence of HD in SA were calculated,
based on available records of molecular tests for confirmation of diagnosis. The
results suggest that a significant proportion of affected individuals remain
unknown and undiagnosed. It is therefore essential that an epidemiological
study be undertaken using varied methods for ascertainment in order to

determine the current burden of disease and identify those individuals at-risk.

The inclusion of SA as a member of the global registry Enroll-HD, would
stimulate the recognition of HD as an important non-communicable disorder
and facilitate the much-needed allocation of resources. The HD community in SA
stands to benefit significantly from the initiative, with the hope that this will

subsequently extend into sub-Saharan Africa.
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Appendix 1: Standard consent form for molecular tests and project
ethics approval
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|

o

& ,U?Q"Q,a
REQUEST FOR MOLECULAR STUDIES (DNA) £ N
. -
°r Mem%“;
Molecular Laboratory
Division of Human Genetics Blood should be drawn in 2 plastic EDTA Tubes
1IDMM, LEVEL 3 (Purple top) +/- 10ml each using a yellow barrel.
UCTMedicalSchool, Observatory 7925 Each tube should be inverted to mix and should be
clearly labelled with the patient's name and DOB
Tel: (021) 406 6425 Fax: (021) 406 6826 Keep blood in fridge at 4°C until able to send to laboratory
Please DO NOT send specimens on ice or frozen.
Please fill in all the information requested:

Surname: First Name(s):

New Family: Yes O noO (If no, please fill in family name) Family name:

Medical Aid: Medical Aid No:

sex. M O F [ DateofBirth: Year: Month: Day:

Number of children:

Ethnic Origin: (please indicate ancestry of both your mother and father)

Fax:
Contact Address: Town: Tel:

Fax:
Referring Doctor/Sister: Town: Tel:

Fax:
Hospital or Address: Town: Tel:
Reason for Referral (Clinical diagnosis):
Affected [ AtRisk O carrier O Spouse Oa Query Oa Unaffected [
Becker Muscular Dys. O Duchenne Muscular Dys O Colonic Carcinoma O
Fragile-X Syndrome O Bipolar Disorder O Huntington Disease O
Retinitis Pigmentosa O Spinocerebellar Ataxia O Waardenberg Syndrome O

Additional disorders (apparent or previously treated):

Additional family history

Clinical Details:

Physical disability O  Mental retardation I Deafness L[] Impaired vision O Night blindness O

Other:

Have samples from this patient been sent to a DNA lab before? (DELETE WHERE NOT APPLICABLE) YES/NO / Don't Know

If Yes, where:

For Laboratory use only:

DNA number: Vol.Blood: (ml) Other:

Date Received: Year: Month: Day: Computer Index No:
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CONSENT FOR DNA ANALYSIS AND STORAGE

1, , request that an attempt
be made using genetic material to assess the probability that: 1/ my child / my unborn child (DELETE
WHERE NOT APPLICABLE) might have inherited a disease-causing mutation in the gene
for:

| understand that the genetic material for analysis is to be obtained from: blood cells/skin sample/other (specify)
(DELETE WHERE NOT APPLICABLE) :

I request that no portion of the sample be stored for later use. O (MARK IF APPLICABLE )
Or
| request that a portion of the sample be stored indefinitely for (DELETE WHERE NOT APPLICABLE):
(a) possible re-analysis
(b) analysis for the benefit of members of my immediate family
(c¢) research purposes, subject to the approval of the University of Cape Town Research Ethics
Committee, provided that any information from such research will remain confidential.

The results of the analysis carried out on this sample of stored biological material will be made known to me,
via my doctor, in accordance with the relevant protocol, if and when available.
In addition, | authorise that they may be made known to: (DELETE WHERE NOT APPLICABLE) :
other doctors involved in my care
the following family members:
other:

| authorise / do not authorise my doctor(s) (DELETE WHERE NOT APPLICABLE) to provide relevant clinical
details to the Division of Human Genetics, UCT.

| have been informed that:

(a) there are risks and benefits associated with genetic analysis and storage of biological material and
these have been explained to me.

(b) the analysis procedure is specific to the genetic condition mentioned above and cannot determine
the complete genetic makeup of an individual.

(c) the genetics laboratory is under an obligation to respect medical confidentiality .

(d) genetic analysis may not be informative for some families or family members.

(e) even under the best conditions, current technology of this type is not perfect and could lead to
incorrect results.

(f) where biological material is used for research purposes, there may be no direct benefit to me.

I understand that | may withdraw my consent for any aspect of the above at any time without this affecting my
future medical care.

ALL OF THE ABOVE HAS BEEN EXPLAINED TO ME IN A LANGUAGE THAT | UNDERSTAND
AND MY QUESTIONS ANSWERED BY:

DATE:

Patient signature Witnessed consent

NOTE - PLEASE INSERT A FAMILY PEDIGREE DRAWING ON THE REVERSE OF THIS FORM
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Research Ethics Commuittee

Room ES52-24 Groote Schuur Hospital Old Main Building

Observatory 7925

Telephone [021] 406 6626 » Facsimile [021] 406 6411

l‘_'—l]lﬂi.l: |il.:!'.L'i.':-.\'.'I'!Iil.'lljl(lflflll.'t ]

29 September 2010

HREC REF: 450/2010 {linked to 229,/2010)

Prof | Greenberg
Fuman Genetics,
Climical Laboralm}- Sclences

Dear P'eof Greenberp

PROJECT TITLE: HAPLOTYPE ANALYSIS OF DNA FROM SOUTH AFRICAN PATIENTS
WITH HUNTINGTON DISEASE THAT IS STORED IN THE UCT NEURODEGENERATIVE
DISORDERS REPOSITORY AND THE DETERMINATION OF THE FREQUENCY OF
INTERMEDIATE AND EXPANDED HTT ALLELES IN THE GENERAL POPULATION TN
SOUTH AFRICA

Thank you for subminting your new study to the Faculty of Health Sciences Human Research Ethics
Cotntnittee.

It is a pleasure to inform you chat the FITS HREC has formally approved the above-mentioned study.
Approval is granted for one year until 15 Ocrober 2011

This approval includes permission 1o de-identify and irreversibly anonymise selecred INA samples from
archived biological marerdal referenced in the Master Registry for Neurodegenerative Disorders (HREC REF
22072010y under the auspices of Professor Jacquie Greenberg and the Master Registry of Retinal
Depenerative: Diserders (HREC REF 226/2M0) under the auspices of Professor Raj Ramesar and Professor
Jzequie Greenbery

Please send us an annual progress report (website form FHS (M6) if vour research continues beyond the
approval pedod. Alternatvely, please send us a brief summary of your findings so that we can close the

research file,

Please note that the engoing ethical conduct of the smdy remains the responsibility of the princpal
investipgator.

Please quote the REC, REF in all your correspondence.

lerajedi
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OF May 1012

HREC REF. E13/2012

Pl J Gressmbang,

Human Ganetics
Siita 13
Vernher & Beit Horih Bullding

Cmar Prod Greanberg,

FROJECT TITLE: THE MOLECULAR GENETIC BASES OF JUYENILE HUNTIMNGTON DISEASE 1N
RELATION TO MSEASE-ASSOCIATED HAPLOGROURS IN THE SOUTH AFRICAMN
POPULATHON

Thank you for submittng wour naw shedy ioiha Facully of Heslth Sceencas Fuman Research Ethics Comrmilles

ILig & plasuee o infarm you that the Ethics Committes has formealy soproved the above-mantionad stuty
Approval is granted wndil 18 May 2013

PiaBEa 2ubmil &n BnnUa progress repart [FHEE] F the ressarch conlinues bevond the expiry date. Plrass
guibimil @ rief summary of indings if you complata the sudy wilhin the approval pariod so that we can cose o
film [FHEMOL

Fleasc role lml U oveguingg wibics comdud of U sbady remains e resporsibllcy of e princepal inoasigaEin’.

Flagss quide the HREC. REF in all your cormespondanca.

Yours ginteraly

Signed by candidate

Insfulicng Rewesw Board {|REN numbar: IREDCO01938

This saras i fankem thal the Lirbesmiy of Mars Tosn Momamn Reznach Fhhes Coamitio o b Lo e EHrioe
Exarwihrds ‘or Clinkcal Research with o new drug in patkents, baged on e Mebcal Rasserch Councl (MRE-5A), Food and
Dirug Acmdetstration (FOWB-LISA), Intenational Cormertion on Hamonisation Sood Ginical Pracics [IGH GGP) and
Dipcdaration of Hebainki guidelnes,

The Human Basaanch Ethics Commilles grantng this approval is i comgilanos with$e #0H Harmonised Triparfis

Guidaires E8: Mola for Guidance on Good Clnical Pracioe {CPRPICH 1 35/95) anc FOA Code Fedecal Reguiation Pan
A0 5R and 12
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Appendix 2: Annotated HTT gene sequence

Key:

The HTT gene promoter sequence is highlighted in yellow
The start codon (ATG) is highlighted in &l
Exon 1 is in UPPERCASE

Primer sequences for PCR amplification and sequencing of the promoter and

exon 1 are highlighted in blue

8701

8761

8821

8881

8941

9001

9061

9121

9181

9241

9301

9361

9421

9481

9541

9601

9661

9721

9781

9841

9901

9961

ccctgcceccege
ctgctgctga
cataaagaaa
tgcttctcge
tgccccagac
cctgtggaca
cttggggtcc
ccaccctcte
tatggctctg
gagtccacgg
cctgcgecceccg
tgggcgagcc
caccttcctg
cgctccgceccecc
atcgccccecge

ccccecggecte

cacggcctgt
atgacgcccc
cgcccccagg
tgcactaatc
cctctcecctece
ccgccctgcea
tcaggtcgtg
cccgtgcaga
gccacgggcc
ccggctgtcg
cgctcggcgce
cctccatggce
cceccgeccce
ctcagccgcc
cccgcecccecg

gccacgcccec

gtcccaggcg
ttgggggtcc
tcgggactca
acagtgcctc
cttccggggce

ggggcctcte

tgagggggtg
tgccggaagg
ttcctgtggg
tgtgggcagc
gctgcgctgg

cagctcactg

ccccacagacctctgcectgag

tcagagcagg
cggcatcttg
aggcgctgac
gaccgatggg

ggggtggggt

ggtgcactcc
tggccatagc
cacccaggcc
gggcgccagg

gggggtcaca

cecgaccacgcgcattctetg cgctctgecge aggagctcge

gagccccgca gctggctcece cgcagggctg

agtgtggcgg
cccecgctceca
cccctccacg
ceitgeceecte
agcctcccca
ccgcccecteca
tctcgecceeg

tacctcacca

gagggcaaac
ggcgtcggcg
gccecgecce
cgcgccccac
cccctcaccg
gccggcectge
cccctcagge

cgcecceecge

cccaaggcca
ggggatcctt
gtccatggcc
ccctcecteg
gccagtcccce
ctaatgtccc
ggcctccecctg

atcgccacgc

tcegggtgag
cctcggcectca
tccgcatggg
ccgtccttca
ccccacctet
tccectatcee
cgtccccage
ctgtgccccg

cccccgecate

gccacgcctcecececttaccatg cagtcccgec ccgtccecctte ctcgtcccge ctcgecgcecga

cacttcacac acagcttcgc ctcaccccat

gttgagcccc
ggcagaacct

aggctaggge

ctccgccggce

gcgccttege
gcgggggcag
tgtcaatcat

gcagcgtctg

ccgggtgggyg
gggcgggetyg
gctggeegge

ggacgcaagg

tacagtctca
cgctgcgctg
gttccctgge
gtggccccge

cgccgtgggg

ccacgccccg
tcagcggcct
cagccattgg
ctcecgecgge

GCTGCCGGGA

tccectetee
tgctgtgtga
cagagtccgce
gcggcecccge

CGGGTCCAAG

10021 ATGGACGGCC GCTCAGGTTC TGCTTTTACC TGCGGCCCAG AGCCCCATTC ATTGCCCCGG

10081 TGCTGAGCGG CGCCGCGAGT CGGCCCGAGG CCTCCGGGGA CTGCCGTGCC GGGCGGGAGA
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10141

10201

10261

10321

10381

10441

10501

10561

10621

10681

10741

ccceclil§ce

AGCAGCAGCA

GACCCTGGAA

GCAGCAGCAG

AAGCTGATGA AGGCCTTCGA GTCCCTCAAG TCCTTCCAGC

CAGCAGCAGC AGCAGCAGCA GCAGCAGCAG CAGCAACAGC

CGCCACCGCC

GCCGCCGCCG

CCGCCGCCTC CTCAGCTTCC

AGCCGCTGCT
CTGTGGCTGA
ggcgggtcce
gaacccccgg
gccccectect
cttgtcctct
gagtcacggc

tttcttttta

GCCTCAGCCG
GGAGCCGCTG
aggctacggc
ccccgcagag
ggggcgaggce
cgcgagggga
ctcagccctce

tttgcgagaa

CAGCCGCCCC CcGCccaeeaee

CACCGACCgt gagtttgggc

TCAGCCGCCG CCGCAGGCAC

CCCGCCGCCA CCCGGCCCGG

ccgctgcage

tccctgtcece

ggggatggcggtaaccctgcagecctgcggg ccggcgacac

acagagtgac ccagcaaccc agagcccatg agggacaccc

cttcccccac ttcageccccg

ggcagagcct tgttggggcc
tcgcccttecg caggatgcga

accagggcgg gggttctttt
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ctccctceact
tgtcctgaat
agagttgggg

aactgcgttg

tgggtcttcc
tcaccgaggg
cgagaacttg

tgaagagaac



Appendix 3: Primer sequences

Genotyping Primer Sequence (5’-3’)

CAG repeat HD344F HEX* CCTTCG AGT CCCTCAAGT CCTTC
HD450R_PT# GTTTGG CGG CGG TGG CGG CTG TTG

CAG and CCG HD344F _6FAM* | CCT TCG AGT CCC TCA AGT CCTTC
HD419F NED* AGC AGCAGCAGCAACAGCC
HD482R GGCTGA GGAAGCTGAGGAG

DNA sequencing

CAG repeat HDCAGF CTT CGA GTC CCT CAAGTCCTTC
HDCAGR CGG CGGTGGCGG CTGTTG C

HTT promoter and exon 1 HTT PromF CGACCACGCGCATICTCTG
HTT PromR GCT GCAGGG TTACCG CCATC

HTT Promseq?2 ATCGCCACG CCTCCCTTAC

*HEX (green), 6-FAM (blue) and NED (yellow) are fluorescent tags that enable the

automatic separation and sizing of the PCR products based on the emitted light.

#PT: pig-tail, a modification that adds the sequence GTTT to the 5 end of the oligo to

ensure that PCR products end in nucleotide A; this reduces stutter.

167




Appendix 4: Optimised PCR conditions

1. Genotyping (Pure CAG

Reagent Stock concentration Final concentration (in 15 uL)
HD344F_HEX (Invitrogen) 10 um 0.6 uM
HD450R_PT (Invitrogen) 10 uM 0.6 uM

PCR buffer 10X 1X

dNTPs 2.5mM 0.2 mM

HiDi formamide 100% 3.5%

Glycerol 50% 15%

Taq polymerase (Roche) 5U 0.05U

1 pL. DNA at 100 ng/ pL was added and made up to the final volume with sterile water.

Thermo cycling conditions:

95°C for 4 minutes, 35x (95°C for 45 seconds, 61°C for 45 seconds, 72°C for 45

seconds), 72°C for 5 minutes.

2. Genotyping (CAG and CCG

Reagent Stock concentration Final concentration (in 15 L)
HD344F_6FAM (IDT) 10 pM 0.4 uM
HD419F_NED (ABI) 10 pM 0.7 uM

HD482R (Invitrogen) 10 pM 1.2 uM

dNTPs 2.5 mM 0.2 mM

PCR buffer 10X 1X

HiDi formamide 100% 3.5%

Glycerol 50% 15%

Taqg polymerase (Roche) 5U 0.05U

1 uL DNA at 100 ng/ pL was added and made up to the final volume with sterile water.

Thermo cycling conditions:

95°C for 4 minutes, 35x (95°C for 45 seconds, 61°C for 45 seconds, 72°C for 45

seconds), 72°C for 5 minutes.
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3. Sequencing (CAG-tract PCR)

Reagent Stock concentration Final concentration (in 25 pL)
HDCAGF primer (IDT) 10 uM 0.32 uM

HDCAGR primer (IDT) 10 uM 0.32 uM

dNTPs 2.5 mM 0.1 mM

GoTaq Flexi buffer (Promega) 5X 1X

Magnesium chloride 25 mM 2.5mM

Potassium chloride 250 mM 50 mM

Betaine (Sigma) 5M 1M

*DTT (Thermoscientific) 50 mM 1mM

GoTaq polymerase (Promega) 5U 0.04 U

1 pL DNA at 100 ng/ pL was added and made up to the final volume with sterile water.
*DL-Dithiothreitol.

Thermo cycling conditions:

95°C for 10 minutes, 35x (95°C for 1 minute, 66°C for 1 minute, 72°C for 30 seconds),

72°C for 5 minutes

4. Sequencing (HTT promoter and exon 1 PCR)

Reagent Stock concentration Final concentration (in 50 uL)
HTT PromF primer (IDT) 10 uM 0.4 uM

HTT PromR primer (IDT) 10 uM 0.4 uM

dNTPs 2.5mM 0.15mM

GoTaq buffer (Promega) 5X 1X

Magnesium chloride 25 mM 2.5mM

Betaine (Sigma) 5M 1M

GoTaq polymerase (Promega) 5U 0.04 U

1 uL. DNA at 100 ng/ pL. was added and made up to the final volume with sterile water.
Thermo cycling conditions:

95°C for 5 minutes, 35x (95°C for 1 minute, 62°C for 1 minute, 72°C for 1 minute and 30

seconds), 72°C for 10 minutes
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Appendix 5: Molecular weight marker

www.thermoscientificbio.com
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Appendix 6: SNP genotyping

The workflow for high throughput SNP genotyping using the Illumina custom-

designed GoldenGate assay is clearly outlined by the figures below

(www.illumina.com).
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Appendix 7: Genotyped SNPs

1. List of 96 SNPs

rs number | Chromosomal rs number | Chromosomal rs number | Chromosomal
position position position
rs1263309 3051940 rs3025849 3143767 rs362331 3215835
rs13141939 3061282 rs12502045 3147268 rs916171 3216815
rs2798296 3062165 rs35892913 3148570 rs362325 3219326
rs2857936 3062310 rs1065746 3148624 rs3025818 3219499
rs7694687 3063817 rs1143646 3148653 rs2857790 3219613
rs9993542 3068545 rs363102 3149016 rs362322 3221365
rs762855 3074795 rs11731237 3151813 rs362321 3222028
rs13122415 3076181 rs3025843 3156038 rs3025816 3224176
rs4690073 3160150 | | rs362275 3224602
rs13102260 3076405 rs363144 3161295 rs3025814 3225190
rs10009935 3077037 rs3025838 3161446 rs362273 3227419
rs3856973 3080173 rs34315806 3162034 rs34600449 3230643
rs2285086 3089259 rs363099 3162056 rs2276881 3231661
rs7659144 3098321 rs3025837 3174845 rs3121419 3232257
rs16843804 3104390 | [ rs363096 3180021
rs2024115 3104568 rs363129 3182293 rs362272 3234980
rs3733217 3107334 rs2298967 3185747 rs362271 3235518
rs10015979 3109442 rs2298969 3186244 rs3025807 3237923
rs7691627 3111410 rs10488840 3186993 rs3775061 3238754
rs2798235 3114832 rs34781439 3189430 rs362310 3239776
rs1936033 3117050 rs363125 3189547 rs362308 3241735
rs1936032 3117168 rs6844859 3190486 rs362307 3241845
rs4690072 3122507 rs363121 3195763 rs362306 3242100
rs6446723 3126813 rs363092 3196029 rs362303 3242307
rs2301367 3129124 rs363120 3196432 rs2237008 3244675
rs363070 3131573 rs363119 3196611 rs362299 3245718
rs34389685 3133113 rs2798232 3197205 rs362296 3247007
rs363081 3133627 rs3025830 3197648 rs3121417 3252678
rs363080 3133911 rs3025829 3198051 rs3129322 3252852
rs363075 3137674 rs3025827 3201590 rs108850 3258236
rs363064 3141410 rs7685686 3207142 rs1006798 3258373
rs363072 3142528 rs363088 3210330 rs3095074 3261152

Tag SNPs used to define the haplogroups and variants are shaded grey and listed in the

table below. The blacked out SNPs were excluded from haplotype analyses due to poor

allele-calling. SNP rs numbers and chromosomal positions are based on the Human

Genome Assembly: GRCh37, and may have changed in the new assembly: GRCh38.
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2. List of Tag SNPs

tSNP rs number Chromosomal position Alleles
1 rs2857936 3062310 T/C
2 rs762855 3074795 A/G
3 rs3856973 3080173 A/G
4 rs2024115 3104568 A/G
5 rs10015979 3109442 A/G
6 rs363081 3133627 A/G
7 rs363075 3137674 A/G
8 rs363064 3141410 T/C
9 rs3025849 3143767 A/G
10 rs363102 3149016 A/G
11 rs4690073 3160150 A/G
12 rs3025838 3161446 T/C
13 rs363099 3162056 T/C
14 rs363096 3180021 T/C
15 rs2298967 3185747 T/C
16 rs362322 3221365 A/G
17 rs2276881 3231661 A/G
18 rs362272 3234980 A/G
19 rs362310 3239776 T/C
20 rs362307 3241845 T/C
21 rs362303 3242307 T/C
22 rs1006798 3258373 A/G

SNP rs numbers and chromosomal positions are based on the Human Genome

Assembly: GRCh37, and may have changed in the current build: GRCh38

(www.ncbi.nlm.nih.gov).
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Appendix 8: Published article
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