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Abstract

Friedreich’s Ataxia (FRDA) and Huntington’s disease (HD) are trinucleotide repeat
diseases, resulting from homozygous expanded GAA and heterozygous expanded CAG
repeats, respectively. The pathogenic repeat length is inversely correlated to disease onset
and severity; the longer the repeat, the earlier the onset and the more severe the phenotype.
However, repeat size does not fully explain the phenotypic variability. This report
investigates if repeat interruptions act as disease modifiers. Small GAA repeat
interruptions were common in the FRDA cohort in contrast to large interruptions, yet we
did not expose the base pair configuration. Clone sequencing of the CAG repeat revealed
that the age at onset is more accurately predicted based on the length of the pure CAG
repeat. The penultimate synonymous CAA interruption was determined to modify onset
with its loss hastening onset and an additional CAA interruption delaying onset. These
results have been substantiated by recent reports (GEM-HD, 2019; Wright et al., 2019).
Complementing clone sequencing, the base pair configuration of the HD pathogenic
region was determined using next- and third-generation sequencing technologies,
revealing that Illumina MiSeq sequencing was most applicable to our samples based on
DNA quantity and quality. In contrast, Pacific Biosciences single molecule real time

sequencing and Oxford Nanopore sequencing were limited by sample concentration.

A prominent characteristic of HD is somatic mosaicism, which mirrors the specific
neurodegeneration. To understand the contribution of CAG repeat instability to HD
pathogenesis, the somatic mosaicism profile in six HD post-mortem brains was analysed
by Illumina MiSeq, which determines the proportion of common variants (small CAG
repeat changes) and SP-PCR, which quantifies large CAG repeat changes. Illumina
MiSeq revealed that the striatum contained the highest level of instability. In contrast, SP-
PCR determined that the cortical regions displayed the greatest levels of instability. These
results complement the somatic mosaicism profiles previously determined in Kennedy et
al., 2003, and supports the hypothesis that cells with the largest CAG repeat sizes are
primarily lost. Emerging evidence highlights DNA repair pathway genes as modifiers of
CAG repeat instability and HD phenotype (GEM-HD, 2019). In our HD cohort, who were
genotyped for the implicated disease modifying DNA repair pathway SNPs, we similarly
show that some of the phenotypic variability can be attributed to these genetic variants,
specifically in FAN1. The future use of more physiological disease models, such as
induced pluripotent stem cells, will aid in deciphering the exact role of DNA repair

pathway genes as modifiers of instability and thus, disease progression.



Impact Statement

Friedreich’s ataxia (FRDA) and Huntington’s disease (HD) are trinucleotide repeat
expansion diseases. Depending on the mutation size, these diseases often manifest with
markedly varied phenotypes, the reason for which is currently unknown. This report
focuses on examining the genotype-phenotype relationship within these disorders and
additionally aims to identify potential modifiers of disease progression. The delineation
of such modifiers will not only advance our understanding of disease progression, but
will also aid in the development of validated therapeutic targets that can be translated
across trinucleotide repeat disorders as a whole.

As the trinucleotide repeat length is the dominant determinant of disease onset, this report
investigates the presence of pathogenic sequence interruptions as disease modifiers. The
results do not identify large repeat sequence interruptions as disease modifiers in FRDA,
however, this is based on methods that do not determine the sequence configuration. The
age at disease onset in HD was better predicted when the length of the pure CAG repeat
was considered instead of the polyglutamine length, which includes the penultimate
synonymous CAA interruption. More specifically, the absence of the CAA interruption
in HD patients significantly advances disease onset, whereas the presence of an additional
interruption delays onset. This report therefore highlights the modifying role of CAA
interruptions, which has been further substantiated by recent reports (GEM-HD, 2019;
Wright et al., 2019). It is clear from the results presented here that the repeat size alone is
not sufficient to accurately predict disease onset and further emphasises the need to
translate sequencing technologies into routine diagnostic services, which will ultimately
be of benefit for the genetic counselling of patients. However, until these technologies
are optimised across all sample types and until they are made cost efficient, this will not

be an immediate transition.

The instability of the pathogenic repeat in HD has been implicated in disease progression
and accordingly, we have investigated DNA repair pathway genetic variants which have
been previously identified as disease modifiers (GEM-HD, 2019). The identification of
such modifiers will ultimately guide the development of therapeutic targets with the aim
to reduce instability to a sufficient level that slows disease progression. Expanding on
previous research, this report identifies DNA repair pathway genetic variants as modifiers
of HD age at onset. This provides a foundation for further investigation and development
into these variants as therapeutic targets that have the potential to be translated across the

trinucleotide repeat diseases that display repeat instability.
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Chapter 1. Introduction

1.1 Trinucleotide Repeat Diseases

Trinucleotide repeat diseases are caused by triplet repeat expansions, which are a repeated
DNA sequence of three nucleotides that exceeds the stable threshold in their associated
disease-specific genes (Figurel.1l). Currently, atypical trinucleotide repeats account for
over 40 neurological diseases, which are characterised by the location of the repeat within
the gene (Kovtun and McMurray, 2008). The two main categories consist of expanded
trinucleotide repeats that are located outside of the gene coding region and those that are
translated into a protein product. Expanded trinucleotide repeats located outside of the
gene coding region cause loss of gene function by reducing or abolishing transcription
such as the intronic GAA repeat expansions in Friedreich’s ataxia (FRDA), which results
in frataxin gene silencing. In contrast, the CAG repeat in Huntington’s disease (HD) is
translated into a mutant polyglutamine tract in the huntingtin protein, which leads to the
dysfunction and degeneration of specific neuronal subpopulations (Reiner et al., 2011).
Pathogenically expanded CAG repeats encoding polyglutamine tracts are responsible for
a family of nine known diseases including HD, spinocerebellar ataxia (SCA) types 1, 2,
3 (Machado-Joseph disease), 6, 7, and 17, spinal and bulbar muscular atrophy (SBMA)
and dentatorubral pallidoluysian atrophy (DRPLA) (La Spada and Taylor, 2003).

Generally, the non-coding disease-associated trinucleotide repeat sequences are longer
than the coding repeat sequences and once past the critical disease threshold, there is a
strong inverse relationship between the length of the repeat and disease severity in that
the longer the repeat, the earlier the age at onset (Jones et al., 2017). Expanded
trinucleotide repeats have the propensity to adopt unusual structural features, which may
variably disrupt the cellular replication, repair and recombination machineries in different
conditions, and are predisposed to further expansion (Lee and McMurray, 2014; Mirkin,
2007). Repeat instability, when the repeat becomes unstable and increases or decreases
in size, can occur in dividing and non-dividing cells and is tissue-, cell-, and disease-
specific (Gomes-Pereira et al., 2014). One consequence of increased trinucleotide repeat
expansion in the germline is genetic anticipation, which describes the earlier disease onset
in successive generations due to inheriting a larger trinucleotide repeat expansion
(Mirkin, 2007).
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Figure 1.1. Trinucleotide repeats and their associated diseases

Trinucleotide repeat diseases are displayed by the corresponding location of their causative triplet
repeat expansion within the gene. BPES: blepharophimosis ptosis and epicanthus inversus; CCD:
cleidocranial dysplasia; CCHS: congenital central hypoventilation syndrome; DM: myotonic
dystrophy; DRPLA: dentatorubral-pallidoluysian atrophy; FECD: Fuchs endothelial corneal
dystrophy; FRAXA: fragile X syndrome; FRAXE: fragile X mental retardation associated with
FRAXE site; FRDA: Friedreich's ataxia; FXPOI: fragile X-associated primary ovarian insufficiency;
FXTAS: fragile X tremor and ataxia syndrome; HD: Huntington's disease; HDL2: Huntington's-
disease-like 2; HFG: hand-foot-genital syndrome; HPE5: holoprosencephaly 5; ISSX: X-linked
infantile spasm syndrome; JCS SYN: Jacobsen syndrome; MRGH: mental retardation with isolated
growth hormone deficiency; OPMD: oculopharyngeal muscular dystrophy; SBMA: spinal and
bulbar muscular atrophy; SCA: spinocerebellar ataxia; SPD: synpolydactyly; n: repeat length

number; UTR: untranslated region; triangles: illustrative of wild-type and expanded repeats.
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The clinical differences between the trinucleotide repeat diseases are thought to be due to
the function and expression pattern of the repeat-containing proteins, however, the
substantial phenotypic variation observed within each disease has yet to be fully
explained (Jones et al., 2017). Factors influencing the trinucleotide repeat disorder
phenotypes include the size of the repeat, which is the primary determinant for age at
onset, the trinucleotide repeat sequence base pair configuration and genetic modifiers
(GEM-HD, 2019; Menon et al., 2013). Due to the inverse relationship between the length
of the repeat and disease onset and severity, the size of the repeat is used to clinically
diagnose the disorder and to predict the age at onset (Duyao et al., 1993; Fillaet al., 1996).
However, using the size of the repeat as the sole age at onset predictor does not account
for all of the phenotypic variability observed.

Multiple components of DNA repair pathways including mismatch repair, base excision
repair, and nucleotide excision repair have been implicated in generating further repeat
expansions in which the increased somatic repeat expansion rates have been linked to a
more severe disease phenotype and an earlier age at onset (Gomes-Pereira, 2004; Manley
etal., 1999; van den Broek et al., 2002). Ablation of the Msh2 gene in HD mouse models,
which is involved in mismatch repair, eliminates CAG repeat instability thus preventing
further CAG repeat expansions and abrogated striatal mutant huntingtin causing a
significant delay in nuclear huntingtin mutant protein accumulation (Manley et al., 1999;
Wheeler et al., 2003). This reinforces the role of somatic repeat instability as a disease
modifier in addition to DNA repair pathway components (Swami et al., 2009). A genome
wide association study (GWAS) of HD patients identified variants at a number of loci in
or near genes encoding DNA repair pathway components, with many involved in
mismatch repair, that had significant associations with age at disease onset (GEM-HD,
2019, 2015). Bettencourt et al., 2016 extended this further to include other polyglutamine
diseases including HD and SCAL, 2, 3, 6, 7, and 17, which identified many of the same
DNA repair genetic modifiers associated with age at onset (Bettencourt et al., 2016). This
suggests a common pathogenic mechanism at the level of the somatic CAG trinucleotide

repeat.

Repeat sequence interruptions are additional factors influencing phenotypic variability in
some of the trinucleotide repeat diseases. Both synonymous and non-synonymous CAG
repeat sequence interruptions, which describes an alteration in the triplet repeat sequence
that leads to the same or a different amino acid being translated, respectively, have been
reported as disease modifiers (GEM-HD, 2019; Menon et al., 2013; Wright et al., 2019).
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Individuals who carry SCA1 CAG repeat expanded alleles with sizes ranging from 6 to
44 CAGs, and are interrupted by at least one histidine (CAT) trinucleotide when the tract
exceeds 21 CAGs, are phenotypically normal, even though the pathogenic threshold is 39
CAGs (Chung et al., 1993; Nethisinghe et al., 2018; Quan et al., 1995). Additionally in
HD, individuals with an expanded pure CAG repeat have an earlier disease onset than
individuals with an interrupting CAA (glutamine) codon, despite the same overall
polyglutamine length (GEM-HD, 2019; Wright et al., 2019). This reinforces that the
specific codon composition is an additional factor to repeat length in determining the age
at onset and highlights the importance of elucidating the exact sequence of the repeat at

the base pair level.

The length of the trinucleotide repeat is usually determined by polymerase chain reaction
(PCR) to amplify the genomic region of interest in which the repeated DNA motif is sized
by various methods including capillary electrophoresis, gel electrophoresis and southern
blot analysis (Haddad et al., 1996; Hsiao et al., 1999; Lyon et al., 2010). However, these
methods are not without their limitations in that they are typically time-consuming and
labour-intensive, cannot be performed in high-throughput screening studies, and have
difficulty in long read determination and sequencing GC-rich repeat regions (Liu et al.,
2017). As the trinucleotide repeat length in patients can exceed the length of the
“sequenceable” repeat sizes and can have greater than 80% GC contents, current long
read sequencing technologies by Pacific Biosciences and Oxford Nanopore Technologies
have overcome these limitations and offer the determination of greater than 10,000 base
pairs of genomic DNA sequence (Liu et al., 2017). Ultimately, the precise determination
of repeat length and sequence composition will allow a better understanding of the
genotype-phenotype correlation that will further lead to an improved understanding of

the disease, which is essential for diagnosis and prognosis.
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1.2 Friedreich’s Ataxia

FRDA is an autosomal recessive, adolescent-onset neurodegenerative disorder and is the
most common form of inherited ataxia. The prevalence of FRDA in Western populations
varies between one in 20,000 and one in 725,000 individuals, with a prevalence gradient
in Europe (in descending order) from South of France, North of Spain and Ireland to
Scandinavia and Russia (Vankan, 2013). FRDA is characterised as multi-systemic,
encompassing not only the neurological features: poor balance, impaired coordination,
dysarthria, weakness, ocular fixation instability, deep sensory loss, and visual and hearing
impairment; but also, diverse non-neurological features including hypertrophic
cardiomyopathy, diabetes mellitus, kyphoscoliosis, and foot deformities (Parkinson et al.,
2013; Reetz et al., 2015). Approximately 66% of FRDA patients have cardiomyopathy
and up to 30% have diabetes mellitus. Apart from a multidisciplinary approach to manage
the presenting symptoms, there is currently no disease-modifying treatment to alter

FRDA disease progression.

The pathological consequence of the mutation in FRDA is the deficiency of the frataxin
protein which results in the accumulation of intra-mitochondrial iron, defective
mitochondrial respiration and an over production of oxygen free radicals (Campuzano et
al., 1996). The level of gene silencing correlates with the length of GAA1 (Ohshima et
al., 1998). Specifically, FXN mRNA levels were determined to be reduced to 19.4%,
50.4% and 53% in FRDA patients, late-onset FRDA patients and FRDA carriers,
respectively (Sacca et al., 2011). However, a considerable overlap in mMRNA and frataxin
levels between FRDA patients, carriers and controls was also confirmed, which suggests
that reduced mRNA and frataxin levels are not the sole factors in determining FRDA

disease manifestation (Sacca et al., 2011).

The most promising treatments for FRDA focus on anti-oxidant therapy and improving
mitochondrial function. Omaveloxolone, developed by Reata Pharmaceuticals to increase
the transcription of nuclear factor erythroid-derived 2-related factor 2 (NrF2) and induce
its antioxidant target genes, is hypothesised to improve mitochondrial function by
reducing oxidative stress and preventing lipid peroxidation (Reisman et al., 2019). In part
one of a Phase 11 study, omaveloxolone has been reported to improve the modified FRDA
Rating Scale compared to placebo treated FRDA patients, which indicates a slowing of
disease progression (Lynch et al., 2019). Currently in part two of the Phase 1l study, the
safety and efficacy of omaveloxolone long term in FRDA patients is being assessed
(ClinicalTrials.gov Identifier: NCT02255435).
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1.2.1 Genetics

FRDA results from an unstable GAA repeat expansion situated in intron 1 of the frataxin
(FXN) gene, which is located on the proximal long arm of chromosome 9 (Montermini et
al., 1995). Approximately 96% of FRDA patients have homozygous GAA repeat
expansions ranging from 44 to 1,700 GAAs, with 600 to 900 GAAs being most common
(Campuzano et al., 1996; Parkinson et al., 2013; Schmucker and Puccio, 2010). The
shorter expanded allele is commonly referred to as GAA1 with the longer allele referred
to as GAA2. The remaining 4% of FRDA patients are compound heterozygous for one
GAA repeat expansion and a second FXN mutation, such as nonsense, frameshift,
missense or splice site mutations (van den Ouweland et al., 2012). Additionally,
intragenic deletion of FXN exons 2 and 3, exon 5a, and complete FXN deletion have been
described in heterozygous FRDA patients (van den Ouweland et al., 2012). Heterozygous
individuals with one GAA expansion but without any other abnormality within FXN are
not thought to be clinically affected (Parkinson et al., 2013). In unaffected individuals,
the length of the GAA repeat ranges from 6 to 27 GAAs, however rare cases of 33 to 130
GAAs have been identified. Fully penetrant alleles contain 66 or more GAAs, with 44
GAAs being the shortest repeat length associated with disease (Cossée et al., 1997;
Montermini et al., 1997). FRDA individuals carrying 100 to 500 GAAs in GAAl
commonly present with a late-onset atypical FRDA phenotype.

1.2.2 Neuropathology

FRDA neuropathology is characterised by the degeneration of the dorsal root ganglia,
peripheral nerves, the spinal cord and the dentate nucleus in the cerebellum (Koeppen et
al., 2009). Specifically, and confirmed in vivo by magnetic resonance imaging, there is
mild cerebellar atrophy due to the loss of the dentate nucleus and its efferent fibres, which
results in superior cerebellar peduncle atrophy (Parkinson et al., 2013). The dorsal root
ganglia decrease in size and the dorsal spinal roots become thin and grey. Atrophy of the
dorsal columns lead to reduced spinal cord quality, specifically in the thoracic region.
Degeneration is also visible in the spinocerebellar and corticospinal tracts (Koeppen,
2011; Parkinson et al., 2013). Prior to full manifestation of FRDA the cerebellum and
brainstem are minimally affected. In contrast, FRDA patients show a significant reduction
in the total cerebellar volume, specifically affecting the posterior lobe. Pathological and
imaging studies have identified that the dentate nuclei are the most affected structures
with a subtle mitochondrial iron accumulation preceding degeneration and atrophy

(Cocozza et al., 2020).
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1.2.3 FRDA Age at Onset

The mean age at onset in FRDA is 15.5 years, with most cases developing before 25 years
of age. Early onset FRDA is defined as onset before 10 years of age whereas FRDA
individuals with disease onset after 25 and 40 years of age have phenotypes of late-onset
and very late-onset, respectively (Durr et al., 1996). FRDA patients with an early age at
onset have a faster disease progression as determined by the Scale for the Assessment and
Rating of Ataxia (SARA), which assesses eight impairments associated with cerebellar
ataxia (Durr et al., 1996). FRDA patients with disease onset before 8 years of age progress
most rapidly compared to those with onset after 15 years of age (Figure 1.2) (Pandolfo,
2020). The age at onset is inversely correlated with the length of GAAL, the shorter GAA
expanded allele, with a prediction of a two to three year earlier onset for every 100 GAAS
added to GAAL. Thus, the smaller of the two alleles is the primary determinant for FRDA
age at onset (Parkinson et al., 2013; Reetz et al., 2015). The combination of onset before
20 years and cardiac involvement is associated with a more severe disease progression
(De Michele et al., 1996). In contrast, FRDA patients with late onset or very late onset
have a slower and milder disease progression. Non-neurological symptoms including
cardiomyopathy, diabetes, or skeletal deformities are less common in these later
phenotypes, which are characterised as more spastic in nature (Ragno et al., 1997).
However, there is an extreme phenotypic variability in FRDA, with GAAL accounting
for only 36% to 56% of the variation in age at onset (McDaniel et al., 2001). This suggests
that there are additional factors influencing the age at onset such as somatic mosaicism,
interruptions in the repeat sequence, and other modifying genes or environmental aspects
(Filla et al., 1996; Pandolfo, 2009; Reetz et al., 2015).
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Figure 1.2. SARA score and disease progression in FRDA patients adapted from (Pandolfo, 2020)
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Linear regression analysis of FRDA patients with onset before 8 years of age determined a more

rapid disease progression compared to those with onset between 8 and 14 years of age (p = <

0.001) and those with onset after 15 years of age (p = < 0.001), which was statistically significant

between all comparisons.
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1.2.3 GAA Repeat Sequence

The pathogenic GAA repeat mutations have previously been characterised only in terms
of their overall repeat size, rather than actual sequence content. Short GAA expansions
up to approximately 130 GAAs have facilitated full sequencing to determine the sequence
composition, which subsequently revealed interruptions within the GAA repeat tract
(Cossée et al., 1997; Montermini et al., 1997; Ohshima et al., 1999). Such interruptions
included (GAGGAA)s 9 or (GAAGGA)ss sequences, which were associated with either
the absence of disease phenotype or an atypical mid late-onset or very late-onset disease
phenotype (Cossée et al., 1997; Ohshima et al., 1999; Sakamoto et al., 2001b; Stolle et
al., 2008). Studies have shown that the pure GAA repeat tract is stable up to 44 GAAs
and after this, instability occurs. Somatic instability of the GAAL allele was determined
in two FRDA patients who carried small GAA1 alleles of 44 or 66 GAAs and a large
GAAZ2 allele, while their sibling carried a GAAL allele of 37 GAAs and was clinically
asymptomatic (Sharma et al., 2004). Additionally, small-pool PCR (SP-PCR) analysis in
FRDA carrier blood samples determined that 107 pure GAAs were unstable compared to
114 GAAs that were interrupted, (GAA)76(GAGGGA)(GAA)18(GAGGAA)s(GAA)g,
which reinforces the stabilising role of the (GAGGAA)» hexanucleotide interruption that
is common in FRDA alleles with greater than 27 GAAs (Pollard, 2004). Similarly, a
(GAA)90(GAAAGAA)(GAA) interruption within a (GAA)112 repeat was stably
transmitted through two generations (Cossée et al., 1997). The investigation of GAA
repeat sequence interruptions has mostly been carried out in the GAAL allele, as it is
technically too difficult to obtain an accurate sequence of the entire repeat in the longer
GAAZ2 allele. In addition, in vitro studies have shown that interrupted GAA repeats inhibit
non-B form DNA secondary structure formation, which alleviates transcription inhibition
and reduces repeat instability (Ohshima et al., 1999; Sakamoto et al., 2001b). Therefore,
this suggests that interruptions have the potential to influence FXN expression levels and
reduce the instability of the GAA repeat, thus impacting upon FRDA disease progression
(Al-Mahdawi et al., 2018).
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1.3 Huntington’s Disease

HD is an adult-onset neurodegenerative genetic disorder that is progressive and ultimately
fatal. It is characterised by movement disturbances, cognitive decline and behavioural
symptoms (Bates et al., 2015). HD affects approximately 17.2 in 100,000 people of
European ancestry (Bates et al., 2015). The current treatments available are limited to
therapies to treat symptoms only, as no treatment thus far has been successful to prevent
or slow disease progression. As the mutation in HD results in an expanded polyglutamine
stretch in the huntingtin protein, which is considered to be the principal toxic agent,
therapies are being developed to target the transcription and translation of the huntingtin
(HTT) gene. Therapies aimed at reducing the levels of the huntingtin protein by targeting
its MRNA include antisense oligonucleotides (ASOs) and RNA interference, while those
directly targeting HTT DNA include zinc finger transcriptional repressors and clustered
regularly interspaced short palindromic repeats (CRISPR) and the accompanying
CRISPR-associated system (Cas) genome editing constructs (CRISPR-Cas) (Wild and
Tabrizi, 2017). The most promising clinical trial to date inhibits HTT expression with a
second-generation 2’-O-(2-methoxyethyl) ASO targeted to HTT mRNA, RG6042
(ClinicalTrials.gov Identifier: NCT03842969). It has previously been reported that the
complete inactivation of the mouse homologue of the HTT gene (Htt) in the forebrain and
testis resulted in a progressive degenerate neuronal phenotype and sterility (Dragatsis et
al., 2000). However, the partial huntingtin reduction of 50% or more is well tolerated
across animal models, with the longest primate study showing no toxicity after 6 months
of partial suppression in the striatum (Grondin et al., 2012). The safety, tolerability,
pharmacokinetics and pharmacodynamics of ascending doses of the RG6042 ASO (10
mg, 30 mg, 60 mg, 90 mg, 120 mg), were assessed in 46 HD patients, of which 34 were
randomly dosed with ASO and 12 with placebo (Tabrizi et al., 2019). ASO or placebo
was administered as a bolus intrathecal injection every 4 weeks for four doses, which
resulted in a dose-dependent reduction of mutant huntingtin in the cerebrospinal fluid
(Tabrizi et al., 2019). The next phase of this study will evaluate the long-term safety and
tolerability of RG6042 in HD patients (ClinicalTrials.gov Identifier: NCT03842969).
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1.3.1 Genetics

HD is inherited in an autosomal dominant manner, has a single gene aetiology and is fully
penetrant when 40 or more CAGs are present in exon 1 of the HTT gene (MacDonald,
1993). Translation of the expanded CAG repeat leads to the formation of a pathogenic
polyglutamine stretch in the mutant huntingtin protein, which acquires a toxic gain of
function with the propensity to misfold and form intra-nuclear and cytoplasmic
aggregates in neuronal cells. Wild-type alleles can contain up to 35 CAGs, with 27 to 35
CAGs considered to be in the intermediate range. The majority of HD individuals
worldwide have between 40 and 55 CAGs (Bates et al., 2015). Alleles containing 60 or
more CAGs are associated with onset before age 21, defined as juvenile-onset HD
(Quigley, 2017), with onset at or before 10 years often being described as childhood-onset
HD (Quarrell et al., 2013). Alleles containing 36 to 39 CAGs present with reduced
penetrance and have an increasing chance of causing disease within a normal life-span
(Rubinsztein et al., 1996). The smallest CAG repeat that has been associated with the HD
phenotype is 36 CAGs, yet elderly asymptomatic individuals with 36 to 39 CAGs also
indicate that this CAG repeat range is incompletely penetrant over the average human
lifespan (Kay et al., 2016). Additionally, due to the meiotic instability of the CAG repeat
in the germline driving anticipation, offspring of individuals carrying 27 to 35 CAGs are
at risk of inheriting longer CAGs that may enter the reduced penetrance or full penetrance
range and become pathologically relevant. By convention, the clinical diagnosis and age
at onset of HD are based on the motor phenotype with 50% to 70% of patients presenting
primarily with chorea, which is an involuntary movement characterised by brief, abrupt,
unpredictable, and irregular movements. However, the remaining 30% to 50% of patients
first present with cognitive or mood changes (Bates et al., 2014).

1.3.2 Neuropathology

The neuropathological profile in HD is characterised by bilateral symmetrical neuronal
loss in the striatum of patients, which is caused by the extensive degeneration of
GABAergic medium spiny neurons. These medium spiny neurons are the primary targets
of striatal input and provide the main efferent output of the striatum (Rib et al., 2016).
Post-mortem examination in the human HD brain revealed a 30% reduction of total brain
weight and in addition to the striatal neuronal loss, enlarged lateral ventricles are the most
striking features (de la Monte et al., 1988). As the disease progresses, there is subsequent
volumetric reduction of the globus pallidus, neocortex, thalamus, subthalamic nucleus,

substantia nigra, white matter and the cerebellum. Ultimately, there is widespread
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neuropathological changes by end-stage disease. A grading system of 0 to 4 details the
gradual striatal neuronal loss and reactive gliosis, which has an ordered and topographic
distribution (Vonsattel et al., 2011). In ascending order of severity, grade O correlates
with no discernible neuropathological abnormalities, suggesting that the anatomical
changes are slower than the clinical abnormalities. Neuropathological changes observed
microscopically, denoted as grade 1, include neuronal loss and gliosis, which are most
distinct in the caudate nucleus. Neuronal counts in the caudate nucleus reveal that 50%
are lost in grade 1, which increases dramatically to 95% by grade 4, and correspondingly,
the number of astrocytes are greatly increased in grades 2 to 4. Atrophy of the caudate
nucleus at the macroscopic level describes grade 2, with microscopic examination
revealing marked neuronal loss and astrocytosis of the caudate nucleus. Grade 3 is
characterised by decreased volume of the caudate nucleus and by neuronal loss and gliosis
in the putamen. The caudate nucleus is severely degraded in grade 4, and the putamen is

extremely atrophic (Vonsattel et al., 1985).

1.3.3 Age at Onset and Phenotypic Variability

Defining disease onset is often difficult as the transition from premanifest to manifest is
gradual, and the psychiatric and cognitive changes are often not concurrent with motor
onset (Moss et al., 2017; Ross et al., 2014). The symptomatology of HD patients has
similarly been shown to be inconsistent, even among those with identical CAG repeat
sizes (Thu et al., 2010; Tippett et al., 2007; Wexler et al., 2004). The reason for this
phenotypic variability is currently unknown. Symptom onset and disease progression are
primarily correlated with the number of CAGs; longer CAGs cause an earlier onset that
is usually accompanied by a more severe phenotype (Bates et al., 2015). However, CAG
repeat length only accounts for approximately 44% of the age at onset variability in HD
patients harbouring the commonest expansion lengths. Previous reports determined the
cumulative probability of symptom onset for a given CAG repeat length at five year
intervals, which revealed that as the CAG repeat length increased, there was a
simultaneous increase in the probability of onset for a given age (Brinkman et al., 1997).
In a cohort of 866 HD patients with 39 to 50 CAGs, the study determined that an
individual with 40 CAGs only had a 13% probability of having onset by 45 years, which
increased to 32% for individuals with 42 CAGs, 73% for individuals with 44 CAGs and
100% for individuals with 46 CAGs (Brinkman et al., 1997). This emphasises the

variability that exists within the most common CAG repeat lengths.
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Age at onset variation is also evident within patients containing the same CAG repeat
length. In 443 heterozygous HD individuals with 40 to 86 CAGs, the length of the
expansion was plotted against age at onset (Figure 1.3 (A)) (Wexler et al., 2004). Overall,

the curvilinear relationship between these two variables represents their negative
correlation and determines that the size of the CAG repeat accounts for 72% of the
variance in this cohort’s age at onset. For the HD individuals with 40 to 55 CAGs, which
comprises the majority of the cohort, the CAG repeat is less strongly correlated with age
at onset, accounting for approximately 44% of the variance (Wexler et al., 2004).
Langbehn et al., 2004 similarly portrays the inverse relationship between the CAG repeat
length and the mean age at onset by estimating HD age at onset distributions using a
database of 2,913 patients contributed by forty HD centres worldwide, and modelling this
against expansions of 36 to 60 CAGs (Figure 1.3 (B)) (Langbehn et al., 2004). The graph

cannot be used to predict any individuals age at onset with absolute certainty, instead the

data provides an estimated mean age at onset based on the CAG repeat length (Langbehn
et al., 2004). After the CAG repeat length has been controlled for, the remaining variance
in age at onset was not accounted for by the size of the wild-type allele, any of the parental
alleles, or gender. The residual phenotypic variability has been attributed to additional

modifier genes and environmental factors (Aziz et al., 2018; Wexler et al., 2004).
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Figure 1.3. The relationship between age at onset and CAG repeat length, adapted from (Wexler
et al., 2004), Copyright 2004 National Academy of Sciences and (Langbehn et al., 2004), copyright
licence obtained: 4503471225719

(A) The box plot displays the curvilinear relationship between age at onset and CAG repeat length.
(B) The Langbehn et al., 2004 model uses survival analysis to estimate HD onset distributions. The
distribution of CAG repeat length between 41 and 56 CAGs were modelled against age at onset
using a nonstandard parametric survival model, which also offered extrapolations for the repeat
range of 36 to 40 CAGs. The solid line and solid circles indicate the range and means, respectively,
of the data that was used to fit the exponential curves. The dashed line and unfilled circles indicate
the CAG repeat length for which the model’s predictions were extrapolated. The 95% confidence
interval is shown by the small dashed lines, where the larger spaces between dashes indicate the
region where the model’'s predictions were extrapolated (Langbehn et al., 2004). Red box: HD
individuals with the most common clinical CAG repeat lengths (40 to 55 CAGs); (CAG)n: CAG
repeat of length n (n = number).
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1.3.4 Modifiers of HD Age at Onset

Understanding the influence of the CAG repeat base pair configuration on disease
pathogenesis in HD is important as changes to the genotype have relevant clinical
implications. The most common sequence composition found in greater than 95% of
European ancestry HD chromosomes is (CAG).(CAA)(CAG) (GEM-HD, 2019).
Sequence variants have previously been reported in HD in both the CAG repeat and the
directly flanking CCG repeat (Table 1.1). The carboxyl-terminal side of the CAG repeat
consists of two pure proline (CCG) tracts (denoted from here on as CCG1 and CCG2,
respectively), which are separated by a leucine-proline rich region (Caron et al., 2013).
CCG1 has been reported to vary in length from 7 to 12 CCGs. In addition, the CCT repeat
following CCG1 is most often reported as (CCT). with (CCT)z being more rare (Pécheux
et al., 1995). Clone sequencing of the CAG repeat determined that the absence of the
penultimate CAA trinucleotide in HD patients is associated with marked intergenerational
instability and predisposes patients to an earlier age at onset (Goldberg et al., 1995).
Wright et al., 2019 further demonstrated that in a cohort of 16 manifest HD patients with
the CAA to CAG transition, causing the loss of interruption and a pure CAG repeat tract,
75% carried alleles in the reduced penetrance range (36 to 39 CAGSs). This suggests that
the effect of this loss of interruption is most evident in HD patients with CAG repeat
lengths in the reduced penetrance range (Wright et al., 2019). The loss of interruption
variant in the CAG repeat is associated with an additional CCA to CCG transition in
CCG1 and HD patients with these two transitions presented approximately 25 years
earlier than patients with the CAA and CCA interruptions (Wright et al., 2019). In contrast
to the loss of interruption variant, a duplication of the CAA-CAG motif was associated
with a delayed age at onset of approximately 4.8 years in the HD patients examined in
Wright et al., 2019.
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Table 1.1. Previously reported HTT sequence alterations

Reference Allele
HTT Sequence
Goldberg et al., 1A
1995 1A
1A
Pécheux et al., HD/WT
1995* HD/WT
HD/WT
Gelleraet al., HD
1996
Margolis et al., HD
1999 WT
Yu et al., 2000 HD/WT
HD

Sequence
TTC (CAG)n CAA CAG CCG CCA (CCG)n (CCT)2
TTC (CAG)n CAA CAG CCG CCA (CCG)n
TTC (CAG)n CAG CAG CCG CCA (CCG)n
TTC (CAG)n CAG CAG CCG CCG CCGy
TTC (CAG)n CAA CAG CCG CCA (CCG)7 (CCT)2

TTC (CAG)n CAA CAG CAA CAG CCG CCA (CCG);
(CCT)s3
TTC (CAG)n CAA CAG CCG CCA (CCG)1 (CCT):

TTC (CAG)n CAG CAG CCG CCA (CCG)n

TTG (CAG)n CAA CAG CCG CCA (CCG)n

TTC (CAG)n CAA CAG CCG CCG (CCG)n

TTC (CAG)n CAA CAG CAA CAG CCG CCA (CCG)n
TTC (CAG)n CAA CAA CAG CCG CCA (CCG)n

The HTT sequence was obtained from the National Centre for Biotechnology Information (NCBI)
website (https://www.ncbi.nim.nih.gov/nuccore/NC_000004.12?report=fasta&from=3074681&t0=3

243960). Substitutions and trinucleotide variations previously detected (bold and underlined) in the

CAG and CCG repeats in human samples. *: Pécheux et al., 1995 includes the sequence

information for the CCG1 repeat region; WT: wild-type allele; HD: pathogenic allele with 40 or more
CAGs; IA: intermediate allele, defined by Goldberg et al., 1995 as containing 29-35 CAGs, in the

general population and/or sporadic HD cases.
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Targeted candidate gene studies have identified modifier loci in the following genes
which accounts for some of the residual variability observed in HD age at onset after
controlling for CAG repeat length; ubiquitin C-terminal hydrolase 1 (UCHL1),
adenosinergic A2A receptor (ADORA2A), autophagy-related protein 7 (Atg7) and
peroxisome proliferator-activated receptor-y coactivator 1o (PPARGC1A) (Sun et al.,
2017). HD individuals carrying the S18Y polymorphism in UCHL1 and the G/G genotype
of the rs7665116 SNP in PPARGC1A have a later age at onset (Weydt et al., 2009; Xu et
al., 2009). In contrast, the T/T genotype of the rs5751876 SNP in ADORA2A and the
V471A polymorphism in Atg7 has been reported to advance age at onset in HD (Dhaenens
et al., 2009; Metzger et al., 2010). Additional modifier loci have been identified in the
following genes; huntingtin-associated protein-1 (HAP1), apolipoprotein E (APOE), and
GIuR6 subunit of kainite receptor (GRIK2), however, the extent of their modifying role

on HD age at onset is controversial (Sun et al., 2017).

Recent studies have identified genetic modifiers in HD involved in DNA repair-related
processes (Bettencourt et al., 2016; GEM-HD, 2019). A GWAS was carried out on over
9,000 HD individuals using the difference between age at onset predicted by CAG repeat
length and actual age at onset of motor symptoms, referred to as residual age at onset
(GEM-HD, 2019). This work expands on the previous GWAS of 4,082 HD patients with
40 to 55 CAGs, which reported three significant modifier signals at one loci on
chromosome 8 (RRM2B/UBR5) and two loci on chromosome 15 (FAN1) for which two
independent opposing effects were identified (GEM-HD, 2015). The largest effect size
was from rs146353869 in FANL1 resulting in a 6.1 year earlier age at onset in HD patients
GEM-HD, 2015). A follow up study additionally identified a genome-wide significant
signal on chromosome 3 (MLH1) (Lee et al., 2017). Increasing the power of the GWAS
identified infrequent modifier alleles of strong effect and more common modifiers with a
modest impact at new loci. This GWAS also highlighted that the length of the pure CAG
repeat is the rate determining driver for age at onset in HD (GEM-HD, 2019). The
aforementioned significant modifier signals were recapitulated in addition to new loci
identified on chromosome 2 (PMS1), 5 (MSH3/DHFR and TCERG1), 7 (PMS2), 11
(CCDCB82) and 19 (LIG1). With the exception of TCERG1 and CCDC82, all of the
modifier signals are located in genes associated with DNA repair. In relation to the pure
CAG repeat acting as the primary determinant for age at onset and the identification of
DNA repair genes as modifiers, it suggests that these DNA repair genes influence age at
onset by a DNA-level effect on somatic instability of the CAG repeat.
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1.3.5 Somatic Mosaicism in HD

Somatic mosaicism, which describes the presence of genetically distinct cells, occurs
from a post-zygotic mutation and, in contrast to inherited mutations, can affect only a
portion of the body and are not transmitted to progeny (Campbell et al., 2015; Gonitel et
al., 2008; Kraus-Perrotta and Lagalwar, 2016). In the trinucleotide repeat diseases, the
repeat is genetically unstable and can undergo size variations, both in the germline and
soma. Determining the mutation profiles is essential for the understanding of the
contribution of repeat instability to disease susceptibility and severity (Veitch et al.,
2007). SP-PCR quantifies the degree of repeat-length variation in a given sample by PCR
amplification of the target region in multiple small pools of input DNA. The PCR
products are resolved by agarose gel electrophoresis and detected by Southern blot
hybridisation using methods that identify products from single-input DNA molecules
(Monckton et al., 1995). However, SP-PCR methods used to determine somatic instability
are labour intensive and are not designed for high-throughput analyses. Therefore,

subsequent techniques were developed to combat this.

A novel method was designed to quantify trinucleotide repeat sizes from bulk genomic
DNA, which generates multiple PCR products that can be viewed using GeneMapper
software (Lee et al., 2010). The PCR products are represented as a cluster of peaks
differing by a single repeat unit. To distinguish signal peaks from background noise, a
threshold factor of 20% of the largest peak height is applied with any peak heights below
this being excluded. The most common method currently used for somatic instability
quantification in HD is the instability index, which represents the mean CAG repeat
length change from the modal allele per cell in a given tissue (Figure 1.4) (Lee et al.,
2010). After the 20% threshold is applied, the peak heights are normalised by dividing
the peak height of each peak by the sum of the heights from all the peaks. The change in
CAG repeat length per peak is deduced from the constitutive CAG repeat length of the
highest peak, which represents the modal allele. The normalised peak heights are
multiplied by the change from the main allele and these values are summed to calculate
the instability index (Lee et al., 2010). Similar to the instability index is the expansion
ratio, which is calculated using the area under all expanded CAG repeat peaks that are
greater than the most prominent peak relative to the area under the most prominent peak

(Wright et al., 2019). However, this method does not account for repeat contractions.
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Figure 1.4. Somatic instability index (Lee et al., 2010), Creative Commons Attribution License

Repeat instability was analysed from GeneMapper traces of HdhQ'1* mouse striatum at 5 months
of age with 100 ng input genomic DNA. The open, blue, black, and red peaks represent
background, contracted alleles, main allele from tail analysis of same mouse, and expanded alleles,
respectively. Peak height was used to determine a relative threshold of 20% in which peaks falling
below this threshold were excluded. Peak heights were normalised to the total of all peak heights
and multiplied by the change in CAG repeat length of each peak relative to the highest peak (main

allele). These values were summed to generate an instability index.
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Early studies on the somatic mosaicism of the HD CAG repeat was reported by Telenius
et al. 1994, who hypothesised that the variation in the size of the CAG repeat in different
tissues of the same individual may have a role in the tissue-specific effects of the HD
gene (Telenius et al., 1994). This study concluded that the somatic mosaicism pattern is
not random as it is consistently most obvious in the brain regions which show the most
marked neuropathological changes in HD. The basal ganglia and cerebral cortex
displayed the largest CAG repeat expansions as compared to the cerebellar cortex, which
displayed the lowest degree of CAG instability (Telenius et al., 1994). Additional studies
report that the expanded CAG repeats display allele length-, age- and cell type-dependent
somatic instability (Gonitel et al., 2008; Kennedy, 2003; Shelbourne et al., 2007; Veitch
et al., 2007). CAG repeat length profiles in HD patient post-mortem brains have been
determined using SP-PCR (Kennedy, 2003). The results from a HD patient who died at
40 years of age with 41 CAGs and Vonsattel grade 0 neuropathology revealed high levels
of instability in the striatum compared to the cortex and hypothalamus. Estimated CAG
repeat sizes within the striatum of this patient revealed that 10% to 15% of cells contained
increases of greater than 20 CAGs, and approximately 2% of cells contained in excess of
200 CAGs. The largest expansion determined was greater than 1,000 CAGs, which is
approximately 24-fold greater than the inherited progenitor allele CAG repeat size
(Kennedy, 2003). The results suggest that dramatic repeat expansions occur in the most
vulnerable brain regions and transpire as an early event in HD pathogenesis, potentially

preceding symptom onset.

Swami et al., 2009 explored the role of CAG repeat somatic instability as a modifier of
HD. Somatic instability was determined by SP-PCR within the post-mortem cortex from
a cohort of HD patients who exhibited phenotypic extremes of early and late age at onset
as predicted by their cerebellar CAG repeat length (Langbehn et al., 2004; Swami et al.,
2009). Extreme early and extreme late phenotypes were designated by age at onset less
than 0.5 standard deviation below the mean and greater than 0.5 standard deviation above
the mean age at onset, respectively. The two cohorts consisted of 24 HD patients each
and had estimated mean age at onsets differing by approximately 30 years. The frontal
cortex was the region targeted for this study as in contrast to the striatum, which displays
low levels of somatic instability in end-stage disease, the frontal cortex has previously
been shown to display relatively high levels of somatic instability in HD post-mortem
brains (Kennedy, 2003). SP-PCR analysis determined various degrees of somatic

instability with a dominant expansion bias, which was more prominent in the HD patients
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with an earlier age at onset. The results revealed that on average, approximately 50% of
pathogenic alleles expanded further by at least one CAG, 22% expanded further by at
least five CAGs and 11% had further expansions of at least 10 CAGs (Swami et al., 2009).
More rare observations included increases of at least 35 CAGs and as great as 68 CAGs.
Additionally, a marked statistical difference was revealed in the magnitude of the average
maximum expansion for each cohort with the early age at onset group having a mean of
42 CAGs compared to the late age at onset group with a mean of 29 CAGs. This data
suggests that somatic expansions of the CAG repeat contributes to HD disease

progression (Swami et al., 2009).

Swami et al., 2009 subsequently used skewness, a measurement of the degree of
symmetry of a distribution determined by fragment analysis, to measure the levels of
somatic instability. Early age at onset HD patients exhibited a greater right skewness than
those with late age at onset, which is in keeping with the assumption that as the CAG
repeat length changes are bias towards expansion, their distributions are skewed to the
right. A negative correlation was determined between skewness and residual age at onset,
which reinforces the association between greater somatic expansion and an earlier age at
onset (Swami et al., 2009). Similarly, regression analysis revealed that skewness was a
significant predictor of residual age at onset, with an increase in right skewness being
associated with a lower residual age at onset (Swami et al., 2009). Overall, the results
demonstrate that larger somatic expansion of the cortical CAG repeats are significantly
associated with an earlier age at onset, which is independent of any effects of constitutive
CAG repeat length on both somatic instability and age at onset (Swami et al., 2009).

The loss of interruption variant identified in Wright et al., 2019, which results in a pure
CAG repeat tract, was similarly reported to be associated with increased CAG repeat
instability in both somatic and germline tissues. The CAG repeat somatic expansion ratio,
which is calculated using the area under all expanded CAG repeat lengths relative to the
modal CAG repeat length, was determined in the blood of HD patients with the loss of
interruption variant and those with the canonical sequence, (CAG)n(CAA)(CAG). After
correcting for CAG repeat length and age at onset, the somatic expansion ratio was
significantly higher in the HD patients with the loss of interruption (Wright et al., 2019).
Additional SP-PCR analysis in sperm revealed that loss of interruption HD patients had
greater CAG repeat lengths in sperm and increased germline CAG repeat instability
compared to those with the canonical sequence. This further supports the role of somatic
instability in HD progression (Wright et al., 2019).

37



1.3.6 DNA Repair in HD

The recent GWAS in HD has highlighted DNA repair genes as modifiers of HD
phenotype and previous reports in HD cell and mouse models, and patient clinical
samples, has identified a progressive level of DNA damage in HD (Castaldo et al., 2018;
Lu et al., 2014; Maiuri et al., 2016). To combat DNA damaging insults, cells have
developed a specialised DNA repair system, which is sub-divided into several distinct
mechanisms tailored to remove specific types of DNA lesions (Figure 1.5). Mismatch
repair (MMR), base excision repair (BER), nucleotide excision repair (NER) and double-
strand break repair (DSBR) are examples of such distinctive DNA repair mechanisms and
comprise both non-homologous end-joining and homologous recombination (Dexheimer,
2013). These DNA repair pathways collectively repair all types of DNA damage through
the DNA damage response, which involves a highly co-ordinated cascade of steps; lesion
recognition and repair factor recruitment, DNA strand breakage through excision of the
lesion, DNA end processing, and DNA synthesis to complete the repair (Dexheimer,
2013; Yuan et al., 2012). Trinucleotide repeat regions are mutational hotspots in the
genome that can readily form secondary DNA structures including slipped strands,
hairpin loops, G-quadruplexes and R-loops (Mirkin, 2007). These secondary structures
can lead to trinucleotide repeat instability through aberrant DNA processing and result in
repeat length variation, which can produce phenotypic differences. In relation to certain
CAG repeat diseases, these differences have the potential to act as disease modifiers. As
has been shown in several GWAS studies, components of the DNA repair pathways have
been genetically proven to significantly modify HD age at onset (Bettencourt et al., 2016;
Flower et al., 2019; GEM-HD, 2019, Lee et al., 2017).
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Figure 1.5 DNA damage and associated DNA repair pathways (Dexheimer, 2013), copyright
licence obtained: 4533080518165

Common causes of DNA damage are named above, along with their associated lesions and the
relevant DNA repair pathway responsible for removing the DNA lesions. DNA damage is induced
spontaneously during cellular metabolism or by environmental agents. Spontaneous DNA damage
can occur from reactive oxygen species (ROS), generating oxidised DNA bases and DNA breaks,
which activates BER, and dNTP misincorporation during DNA replication, which subsequently
recruits the MMR components. Additionally, environmental DNA damage can be generated by
physical and chemical sources including ultraviolet (UV) light, ionising radiation (IR), and anti-
tumour agents. UV light can induce bulky adducts, such as pyrimidine dimers (generally thymine
dimers), which are recognised and repaired by NER. IR generates SSBs and DSBs that are
restored by DSBR through the gap repairing mechanisms of non-homologous end joining and
homologous repair (Ciccia and Elledge, 2010). BER: base excision repair; MMR: mismatch repair;
NER: nucleotide excision repair; SSBs: single-strand breaks; DSBs: double-strand breaks; DSBR:

double strand break repair; NHEJ: non-homologous end joining; HR: homologous repair.
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The MMR pathway is represented by several SNPs in the genes revealed by the GWAS
including MSH3, MLH1, PMS1, and PMS2. MMR is essential for the maintenance of
genomic stability. It functions by correcting DNA replication errors, attenuating
chromosomal rearrangements, and mediating the cellular response to certain types of
DNA damage (Gorbunova et al., 2007). Data from various expanded CAG repeat mouse
models has revealed an essential role for components of the MMR pathway, including
Msh2, Msh3, Mlhl, MIh3 and Pms2 (Morales et al., 2016). The HD mouse model
Hdh(Q111), which carries 111 CAGs at the mouse Htt homolog, was bred on both the
C57BL/6 (B6.Hdh(Q111)) and 129 genetic background. Somatic instability in the
striatum, liver and tail of these mice was assessed by the somatic instability index (Lee et
al., 2010). In comparison to the 129 genetic background, higher levels of somatic
instability were observed in the striatum and liver of Hdh(Q111) mice bred on the
C57BL/6 genetic background (Pinto et al., 2013). While the CAG repeat length was
attributed to some of the variance in the instability index between the two genetic
backgrounds, it could not account for it all. This indicated the possibility of additional
genetic modifiers. The striatal somatic instability index was subsequently used as a
quantitative phenotype for linkage mapping as the distinction between the instability
index of the two strains was most evident in the striatum compared to the liver. The strain
specific difference was attributed to a single quantitative trait locus identifying the MMR
gene MIh1 as the phenotypic modifier. MIh1 dimerises with MIh3 forming the MutLy
complex, which is thought to be preferentially recruited to the site of DNA damage to
carry out MMR. B6.Hdh(Q111) mice were crossed with MlIhl null mice, which
eliminated the instability seen previously in the striatum and liver and demonstrated that
MIh1 is essential for CAG repeat instability. Additionally, crossing B6.Hdh(Q111) mice
with MIh3 null mice abolished CAG repeat instability, which highlights the MutLy
complex as a key driver of somatic expansion in this HD mouse model (Pinto et al., 2013).

A common characteristic between the DNA repair pathways is functional redundancy,
which describes the ability of some of the repair pathway components to participate in
multiple independent pathways (Zhao et al., 2009). Components of the MMR pathway
have been shown to interact with those involved in inter-strand cross-link repair, with
FAN1 compensating for the loss of the EXO1 exonuclease, which mediates DNA
excision during MMR activity (Desai and Gerson, 2014). FAN1 was subsequently
identified as one of the most significant hits by the recent GWAS having at least two
independent signals shown to modify HD age at onset, with one advancing and one
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delaying onset (GEM-HD, 2019). Goold et al., 2018 investigated how FAN1 expression
modifies the HD phenotype and found that reduced expression or function results in a
hastened onset and increased expression leads to delayed onset with slower disease
progression (Goold et al., 2018). Specifically, the lowering of FAN1 expression in the
U20S cell line expressing mutant HTT exon 1, in HD-patient derived induced pluripotent
stem cells and in differentiated medium spiny neurons, increased CAG repeat expansions
in a CAG repeat length-dependent manner (Goold et al., 2018). This highlights the
protective role of FAN1 in HD and the influence of DNA repair pathway components as
HD modifiers.
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1.4 Sequencing Technologies

To fully comprehend the genotype-phenotype correlation in trinucleotide repeat diseases,
it is important to detect repeat sizes accurately and determine the sequence configuration.
Pathogenic allele repeat length is inversely associated with the severity of trinucleotide
repeat diseases and the age at symptom onset. Additionally, sequence interruptions have
been reported as modifiers of disease phenotype (GEM-HD, 2019; Menon et al., 2013).
DNA sequencing technologies have been continuously developing with advancements
from Sanger sequencing to next generation sequencing and the most currently released
third generation sequencing platforms (Table 1.2). The development of first generation
sequencing, more commonly referred to as Sanger sequencing, marked the breakthrough
for DNA sequencing technology using the chain-termination method or the dideoxy
technique (Sanger et al., 1977). Subsequent advancements to Sanger sequencing included
the replacement of phosphor- or tritrium-radiolabelling with fluorometric based detection
and improved detection through capillary based electrophoresis. These advancements led
to the development of increasingly automated DNA sequencing machines. Shotgun
sequencing was established to sequence longer fragments, greater than 1kb, in which
overlapping DNA fragments were cloned and sequenced separately and finally assembled
into one long contiguous sequence or contig in silico (Heather and Chain, 2016). PCR
and recombinant DNA technologies aided in the generation of high concentrations of
DNA. Eventually, the ABI PRISM range by Applied Biosystems allowed the
simultaneous sequencing of hundreds of samples, which were used in the Human Genome
Project (Hood and Rowen, 2013). The use of Sanger sequencing in the Human Genome
Project required long run times, was expensive and provided limited throughput. The
advancement to second- or next-generation sequencing subsequently reduced run times
and costs and increased throughput. Next generation sequencing technologies use the
sequencing by synthesis method in which a polymerase is used and a signal (fluorophore
or a change in ionic concentration) identifies the incorporation of a nucleotide into an
elongating strand. The parallelisation of this technology is facilitated by the millions of
individual sequencing by synthesis reaction centres, each with its own DNA template,
from which a sequencing platform collects information from many millions of DNA

molecules simultaneously (Goodwin et al., 2016).
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Table 1.2. Comparison of sequencing technologies

Sanger sequencing NGS TGS
Sample Preparation Fragmentation, PCR, Clonally amplified CRISPR-Cas
fluorescently end- templates, single DNA systems
labelled bases molecule templates
Physical Sequencing Capillary SBS/CRT, SNA SMRT
electrophoresis
Re-assembly Reference genome Reference genome CCs
Read Length 800 to 1000 bp 150 to 300 bp Up to 10,000 bp
Read Accuracy High High Moderate
Throughput Low High Moderate
Cost High Low Low-Moderate

NGS: next generation sequencing; TGS: third generation sequencing; SBS: sequencing by
synthesis; CRT: cyclic reversible termination; SNA: single nucleotide addition; SMRT: single

molecule real time; CCS: circular consensus sequence; bp: base pairs.
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1.4.1 Illumina Sequencing

The Illumina technology of sequencing by synthesis combined with bridge amplification
of template molecules is the dominant next generation sequencing platform worldwide
(Leggett and Clark, 2017). In contrast to sequencing a single DNA fragment, next
generation sequencing extends this process across millions of fragments in a massively
parallel fashion (Behjati and Tarpey, 2013). In brief, DNA polymerase catalyses the
incorporation of fluorescently labelled deoxyribonucleotide triphosphates into a DNA
template strand during sequential cycles of DNA synthesis. At the point of incorporation
during each cycle, the nucleotides are identified by fluorophore excitation. Paired-end
sequencing is most commonly used, which sequences both ends of the DNA fragments
in a library and aligns the forward and reverse reads as read pairs. This produces twice
the number of reads for the same time and effort in library preparation (Illumina). More
accurate read alignment is enabled by paired-end sequencing and it is also sensitive
enough to detect insertions/deletions (indels), which cannot be identified in single-read
data. The analysis of differential read-pair spacing can remove PCR duplicates, acommon
artefact resulting from PCR amplification during library preparation. Paired-end
sequencing produces a higher number of single nucleotide variant calls following read-
pair alignment (Illumina). Some areas of the human genome are left unresolvable as the
[llumina technology amplifies DNA templates, extends with single fluorescent
nucleotides, and images each step, which limits the read lengths. The short 100 to 400
base pairs read lengths obtained are due to inevitable phasing when the templates in a
polymerase colony lose synchronicity (Leggett and Clark, 2017). These short read lengths
make genome, transcriptome, and metagenome assembly more challenging. DNA regions
specifically suffering from this limitation include extreme GC sequences, tandem repeat

sequences and interspersed repeats (Nakano et al., 2017).
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1.4.2 Third Generation Sequencing

The advancement to third generation sequencing technologies no longer relies on PCR
amplification, instead, it directly targets single DNA molecules to enable real-time
sequencing. The improvements offered by third generation sequencing over the previous
methods include increased read lengths, reduced sequencing time and the reduction or
elimination of sequencing biases introduced by PCR (Lu et al., 2016). The PacBio RS 1l
instrument was the first commercialised third generation sequencer and uses single
molecule real time (SMRT) technology, which enables the direct observation of DNA
synthesis by the DNA polymerase. PacBio’s subsequent improvement of sequencing
chemistries and the release of the new sequencer, the Sequel System, generates
approximately ten-fold more sequence data at the cost of two-fold less than that of the RS
Il instrument (van Dijk et al., 2018). Molecules of up to 2 kb can now be sequenced and
the circular consensus sequencing and increased polymerase processivity strongly
improves the overall sequencing accuracy. These advantages allow the resolution and

analysis of hard-to-sequence regions (Nakano et al., 2017).

Oxford Nanopore Technologies (ONT) sequentially released a third generation
sequencing platform using nanopore sequencers. The Nanopore MinlON device contains
512 channels, which allows up to 512 independent DNA molecules to be sequenced
simultaneously. Specialist MinKNOW software is run on the host computer to carry out
data acquisition, real-time analysis and feedback, data streaming and sample
identification and tracking (Lu et al., 2016). The read length profile offered by ONT is
comparable to that of PacBio, with a maximum length of up to a few 100,000 base pairs.
To improve flexibility in throughput, ONT released the PromethlON, which can provide
a total of 144,000 channels available per run. This results in a theoretical maximum of 15
Tb of sequence data to be obtained per 48-hour run. Depending on the needs of the user,
ONT also released the GridION X5 containing 2,560 channels, which can generate up to
100 Gb of data, and the SmidglON, which is even smaller than the MinlON and can be
controlled by a smart phone (van Dijk et al., 2018). In contrast to PacBio, Nanopore
technology is not capable of sequencing the same strand multiple times. For increased
accuracy, ONT sequences both strands of a double-stranded DNA molecule by a 1D?
process, which uses an adapter with a specialised sequence that promotes the entry of the
second DNA strand into the pore after the first strand (van Dijk et al., 2018).
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1.6.2.1 Pacific Biosciences

PacBio provides SMRT sequencing, which is a sequencing by synthesis technology based
on real-time imaging of fluorescently phospho-tagged nucleotides as they are synthesised
along individual DNA template molecules. This method is based on zero-mode
waveguide (ZMW) technology (Figure 1.6) (Levene, 2003). A ZMW chamber, tens of
nanometers in diameter, prevents visible laser light from passing through completely.
Instead, the light exponentially decays and by exposing the ZMW chamber to laser
illumination, only the bottom 30 nm lights up. A single DNA polymerase is anchored to
the bottom of the ZMW chamber and nucleotides that are phosphate chain-labelled with
a fluorophore corresponding to a specific base are flooded above (Schadt et al., 2010).
The labelled nucleotides travel into the ZMW chamber by diffusion, surround the DNA
polymerase, and exit. Fluorescence only occurs when the correct nucleotide is detected
and incorporated. During the incorporation of a nucleotide the fluorescent label emits
coloured light, the phosphate chain is cleaved, and the dye molecule is freed leaving a
natural piece of DNA. The signal-to-noise ratio is based on the time difference which has
a higher signal intensity for incorporated versus unincorporated nucleotides (Schadt et
al., 2010). The average read length is approximately 3000 base pairs, which is due to
using a DNA polymerase to drive the reaction. As it images single molecules, there is no
degradation of signal over time. Instead, the reaction ends when the template and
polymerase dissociate (Roberts et al., 2013). The accuracy in SMRT sequencing is
achieved by sequencing the same molecule multiple times and deriving a highly accurate
circular consensus sequence for each read, thus performing self-error correction. The
circular consensus sequences are formed from multiple passes around the circularised
DNA molecule (SMRTbell), which can be used to identify real replication errors
(Potapov and Ong, 2017).
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Figure 1.6. SMRT sequencing based on ZMW technology, adapted from (Levene, 2003; Metzker,
2010

The four colour SMRT sequencing method has a ZMW design that reduces the observation volume,
thus reducing the number of stray fluorescently labelled molecules. The ZMW consists of small
chambers within a metal film on top of a microscope coverslip. These chambers, in which there can
be millions on a single coverslip, allow for the massive parallelism of third generation sequencing.
The DNA polymerase is fixed to the bottom of the ZMW chamber in the presence of fluorescently
tagged nucleotides. lllumination occurs through the microscope objective from below where the
fluorescence is collected back through the same objective. The ZMW detectors allow the DNA
polymerase to perform efficiently when the nucleotides are present in the micromolar concentration
range. The rate of catalysis governs the residence time of the phospholinked nucleotides in the
active site, and corresponds to a recorded fluorescence pulse, as only the bound dye-labelled
nucleotide occupies the ZMW chamber on this timescale. The fluorescence signal is reduced to
background levels when the dye-labelled pentaphosphate by-product is released and diffuses
away. Template translocation marks the interphase period before binding and incorporation of the

next phospholinked nucleotide.
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1.6.2.2 Oxford Nanopore Technologies

ONT sequencing involves a biological nanopore which is built into an electrically
resistant artificial membrane with a voltage applied across the membrane. DNA
molecules are prepared with standard library preparation protocols, which include
attaching a lead adaptor and motor protein to one strand of DNA. In contrast to PacBio’s
SMRT sequencing, nanopore sequencing does not sequence the same DNA strand
multiple times, instead, both strands of the double-stranded DNA molecule are
sequenced. Originally, two-directional (2D) sequencing was developed in which the
second DNA strand was sequenced after the first due to a hairpin adapter located on one
extremity (van Dijk et al., 2018). The method preferred for obtaining the longest reads is
one-directional (1D) sequencing which was developed next using a regular adapter with
a specialised sequence promoting the entry of the second strand into the pore directly after
the first strand has been passed through. The main advantages of this method are reduced
library preparation time and increased yield due to single strand sequencing of each
molecule. 1D? libraries, which are more accurate than 1D, are currently dominating this
technique where the two strands of the DNA molecule are delivered to the pore
noncovalently linked (Leggett and Clark, 2017). Subsequent to the sequencing of the
template strand, 1D? relies on the complement strand remaining near the pore and being
captured by the pore immediately after the template strand. The sequencing runs last up
to 48 hours, with the first 24 hours producing much higher yields due to the gradual
decline of the flow cell. Every 8 hours mux scans, which plot total event yield versus
time, are performed by the system in order to choose the highest performing nanopore in
each channel’s group of four (Ip et al., 2015). The nanopore sequencing quality is the
same at the beginning and end of the DNA molecule, therefore read length is dependent
on the DNA extraction and preparation. During sequencing, the motor protein unzips
dsDNA and guides the ssDNA through the pore one base at a time. A deflection in current
across the pore is caused by the presence of the DNA molecule, and this current change
can be related to the exact bases present in the pore at that moment (Figure 1.7) (Leggett
and Clark, 2017).
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Figure 1.7. Overview of ONT sequencing technology, adapted from (Leggett and Clark, 2017)

ONT technology uses nanopores as biosensors due to the fact that an ionic current passing through
a nanopore is dependent on the specific identity of nucleic acid bases. These bases interact with
and transition through the nanopore, and the speed of which can be enzymatically controlled
allowing a translocation speed on a millisecond time scale (Ip et al., 2015). (A) A biological
nanopore is inserted into an electrically resistant synthetic membrane, where a potential is applied
across the membrane, resulting in a flow of ions. For a localised library concentration, liorary DNA
molecules preferentially locate to the membrane due to adaptors with aliphatic tethers (not shown).
(B) The DNA molecule is passed through the pore when the motor protein bound to the other
adaptor docks with it. (C) Disruptions in the current are due to bases in the nanopore which are
characteristic of their sequence (blue line). In other basecallers, the signal is further refined to
events which correspond to distinct pore kmers, a measurement referring to all possible

subsequence’s of length K from a given read (purple line).
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1.5 Scope of Thesis

In the trinucleotide repeat diseases, the wild-type alleles of the associated disease genes
contain either very short repetitive runs, or longer runs with several stabilising
interruptions. Pathogenic expansions occur when a repetitive DNA tract exceeds a
disease-specific threshold, often because of the loss of these stabilising interruptions
(Mirkin, 2007). Once this threshold is overcome, further expansions become
progressively more likely, resulting in somatic mosaicism. It is therefore of interest to
deduce the exact sequence configuration of the pathogenic repeat region as sequence
interruptions have been identified as disease modifiers, which can account for some of
the phenotypic variability observed between patients with similarly sized pathogenic
alleles (GEM-HD, 2019; Menon et al., 2013; Wright et al., 2019). Similarly, the accurate
characterisation of the population of repeat sizes present will aid in the understanding of
somatic mosaicism and its relationship with the disease phenotype. The variability in the
degree of somatic instability between tissues and individuals is not solely explained by
age and progenitor allele size, and highlights the role of genetic factors, such as the DNA

repair pathway genes, as additional disease modifiers.

1.5.1 Thesis Aims

e To identify sequence interruptions within the GAA repeat in Friedrich’s ataxia
and examine the relationship between the sequence composition and age at onset
in a large cohort of patients.

e To determine if interruptions in the CAG repeat sequence configuration in a
cohort of Huntington’s disease patients with similarly sized pathogenic CAG
repeats can account for the extremely varied age at onsets.

e To investigate which sequencing technology was best suited to not only size the
CAG repeat but to elucidate the sequence at the base pair level.

e To examine the impact of known DNA repair pathway modifiers on the
phenotypic and age at onset variability exhibited by our Huntington’s disease
patient cohort.

e To quantify the somatic mosaicism profile in Huntington’s disease patient post-
mortem brains and assess the relative contribution of small and large CAG repeat

length changes to Huntington’s disease pathogenesis.
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Chapter 2. Materials and Methods

2.1 Ethical Statement

The Friedreich’s Ataxia research was conducted under the ethical committee approval of
the European Union Seventh Framework Programme [FP7/2007-2013], reference:
242193/EFACTS. The Huntington’s disease research was conducted under the ethical
committee approval of the London Queen Square NHS Research Ethics Committee at the

National Hospital for Neurology and Neurosurgery, reference: 09/H0716/53.

2.2 Patient Samples

2.2.1 Friedreich’s Ataxia

Peripheral blood DNA was obtained from 253 samples comprising of 246 FRDA patients
and seven carriers. Dr Francesca Cavalcanti and Dr Mark Pook contributed 92 FRDA
samples to our 161 UCL FRDA sample cohort. The size of the GAA repeat expansion for
the UCL FRDA patient cohort was determined for both alleles by the Neurogenetics Unit
(National Hospital for Neurology and Neurosurgery, Queen Square, London). These
samples were part of the European Friedreich’s Ataxia Consortium for Translational
Studies (EFACTYS) patient London site database (Table 2.1). This study was carried out
in collaboration with Dr Mark Pook (Ataxia Research Group, Department of Life
Sciences, Division of Biosciences, Brunel University London, Uxbridge).
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Table 2.1. FRDA patient and carrier samples

Sample #

0O ~NO O, WN -

ol
o ®

12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57

Code GAAl/2
BRUNEL Samples
FAl 1023/1258
FA11l 720/760
FA15 WTC/+
FA16 WTC/720
FA12 WTC/520
FA13 10/10
FA14 10/500
FA17 720 /720
FA18 500/720
FA19 WTC/900
FA20 WTC/+
SCA121 730/1040
FA31 750/900
FA35 630/730
FA36 630/1040
FA47 680/840
FA49 763/1043
FA53 850/1000
FA61 WTC/+
FA62 +/+
FA63 567/752
FA64 +/+
FA66 500/730
FA 75 ++
FA 76 ++
FA 77 ++
FAT8 765/765
FAT9 460/765
FAB85 ++
FA88 765/765
FA90 765/1100
FA96 430/1245
FA98 1250/1465
FA102 ++
FA103 550/10
FA104 782/782
FA106 1040/1040
FA107 600/163
FA108 WTC/1000
FA109 760/890
FA110 890/890
FA113 1045/1045
FA114 765/1065
FA115 940/112
FAl121 905/965
FA123 700/1040
FA131 900/1300
FA132 10/330
FA134 930/930
FA142 350/750
FA150 500/800
FA152 1070/1460
FA153 400/1000
FA154 633/760
FA156 740/1200
FA163 700/1000
FA164 108/1040

Sample #

35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65
66
67
68
69
70
71
72
73
74
75
76
77
78
79
80
81
82
83
84
85
86
87
88
89
90
91

Code
UCL Samples
44293
44655
47084
47553
47689
48978
49823
51041
44295
52046
52999
53084
53085
53964
54278
55057
55070
55718
55749
55830
55837
56603
56994
56999
57261
57683
58035
58666
59258
59345
59923
59992
60541
67580
69777
71074
71891
72843
73047
73066
73341
74809
75641
75836
76333
FRDA 6
FRDA 11
FRDA 14
FRDA 15
FRDA 18
FRDA 22
FRDA 23
FRDA 26
FRDA 27
FRDA 28
FRDA 33
FRDA 37

GAAl/2

1200/1200
134/1134
767/1000
267/1100

750/912
750/850
300/700
800/1000
867/1100
+/+
200/1000
767/967
700/1100
680/880
645/845
1167/1500
580/745
600/967
500/1000
480/780
667/900
845/845
834/1100
734/1067
920/1120
767/900
785/1020
800/867
450/980
1020/1250
820/820
885/1050
500/667
612/912
+/+
312/780
645/880
712/900
645/812
785/785
+/+
680/745
+/+
+/+
+/+
167/500
720/920
583/1183
+/+

1100/1134

634/767

167/834

100/1100
412/850

380/780
834/1034
585/1250
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58
59
60
61
62
63
64
65
66
67
68
69
70
71
72
73
74
75
76
77
78
79
80
81
82
83
84
85
86
87
88
89
90
91

Boo~vourwnr

NNONNNONNNRPRRRERRR R R
O P WNPFPOOONO O~ WN PP

FA165
FA167
FA173
FA174
FA176
FA178
FA179
FA181
FA188
FA191
FA195
FA196
FA197
SCA70
SCA211
SCA321
SCA322
SCA372
SCA380
SCA502
SCA596
SCA597
SCA612
SCA671
SCA694
SCA743
SCA814
SCA922
SCA937
SCA1013
SCA1120
SCA1305
SCA1306
SCA1311
SCA1404
UCL Samples
6336
9780
9940
10100
10325
10466
10722
10905
11437
11912
12451
12941
13037
14805
15657
16852
17494
17652
20886
53297
26162
27643
27884
29897
30670

765/1045
1000/1000
230/10
1000/1000
780/780
249/559
906/906
536/809
10/1180*
150/573
771127
328/1194
478/1257
358/358
160/1040
696/800
800/1013
766/1046
390/390
10/+
10/+
765/1045
+/+
485/485
800/800
483/905
+/+
765/1100
700/1000
400/400
+/10
1010/1207
1085/1165
1100/1400
347/1301

200/200
1020/1220
350/1020
+/+
350/885
850/1050
400/1000
683/983
67/1100
+/+
834/834
600/767
520/850
850/1180
467/667
967/1100
834/1167
480/880
1167/1167
30/612
400/534
667/1100
867/1134
150/850
150/534

92

93

94

95

96

97

98

99

100
101
102
103
104
105
106
107
108
109
110
111
112
113
114
115
116
117
118
119
120
121
122
123
124
125
126
127
128
129
130
131
132
133
134
135
136
137
138
139
140
141
142
143
144
145
146
147
148
149
150
151
152

FRDA 39
FRDA 40
FRDA 41
FRDA 42
FRDA 43
FRDA 50
FRDA 54
FRDA 55
FRDA 56
FRDA 57
FRDA 58
FRDA 61
FRDA 74
FRDA 76
FRDA 78
FRDA 81
FRDA 84
FRDA 86
FRDA 87
FRDA 88
FRDA 89
FRDA 92
FRDA 93
FRDA 94
FRDA 97
FRDA 98
FRDA 99
FRDA 100
FRDA 101
FRDA 102
FRDA 104
FRDA 105
FRDA 106
FRDA 107
FRDA 108
FRDA 109
FRDA 110
FRDA 111
FRDA 112
FRDA 113
FRDA 114
FRDA 115
FRDA 116
FRDA 117
FRDA 119
FRDA 122
FRDA 123
FRDA 124
FRDA 125
FRDA 126
FRDA 127
FRDA 128
FRDA 129
FRDA 132
FRDA 133
FRDA 134
FRDA 135
FRDA 137
FRDA 138
FRDA 140
FRDA 141

785/785
400/834
100/500
780/980
334/900
467/667
650/850
700/1000
800/1000
1100/1234
200/1000
834/1200
800/867
1000/1200
720/920
720/1020
567/1000
850/1150
850/850
685/1120
750/850
380/520
720/885
900/1200
450/985
920/920
450/985
850/1150
1185/1185
985/1120
1050/1050
10/867
800/1134
834/834
700/800
834/1100
200/1100
No GAA
734/900
720/720
400/667
600/834
634/1100
767/1134
700/1000
785/850
700/1200
467/967
567/900
767/867
600/1100
434/600
734/900
667/767
745/945
1080/1080
445/780
780/880
745/845
No GAA
645/780
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26
27
28
29
30
31
32
88
34

34215
34655
35594
39232
40908
41805
42181
43286
44134

367/1100
1020/1220
567/834
1000/1000
1100/1200
450/720
685/920
1067/1167
520/1050

153
154
155
156
157
158
159
160
161

FRDA 144
FRDA 147
FRDA 148
FRDA 149
FRDA 150
FRDA 151
17786
18204
65331

412/645
212/845
245/912
780/1180
45/745
650/980
+/+
+/+
+/+

#: number; GAA1/2: GAA repeat sizes in allele 1 and allele 2; +: expanded allele of undetermined

size but above 66 GAAs, which is considered as the pathogenic threshold; WTC: wild-type allele

of undetermined size in a carrier (highlighted in bold); yellow highlight: samples were TP-PCR

negative for the GAA repeat mutation. *: included in (Al-Mahdawi et al., 2018); red bold: sample

failed for both Mboll digestion and TP-PCR, and therefore removed from this study.
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2.2.2 Huntington’s Disease

Extracted lymphocyte DNA from 33 HD patients with 41 CAGs was provided by Prof
Sarah Tabrizi (Director of UCL Huntington'’s Disease Centre, Joint Head of Department
of Neurodegenerative Disease, Dementia Research Institute, UCL Institute of Neurology
and National Hospital for Neurology and Neurosurgery, Queen Square, London) (Table
2.2). This cohort was chosen as although these patients have the same CAG repeat length,
they displayed extreme phenotypic variability. The Neurogenetics Unit determined the
size of the expanded allele by fragment analysis. All samples were sized with two sets of
primers; HD3F/HDE and HD3F/HD5 (HD3F: 6-FAM-5'-CCTTCGAGTCCCTCAAGT-
CCTT-3"; HDE: 5'-GGCGGTGGCGGCTGTTGCTGCTGCTGCTGC-3'; HD5: 5-CGG-
CTGAGGCAGCAGCGGCTGT-3'). The HDE primer covers the CAG repeat region. The
HDS5 primer includes the polymorphic CCG repeat region and is used to verify the
HD3F/HDE results. CAG repeat length is diagnostically reported by the HD3F/HDE
primer set. Age at onset was determined by the presence of the motor phenotype.
Estimated mean age at onset relative to the CAG repeat length was determined using the
model in Langbehn et al., 2004.

Six HD patient and six control post-mortem brains were obtained from The Queen Square
Brain Bank (UCL Queen Square Institute of Neurology, 1 Wakefield Street, London
WCI1N 1PJ). DNA was extracted by LGC Genomics Ltd. (Ostendstrasse 25, TGS Haus
8, 12459 Berlin, Germany). The CAG repeat length was determined by fragment analysis
of bulk DNA extracted from each brain region; frontal lobe, temporal lobe, occipital lobe,
putamen, caudate nucleus, cerebellum, pons, and medulla (Table 2.3). Peripheral blood
DNA was available for four out of the six HD post-mortem brains. Clinical information
and details of disease onset and progression were obtained to aid in the understanding of

the disease course in each patient (Table 2.4).
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Table 2.2. HD patient blood samples with (CAG)41

HD patient  (CAG), Age at onset
number Actual Estimated (Langbehn) Residual

1 41 40.5 57.5 -17
2 41 42.5 57.5 -15
3 41 48.5 57.5 -9
4 41 50.5 57.5 -7
5 41 50.5 57.5 -7
6 41 51.5 57.5 -6
7 41 56.5 57.5 -1
8 41 56.5 57.5 -1
9 41 55.5 57.5 -2
10 41 58.5 57.5 1
11 41 55.5 57.5 -2
12 41 59.5 57.5 2
13 41 59.5 57.5 2
14 41 60.5 57.5 3
15 41 63 57.5 55
16 41 63.5 57.5 6
17 41 63.5 57.5 6
18 41 67.5 57.5 10
19 41 67.5 57.5 10
20 41 73.5 57.5 16
21 41 X 57.5 X
22 41 38 57.5 -19.5
23 41 P 57.5 X
24 41 P 57.5 X
25 41 58 57.5 0.5
26 41 X 57.5 X
27 41 61.5 57.5 4
28 41 54 57.5 -3.5
29 41 61 57.5 35
30 41 62 57.5 4.5
31 41 62 57.5 4.5
32 41 66 57.5 8.5
33 41 68 57.5 10.5

(CAG)n: CAG repeat of length n (n = number); Actual: HD patient’s actual age at onset; Estimated
(Langbehn): estimated mean age at onset according to Langbehn et al., 2004; Residual: actual age
at onset minus estimated mean age at onset (Langbehn); X: no information available; P:

premanifest.
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Table 2.3. HD patient and control post-mortem brain fragment analysis

HD3F/ FNT T™MP OoCC PUT CNU CBM PON MED Blood
HDE

HD WT-EA WT-EA  WT-EA  WT-EA WT-EA WT-EA WT-EA  WT-EA  WT-EA
P40.97* 19-41 19-41 19-41 19-41 19-41 19-41 19-41 19-41 X

P2.03 18-43 18-43 18-43 18-43 18-43 18-43 18-43 18-43 21-44

p72.10 18-42 18-44 18-42 18-42 18-42 18-42 18-42 18-42 18-42

P3.92* 20-41 20-41 20-41 X X 20-41 20-41 20-41 X
P7.96 18-41 18-41 18-41 18-41 18-41 18-41 18-41 18-41 18-42
P28.98 18-44 18-44 18-44 X X 18-44 18-44 18-44 18-44

HD3F/ FNT T™MP OoCC PUT CNU CBM PON MED Blood
HD5
HD WT-EA  WT-EA  WT-EA  WT-EA WT-EA  WT-EA WT-EA  WT-EA  WT-EA

P40.97* 22-41 22-41 22-41 22-41 22-41 22-41 22-41 22-41 X
P2.03 21-43 21-43 21-43 21-43 21-43 21-43 21-43 21-43 21-43
p72.10 18-42 18-42 18-42 18-42 18-42 18-42 18-42 18-42 18-42

P3.92* 23-41 23-41 23-41 X X 23-41 23-41 23-41 23-41
P7.96 18-41 18-41 18-41 18-41 18-41 18-41 18-41 18-41 18-41
P28.98 18-44 18-44 18-44 X X 18-44 18-44 18-44 18-44

HD3F/ FNT TMP OoCC PUT CNU CBM PON MED Blood
HDE
CTRL  WT-WT WT-WT WT-WT WT-WT WT-WT WT-WT WT-WT WT-WT WT-WT

P1.11 18-19 18-19 18-19 18-19 18-19 18-19 18-19 18-19 18-19
P18.03 17-18 17-18 17-18 17-18 17-18 17-18 17-18 17-18 17-18
P32.09 15-18 15-18 15-18 15-18 15-18 15-18 15-18 15-18 15-18
P47.11 11-18 11-18 11-18 11-18 11-18 11-18 11-18 11-18 11-18
P82.10 18-22 18-22 18-22 18-22 18-22 18-22 18-22 18-22 18-22
p72.07 13-18 13-18 13-18 13-18 13-18 13-18 13-18 13-18 13-18

HD3F/ FNT TMP OoCC PUT CNU CBM PON MED Blood
HD5
CTRL  WT-WT WT-WT WT-WT WT-WT WT-WT WT-WT WT-WT WT-WT WT-WT

P1.11 18-19 18-19 18-19 18-19 18-19 18-19 18-19 18-19 18-19
P18.03 12-19 12-19 12-19 12-19 12-19 12-19 12-19 12-19 12-19
P32.09 15-18 15-18 15-18 15-18 15-18 15-18 15-18 15-18 15-18
P47.11 14-21 14-21 14-21 14-21 14-21 14-21 14-21 14-21 14-21
P82.10 18-22 18-22 18-22 18-22 18-22 18-22 18-22 18-22 18-22
P72.07 13-18 13-18 13-18 13-18 13-18 13-18 13-18 13-18 13-18

FNT: frontal lobe; TMP: temporal lobe; OCC: occipital lobe; PUT: putamen; CNU: caudate nucleus;
CBM: cerebellum; PON: pons; MED: medulla; HD: Huntington’s disease; CTRL: control; WT: wild-
type allele CAG repeat size; EA: expanded allele CAG repeat size; *: peripheral blood DNA

unavailable; X: sample unavailable.
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Table 2.4. Additional information for HD patient and control post-mortem brains

HD
P40.97*

P2.03
P72.10

P3.92*

P7.96
P28.98

CTRL
P47.11
P1.11
P18.03

P32.09

P82.10
P72.07

Gender
Male

Male
Male

Female

Female
Female

Gender
Female
Female
Female

Female

Female
Male

PMI
48

74
37

10

48
96

PMI
89
89
58

40

79
78

AAO
65

47
55

71

72
50

AAD
79
93
56

86

87
85

DD
12

18
15

<1

WT
21
19
19

18

22
18

EA
41

43
42

41

41
44

LAAO Additional Clinical Information
57.5 Epileptic fits, cognitive impairment, acute
psychosis

475 Depression

525 Remained very active for 14 years after
diagnosis at 55yrs until a haemorrhage due to

serious head injury
575 Hypomanic schizoaffective disorder. Parietal
cystic lesion, malignant glioma
57.5 Senile onset chorea. Rapid progression
425 Paranoid delusions. Generalised cortical

atrophy
Additional Clinical information
Sjogren’s syndrome, hypothyroidism
Senile myocardial degeneration
Polio, neurologically normal

Colon cancer, multi-organ failure

Metastatic colon carcinoma
Multi-organ failure

PMI: post-mortem index given in hours; AAO: age at onset in years; DD: disease duration given in

years; EA: expanded allele CAG repeat size; LAAO: estimated mean age at onset in years

according to Langbehn et al., 2004; *: peripheral blood DNA unavailable; CTRL: control; AAD: age

at death in years; WT: wild-type allele CAG repeat size.
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2.3 Mboll Digestion Analysis

Long-range PCR was performed with approximately 100 ng of DNA, using either Expand
High Fidelity PCR System dNTPack (Roche), or Long-Range PCR Kit (Qiagen) together
with GAA-B-F (5’-AATGGATTTCCTGGCAGGACGC-3’) and GAA-B-R (5’-GCAT-
TGGGCGATCTTGGCTTAA-3’) primers as previously described (Holloway et al.,
2011). The thermocycling conditions for each kit were; Roche Kit: 94°C for 2 min; 10
cycles of 94°C for 10 sec, 60°C for 30 sec, 68°C for 45 sec; 20 cycles of 94°C for 10 sec,
60°C for 30 sec, 68°C for 1 min with 20 sec increments; and a final cycle of 68°C for 10
mins; Qiagen Kit: 93°C for 3 min; 35 cycles of 93°C for 15 sec, 62°C for 30 sec, 68°C
for 5 min, and a final cycle of 68°C for 10 min. The PCR products were run on 1% agarose
gels and the FRDA positive samples were digested with Mboll, which has a cleavage
sequence of 5’-GAAGA(8/7)-3* (New England BiolLabs). The PCR products were
digested in a total reaction volume of 20 pL at 37°C for 1 hour. The digested DNA
fragments were then heated at 95°C for 10 min followed by slow cooling to room
temperature to prevent potential heteroduplex formation. Once cooled, the samples were
separated by running on 2% agarose gels (1% Nusieve (Seakem Agarose GTG) and 1%
Metaphor agarose (LONZA)). Pure GAA repeat sequences were fully cut leaving only
two fragments from the uncut flanking sequences, 171/170 base pair upstream (referred
toas 170 bp) and 117/118 base pair (referred to as 120 bp) downstream. If the GAA repeat
contains an interruption, the sequences that were not cut by Mboll leave either two bands
with sizes that differ from the expected 170 bp and 120 bp bands and additional bands.

2.4 Triplet Primed PCR Analysis
The 3° end of the GAA repeat was assessed by triplet primed PCR (TP-PCR) with
approximately 100 ng of genomic DNA as previously described (Ciotti et al., 2004). The
TP-PCR master mix contained the following reagents: 10 uL Amplitag Gold 360 Master
Mix; 2 uL GC enhancer; 4 uL PCR grade H20; 1 uL primer FATP-P3 10 pmol/uL (5°-
[6FAM]-TACGCATCCCAGTTTG-AGACG-3’); 1 pL primer mix FATP-P1 10
pmol/uL (5°-GCTGGGATTACAGGCGCGCGA-3") and FATP-P4 1 pmol/uL (5’-TAC-
GCATCCCAGTTTGAGACGGAAGAAGAAGAAGAA-GAAGAA-3%). The following
thermocycling conditions were used: 95°C for 10 min; 35 cycles of 95°C for 1 min, 58°C
for 1 min, 72°C for 1 min; final extension of 72°C for 7 min. TP-PCR products were then
analysed by capillary electrophoresis with 12 pLL HiDi formamide and 0.03 pL GeneScan
500 LIZ® Size Standard per 1 uL TP-PCR product. The plate was heat-sealed, heated at
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95°C for 3 min, followed by incubation on ice for 3 min before loading onto the ABI
3730xI DNA analyser. The resulting output was analysed using GeneMapper Software
(version 5.0, Applied Biosystems). GeneScan 500 LIZ® Size Standard was used, which
sizes DNA fragments in the 35 to 500 nucleotide range and provides 16 single-stranded
labelled fragments of: 35, 50, 75, 100, 139, 150, 160, 200, 250, 300, 340, 400, 450, 490,
and 500 nucleotides. Chromatographs were obtained and interrupted non-GAA sequences
were identified by distinct gaps in the chromatographs. Seven potential reverse P1
primers were developed to create a TP-PCR assay for the 5° region of the GAA repeat
(Table 2.5) in combination with FATP-P3(R), unaltered, and FATP-P4(R), which
contains a reverse repeat sequence (5’-TACGCATCCCAGTTTGAGACGTTCTTCTT-
CTTCTTCTTCTTC-3").

Table 2.5. Reverse TP-PCR P1 primers

Primer Sequence 5°-3’
P1 (RO) GACTAACCTGGCCAACATGGTG
P1 (R1) GGAGTTCAAGACTAACCTGGCC
P1 (R2) GCCAACATGGTGAAACCCAGTA
P1 (R3) TGGTGAAACCCAGTATCTACTAAA
P1 (R4) GTGAAACCCAGTATCTACTAAAAAATAC
P1 (R5) GAAACCCAGTATCTACTAAAAAATACAAAAA
F Long P1 GGGATTGGTTGCCAGTGCTTAAAAGTTAG

P1: FATP-P1 primer; R0-5: reverse primer trial sequence 0 to 5.
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2.5 Clone Sequencing of the CAG Repeat in HD Pathogenic Alleles

DNA was extracted from eight regions of six HD post-mortem brains, which were
provided by the Queen Square Brain Bank, and DNA was extracted by LGC Genomics.
HD alleles were amplified by slowdown PCR using Platinum SuperFi DNA polymerase
(error rate of 107%/nucleotide incorporation) and primers; HTT 5163 Forward (5°-
GCTGATGAAG-GCCTTCGAG-T-3’) and HTT 5678 Reverse (5’-GAATTCAGGACA-
GGCCCCAA-3’), which flank the CAG repeat and adjacent CCG repeats. The alleles
were resolved on 3% (w/v) agarose gels, which were post-stained with a counterion-dye
staining solution containing 0.0025% (w/v) crystal violet and 0.0005% (w/v) methyl
orange in dH20 (Yang et al., 2001). Individual expanded allele PCR products were gel
purified according to the PureLink Quick Gel Extraction Kit (Life Technologies) and
ligated into the pCR-Blunt vector (ThermoFisher Scientific). Ligations were transformed
into chemically competent Stbl3 E. coli (Invitrogen) (genotype F— mcrB mrr
hsdS20(rs—,ms—) recAl3 supE44 ara-14 gal/K2 lacY1 proA2 rpsL20(Str?) xyl-5
A—leumtl-1), and transformants containing plasmids with inserts were propagated. The
plasmid DNA was isolated from the bacteria using the Monarch Plasmid Miniprep Kit
(New England BioLabs). The isolated DNA was then sequenced by Source BioScience
using the M13 primer and sequence analysis was performed on CodonCode Aligner.

2.6 Small Pool PCR Amplification

Bulk HD post-mortem brain DNA was serial diluted to 1 ng/uL, 250 pg/pL and 50 pg/uL.
Repeat length variability was assessed by SP-PCR with the following primers, Hu_4
forward (5’-ATGGCGACCCTGGA-AAAGCTGATGAA-3’) and Hu_3 reverse (5’-GG-
CGGCTGAGGAAGCTGAGGA-3"). All dilutions of DNA were amplified in a 7 pL
reaction containing 0.2 puM of each primer, 1X PCR buffer with added 2-
mercaptoethanol, dimethyl sulfoxide, 0.2 U Tag DNA polymerase (Sigma) and nuclease-
free H2O. Amplification was performed with the following thermocycling conditions:
95°C for 2 min; with 28 subsequent cycles of denaturation at 95°C for 30 sec, annealing
at 65°C for 30 sec and extension at 72°C for 3 min; 72°C for 10 min; hold at 10°C. The
alleles were resolved on 1.5% (w/v) agarose gels in 0.5X TBE with 500 nM ethidium
bromide. Before blotting, any excess gel was removed using a scalpel and the gel was
flipped to orientate the DNA to the surface. This work was carried out in the lab of Prof
Darren G Monckton (Institute of Molecular, Cell and Systems Biology, College of
Medical, Veterinary and Life Sciences, University of Glasgow).
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2.7 Southern Blotting

The agarose gel was rinsed in dH20 and transferred to a tray where it was washed with
depurinating solution and left gently shaking for 10 min. Rinsing with dH20 was repeated
before adding the denaturing solution for 30 min and before adding the neutralising
solution for 30 min. Hybridisation membrane was cut to the same size as the gel and
equilibrated in the neutralisation solution before placing directly on top of the gel. Air
bubbles were removed before adding three pieces of Whatman paper followed by paper
towels and a glass plate to distribute approximately 500 g to 1000 g of weight and left for
3 hours to 16 hours to allow the transfer of the DNA from the gel onto the membrane by
capillary action. The blot was then dismantled and the membrane reversed so that the
DNA is on top. The membrane was dried at 80°C and the DNA fixed to the membrane
by exposure to 1200 J/m?of UV light in a DNA crosslinker. The membrane was kept at
room temperature until hybridisation. This work was carried out in the lab of Prof Darren
G Monckton (Institute of Molecular, Cell and Systems Biology, College of Medical,
Veterinary and Life Sciences, University of Glasgow).

2.8 Hybridisation
To hybridise the membrane, it was wet in dH20, rolled and placed in a hybridisation bottle
with the DNA side facing inwards. Hybridisation solution (5 mL) was added and the
bottle incubated rotating at 65°C for 1 hour. During this time, the probe was made starting
with 2 pL DNA ladder, 3 pL DM56 (DNA from DM1 patient), 18 pL dH20. A mixture
of 6 uL (dJATP-dGTP-dTTP), 15 pL random primer mix and 5 pL (a-phosphorus 32 [*2P])
dCTP was added to the probe and mixed. Subsequently, 1 pL of Klenow fragment (of
DNA polymerase I) was added to the probe and mixed before incubation in a water bath
at 25°C for 1 hour. The probe was then boiled for 5 min at 95°C and incubated on ice for
2 min before adding to the hybridisation bottle with the prehybridised membranes.
Hybridisation was performed at 65°C overnight. Following hybridisation, the
hybridisation solution was discarded in running water and the membrane rinsed (still in
the bottle) with 15 mL of high-stringency washing solution (0.2% (w/v) SDS, 0.2X SSC)
at room temperature to remove excess probe and free (a-2P) dCTP. The membranes were
then washed twice in 20 mL of the high-stringency washing solution for 20 min rotating
at 65°C. Finally, the membrane was transferred to a large flat tray and rinsed gently
shaking with the high-stringency washing solution for 30 min. The membranes were then
transferred with the DNA side facing up to blotting paper and dried at 80°C for at least 2
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hours. When dried, the membranes were directly exposed against X-ray film in an
autoradiography cassette. The autoradiographs were developed after an exposure time of
4 hours to 3 days. This work was carried out in the lab of Prof Darren G Monckton
(Institute of Molecular, Cell and Systems Biology, College of Medical, Veterinary and

Life Sciences, University of Glasgow).

2.9 Hlumina NeuroChip Array Analysis of DNA Repair Pathway SNPs

The NeuroChip imputes over 5.3 million common SNPs from the latest release of the
Haplotype Reference Consortium, which combines sequencing data from multiple
neurodegenerative disease cohorts to create a large reference panel of human haplotypes
(http://www.haplotype-reference-consortium.org/). The panel of SNPs used in this report
were selected from the most significant genes (gene-wide p < 0.1) in the DNA repair
pathway cluster from the GeM-HD consortium GWAS with SNPs from RRM2B and
UBR5 added due to their nominal significance and significant gene-wide p-values (GEM-
HD, 2015) (Table 2.6). If the SNPs were not available on the NeuroChip array, proxy
SNPs were identified in high linkage disequilibrium with the most significant SNP (r? >
0.7) using LDIinkR (Myers et al., 2020). To protect against the effects of population
stratification, Hardy-Weinberg equilibrium was calculated using the Hardy-Weinberg
package (Graffelman, 2020), and Bonferroni corrected. SNPs were excluded if they had
a Hardy-Weinberg p value < 0.001. SNP genotyping was performed on DNA from our
HD patient and control cohort using the Illumina NeuroChip array at UCL Genomics
(UCL Great Ormond Street Institute of Child Health).

The statistical analysis was carried out in RStudio (version 1.2.5033) using a script
designed by Dr. Michael Flower, which was adapted from that used in Bettencourt et al.,
2016. Linear regressions were performed on the natural log of the age at onset and age at
death against the pure CAG repeat length. The regression parameters used were
determined from the HD cohort used in this report and from the HD cohort used in
Bettencourt et al., 2016. Both parameters were used to construct a predicted age at onset
value for each patient, based on their CAG repeat length, which was then subtracted from
their actual age at onset to give a residual value (GEM-HD, 2015). The Bettencourt et al.,
2016 parameters were not used for the HD patient age at death data. The association of
each SNP with age at onset and age at death was examined by performing a linear
regression of the residual values on the number of minor alleles in R (Team, 2013). The

primary analysis used in this report tested whether there was an overall association with
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age at onset across the selected 22 SNPs. This was achieved by combining the association
p values for each SNP using the Browns method (Brown, 1975) and the harmonic mean
method (Wilson, 2019). The primary analysis used one-sided p-values for association in
the same direction as that observed in GEM-HD, 2015. To assess the overall directionality
of the association, the significance of the one-sided p values was compared against the
significance obtained from analysis using two-sided p values, which were Bonferroni
corrected. A similar analysis was used to test whether there was an overall association
with age at death across the selected 22 SNPs. For the secondary analysis, the association
with individual SNPs with age at onset and age at death were examined and Bonferroni
corrected. To display the combined effect of the selected SNPs on the residual age at
onset, a polygenic age at onset score was derived. It was defined as the sum of the number
of minor alleles at each locus weighted by their effect size in this report using the
Bettencourt et al., 2016 parameters. The polygenic score was plotted against the residual
age at onset values. A similar analysis was used to derive the polygenic age at death score
which used the regression parameters determined for the HD cohort in this report. Finally,
the polygenic age at onset score was plotted against the relative rate of somatic expansion
determined by Illumina MiSeq. The relative rate of somatic expansion was calculated as
the proportion of reads in the sample with CAG repeat lengths greater than the progenitor
allele relative to the number of reads with the progenitor allele CAG repeat size.
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Table 2.6. DNA repair pathway SNP panel and corresponding proxy SNPs

SNP ID Chr:position (bp) (GRCh38) Gene
rs1037699 8:102238702 RRM2B
rs1037700 8:102238547 RRM2B

rs114136100 15:30905773 FAN1
rs115109737 5:80806625 MSH3
rs12531179* 7:5989056 PMS2
rs1382539x 5:80656335 MSH3
rs146353869 15:30834198 HERC2P10
rs150393409 15:30910758 FAN1
rs16869352 8:102293805 UBR5
rs175080* 14:75047125 MLH3
rs1799977 3:37012077 MLH1
rs1800937 2:47798625 MSH6
rs1805323* 7:5987311 PMS2
rs20579* 19:48165573 LIG1
rs3512* 15:30942802 FAN1
rs3735721 8:102205467 RRM2B
rs4150407* 2:127292055 ERCC3
rs5742933* 2:189784590 PMS1
rs5893603 8:102238612 RRM2B
rs6151792* 5:80761142 MSH3
rs61752302 8:102298925 UBR5
rs71636247 5:80823157 MSH3
rs72734283 14:75028356 MLH3
Reference SNP ID Proxy SNP ID (r? value) Proxy Gene
rs12531179* rs852151 (0.811) EIF2AK1
rs175080* rs175084 (1.0) MLH3
rs1805323* rs12534423 (1.0) PMS2
rs20579* rs3730872 (0.732) LIG1
rs3512* rs11293 (1.0) FAN1
rs4150407* rs1566822 (1.0) ERCC3
rs5742933* rs3791767 (1.0) ORMDL1
rs6151792* rs6151816 (0.806) MSH3

Proxy SNPs were identified in high linkage disequilibrium (LD) with the most significant SNP (r2 >
0.7) using LDlink (https:/analysistools.nci.nih.gov/LDlink/) in the British population. Chr:

chromosome; dark red: not available on the NeuroChip array and/or proxy SNP r2 < 0.7; *: proxy
SNPs required; x: rs1382539 was analysed instead of rs557874766 as the genotyping data of
rs1382539 are of higher quality, however the two are in high LD and tag the same association
signal (Moss et al., 2017).
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2.10 DNA Library Preparation and Illumina MiSeq Sequencing

In collaboration with Prof Darren G Monckton (Institute of Molecular, Cell and Systems
Biology, College of Medical, Veterinary and Life Sciences, University of Glasgow), the
HD patient blood and post-mortem brain samples were sequenced by Illumina MiSeq.
The library preparation and MiSeq protocol was developed and completed by Dr Marc
Ciosi (Ciosi et al., 2018). Briefly, the polyglutamine (CAG) and polyproline (CCG) tracts
within exon one of HTT were amplified from genomic DNA using MiSeg-compatible
PCR primers. The primers were designed to be HTT locus-specific with the complete
sequence of a barcoded Illumina adapter, which allows the PCR product to be sequenced
directly (Figure 2.1). A fraction of the post-PCR product was subjected to a clean-up
reaction using AMPure XP beads (Beckman Coulter), which also removed any primer
dimers that were present. Quality control of the cleaned sample was performed on the
Qubit fluorometer, the DNA Bioanalyser and by gPCR. The library was sequenced
adhering to the Illumina guidelines for an amplicon MiSeq run with MiSeq Reagent Kit
v3 (Illumina) using a cluster density of 1000k cluster/mm2 supplemented with 5% PhiX
spike-in (PhiX Control v3, Illumina), which allowed increasing nucleotide diversity
during the run and serves as a sequencing control. The prepared sequencing library and
PhiX were denatured according to the Illumina protocol and loaded onto the MiSeq
instrument with a run time of 65 hours. The sequencing output was analysed using the
MiSeq Control Software version 2.5.05, and the MiSeq Reporter software version 2.5.1
was used for demultiplexing the reads. The MiSeq raw data output files containing HD
patient blood and post-mortem brain samples were genotyped using ScaleHD (version
0.315), developed by Mr Alastair Maxwell, which is an automated HD genotyping

bioinformatics pipeline (http://scalehd.readthedocs.io/en/latest/). The raw data output

files of both the forward and reverse sequence reads in the FastQ format are required for
the pipeline. ScaleHD provides quality control, sequence alignment and genotyping of
input files. The process of ScaleHD includes trimming the sequencing adapters and
performing the Burrows-Wheeler Aligner Memory algorithm (BWA-MEM) alignment
against 4,000 typical HTT references. Any reads that map to multiple references were
filtered out and automated genotyping follows. The data was checked manually if a
sample satisfied any of the ScaleHD behaviour queries (Table 2.7).
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(A)
TruSeq CD adapters:

57 AATGATACGGCGACCACCGAGATCTACAC[i5]ACACTCTTTCCCTACACGACGCTCTTCCGATCT
] ]

5" GATCGGAAGAGCACACGTCTGAACTCCAGTCAC[i7] ATCTCGTATGCCGTCTTCTGCTTG

|
(B)
primer

E E EEEmHTTexon 1 _ (CCG), mm E E

‘PN
primer

PS primer:
5’ _ i5 index _ - locus-specific primer .
MiSeq
P7 primer: compatible

Figure 2.1. HTT locus-specific primers incorporating MiSeq adapters (qifted by Dr Marc Ciosi)

A: TruSeq combinatorial dual (CD) adapters with i5 and i7 indexes. Indexes are unique DNA
sequences ligated to DNA library fragments with the downstream purpose of in silico sorting and
identification. lllumina indexes can be pooled together, loaded into one lane of the sequencing flow
cell, and sequenced in the same run. This allows the samples to be multiplexed. Individual reads
are subsequently identified and sorted via bioinformatics. B: The designed HTT locus-specific
primers incorporating MiSeq adapters. HS319F (5’-GCGACCCTGGAAAAGCTGATGA-3’) and
33935.5 (5-AGCAGCGGCTGTGCCTGC-3’) are the two HTT locus specific primers, which
respectively bind 26 bp 5’ upstream of the CAG repeat and 26 bp 3’ downstream of the
CCG repeat. (CAG)n: CAG repeat number; (CCG),: CCG repeat number; SPBS: sequencing

primer binding site.
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Table 2.7. ScaleHD behaviour queries

Behaviour Queries

1 Check the FAIL samples. Most of them are probably due to a low number of
mapped reads but there are some that will have failed for another reason and
that can easily be genotyped manually like you‘ve done on your Galaxy
output. For the samples with a low number of mapped reads - the following
rules regarding the number of mapped reads have been applied:

a) <100 reads mapped to the modal allele reference (n) = failed
sample
b) < 250 reads mapped to the modal allele reference = OK for
genotyping but NOT OK for somatic mosaicism estimation

2 Check the homozygous haplotype samples (especially the ones with less than
80% forward mapped reads)

3 Check the samples with a confidence score < 55

4 Check the samples with > CAGuas

5 Check the samples for which the percentage of aligned forward reads is < 90%

6 Check samples with an exception raised

7 Check novel atypical sequences

8 Check the sample with SVM failure = TRUE

9 Check the samples with Differential Confusion = TRUE

10 Check the samples with homozygote CAG calls and homozygote CCG calls

11 Check the samples with atypical expanded calls
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2.11 PacBio SMRT Sequencing

Five HD patient blood samples (HTT patient number 3, 5, 8, 13, and 24) and five HD
post-mortem brain samples (P72.10 occipital lobe and medulla, and P3.92 temporal lobe,
cerebellum and pons) were sent to PacBio (Pacific Biosciences, 1305 O'Brien Drive,
Menlo Park, CA 94025) for amplification-free CRISPR-Cas9 targeted enrichment SMRT
sequencing. All samples were processed with PacBio’s CRISPR/Cas9 protocol for the
RSII, except for HTT 8, P72.10 medulla, P3.92 temporal lobe and pons, which were
processed with PacBio’s CRISPR/Cas9 protocol for the Sequel System. Genomic DNA
was fragmented with the high fidelity restriction enzymes, EcoRI and BamHI. SMRThbell
template libraries were prepared by ligation of capture adaptors carrying specific
overhang sequences with E.coli DNA ligase. A genome complexity reduction step was
added before library preparation to improve the observed on-target capture rate. In the
presence of calf intestinal alkaline phosphatase, genomic DNA samples were pre-digested
with the high fidelity restriction enzymes, Kpnl, Mfel, Spel, and EcoRV. Up to 1 ug of
SMRThbell template library was used for the Cas9 nuclease digestion with up to four guide
RNAs in the same digestion reaction. DNA samples were then ligated with a polyA
hairpin adapter to obtain asymmetric SMRThbell templates from Cas9-digested target
molecules. To enrich the asymmetric SMRTbell templates, PacBio MagBeads were used.
The MagBead-DNA binding was carried out in high salt buffer for 2 hours at room
temperature and washed once with low salt buffer (Figure 2.2). The bound DNA was then
eluted in elution buffer at 65°C for 10 min. A standard PacBio sequencing primer lacking
a polyA sequence was annealed to the eluted SMRTbell template and purified with
AMPure beads for SMRT sequencing. A polymerase binding protocol with free hairpin
adaptors in the binding buffer was used to bind the excess DNA polymerase. The
sequencing data was collected on the PacBio RSII instrument using the following
protocol; one-cell-per-well MagBead, P6/C4 sequencing chemistry, with a 4-hour
collection time (Tsai et al., 2017). This protocol was optimised for the new Sequel System
which added several steps including the use of many more restriction enzymes to remove
background noise i.e. cutting up the unwanted DNA in order to increase the sequencing
yield of the on-target DNA.
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Figure 2.2. An overview of CRISPR-Cas9 targeted enrichment, adapted from (Tsai et al., 2017)

Native genomic DNA digested with EcoRI-HF and BamHI-HF is used to generate the SMRThbell
libraries. The SMRTbell templates containing the region of interest are cut open using Cas9 and a
crRNA (CRISPR RNAs, transcribed from the CRISPR locus) designed to be complementary to a
sequence adjacent to the region of interest. A capture adaptor (hairpin adaptor) is ligated to the
digested templates and subsequently used as a handle in MagBead capture to enrich specifically
for the region of interest. PacBio SMRT sequencing is used to sequence the captured SMRTbell

templates.
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2.12 Nanopore Sequencing

In total, 48 samples including control human post-mortem brain and HD patient blood
and post-mortem brain samples were sent for Nanopore sequencing in collaboration with
Dr Graham Taylor (King’s College London) (Table 2.8). In combination with Nanopore
long-read sequencing data, the estimation of CAG repeat length was determined in
collaboration with Dr David Murphy (Queen Square Genomics), using an adjusted
RepeatHMM as previously described (Liu et al., 2017). RepeatHMM is a computational
tool that takes a set of reads and uses a split-and-align strategy to improve read alignments
and perform error correction (Liu et al., 2017). This tool contains a hidden Markov model
(HMM) and a peak calling algorithm, which is based on the Gaussian mixture model to
infer repeat counts (Liu et al., 2017). For this report, the raw FASTA files received as the
output of Nanopore sequencing from Dr Graham Taylor and team were converted to
Sequencer Alignment/Map (SAM) files (https://github.com/Ih3/minimap2). The SAM

files were then converted to BAM files using Samtools, and Novosort sorted the BAM

files to be further analysed. The BAM files were run through an adjusted RepeatHMM
bioinformatics pipeline developed by Dr David Murphy and a bioinformatics script was
used to align the CAG repeat reads to the human reference genome, Genome Reference
Consortium Human Build 38 (GRCh38) (https://www.ncbi.nlm.nih.gov/assembly/GCA
000001405.28) (Script 2.1).

71


https://github.com/lh3/minimap2
https://www.ncbi.nlm.nih.gov/%20assembly/GCA_000001405.28
https://www.ncbi.nlm.nih.gov/%20assembly/GCA_000001405.28

Table 2.8. Control and HD patient samples analysed by Nanopore sequencing

Sample Code Tissue  Sample Code Tissue

number number
1 5318 Blood 25 59464 Blood
2 47875 Blood 26 58727 Blood
3 62710 Blood 27 68412 Blood
4 39032 Blood 28 P82.10 Frontal lobe Brain*
5 14632 Blood 29 P82.10 Temporal lobe Brain *
6 50310 Blood 30 P82.10 Occipital lobe Brain *
7 55093 Blood 31 P82.10 Cerebellum Brain *
8 65996 Blood 32 P82.10 Pons Brain *
9 10037 Blood 33 P72.10 Frontal lobe Brain
10 46584 Blood 34 P72.10 Temporal lobe Brain
11 46024 Blood 35 P72.10 Occipital lobe Brain
12 67935 Blood 36 P72.10 Putamen Brain
13 52325 Blood 37 P72.10 Caudate nucleus Brain
14 55777 Blood 38 P72.10 Cerebellum Brain
15 30598 Blood 39 P72.10 Pons Brain
16 47024 Blood 40 P72.10 Medulla Brain
17 52251 Blood 41 P72.10 37025 Blood
18 48301 Blood 42 P3.92 Frontal lobe Brain
19 60734 Blood 43 P3.92 Temporal lobe Brain
20 72324 Blood 44 P3.92 Occipital lobe Brain
21 57975 Blood 45 P3.92 Cerebellum Brain
22 32038 Blood 46 P3.92 Pons Brain
23 40254 Blood 47 P3.92 Medulla Brain
24 73402 Blood 48 P3.92 6387 Brain

*: control human post-mortem brain.

Script 2.1. Alignment pipeline developed by David Murphy

#!/bin/bash
set-e

hades/Software/NGS_Software/minimap2/minimap2 -ax map-ont /hades/dmurphy/pipeline/Homo _sapiens
_assembly38.fasta $1 > $1.sam samtools view -Sb $1.sam > $1.bam

rm $1.sam

/hades/Software/NGS_Software/novocraftV3.08.02/novosort --md --kt --ise -c 10 -t /hades/ pipelinetemp/ -f
-i -0 $1_sort.bam $1.bam

rm $1.bam
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Chapter 3. Investigating GAA Repeat Sequence Interruptions
in Friedreich’s Ataxia

3.1 Background

The FRDA GAA repeat is located on both alleles of the frataxin gene and the shorter of
the two repeats is denoted as GAAL and the subsequent as GAA2. The GAA repeats are
sized by long-range PCR with primers that generate larger amplicons to alleviate selective
amplification of GAAL (Campuzano et al., 1996). However, PCR artefacts resembling
large GAA expansions have been reported in FRDA negative individuals with two alleles
of significantly different GAA repeat sizes, and similarly, in those with a single short
repeat of <200 GAAs (Poirier et al., 1999). In order to combat this, triplet repeat primed
PCR (TP-PCR) was developed, which uses a fluorescently labelled locus specific primer
flanking the repeat, with paired primers amplifying from multiple sites within the repeat
and containing a common 5’ tail (Warner et al., 1996). Yet, neither method informs on
the sequence configuration. Pure GAA repeats have been determined to be stable up to a
threshold of 44 GAAs, and surpassing this threshold results in instability (Sharma et al.,
2004). An amplification and restriction enzyme based assay was developed to assess the
purity of GAA repeats and the potential correlation of sequence configuration with repeat
length (Holloway et al., 2011). This incorporated amplifying GAA repeats by PCR and
restriction enzyme digestion using the endonuclease Mboll. Previously, this method
determined interrupted regions in one FRDA patient, in which part of the repeat was
sequenced; (GAA)21(GGAGAA)s(GGAGGAGAA)70(GAA)n (Holloway et al., 2011).

Several reports have identified GAA repeat interruptions, with suggestions that they
protect against instability-promoting DNA secondary structures and therefore, have the
potential to reduce the disease burden (Ohshima et al., 1999). Additionally, interruptions
have been shown to increase the stability of the GAA repeat through intergenerational
transmission; a (GAAAGAA), interrupted (GAA)112 repeat was reported to be stably
transmitted through two generations (Cossée et al., 1997). To expand further upon this
work, and to elucidate the commonality of interruptions in FRDA patients, we have
investigated the sequence composition of the GAA repeat expansion in a large cohort of
253 FRDA patient and carrier DNA samples using TP-PCR analysis and long-range PCR
amplification with Mboll restriction enzyme digestion. Ultimately, understanding the role
of sequence interruptions will provide a more accurate genotype-phenotype correlation
for the improved genetic counselling of FRDA patients.
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3.2 Results

3.2.1 TP-PCR Determines the Purity of the FRDA GAA Repeat Expansions

TP-PCR was performed on peripheral blood DNA obtained from 246 FRDA patient and

seven carrier samples (N = 253) (Chapter 2, section 2.2.1 and Supplementary Data Table

1). The data were displayed in the form of chromatographs using GeneMapper software
(version 5.0). If a sample was negative for the GAA expansion with < 44 GAAs, it was
excluded. TP-PCR does not reveal the base pair configuration, therefore, sequence
alterations were determined visually based on the resulting chromatograph profiles
(Figure 3.1). Gaps in the TP-PCR chromatographs are representative of non-GAA
sequences within one or both of the GAA repeats. Other patterns included; ‘late starts’,
indicative of either sequence changes in the most 3> GAAs or insertions within the 3’
flanking sequence; ‘early starts’, identifying deletions within the 3’ flanking sequence,
and ‘double peaks’, suggestive of one or two base pair insertions or deletions, which may

be seen to resolve into single peaks again after further insertions or deletions.

Figure 3.1. TP-PCR chromatograph profiles (overleaf)

Each blue peak is representative of one GAA trinucleotide. Four different chromatograph profiles
are represented; (A) depicts a sample starting at the expected 85 bp mark that has approximately
23 GAAs and is therefore FRDA negative (GAAn < 44); (B) displays a typical GAA expanded profile
of a positive FRDA patient starting at the expected 85 bp mark with an attenuating stretch of peaks
(GAA, = 44); (C) displays a sample with double peaks and the position of the first GAA is delayed
by > 5 GAA’s; (D) represents a sample that contains a gap (interruption) of 5 GAAs after the third
GAA ftrinucleotide. Y axis: relative fluorescence units; X-axis: base pairs (bp); 80: 80 bp as

normalised to the 500 LIZ size standard.

74



.:2.:::2:::_:_,_.:;.t:_::.::..;;__..__._.J;.__:__.__:_A_._,::

B

sojoid ydeibojewolyd YO d-d.L | ¢ eanbig

I
|

=

(@

T

75



TP-PCR of all 253 samples revealed that eight samples were negative for the GAA repeat
expansion with <44 GAAs, and two samples failed. These 10 samples were consequently
excluded from the study. The remaining 236 FRDA patient and seven carrier samples
displayed varying chromatograph profiles, indicating the presence of sequence
interruptions in the 3” end of the GAA repeats. A full description of the chromatograph
profiles for each sample is summarised in Supplementary Data Table 1. The TP-PCR data

confirmed that 81 FRDA patients (34%) and four carriers had pure repeat sequences. In
contrast, 155 FRDA patients (66%) and three carriers displayed sequence interruptions,

which were located up to (GAA)3o at the 3’ end of the repeat (data not shown).

3.2.2 Reverse TP-PCR

As we have shown through TP-PCR that there are altered sequence profiles at the 3> end
of the GAA repeat expansion in FRDA patients, a “reverse” TP-PCR protocol was

developed to examine the 5’ region of the repeat (Chapter 2, section 2.4). We

hypothesized that in addition to the 3° GAA repeat interruptions, alterations at the 5* end
of the expansion could act as phenotypic modifiers. Seven potential reverse P1 primers
were developed to incorporate the 5’ region of the GAA repeat (Chapter 2, Table 2.5).

Promising results were obtained with the following combination of primers; F Long P1.:
5’-GGGATTGGTTGCCAGTGCTTAAAAGTTAG-3’, P3(R): [EFAM]-5"-T-ACGCA-
TCCCAGTTTGAGACG-3’ and P4(R): 5>-TACGATCCCAGTTTGAGACGTTCTTC-
TTCTTCTTCTTCTTC-3’, which were tested on a small selection of samples from our
FRDA cohort (Figure 3.2). However, at the time of this study, the yield was too low and
there was high background noise, which inhibited the application of this to the entire
FRDA cohort. The low efficiency of this technique was considered to be due to a polyA
stretch, which is located directly before the start of the GAA repeat.
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3.2.3 Mboll Digestion Analysis Identifies Interrupted GAA Repeat Expansions

The DNA samples, at a concentration of 100 ng/ul, were amplified by long-range PCR
with either the Expand High Fidelity PCR System, dNTPack (Roche), or the Long-Range
PCR Kit (Qiagen) together with forward and reverse primers as previously described
(Holloway et al., 2011). The PCR products, which contained the GAA repeat expansion
with flanking sequences of 170 bp at the 5 end and 120 bp at the 3* end, were digested
with Mboll, which has a cleavage sequence of 5°-GAAGA(8/7)-3°. Out of the cohort of
236 confirmed FRDA patient and seven carrier samples, Mboll digestion analysis was
successful for 219 FRDA patient and seven carrier samples (N = 226). Pure GAA repeats
were determined in 197 (87%) of the 226 samples, which presented as the two expected
Mboll bands at 120 bp and 170 bp. The remaining 13% of samples revealed alternative
Mboll band profiles (Figure 3.3). To investigate whether the results obtained from the
Mboll digestion profiles were replicable in the TP-PCR analysis, we compared samples
with atypical Mboll digestion profiles to their corresponding TP-PCR chromatographs
(Figure 3.4). There was no relationship between the Mboll digestion profiles and TP-PCR
analysis of these samples.
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Figure 3.3. Mboll digestion profiles

The bottom half of the image is the negative of the top half. The negative image allows an easier
visualisation of atypical profiles. The blue 120 bp and 170 bp markers identify the two expected
Mboll digestion bands. Samples which show this two band profile are considered to have pure GAA
repeats in relation to the sensitivity of the technique. An example of additional bands (red boxes)
suggests the presence of GAA repeat interruptions within one or both of the GAA repeat
expansions. In addition to the extra bands, sample 60541 displays a band profile of 100 bp and
170 bp, which indicates a deletion of approximately 20 bp in the 3 GAA flanking sequence.
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Figure 3.4. Combined Mboll and TP-PCR analysis for three of the FRDA samples (overleaf)

(A) The bottom half of the image is the negative of the top half. The negative image allows an easier
visualisation of atypical profiles. The blue markers identify the two expected Mboll digestion bands
at 120 bp and 170 bp. Samples which show this two band profile are considered to have pure GAA
repeats. An example of an additional band (red box) suggests the presence of GAA repeat
interruptions within one or both of the GAA repeat expansions. (B) Chromatographs of alleles
amplified by TP-PCR, using an ABI 3730xI DNA analyser and GeneMapper Software version 5.0.
Each blue peak is representative of one GAA repeat. Sample 17786 has two additional bands at
approximately 300 and 400 bp in the Mboll digestion profile. This does not match the gap
(interruption) present in the corresponding chromatograph, which represents approximately five
GAA’s (15 bp). Sample 18204 has a pure Mboll digestion profile, however the chromatograph
shows an interrupted sequence of approximately five GAA’s (15 bp). Sample 65331, has an
additional band at approximately 600 bp in the Mboll digestion profile, which again, does not
recapitulate the approximate nine GAA gap (27 bp) observed in the corresponding chromatograph.
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3.2.4 GAA Repeat Size and Purity Influences FRDA Age at Onset

Age at onset data and GAA repeat lengths were available for 203 samples (Supplementary

Data Table 1). Linear regression and correlation analysis of GAAL and GAAZ2 repeat size
versus age at onset were performed using GraphPad Prism (version 8.4.2). The analysis
of all samples demonstrated the inverse relationship between GAA1 repeat size and age
at onset (R = -0.5814 and R? = 0.3380). This highlights that approximately 33.8% of the
age at onset variation is determined by the size of the GAAL repeat. In contrast and as
expected, the inverse relationship between the GAA2 repeat size and age at onset was
much weaker, with approximately 7.8% of the age at onset variation determined by GAA2
(R =-0.2806 and R? = 0.07873) (Figure 3.5 A and B). Age at onset correlations based on
the purity profile of the repeat determined by Mboll digestion and TP-PCR was analysed

using the GAAL repeat size due to the significant inverse relationship with age at onset
(Figure 3.5 C, D, E, and F). The correlation between GAA1 repeat size and age at onset

for samples with pure Mboll digestion profiles revealed a stronger inverse relationship
when compared to the total sample collection (R = -0.5902 and R? = 0.3483). However,
this was not observed for samples with pure TP-PCR profiles (R = -0.2122 and R? =
0.04504). The correlation between GAAL repeat size and age at onset for samples with
interrupted Mboll digestion profiles identified a weaker inverse relationship when
compared to the total sample collection and to the pure Mboll digestion profiles (R = -
0.4095 and R? = 0.1679). Interrupted TP-PCR profiles displayed a stronger correlation (R
= -0.5990 and R? = 0.3588) when compared to the total sample collection and in
comparison to the pure Mboll digestion GAAL repeat size correlations. With the
exception of the pure TP-PCR profiles (p = 0.0871), there was a significant relationship
between GAAL and GAAZ2 repeat sizes with age at onset (p = < 0.0001), and between
GAAL1 repeat size with pure Mboll digestion (p = < 0.0001), interrupted Mboll digestion
(p = 0.0419), and interrupted TP-PCR (p = < 0.0001) profiles.
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Figure 3.5. Linear regression analysis of GAA repeat size and sequence purity with age at onset

GAA1 repeat size is correlated to age at onset for all samples (A), GAA2 repeat size is correlated
to age at onset for all samples (B), GAA1 repeat size is correlated to age at onset for pure Mboll
digestion (C) and TP-PCR (D) profiles, and for interrupted Mboll digestion (E) and TP-PCR profiles
(F). A significant relationship with age at onset was determined for all purity profiles (p = < 0.0419),
with the exception of TP-PCR pure (p = 0.0871).
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3.3 Discussion

3.3.1 TP-PCR and Mboll Digestion Determine the GAA Repeat Purity

In relation to expanding on the work by Holloway et al., 2011, who reported GAA
interruptions in one of four FRDA patients, our study with a total of 236 FRDA patient
and seven carrier samples, to our knowledge, represents the largest cohort of FRDA
patients in which the frequency of GAA repeat interruptions has been investigated. We
used two methods to identify sequence alterations; TP-PCR analysis of the 3’ end of the
expansion, which encompasses approximately 100 GAAs, and long-range PCR with
Mboll restriction enzyme digestion, which is sensitive to non-(GAAGA), interruptions
that are approximately > 50 bp. The results of this study revealed that interruptions
determined by TP-PCR, and located in the first 30 GAAs at the 3’ end of the repeat, were

common and that internal repeat interruptions determined by Mboll were rare.

Interruptions were identified within the first 30 GAAs in 66% of our FRDA patient
cohort, which is in agreement with previous literature (Sakamoto et al., 2001). DNA
sequencing of approximately 200 GAA repeats (the length at which sequencing was
technically possible) in 11 expanded FRDA alleles revealed that 45.5% -carried
interruptions within the last 10 to 15 GAAs at the 3” end of the expansion (Sakamoto et
al., 2001). Therefore, our results suggest that with a larger FRDA patient cohort, the
location of 3 GAA repeat interruptions can vary, with positions identified further along
the expansion than previously reported. However, the larger FRDA cohort size did not
drastically increase the frequency percentage of the 3’ sequence interruptions. Previous
reports have determined the commonality of these small sequence interruptions, however,
Sakamoto et al., 2001 could not conclude on the relevance of 3’ interruptions, but
suggested that sequence variants could play a role in rare patients with atypical FRDA
phenotypes (Al-Mahdawi et al., 2018; Sakamoto et al., 2001). Therefore, this highlights
the need to develop a method which can give a greater consensus of the entire repeat
composition that will subsequently enable a more comprehensive analysis into the

relationship between GAA repeat interruptions and FRDA disease progression.

Similarly to TP-PCR, the Mboll digestion technique does not identify the sequence at the
base pair level, it instead identifies interruptions by atypical restriction enzyme digestion
profiles. The PCR and Mboll digestion-based assay from this exploratory study indicates
that 87% of the FRDA samples in this cohort carry primarily pure GAA repeat expansions
throughout the length of the repeat. The remaining 13% of FRDA patients had atypical
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Mboll-digestion profiles, suggestive of internal GAA repeat interruptions. Subsequent to
identifying the purity status of the GAA repeats by Mboll digestion and TP-PCR, the
potential effect of repeat interruption profiles upon GAAL size and age at onset was
examined. In agreement with previous reports, our analysis of GAAL size and age at onset
indicated that up to 33.8% of the variation in age at onset in our FRDA cohort is
determined by the GAAL1 repeat length (Filla et al., 1996; Reetz et al., 2015). This study
further identified that in addition to GAAL size, the purity of the expansion is also an
important factor when considering age at onset. Stronger correlations compared to the
total sample collection were observed for the pure Mboll digestion and interrupted TP-
PCR subset of FRDA patients. Approximately 34.8% and 35.9% of age at onset variation
in the pure Mboll and interrupted TP-PCR subset was determined by GAA1 repeat size,
respectively. Without the base pair sequence composition it is difficult to understand the
exact influence of GAA repeat interruptions on FRDA phenotype. Although somewhat
contradictory, these results highlight that sequence purity has the potential to influence
age at onset and that further investigation is needed to resolve the GAA repeat sequence.

In contrast to TP-PCR, the Mboll digestion method includes the entire expansion and is
not limited to the last approximate 100 GAA repeats at the 3’ end of the repeat.
Nonetheless, it is important to note the limitations of the Mboll restriction enzyme
digestion method. This technique does not identify the sequence at the base pair level and
it will only detect approximately 20 bp added to either of the flanking regions, or > 50 bp
of internal interruptions within the GAA repeat expansion. Mboll digestion analysis will
not detect smaller interruptions less than 50 bp or (GAAGA). interruptions as such
sequences will be cut by the enzyme. Overall, deciphering the base by base sequence
configuration of the GAA repeat expansion is needed to enable further in-depth
conclusions regarding the disease modifying effects of interruptions in FRDA. The
evolution of TGS and its contribution to determining the sequence of complex genetic
regions, suggests that these techniques will soon be applicable to FRDA. This does not
however, diminish the value of the information gained through the previous techniques
of PCR amplification and/or restriction enzyme digestion and partial sequencing of the
GAA repeat as they have revealed alterations within the expansion. This develops the
curiosity and creates the need to translate the current TGS techniques to FRDA, which
will ultimately determine the exact sequence configuration. Once this is determined, it
has the potential to improve the genetic counselling of patients and increase our
understanding of the genotype-phenotype relationship.
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Chapter 4. Determining the HTT Sequence Configuration in
Huntington’s Disease Patients

4.1 Introduction

In relation to the phenotypic variance observed within HD patients with similarly sized
pathogenic alleles, this report set out to determine the sequence of the CAG repeat and
flanking CCG repeat regions in a cohort of HD patients with (CAG)a1 (Table 4.1). These
patients presented with a 35.5-year age gap from the earliest to latest age at onset, which
recapitulates the phenotypic variation reported for this CAG repeat length (Wexler et al.,
2004). One potential source of individual phenotypic variation could be due to internal
CAG repeat sequence alterations, such as nonsynonymous repeat interruptions, which
have been previously identified as disease modifiers in other CAG repeat diseases (Fratta
et al., 2014; Menon et al., 2013).
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Table 4.1. HD patient blood samples with (CAG)41

HD patient (CAG)n Age at onset
number Actual Estimated (Langbehn)  Residual

1 41 40.5 57.5 -17
2 41 42.5 57.5 -15
3 41 48.5 57.5 -9
4 41 50.5 57.5 -7
5 41 50.5 57.5 -7
6 41 51.5 57.5 -6
7 41 56.5 57.5 -1
8 41 56.5 57.5 -1
9 41 55.5 57.5 -2
10 41 58.5 57.5 1
11 41 55.5 57.5 -2
12 41 59.5 57.5 2
13 41 59.5 57.5 2
14 41 60.5 57.5 3
15 41 63 57.5 55
16 41 63.5 57.5 6
17 41 63.5 57.5 6
18 41 67.5 57.5 10
19 41 67.5 57.5 10
20 41 73.5 57.5 16
21 41 X 57.5 X
22 41 38 57.5 -19.5
23 41 P 57.5 X
24 41 P 57.5 X
25 41 58 57.5 0.5
26 41 X 57.5 X
27 41 61.5 57.5 4
28 41 54 57.5 -3.5
29 41 61 57.5 3.5
30 41 62 57.5 4.5
31 41 62 57.5 4.5
32 41 66 57.5 8.5
33 41 68 57.5 10.5

(CAG)n: CAG repeat of length n (n = number); (Langbehn): estimated mean age at onset according
to Langbehn et al., 2004; Residual age at onset: age at onset minus estimated mean age at onset

(Langbehn); X: no information available; P: premanifest.
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Using an optimised clone sequencing approach, we wanted to identify any sequence
alterations that differed from the canonical sequence of the CAG repeat and flanking CCG
repeat regions (Figure 4.1). During this work, Illumina developed the MiSeq System and
an amplicon-sequencing protocol for the HTT exon 1 trinucleotide repeat was established
(Ciosi et al., 2018). In collaboration with Prof Darren G Monckton, our cohort of HD
patients with (CAG)41 were sequenced by Illumina MiSeq, allowing a high-throughput
quantification of the number of CAGs and CCGs, as well as the presence of sequence
alterations. Third-generation sequencing platforms were subsequently developed by
Pacific Biosciences (PacBio) and Oxford Nanopore Technologies (ONT). To
complement the clone sequencing and Illumina MiSeq work, HD patient DNA was sent
to PacBio and ONT for third-generation sequencing. Applying first-, second- and third-
generation sequencing technologies to our cohort of HD patients additionally allowed us
to investigate their efficiency in sizing the CAG repeat as well as elucidating the base pair

configuration of the CAG repeat and flanking CCG repeat regions.

(CAG),

CCGl1

<(CAG)(CTT)(CCT)(CAG)(CCG)y(CAGYGCA)CAG)CCG)CTG),(CCTYCAG)CCG)(CAG) |

4 (CCG)CCC)CCR),(CCO)CCE),(CCANCCO) F

Figure 4.1. Canonical sequence of the CAG and CCG repeat regions of interest

The HTT sequence was obtained from the National Centre for Biotechnology Information (NCBI)
website (https://www.ncbi.nim.nih.gov/nuccore/NC_000004.12?report=fasta&from=30746818&t0=3
243960). (CAG)n: CAG repeat of length n, including the CAA trinucleotide if present; CCG1: CCG
repeat region 1; Inter-CCG repeat region: sequence between CCG1 and CCG2; CCG2: CCG

repeat region 2.
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4.2 Results

4.2.1 Clone Sequencing of HTT in the (CAG)41 HD Patient Cohort

Clone sequencing was performed on the DNA extracted from the blood of 33 HD patients
with (CAG)a41. In order to investigate possible CAG repeat and flanking CCG repeat
sequence alterations in the pathogenic allele only, the two alleles were separated by
agarose gel electrophoresis and the expanded allele was excised and purified for
subsequent clone sequencing. Clone sequencing was successful for 24 HD patients (Table

4.2) who presented with a 33-year age gap from the earliest to latest age at onset.

Table 4.2. Summary of clones obtained per HD patient

HD patient (CAG)n Number of clones
number Wild type Expanded Wild type Expanded
1 19 41 1
2 22 41 1 6
3 18 41 13
4 21 41 5
5 22 41 1 9
6 19 41 5
7 26 41 5
8 20 41 1 6
9 16 41 6
10 21 41 2 9
11 18 41 6
13 18 41 7
14 18 41 1 4
15 23 41 3 8
17 18 41 4 16
18 19 41 3 5
20 19 41 7
23 21 41 6
24 18 41 9
25 18 41 6
28 15 41 10
29 16 41 5
30 18 41 1 5
31 18 41 4 4

(CAG)n: CAG repeat tract of length n as determined by fragment analysis.
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A total of 163 clones containing the HTT sequence were obtained, with all of the sequence
configurations depicted in Figure 4.2. The specific sequence configurations resolved per
patient can be seen in Figure 4.3, and a summary of the text sequence data is detailed in

Supplementary Data Table 2. Only clones with a minimum of 36 CAGs were selected as

expanded alleles. This was to incorporate alleles in the reduced penetrance range where
HD pathogenesis has previously been reported to arise (Rubinsztein et al., 1996). No
clones obtained from this cohort of HD patients contained any nonsynonymous sequence
interruptions in the CAG repeat region. The penultimate synonymous CAA interruption
was present in the majority of HD patients with the exception of all clones from patients
1 and 4. An additional CAA interruption was found in one clone each from HD patients
17, 20, 30 and 31, located within the CAG tract after the first 25, 37, 32, and 16 CAG
trinucleotides, respectively. HD patients 2, 3, 7, and 28 contain a mixed population of
clones with and without the penultimate CAA interruption. HD patient 1 contains
(CCG)12, which is the largest CCGL1 tract in this cohort. The shortest was identified as
(CCG)e in HD patients 9, 13, 17, 23, 24, 25, and 28. An A:G substitution resulting in the
absence of the CCA trinucleotide prior to the CCGL1 tract is present in HD patients 1 and
8, and a G:A substitution is present in HD patients 9 and 17, resulting in an additional
CCA trinucleotide either before or interrupting the CCG tract, respectively. Another
alteration where the first CCG trinucleotide is lost, (CCA)(CCG)7(CCT)2, was identified
in one clone from HD patient 3. A G:A substitution was identified in the inter-CCG repeat
region of one clone in HD patient 23. The most notable sequence alterations identified
within the CCG2 repeat region were substitutions of C:A and C:T. This resulted in the
following codons; ACG, CAG, CTC, CTG and TCG, which can be seen to various
degrees in HD patients 2, 4, 6, 9, 11, 13, 17, 23 and 25.
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(CAGHCTTHCCTHCAGNCCA)CCG)L(CAGHGCA)CAGHCCGNCTG),(CCTHCAG)CCGHTCAG) EREEOEENINEEE AN

Figure 4.2. Sequencing figure legend

This figure displays all the sequences obtained through clone sequencing, which have been
segmented into the various regions of interest. Each codon is colour coded with the single letter
amino acid abbreviation above. Q: glutamine; P: proline; L: leucine; A: alanine; T: threonine; S:
serine; RefSeq: reference sequence; CCG1: CCG repeat region 1; CCG2: CCG repeat region 2;

Inter-CCG repeat region: region in between CCG1 and CCG2.
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Figure 4.3. DNA sequences from successfully cloned HD patient blood samples (overleaf)

Each square represents a codon and is colour-coded for visual ease. The frequency (Fq)
represents the population of clones obtained per patient and quantifies the presence of each
sequence. RefSeq: HTT reference sequence according to NCBI (https://www.ncbi.nlm.nih.gov
/nuccore/NG_009378.1?from=5001&to=174286&report=fasta); CAG repeat sequence:

codon composition including CAA trinucleotides; CCG1: codon composition of CCG repeat region

1; CCG2: codon composition of CCG repeat region 2; Inter-CCG repeat region: codon composition
of the region in-between CCG1 and CCG2; (CAG)n: CAG repeat tract of size n including CAA if
present; *: HD patients with previously unreported sequence alterations; red rectangle: location of

previously unreported sequence alterations.
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4.2.2. lllumina MiSeq Sequencing of the (CAG)4: HD Patient Blood Samples

In order to validate the sequence configurations obtained from clone sequencing, Illumina
MiSeq sequencing was performed on the DNA extracted from the blood of 30 HD
patients, which yielded results for 29 HD patients (Table 4.3). HD patient 16 was
unsuccessfully sequenced and therefore excluded. Illumina MiSeq sequencing revealed
six HD patients (patients 1, 2, 4, 15, 22, 28) who did not have (CAG)as1, however, of these
HD patients, their (CAG)» was within the £2 CAG sensitivity bracket reported by
fragment analysis. lllumina MiSeq sequencing highlighted four HD patients (patients 1,
2, 4, 22) with atypical expanded allele sequence configurations and one HD patient
(patient 21) with an atypical wild-type sequence configuration. HD patients 1, 2, 4, and
22 have pure CAG repeats and presented with age at onsets 17, 15, 7, and 19.5 years
earlier than their estimated mean age at onset based on having (CAG)as1, respectively
(Table 4.1). Although to a lesser degree, presenting with an earlier age at onset is still
evident when the estimated mean age at onset is based on the (CAG), determined by
[llumina MiSeq with HD patients 1, 2, 4 and 22 onsetting at 7, 5, 2 and 9.5 years earlier
than their estimated mean age at onset, respectively.
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Table 4.3. lllumina MiSeq sequencing results for HD patient blood samples
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S|Oo| & |Z2|2|2|2|2| 9 [F[D[F] .

AN E I E EEEREE EE Wild-type Expanded

T | C < |<|<|<|<|<| < |<|<|<|< |allele (allele 1)|allele (allele 2)
141|405 (171|217 |2]| 43 |0|0 (12| 2| 17117 2 (43 0* 0* 12 2
2 |41 |425(21{1|1|7]2] 43 |o|2|7|2]|212172] 430172
341485272272 41 22|72 2172272] 4121172
41410505 (21|11 |7(2| 42 |0o|1|7]|2|211172]| 420172
6 |41 |515 (17| 1(1]10{2| 41 |1|1|7|2|1711102| 411172
71a1(565(25| 11|72 41 |1|21|7]|2| 2521172411172
8 |41(565(19|1|0|9|2]| 41 |1]|1|7|2] 191092 411172
9|41 |555[15{1|1(10]2] 41 |1|a|7|2|1511102] 411172
10|41 |585(20] 1| 1]10] 240412 |2 |7|2]20211102] 412172
1141|555 17| 22|72 41 |2|2|7]2]17202172] 421172
13[41(595(15| 1|1 |7 (2| 41 |1]|1|7]|2|152172| 411172
14411605271 ]21|10{2| 41 |1|21|7]2|17221102] 411172
15(41]) 63 (22|21 |2|7]2| 40 |2|2|7]2]| 2221172401172
17|41]635 (17| 1| 1]10|2]| 41 |2 |21]|7]2]1711102] 41172
18|41|675(18| 11|72 41 |a|a|7|2|1821172| 411172
19|41)675(21|1|21]7]|2]| 41 |2|2|10]2] 212172 [41111002
2041 (735(18(1|1(10(2| 41 |1|1|7|2(1811102]| 411172
21041 X (162|217 |3] 41 [1|1|7|2]| 162173 | 411172
22la1] 38 [2a[a[a|7]2] 43 0ofof12]2] 201172 [43 0% 0% 12 2
2341 X |20 |a|7|2| sm 11|72 201172| 411172
24 a1 | X (17|11 f1ofl2| 41 |1 |1|7|2|172112102]| 411172
2541 58 |17|1 1|92 s [1|1|7]|2]| 171192 | 411172
2641 x |18l2 2|72 41 [2]2|7]2]| 182172411172
27|41(615(20( 1| 1|7 |2] 41 [1|1|7|2]| 201172 411172
28 (41| 54 |15(1|1(10(2] 40 [1|1|7|2[1511102]| 402172
29041 61 (15|11 |7 2] 41 |21|1]|7]|2|1521172| 41172
3041 62 |a7|a|a|7|2| saa |11 |7|2|1721172| 41172
31far| 62 |a7|a|a |72 s j1|1|7]2|171172| 411172
324166 |15/1|1|10]2] 41 [2]|21|7]2]1521102] 411172

(CAG)n: CAG repeat tract of size n; X: information unavailable; dark red bold text: atypical
sequences; *: missing both (CAA)(CAG) and (CCG)(CCA) sequences; 40/41: 61 reads displayed
(CAG)40, 62 reads displayed (CAG)41; orange fill: allele sizes determined manually, sequencing

data can confidently call the allele structure, however, there are an insufficient amount of reads to

call the (CAG)» with a 1 CAG accuracy.
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The confidence of each genotype reported per patient was calculated by ScaleHD (Table
4.4). Each allele originates with 100% confidence, which subsequently reduces if certain
data characteristics (penalties) are encountered during the genotyping process
(https://scalehd.readthedocs.io/en/latest/Definitions.html) (Chapter 2, Table 2.7). Such

penalties include low peak thresholds, rare characteristics (homozygous haplotypes),
atypical alleles, and total read count. Scores of 60% and above are considered to give
reliable genotypes, whereas values below 60% require manual inspection. All of the
expanded alleles in the HD patients had confidence scores of above 60%, with the
exception of HD patient 10, which had the lowest confidence at 38%. Manual inspection
of this sample confirmed the genotype and identified that it had a low read count, one of
the penalties that deducts confidence (inspection performed by Dr Marc Ciosi).
Deciphering the modal allele for HD patient 10 is more difficult as 62 reads aligned to 41
CAGs and 61 reads aligned to 40 CAGs. However, as the modal allele corresponds
generally to the repeat length before which there is a significant decrease in reads, it is
more likely that the modal allele contains 41 CAGs.

Table 4.4. lllumina MiSeq sequencing confidence results for HD patient blood samples

HD patient Confidence (%) HD patient Confidence (%)
number Wild type Expanded number Wild type  Expanded

1 100 81 19 100 78
2 100 72 20 100 78
3 100 69 21 100 84
4 100 72 22 100 100
6 100 78 23 100 69
7 100 69 24 100 78
8 100 83 25 100 78
9 100 63 26 100 69
10 91 38 27 100 69
11 100 69 28 100 63
13 100 69 29 100 69
14 100 63 30 100 69
15 100 69 31 100 69
17 100 78 32 100 78
18 100 69
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4.2.3 PacBio SMRT Sequencing of Five HD Patient Blood Samples

HD patients 3, 5, 8, 13, and 24 were prioritised for third-generation sequencing to explore
how useful PacBio’s SMRT sequencing is for determining the CAG and CCG repeat
sequence configuration in relation to the Illumina MiSeq sequences. HD patients 3, 5, 13
and 24 were SMRT sequenced on the RSII instrument (Figure 4.4). HD patient 8 was
sequenced on the latest platform, the Sequel System. Repeat analysis was unavailable for
HD patient 5 as there was an insufficient amount of reads. The SMRT sequencing repeat
count results in Figure 4.4 (A) determined the modal (red dotted line) (CAG), at

approximately 43, 43, and 42 CAGs in HD patients 3, 13, and 24, respectively, which is
+2, +2 and +1 CAGs greater than that determined by Illumina MiSeq at 41 CAGs,
respectively. An additional population of 42 and 43 CAGs were identified in HD patients
13 and 24, respectively, and the wild-type allele was not resolved in HD patient 24. With
the exception of HD patient 3, SMRT sequencing determined the expanded allele
sequence configuration to be invariant at (CAG)n(CAA)(CAG)(CCG)(CCA)(CCG)y,
with no sequence alterations identified (Figure 4.4 (B)). HD patient 3 presented with 2

sequences that contain an additional CAA interruption to the penultimate CAA
trinucleotide. The additional CAA trinucleotides are positioned variability within the
CAG repeat with one CAA located at the previously reported position of 2 trinucleotides
before the penultimate CAA and the other CAA is positioned after the first 22 CAGs.

The remaining sample, HD patient 8, was subsequently analysed on the Sequel System.
The DNA quality results determined that it was highly fragmented (Figure 4.5). HD
patient 8 had the smallest average fragment size of 4,873 bp compared to PacBio’s
internal control, sample M94, which had the largest average fragment size of 50,239 bp,
10-fold that of HD patient 8. Therefore, due to insufficient quality and quantity of DNA
for the SMRT library preparation, no result was obtained for HD patient 8.

Figure 4.4. Sequence configuration determined by lllumina MiSeq and SMRT sequencing (overleaf)

MiSeq EA: expanded allele sequence determined by lllumina MiSeq. PacBio SMRT sequencing
repeat analysis is shown as repeat count (A) and repeat number (B). Black boxes: highlight the
sequence configuration of intact sequences; Gaps: trinucleotides which could not be read
accurately due to an indistinguishable signal-to-noise ratio between incorporated and

unincorporated bases; (CAG)n: CAG repeat number including CAA trinucleotides; Fq: frequency.
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Figure 4.4. Sequence configuration determined by lllumina MiSeg and SMRT sequencing
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Figure 4.5. FEMTO Pulse analysis of HD patient samples

The FEMTO Pulse quantifies, qualifies and sizes DNA samples using a pulse-field power supply

with an optical detection platform yielding highly sensitive detection of DNA down to the femtogram

range. HD pt. 8: HD patient 8, this sample was not sent in the second shipment due to lack of

availability. The fragment size for HD patient 8 was 4,873 bp compared to PacBio’s internal control,
GenScript M94, with a fragment size of 50,239 bp. P72/10 MED, P3/92 TEMP and PONS: HD

patient post-mortem brain samples sequenced for somatic instability analysis, which is discussed

in Chapter 6, section 6.2.2.
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4.2.4 Nanopore Sequencing of the HD Patient Blood Samples

DNA from 26 HD patients with concentrations greater than 70 ng/uL were sent to Kings
College London for Nanopore sequencing by Dr Graham Taylor. The raw data obtained
from the Nanopore sequencing was extremely noisy (data not shown). In collaboration
with David Murphy (UCL Queen Square Genomics), the output files were run through a
bioinformatics pipeline based on RepeatHMM to extract the CAG repeat sizes only
(Chapter 2, section 2.12) (Liu et al., 2017). The Nanopore (CAG)x sizing data is presented

in graph format, which can be seen in Supplementary Data Figure 1 and summarised in

Table 4.5 alongside the CAG repeat sizing results from fragment analysis and lllumina
MiSeq. In comparing the Nanopore sequencing CAG repeat sizes of the expanded allele
to those determined by fragment analysis, the (CAG)x differs by £ 1 CAG, which is within
the sensitivity bracket reported by fragment analysis. Similarly, the expanded allele CAG
repeat size determined by Nanopore sequencing differs by £ 1 CAG compared to the
Illumina MiSeq CAG repeat sizing results.

In order to determine the fidelity of the CAG repeat sizing results from the Nanopore
sequencing data, the total number of reads from O to approximately 70 CAGs were
calculated per sample in which the modal wild-type and expanded allele read counts were
determined as a percentage of total reads (Table 4.6). The threshold of 70 CAGs was set
due to the lack of reads thereafter. HD patient 1 presents with the lowest percentage of
read counts for the expanded allele with 2.6% of total reads mapping to 42 CAGs. HD
patient 24 presents with the highest percentage of read counts for the expanded allele with
9.4% of total reads mapping to 42 CAGs. The total read count per sample can be found

in Supplementary Data Figure 1.
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Table 4.5. (CAG), sizing by fragment analysis, lllumina MiSeg and Nanopore sequencing

HD patient
number

Fragment analysis

Illumina MiSeq

Nanopore sequencing

WT
19
22
18
21
19
26
16
18
18
18
23
18
19
22
19
19
21
18
18
18
21
15
16
18
18
16

EA
41
41
41
41
41
41
41
41
41
41
41
41
41
41
41
41
41
41
41
41
41
41
41
41
41
41

WT

17
21
17
21
17
25
15
17
15
17
22
17
18
21
18
16
20
17
17
18
20
15
15
17
17
15

EA
43
43
41
42
41
41
41
41
41
41
40
41
41
41
41
41
41
41
41
41
41
40
41
41
41
41

WT
19
22
19
23
19
26
17
19
17
19
24
19
20
22
20
20
22
19
19
20
22
17
19
19
17

EA

42
42
42
41
42
42
41
42
41
41
41
41
42
42
42
41
42
42
41
41
41
42
41
41
42

WT: wild-type allele CAG repeat size; EA: expanded allele CAG repeat size; - : CAG repeat size

undetermined.
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Table 4.6. Nanopore sequencing repeat count percentages for wild-type and expanded alleles of

HD patient blood samples

HD patient Read count (%) HD patient Read count (%)
number Wild type Expanded number Wild type  Expanded

1 23.4 2.6 19 13.8 54
2 13.6 6 20 11.3 7.9
3 16.6 6.3 21 15.4 6.6
4 13.2 7.3 23 14.4 6.2
6 11.6 7.6 24 10.2 9.4
7 11.8 6.8 25 16.1 6
9 12.4 7.8 26 15.8 6
11 15.7 7.3 27 13.7 6.7
13 16.3 6.5 29 18.2 6
14 114 7.9 30 14.2 7
15 12.1 7.6 31 16.5 5.8
17 11.6 8 32 114 8.4
18 15.7 5.8

4.2.5 Using (CAG), Sizing Results from Fragment Analysis, Illumina MiSeq and
Nanopore Sequencing as Predictors of HD Patient Age at Onset

To investigate which CAG sizing method best predicted the HD patients age at onset in
relation to actual age at onset, their mean age at onset was estimated based on the
Langbehn model with the CAG sizes determined by fragment analysis, Illumina MiSeq
and Nanopore sequencing (Table 4.7) (Langbehn et al., 2004). Only HD patients with age
at onset information and CAG sizing results from all three methods were analysed. The
age at onset predicted by fragment analysis, Illumina MiSeq and Nanopore sequencing
was subtracted from the HD patients’ actual age at onset to calculate the residual age at
onset, which is graphed in Figure 4.6. There is no statistical difference in residual age at
onset between the three CAG repeat sizing methods (p = 0.1807). However, the slope of
the line from Illumina MiSeq is closer to zero, which suggests that Illumina MiSeq more
accurately predicts the actual age at onset. The R? values determined that Nanopore
sequencing has the highest variance between the data points to the trendline (R?= 0.3915),
compared to Illumina MiSeq (R?= 0.4477) and fragment analysis (R?= 0.5162).
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Table 4.7. Estimated mean age at onset determined by fragment analysis, lllumina MiSeg and

Nanopore sequencing (CAG), sizing results

HD patient  Actual age Estimated mean age at onset
number atonset  Fragment analysis MiSeq Nanopore
1 40.5 57.5 475 52.5
2 42.5 57.5 47.5 52.5
3 48.5 57.5 57.5 52.5
4 50.5 57.5 52.5 525
6 51.5 57.5 57.5 52.5
7 56.5 57.5 57.5 525
9 55.5 57.5 57.5 52.5
11 55.5 57.5 57.5 575
13 59.5 57.5 57.5 52.5
14 60.5 57.5 57.5 52.5
15 63 57.5 60 57.5
17 63.5 57.5 57.5 47.5
18 67.5 57.5 57.5 525
19 67.5 57.5 57.5 525
20 73.5 57.5 57.5 52.5
25 58 57.5 57.5 52.5
27 61.5 57.5 57.5 52.5
29 61 57.5 57.5 57.5
30 62 57.5 57.5 57.5
31 62 57.5 57.5 52.5
32 66 57.5 57.5 52.5

Estimated mean age at onset in years is calculated based on the fragment analysis, lllumina MiSeq,

and Nanopore sequencing (CAG), sizing results (Langbehn et al., 2004).
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Figure 4.6. HD patient’s residual age at onset

There was no statistical difference between the residual age at onset calculated from the (CAG)»
determined by fragment analysis, lllumina MiSeq and Nanopore sequencing, ANOVA was carried
out in Excel (p = 0.1807).
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4.3 Discussion

4.3.1 Sequence Alterations Identified by Clone Sequencing and Potential Sources of
Experimentally Induced Artefacts

It is challenging to form a solid conclusion on the faithfulness of the sequence alterations
identified in the HD patients as this work is limited by both patient and clone number,
and by the methodology. In the sequences determined by clone sequencing, an additional
CAA trinucleotide is variably positioned throughout the CAG repeat in one clone each
from HD patients 17, 20, 30 and 31. However, previous and recent research has described
the additional CAA interruption to be consistently located at the fourth last trinucleotide
of the CAG repeat; (CAG)n(CAA)(CAG)(CAA)(CAG) (Pécheux et al. 1995; Wright et
al. 2019; Lee et al. 2019). HD patients 2, 3, 7 and 28 contain at least one clone that lacks
the penultimate CAA trinucleotide, resulting in pure CAG tracts. In relation to the total
number of clones obtained, patient 2 contained the highest percentage of pure CAG repeat
tracts (66%) with (CAG)s43, which was subsequently confirmed by Illumina MiSegq.
Illumina MiSeq does not recapitulate the mixed CAA-interrupted CAG repeat sequences
or the pure CAG sequences reported by clone sequencing in the above HD patients. Loss
of the first CCG trinucleotide in CCG1 was identified in one clone only from HD patient
3 who contained a pure tract of 39 CAGs. This sequence variation has recently been
reported in both wild-type and pathogenic HD alleles, as well as in non-HD controls,
which gives greater confidence in this finding (GEM-HD, 2019). Yet, lllumina MiSeq
does not confirm this sequence and as it is present in only one clone, it suggests that this
and the intra-CAG repeat alterations in this cohort are artefacts introduced through clone

sequencing.

Online tools which record human genetic variants are one such method to filter out
potential errors and can confirm the fidelity of the sequence alterations identified within
this cohort of HD patients. In the data sets that are openly accessible, there is one variant
described at the third last trinucleotide in CCG1 which results in an inframe insertion due
to a G:T substitution and can be seen in two clones from HD patient 24 and one clone in
HD patient 25 (http://www.ensembl.org/Homosapiens/Location/View?db=core;g=ENS-
G00000197386;r=4:3074943-3075098). This substitution has also been reported as a
synonymous insertion as CCT additionally codes for proline and current literature has
described a short CCG1 containing (CCG)e and its association with (CCT)s, which further
supports this finding in HD patients 24 and 25 (Pécheux et al. 1995; Lee et al. 2019). In

the Exome Aggregation Consortium (ExXAC) database, three variants have been identified

109


http://www.ensembl.org/Homosapiens/Location/View?db=core;g=ENS-G00000197386;r=4:3074943-3075098
http://www.ensembl.org/Homosapiens/Location/View?db=core;g=ENS-G00000197386;r=4:3074943-3075098

in the inter-CCG repeat region out of approximately 9,000 alleles sequenced. These
variants include the following substitutions, which result in synonymous proline-coding
codons; G:T, G:A, and C:T (http://exac.broadinstitute.org/variant/4-3076714-G-T,

http://exac.broadinstitute.org/variant/43076714-G-A, http://exac.broadinstitute.org/vari-
ant/43076733-C-T). The G:A substitution is reported in one clone from HD patient 23,

which is located at the fifth trinucleotide in the inter-CCG repeat region. However, there
IS no variant described in the 122 bp from the CCG1 repeat to the end of HTT exon 1 in
the 1000 genomes project data (http://www.ensembl.org/Homosapiens/Location/View?-
db=core;g=ENSG00000197386;r=4:30749433075098), which suggests that the CCG2

sequence alterations described in this report are artefacts that have been introduced

experimentally.

In clone sequencing, PCR effectively purifies a target DNA sequence away from the rest
of the genome for insertion into self-replicating bacterial cells to generate identical copies
of the target sequence. Although steps have been taken to minimise the introduction of
artefacts including the use of a high-fidelity proofreading polymerase for PCR, the PCR-
blunt vector with a low background of non-recombinants and recombination-deficient
StbI3 E.coli, it is not possible to completely eliminate experimental artefacts. Base
substitutions are the predominant errors associated with DNA polymerases in PCR
reactions, with G:A and C:T transitions acting as the largest class of mutations for
proofreading polymerases (Potapov and Ong, 2017). The substitutions reported in this
study by clone sequencing are mostly transitions of A:G, G:A, G:T, C:T and C:A with
only one transversion identified, C:G. This suggests that these base substitutions are
errors which have been introduced during the PCR reaction and cannot be held
accountable for the phenotypic variation reported in this cohort of HD patients (Castillo-
Lizardo et al., 2014).

4.3.2 Methods Determining CAG Repeat Length; Fragment Analysis, Illumina MiSeqg
and Nanopore Seqguencing

For HD patients, an agonising question for them is “when will the disease onset?”, if it
hasn’t already. The CAG repeat length defines HD development and is the primary
indicator for age at disease onset and severity, which necessitates the accuracy of CAG
repeat sizing (Bates et al., 2015). This study used fragment analysis, lllumina MiSeq and
Nanopore sequencing to size the CAG repeat in our cohort of HD patients. Traditional
sizing of the CAG repeat is performed by PCR based fragment analysis in which the

number of CAGs is estimated from the PCR product by capillary electrophoresis.
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Fragment analysis sized the HD patient cohort presented here with 41 CAGs, with a
sensitivity bracket of +2 CAGs. Illumina MiSeq revealed six out of 29 HD patients that
had sizes other than 41 CAGs, but within the sensitivity threshold set by fragment
analysis. Additionally, although Nanopore sequencing sized these patients within the

sensitivity bracket, it reported 13 out of 25 HD patients with sizes greater than 41 CAGs.

To identify which sizing method best predicts age at onset in relation to each patient’s
actual age at onset, the residual age at onset was plotted for each patient. Statistically,
there was no significant difference between the sizing methods. However, based on the
slope of the line in which a value of zero describes the actual age at onset for the HD
patients, Illumina MiSeq depicted the best fit (m=0.3091) compared to fragment analysis
(m=0.4737) and Nanopore sequencing (m=0.5386). This suggests that predicting the
mean age at onset is more accurate when estimating from CAG sizes determined by
Illumina MiSeq. The confidence scores reported by ScaleHD give further assurance in
the faithfulness of the Illumina MiSeq data. Only HD patient 10 had confidence scores
below the threshold of 60% for the expanded allele in which subsequent manual
inspection confirmed the accuracy of the genotype and the factor hindering the confidence
score, reduced read count due to poor PCR efficiency (Dr Marc Ciosi, personal
communication). The remaining HD patients had confidence scores of 100% for the wild-
type allele and > 62% for the expanded allele, which reinforces the correctness of the

genotyping results.

The most common definition of read accuracy in Nanopore sequencing is the percentage
of bases in a segment of a read that match with a reference relative to the length of the
read segment minus the reference alignment. Additionally, the read accuracy is dependent
on the alignment algorithm performance, in which different alignment tools can result in
different reported accuracies (Rang et al., 2018). As our data set was solely used to size
the CAG repeat, the largest number of reads that mapped to the wild-type and expanded
CAG repeat was calculated as a percentage against the total sum of reads which mapped
from 0 to 70 CAGs. In all of the HD patients sequenced by Nanopore, the wild-type allele
had the highest percentage of read counts compared to the expanded allele, which ranged
from 0.8% to 20.8% greater than that of the expanded allele. The tools for aligning
Nanopore sequencing long-read data have not been thoroughly evaluated and it has been
reported that additional optimisations are needed to improve structural variation detection
accuracy and sensitivity, which could account for why the wild-type allele is better
resolved than the expanded allele (Zhou et al., 2019).
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Additionally, Nanopore sequencing on the MinlON is associated with low read accuracy
in comparison to short-read technologies and has an error rate of approximately 5-20%,
which is significantly greater than the 0.1% associated with Illumina next generation
sequencing (Pfeiffer et al., 2018; Sedlazeck et al., 2018). There are two sources of errors
which can arise from Nanopore sequencing; sequencing errors due to a low signal-to-
noise ratio and errors in the translation of the raw electric current into a DNA sequence
due to incorrect interpretation in the analysis (Rang et al., 2018). The low read accuracy,
which interferes with the detection analysis of single nucleotide variations and thus
requires high-coverage sequencing, and the high percentage of error rates suggests that
further optimisation is needed for this technology to accurately size and decipher complex
regions of DNA.

4.3.3 lllumina MiSeq Genotyping-by-Sequencing and PacBio SMRT Sequencing

The main impediment in fragment analysis is the lack of sensitivity and the bias towards
sizing CAGs that conform to the canonical sequence of (CAG)n(CAA)(CAG)(CCG)(CC-
A)(CCG)7(CCT)2. Sequences that deviate from this are often not assessed due to
incompatibility with the amplification protocol or mis-sized. If a sample appears
homozygous for a wild-type allele, additional testing is often required to ensure that an
expanded allele was not amplified during the PCR reaction, which includes testing for
heterozygosity in the CCG repeat by amplifying over the CAG repeat and flanking CCG
repeat regions (Jama et al., 2013). Similarly, fragment analysis does not determine the
base pair sequence configuration and thus cannot inform on the presence of any sequence
alterations that may be influencing the phenotype. Illumina MiSeq of HTT exon 1
quantifies the number of CAGs, CCGs, and identifies atypical sequence variations. The
major benefit of this approach is that it can reveal HTT variants that have been missed by
fragment analysis and accurately determine the CAG repeat length, which in turn has the

potential to improve diagnostics.

Illumina MiSeq revealed atypical sequences in HD patients 1, 2, 4 and 22, who were
previously sized with 41 CAGs. The sequences of these four patients did not contain the
penultimate CAA trinucleotide and HD patients 1 and 22 had pure CCG1 repeat regions.
Based on their (CAG)n determined by Illumina MiSeq, HD patients 1, 2, 4 and 22 have
ages at onsets that are -7, -5, -2 and -9.5 years earlier than their estimated mean age at
onset. This is consistent with current reports detailing the correlation between the absence
of the CAA interruption and an earlier age at onset (Lee et al. 2019). The CCA
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trinucleotide in the flanking CCG1 sequence is absent from HD patients 1 and 22 resulting
in a sequence containing a pure run of 12 CCGs. Both patients present with the earliest
age at onsets (-7 and -9.5 years, respectively). In combination with a pure CAG repeat
tract, a pure CCG repeat has most recently been associated with an onset-hastening
modifier effect in HD, which highlights the influence of downstream sequences on onset-
determining properties (GEM-HD, 2019). Therefore, lllumina MiSeq identified sequence
alterations that can be held accountable for some of the phenotypic variance observed in
these 4 patients, which could not be determined by fragment analysis (Lee et al. 2019;
Wright et al. 2019).

For the HD patient blood-derived samples sequenced by PacBio’s SMRT sequencing,
two yielded enough on-target molecules to give convincing results; 39 molecules for HD
patient 13 and 48 molecules for HD patient 3. HD patient 24 yielded 10 on-target
molecules, which is sufficient for the repeat analysis tool but insufficient to give full
confidence in the result. HD patient 8 was analysed on the Sequel System, which yielded
no results, as the sample did not survive library preparation. PacBio SMRT sequencing
has an error rate of 10-15% with indels being most prominent (Sedlazeck et al., 2018). In
considering all sequences outputted from SMRT sequencing, additional CAA
interruptions were identified dotted throughout the CAG repeat in both wild-type and
expanded alleles. However, current literature reports that the additional CAA interruption
is invariably located two trinucleotides prior to the penultimate CAA (GEM-HD, 2019).
This suggests that the additional CAA interruptions identified by SMRT sequencing
could be artefacts. The PacBio SMRT sequencing data depicts the base pair configuration,
yet due to the limited number of samples and reads, these results instead highlight the

potential to use SMRT sequencing in the future with further optimisation.
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Chapter 5. Investigating a Panel of DNA Repair Pathway
SNPs as Potential Phenotypic Modifiers

5.1 Background

The CAG repeat length only accounts for up to 60% of the variation observed in age at
motor onset in HD patients carrying expansions of 40 to 55 CAGs, with the remaining
percentage attributable to heritable factors, such as genetic variants (Bates et al., 2015;
Wexler et al., 2004). In search of these genetic variations, a genome-wide association
study (GWAS) was carried out on just over 4,000 HD patients using their residual age at
onset, which is the difference between their estimated mean age at onset based on their
CAG repeat size and their actual age at onset (GEM-HD, 2015). The GWAS identified
two loci with three significant modifier signals. The first genome-wide locus associated
with modifying HD age at onset was identified on chromosome 15 (FAN1) and had two
independent effects, which accelerate or delay onset by 6.1 years and 1.4 years,
respectively. The second locus was identified on chromosome 8 (PMS2), which was
associated with an earlier age at onset by 1.6 years (GEM-HD, 2015). Pathway analysis
of the significant modifier signals highlighted DNA maintenance and mitochondrial
regulation as the two prominent modifying processes (GEM-HD, 2015). This work was
extended to over 9,000 HD patients, which replicated the previous DNA repair modifier
loci and identified additional DNA repair pathway genes with modifying effects on age
at onset (GEM-HD, 2019). Most recently, DNA repair-associated loci which have disease
onset determining properties have been identified on chromosome 2 (PMS1),
chromosome 3 (MLH1), chromosome 5 (MSH3/DHFR), chromosome 7 (PMS2),
chromosome 15 (FAN1) and chromosome 19 (LIG1) (GEM-HD, 2019). To examine if
DNA repair modifier loci were influencing the age at onset in our HD cohort, the patient
blood samples with approximately (CAG)a41 and the six HD post-mortem brains were
genotyped on the NeuroChip array against a customised panel of 23 SNPs all associated
with DNA repair pathway genes (Table 5.1). Each gene was prioritised based on recent
studies of associations between age at onset and DNA repair genetic variants in CAG
repeat-expanded diseases and the most significant SNPs for each gene were selected
(Bettencourt et al., 2016; GEM-HD, 2015, 2019; Moss et al., 2017).
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Table 5.1. DNA repair pathway SNP panel and corresponding proxy SNPs

SNP ID Chr:position (bp) (GRCh38) Gene
rs1037699 8:102238702 RRM2B
rs1037700 8:102238547 RRM2B

rs114136100 15:30905773 FAN1
rs115109737 5:80806625 MSH3
rs12531179* 7:5989056 PMS2
rs1382539x 5:80656335 MSH3
rs146353869 15:30834198 HERC2P10
rs150393409 15:30910758 FAN1
rs16869352 8:102293805 UBR5
rs175080* 14:75047125 MLH3
rs1799977 3:37012077 MLH1
rs1800937 2:47798625 MSH6
rs1805323* 7:5987311 PMS2
rs20579* 19:48165573 LIG1
rs3512* 15:30942802 FAN1
rs3735721 8:102205467 RRM2B
rs4150407* 2:127292055 ERCC3
rs5742933* 2:189784590 PMS1
rs5893603 8:102238612 RRM2B
rs6151792* 5:80761142 MSH3
rs61752302 8:102298925 UBR5
rs71636247 5:80823157 MSH3
rs72734283 14:75028356 MLH3
Reference SNP ID Proxy SNP ID (r? value) Proxy Gene
rs12531179* rs852151 (0.811) EIF2AK1
rs175080* rs175084 (1.0) MLH3
rs1805323* rs12534423 (1.0) PMS2
rs20579* rs3730872 (0.732) LIG1
rs3512* rs11293 (1.0) FAN1
rs4150407* rs1566822 (1.0) ERCC3
rs5742933* rs3791767 (1.0) ORMDL1
rs6151792* rs6151816 (0.806) MSH3

Proxy SNPs were identified in high linkage disequilibrium (LD) with the most significant SNP (r2 >
0.7) using LDlink (https:/analysistools.nci.nih.gov/LDlink/) in the British population. Chr:

chromosome; dark red and bold: not available on the NeuroChip array and/or proxy SNP r2 < 0.7;
*: proxy SNPs required; *: rs1382539 was analysed instead of rs557874766 as the genotyping data
of rs1382539 are of higher quality, however the two are in high LD and tag the same association
signal (Moss et al., 2017). Chr: chromosome; bp: base pair;, GRCh38: Genome Reference

Consortium Human Build 38.
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5.2 Results

5.2.1 Cohort Descriptive

The 39 sample cohort consisted of 27 HD patient blood samples, six HD post-mortem
brains and six control post-mortem brains. DNA was extracted from the blood of all
samples with the exception of three HD post-mortem brains in which the DNA was
extracted from cerebellar tissue. If the blood of the corresponding HD post-mortem brain
was unavailable, the cerebellum was chosen based on somatic mosaicism results, as its

instability profile is closest to that of blood (Chapter 6, Figure 6.1). Age at onset, which

was defined by motor onset, was available for 23 HD patient blood samples and six HD
post-mortem brains, and age at death for four HD patient blood samples, six HD post-

mortem brains and six control post-mortem brains (Error! Reference source not

found.2). The following analysis included only the HD samples with age at onset and/or
age at death available. Linear regression analysis was performed with the natural
logarithm (In) of age at onset and age at death on expanded pure CAG repeat length as
determined by Illumina MiSeq with the corresponding regression parameters (Figure 5.1).
The regression parameters were used to calculate an expected age at onset value based on
CAG repeat length, which was then subtracted from the HD patients’ actual age at onset
to give a residual age at onset. In this cohort, CAG repeat length accounted for 48.4% of
variability in age at onset and 95.2% of variability in age at death, with each CAG
advancing age at onset and age at death by 0.88 years (p = 2.8%%) and 0.93 years (p =
8.67¢%), respectively. Similar regression analysis parameters were achieved in
Bettencourt et al., 2016 with a much larger cohort of 445 HD patients (Bettencourt et al.,
2016).

Table 5.2. Sample cohort

Condition N CAG Age at onset Age at death
mean + sd (range) mean = sd (range) mean = sd (range)
HD 33 | 41.33+£0.89(40-44) | 57.88+9.21 (38-73.5) 73 +£7.01 (60-83)
Control 6 - - 81.00 £ 13.04 (56-93)

n: number; sd: standard deviation; CAG: pure CAG length of the expanded allele as determined by

[llumina MiSeq.
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A Linear model of In{(AAOQ) on HD repeat length B Linear model of In(AAD) on HD repeat length
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HD (Bettencourt et al., 2016) | 445 6.119939 —0.052966 < e 16

Figure 5.1. Linear regression and parameters of In(age at onset) and In(age at death) on expanded

pure CAG repeat length

AAOQ: age at onset; AAD: age at death; B: regression parameter, compares the relationship of the

independent variable (CAG length) to the dependent variable (age at onset/death), value from 0 to

1 or 0 to -1 depending on the direction of the relationship; R2: indicates the percentage of the

variance in the dependent variable that the independent variable explains; Bettencourt et al., 2016:

Results of fitting a linear regression In(age at onset) = A + B*(CAG)n; p: the significance of the

regression parameter (B) indexing the effect of repeat length.
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5.2.2 NeuroChip Genotyping

All samples were successfully genotyped on the NeuroChip array for the customised

panel of DNA repair pathway SNPs. Hardy-Weinberg equilibrium (HWE) was calculated

using the Hardy-Weinberg package (Graffelman, 2020) and Bonferroni corrected to

protect against population stratification effects (Table 5.3). All SNPs had a Hardy-

Weinberg p value of > 0.001 and thus, none were removed for further analysis.

Additionally, none of the SNPs significantly deviate from HWE, which is displayed

through ternary plots for which the HWE condition defines a parabola (Figure 5.2).

Table 5.3. Genotypes, allele frequencies, and HWE for the directly sequenced SNPs

HWE HWE HWE p
SNPs Gene proxy SNP LD HD Controls MAF MAF p HWE p p corr

sequenced of interest (r?) Genotype | Genotype | (HD) (CTRLs) | (HD) | (CTRLs) | corr (CTRLs)

(HD)

rs1037699 RRM2B 36/2/0 6/0/0 0.026 0.000 1.000 1.000 1.000 1.000
rs1037700 RRM2B 36/2/0 6/0/0 0.026 0.000 1.000 1.000 1.000 1.000
rs11293 FAN1 rs3512 1.000 18/18/2 3/3/0 0.289 0.250 0.459 1.000 1.000 1.000
rs114136100 FAN1 36/2/0 6/0/0 0.026 0.000 1.000 1.000 1.000 1.000
rs115109737 MSH3 31/6/1 6/0/0 0.105 0.000 0.336 1.000 1.000 1.000
rs12534423 PMS2 rs1805323 1.000 34/4/0 6/0/0 0.053 0.000 1.000 1.000 1.000 1.000
rs1382539 MSH3 17/19/2 1/4/1 0.303 0.500 0.443 1.000 1.000 1.000
rs146353869 | HERC2P10 37/1/0 6/0/0 0.013 0.000 1.000 1.000 1.000 1.000
rs150393409 FAN1 36/2/0 6/0/0 0.026 0.000 1.000 1.000 1.000 1.000
rs1566822 ERCC3 rs4150407 | 1.000 11/23/4 4/1/1 0.408 0.250 0.184 0.273 1.000 1.000
rs16869352 UBR5 36/2/0 6/0/0 0.026 0.000 1.000 1.000 1.000 1.000
rs175084 MLH3 rs175080 1.000 | 13/15/10 3/2/1 0.461 0.333 0.206 1.000 1.000 1.000
rs1799977 MLH1 18/18/2 4/1/1 0.289 0.250 0.459 0.273 1.000 1.000
rs3730872 LIG1 rs20579 0.732 26/12/0 6/0/0 0.158 0.000 0.563 1.000 1.000 1.000
rs3735721 RRM2B 36/2/0 6/0/0 0.026 0.000 1.000 1.000 1.000 1.000
rs3791767 ORMDL1 rs5742933 1.000 28/9/1 4/2/0 0.145 0.167 0.570 1.000 1.000 1.000
rs5893603 RRM2B 36/2/0 6/0/0 0.026 0.000 1.000 1.000 1.000 1.000
rs6151816 MSH3 rs6151792 | 0.806 28/9/1 5/1/0 0.145 0.083 0.570 1.000 1.000 1.000
rs61752302 UBR5 38/0/0 6/0/0 0.000 0.000 1.000 1.000 1.000 1.000
rs71636247 MSH3 32/6/0 6/0/0 0.079 0.000 1.000 1.000 1.000 1.000
rs72734283 MLH3 25/13/0 4/2/0 0.171 | 0.167 | 0.564 | 1.000 | 1.000 | 1.000
rs852151 EIF2AK1 rs12531179 | 0.811 27/11/0 3/3/0 0.145 0.250 1.000 1.000 1.000 1.000

The proxy SNP of interest, for which the sequenced SNP was selected is given, along with its LD

with the sequenced SNP. CTRLs: controls; corr: Bonferroni corrected. LD: linkage disequilibrium;

MAF: minor allele frequency; HWE: Hardy-Weinberg equilibrium; CTRLs: controls; corr: Bonferroni

corrected.

118




(A) (B)

f/

0% 2 0 2

Figure 5.2. Ternary plots of HWE of the SNP genotypes

Plots for HD samples (A) and controls (B) are shown. Markers are coloured according to a chi-
square test for HWE (red points are significant, green points are not significant). HWE parabola
and acceptance region for a chi-square test are shown. 0: homozygous for wild type; 1:

heterozygous for variant; 2: homozygous for variant.

119



5.2.3 SNP Associations with HD Age at Onset and Age at Death

The linear regression models were used to calculate estimated age at onset for each
patient, based on their CAG repeat length, which was subsequently subtracted from their
actual age at onset to give a residual value. The association of the SNPs with age at onset
was tested by performing a linear regression of the residual values with the number of
minor alleles. Additionally, the regression parameters from Bettencourt et al., 2016 were
used in a parallel analysis due to the low power of this study. The association with age at
onset across all 22 SNPs was tested by combining the association p values for each SNP
using the following two methods; Brown’s method (Brown et al., 1975), which combines
non-independent, one-sided tests of significance, and the harmonic mean method (Wilson
et al., 2019), which is based on Bayesian model averaging (Table 5.4). A similar analysis
was performed with age at death, however, only the regression parameters from this report
were used. One-sided p values were used for association in the same direction as that
previously observed in genetic association studies (Ciosi et al., 2019; GEM-HD, 2019,
2015; Moss et al., 2017). The overall directionality of the associations was assessed by
comparing the significance to that obtained from a similar analysis using two-sided p
values. The p values resulting from the analysis were Bonferroni corrected. After
Bonferroni correction, significant associations were observed in HD patients when the
regression parameters of Bettencourt at al., 2016 were used (Brown p =1.99%% and
harmonic mean p = 0.001). The undirected two-sided p values did not reach significance,
which indicates the effect direction across these SNPs was concordant with previous
genetic association studies (Ciosi et al., 2019; GEM-HD, 2019, 2015; Moss et al., 2017).
In contrast, there was no significance of combined associated p values for all SNPs with
age at death using the regression parameters in this report, which is due from the

comparator studies using age at onset only.

Table 5.3. Combined p values for association of all 22 selected SNPs with HD age at onset and
age at death

& & £tw o 2EF oo oot w o o o2t @
S So o83 L3 €338 5B £83& 53 Sg3¢8
3 2 K] »5 8o ST Sc2e e 5 2o 2@ e 5 2S5 2@
.t 3 <3 c38E 59 pest Eg Esgg ET £zt
£= 2 R 2558 &2 wmogS 8@ SoE S S o SoE S
52 G @ g 28 2 zag8 TS5 ITsaf Tz T2ag
Ageat  1.000 1.99¢%  0.610 0.807 1.000 0.001 0.600 0.529
All onset
SNPs  Ageat 0.874 0.614 1.000 0.221
death

Significant associations (p < 0.05) are in red and bold.
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Associations of individual SNPs were subsequently tested with residual age at onset and

age at death. Before Bonferroni correction, there were significant associations with earlier
age at onset for FAN1 (rs114136100 p = 0.048, rs150393409 p = 0.0048), PMS2
(rs12534423 p = 0.024) and ERCC3 (rs1566822 p = 0.016) in HD. However, none

survived correction for comparison of all SNPs, most likely due to the small power of this

study (Table 5.5). Before correction, there were significant associations with age at death
for the following SNPs in MSH3 (rs115109737 p = 0.018, rs6151816 p = 0.008,
rs71636247 p = 0.018) and LIG1 (rs3730872 p = 0.018), yet none survived correction for
comparison of all SNPs (Table 5.6).

Table 4.5. Association of each SNP with age at onset

SNP

rs1037699
rs1037700
rs11293
rs114136100
rs115109737
rs12534423
rs1382539
rs146353869
rs150393409
rs1566822
rs16869352
rs175084
rs1799977
rs3730872
rs3735721
rs3791767
rs5893603
rs6151816
rs61752302
1s71636247
rs72734283
rs852151

Gene

RRM2B
RRM2B
FAN1
FAN1
MSH3
PMS2
MSH3
HERC2P10
FAN1
ERCC3
UBR5
MLH3
MLH1
LIG1
RRM2B
ORMDL1
RRM2B
MSH3
UBR5
MSH3
MLH3
EIF2AK1

B

0.085
0.085
0.010

-0.152

0.037

-0.144

0.005

-0.079
-0.152

0.084
0.085
0.016
0.015

-0.021

0.085

-0.080

0.085

-0.082

0.111
0.071

-0.029

B
(Bettencourt
parameters)

0.113
0.113
0.008
-0.199
0.087
-0.092
0.010
-0.051
-0.199
0.074
0.113
-0.003
0.031
0.004
0.113
-0.098
0.113
-0.082

0.142
0.071
-0.047

Same
direction
as GWAS

No
No
Yes
Yes
Yes
No
No
Yes
Yes
Yes
No
No
Yes
No
No
Yes
Yes
No

No
Yes
No

0.500
0.500
0.799
0.087
0.543
0.024
0.902
0.532
0.087
0.016
0.500
0.574
0.708
0.684
0.500
0.100
0.500
0.103

0.090
0.162
0.587

p
(Bettencourt
parameters)

0.432
0.432
0.844
0.048
0.206
0.224
0.815
0.726
0.048
0.072
0.432
0.940
0.502
0.945
0.432
0.077
0.432
0.158

0.055
0.220
0.441

p bonf

1.000
1.000
1.000
1.000
1.000
0.510
1.000
1.000
1.000
0.339
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000

1.000
1.000
1.000

p bonf
(Bettencourt
parameters)

1.000
1.000
1.000
0.999
1.000
1.000
1.000
1.000
0.999
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000

1.000
1.000
1.000

Parallel analyses were run using parameters from this cohort or from Bettencourt et al., 2016.

Significant associations (p < 0.05) are in red and bold. B: regression coefficient; p: two-sided p-

value for association; bonf: Bonferroni correction.
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Table 5.6. Association of each SNP with age at death

SNP Gene B Same direction p p bonf
as GWAS*
rs1037699 RRM2B 0.010 No 0.849 1.000
rs1037700 RRM2B 0.010 No 0.849 1.000
rs11293 FAN1 0.001 Yes 0.984 1.000
rs114136100 FAN1
rs115109737 MSH3 -0.081 No 0.018 0.313
rs12534423 PMS2
rs1382539 MSH3 0.037 No 0.244 1.000
rs146353869 HERC2P10
rs150393409 FAN1
rs1566822 ERCC3 -0.044 Yes 0.059 1.000
rs16869352 UBR5 0.010 No 0.849 1.000
rs175084 MLH3 0.011 No 0.588 1.000
rs1799977 MLH1 -0.015 Yes 0.534 1.000
rs3730872 LIG1 -0.081 Yes 0.018 0.313
rs3735721 RRM2B 0.010 No 0.849 1.000
rs3791767 ORMDL1 0.015 No 0.719 1.000
rs5893603 RRM2B 0.010 Yes 0.849 1.000
rs6151816 MSH3 -0.076 No 0.008 0.138
rs61752302 UBR5
rs71636247 MSH3 -0.081 Yes 0.018 0.313
rs72734283 MLH3 0.009 Yes 0.788 1.000
rsg852151 EIF2AK1 0.001 Yes 0.986 1.000

Significant associations (p < 0.05) are in red and bold. B: regression coefficient; *: same direction

as age at onset GWAS; p: two-sided p-value for association; bonf: Bonferroni correction.
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5.2.4 Polygenic Risk Scores

A polygenic age at onset and age at death score was derived to visualise the combined
effect of the selected SNPs on residual age at onset and age at death, respectively
(negative scores correspond to earlier onset) (Figure 5.3). For the polygenic age at onset
score, this was defined by the sum of the number of minor alleles at each locus weighted
by their effect size in this study using the Bettencourt et al., 2016 regression parameters.
Negative polygenic risk scores were associated with earlier age at onset in HD (p = 4.9%
93), accounting for approximately 26% of variability in residual age at onset. Similarly,
the polygenic age at death score was defined as the sum of the number of minor alleles at
each locus weighted by their effect size in this study using the regression parameters
defined for age at death. Although not significant (p = 0.063), negative polygenic risk
scores were associated with earlier age at death, and accounted for approximately 37% of

variability in residual age at death.
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Figure 3.3. Polygenic scores for age at onset and age at death

AAOQ: age at onset; AAD: age at death.
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Using somatic instability values obtained from ScaleHD for the HD samples with age at
onset data, the polygenic age at onset score was plotted against the relative rate of somatic
instability. The relative rate of somatic instability was determined by calculating the
proportion of common variants relative to the mode of the progenitor allele using the
following equation; n + (1 to 40 CAGs)/n, in which “n” is the CAG repeat size of the

progenitor allele (Chapter 6, section 6.2.2). The polygenic age at onset score was

inversely associated with somatic instability (p = 0.035). However, for individual tissues,
this association was only significant for blood (p = 0.018), which showed that a more
negative polygenic age at onset score was associated with less expansion. This is in
comparison to the HD post-mortem brain regions, which indicate a trend for greater
expansion associated with a more negative polygenic age at onset score (Figure 5.4).
There was no association between the polygenic age at death score and somatic instability
(p = 0.15).
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Figure 4.4. Effect of polygenic age at onset score on the relative rate of somatic instability

AAOQ: age at onset.
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5.3 Discussion

5.3.1 Age at Onset Variability

The CAG repeat length is the dominant predictor of HD age at onset and in the cohort
presented in this report, 48.4% of the variability in age at onset was attributed to the CAG
repeat length, with each CAG significantly advancing age at onset by 0.88 years.
Additionally, the CAG repeat length accounted for 95.2% of variability in age at death,
with each CAG advancing age at death by 0.93 years, however, the limited availability of
age at death information should be taken into consideration. The CAG repeat length
accounts for approximately 40% to 60% of variability in HD age at onset, which is
represented in our cohort and highlights the residual variability of which a large portion
is thought to be heritable (Djoussé et al., 2003). Therefore, our cohort was genotyped
against the most implicated SNPs from the previous GWA studies that were identified as
modifiers of the HD phenotype (Bettencourt et al., 2016; GEM-HD, 2019, 2015).

Assessing the overall effect of all 22 SNPs on the residual age at onset in our HD patient
cohort revealed significant associations after Bonferroni correction when the Bettencourt
et al., 2016 regression parameters were used. The analysis determined a lack of
significance of undirected two-sided p values, which indicates that the effect direction of
these SNPs mirrors that of the previous GWAS studies, thus replicating the previous
GWAS results in an independent sample (Bettencourt et al., 2016; GEM-HD, 2019,
2015). However, there was no significant association with age at death. This is because
the previous GWAS studies did not include patient age at death information, and

therefore, the Bettencourt et al., 2016 regression parameters were not used.

A subsequent analysis in our HD patient cohort to examine the association of individual
SNPs with residual age at onset and age at death did not reveal any significant associations
after Bonferroni correction. This is most likely due to the low power of the study, which
is 15-fold less than that of the HD cohort in Bettencourt et al., 2016. Similarly, although
the GWAS analysis performed by Bettencourt et al., 2016 in the polyglutamine diseases
including HD, SCA1, SCA2, SCA3, SCAG6, SCA7, and SCA17 identified modifier loci
in two DNA repair genes, FAN1 (rs3512) and PMS2 (rs1805323), it did not replicate the
most significant SNP in FAN1 (rs146353869) identified by GEM-HD, 2015 (Bettencourt
et al., 2016). This was concluded to be due to the reduced power of the study. Therefore,
as the cohort presented here is but a fraction of the HD cohort analysed in Bettencourt et

al., 2016, it is not surprising that the most significant modifying SNPs are not replicated
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in this report. However, before Bonferroni correction, there were significant associations
with earlier age at onset for SNPs in FAN1 (rs114136100 and rs150393409), PMS2
(rs12534423, proxy SNP of rs1805323) and ERCC3 (rs1566822, proxy SNP of 4150407).
Additionally, significant associations with age at death were identified before Bonferroni
correction for the following SNPs in MSH3 (rs115109737, rs6151816, proxy SNP of
rs6151792, and rs71636247), and LIG1 (rs3730872, proxy SNP of rs20579). Of these
SNPs identified prior to Bonferroni correction, it is interesting that rs114136100 and
rs150393409 are the 25" and 1° ranked top coding SNPs from the analysis of GEM-HD,
2019, 2015 and Moss et al., 2017, respectively (p = 1.976191%2% p = 1.754193%2%),

The significant association with earlier age at onset for the rs150393409 SNP in FAN1
was determined to have an onset hastening effect of 5.2 years in the latest GWAS (GEM-
HD, 2019). This SNP was reported as the most significant coding SNP in GEM-HD,
2019, 2015. Additionally, a recent report has highlighted the protective effect of FAN1
on CAG repeat instability in HD as reduced function results in hastened onset and
increased expression leads to delayed onset (Goold et al., 2018). Specifically, the
lowering of FAN1 expression in mammalian cells and HD-patient derived induced
pluripotent stem cells increased CAG repeat expansions (Goold et al., 2018). In addition,
the inactivation of Fanl in a mouse model of Fragile X syndrome induced the somatic
expansion of the CGG repeat, which suggests that the impact of FAN1 variation can

extend to other trinucleotide diseases (Zhao and Usdin, 2018).

PMS2 encodes the PMS2 protein, which is a subunit of the MutLo complex (MLH1-
PMS2) involved in mismatch repair and has previously been identified as a genetic
enhancer of the CTG expansion in a mouse model of DM1 (Gomes-Pereira, 2004).
Somatic expansion of the CTG repeat was reduced in Pms2 null DM1 mice. Additionally,
the previous and recent GWAS in human HD and polyglutamine SCA patients have
identified the function of the mismatch repair components, MSH3, MLH1, MLH3 and
PMS2, as genetic modifiers of age at onset (Bettencourt et al., 2016; GEM-HD, 2019).
ERCC3 (ERCC excision repair 3) is translated into the XPB protein, which is an essential
subunit of the transcription factor 1IH (TFIIH) complex. The two major functions of the
TFIIH complex are gene transcription and repairing damaged DNA by nucleotide
excision repair (Oh et al., 2007). FAN1, PMS2 and ERCC3 all play a role in DNA repair,
which reinforces that genetic variation in DNA repair pathways plays a role in modifying
the HD phenotype.
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5.3.2 Polygenic Risk Scores and Somatic Instability

A polygenic risk score was derived to examine the combined effect of the SNPs on
residual age at onset and age at death in our HD cohort. The polygenic risk score is a
number based on variation in multiple genetic loci and their associated weights
(regression analysis), which reflects the individuals inherited susceptibility to these SNPs.
The polygenic risk scores in this study were calculated by adding risk alleles weighted by
their effect size in this study and the regression parameters derived from Bettencourt et
al., 2016 for the age at onset analysis and the regression parameters from this report for
the age at death analysis. Overall, negative polygenic scores were associated with an
earlier age at onset and age at death in the HD cohort presented here. This is in
concordance with previous studies which reported a positive correlation between the
residual age at onset and increasing polygenic age at onset score that accounted for a

small percentage of variance in the residual age at onset (Bettencourt et al., 2016).

In examining the relationship between somatic instability and the polygenic age at onset
score, the effect was shown to differ between tissues. A significant association was
determined between a more negative polygenic age at onset score and decreased somatic
instability in the blood. In contrast, greater somatic instability in the brainstem, putamen

and frontal lobe is associated with a more negative polygenic risk score (Chapter 6, Figure

6.2). Although non-significant, it is interesting that the brain regions, which are primarily
affected and have the greatest somatic instability, are associated with a negative polygenic
age at onset score, which in turn is associated with an earlier age at onset. We show that
the combined effect of inheriting the minor alleles associated with the 22 selected SNPs
in this study is associated with an earlier age at onset that is linked to increased somatic
instability in the most affected brain regions. This reinforces previous and recent studies
supporting the role of somatic instability in modifying disease onset and progression
(Flower et al., 2019; Kennedy, 2003; Shelbourne et al., 2007; Swami et al., 2009). The
results presented here further cement the relationship between DNA repair genes and

somatic instability as modifiers of HD.
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Chapter 6. Somatic Mosaicism in Huntington’s Disease Post-
mortem Brains

6.1 Background

The CAG repeat length defines HD development and is the primary determinant for age
at disease onset and severity (Andrew et al., 1993). However, the CAG repeat is
somatically unstable, progressively increasing in size over time. This phenomenon has
been reported to be exacerbated in the brain regions specifically vulnerable to HD
pathogenesis, namely the striatum and the cerebral cortex (Telenius et al., 1994; Kennedy,
2003). Due to the tissue-specificity of somatic mosaicism seen in HD, it raises the
hypothesis that repeat instability itself contributes to HD pathogenesis. Previous work by
Swami et al., 2009 supports this; forty-eight HD post-mortem brains were divided into
early and late onset groups to examine the relative contribution of somatic mosaicism to
HD pathogenesis (Swami et al., 2009). Small pool PCR (SP-PCR) of the frontal cortex
determined that early onset post-mortem brains contained a greater average maximum
expansion (mean 42 CAGs) compared to late onset (mean 29 CAGs). Somatic instability
was additionally determined using skewness, a measurement of the degree of symmetry
of a distribution. The results indicated that early onset post-mortem brains displayed a
greater right skewness, highlighting the bias towards further expansion. The degree of
skewness was also shown to have a negative association with the residual onset age,
substantiating the link between greater somatic expansion and earlier disease onset
(Swami et al., 2009). To further understand the relative contribution of small and large
CAG repeat length changes to HD pathogenesis, the somatic mosaicism profile in six HD
post-mortem brains of varying inherited CAG length and phenotype were analysed by
Illumina MiSeq sequencing and SP-PCR, respectively (Table 6.1). These two methods
contrastingly quantify somatic mosaicism. lllumina MiSeq quantifies small changes in
repeat size by calculating the proportion of common variants (1 to 40 CAGs greater than
the mode) relative to the mode of the progenitor allele, whereas SP-PCR quantifies the
mutational load by depicting the presence of large CAG repeat sizes in single molecules
of DNA.
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Table 6.1. HD patient post-mortem brains

HD Post- PMI (CAG)n Disease Age at onset

mortem (hours) duration Actual Estimated Residual
brain (years) (Langbehn)

P40.97 48 41 12 65 57.5 7.5
P2.03 74 43 18 47 47.5 -0.5
P72.10 37 42 15 55 52.5 2.5
P3.92 10 41 3 71 57.5 135
P7.96 48 41 <1 72 57.5 14.5
P28.98 96 44 9 50 42.5 7.5

PMI: post-mortem index; (CAG)n: CAG repeat of length n; (Langbehn): estimated mean age at
onset according to Langbehn et al., 2004; Residual age at onset: actual age at onset minus

estimated mean age at onset (Langbehn).

6.2 Results

6.2.1 HD Post-mortem Brain Macroscopy and Microscopy Reports

To encapsulate brain regions with a range of CAG repeat instability levels, the HD post-
mortem brains were divided into the following regions; frontal lobe, temporal lobe,
occipital lobe, putamen, caudate nucleus, cerebellum, pons, and medulla. The
macroscopy and microscopy reports from the HD post-mortem brains were obtained to

investigate the environment and state of the tissue (Table 6.2 and Table 6.3). The

macroscopic and histological appearance of the post-mortem brains were all consistent
with the clinical diagnosis of HD. However, in some patients an additional diagnosis was
present, including pathological aging (P2.03), frontotemporal contusions with
subarachnoid haemorrhage (P72.10), and grade IV astrocytoma (P3.92). With the
exception of P3.92 and P7.96, all patients had disease durations from 9 to 18 years.
Patients P3.92 and P7.96 had an extreme late onset in their seventies with a disease
duration of 3 years and < 1 year, respectively. Clinical notes reveal a previous history of
hypomanic schizoaffective disorder in patient P3.92 and senile onset chorea in patient
P7.96. Post-mortem brain P3.92 was sent to Prof Vonsattel, as although the striatum
appeared atrophic the brain was distorted due to the diffuse infiltration of the striatum by
a malignant astrocytoma, who confirmed the HD diagnosis based on brain morphology.
Only macroscopic appearances were available for P7.96 due to the freeze-thaw artefact,

yet striatal atrophy consistent with HD was evident.
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Table 6.2. Summary of the macroscopy reports for the HD post-mortem brains

HD post-  Caudate
mortem nucleus
Brain

P40.97 Highly
atrophic

P2.03* Reduced
in bulk,
atrophic

P72.107 Reduced
in bulk

P3.92 Atrophic,
although
difficult
to tell
due to
distortion
from the
tumour

P7.96% Atrophic

P28.98 Atrophic

Macroscopy Summary

Putamen Globus
pallidus

Atrophic  Atrophic
Slightly
discoloured

Normal Normal

bulk

Tumour Tumour

impinges  impinges

Atrophic

Atrophic  Normal

Cerebral cortex Cerebellum
Moderate dilation  Normal

of lateral ventricle

Mild dilation of Normal

right frontal horn

Subarachnoid
haemorrhage
covering the
vermis

Swollen left
cerebral
hemisphere,
extensive
subarachnoid
haemorrhage of
frontal, temporal
and parietal lobes
Tumour
infiltration within
the temporal pole
showing
haemorrhage,
necrosis and
cystic
degeneration,
compressed right
lateral ventricle
Atrophic, dilation
of lateral ventricle
Moderate dilation
of the lateral
ventricle

Normal

Atrophic

Normal

Brain
stem

Artefact
in lower
brain
stem
Normal

Atrophic

Normal

*: reported as Vonsattel grade 3; 1: This HD post-mortem brain had a frontal and temporo-parietal

subarachnoid haemorrhage, extensive fronto-basal (orbital surface) contusions, milder involvement

of the temporal lobe, mild reduction in bulk of the caudate nucleus and minimal pallor of the locus

coeruleus; I: Post-mortem brain received by the UCL Queen Square Brain Bank already cut mid-

sagittally with both halves frozen resulting in severe post-mortem freeze artefact.
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Table 6.3. Summary of the microscopy reports for the HD post-mortem brains

HD post-
mortem
brain
P40.97

P2.03*

P72.10%

P3.92

P7.96%
P28.98

Caudate
nucleus

Neuronal
loss,
astrocytosis

Atrophic,
neuronal
loss,
spongiosis,
gliosis and
presence of
intranuclear
inclusions
Reduced in
bulk,
astrogliosis,
presence of
intranuclear
inclusions
Increased
cellularity
and gliosis

Artefact

Severely
atrophic,
reactive
astrocytes

Microscopy Summary

Putamen

Nerve cells
remain,
moderate
gliosis

Presence of
intranuclear
inclusions

Presence of
intranuclear
inclusions

Increased
cellularity,
increased
gliosis

Artefact

Severely
atrophic,
reactive
astrocytes

Globus
pallidus

Nerve
cells
remain,
moderate
gliosis

Artefact

Reduced
striato-
pallidal
fibres

Cerebral
cortex

No definite
neuronal
depletion,
increased
gliosis
(frontal).

subarachnoid
haemorrhage,
contusions,
presence of
intranuclear
inclusions
Architecture
of temporal
lobe is
destroyed by
Grade IV
malighant
astrocytoma
Artefact

Mild atrophy
and gliosis,
minor
involvement

Cerebellum

Slight
depletion of
Purkinje
cells

Moderate
Purkinje cell
loss

Moderate
Purkinje cell
loss

Slight
depletion of
Purkinje
cells

Artefact

Normal

Brain
stem

Midbrain
and pons
are
normal

Slight
increased
gliosis in
the
medulla

Artefact

Normal

*: reported as Vonsattel grade 3; 1: This HD post-mortem brain had a frontal and temporo-parietal

subarachnoid haemorrhage, extensive fronto-basal (orbital surface) contusions, milder involvement

of the temporal lobe, mild reduction in bulk of the caudate nucleus and minimal pallor of the locus

coeruleus; i: Post-mortem brain received by the UCL Queen Square Brain Bank already cut mid-

sagittally with both halves frozen resulting in severe post-mortem freeze artefact.
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6.2.2 The Somatic Mosaicism Profile in the HD Post-mortem Brains

To investigate the profile of somatic mosaicism regionally in the HD post-mortem brains,

we initially performed clone sequencing on DNA extracted from each brain region, which

yielded 156 clones containing the HTT sequence. Supplementary Data Figure 2 depicts

the sequence configurations resolved per region in each HD post-mortem brain. A

summary of the text sequence data can be found in Supplementary Data Table 3.
However, as clone sequencing was not successful for all available regions per HD post-
mortem brain and due to the variation in number of clones obtained per region, it was not

possible to perform somatic mosaicism analysis.

DNA extracted from the HD post-mortem brain regions and from their corresponding
blood samples were sequenced by Illumina MiSeq, which informed on the size and
sequence of the CAG and CCG repeats as well as determining the profile of somatic
mosaicism. Illumina MiSeq was successful for all samples (Table 6.4). No atypical
sequences were identified and the modal (CAG), of each post-mortem brain was
consistent between all brain regions and the blood, which is comparable to the sizing

results from previous fragment analysis (Chapter 2, section 2.2.2, Table 2.3). The

confidence of each genotype reported per patient was calculated by ScaleHD (Table 6.5).
Each allele originates with 100% confidence, which subsequently reduces if certain data
characteristics (penalties) are encountered during the genotyping process (https://scalehd.
readthedocs.io/en/latest/Definitions.html) (Chapter 2, section 2.10, Table 2.7). Such

penalties include low peak thresholds, rare characteristics (homozygous haplotypes),
atypical alleles, and total read count. Scores of 60% and above are considered to give
reliable genotypes, whereas values below 60% require manual inspection. All of the
expanded alleles in the HD post-mortem brains had confidence scores of above 60%, with
the exception of the cerebellum in P40.97, P2.03 and P3.92, which had the lowest
confidence at 59%, 34% and 58%, respectively. Manual inspection of these samples
confirmed the genotype (inspection performed by Dr Marc Ciosi).
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Table 6.4. lllumina MiSeq sequencing results of the HD post-mortem brain and blood samples

2|8 218

~ 0|0 Al ~l~lO|O |~~~

QIC|(OQO|O|F|O(<|O|O |

< I<[O]0|10(I<<[<C]|O]O |0

CAICAICARCARCAICA ICAICARCARS)

— — — — — N N N N N
3|s|3|3|3|3|8|3|8 |3 |Wild-type allele| Expanded allele

HD post-mortem brain|< [ [< |[< |< |< |<|<|< | < (allele 1) (allele 2)

P40.97 Frontal Lobe [18| 1 [ 1|10] 241|121 |1 |72 1811102 | 411172
P40.97 Temporal Lobe 18] 1 [ 1 {10 2411|272 1811102 | 411172
P40.97 Occipital Lobe [18| 1 [ 1 |10| 2 {411 |17 |2| 1811102 | 411172
P40.97 Putamen 18] 1|1 f10] 241|127 2] 1811102 ] 411172
P40.97 Caudate Nucleus [ 18| 1 [ 1 10 2 [a1{ 21|21 ({72 1811102 | 411172
P40.97 Cerebelum [18| 1| 1]10{2[41|1 |17 |2 1811102 | 411172
P40.97 Pons 18| 1| 1frof2far]a]a]7]2] 1811102 411172
P40.97 Medulla 18| 1|10l 2fat| 22721821102 411172
P2.03 Frontal Lobe 17| 1| 1|10| 243|121 |1 |72 1711102 | 431172
P2.03 Temporal Lobe |17| 1| 1]10] 243|117 2] 1711102 431172
P2.03 Occipital Lobe |17] 1| 1[10] 2 {43] 1|1 |72 1711102 | 431172
P2.03 Putamen 171 1fwof 243|117 ]2] 1711102 431172
P2.03 Caudate Nucleus [17] 1 [ 1 {10 2 {431 [ 1|72 1711102 | 431172
P2.03 Cerebellum [17| 1|1 f10| 243|121 |72 1711102 ] 431172
P2.03 Pons 171 1fwofl 243|117 ]2] 1711102 431172
P2.03 Medulla 17| 1102432272171 1102 | 431172
P2.03 Blood 171 1fwof2]a3|1f1|7]2] 1711102 431172
P72.10 FrontalLobe |17] 127 242|217 2] 1721172 | 421172
P72.10 Temporal Lobe 17 21 [ 1 {7 |2 (a2l 22|72 171272 | 421172
P72.10 Occipital Lobe |17| 1 [ 1|7 |2 f42| 2|27 (2| 171172 | 421172
p72.10 Putamen |17 1|17 2fa2] 22|72 1720172 | 421172
P72.10 Caudate Nucleus [ 17| 2 [ 2 [ 7242|2272 172172 | 421172
P72.10 Cerebelum [17| 1|17 |2 [42| 2|17 |2| 171172 | 421172
P72.10 Pons 17| 1o 7 2faela]al7]2] 1720172 421172
P72.10 Medulla w7lala|7)2fa2f2]2]7]2] 171172 | 421172
P72.10 Blood 17| af{af7|2a2|afa]7]2] 171172 | 421172
P3.92 Frontal Lobe |19| 1| 1|10 241|217 2] 1911102 ] 411172
P3.92 Temporal Lobe [19| 1| 1f10] 241|227 |2] 1911102 ] 411172
P3.92 Occipital Lobe [19] 1 | 1 [10] 2411|172 1911102 | 411172
P3.92 Cerebelum |19 1 [ 1 (10| 24|12 |72 192121102 411172
P3.92 Pons 19/ 1f1fwof2]ar|af1|7]2]1911102] 411172
P3.92 Medulla 19| 11frof2farfaf2]7]2] 1911102 411172
P7.96 FrontalLobe |17[ 1|1 [7 (2 fax{2|2 |7 2] 172172 | 411172
P7.96 Temporal Lobe [17| 1| 1|7 |2 [4aa] 22|72 1721172 | 411172
P7.96 Occipital Lobe |17 1 [ 21|72 et o] a7 2] 17210172 | 411172
P7.96 Putamen w7l ala 7 2fat a2l 2] 172272 | 411172
P7.96 Caudate Nucleus (17 1 (1|7 (2 (41|21 |1 |7 |2| 171172 411172
P7.96 Cerebelum 17| 1|17 2far] 2272 1720172 ] 411172
P7.96 Pons w7lala|7)2laf2|2|7]2] 1721172 | 411172
P7.96 Medulla w7 afaf7)2a|afa]7]2] 172172 | 411172
P7.96 Blood w7 aa 7 2fat|aal7]2] 1720272 | 411172
P28.98 Frontal Lobe [17| 1| 1|7 |2 (44| 1|27 |2 172172 | 441172
P28.98 Temporal Lobe 17| 1 [ 1|7 [2faal 11|72 1721172 | 441172
P28.98 Occipital Lobe [17| 1 [ 1|7 [2faal 22|72 171172 | 441172
p28.98 Cerebelum [17| 1|2 |7 2|44l 2|2 |7 ]2] 171172 | 441172
P28.98 Pons 7|1 a 72 aal 227 ]2] 1720172 441172
P28.98 Medulla 17| 1o 7 2faal 22|72 1720272 | 441172
P28.98 Blood 17| afa]7|2aafafa|7]2] 171172 ] 441172

133



Table 6.5. lllumina MiSeq sequencing confidence results for HD post-mortem brains

Post-mortem brain  Confidence (%)  Post-mortem brain  Confidence (%0)

WT EA WT EA

P40.97 FRNT 100 78 P72.10 MED 100 69
P40.97 TEMP 100 63 P72.10 BLOOD 100 69
P40.97 OCCIP 100 100 P3.92 FRNT 100 100
P40.97 PUT 100 83 P3.92 TEMP 100 100
P40.97 CNUC 100 63 P3.92 OCCIP 100 63
P40.97 CBM 100 59 P3.92 CBM 100 58
P40.97 PONS 100 63 P3.92 PONS 100 78
P40.97 MED 100 63 P3.92 MED 100 63
P2.03 FRNT 100 78 P7.96 FRNT 100 69
P2.03 TEMP 100 100 P7.96 TEMP 100 60
P2.03 OCCIP 100 100 P7.96 OCCIP 100 69
P2.03 PUT 100 83 P7.96 PUT 100 65
P2.03 CNUC 100 63 P7.96 CNUC 100 69
P2.03 CBM 100 34 P7.96 CBM 100 65
P2.03 PONS 100 100 P7.96 PONS 100 69
P2.03 MED 100 63 P7.96 MED 100 69
P2.03 BLOOD 100 74 P7.96 BLOOD 100 69
P72.10 FRNT 100 64 P28.98 FRNT 100 64
P72.10 TEMP 100 65 P28.98 TEMP 100 64
P72.10 OCCIP 100 64 P28.98 OCCIP 100 100
P72.10 PUT 100 65 P28.98 CBM 100 65
P72.10 CNUC 100 69 P28.98 PONS 100 69
P72.10 CBM 100 65 P28.98 MED 100 69
P72.10 PONS 100 69 P28.98 BLOOD 100 69

WT: wild-type allele CAG repeat size; EA: expanded allele CAG repeat size; - : CAG repeat size
undetermined; FRNT: frontal lobe; TEMP: temporal lobe; OCCIP: occipital lobe; PUT: putamen;
CNUC: caudate nucleus; CBM: cerebellum; PONS: pons; MED: medulla.
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Illumina MiSeq data analysis outputted repeat count distributions (Supplementary Data

Figure 3) in which the quantification of somatic mosaicism in each tissue was determined
by calculating the proportion of common variants relative to the mode of the progenitor
allele using the following equation; n + (1 to 40 CAGs)/n, in which “n” is the CAG repeat
size of the progenitor allele. The striatum in post-mortem brains P3.92 and P28.98 was
not available and thus, are excluded from the below figures. With the exception of P7.96,
the results indicate that the putamen contains the largest proportion of common variants,
with the cerebellum, followed by the blood, containing the least (Figure 6.1). P7.96 has
the greatest proportion of common variants in the frontal and occipital lobe, followed
closely by the putamen. Due to post-mortem freezing of this brain, microscopic analysis
could not be performed and thus we cannot tell the extent of neurodegeneration, which
could inform on the somatic mosaicism profile. In all four HD post-mortem brains, the
putamen contains the largest proportion of common variants compared to the caudate
nucleus, which could be due to the caudate nucleus being the primary site of HD
neuropathogenesis. When the tissues are grouped together structurally; blood, brainstem
(pons and medulla), cerebellum, cerebral cortex (frontal, temporal, and occipital lobe)
and striatum (caudate nucleus and putamen), the results reveal that the striatum contains
the largest proportion of common variants. In contrast, the cerebellum contains the lowest
proportion of common variants (Figure 6.2).
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Figure 6.1. Somatic mosaicism profile in HD post-mortem brains and corresponding blood

The proportion of common variants is relative to the cerebellum, the most stable region, which is

set at 1. The blood was unavailable for P40.97.
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Figure 6.2. Somatic mosaicism profile in HD post-mortem brain structures and corresponding blood

The proportion of common variants is relative to the cerebellum, the most stable region, which is
set at 1. The blood was unavailable for P40.97.
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6.2.3 SP-PCR Analysis of HD Post-mortem Brain and Corresponding Blood Samples

To examine the mutational load between the CNS and non-CNS tissues, SP-PCR analysis
was performed on all HD post-mortem brain regions and corresponding blood samples.
To calculate the number of diploid genomes in 1, 0.25, and 0.05 ng/uL of DNA, which
were the serial dilutions used in the SP-PCR, the following values were used; Avogadro’s
number (6 x 10?%), base pair mass (660 g) and the number of bases in a haploid genome
(3 x 10%). The molecular weight of a diploid genome was calculated as follows; (660 g x
3 x10%)*2 = 4 x 10%2 g. Therefore, there are 6 x 10?3 diploid genomes in 4 x 10* g and
the number of diploid genomes in 1, 0.25, and 0.05 ng/uL of DNA is 1.5 x 102, 37.5, and
7.5, respectively. Repeat length variation was evident regionally within each post-mortem
brain and in the corresponding blood samples, which is summarised in Table 6.6 and
displayed in Figure 6.3. In P40.97, the repeat within the occipital lobe and the putamen is
extremely unstable, which is in contrast to both the caudate nucleus and the cerebellum,
where the repeat appears most stable. Repeat instability is also evident, but to a lesser
degree, in the frontal and temporal lobe, pons and medulla, with the repeat reaching
approximately 465 CAGs in the pons alone. In P2.03, the putamen, caudate nucleus and
medulla appear to be more stable than the frontal, temporal and occipital lobe, which
display the greatest level of repeat instability. In the pons, a band is present at 465 CAGs,
and has a smear above which extends up to 620 CAGs. The frontal, temporal and occipital
lobes present with bands up to 310 CAGs compared to the cerebellum and the blood,
having mirroring patterns of repeat stability, with repeat sizes below 62 CAGs. P72.10
exhibits an alternative profile in that the putamen and caudate nucleus display the greatest
repeat instability, followed by the temporal and occipital lobe, compared to the other brain
regions. The cerebellum and the blood appear most stable. P7.96 displays a mosaic profile
with the highest degree of instability present in the frontal, temporal and occipital lobe
and the putamen. A lesser degree of instability is observed in the caudate nucleus, pons
and medulla. In contrast, the cerebellum and blood are stable, even with the expansion
reaching up to 256 CAGs. The profile of mosaicism in P3.92 revealed an unstable pattern
within the frontal, temporal and occipital lobe, and in the pons. The cerebellum revealed
the highest degree of repeat stability, which was followed by the medulla. In P28.98,
extreme instability is observed in the occipital lobe, followed by the temporal and frontal
lobe compared to all other regions. The cerebellum and blood display the most stable

profiles.
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Table 6.6. Summary of SP-PCR determined somatic instability
P40.97 P2.03 P72.10 P7.96 P3.92 P28.98

Frontal Lobe e +++ ++ +++ +++ +++
Temporal Lobe ++ +++ ++ +++ +++ F++
Occipital Lobe +++ +++ ++ +++ +++ +++

Putamen +++ ++ +++ +4+ . )
Caudate Nucleus + ++ +++ ++ - -
Cerebellum + + + + + +
Pons ++ ++ ++ ++ +++ ++
Medulla ++ ++ + ++ + ++
Blood - + + + - +

+++: greatest instability; ++: moderate instability; +: stable; -: sample unavailable.

Figure 6.3. SP-PCR analysis of HD post-mortem brain and blood samples (overleaf)

The (CAG)n is labelled on the left and the base pair (bp) on the right according to the 1 kb* ladder.
The first 3 lanes represent 1 ng of DNA, followed by 6 lanes each of 250 pg and 50 pg of DNA.
Water (w) is used as a control to demonstrate that no PCR products are detected in the absence
of a DNA template. SP-PCR analysis was conducted once, P3.92 medulla was replicated and

confirmed reproducibility (Supplementary Data Figure 4).

138



3907 [eydiod0  OVD dq  eqoq|esodwal 2qo1 [ejuolS

dq wnjegale)  SN{PNN djepned  OVO dq uswejnd

dq e|Inpap Suod D)o}
00
002
- Y
00€
29 =29
» 3 .3/ *8/
A _ sl0L = L0l
058 » ” * MMF - Zel 058 ® . .zl
000L = o ~ SS1 . “GG1L 0001 ® . = GGl
_.. '
0591 . " 952 osoLs - 95z 0591 . #952 . a5¢
0002 . “0Lg 0002~ - 0le 0002 . #0lE - oLe
000€ ° SO 000€= - 000€ S9F Sop
0007 s 029 B i 0007 ¢ 029 H
' Pl b g +PiL “PiL o PiL
6dog 6dogz bup  6dog Bdpsz Bupm b6dog Bdosz bup 6dps Bdpsz Bulm b6dog Bdogz Bup  Bdps Bdogz Buym 6dog bdopgz Bup  Bdog Bdogz Bupm
£0°td
e|Inpap dq wnj|ggased SN9IONN djepne)d 9OYO usweing aqoendwog OVO dq 8qo [eJodwal |aqoTejuold  9Yd
9L
" L€ L€
.1y - v R
- 29 4 “29 ~29 ~ 29
L 1) i . . .5, .g
- 10l .
=10l =10l +ob
.zcl . < 058 = ~zel
- GGl . =zel el 0001 = - pes
551 =561
. wmm 0591
- - L .
S9y o 1962 2 =9S¢ | g0z = - e
- oLe
- 029 ' o 0Le y i
+ N A “PiL
oz bul  Bdog Bdoge Buy Bdog  Bdogz Buy 6dog Bdogz Buym 6dog Bdosz Bul 6dog Bdosz Bulm Bdog Bdogz Bup #  Bdog Bdogz Bul

L6’0vd

139




dq pooig B|InpaN [9) e}
dq uawejnd 2qo1 [eydivoo [5)e} dq 9go1 jesjodwa] 3qo7 |ejuotq [3)'e}
; 9l
dq wnjpqaIen SNajoNN Sjepne) ovo 001 . ‘ 9l oe. e
004 . L e
» » .o i
. 00z e | ooz &
00z ne * e . ® - Ly
eee oos # | ooc Ly 29
00 ® . 2 . s . :
ool o ® oov # - »29 | oov# - =29 - =8
- 29 . » e
00S .. - . oom‘ . » . W oom.‘ * 1 b % ilads
- : 1oL
059 - - .o | % Y 'Y ;o o8 ¥ - =zel
058 1 - zeL | oss e - “ - ZEl A - 551
058 - “ e | o001 - gL 000l ® ® ssL | 000
0001 e i+
: 059 - .. 95z oo, ~ * # o = ocz | osol - Qose
%WM.. - ’ & . gsz | 0002 0L€ [po0z N 0L€ | oooz - pole
4 Sop i
6dog  Bdosz  Bul 6dog  Bdosz  Bup ooom- mww 000€ 0e9 mmmw - mww
+ 6d 6d bu 6d bdogz Bup™ DI
Bdog  Bdosz bBuy 6dpg  Bdogz Buym 05 bloge bul 05 Bdog Bdosz Bup  Bdpg Bdogz Bul m
d
dq suod wnjpegess) OV dg snajonN ajepned usweind  9vo 0401 ENd00 oqojel0dwel SV q 9407 [BJuO.I pooig OvO
9l 9l
-
®lc L€
Ly
L A4 00€ =
0 v $29 v 00 = " Mw
3 L]
OOm, . .®N . L ®8 00S ‘ »
059 @ ® .01 L4 . Ltey0 059 = e slot
s .
0S8 L ®zc L . zel 058 m - -ZE1
0001 L ® 561 . Y ! 0001 = " pect
o . 059L ® - "
059 957 957 © %oz | osom =952
0002 “ “ ore g $o1e 0002 @ ¥ #0i€ | ooo0zs . 0lg
000€ Sop sor | O00% o9 | Qoo i oo
000% \ 029 X1 029 .hp 029 000% 2 029
Bdos 6dogz bup  Bdog Bdogz Buym Bdog 6dosz Bu Bdog Bdogz Buym 6dog 6dogz Bup  Bdog Bdogz Bupm 6dog Bdogz Bup Bdog Bdogz Buy i

140




Se|dWEes poo|q BUIpUOdSa1I00 pue SUIelq Wapow-JSod (JH JO SISAleUB Y0d-dS ¢ 9 eInbig

e|INpaN

6dog Bdogz Bul™ Bdog Bdogsz Bul Bdog Bdosz Bul

wn|jaga1a)

6dog 6dosz Bul

mamm .maomm Bup m

aqo[endiog 9V

dq ago [eJjodwa)]

Bdog Bdogz B

FCE 13

up

sqovleuold  OVD

EaVA4

= 29
®3/
=101

=zelL
=G5l

"96¢e
oLe

S9v
029

b6dps 6dpgz Bul m

dq e|Inpa 31 %)

dq suod wn|jegale) ovo

=% e .'9__, :
6dog Bdosz Bup  Bdog Bdogz Bulm

10l

cel
SSl

962
oLe

14
029

2qo1 lendioo0

@i
buy

aqo [ejodwa] ovd

6dog Bdogz Bupm

6'td

840 [EJuol

bdog Bdosz Bul

Pl

6dog  Bdogz 6Buy

dq

0oL

00z

00€
00
00S
0s9

058
000} " &

S0 0.

0591
0002
000€
000%

2

elinpsi

-
E N7

.- 79
.g

.._1 0L
- €t
- SGL

oLe

6dog Bdosz 6uy 6dog  Bdogz Bul m

141



6.2.4 PacBio SMRT Sequencing of HD Post-mortem Brains

The HD post-mortem brain samples containing the highest number of clones previously
obtained from clone sequencing; P72.10 occipital lobe and medulla, P3.92 temporal lobe,
cerebellum and pons, were prioritised for SMRT sequencing. P72.10 occipital lobe and
P3.92 cerebellum were primarily sequenced on the RSII instrument. Repeat analysis was
unavailable for P3.92 cerebellum, as there was an insufficient amount of reads. The
SMRT sequencing repeat count results for P72.10 occipital lobe determined the modal
(red dotted line) (CAG)n at approximately 46 CAGs, which is +4 CAGs greater than that
determined by Illumina MiSeq at 42 CAGs (Figure 6.4 (A)). Additionally, the wild-type

allele for P72.10 occipital lobe was not resolved, only the pathogenic allele was captured

with multiple populations of 43, 44 and 50 CAGs. No sequence alterations were evident
in the CAG or CCG repeats (Figure 6.4 (B)). The remaining samples, P72.10 medulla,

P3.92 temporal lobe and pons, were subsequently sequenced on the Sequel System. No
result was obtained as the samples did not survive the library preparation step. The DNA
quality results determined that it was highly fragmented, to a varying degree, in all

samples (Chapter 4, section 4.2.3, Figure 4.5).

Figure 6.4. Sequence configuration determined by lllumina MiSeq and SMRT sequencing (overleaf)

PacBio SMRT sequencing repeat analysis is shown as repeat count (A) and repeat number (B).
MiSeq EA: expanded allele sequence determined by lllumina MiSeq; (CAG).: CAG repeat number
including CAA trinucleotides; Fq: frequency.

142



P72.10 Occipital Lobe | MiSeq EA: (CAG),(CAA)CAG)(CCG)(CCA)(CCG),(CCT),

SMRT Sequencing

(A) Barcode = repeat_analysis_zmws :
> 02 ;
A 1
S o1 5
8 ]
0.0 1

0 10 0 ko 20 50 60

Repeat Count
1.50- (CAG), Fq
(B) context

e CAG
CAA
CCG

® CCA

------------------------------------------- . 4411

Number of CCS reads
=
8

050-

Repeat number

Figure 6.4. Sequence configuration determined by lllumina MiSeg and SMRT sequencing

6.2.5 Nanopore Sequencing of the HD Post-mortem Brains

DNA from two HD post-mortem brains was sent to Kings College London for Nanopore
sequencing by Dr Graham Taylor. The raw data obtained from the Nanopore sequencing
was extremely noisy (data not shown). In collaboration with David Murphy (UCL Queen
Square Genomics), the output files were run through a bioinformatics pipeline based on
RepeatHMM to extract the CAG repeat sizes (Chapter 2, section 2.12) (Liu et al., 2017).
The Nanopore (CAG), sizing data is presented in graph format, which can be viewed in

Supplementary Data Figure 5 and summarised in Table 6.7 alongside the CAG repeat

sizing results from fragment analysis and lllumina MiSeq. In comparing the Nanopore
sequencing CAG repeat sizing results of the expanded allele in the HD post-mortem
brains to those determined by fragment analysis, the (CAG)n differs by + 2 CAGs, which
is within the sensitivity bracket reported by fragment analysis. Similarly, the expanded
allele CAG repeat size determined by Nanopore sequencing differs by £ 1 CAG compared
to the Illumina MiSeq CAG repeat sizing results. Control post-mortem brains were
analysed to ensure that Nanopore sequencing resolved the correct alleles and could
distinguish between similarly sized CAG repeats. There is a size discrepancy of + 4 CAGs

in comparison to fragment analysis, which is outside of the sensitivity bracket.
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In order to determine the fidelity of the CAG repeat sizing results from the Nanopore
sequencing data, the total number of reads from O to approximately 80 CAGs were
calculated per sample in which the modal wild-type and expanded allele read counts were
determined as a percentage of total reads (Table 6.8). The threshold of 80 CAGs was set
due to the lack of reads thereafter. P72.10 medulla presents with the lowest percentage of
read counts for the expanded allele with 4.9% of total reads mapping to 42 CAGs. P3.92
temporal lobe presents with the highest percentage of read counts for the expanded allele
with 7.7% of total reads mapping to 41 CAGs. Read count percentages for the wild-type
alleles were higher in the control post-mortem brains compared to the HD post-mortem
brains. Somatic mosaicism analysis was attempted in P72.10 using the same equation to
calculate the proportion of common variants, n + (1 to 40 CAGs)/n, in which “n” is the
CAG repeat size of the progenitor allele. However, due to inconsistent read counts

between regions, somatic mosaicism analysis was unsuccessful.

Table 6.7. (CAG), sizing by Nanopore sequencing, fragment analysis, and lllumina MiSeq

Post-mortem Nanopore Sequencing  Fragment Analysis  lllumina MiSeq
Brain
HD WT EA WT EA WT EA
P72.10 FRNT 19 42 18 42 17 42
P72.10 TEMP 19 43 18 44 17 42
P72.10 OCCIP 19 42 18 44 17 42
P72.10 PUT 19 43 18 42 17 42
P72.10 CNUC 19 42 18 42 17 42
P72.10 CBM 19 42 18 42 17 42
P72.10 PONS 19 42 18 42 17 42
P72.10 MED 19 43 18 42 17 42
P72.10 BLOOD 19 42 18 42 17 42
P3.92 FRNT 21 42 20 41 19 41
P3.92 TEMP 21 42 20 41 19 41
P3.92 OCCIP 21 42 20 41 19 41
P3.92 CBM - - 20 41 19 41
P3.92 PONS 21 42 20 41 19 41
P3.92 MED 21 41 20 41 19 41
Control WT WT WT WT WT WT
P82.10 FRNT 18 19 18 22 - -
P82.10 TEMP 22 23 18 22 - -
P82.10 OCCIP 19 22 18 22 - -
P82.10 CBM 18 19 18 22 - -
P82.10 PONS 18 19 18 22 - -

WT: wild-type allele CAG repeat size; EA: expanded allele CAG repeat size; - : CAG repeat size
undetermined; FRNT: frontal lobe; TEMP: temporal lobe; OCCIP: occipital lobe; PUT: putamen;
CNUC: caudate nucleus; CBM: cerebellum; PONS: pons; MED: medulla.
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Table 6.8. Nanopore sequencing repeat count percentages for wild-type and expanded alleles of

HD and control post-mortem brains

Post-mortem brain  Read count (%)  Post-mortem brain  Read count (%o)

HD WT EA HD WT EA
P72.10 FRNT 14.4 6.1 P3.92 TEMP 9.3 7.7
P72.10 TEMP 16.2 5 P3.92 OCCIP 11.2 6.7
P72.10 OCCIP 131 6.6 P3.92 PONS 10.1 7

P72.10 PUT 15.7 5.6 P3.92 MED 12.2 6.6
P72.10 CNUC 16.4 5.6 Control WT WT
P72.10 CBM 15.8 6.4 P82.10 FRNT 13.7 17.6
P72.10 PONS 15.2 7.1 P82.10 TEMP 19.7 19.5
P72.10 MED 17.9 4.9 P82.10 OCCIP 135 15.1

P72.10 BLOOD 16.2 6.2 P82.10 CBM 17.4 22.8
P3.92 FRNT 11.7 6.4 P82.10 PONS 135 18

WT: wild-type allele CAG repeat size; EA: expanded allele CAG repeat size; FRNT: frontal lobe;
TEMP: temporal lobe; OCCIP: occipital lobe; PUT: putamen; CNUC: caudate nucleus; CBM:
cerebellum; PONS: pons; MED: medulla.

6.3 Discussion

6.3.1 Somatic Mosaicism Profiles Determined by Illumina MiSeq and SP-PCR

Previous studies imply that the profile of somatic mosaicism in HD initially correlated
with the specific neuropathogenesis, with the highest levels of CAG repeat instability
observed in the striatum and cortex (Telenius et al., 1994). Further investigation in HD
post-mortem brains including 24 individuals with an early age at onset and 24 individuals
with a late age at onset determined that various degrees of somatic instability were
observed in the cortex of all post-mortem brains with a bias towards further expansion
and that early onset individuals tended to have larger repeat expansions compared to late
onset individuals (Swami et al., 2009). As the striatum displays little instability in end-
stage disease, the frontal cortex was solely examined as it displays relatively high levels
of instability. Additionally, experiments in a knock-in HD mouse model, HdhQ!!?,
demonstrated that the CAG repeat length dependent phenotype is significantly delayed in
mice that lack somatic instability, which suggests that somatic instability itself contributes
to HD pathogenesis (Wheeler et al., 2003). Extreme striatal CAG repeat instability is only
seen in HD post-mortem brains when the individual has died before symptom onset
(Kennedy, 2003). In contrast, post-mortem brains that are analysed from HD patients after

an average disease duration display extreme instability in the cortical regions and to a
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lesser extent in the striatum (Kennedy, 2003). In this study, the somatic mosaicism profile
of four HD post-mortem brains was determined by Illumina MiSeq and SP-PCR to
elucidate the instability level using two methods quantifying both small and large changes
in the CAG repeat length.

The application of the bioinformatics pipeline by Dr Marc Ciosi, ScaleHD, to the lllumina
MiSeq sequencing data quantifies somatic mosaicism by calculating the proportion of
common variants using the following equation; n + (1 to 40 CAGs)/n, in which “n” is the
CAG repeat size of the progenitor allele. This method revealed that, with the exception
of P.7.96, the greatest proportion of common variants in the HD post-mortem brains
P40.97, P72.10, and P2.03, and corresponding blood samples, was in the putamen,
whereas the cerebellum presented as most stable. When the brain regions were grouped
together structurally, the cerebellum remained most stable, followed by the blood,
brainstem and the cerebral cortex, with the striatum presenting with the highest proportion
of common variants. The striatum has previously been examined as one structure when
detailing the somatic mosaicism profile of both early- and end-stage HD post-mortem
brains (Kennedy, 2003). In this study, we looked at both the putamen and caudate nucleus,
which revealed that even though the striatum is the most mosaic structure, regionally the
caudate nucleus is much less mosaic. One reason for this is the selective neuropathology
of HD that is further emphasised in the neuropathological reports of these post-mortem
brains. Therefore, it is likely that the reduced mosaic profile within the caudate nucleus

is due to the high level of cell death in this primarily affected region.

The SP-PCR somatic mosaicism profiles reveal that in three out of the four HD post-
mortem brains where the striatum is available (P40.97, P2.03, P7.96), the cortical regions
display the greatest levels of CAG repeat instability. These results compliment the profile
of instability previously determined in an end-stage HD patient with (CAG)s7 (Kennedy,
2003). Although we did not recapitulate the extreme cortical expansion size of > 700
CAGs, a similar fold change in (CAG) relative to the progenitor allele was observed. In
P40.97 occipital lobe, P2.03 temporal lobe and all cortical regions of P7.96, we observe
(CAG)z10, (CAG)z10, and (CAG)2s6, Which is approximately 7.5-fold, 7-fold and 6-fold
that of the progenitor allele, respectively. Interestingly, the pons and the medulla similarly
displayed extreme repeat sizes, with the pons being more unstable than the medulla. In
P40.97 there are bands present in the pons and medulla reaching to 465 CAGs and greater
than 256 CAGs, respectively, which is 11.3-fold and 6.2-fold greater than the size of the

progenitor allele. In P2.03 pons, a band is present at 465 CAGs, and has a smear above
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which extends up to 620 CAGs, which represents a fold change of 10.8-fold to 14.4-fold
greater than the size of the progenitor allele. P7.96 pons and medulla both contain bands
at 256 CAGs, which is a 6.2-fold increase compared to the size of the progenitor allele.
P3.92 pons is as unstable as cortical regions and P28.98 pons has a band at 465 CAGs,
10.6-fold greater than the progenitor allele CAG repeat size. As primarily unaffected
regions in HD, the pons and medulla have not been examined in depth for their instability
profile in previous studies. Aronin et al., 1995, reported the instability of the pons in the
post-mortem brain of a juvenile HD patient to be due to the heterogeneous expression of
mutant huntingtin (Aronin et al., 1995). The results reported here again highlight the
instability of the pons, but in multiple HD post-mortem brains, which suggests that the

somatic mosaicism pattern is tissue specific.

Compared to the cortical regions, repeat instability is lower in the striatum yet within the
striatum, repeat instability is greater in the putamen than in the caudate nucleus, which is
mirrored by the Illumina MiSeq results. The disparity of instability between the putamen
and the caudate nucleus may be due to the caudate nucleus being primarily affected and
thus, there are less cells to quantify the (CAG), population. This is in keeping with
previous literature on the neuropathogenesis of HD. Another hypothesis proposes that a
higher mutational load in vulnerable cells may expedite downstream pathological events
(Kennedy and Shelbourne, 2000). HD post-mortem brain P72.10 displayed an alternative
pattern of somatic mosaicism in that the striatum had the highest level of repeat instability
compared to the cortical regions. This is the profile expected in early-stage disease, and
mirrors the mosaic pattern described in the aforementioned presumed premanifest HD
individuals reported in Kennedy et al., 2003. Further examination into the clinical notes
of P72.10 revealed that this individual stayed active and mobile for their 15-year disease
course. This would suggest that the motor region is not as atrophic as the general
neuropathology for HD patients with a dominant motor phenotype and therefore, repeat
instability is highly visible.

In contrast to SP-PCR which quantifies the presence of extremely large CAG repeats,
calculating the proportion of common variants mirrors that of the premanifest HD
individuals reported in Kennedy et al., 2003, even though the post-mortem brains
analysed here were from manifest HD patients. This raises the question of whether HD
neuropathogenesis is driven by the rarer extreme CAG repeat lengths or the greater
population of common variants, i.e., smaller repeat changes reaching only 40 CAGs more

than the progenitor allele. As the proportion of common variants is largest in the striatum,
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although carried by the putamen, over the cortical regions, this suggests that the most
vulnerable cells can survive with the burden of the CAG repeat up to approximately 84
CAGs. However, SP-PCR analysis determined that the largest mutational load is in the
cortical regions and not in the striatum. This potentially supports the hypothesis that cells
with the largest CAG repeat sizes are primarily lost, hence why the caudate nucleus
appears more stable than the putamen. Taken together, these profiles confirm that the
somatic mosaicism profile mirrors that of HD neuropathogenesis and further suggests that

the most vulnerable cells do not survive when carrying extremely large CAG repeat sizes.

6.3.2 Third Generation Sequencing Attempts in HD Post-mortem Brains; PacBio SMRT
Sequencing and Nanopore Seguencing

Of the HD post-mortem brain regions sent for SMRT sequencing on the RSII system,
P72.10 occipital lobe was the only successful sample and yielded 3 reads containing the
HTT target region. This read count is too low to give confidence in the result. From the
only sequence obtained, no interruptions or alterations were identified in P72.10 occipital
lobe, which mirrors the configuration determined by Illumina MiSeq. Additionally,
somatic mosaicism analysis could not be performed on 3 reads. Of the samples sequenced
on the sequel system, no results were obtained. Although this system is built on the
previously established SMRT technology and therefore most of the sequencing workflow
is unchanged, the analysis method and new chemistry used for the Sequel System is not
compatible on the RSII. Another modification is the addition of more restriction enzymes
in the initial SMRTbell library preparation, which takes place before the CRISPR/Cas9
enrichment step and aids in target enrichment by reducing genome complexity. The
restriction enzymes allow further reduction of the unwanted DNA and therefore
prioritises loading of on-target molecules on the sequencing instrument. However, as our
DNA was highly fragmented, this suggests that the use of more restriction enzymes was
a factor in the samples failing the library preparation step. This further emphasises the
requirement of high quality and quantity DNA samples for successful SMRT sequencing.

Two HD post-mortem brains were sent for Nanopore sequencing. In contrast to
polymerase-mediated DNA synthesis, which is used by all major sequencing
technologies, nanopore-based sequencing infers sequences from changes in the ionic
current across a membrane when a single DNA molecule passes through a protein
nanopore (Bowden et al., 2019). The sizing analysis used in this study is based on
RepeatHMM, which has the potential to detect microsatellites from long read sequencing

data and incorporates predefined models for well-known TNRs including HTT. It uses a
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split-and-align strategy to improve alignments, perform error correction and peak calling
algorithm based on the Gaussian mixture model to determine repeat counts (Liu et al.,
2017). This tool allows the users to specify error parameters of the sequencing
experiments. Our data was analysed using the default error correction established by
Nanopore, as optimising the script surpassed the scope for this study. However, the read
counts per (CAG)n were inconsistent between samples which hindered any somatic
mosaicism analysis being performed. One factor that could be at play is the quality of the
input DNA. Library preparation cannot be successfully achieved with sub-sufficient DNA
quality, which may account for the samples where repeat counts could not be determined
for the expanded allele (P3.92 cerebellum) and where the read counts are low, with one
example being 7 reads for 42 CAGs in P72.10 occipital lobe compared to 564 reads for
43 CAGs in 72.10 temporal lobe (Supplementary Data Figure 5). This further highlights

the importance of having sufficient DNA quality prior to library preparation.

In summary, lllumina MiSeq sequencing was the most efficient technology to not only
elucidate the sequence configuration at the base pair level, but also to reveal the somatic
instability profile throughout the HD patient post-mortem brains and corresponding blood
samples. lllumina MiSeq determined the proportion of common variants per region, in
which 1 to 40 CAGs greater than the progenitor allele was considered as a common
variant. This quantification of somatic mosaicism revealed that the striatum contained the
greatest level of instability and the cerebellum presented as stable. These results highlight
a new pattern of somatic mosaicism that SP-PCR is unable to determine, and ultimately
reinforces the previous hypothesis that the somatic mosaicism profile mirrors that of the
specific neuropathology observed in HD. SP-PCR provides a quantitative measure of the
extreme CAG repeat mutational load and identified CAG repeat sizes up to 14-fold that
of their respective progenitor alleles within the HD post-mortem brains. These results
reveal that in addition to the instability present in the striatal and cortical regions, the pons
also contained high levels of CAG repeat instability. Furthermore, PacBio SMRT
sequencing and Nanopore sequencing were able to size the CAG repeat with some
confidence, however, instability profiles could not be determined due to low and
inconsistent read counts. In order to gain full advantage of the third generation sequencing
technologies, it is clear from the above results that optimisation is necessary for routine

use in the laboratory.
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Chapter 7. Discussion and Future Work

7.1 Thesis Overview

The work presented in this report was undertaken to investigate the role of modifiers in
trinucleotide repeat diseases, specifically between patients with similarly sized
pathogenic alleles. In brief, the presence and potential role of interruptions as disease
modifiers in FRDA and HD were determined by long-range PCR with restriction enzyme
digestion, TP-PCR, clone (Sanger) sequencing, and next- and third-generation
sequencing technologies. The application of the three sequencing generations to our HD
samples, allowed us to define the most suitable and efficient platform for our needs. Next
generation sequencing by lllumina MiSeq accurately sized the CAG repeat in our cohort
of HD patients with the greatest fidelity while also revealing the sequence composition at
the base pair level. Subsequently, this method was used to validate the sequences obtained
from clone sequencing and identified HD patients with a loss of interruption, which
modified disease phenotype. As the loss of interruption phenotype did not account for all
of the phenotypic variability observed, we examined other potential modifiers of HD
including DNA repair pathway genes and somatic instability. The influence of DNA
repair pathway genes in our HD cohort was investigated by genotyping for the DNA
repair SNPs previously implicated as disease modifiers (GEM-HD, 2019). The results
showed no significant association between individual SNPs and age at onset, which was
concluded to be due to the small power of this study. Finally, the somatic mosaicism
pattern in HD patient post-mortem brains was established to explore its relationship with
the specific neuropathogenesis and the potential role of somatic instability as a disease
modifier. lllumina MiSeq and SP-PCR were used to assess the relative contribution of
small and large CAG repeat length changes to HD neuropathogenesis, respectively.
Although contrasting methods, both showed a tissue specific profile of somatic
instability. Illumina MiSeq determined that the cerebellum was the most stable region and
that the striatum presented with the highest proportion of common variants. In contrast,
SP-PCR determined the profile of somatic mosaicism to be greatest in the cortical regions,
with the lowest level of instability recorded in the cerebellum, which is in accordance
with the previous literature and suggests that the cells carrying the largest expansions are
primarily lost (Kennedy, 2003). Overall, this report identifies CAG repeat sequence
interruptions, somatic instability and DNA repair genes as disease modifiers and
reinforces the hypothesis that cells carrying the largest CAG repeat lengths are

preferentially lost in the regions of specific neuropathogenesis.
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7.2 Friedreich’s Ataxia

7.2.1 Main Findings

In a large cohort of FRDA patients, long-range PCR with Mboll restriction enzyme
digestion, which detects > 50 bp of non-(GAAGA), interruptions internally of the GAA
repeat sequence, and TP-PCR, which is limited to approximately 100 GAAs at the 3’ end
of the expansion, were applied to investigate the presence of non-GAA repeat sequences.
In contrast to TP-PCR, the Mboll digestion method includes the entire expansion,
however, neither method resolves the sequence of the repeat at the base pair level. The
main findings reported here revealed that interruptions identified by TP-PCR were
common, with 66% of the cohort carrying interruptions in the 3’end of the repeat. In
contrast, Mboll digestion analysis identified non-(GAAGA)» sequence interruptions in
13% of the cohort. Within this cohort, GAAL repeat size accounts for up to 33.8% of the
variation in age at onset. The potential effect of the interruption profile on GAA1 size and
age at onset determined that in addition to GAAL size, stronger correlations were
identified for the pure Mboll digestion (34.8%) and interrupted TP-PCR (35.9%) subset
of patients. These results highlight that sequence purity has the potential to influence age
at onset, however, without the base pair sequence composition, it is difficult to draw
definitive conclusions on the influence of GAA repeat sequence interruptions on the
FRDA phenotype.
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7.3 Huntington’s Disease

7.3.1 Main Findings

Clone sequencing was performed on a cohort of HD patients with similarly sized
pathogenic alleles to determine the presence of potentially disease modifying repeat
interruptions. These patients displayed phenotypic variability, evidenced by ages at onset
that spanned 33 years from the earliest to latest presentation. The CAG repeat length is
the dominant predictor of HD age at onset and in the cohort presented in this report, 48.4%
of the variability in age at onset was attributed to the CAG repeat length, with each CAG
significantly advancing age at onset by 0.88 years. We hypothesised that the remaining
variability in age at onset could be attributed to alterations in the CAG and adjacent CCG
repeats. In short and most notably, out of the 163 clones obtained overall for 23 HD
patients, none contained any nonsynonymous sequence interruptions and all bar two
patients (HD patient 1 and 4) carried the penultimate CAA interruption. Additionally, HD
patient 1 had a loss of interruption in their CCG1 repeat tract, which was sequenced as a
pure stretch of CCGs. During the clone sequencing of these patients, Dr Marc Ciosi
developed a genotyping-by-sequencing protocol for HTT exon 1 using Illumina MiSeq
(Ciosi et al., 2018). Due to the variation in number of clones and population of repeat
sizes determined per patient, Illumina-MiSeq was performed on our sample cohort to
validate the sequence configurations obtained and to further elucidate the sequence
configuration of the remaining samples. This method highlighted four HD patients
(patients 1, 2, 4, 22) with atypical expanded allele sequence configurations. HD patients
2 and 4 carried pure CAG repeat tracts and HD patients 1 and 22 carried pure CAG and
CCG1 repeats. Consequently, HD patients 1, 2, 4, and 22 presented with age at onsets 7,
5, 2 and 9.5 years earlier than their estimated mean age at onset based on the modal
(CAG), determined by Illumina MiSeq, respectively. HD patients 1 and 22 presented with
the earliest age at onsets, which highlights that the loss of interruption in both the CAG
and CCGL1 repeats has a stronger modifying effect than the loss of interruption in just the
CAG repeat. In concordance with the current literature, these results highlight the
influence of sequence interruptions, in this case, the loss of interruption, as a modifier of
disease progression and reinforced what was found by clone sequencing in HD patients 1
and 4 (GEM-HD, 2019; Wright et al., 2019).

To further understand the contribution of CAG repeat length changes to HD pathogenesis,
the somatic mosaicism profile in six HD post-mortem brains with varying progenitor

alleles and phenotypes were analysed by Illlumina MiSeq sequencing and SP-PCR.
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Illumina MiSeq quantifies small changes in repeat size by calculating the proportion of
common variants (1 to 40 CAGs greater than the mode) relative to the mode of the
progenitor allele, whereas SP-PCR quantifies the mutational load by depicting the
presence of large CAG repeat sizes in single molecules of DNA. In this report, Illumina
MiSeq of the HD post-mortem brains determined that the putamen contained the largest
proportion of common variants compared to the caudate nucleus, which could be due to
the caudate nucleus being the primary site of HD neuropathogenesis. This was mirrored
by the macroscopy and microscopy reports of the post-mortem brains. When the tissues
were grouped by structure; blood, brainstem, cerebellum, cerebral cortex and striatum,
the results revealed that the striatum contained the largest proportion of common variants,
whereas the cerebellum contained the lowest. The SP-PCR somatic mosaicism profiles
revealed that in the majority of the HD post-mortem brains, the cortical regions display
the greatest levels of CAG repeat instability. These results complement the profile of

instability previously determined in HD post-mortem brains (Kennedy, 2003).

To examine if DNA repair modifier loci were additionally attributable to the remaining
variability in age at onset, the HD patient blood samples and the six HD post-mortem
brains were genotyped on the NeuroChip array against a customised panel of SNPs
associated with DNA repair pathway genes. Assessing the overall effect of all SNPs on
the residual age at onset in our cohort revealed significant associations with an earlier age
at onset, however, the association of each SNP singularly revealed no significant
associations. Before Bonferroni correction, there were significant associations with
earlier age at onset for FAN1 (rs114136100, rs150393409), PMS2 (rs12534423) and
ERCC3 (rs1566822), which implies a modifying role of these DNA repair SNPs in this
cohort. Likewise, calculating a polygenic age at onset risk score revealed that negative
polygenic risk scores were associated with earlier age at onset, accounting for
approximately 26% of variability. The polygenic age at onset risk score was subsequently
plotted against the relative rate of somatic instability, which showed a significant inverse
association with somatic instability. However, for individual tissues, only a trend was
observed for the association of greater somatic instability with a more negative polygenic
age at onset score. Although not significant, we show that the combined effect of
inheriting the minor alleles associated with all combined SNPs is associated with an
earlier age at onset that is potentially linked to increased somatic instability. The results
suggest that with a greater sample size, the modifying role of these DNA repair pathway

genes could be determined in relation to disease progression and somatic instability.

153



7.3.2 CAG Repeat Interruptions

Greater than 95% of European ancestry HD chromosomes carry a canonical sequence of
the polyglutamine repeat, which includes a penultimate synonymous interruption of the
CAA trinucleotide. As CAA codes for glutamine, the length of the CAG repeat is
consistently greater by two residues, compared to the length of the uninterrupted CAG
repeat tract. Therefore, it has not previously been possible to interpret whether the
correlation with age at onset is due to polyglutamine size or the pure CAG repeat size
(GEM-HD, 2019). A recent GWAS in HD patients identified a signal on chromosome 4
near HTT, with two independent effects on age at onset; an onset-hastening effect of
approximately 12.7 years and an onset-delaying effect of approximately 5.7 years (GEM-
HD, 2019). It was hypothesised that these modifying effects could be associated with
non-canonical sequence variations. Sequencing of the HTT polyglutamine repeat
determined that the onset-hastening effect was associated with a loss of the CAA
trinucleotide and conversely, the onset-delaying effect was associated with an additional
CAA trinucleotide. It was further shown that age at onset estimation is more concise when
based on the uninterrupted CAG repeat length, which indicates sequence interruptions as
modifiers of HD phenotype (GEM-HD, 2019).

To recapitulate the use of clone sequencing in determining the polyglutamine repeat
configuration, an additional study identified the loss of the CAA interruption in 16
symptomatic HD patients, which was represented by pure CAG and CCG repeat tracts
(Wright et al., 2019). In a large cohort of control individuals with wild-type alleles, the
loss of interruption was not observed, which suggests that the variant is more prevalent
at longer CAG repeat lengths, possibly due to the greater propensity for expansion
(Wright et al., 2019). All HD patients absent for the CAA trinucleotide presented with an
earlier age at onset based on their modal (CAG), compared to their predicted age at onset
(Langbehn et al., 2004; Wright et al., 2019). This highlights the protective effect of the
CAA trinucleotide on disease progression as its loss has now been established to advance
age at onset. The results presented in this report fit with the current literature by
identifying the loss of interruption variant in four HD patients, whom presented with early
age at onsets. Overall, this reinforces that repeat interruptions are modifiers HD age at
onset and highlights the importance of deducing the sequence composition, which gives

more informative age at onset predictions.
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7.3.3 Somatic Mosaicism

The somatic mosaicism profile determined in this report by Illumina Miseq and SP-PCR
raises the question of whether HD neuropathogenesis is driven by the rarer extreme CAG
repeat lengths or the greater population of common variants, i.e., smaller repeat changes
reaching up to 40 CAGs more than the progenitor allele. Calculating the proportion of
common variants mirrors the somatic mosaicism profile of the premanifest HD
individuals reported in Kennedy et al., 2003, even though the post-mortem brains
analysed here were from end stage HD patients. As the proportion of common variants is
largest in the striatum (putamen > caudate nucleus) compared to the cortical regions, this
suggests that the cells in the most vulnerable regions can survive with the burden of the
CAG repeat up to approximately 84 CAGs. However, SP-PCR analysis determined that
the largest mutational load is in the cortical regions and not in the striatum. This
potentially supports the hypothesis that cells with the largest CAG repeat sizes are
primarily lost, hence why the caudate nucleus appears more stable than the putamen.
Taken together, these profiles confirm that the somatic mosaicism profile echoes that of
HD neuropathogenesis and further suggests that the most vulnerable cells do not survive

when carrying extremely large CAG repeat sizes.

This is further supported in a previous report, which hypothesised that tissue and cell
type-specific differences in CAG repeat expansion plays a role in HD neurodegeneration
(Shelbourne et al., 2007). Investigation of CAG repeat length variation between striatal
and cortical neurons in both VVonsattel grade 0 and grade 1 post-mortem tissues revealed
that the median mutational load did not significantly differ between the two regions.
However, the proportion of cortical neurons that had CAG repeat gains of > 20% the
inherited mutation length was significantly less in grade 0 compared to grade 1 tissues,
where the proportion of striatal and cortical neurons containing longer repeat tracts was
similar. This suggests that the cells containing the largest CAG repeats in the striatum are
primarily lost (Shelbourne et al., 2007). The pattern of somatic mosaicism in the post-
mortem human HD brains suggests that the mutational load variability may alter as
disease pathology progresses in that CAG repeat length gains are more prominent in the
striatum compared to the cortex in low grade HD cases. This distinction becomes less
obvious as the disease progresses. As it is generally accepted that there is a correlation
between increasing CAG repeat length gains and accelerated pathology, it is therefore

conceivable that the results presented in Shelbourne et al., 2007 support the idea that
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disease progression may be partly driven by extreme neuronal CAG repeat length gains

evident in the striatum at grade 0 compared to grade 1 (Shelbourne et al., 2007).

Furthermore, Swami et al., 2009 used skewness, a measurement of the degree of
symmetry of a distribution, to measure somatic instability in a cohort of HD post-mortem
samples defined by either early or late onset with mean age at onsets differing by
approximately 30 years (Swami et al., 2009). The frontal cortex was targeted for this
study as in contrast to the striatum, the frontal cortex displays relatively high levels of
somatic instability in end-stage HD post-mortem brains (Kennedy, 2003). SP-PCR
analysis determined various degrees of somatic mosaicism in the cortical samples with a
dominant expansion bias. The results revealed that as the CAG repeat length increases,
the age at onset decreases (Swami et al., 2009). Early onset individuals presented with
larger somatic expansions than late onset individuals. A marked statistical difference was
observed in the magnitude of the average maximum expansion for each group. The early
onset individuals had a mean of 42 CAGs compared to the late onset individuals with a
mean of 29 CAGs greater than the progenitor allele. These results suggest that further
repeat expansions are biased towards longer alleles in individuals with an earlier disease
onset (Swami et al., 2009). Early onset individuals exhibited a greater right skewness than
late onset individuals, which is based on the assumption that as repeat length changes are
bias towards expansion, their distributions are skewed to the right. A negative correlation
was determined between skewness and residual age at onset, which suggests an
association between greater somatic instability and an earlier onset (Swami et al., 2009).
Similarly, regression analysis revealed that skewness was a significant predictor of
residual onset, with an increase in right skewness being associated with a lower residual
onset (Swami et al., 2009). The results demonstrate that greater somatic instability in the
cortex is associated with an earlier age at onset, which highlights the modifying role of
somatic mosaicism (Swami et al., 2009).

Most recently, the loss of the CAA trinucleotide interruption was determined to be
associated with increased somatic and germline instability (Wright et al., 2019). A CAG
expansion ratio was calculated from whole blood samples of HD individuals with the loss
of interruption variant and those with canonical sequences. Accordingly, the somatic
expansion ratio was associated with increased CAG repeat length and older age. The
results revealed that carriers of the loss of interruption variant had an increase in
expansions compared to canonical sequence carriers (Wright et al., 2019). Furthermore,

the absence of the CAA trinucleotide was determined to be associated with increased
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germline CAG repeat instability, which was evident from chromatograph traces of CAG
sizing PCR products and SP-PCR analysis in sperm samples (Wright et al., 2019).
Therefore, in addition to sequence variants, somatic instability has been identified as a
modifier of HD phenotype.

7.3.4 DNA repair

Recent GWAS of HD patients have highlighted DNA repair genes as modifiers of age at
onset and disease severity (GEM-HD, 2019). Such genes include FAN1, RRM2B, MLH1,
MSH3, PMS2, PMS1 and LIG1. Many of the implicated genes are members of the
mismatch repair pathway, which is of specific interest due to its influence on the somatic
expansion of the CAG repeat. In HD mouse models, further somatic expansion is
prevented upon deletion of the mismatch repair genes Msh2, Msh3, Mlhl and Pms2
(Gomes-Pereira, 2004; Manley et al., 1999; Pinto et al., 2013; Tomé et al., 2013). These
initial studies in mouse models have been recapitulated in human data with disease-
associated SNPs identified near the MLH1, MSH3, PMS2, and PMSL1 loci (GEM-HD,
2019). FAN1, one of the lead modifying genes identified, encodes a nuclease involved in
interstrand DNA crosslink repair, which is additionally recruited to stalled replication
forks, physically interacts with MLHZ1, and is required for homologous recombination.
The previous and recent GWAS have reported two independent signals in FAN1 that alter
HD age at onset with opposing effects; 6.1 year onset-hastening and 1.4 year onset-
delaying variants (GEM-HD, 2015, 2019). In contrast to the mismatch repair genes, FAN1
expression is associated with reduced somatic expansion of the CAG repeat and is
associated with later onset (Goold et al., 2019). The knock-out of Fanl in the knock-in
Hdh mouse models carrying 50 and 111 CAGs, representing adult- and juvenile-onset
HD ranges, respectively, increased somatic expansion (Loupe et al., 2020). However, the
simultaneous knock-out of MIh1 inhibited the Fanl knock-out-induced acceleration of
the CAG repeat expansion. These results suggest that functional MIh1 is required for the
increased instability associated with Fanl loss (Loupe et al., 2020).

The previously identified DNA repair gene modifiers associated with HD phenotype have
been identified in a cohort of approximately 9,000 HD patients, which highlights our
limited sample power. Nonetheless, the results reported here adhere to the previous
literature and show that there is a significant association with age at onset across all SNPs
when using the regression parameters from Bettencourt et al., 2016. No significant

associations of individual SNPs were observed with age at onset after Bonferroni
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correction. However, prior to correction, significant associations with earlier age at onset
were identified with variants in FAN1 (rs114136100, rs150393409), PMS2 (rs12534423)
and ERCC3 (rs1566822). FAN1, PMS2 and ERCC3 all play a role in DNA repair, and are
specifically involved in interstrand crosslink repair, mismatch repair and nucleotide
excision repair, respectively (GEM-HD, 2019; Weeda et al., 1997). This report does not
capture the most significant signal previously identified in FAN1, which is most likely
due to the low power of the study and the low minor allele frequency of the SNP.
However, we recapitulated a significant association with earlier age at onset for the
rs150393409 SNP in FAN1, which was determined to have an onset hastening effect of
5.2 years in the latest GWAS (GEM-HD, 2019). Additionally, rs1503934009 is the top
ranked coding SNP from the analysis of GEM-HD, 2019, 2015 and Moss et al., 2017.
This reinforces that genetic variation in DNA repair pathway genes plays a role in

modifying the HD phenotype.

7.3.5 Trinucleotide Repeat Sequencing

Typically, trinucleotide repeat diseases are diagnosed by PCR amplification of the repeat
regions and the fragment size is determined in combination with appropriate controls by
capillary electrophoresis. However, previous studies have reported that 3% to 13% of
alleles fall outside the error limits accredited by the best practice guidelines (Losekoot et
al., 2013; Quarrell et al., 2012). Allelic dropout and misinterpretation of the genotype can
occur from the amplification failure of alleles with large CAG repeat sizes, which can
present as homozygous for the wild type allele. Additionally, heterozygosity of the
flanking CCG repeat can contribute to the incorrect calling of CAG repeat sizes (Losekoot
et al., 2013). The current genetic testing for HD does not give the base-by-base sequence
configuration. Due to the errors and inconsistencies in sizing the CAG repeat via the
previous methods, this suggests that sequencing the repeat could be more beneficial in
obtaining an accurate CAG repeat size. Similarly, as interruptions have been reported in
the trinucleotide repeat diseases and are known to play a role in clinical phenotype and
disease heritability, it is crucial that their determination is incorporated into the diagnostic
procedure (Fratta et al., 2014; GEM-HD, 2019; Menon et al., 2013).

In relation to FRDA, it is clear that the methods for GAA repeat sizing are not without
their limitations. Long-range PCR and Mboll digestion will only detect approximately 20
bp added to either of the flanking regions, or > 50 bp of internal interruptions within the

GAA repeat. Mboll digestion analysis will not detect smaller interruptions less than 50
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bp or (GAAGA), interruptions as such sequences will be cut by the enzyme. TP-PCR is
limited to the last approximate 100 GAAs at the 3’ end and neither method identifies the
sequence at the base pair level. As such, further analysis is often needed when there are
discrepancies between the clinical and molecular data. These pitfalls are usually due to
the presence of unusual sequences, such as large deletions or interruptions (Santoro et al.,
2020). This is evident in a recent study where a misdiagnosis occurred due to an
undiscovered benign GAA repeat interruption that could not be captured by the current
diagnostic methods (Santoro et al., 2020). Long-range PCR of two siblings reported two
small pathologically expanded GAA repeat alleles in both after being tested for FRDA
when the elder sister presented with symptoms. The elder sister was diagnosed with late-
onset FRDA and the unaffected younger sister was diagnosed with pre-symptomatic late-
onset FRDA. Further analysis was carried out on the parents and the two siblings
including direct sequencing of the long-range PCR products. The sequencing results
determined that the unaffected younger sister and their healthy mother carried an
expanded GAA repeat allele and an uncommon (GAAGGA)es-67 repeat interruption,
which lacked pathogenicity and mimicked a GAA repeat expansion resulting in the wrong
initial diagnosis of pre-symptomatic late-onset FRDA. Ohshima et al., 1999 similarly
reported a (GAAGGA)es GAA repeat interruption which was concluded to be a benign
variant and further supports the lack of pathogenicity associated with this interruption in
combination with a pure GAA repeat expansion (Ohshima et al., 1999). The
intergenerational stability of this sequence, which can be seen in the healthy mother and
the unaffected daughter reinforces the stabilising properties of repeat sequence
interruptions. Furthermore, this cements the need for elucidating the exact sequence
configuration in order to accurately determine the relationship between GAA repeat

interruptions and FRDA phenotype.

Mutation detection in the trinucleotide repeat diseases has been revolutionised in the past
few years by genomic sequencing technologies. Next generation sequencing has
identified a plethora of de novo mutations, however, many rare diseases are not fully
diagnosable due to its short read technology. Even with the most advanced bioinformatics
algorithms, structural variants, repetitive regions, extreme GC content, or sequences with
multiple homologous elements, are difficult to characterise (Hoijer et al., 2018). These
limitations provided the incentive to develop third generation sequencing platforms, such
as PacBio and Oxford Nanopore Technologies, which provide long read sequencing using
SMRT technology without the need for prior DNA amplification by PCR (van Dijk et al.,
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2018). Removing the need for PCR removes any PCR related bias, such as PCR stutter,
and leaves the DNA in its native state. Recent reports have highlighted the use of SMRT
sequencing to generate high-quality de novo human genome assemblies and to resolve
complex repetitive regions (Seo et al.,, 2016; Shi et al.,, 2016). In contrast, the
bioinformatics pipeline used to analyse the Illumina MiSeq data, ScaleHD, aligns the
sequence reads to a reference genome consisting of approximately 4,000 typical HTT
references. Although alignment-based approaches are suitable in many cases, they are not
optimal for situations where it is difficult to make a priori assumptions on the

configuration and structure of the resolved sequence.

PacBio’s No-Amp Targeted sequencing describes the sequencing of targeted regions
without PCR amplification. This method was tested on 11 HD blood samples, which were
previously sized by fragment analysis, using the RSII system to examine the CAG and
CCG repeats in HTT (Hoijer et al., 2018). An analysis pipeline was developed to compute
the repeat counts on both alleles and visualise their configurations without aligning the
sequence reads to a human reference. SMRT sequencing of the HD samples gave an
average of 157 on-target reads for HTT. The most common CAG repeat size for each
allele determined by SMRT sequencing agreed with the previous fragment analysis.
Similarly, the population of CCG repeat sizes obtained from each allele per patient
aligned with previous reports; 63% carried the commonest allele of seven CCGs,
followed by 32% with 10 CCGs and 5% with nine CCGs (Hoijer et al., 2018). However,
in comparing the efficiency of the technique on DNA extracted from HEK 293 cells
versus blood samples, the average number of on-target reads for HTT was 209 and 157,
respectively. The discrepancy between the HEK 293 cells and the HD samples was
attributed to the lower yield of DNA from human blood samples. As such, instead of
using four restriction enzymes for the genome complexity reduction step, only two were
used on the HD samples which could also influence the variability in enrichment results
(Hoijer et al., 2018).

The application of this method on our HD sample cohort has the potential to determine
the exact sequence configuration and somatic mosaicism pattern with confidence. No-
Amp Targeted sequencing requires at least 5 pg of input DNA, which limits its use to
specific sample types, where it is easy to obtain large amounts of DNA (Hdijer et al.,
2018). Additionally, this technique is not currently ready for implementation into the
clinic due to the cost, need to simplify the laboratory protocol, including the reduction of
the required input DNA concentration, and the need to reduce on-target read number
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variation. In addition to the work by Haijer et al., 2018 where the input DNA influenced
the number of on target reads, this is evident in the results reported in this study. Out of
the four HD patient blood-derived samples sequenced by PacBio’s SMRT sequencing,
two yielded enough on-target molecules to give convincing results; 39 molecules for HD
patient 13 and 48 molecules for HD patient 3. HD patient 24 yielded 10 on-target
molecules, which is sufficient for the repeat analysis tool but insufficient to give full
confidence in the result. HD patient 8 was analysed on the Sequel System, which yielded
no results, as the sample did not survive library preparation. This protocol is currently
being optimised by PacBio to reduce the amount of DNA required, which would allow
this technology to be applicable to more sensitive samples including DNA extracted from

post-mortem brain tissue.

An additional possibility with No Amp Targeted sequencing is the ability to multiplex.
During the sequencing of HTT, Hoijer et al., 2018 examined additional loci harbouring
repeat expansions; FMR1, ATXN10 and C9orf72. Multiplexing theoretically allows the
targeting of nearly any region in the genome and thus its utility could be applied in
determining the influence of CAG repeat size variations in other polyglutamine disease-
associated genes (PDAGS) in relation to HD age at onset. A previous report revealed that
the age at onset in several SCAs is modulated by the CAG repeat sizes in the wild-type
range in other PDAGs (Tezenas du Montcel et al., 2014). The age at onset in SCA3
patients was found to be modulated by the longer wild-type HTT CAG repeat size (the
longer the CAG repeat, the later the age at onset), thus, the influence of CAG repeat size
variations in other PDAGs was subsequently examined in relation to HD age at onset
(Stuitje et al., 2017). Clinical data and DNA samples were obtained from manifest HD
patients enrolled in the European Huntington’s Disease Network REGISTRY Study. The
(CAG)n for each examined PDAG (ATN1, ATXN1, ATXN7, CACNALA, HTT, AR, ATXN2,
ATXNS3, and TBP) was determined and a multiple linear regression model was used to
assess the association between the PDAGs (CAG)n and HD age at onset. The results
revealed that the HD age at onset in this cohort was inversely associated with the (CAG)n
of the HTT expanded allele, which accounted for 66.1% of the age at onset variation
(Stuitje et al., 2017). Additionally, the larger ATXN3 allele was associated with a later age
at onset in the HD patients yet there was no significant interaction between either of the
ATXN3 alleles and the expanded HTT allele. A significant interaction was determined
between the HTT expanded (CAG)n and the larger CACNA1A allele. This association
revealed that for HD patients with a below median (CAG)n in their expanded HTT allele,
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more CAGs in the longer CACNA1A allele resulted in a later age at onset. A significant
interaction was also determined between the expanded HTT (CAG), and the larger AR
allele. Specifically, for HD patients with a below median expanded HTT (CAG)n, more
CAGs in the larger AR allele delayed age at onset, however for patients with an above
median expansion, the larger AR CAG repeats advanced onset (Stuitje et al., 2017).
Therefore, these data indicate that the age at onset in this HD cohort is modulated by the
wild-type (CAG)n of ATXN3, CACNALA and AR (Stuitje et al., 2017). This work further
highlights the biological interaction between the PDAGSs and suggests that the (CAG)n of
the PDAGs could be another factor modifying the HD phenotype presented by the cohort

in this thesis.
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7.4 Limitations

7.4.1 Clone Sequencing

It is challenging to derive a firm conclusion on the faithfulness of the sequence alterations
obtained from clone sequencing as our study is limited by both patient and clone number
and by the methodology. The small number of clones disallowed some of the sequence
configurations to be converted into percentages of occurrence per patient (number of
clones/total number of clones per patient), which in turn made any conclusions
speculative. Cloning from a PCR product captures one amplicon from the population and
as such, there is a much higher chance of this molecule containing an error. Although
steps have been taken to minimise artefacts including a proof-reading polymerase and
recombination-deficient (Stbl3) E.coli, it is not possible to eliminate artefacts associated
with polymerase slippage and mis-priming or template switching (Gao et al., 2012).
Therefore, without a sufficient number of clones to confirm otherwise, any alterations
identified in the forward or reverse sequence orientation alone are most likely due to
experimental artefacts, such as slippage, which is known to occur towards the end of the

repeat.

7.4.2 Third Generation Sequencing

The consistent limitation found during the attempt at sequencing 10 HD samples by
PacBio SMRT sequencing was the required quality and quantity of the input DNA. Of
the 10 HD samples sent for sequencing, six were analysed on the RSII instrument and
four on the Sequel System. Only two samples analysed on the RSII instrument gave
enough on-target molecules to have confidence in the result and none of the remaining
four HD patient blood samples survived the library preparation step for sequencing on
the Sequel System. PacBio amplification-free, CRISPR/Cas9 targeted enrichment SMRT
sequencing does not use amplification techniques for the region of interest. Therefore, the
input DNA quality is directly reflected in the sequencing results. DNA damage or
contaminants within the input DNA will impair the performance of the system. More
specifically, the input DNA must be double-stranded as single-stranded DNA will not be
made into a SMRThbell template, it has to have undergone minimum freeze-thaw cycles,
no exposure to > 65°C or extreme pH, a purity ratio of 1.8 to 2.0 is required, it cannot
contain chelating agents, divalent metal cations, denaturants, detergents, insoluble
material or RNA, it cannot be exposed to intercalating fluorescent dyes or UV radiation

and it cannot contain carry over contamination from the starting organism or tissue. As
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such, and in order to ensure the future compatibility of samples with this system, it is
recommended to use the pre-sequencing methods advised by PacBio, including DNA
clean-up methods and fluorescence-based quantification for enhanced sensitivity.
Additionally, No-Amp Targeted sequencing requires at least 5 pug of input DNA, which

limits the use of this method across different tissues.

The limitation of input DNA quality and quantity was further evidenced in the sizing
results obtained from Nanopore sequencing for the HD patient blood and post-mortem
brain samples. The percentage of read counts calculated for the modal wild-type and
expanded allele in the HD patient blood samples were consistently low with a maximum
9.4% of total reads mapping to the progenitor allele size. Additionally in the post-mortem
brain samples, the read counts per (CAG)» were inconsistent between samples which
hindered any somatic mosaicism analysis being performed. Library preparation cannot be
successfully achieved with insufficient DNA quality. This may account for the samples
where the repeat counts could not be determined for the expanded allele and where the
read counts are low, with one example being 7 reads for 42 CAGs in P72.10 occipital
lobe compared to 564 reads for 43 CAGs in 72.10 temporal lobe. This further highlights
the importance of having sufficient DNA quality.

7.4.3 Post-mortem Samples

A major limitation in using post-mortem samples is accessibility and availability. Our
report includes six human HD post-mortem brains, however of these, only four had the
striatum available for analysis. Sample quality is an inherent limitation when dealing with
post-mortem tissues in which several factors have to be considered; cell death and
autolysis, the post-mortem index (PMI), and the known effects of the fixative on the shape
and magnetic resonance characteristics of the tissue (Alkemade et al., 2018). The
condition of each brain used in this study varied in terms of PMI, fixation method and the
presence of freeze-thaw artefacts. The PMI ranged from 10 to 96 hours and one HD post-
mortem brain received by the UCL Queen Square Brain Bank was previously cut mid-
sagittally with both halves frozen resulting in severe post-mortem freeze artefact.
Additionally, the HD post-mortem brain samples used in this study are representative of
a bulk tissue section and the role of changes in cellular composition is unknown.
Therefore, we cannot exclude the fact that cellular atrophy contributes partially to the
changes observed in our study. Insufficient resources prevented taking multiple cuts from

the same region and performing multiple DNA extractions, which would give a more
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representative environment of the region for subsequent analysis. In response to the ever
growing need of examining the HD brain, the Huntington’s Disease Society of America
and the CHDI Foundation have collaborated to create HD LEGACY, which is aimed at

promoting and supporting brain and other organ donations from HD affected families.
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7.5 Future Work

7.5.1 Single-nuclei RNA Sequencing

The work presented in this study is sensitive to the bulk post-mortem tissue samples, thus
ignoring the heterogeneity of individual cells as measurements are summed over the
remaining cell populations. Therefore, future work in the post-mortem brain regions to
deduce the single cell content and their relative contribution to the neuropathogenesis
examined in this report is necessary. Single-cell transcriptome profiling by RNA
sequencing has enhanced the information available on the complexity of cell types in the
nervous system based on gene expression (Poulin et al., 2016). However, cells from the
CNS have been under-characterised due to the difficulty of isolating intact, whole cells.
Neurons are highly interconnected and separating them physically by such methods as
laser-capture microdissection results in considerable damage and stress to the cells, which
has the potential to alter their gene expression (Grindberg et al., 2013). Single nuclei RNA
sequencing (SNnRNA-Seq) is an alternative approach that has been developed and takes
advantage of the low levels of mMRNA within nuclei. It has been reported that nuclei can
substitute for whole cells as the gene expression signatures were proven to be equivalent
between both (Krishnaswami et al., 2016). A method that obtains nuclear transcriptomes
from post-mortem brain tissue stored at -80°C has been described, which makes brain
archives, such as our samples, accessible for RNA sequencing (Krishnaswami et al.,
2016).

There has been a surge in reports examining the transcriptome of HD post-mortem brains
with technologies such as the 10X Chromium platform currently leading the field. The
10X Chromium single cell/nuclei gene expression solution allows whole transcriptome
profiling through advanced microfluidics to perform single cell or nuclei partitions, each
containing an identifying barcode for downstream analysis. SARNA-Seq using the 10X
Chromium platform was performed on caudate and putamen from HD post-mortem brains
that were characterised by Vonsattel grades 2, 3 or 4, and corresponding controls (Lee et
al., 2020). Network based clustering revealed the cell types present and distinguished
between medium spiny neurons, the cell type most affected in HD, from the direct and
indirect pathway. This distinction was less obvious in the HD samples compared to
controls and the number of medium spiny neurons from the indirect pathway decreased
with HD grade progression, highlighting their selective vulnerability compared to those
from the direct pathway. Differential gene expression analysis determined that several

striatal cell types displayed a downregulation of several medium spiny neuronal marker
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genes and an upregulation of mitochondrial-encoded RNAs (Lee et al., 2020).
Comparison of the differentially expressed genes in the HD samples with the genes linked
to the DNA repair associated genes in GEM-HD, 2019 showed that several genes;
TCERG1, PMS1, FAN1, MSH3 and MLH3, were downregulated in the medium spiny
neurons (Lee et al., 2020). Although future studies are needed to correlate these findings
to HD progression, it highlights the applicability of this method to our HD post-mortem
brains to examine the microenvironment between different regions, affected versus
unaffected, and has the potential to determine the remaining cell types and their relative

contributions to specific neuropathogenesis.

7.5.2 Induced Pluripotent Stem Cells

HD post-mortem brain samples have contributed invaluable insights into the profile of
somatic mosaicism and the specific neuropathogenesis of HD, however, the translational
value of this model could be further enhanced when combined with in vitro models
derived from patient-specific iPSCs. The potential of iPSCs to differentiate into any cell
type offers the opportunity to study specific neuronal subtypes at a defined disease stage,
without having to exogenously overexpress the disease-specific pathogenic proteins. In
the trinucleotide repeat diseases described in this study, the loss of disease-specific
primary neurons results in severe atrophy of the related brain region. In HD specifically,
by end-stage disease there is often extreme striatal atrophy, which results in no sample
material. This is evident in our cohort as only four out of the six HD post-mortem brains
had striatal tissue available. The neuropathogenesis in these diseases is complex and some
underlying mechanisms remain to be elucidated. Accumulating evidence has revealed the
generation of various types of brain cells in 2D cultures and further advances in 3D culture
systems are paving the way for the development of organoids in which multiple brain cell
types and specific brain regions are differentiated to recapitulate the more complex
features of the brain (Conforti et al., 2018). Additionally, the advent of CRISPR/Cas9
has enhanced the efficiency of genome editing and accelerated the generation of isogenic
controls, which retain the genetic background of the patients and make precise genotype-
phenotype correlations possible. Either in combination with post-mortem samples or
singularly, iPSCs present unprecedented opportunities to model the trinucleotide repeat

diseases.
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7.5.2.1 HD iPSCs

The degeneration of two basal ganglia structures: the caudate nucleus and the putamen,
which form the neostriatum, is the primary characteristic of HD neuropathogenesis.
However, additional brain regions including the cortex also degenerate as the pathology
progresses (Rosas et al., 2008). Selective neuronal populations in the HD striatum, such
as the GABAergic medium spiny neurons, are the most vulnerable cell type, whereas the
large cholinergic interneurons, the medium sized GABAergic interneurons and glial cells,
are relatively spared (Cicchetti et al., 1996). In this report, we have examined the
relationship between the somatic instability profile and the selective neurodegeneration
in HD post-mortem brains. Somatic instability was determined by two contrasting
methods; Illumina MiSeq, which calculates the proportion of small CAG repeat changes
relative to the mode of the progenitor allele, and SP-PCR, which quantifies the presence
of extremely large CAG repeats. Common to both of these techniques was that they were
performed on bulk tissue samples from eight HD post-mortem brain regions; frontal lobe,
temporal lobe, occipital lobe, putamen, caudate nucleus, cerebellum, pons, and medulla.
As such, the exact cellular composition is unknown and we cannot exclude that cellular
atrophy contributes partially to the results observed in this study. Therefore,
differentiating HD-affected iPSCs into the specifically vulnerable and spared cell types
would allow us to determine their inherent rate of somatic instability and the contribution
of somatic mosaicism in defined neuronal populations to the HD phenotype.

Advances in genome editing has enabled the exploration of CAG repeat-dependent and
cell type-specific effects that might contribute to the neuropathogenesis of HD. Ooi et al.,
2019 genetically engineered human embryonic stem cell (hESC) lines to carry 30, 45, 65
and 81 CAGs (Ooi et al., 2019). Creating an isogenic HD allelic series ensures that the
cells contain the same genetic background. Therefore, any differences in functional and
molecular measurements can be directly attributed to the length of the CAG repeat. This
cell series was differentiated into cell types with varying vulnerability to mutant HTT
including neural progenitor cells, neurons, hepatocytes and skeletal muscle myotubes
(Ooi et al., 2019). Genome-wide RNA sequencing was performed on all cell types
carrying each CAG repeat length. Transcription profiles were distinguishable between
CAG repeat lengths and cell types. Differential gene expression analysis revealed strong
cell type specificity with only eight genes differentially expressed between all cell types.
Fold changes of differentially expressed genes between the 45, 65 and 81 CAG repeat
lengths relative to the 30 CAG repeat length in each cell type were determined to analyse
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CAG size-dependent transcriptional signatures. The fold changes were clustered and
scaled between each cell type and the clusters were subsequently analysed for significant
functional enrichments (Ooi et al., 2019). In neurons specifically, there was significant
enrichment for biological process terms relating to cell cycle progression. These results
highlight the potential to explore cell-type specific and CAG repeat-dependent
transcriptional changes relevant to HD. Delineating the diversity of intermingled striatal
cell types within human HD post-mortem brains has been difficult due to technical
challenges and limited availability. HD affected hESCs that are differentiated into
specific cell types presents a desirable alternative approach, however, certain
considerations must be noted. The transcriptomic data may not solely represent CAG
repeat-related differences but also cellular heterogeneity if the analysis is performed on
bulk cellular populations and not purified cells expressing a defined set of markers.
Additionally, the differentiated cell type must possess the HD phenotype in which you
are examining. In contrast to the age-dependent CAG repeat instability present in the
striatum of HD patients and mouse models, minimal CAG repeat instability was observed

in the isogenic HD panel after cell-type specific differentiation (Ooi et al., 2019).
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7.6 Conclusions

To investigate the role of modifiers in the trinucleotide repeat diseases, it is important to
detect pathogenic repeat sizes accurately and determine their sequence configuration.
Pathogenic allele repeat length is critically associated with disease severity and the age at
symptom onset, which suggests that any alterations have the potential to modify
phenotype. In accordance with the current literature, this report identifies sequences
interruptions as disease modifiers in a cohort of HD patients with similarly sized
pathogenic alleles but extreme phenotypic variation, and further highlights the diagnostic
benefit of sequencing the repeat (GEM-HD, 2019). Sequencing technologies are
advancing for the better, especially in terms of high throughput, read length, and cost.
However, the new technologies are not without their teething problems. The major barrier
experienced with PacBio’s No-Amp SMRT sequencing on our post-mortem brain
samples especially, was the high quantity and quality of input DNA needed. In order for
this technology to be used more routinely, PacBio are currently optimising this technique
to be more forgiving in relation to the extent of DNA quantity and quality required. This
will make the platform more translatable to clinic and in the general laboratory setting in

the future.

Illumina MiSeq sequencing proved to be most efficient in identifying the HD sequence
configuration at the base-pair level. This protocol prepares sequencing libraries of the
HTT CAG repeat by a single PCR using locus-specific primers incorporating sequencing
adaptors for sequencing on the MiSeq platform (Ciosi et al., 2018). The MiSeq
sequencing output allowed a validation of the clone sequencing results and also quantified
somatic mosaicism by determining the proportion of common variants in our cohort of
HD post-mortem brains. Therefore, not only does this technology have the potential to
improve HD diagnosis by accurately sizing the CAG repeat and revealing modifying
variants, it also aids in elucidating the somatic mosaicism profile. The somatic mosaicism
results determined in this report by MiSeq and SP-PCR, reinforce the hypothesis that cells
carrying the largest expansions are primarily lost and indicates that somatic instability is
additionally a modifier of HD. This report contributes to the identification of trinucleotide
repeat disease modifiers which will ultimately enable a more precise diagnosis and

investigation of novel therapeutic targets.
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Table 1. FRDA patient and carrier summary
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starting at GAA 11
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FAIL
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at 300 bp GAA 12
Double peak starting at
GAA 17
Double peak starting at
GAA 11
Pure
Pure
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600/967
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49
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13
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34

24
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11
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13

10
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v apoptotic
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whole way
down

v extra band
at 300 bp
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(thick) at
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(thick) at
400 bp
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double peak starting at

GAA 3 and stopping at
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Double peak starting at
GAA 5, stopping at
GAA 13, starting again
at GAA 23
Double peak starting at
GAA9
Double peak starting at
GAA 5, stopping at
GAA 10, starting again
at GAA 22
Double peak starting at
GAA 17
Pure

Increased intensity
from GAA 10 (Dips,
and higher peak again)
Interruption??
Double peak starting at
GAAS8
Starting 2 GAA earlier,
double peak starting at
GAA 2 and stopping at
GAA 7
Increased intensity
from GAA 4
Increased intensity
from GAA 14, double
peak only at GAA 6/7
Pure

Pure
Double peak starting at
GAA 10
Pure

Pure

Pure
Double peak starting at
GAA 13
Double peak starting at
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Double peak starting at
GAA 13
Pure

Pure - low intensity
peak at GAA 1
Starting 3 GAA before
GAA 1, increased
intensity at GAA 4
Double peak at GAA 2
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58035
58666
59258
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67580
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76333
FRDA 6

FRDA 11
FRDA 14

FRDA 15

FRDA 18
FRDA 22

FRDA 23

FRDA 26

FRDA 27

FRDA 28

767/900

785/1020
800/867
450/980

1020/1250

820/820

885/1050

500/667

612/912

+/+

312/780

645/880

712/900
645/812
785/785

+/+
680/745

+/+

+/+
+/+
167/500

720/920
583/1183

+/+

1100/1134
634/767

167/834

100/1100

412/850

380/780

14
18

6.5

13

1.5

51

22

[op]

28

55

33
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"SENEN
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faint

S N S NN

AN N SN

v

v

v

Starting 3 GAA before
GAA 1, increased
intensity at GAA 4
Pure
Pure
Double peak starting at
GAA 11
Pure
Starting 3 GAA before
GAA 1, double peak
starting at GAA 6
extra band Pure
at 300 bp
extraband  Starting 7 GAA before
at 250 bp GAA 1, double peak
starting at GAA 8
Double peak starting at
GAA9
extraband Gap at GAA 23 - GAA
at 250 bp 30, double peak from
GAA 23
Double peak starting at
GAA 18
Double peak starting at
GAA 4
Pure

Pure
Pure

Double peak starting at
GAA 17
Pure

Starting 3 GGA before
GAA 1, double peak
starting at GAA 17
Pure
Pure
Double peak starting at
GAAS8
Pure
Double peak starting at
GAATT - intense GAA
1
Pure

Pure
Increased intensity
from GAA 4
Gap from GAA 3 -
GAA7
Double peak at GAA
14/15
Gap from GAA 4 -
GAA 5, increased
intensity from GAA
16, double peak at
GAA 7, double peak
starting from GAA 16
Gap from GAA 4 -
GAA 5, increased
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98
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FRDA 33
FRDA 37

FRDA 39

FRDA 40

FRDA 41

FRDA 42
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FRDA 54

FRDA 55

FRDA 56
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FRDA 74

FRDA 76
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FRDA 81
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FRDA 89

FRDA 92
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785/785

400/834

100/500

780/980

334/900

467/667

650/850

700/1000

800/1000

1100/1234
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834/1200

800/867

1000/1200
720/920
720/1020
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850/850
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13

19

" SEUNENEY

N SN S NN
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intensity from GAA
16, double peak at
GAA 7, double peak
starting from GAA 16
Pure

Starting 2 GAA before
GAA 1, double peak
starting at GAA 3 and
decreasing at GAA 8,
increased intensity
from GAA 13
Increased intensity at
GAA3
Double peak from
GAA9
Starting 7 GAA before
GAA 1, double peak
starting at GAA 11
extraband  Starting 2 GAA before
at 350 bp GAA 1, double peak
starting at GAA 4
band Double peak starting at

present GAA 14
above the
ladder
Gap from GAA 2 -
GAA 6, double peak
starting at GAA 11

Low intensity for GAA
1, double peak starting
at GAA 11
Pure
Double peak starting at
GAA S8
Pure
Double peak at GAA
6/7 only, increased
intensity from GAA 14
Pure
Double peak starting at
GAAS
Pure
Pure
Double peak starting at
GAA7
GAA 3 missing,
double peak starting at
GAA 14
Pure
Starting 1 GAA later,
double peak from
GAA 4
Starting 2 GAA before,
double peak from
GAA3
Double peak starting at
GAA 4
Low intensity from
GAA 1- GAA6,
Increased intensity at
GAA 7 and at GAA 9
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114  FRDA 93 720/885 18 v Double peak starting
from GAA 10
115 FRDA 94 900/1200 14 v Double peak starting
from GAA 10
116  FRDA 97 450/820 16 v Double peak starting at
GAA7
117 FRDA 98 920/920 10 v Pure
118 FRDA99 450/985 19 v Double peak starting
from GAA 11
119 FRDA 100 850/1150 7 v GAA starting from
GAA 4
120 FRDA 101 1185/1185 12 v Double peak starting
from GAA 4
121 FRDA 102  985/1120 12 v Pure
122 FRDA 104 1050/1050 8 v Pure
123 FRDA 105  WT/867 15 v Pure
124 FRDA 106 800/1134 6 v extra band Pure
at 300 bp
125 FRDA 107  834/834 4 v Pure
126 FRDA 108 700/800 11 v Double peak starting at
GAAS
127 FRDA 109  834/1100 10 Starting 3 GAA before
GAA 1, double peak
starting at GAA 3
128 FRDA 110 200/1100 36 v Double peak starting at
GAA 5, stopping at
GAA 9 and starting
from GAA 16 again
129 FRDA 111  No GAA v 13 GAA
130 FRDA 112 734/900 7 v Pure
131 FRDA 113  720/720 10 v Pure
132 FRDA 114 400/667 11 v Pure
133 FRDA 115  600/834 12 v Pure
134 FRDA 116  634/1100 10 v Pure
135 FRDA 117 767/1134 15 v Double peak starting
from GAA 2
136 FRDA 119  700/1000 5 v band Double peak starting
present from GAA 8
above the
ladder
137 FRDA 122 785/850 9 v Pure
138 FRDA 123  700/1200 12 v Double peak starting at
GAA9
139 FRDA 124  467/967 15 v Double peak starting
from GAA 8
140 FRDA 125 567/900 13 v Pure
141 FRDA 126  767/867 8 v Pure
142  FRDA 127  600/1100 17 v Starting 3 GAA before
GAA 1, double peak
starting at GAA 18
143 FRDA 128  434/600 22 v Low intensity GAA 1,
5 GAA gap, increased
intensity at GAA 7
144 FRDA 129 734/900 13 v Pure
145 FRDA 132 667/767 3 v Pure
146 FRDA 133  745/945 5 v Low intensity GAA 1
147 FRDA 134 1080/1080 17 v Increased intensity

from GAA 11
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148 FRDA 135 445/780 15 v Double peak starting at
GAA9
149 FRDA 137 780/880 7 v Pure
150 FRDA 138  745/845 6 v Pure
151 FRDA 140  No GAA v 4 GAA
152 FRDA 141 645/780 6 v Pure
153 FRDA 144  412/645 14 v Increased intensity at
GAA 4
154 FRDA 147 212/845 33 v band Double peak starting at
present GAA 22
above the
ladder.
155 FRDA 148  245/912 24 v Double peak starting at
GAA 22
156 FRDA 149  780/1180 11 v Double peak starting at
GAA 12
157 FRDA 150 45/745 13 v extra band Pure
at 350 bp
158 FRDA 151 650/980 6 v Pure
159 17786 +/+ v extraband  Low intensity at GAA
at 250 bp 3and GAA 9, gap
from GAA 10 to GAA
14
160 18204 ++ v Single low intensity
peak around 3 GAA
before GAA 1, double
peak at GAA 5, 5
GAA gap, double peak
starting at GAA 16
161 65331 +/+ v 7 GAA gap after 4
GAA

The FRDA cohort consists of 246 FRDA patients and 7 carriers (N = 253). GAA1/2: GAA1 size/
GAA2 size; AAO: age at onset; WTC: carrier wild-type allele, < 44 GAA repeats; WT: wild-type
allele, < 44 GAA repeats; +: expanded allele of undetermined size, = 44 GAA repeats; bold and
red highlight: GAA sizes < 40 GAA repeats as determined by TP-PCR; bold: sample failed TP-PCR

analysis; HTX: heteroduplex formation; bp: base pair.
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Table 2. DNA sequences determined by clone sequencing of HD patients

Ref Seq
Patient 1
Patient 2

Patient 3

Patient 4

Patient 5

(CAG)n
CAG2:1-CAA-CAG
CAG43
CAGs3

CAG40-CAA-CAG
CAG39-CAA-CAG
CAG43

CAG43

CAGa1

CAG39y

CAG40-CAA-CAG
CAG4-CAA-CAG
CAG4-CAA-CAG
CAG4-CAA-CAG
CAG4-CAA-CAG
CAG4-CAA-CAG
CAG4-CAA-CAG
CAG4-CAA-CAG
CAG4-CAA-CAG
CAG4-CAA-CAG
CAG41-CAA-CAG
CAG4-CAA-CAG
CAGa1

CAGs2
CAGa2
CAGa2
CAGas2
CAGs3s-CAA-CAG
CAG3-CAA-CAG

CAGs-CAA-CAG
CAGss-CAA-CAG

CCG1
CCG-CCA-CCG7-CCTz2
CCG12-CCT2
CCG-CCA-CCG7-CCTz2

CCG-CCA-CCG-CCT2
CCG-CCA-CCG7-CCT2
CCG-CCA-CCGr-CCT2
CCG-CCA-CCG-CCT2
CCG-CCA-CCGr-CCT2
CCA-CCGr-CCT2

CCG-CCA-CCG-CCT2
CCG-CCA-CCG7-CCT2
CCG-CCA-CCG-CCT2
CCG-CCA-CCG-CCT2
CCG-CCA-CCGr-CCT2
CCG-CCA-CCG-CCT2
CCG-CCA-CCG-CCT2
CCG-CCA-CCG7-CCT2
CCG-CCA-CCG-CCT2
CCG-CCA-CCG-CCT2
CCG-CCA-CCG-CCT2
CCG-CCA-CCG7-CCT2
CCG-CCA-CCG-CCT2

CCG-CCA-CCG7-CCT2
CCG-CCA-CCG-CCT2
CCG-CCA-CCG7-CCT2
CCG-CCA-CCGr-CCT2
CCG-CCA-CCGg-CCT2
CCG-CCA-CCG-CCT2

CCG-CCA-CCG7-CCT2
CCG-CCA-CCG7-CCT2

Inter-CCG repeat region
CAG-CTT-CCT-CAG-CCG3-CAG-GCA-CAG-CCG-CTG2-CCT-CAG-CCG-CAG
CAG-CTT-CCT-CAG-CCG3-CAG-GCA-CAG-CCG-CTG2-CCT-CAG-CCG-CAG
CAG-CTT-CCT-CAG-CCG3-CAG-GCA-CAG-CCG-CTG2-CCT-CAG-CCG-CAG

CAG-CTT-CCT-CAG-CCG3-CAG-GCA-CAG-CCG-CTG2-CCT-CAG-CCG-CAG
CAG-CTT-CCT-CAG-CCG3-CAG-GCA-CAG-CCG-CTG2-CCT-CAG-CCG-CAG
CAG-CTT-CCT-CAG-CCGs-CAG-GCA-CAG-CCG-CTG2-CCT-CAG-CCG-CAG
CAG-CTT-CCT-CAG-CCGs-CAG-GCA-CAG-CCG-CTG2-CCT-CAG-CCG-CAG
CAG-CTT-CCT-CAG-CCGs-CAG-GCA-CAG-CCG-CTG2-CCT-CAG-CCG-CAG
CAG-CTT-CCT-CAG-CCG3-CAG-GCA-CAG-CCG-CTG2-CCT-CAG-CCG-CAG
CAG-CTT-CCT-CAG-CCG3-CAG-GCA-CAG-CCG-CTG2-CCT-CAG-CCG-CAG
CAG-CTT-CCT-CAG-CCG3-CAG-GCA-CAG-CCG-CTG2-CCT-CAG-CCG-CAG
CAG-CTT-CCT-CAG-CCG3-CAG-GCA-CAG-CCG-CTG2-CCT-CAG-CCG-CAG
CAG-CTT-CCT-CAG-CCGs-CAG-GCA-CAG-CCG-CTG2-CCT-CAG-CCG-CAG
CAG-CTT-CCT-CAG-CCGs-CAG-GCA-CAG-CCG-CTG2-CCT-CAG-CCG-CAG
CAG-CTT-CCT-CAG-CCGs-CAG-GCA-CAG-CCG-CTG2-CCT-CAG-CCG-CAG
CAG-CTT-CCT-CAG-CCGs-CAG-GCA-CAG-CCG-CTG2-CCT-CAG-CCG-CAG
CAG-CTT-CCT-CAG-CCGs-CAG-GCA-CAG-CCG-CTG2-CCT-CAG-CCG-CAG
CAG-CTT-CCT-CAG-CCGs-CAG-GCA-CAG-CCG-CTG2-CCT-CAG-CCG-CAG
CAG-CTT-CCT-CAG-CCGs-CAG-GCA-CAG-CCG-CTG2-CCT-CAG-CCG-CAG
CAG-CTT-CCT-CAG-CCGs-CAG-GCA-CAG-CCG-CTG2-CCT-CAG-CCG-CAG
CAG-CTT-CCT-CAG-CCGs-CAG-GCA-CAG-CCG-CTG2-CCT-CAG-CCG-CAG
CAG-CTT-CCT-CAG-CCGs-CAG-GCA-CAG-CCG-CTG2-CCT-CAG-CCG-CAG

CAG-CTT-CCT-CAG-CCGs-CAG-GCA-CAG-CCG-CTG2-CCT-CAG-CCG-CAG
CAG-CTT-CCT-CAG-CCGs-CAG-GCA-CAG-CCG-CTG2-CCT-CAG-CCG-CAG
CAG-CTT-CCT-CAG-CCGs-CAG-GCA-CAG-CCG-CTG2-CCT-CAG-CCG-CAG
CAG-CTT-CCT-CAG-CCGs-CAG-GCA-CAG-CCG-CTG2-CCT-CAG-CCG-CAG
CAG-CTT-CCT-CAG-CCGs-CAG-GCA-CAG-CCG-CTG2-CCT-CAG-CCG-CAG
CAG-CTT-CCT-CAG-CCGs-CAG-GCA-CAG-CCG-CTG2-CCT-CAG-CCG-CAG

CAG-CTT-CCT-CAG-CCGs-CAG-GCA-CAG-CCG-CTG2-CCT-CAG-CCG-CAG
CAG-CTT-CCT-CAG-CCG3-CAG-GCA-CAG-CCG-CTG2-CCT-CAG-CCG-CAG

CCG2
CCG-CCC-CCGs-CCC-CCG2-CCA-CCC
CCG-CCC-CCGs-CCC-CCG2-CCA-CCC
CCG-CCC-CCG2-ACG-CCC-CCG2-CCA-
CccC
CCG-CCC-CCG3-CCC-CCG2-CCA-CCC
CCG-CCC-CCG3-CCC-CCG2-CCA-CCC
CCG-CCC-CCGs-CCC-CCG2-CCA-CCC
CCG-CCC-CCGs-CCC-CCG2-CCA-CCC
CCG-CCC-CCGs-CCC-CCG2-CCA-CCC
CCG-CCC-CCG3-CCC-CCG2-CCA-CCC
CCG-CCC-CCG3-CCC-CCG2-CCA-CCC
CCG-CCC-CCG3-CCC-CCG2-CCA-CCC
CCG-CCC-CCG3-CCC-CCG2-CCA-CCC
CCG-CCC-CCGs-CCC-CCG2-CCA-CCC
CCG-CCC-CCGs-CCC-CCG2-CCA-CCC
CCG-CCC-CCGs-CCC-CCG2-CCA-CCC
CCG-CCC-CCGs-CLC-CCG2-CCA-CCC
CCG-CCC-CCGs-CLC-CCG2-CCA-CCC
CCG-CCC-CCGs-CLC-CCG2-CCA-CCC
CCG-CCC-CCGs-CCC-CCG2-CCA-CCC
CCG-CCC-CCGs-CCC-CCG2-CCA-CCC
CCG-CCC-CCGs-CCC-CCG2-CCA-CCC
CCG-CCC-CCG3-CCC-ACG-CCG-CCA-
CccC
CCG-CCC-CCG3-CCC-ACG-CCG-CCA-
CCC
CCG-CCC-CCGs-CCC-ACG-CCG-CCA-
CCC
CCG-CCC-CCGs-CCC-ACG-CCG-CCA-
CccC
CCG-CCC-CCG3-CCC-ACG-CCG-CCA-
CccC
CCG-CCC-CCGs-CCC-CCG2-CCA-CCC
CCG-CCC-CCG3-CCC-CCG2-CCA-CCC
CCG-CCC-CCGs-CCC-CCG2-CCA-CCC
CCG-CCC-CCGs-CLC-CCG2-CCA-CCC
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Patient 6

Patient 7

Patient 8

Patient 9

Patient 10

CAG4-CAA-CAG
CAG4-CAA-CAG
CAGs1-CAA-CAG
CAG41-CAA-CAG
CAG#-CAA-CAG
CAGs3-CAA-CAG
CAG4-CAA-CAG
CAG40-CAA-CAG

CAGu-CAA-CAG

CAG41-CAA-CAG

CAG41-CAA-CAG
CAGa2

CAGz9-CAA-CAG
CAGz9-CAA-CAG
CAGz9-CAA-CAG
CAG41-CAA-CAG
CAGszo-CAA-CAG
CAGszo-CAA-CAG
CAG4-CAA-CAG
CAG0-CAA-CAG
CAG4-CAA-CAG
CAGu-CAA-CAG
CAGas0-CAA-CAG

CAG-CAA-CAG

CAG-CAA-CAG
CAGu-CAA-CAG

CAGu-CAA-CAG

CAG1-CAA-CAG
CAG3-CAA-CAG
CAGz33-CAA-CAG
CAG39-CAA-CAG
CAG39-CAA-CAG

CCG-CCA-CCG7-CCT2
CCG-CCA-CCG-CCT2
CCG-CCA-CCG7-CCT2
CCG-CCA-CCG7-CCT2
CCG-CCA-CCG7-CCT2
CCG-CCA-CCG-CCT2
CCG-CCA-CCG7-CCT2
CCG-CCA-CCG7-CCT2

CCG-CCA-CCG7-CCT2
CCG-CCA-CCG-CCT2

CCG-CCA-CCG7-CCT2
CCG-CCA-CCG-CCT2
CCG-CCA-CCGr-CCT2
CCG-CCA-CCGr-CCT2
CCG-CCA-CCG7-CCT2
CCG-CCA-CCG-CCT2
CCGg-CCT2

CCGg-CCT2

CCG-CCA-CCG-CCT2
CCG-CCA-CCG-CCT2
CCG-CCA-CCG7-CCT2
CCGg-CCT2

CCG-CCA-CCG2-CCA-
CCG4-CCT2

CCG-CCA-CCG-CCT2

CCG-CCA-CCG7-CCT2
CCG-CCA-CCGg-CCT2

CCG-CCA-CCG7-CCTz2

CCG-CCA-CCG-CCT2
CCG-CCA-CCG7-CCT2
CCG-CCA-CCG-CCT2
CCG-CCA-CCG7-CCTz2
CCG-CCA-CCG7-CCTz2

CAG-CTT-CCT-CAG-CCGs-CAG-GCA-CAG-CCG-CTG2-CCT-CAG-CCG-CAG
CAG-CTT-CCT-CAG-CCGs-CAG-GCA-CAG-CCG-CTG2-CCT-CAG-CCG-CAG
CAG-CTT-CCT-CAG-CCGs-CAG-GCA-CAG-CCG-CTG2-CCT-CAG-CCG-CAG
CAG-CTT-CCT-CAG-CCG3-CAG-GCA-CAG-CCG-CTG2-CCT-CAG-CCG-CAG
CAG-CTT-CCT-CAG-CCGs-CAG-GCA-CAG-CCG-CTG2-CCT-CAG-CCG-CAG
CAG-CTT-CCT-CAG-CCGs-CAG-GCA-CAG-CCG-CTG2-CCT-CAG-CCG-CAG
CAG-CTT-CCT-CAG-CCGs-CAG-GCA-CAG-CCG-CTG2-CCT-CAG-CCG-CAG
CAG-CTT-CCT-CAG-CCGs-CAG-GCA-CAG-CCG-CTG2-CCT-CAG-CCG-CAG

CAG-CTT-CCT-CAG-CCGs-CAG-GCA-CAG-CCG-CTG2-CCT-CAG-CCG-CAG

CAG-CTT-CCT-CAG-CCG3-CAG-GCA-CAG-CCG-CTG2-CCT-CAG-CCG-CAG

CAG-CTT-CCT-CAG-CCGs-CAG-GCA-CAG-CCG-CTG2-CCT-CAG-CCG-CAG
CAG-CTT-CCT-CAG-CCGs-CAG-GCA-CAG-CCG-CTG2-CCT-CAG-CCG-CAG
CAG-CTT-CCT-CAG-CCGs-CAG-GCA-CAG-CCG-CTG2-CCT-CAG-CCG-CAG
CAG-CTT-CCT-CAG-CCGs-CAG-GCA-CAG-CCG-CTG2-CCT-CAG-CCG-CAG
CAG-CTT-CCT-CAG-CCGs-CAG-GCA-CAG-CCG-CTG2-CCT-CAG-CCG-CAG
CAG-CTT-CCT-CAG-CCGs-CAG-GCA-CAG-CCG-CTG2-CCT-CAG-CCG-CAG
CAG-CTT-CCT-CAG-CCG3-CAG-GCA-CAG-CCG-CTG2-CCT-CAG-CCG-CAG
CAG-CTT-CCT-CAG-CCG3-CAG-GCA-CAG-CCG-CTG2-CCT-CAG-CCG-CAG
CAG-CTT-CCT-CAG-CCGs-CAG-GCA-CAG-CCG-CTG2-CCT-CAG-CCG-CAG
CAG-CTT-CCT-CAG-CCGs-CAG-GCA-CAG-CCG-CTG2-CCT-CAG-CCG-CAG
CAG-CTT-CCT-CAG-CCGs-CAG-GCA-CAG-CCG-CTG2-CCT-CAG-CCG-CAG
CAG-CTT-CCT-CAG-CCG3-CAG-GCA-CAG-CCG-CTG2-CCT-CAG-CCG-CAG
CAG-CTT-CCT-CAG-CCG3-CAG-GCA-CAG-CCG-CTG2-CCT-CAG-CCG-CAG

CAG-CTT-CCT-CAG-CCGs-CAG-GCA-CAG-CCG-CTG2-CCT-CAG-CCG-CAG

CAG-CTT-CCT-CAG-CCGs-CAG-GCA-CAG-CCG-CTG2-CCT-CAG-CCG-CAG
CAG-CTT-CCT-CAG-CCGs-CAG-GCA-CAG-CCG-CTG2-CCT-CAG-CCG-CAG

CAG-CTT-CCT-CAG-CCG3-CAG-GCA-CAG-CCG-CTG2-CCT-CAG-CCG-CAG

CAG-CTT-CCT-CAG-CCGs-CAG-GCA-CAG-CCG-CTG2-CCT-CAG-CCG-CAG
CAG-CTT-CCT-CAG-CCGs-CAG-GCA-CAG-CCG-CTG2-CCT-CAG-CCG-CAG
CAG-CTT-CCT-CAG-CCGs-CAG-GCA-CAG-CCG-CTG2-CCT-CAG-CCG-CAG
CAG-CTT-CCT-CAG-CCG3-CAG-GCA-CAG-CCG-CTG2-CCT-CAG-CCG-CAG
CAG-CTT-CCT-CAG-CCG3-CAG-GCA-CAG-CCG-CTG2-CCT-CAG-CCG-CAG

CCG-CCC-CCG3-CCC-CCG2-CCA-CCC
CCG-CCC-CCGs3-CCC-CCG2-CCA-CCC
CCG-CCC-CCGs-CCC-CCG2-CCA-CCC
CCG-CCC-CCGs-CCC-CCG2-CCA-CCC
CCG-CCC-CCGs-CCC-CCG2-CCA-CCC
CCG-CCC-CCG3-CCC-CCG2-CCA-CCC
CCG-CCC-CCG3-CCC-CCG2-CCA-CCC
CCG-CCC-CCG-CAG-CCG-CCC-CCGa-
CCA-CCC
CCG-CCC-CCG-CAG-CCG-CCC-CCGe-
CCA-CCC
CCG-CCC-CCG-CAG-CCG-CCC-CCGa-
CCA-CCC
CCG-CCC-CCG3-CTC-CCG2-CCA-CCC
CCG-CCC-CCG3-CCC-CCG2-CCA-CCC
CCG-CCC-CCGs-CCC-CCG2-CCA-CCC
CCG-CCC-CCGs-CCC-CCG2-CCA-CCC
CCG-CCC-CCGs-CCC-CCG2-CCA-CCC
CCG-CCC-CCG3-CCC-CCG2-CCA-CCC
CCG-CCC-CCGs-CLC-CCG2-CCA-CCC
CCG-CCC-CCGs-CLC-CCG2-CCA-CCC
CCG-CCC-CCGs-CCC-CCG2-CCA-CCC
CCG-CCC-CCGs-CCC-CCG2-CCA-CCC
CCG-CCC-CCGs-CCC-CCG2-CCA-CCC
CCG-CCC-CCGs-CLC-CCG2-CCA-CCC
CCG-CCC-CCG3-CCC-CTG-CCG-CCA-
CCC
CCG-CCC-CCG-CTG-CCG-CCC-CCGe-
CCA-CCC

CCG-CCC-CCG2-CCA-CCC
CCG-CCC-CCG-CTG-CCG-CCC-CCGe-
CCA-CCC
CCG-CCC-CCG2-TCG-CCG-CCC-CCGe-
CCA-CCC
CCG-CCC-CCG3-CTC-CCG2-CCA-CCC
CCG-CCC-CCGs-CCC-CCG2-CCA-CCC
CCG-CCC-CCGs3-CCC-CCG2-CCA-CCC
CCG-CCC-CCGs-CLC-CCG2-CCA-CCC
CCG-CCC-CCGs-CLC-CCG2-CCA-CCC

195



Patient 11

Patient 13

Patient 14

Patient 15

CAG39-CAA-CAG
CAG4-CAA-CAG
CAGs1-CAA-CAG
CAG41-CAA-CAG
CAGs3-CAA-CAG
CAG39-CAA-CAG

CAG4-CAA-CAG
CAG0-CAA-CAG

CAGu-CAA-CAG
CAG41-CAA-CAG
CAG#1-CAA-CAG
CAGsz-CAA-CAG

CAG-CAA-CAG
CAGu-CAA-CAG

CAGu-CAA-CAG

CAG41-CAA-CAG
CAG4-CAA-CAG
CAG4-CAA-CAG
CAG33-CAA-CAG
CAG40-CAA-CAG
CAG4-CAA-CAG
CAG41-CAA-CAG
CAG33-CAA-CAG
CAG39-CAA-CAG
CAG40-CAA-CAG
CAG40-CAA-CAG
CAG1-CAA-CAG
CAG1-CAA-CAG
CAG1-CAA-CAG
CAG1-CAA-CAG

CCG-CCA-CCG7-CCT2
CCG-CCA-CCG-CCT2
CCG-CCA-CCG7-CCTz2
CCG-CCA-CCG7-CCT2
CCG-CCA-CCG10-CCT2
CCG-CCA-CCG-CCT2

CCG-CCA-CCG7-CCT2
CCG-CCA-CCGr-CCT2

CCG-CCA-CCGr-CCT2
CCG-CCA-CCG7-CCT2
CCG-CCA-CCG7-CCT2
CCG-CCA-CCGr-CCT2

CCG-CCA-CCGg-CCT2
CCG-CCA-CCG10-CCT2

CCG-CCA-CCG10-CCT2

CCG-CCA-CCG-CCT2
CCG-CCA-CCG-CCT2
CCG-CCA-CCG7-CCT2
CCG-CCA-CCG7-CCT2
CCG-CCA-CCG7-CCT2
CCG-CCA-CCG7-CCT2
CCG-CCA-CCG-CCT2
CCG-CCA-CCG-CCT2
CCG-CCA-CCG7-CCT2
CCG-CCA-CCG7-CCT2
CCG-CCA-CCG7-CCTz2
CCG-CCA-CCG7-CCT2
CCG-CCA-CCG-CCT2
CCG-CCA-CCG7-CCT2
CCG-CCA-CCGr-CCT2

CAG-CTT-CCT-CAG-CCGs-CAG-GCA-CAG-CCG-CTG2-CCT-CAG-CCG-CAG
CAG-CTT-CCT-CAG-CCGs-CAG-GCA-CAG-CCG-CTG2-CCT-CAG-CCG-CAG
CAG-CTT-CCT-CAG-CCGs-CAG-GCA-CAG-CCG-CTG2-CCT-CAG-CCG-CAG
CAG-CTT-CCT-CAG-CCG3-CAG-GCA-CAG-CCG-CTG2-CCT-CAG-CCG-CAG
CAG-CTT-CCT-CAG-CCGs-CAG-GCA-CAG-CCG-CTG2-CCT-CAG-CCG-CAG
CAG-CTT-CCT-CAG-CCGs-CAG-GCA-CAG-CCG-CTG2-CCT-CAG-CCG-CAG

CAG-CTT-CCT-CAG-CCG3-CAG-GCA-CAG-CCG-CTG2-CCT-CAG-CCG-CAG
CAG-CTT-CCT-CAG-CCGs-CAG-GCA-CAG-CCG-CTG2-CCT-CAG-CCG-CAG

CAG-CTT-CCT-CAG-CCGs-CAG-GCA-CAG-CCG-CTG2-CCT-CAG-CCG-CAG
CAG-CTT-CCT-CAG-CCG3-CAG-GCA-CAG-CCG-CTG2-CCT-CAG-CCG-CAG
CAG-CTT-CCT-CAG-CCG3-CAG-GCA-CAG-CCG-CTG2-CCT-CAG-CCG-CAG
CAG-CTT-CCT-CAG-CCGs-CAG-GCA-CAG-CCG-CTG2-CCT-CAG-CCG-CAG

CAG-CTT-CCT-CAG-CCGs-CAG-GCA-CAG-CCG-CTG2-CCT-CAG-CCG-CAG
CAG-CTT-CCT-CAG-CCG3-CAG-GCA-CAG-CCG-CTG2-CCT-CAG-CCG-CAG

CAG-CTT-CCT-CAG-CCG3-CAG-GCA-CAG-CCG-CTG2-CCT-CAG-CCG-CAG

CAG-CTT-CCT-CAG-CCGs-CAG-GCA-CAG-CCG-CTG2-CCT-CAG-CCG-CAG
CAG-CTT-CCT-CAG-CCGs-CAG-GCA-CAG-CCG-CTG2-CCT-CAG-CCG-CAG
CAG-CTT-CCT-CAG-CCG3-CAG-GCA-CAG-CCG-CTG2-CCT-CAG-CCG-CAG
CAG-CTT-CCT-CAG-CCG3-CAG-GCA-CAG-CCG-CTG2-CCT-CAG-CCG-CAG
CAG-CTT-CCT-CAG-CCG3-CAG-GCA-CAG-CCG-CTG2-CCT-CAG-CCG-CAG
CAG-CTT-CCT-CAG-CCGs-CAG-GCA-CAG-CCG-CTG2-CCT-CAG-CCG-CAG
CAG-CTT-CCT-CAG-CCGs-CAG-GCA-CAG-CCG-CTG2-CCT-CAG-CCG-CAG
CAG-CTT-CCT-CAG-CCGs-CAG-GCA-CAG-CCG-CTG2-CCT-CAG-CCG-CAG
CAG-CTT-CCT-CAG-CCG3-CAG-GCA-CAG-CCG-CTG2-CCT-CAG-CCG-CAG
CAG-CTT-CCT-CAG-CCG3-CAG-GCA-CAG-CCG-CTG2-CCT-CAG-CCG-CAG
CAG-CTT-CCT-CAG-CCG3-CAG-GCA-CAG-CCG-CTG2-CCT-CAG-CCG-CAG
CAG-CTT-CCT-CAG-CCGs-CAG-GCA-CAG-CCG-CTG2-CCT-CAG-CCG-CAG
CAG-CTT-CCT-CAG-CCGs-CAG-GCA-CAG-CCG-CTG2-CCT-CAG-CCG-CAG
CAG-CTT-CCT-CAG-CCGs-CAG-GCA-CAG-CCG-CTG2-CCT-CAG-CCG-CAG
CAG-CTT-CCT-CAG-CCGs-CAG-GCA-CAG-CCG-CTG2-CCT-CAG-CCG-CAG

CCG-CCC-CCG3-CCC-CCG2-CCA-CCC
CCG-CCC-CCGs3-CCC-CCG2-CCA-CCC
CCG-CCC-CCGs-CCC-CCG2-CCA-CCC
CCG-CCC-CCGs-CCC-CCG2-CCA-CCC
CCG-CCC-CCGs-CCC-CCG2-CCA-CCC
CCG-CCC-CCG-ACG-CCG-CCC-CCGa-
CCA-CCC
CCG-CCC-CCG3-CTC-CCG2-CCA-CCC
CCG-CCC-CCG-ACG-CCG-CCC-CCGe-
CCA-CCC
CCG-CCC-CCG-ACG-CCG-CCC-CCGe-
CCA-CCC
CCG-CCC-CCG-ACG-CCG-CLC-CCGa-
CCA-CCC
CCG-CCC-CCG-ACG-CCG-CLC-CCGa-
CCA-CCC
CCG-CCC-CCG-ACG-CCG-CCC-CCGe-
CCA-CCC
CCG-CCC-CCGs-CCC-CCG2-CCA-CCC
CCG-CCC-CCG2-TCG-CCG-CCC-CCGe-
CCA-CCC
CCG-CCC-CCG2-TCG-CCG-CCC-CCGe-
CCA-CCC
CCG-CCC-CCGs-CCC-CCG2-CCA-CCC
CCG-CCC-CCGs-CCC-CCG2-CCA-CCC
CCG-CCC-CCGs-CLC-CCG2-CCA-CCC
CCG-CCC-CCGs-CLC-CCG2-CCA-CCC
CCG-CCC-CCGs-CLC-CCG2-CCA-CCC
CCG-CCC-CCGs-CCC-CCG2-CCA-CCC
CCG-CCC-CCGs-CCC-CCG2-CCA-CCC
CCG-CCC-CCGs-CCC-CCG2-CCA-CCC
CCG-CCC-CCGs-CCC-CCG2-CCA-CCC
CCG-CCC-CCGs-CCC-CCG2-CCA-CCC
CCG-CCC-CCGs-CLC-CCG2-CCA-CCC
CCG-CCC-CCGs-CCC-CCG2-CCA-CCC
CCG-CCC-CCG3-CCC-CCG2-CCA-CCC
CCG-CCC-CCGs-CCC-CCG2-CCA-CCC
CCG-CCC-CCGs-CCC-CCG2-CCA-CCC
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Patient 17

Patient 18

Patient 20

Patient 23

Patient 24

CAG25-CAA-
CAG17-CAA-CAG
CAGz5-CAA-CAG
CAGzs-CAA-CAG
CAGzs-CAA-CAG
CAGs3-CAA-CAG
CAG39-CAA-CAG
CAGz9-CAA-CAG
CAGz9-CAA-CAG
CAGz9-CAA-CAG
CAG4-CAA-CAG
CAG40-CAA-CAG
CAG40-CAA-CAG
CAG40-CAA-CAG
CAG4-CAA-CAG
CAG41-CAA-CAG
CAG41-CAA-CAG
CAGs-CAA-CAG
CAGz9-CAA-CAG
CAGz9-CAA-CAG
CAG4-CAA-CAG
CAG41-CAA-CAG
CAG4-CAA-CAG
CAGzs-CAA-CAG
CAGz7-CAA-
CAG,-CAA-CAG
CAGz3-CAA-CAG
CAG4-CAA-CAG
CAG41-CAA-CAG
CAG41-CAA-CAG
CAG41-CAA-CAG
CAGz7-CAA-CAG

CAGz33-CAA-CAG
CAG-CAA-CAG
CAG1-CAA-CAG
CAG4-CAA-CAG
CAG43-CAA-CAG
CAG39-CAA-CAG

CCG-CCA-CCG7-CCT2

CCG-CCA-CCG7-CCT2
CCG-CCA-CCG7-CCT2
CCG-CCA2-CCGs-CCT2
CCG-CCA-CCG7-CCT2
CCG-CCA-CCG-CCT2
CCG-CCA-CCG7-CCT2
CCG-CCA-CCGr-CCT2
CCG-CCA-CCG-CCT2
CCG-CCA-CCGr-CCT2
CCG-CCA-CCG7-CCT2
CCG-CCA-CCG-CCT2
CCG-CCA-CCG7-CCT2
CCG-CCA-CCG10-CCT2
CCG-CCA-CCG-CCT2
CCG-CCA-CCGr-CCT2
CCG-CCA-CCG7-CCT2
CCG-CCA-CCG-CCT2
CCG-CCA-CCG7-CCT2
CCG-CCA-CCG-CCT2
CCG-CCA-CCG-CCT2
CCG-CCA-CCGr-CCT2
CCG-CCA-CCG7-CCT2
CCG-CCA-CCG-CCT2

CCG-CCA-CCG7-CCT2
CCG-CCA-CCG-CCT2
CCG-CCA-CCG-CCT2
CCG-CCA-CCG-CCT2
CCG-CCA-CCG7-CCT2
CCG-CCA-CCG10-CCT2

CCG-CCA-CCG7-CCT2
CCG-CCA-CCG-CCT2
CCG-CCA-CCG7-CCT2
CCG-CCA-CCG7-CCTz2
CCG-CCA-CCGs-CCT2
CCG-CCA-CCG7-CCTz2

CAG-CTT-CCT-CAG-CCG3-CAG-GCA-CAG-CCG-CTG2-CCT-CAG-CCG-CAG

CAG-CTT-CCT-CAG-CCGs-CAG-GCA-CAG-CCG-CTG2-CCT-CAG-CCG-CAG
CAG-CTT-CCT-CAG-CCGs-CAG-GCA-CAG-CCG-CTG2-CCT-CAG-CCG-CAG
CAG-CTT-CCT-CAG-CCGs-CAG-GCA-CAG-CCG-CTG2-CCT-CAG-CCG-CAG
CAG-CTT-CCT-CAG-CCG3-CAG-GCA-CAG-CCG-CTG2-CCT-CAG-CCG-CAG
CAG-CTT-CCT-CAG-CCG3-CAG-GCA-CAG-CCG-CTG2-CCT-CAG-CCG-CAG
CAG-CTT-CCT-CAG-CCG3-CAG-GCA-CAG-CCG-CTG2-CCT-CAG-CCG-CAG
CAG-CTT-CCT-CAG-CCGs-CAG-GCA-CAG-CCG-CTG2-CCT-CAG-CCG-CAG
CAG-CTT-CCT-CAG-CCGs-CAG-GCA-CAG-CCG-CTG2-CCT-CAG-CCG-CAG
CAG-CTT-CCT-CAG-CCGs-CAG-GCA-CAG-CCG-CTG2-CCT-CAG-CCG-CAG
CAG-CTT-CCT-CAG-CCG3-CAG-GCA-CAG-CCG-CTG2-CCT-CAG-CCG-CAG
CAG-CTT-CCT-CAG-CCG3-CAG-GCA-CAG-CCG-CTG2-CCT-CAG-CCG-CAG
CAG-CTT-CCT-CAG-CCG3-CAG-GCA-CAG-CCG-CTG2-CCT-CAG-CCG-CAG
CAG-CTT-CCT-CAG-CCGs-CAG-GCA-CAG-CCG-CTG2-CCT-CAG-CCG-CAG
CAG-CTT-CCT-CAG-CCGs-CAG-GCA-CAG-CCG-CTG2-CCT-CAG-CCG-CAG
CAG-CTT-CCT-CAG-CCGs-CAG-GCA-CAG-CCG-CTG2-CCT-CAG-CCG-CAG
CAG-CTT-CCT-CAG-CCG3-CAG-GCA-CAG-CCG-CTG2-CCT-CAG-CCG-CAG
CAG-CTT-CCT-CAG-CCG3-CAG-GCA-CAG-CCG-CTG2-CCT-CAG-CCG-CAG
CAG-CTT-CCT-CAG-CCGs-CAG-GCA-CAG-CCG-CTG2-CCT-CAG-CCG-CAG
CAG-CTT-CCT-CAG-CCGs-CAG-GCA-CAG-CCG-CTG2-CCT-CAG-CCG-CAG
CAG-CTT-CCT-CAG-CCGs-CAG-GCA-CAG-CCG-CTG2-CCT-CAG-CCG-CAG
CAG-CTT-CCT-CAG-CCGs-CAG-GCA-CAG-CCG-CTG2-CCT-CAG-CCG-CAG
CAG-CTT-CCT-CAG-CCGs-CAG-GCA-CAG-CCG-CTG2-CCT-CAG-CCG-CAG
CAG-CTT-CCT-CAG-CCGs-CAG-GCA-CAG-CCG-CTG2-CCT-CAG-CCG-CAG

CAG-CTT-CCT-CAG-CCG3-CAG-GCA-CAG-CCG-CTG2-CCT-CAG-CCG-CAG
CAG-CTT-CCT-CAG-CCGs-CAG-GCA-CAG-CCG-CTG2-CCT-CAG-CCG-CAG
CAG-CTT-CCT-CAG-CCGs-CAG-GCA-CAG-CCG-CTG2-CCT-CAG-CCG-CAG
CAG-CTT-CCT-CAG-CCGs-CAG-GCA-CAG-CCG-CTG2-CCT-CAG-CCG-CAG
CAG-CTT-CCT-CAG-CCG3-CAG-GCA-CAG-CCG-CTG2-CCT-CAG-CCG-CAG
CAG-CTT-CCT-CAG-CCA-CCG2-CAG-GCA-CAG-CCG-CTG2-CCT-CAG-CCG-
CAG
CAG-CTT-CCT-CAG-CCGs-CAG-GCA-CAG-CCG-CTG2-CCT-CAG-CCG-CAG
CAG-CTT-CCT-CAG-CCGs-CAG-GCA-CAG-CCG-CTG2-CCT-CAG-CCG-CAG
CAG-CTT-CCT-CAG-CCGs-CAG-GCA-CAG-CCG-CTG2-CCT-CAG-CCG-CAG
CAG-CTT-CCT-CAG-CCG3-CAG-GCA-CAG-CCG-CTG2-CCT-CAG-CCG-CAG
CAG-CTT-CCT-CAG-CCG3-CAG-GCA-CAG-CCG-CTG2-CCT-CAG-CCG-CAG
CAG-CTT-CCT-CAG-CCG3-CAG-GCA-CAG-CCG-CTG2-CCT-CAG-CCG-CAG

CCG-CCC-CCG3-CCC-CCG2-CCA-CCC

CCG-CCC-CCG3-CCC-CCG2-CCA-CCC
CCG-CCC-CCGs-CCC-CCG2-CCA-CCC
CCG-CCC-CCGs-CCC-CCG2-CCA-CCC
CCG-CCC-CCG3-CCC-CCG2-CCA-CCC
CCG-CCC-CCG3-CCC-CCG2-CCA-CCC
CCG-CCC-CCGs3-CCC-CCG2-CCA-CCC
CCG-CCC-CCGs-CCC-CCG2-CCA-CCC
CCG-CTC-CCGs-CCC-CCG2-CCA-CCC
CCG-CCC-CCGs-CCC-CCG2-CCA-CCC
CCG-CCC-CCG3-CCC-CCG2-CCA-CCC
CCG-CCC-CCG3-CCC-CCG2-CCA-CCC
CCG-CCC-CCG3-CCC-CCG2-CCA-CCC
CCG-CCC-CCGs-CCC-CCG2-CCA-CCC
CCG-CCC-CCGs-CCC-CCG2-CCA-CCC
CCG-CCC-CCGs-CCC-CCG2-CCA-CCC
CCG-CCC-CCG3-CCC-CCG2-CCA-CCC
CCG-CCC-CCG3-CCC-CCG2-CCA-CCC
CCG-CCC-CCGs-CLC-CCG2-CCA-CCC
CCG-CCC-CCGs-CCC-CCG2-CCA-CCC
CCG-CCC-CCGs-CCC-CCG2-CCA-CCC
CCG-CCC-CCGs-CCC-CCG2-CCA-CCC
CCG-CCC-CCGs-CCC-CCG2-CCA-CCC
CCG-CCC-CCGs-CLC-CCG2-CCA-CCC

CCG-CCC-CCGs-CLC-CCG2-CCA-CCC
CCG-CCC-CCGs-CCC-CCG2-CCA-CCC
CCG-CCC-CCGs-CCC-CCG2-CCA-CCC
CCG-CCC-CCGs-CCC-CCG2-CCA-CCC
CCG-CCC-CCGs-CLC-CCG2-CCA-CCC
CCG-CCC-CCG2-TCG-CCC-CCG2-CCA-
CcC
CCG-CCC-CCGs-CCC-CCG2-CCA-CCC
CCG-CCC-CCG3-CCC-CCG2-CCA-CCC
CCG-CCC-CCGs-CCC-CCG2-CCA-CCC
CCG-CCC-CCGs-CLC-CCG2-CCA-CCC
CCG-CCC-CCGs-CLC-CCG2-CCA-CCC
CCG-CCC-CCGs-CLC-CCG2-CCA-CCC
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Patient 25

Patient 28

Patient 29

Patient 30

Patient 31

CAG39-CAA-CAG
CAG39-CAA-CAG
CAG3zo-CAA-CAG
CAG3zo-CAA-CAG
CAG3z9-CAA-CAG
CAG4-CAA-CAG
CAG41-CAA-CAG
CAG41-CAA-CAG
CAGzs-CAA-CAG
CAGz9-CAA-CAG
CAG41-CAA-CAG
CAG41-CAA-CAG
CAG4-CAA-CAG
CAG4-CAA-CAG
CAGz7-CAA-CAG
CAGz-CAA-CAG
CAGzs-CAA-CAG
CAGz9-CAA-CAG
CAG40-CAA-CAG

CAG#-CAA-CAG
CAG4-CAA-CAG
CAG4-CAA-CAG
CAGs2

CAGs2
CAG39-CAA-CAG
CAG4-CAA-CAG
CAG40-CAA-CAG
CAG40-CAA-CAG
CAGs0-CAA-CAG
CAG32-CAA-
CAG7-CAA-CAG
CAG1-CAA-CAG
CAG1-CAA-CAG
CAG#-CAA-CAG
CAG4-CAA-CAG
CAG15-CAA-
CAG-CAA-CAG
CAG3-CAA-CAG
CAG1-CAA-CAG

CCG-CCA-CCG7-CCT2
CCG-CCA-CCG7-CCT
CCG-CCA-CCG7-CCT:
CCG-CCA-CCG7-CCT:
CCG-CCA-CCG7-CCT:
CCG-CCA-CCGs-CCT3
CCG-CCA-CCGs-CCT3
CCG-CCA-CCG/-CCT
CCG-CCA-CCGs-CCT3
CCG-CCA-CCG7-CCT2
CCG-CCA-CCG7-CCT2
CCG-CCA-CCG7-CCT
CCG-CCA-CCG7-CCTa
CCG-CCA-CCG7-CCT
CCG-CCA-CCG7-CCT2
CCG-CCA-CCG7-CCT2
CCG-CCA-CCG7-CCT2
CCG-CCA-CCG7-CCT
CCG-CCA-CCGs-CCT2

CCG-CCA-CCG-CCT2
CCG-CCA-CCG7-CCT2
CCG-CCA-CCG7-CCT2
CCG-CCA-CCG10-CCT2
CCG-CCA-CCG10-CCT2
CCG-CCA-CCG-CCT2
CCG-CCA-CCG-CCT2
CCG-CCA-CCG7-CCT2
CCG-CCA-CCG7-CCT2
CCG-CCA-CCG7-CCT2
CCG-CCA-CCG7-CCT2

CCG-CCA-CCG7-CCT2
CCG-CCA-CCG-CCT2
CCG-CCA-CCG7-CCTz2
CCG-CCA-CCG7-CCTz2
CCG-CCA-CCG7-CCTz2

CCG-CCA-CCG-CCT2
CCG-CCA-CCG7-CCT2

CAG-CTT-CCT-CAG-CCG3-CAG-GCA-CAG-CCG-CTG2-CCT-CAG-CCG-CAG
CAG-CTT-CCT-CAG-CCG3-CAG-GCA-CAG-CCG-CTG2-CCT-CAG-CCG-CAG
CAG-CTT-CCT-CAG-CCGs-CAG-GCA-CAG-CCG-CTG2-CCT-CAG-CCG-CAG
CAG-CTT-CCT-CAG-CCGs-CAG-GCA-CAG-CCG-CTG2-CCT-CAG-CCG-CAG
CAG-CTT-CCT-CAG-CCGs-CAG-GCA-CAG-CCG-CTG2-CCT-CAG-CCG-CAG
CAG-CTT-CCT-CAG-CCG3-CAG-GCA-CAG-CCG-CTG2-CCT-CAG-CCG-CAG
CAG-CTT-CCT-CAG-CCG3-CAG-GCA-CAG-CCG-CTG2-CCT-CAG-CCG-CAG
CAG-CTT-CCT-CAG-CCG3-CAG-GCA-CAG-CCG-CTG2-CCT-CAG-CCG-CAG
CAG-CTT-CCT-CAG-CCGs-CAG-GCA-CAG-CCG-CTG2-CCT-CAG-CCG-CAG
CAG-CTT-CCT-CAG-CCGs-CAG-GCA-CAG-CCG-CTG2-CCT-CAG-CCG-CAG
CAG-CTT-CCT-CAG-CCGs-CAG-GCA-CAG-CCG-CTG2-CCT-CAG-CCG-CAG
CAG-CTT-CCT-CAG-CCG3-CAG-GCA-CAG-CCG-CTG2-CCT-CAG-CCG-CAG
CAG-CTT-CCT-CAG-CCG3-CAG-GCA-CAG-CCG-CTG2-CCT-CAG-CCG-CAG
CAG-CTT-CCT-CAG-CCG3-CAG-GCA-CAG-CCG-CTG2-CCT-CAG-CCG-CAG
CAG-CTT-CCT-CAG-CCGs-CAG-GCA-CAG-CCG-CTG2-CCT-CAG-CCG-CAG
CAG-CTT-CCT-CAG-CCGs-CAG-GCA-CAG-CCG-CTG2-CCT-CAG-CCG-CAG
CAG-CTT-CCT-CAG-CCGs-CAG-GCA-CAG-CCG-CTG2-CCT-CAG-CCG-CAG
CAG-CTT-CCT-CAG-CCG3-CAG-GCA-CAG-CCG-CTG2-CCT-CAG-CCG-CAG
CAG-CTT-CCT-CAG-CCG3-CAG-GCA-CAG-CCG-CTG2-CCT-CAG-CCG-CAG

CAG-CTT-CCT-CAG-CCGs-CAG-GCA-CAG-CCG-CTG2-CCT-CAG-CCG-CAG
CAG-CTT-CCT-CAG-CCG3-CAG-GCA-CAG-CCG-CTG2-CCT-CAG-CCG-CAG
CAG-CTT-CCT-CAG-CCG3-CAG-GCA-CAG-CCG-CTG2-CCT-CAG-CCG-CAG
CAG-CTT-CCT-CAG-CCG3-CAG-GCA-CAG-CCG-CTG2-CCT-CAG-CCG-CAG
CAG-CTT-CCT-CAG-CCGs-CAG-GCA-CAG-CCG-CTG2-CCT-CAG-CCG-CAG
CAG-CTT-CCT-CAG-CCGs-CAG-GCA-CAG-CCG-CTG2-CCT-CAG-CCG-CAG
CAG-CTT-CCT-CAG-CCGs-CAG-GCA-CAG-CCG-CTG2-CCT-CAG-CCG-CAG
CAG-CTT-CCT-CAG-CCGs-CAG-GCA-CAG-CCG-CTG2-CCT-CAG-CCG-CAG
CAG-CTT-CCT-CAG-CCG3-CAG-GCA-CAG-CCG-CTG2-CCT-CAG-CCG-CAG
CAG-CTT-CCT-CAG-CCG3-CAG-GCA-CAG-CCG-CTG2-CCT-CAG-CCG-CAG
CAG-CTT-CCT-CAG-CCG3-CAG-GCA-CAG-CCG-CTG2-CCT-CAG-CCG-CAG

CAG-CTT-CCT-CAG-CCGs-CAG-GCA-CAG-CCG-CTG2-CCT-CAG-CCG-CAG
CAG-CTT-CCT-CAG-CCGs-CAG-GCA-CAG-CCG-CTG2-CCT-CAG-CCG-CAG
CAG-CTT-CCT-CAG-CCG3-CAG-GCA-CAG-CCG-CTG2-CCT-CAG-CCG-CAG
CAG-CTT-CCT-CAG-CCG3-CAG-GCA-CAG-CCG-CTG2-CCT-CAG-CCG-CAG
CAG-CTT-CCT-CAG-CCG3-CAG-GCA-CAG-CCG-CTG2-CCT-CAG-CCG-CAG

CAG-CTT-CCT-CAG-CCGs-CAG-GCA-CAG-CCG-CTG2-CCT-CAG-CCG-CAG
CAG-CTT-CCT-CAG-CCGs-CAG-GCA-CAG-CCG-CTG2-CCT-CAG-CCG-CAG

CCG-CCC-CCG3-CCC-CCG2-CCA-CCC
CCG-CCC-CCGs3-CCC-CCG2-CCA-CCC
CCG-CCC-CCGs-CCC-CCG2-CCA-CCC
CCG-CCC-CCGs-CCC-CCG2-CCA-CCC
CCG-CCC-CCGs-CCC-CCG2-CCA-CCC
CCG-CCC-CCG3-CCC-CCG2-CCA-CCC
CCG-CCC-CCG3-CCC-CCG2-CCA-CCC
CCG-CCC-CCG3-CCC-CCG2-CCA-CCC
CCG-CCC-CCGs-CCC-CCG2-CCA-CCC
CCG-CCC-CCGs-CCC-CCG2-CCA-CCC
CCG-CCC,-CCG2-CCC-CCG2-CCA-CCC
CCG-CCC;-CCG2-CCC-CCG2-CCA-CCC
CCG-CCC-CCG3-CCC-CCG2-CCA-CCC
CCG-CCC-CCG3-CCC-CCG2-CCA-CCC
CCG-CCC-CCGs-CCC-CCG2-CCA-CCC
CCG-CCC-CCGs-CCC-CCG2-CCA-CCC
CCG-CCC-CCGs-CCC-CCG2-CCA-CCC
CCG-CCC-CCG3-CCC-CCG2-CCA-CCC
CCG-CCC-CCG3-CCC-CCG2-CCA-CCC

CCG-CCC-CCGs-CCC-CCG2-CCA-CCC
CCG-CCC-CCGs-CLC-CCG2-CCA-CCC
CCG-CCC-CCGs-CLC-CCG2-CCA-CCC
CCG-CCC-CCGs-CLC-CCG2-CCA-CCC
CCG-CCC-CCGs-CCC-CCG2-CCA-CCC
CCG-CCC-CCGs-CCC-CCG2-CCA-CCC
CCG-CCC-CCGs-CCC-CCG2-CCA-CCC
CCG-CCC-CCGs-CCC-CCG2-CCA-CCC
CCG-CCC-CCGs-CLC-CCG2-CCA-CCC
CCG-CCC-CCGs-CLC-CCG2-CCA-CCC
CCG-CCC-CCGs-CLC-CCG2-CCA-CCC

CCG-CCC-CCGs-CCC-CCG2-CCA-CCC
CCG-CCC-CCGs3-CCC-CCG2-CCA-CCC
CCG-CCC-CCGs-CCC-CCG2-CCA-CCC
CCG-CCC-CCGs-CLC-CCG2-CCA-CCC
CCG-CCC-CCGs-CLC-CCG2-CCA-CCC

CCG-CCC-CCGs3-CCC-CCG2-CCA-CCC
CCG-CCC-CCGs-CCC-CCG2-CCA-CCC
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CAG#3-CAA-CAG  CCG-CCA-CCGr-CCT2 CAG-CTT-CCT-CAG-CCG3-CAG-GCA-CAG-CCG-CTG2-CCT-CAG-CCG-CAG  CCG-CCC-CCGs-CCC-CCG2-CCA-CCC

(CAG)n: CAG repeat sequence including CAA if present; RefSeq: reference sequence; CCG1: CCG repeat region 1; CCG2: CCG repeat region 2; Inter-CCG repeat

region: region in between CCG1 and CCG2; red, bold and underlined: Sequence variations detected in the CAG repeat, CCG repeats and inter-CCG repeat region of

HTT; light blue fill: Novel sequences that have not previously been reported.

Table 3. DNA sequences determined by clone sequencing of HD post-mortem brains

(CAG)\ CCG1 Inter-CCG repeat region CCG2
Ref CAG2-CAA-CAG CCG-CCA-CCG7-CCT: CAG-CTT-CCT-CAG-CCGs-CAG-GCA-CAG-CCG-CTG2-CCT-CAG-CCG-CAG  CCG-CCC-CCGs-CCC-CCG2-CCA-CCC
Seq
P40.97
FNT CAG#-CAA-CAG CCG-CCA-CCGs-CCT? CAG-CTT-CCT-CAG-CCG3-CAG-GCA-CAG-CCG-CTG2-CCT-CAG-CCG-CAG  CCG-CCC-CCGs-CCC-CCG2-CCA-CCC
TMP CAG4-CAA-CAG CCG-CCA-CCG10-CCT2  CAG-CTT-CCT-CAG-CCG3-CAG-GCA-CAG-CCG-CTG2-CCT-CAG-CCG-CAG  CCG-CCC-CCG3-CCC-CCG2-CCA-CCC
CAG4-CAA-CAG CCG-CCA-CCG10-CCT2  CAG-CTT-CCT-CAG-CCG3-CAG-GCA-CAG-CCG-CTG2-CCT-CAG-CCG-CAG  CCG-CCC-CCG3-CCC-CCG2-CCA-CCC
CAG4-CAA-CAG CCG-CCA-CCG7-CCT2 CAG-CTT-CCT-CAG-CCG3-CAG-GCA-CAG-CCG-CTG2-CCT-CAG-CCG-CAG CCG-CCC-CCG3-CCC-CCG2-CCA-CCC
0OCC CAG3-CAA-CAG CCG-CCA-CCG7-CCT2 CAG-CTT-CCT-CAG-CCG3-CAG-GCA-CAG-CCG-CTG2-CCT-CAG-CCG-CAG CCG-CCC-CCG3-CCC-CCG2-CCA-CCC
CAG41-CAA-CAG CCG-CCA-CCG7-CCT2 CAG-CTT-CCT-CAG-CCG3-CAG-GCA-CAG-CCG-CTG2-CCT-CAG-CCG-CAG CCG-CCC-CCG3-CCC-CCG2-CCA-CCC
CAG4-CAA-CAG CCG-CCA-CCG7-CCT? CAG-CTT-CCT-CAG-CCGs-CAG-GCA-CAG-CCG-CTG2-CCT-CAG-CCG-CAG  CCG-CCC-CCGs-CCC-CCG2-CCA-CCC
PUT CAGs3-CAA-CAG CCG-CCA-CCGr-CCT: CAG-CTT-CCT-CAG-CCGs-CAG-GCA-CAG-CCG-CTG2-CCT-CAG-CCG-CAG  CCG-CCC-CCGs-CCC-CCG2-CCA-CCC
CNU CAG3-CAA-CAG CCG-CCA-CCG7-CCT? CAG-CTT-CCT-CAG-CCGs-CAG-GCA-CAG-CCG-CTG2-CCT-CAG-CCG-CAG  CCG-CCC-CCGs-CCC-CCG2-CCA-CCC
CAGz3s-CAA-CAG CCG-CCA-CCG7-CCT2 CAG-CTT-CCT-CAG-CCG3-CAG-GCA-CAG-CCG-CTG2-CCT-CAG-CCG-CAG CCG-CCC-CCG3-CCC-CCG2-CCA-CCC
CAG4-CAA-CAG CCG-CCA-CCG7-CCT2 CAG-CTT-CCT-CAG-CCG3-CAG-GCA-CAG-CCG-CTG2-CCT-CAG-CCG-CAG CCG-CCC-CCG3-CCC-CCG2-CCA-CCC
CAG41-CAA-CAG CCG-CCA-CCG7-CCT2 CAG-CTT-CCT-CAG-CCG3-CAG-GCA-CAG-CCG-CTG2-CCT-CAG-CCG-CAG CCG-CCC-CCG3-CCC-CCG2-CCA-CCC
CBM CAG4-CAA-CAG CCG-CCA-CCGr-CCT? CAG-CTT-CCT-CAG-CCGs-CAG-GCA-CAG-CCG-CTG2-CCT-CAG-CCG-CAG  CCG-CCC-CCGs-CCC-CCG2-CCA-CCC
MED CAG3-CAA-CAG CCG-CCA-CCG7-CCT? CAG-CTT-CCT-CAG-CCGs-CAG-GCA-CAG-CCG-CTG2-CCT-CAG-CCG-CAG  CCG-CCC-CCGs-CCC-CCG2-CCA-CCC
CAG4-CAA-CAG CCG-CCA-CCG7-CCT? CAG-CTT-CCT-CAG-CCGs-CAG-GCA-CAG-CCG-CTG2-CCT-CAG-CCG-CAG  CCG-CCC-CCGs-CCC-CCG2-CCA-CCC
CAG#-CAA-CAG CCG-CCA-CCG7-CCT>2 CAG-CTT-CCT-CAG-CCG3-CAG-GCA-CAG-CCG-CTG2-CCT-CAG-CCG-CAG CCG-CCC-CCG3-CCC-CCG2-CCA-CCC
P2.03
PUT CAG4u-CAA-CAG CCG-CCA-CCGs-CCT2 CAG-CTT-CCT-CAG-CCG3-CAG-GCA-CAG-CCG-CTG2-CCT-CAG-CCG-CAG CCG-CCC-CCG3-CCC-CCG2-CCA-CCC
CAG4-CAA-CAG CCG-CCA-CCGs-CCT? CAG-CTT-CCT-CAG-CCGs-CAG-GCA-CAG-CCG-CTG2-CCT-CAG-CCG-CAG  CCG-CCC-CCGs-CCT-CCG2-CCA-CCC
CBM CAG#-CAA-CAG CCG-CCA-CCG7-CCT? CAG-CTT-CCT-CAG-CCGs-CAG-GCA-CAG-CCG-CTG2-CCT-CAG-CCG-CAG  CCG-CCC-CCGs-CCC-CCG2-CCA-CCC

P72.10
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FNT

OoCC

PUT

MED

TMP

occC

CBM

CAG33-CAA-CAG
CAGs3s-CAA-CAG
CAG3s-CAA-CAG
CAG33-CAA-CAG
CAG39-CAA-CAG
CAG4-CAA-CAG
CAG4-CAA-CAG
CAG4-CAA-CAG
CAG4#-CAA-CAG
CAG4#-CAA-CAG
CAG4#-CAA-CAG
CAG4-CAA-CAG
CAG43-CAA-CAG
CAG4s-CAA-CAG
CAGs-CAA-CAG
CAG4-CAA-CAG
CAG43-CAA-CAG
CAG3s-CAA-CAG
CAG4-CAA-CAG
CAG4-CAA-CAG
CAG41-CAA-CAG
CAG4#-CAA-CAG
CAG#-CAA-CAG
CAG47

CAG40-CAA-CAG
CAG#-CAA-CAG
CAG40-CAA-CAG
CAG#-CAA-CAG
CAG40-CAA-CAG
CAG43-CAA-CAG
CAG4#-CAA-CAG
CAG#-CAA-CAG
CAG#-CAA-CAG
CAGz:-CAA-CAG
CAGz:-CAA-CAG
CAG39-CAA-CAG
CAG39-CAA-CAG
CAG39-CAA-CAG

CCG-CCA-CCG-CCT2
CCG-CCA-CCG7-CCT2
CCG-CCA-CCG7-CCT2
CCG-CCA-CCG7-CCT2
CCG-CCA-CCG7-CCT2
CCG-CCA-CCGs-CCT2
CCG-CCA-CCG-CCT2
CCG-CCA-CCG7-CCT2
CCG-CCA-CCGr-CCT2
CCG-CCA-CCGr-CCT2
CCG-CCA-CCGr-CCT2
CCG-CCA-CCG7-CCT2
CCG-CCA-CCG-CCT2
CCG-CCA-CCG7-CCT2
CCG-CCA-CCGr-CCT2
CCG-CCA-CCG-CCT2
CCG-CCA-CCGr-CCT2
CCG-CCA-CCG7-CCT2
CCG-CCA-CCG-CCT2
CCG-CCA-CCG7-CCT2
CCG-CCA-CCG-CCT2
CCG-CCA-CCG-CCT2
CCG-CCA-CCG-CCT2
CCG-CCA-CCG7-CCT2

CCG-CCA-CCG7-CCT2
CCG-CCA-CCG-CCT2
CCG-CCA-CCG-CCT2
CCG-CCA-CCG-CCT2
CCG-CCA-CCG7-CCT2
CCG-CCA-CCGe-CCT2
CCG-CCA-CCG7-CCTz2
CCG-CCA-CCG7-CCT2
CCG-CCA-CCG7-CCT2
CCG-CCA-CCG-CCT2
CCG-CCA-CCG7-CCT2
CCG-CCA-CCG7-CCTz2
CCG-CCA-CCG7-CCTz2
CCG-CCA-CCG7-CCTz2

CAG-CTT-CCT-CAG-CCGs-CAG-GCA-CAG-CCG-CTG2-CCT-CAG-CCG-CAG
CAG-CTT-CCT-CAG-CCGs-CAG-GCA-CAG-CCG-CTG2-CCT-CAG-CCG-CAG
CAG-CTT-CCT-CAG-CCG3-CAG-GCA-CAG-CCG-CTG2-CCT-CAG-CCG-CAG
CAG-CTT-CCT-CAG-CCGs-CAG-GCA-CAG-CCG-CTG2-CCT-CAG-CCG-CAG
CAG-CTT-CCT-CAG-CCG3-CAG-GCA-CAG-CCG-CTG2-CCT-CAG-CCG-CAG
CAG-CTT-CCT-CAG-CCGs-CAG-GCA-CAG-CCG-CTG2-CCT-CAG-CCG-CAG
CAG-CTT-CCT-CAG-CCGs-CAG-GCA-CAG-CCG-CTG2-CCT-CAG-CCG-CAG
CAG-CTT-CCT-CAG-CCGs-CAG-GCA-CAG-CCG-CTG2-CCT-CAG-CCG-CAG
CAG-CTT-CCT-CAG-CCGs-CAG-GCA-CAG-CCG-CTG2-CCT-CAG-CCG-CAG
CAG-CTT-CCT-CAG-CCGs-CAG-GCA-CAG-CCG-CTG2-CCT-CAG-CCG-CAG
CAG-CTT-CCT-CAG-CCGs-CAG-GCA-CAG-CCG-CTG2-CCT-CAG-CCG-CAG
CAG-CTT-CCT-CAG-CCGs-CAG-GCA-CAG-CCG-CTG2-CCT-CAG-CCG-CAG
CAG-CTT-CCT-CAG-CCGs-CAG-GCA-CAG-CCG-CTG2-CCT-CAG-CCG-CAG
CAG-CTT-CCT-CAG-CCGs-CAG-GCA-CAG-CCG-CTG2-CCT-CAG-CCG-CAG
CAG-CTT-CCT-CAG-CCGs-CAG-GCA-CAG-CCG-CTG2-CCT-CAG-CCG-CAG
CAG-CTT-CCT-CAG-CCGs-CAG-GCA-CAG-CCG-CTG2-CCT-CAG-CCG-CAG
CAG-CTT-CCT-CAG-CCGs-CAG-GCA-CAG-CCG-CTG2-CCT-CAG-CCG-CAG
CAG-CTT-CCT-CAG-CCGs-CAG-GCA-CAG-CCG-CTG2-CCT-CAG-CCG-CAG
CAG-CTT-CCT-CAG-CCGs-CAG-GCA-CAG-CCG-CTG2-CCT-CAG-CCG-CAG
CAG-CTT-CCT-CAG-CCG3-CAG-GCA-CAG-CCG-CTG2-CCT-CAG-CCG-CAG
CAG-CTT-CCT-CAG-CCGs-CAG-GCA-CAG-CCG-CTG2-CCT-CAG-CCG-CAG
CAG-CTT-CCT-CAG-CCGs-CAG-GCA-CAG-CCG-CTG2-CCT-CAG-CCG-CAG
CAG-CTT-CCT-CAG-CCGs-CAG-GCA-CAG-CCG-CTG2-CCT-CAG-CCG-CAG
CAG-CTT-CCT-CAG-CCG3-CAG-GCA-CAG-CCG-CTG2-CCT-CAG-CCG-CAG
P3.92
CAG-CTT-CCT-CAG-CCG3-CAG-GCA-CAG-CCG-CTG2-CCT-CAG-CCG-CAG
CAG-CTT-CCT-CAG-CCGs-CAG-GCA-CAG-CCG-CTG2-CCT-CAG-CCG-CAG
CAG-CTT-CCT-CAG-CCGs-CAG-GCA-CAG-CCG-CTG2-CCT-CAG-CCG-CAG
CAG-CTT-CCT-CAG-CCGs-CAG-GCA-CAG-CCG-CTG2-CCT-CAG-CCG-CAG
CAG-CTT-CCT-CAG-CCG3-CAG-GCA-CAG-CCG-CTG2-CCT-CAG-CCG-CAG
CAG-CTT-CCT-CAG-CCG3-CAG-GCA-CAG-CCG-CTG2-CCT-CAG-CCG-CAG
CAG-CTT-CCT-CAG-CCG3-CAG-GCA-CAG-CCG-CTG2-CCT-CAG-CCG-CAG
CAG-CTT-CCT-CAG-CCGs-CAG-GCA-CAG-CCG-CTG2-CCT-CAG-CCG-CAG
CAG-CTT-CCT-CAG-CCGs-CAG-GCA-CAG-CCG-CTG2-CCT-CAG-CCG-CAG
CAG-CTT-CCT-CAG-CCGs-CAG-GCA-CAG-CCG-CTG2-CCT-CAG-CCG-CAG
CAG-CTT-CCT-CAG-CCGs-CAG-GCA-CAG-CCG-CTG2-CCT-CAG-CCG-CAG
CAG-CTT-CCT-CAG-CCG3-CAG-GCA-CAG-CCG-CTG2-CCT-CAG-CCG-CAG
CAG-CTT-CCT-CAG-CCG3-CAG-GCA-CAG-CCG-CTG2-CCT-CAG-CCG-CAG
CAG-CTT-CCT-CAG-CCG3-CAG-GCA-CAG-CCG-CTG2-CCT-CAG-CCG-CAG

CCG-CCC-CCG3-CCC-CCG-CCA-CCC
CCG-CCC-CCGs-CCC-CCG2-CCA-CCC
CCG-CCC-CCGs-CCC-CCG2-CCA-CCC
CCG-CCC-CCG3-CCC-CCG2-CCA-CCC
CCG-CCC-CCGs-CCC-CCG2-CCA-CCC
CCG-CCC-CCGs-CCC-CCG2-CCA-CCC
CCG-CCC-CCG3-CCC-CCG-CCA-CCC
CCG-CCC-CCGs-CCC-CCG2-CCA-CCC
CCG-CCC-CCGs-CCC-CCG2-CCA-CCC
CCG-CCC-CCGs-CCC-CCG2-CCA-CCC
CCG-CCC-CCGs-CCC-CCG2-CCA-CCC
CCG-CCC-CCGs-CCC-CCG2-CCA-CCC
CCG-CCC-CCG3-CCC-CCG2-CCA-CCC
CCG-CCC-CCGs-CCC-CCG2-CCA-CCC
CCG-CCC-CCGs-CCC-CCG2-CCA-CCC
CCG-CCC-CCGs-CCC-CCG2-CCA-CCC
CCG-CCC-CCGs3-CCC-CCG2-CCA-CCC
CCG-CCC-CCGs-CCC-CCG2-CCA-CCC
CCG-CCC-CCG3-CCC-CCG2-CCA-CCC
CCG-CCC-CCGs-CCC-CCG2-CCA-CCC
CCG-CCC-CCGs3-CCC-CCG2-CCA-CCC
CCG-CCC-CCGs-CCC-CCG2-CCA-CCC
CCG-CCC-CCG3-CCC-CCG2-CCA-CCC
CCG-CCC-CCGs-CCC-CCG2-CCA-CCC

CCG-CCC-CCGs-CCC-CCG2-CCA-CCC
CCG-CCC-CCG3-CCC-CCG2-CCA-CCC
CCG-CCC-CCGs-CCC-CCG2-CCA-CCC
CCG-CCC-CCG3-CCC-CCG2-CCA-CCC
CCG-CCC-CCGs-CCC-CCG2-CCA-CCC
CCG-CCC-CCGs-CCC-CCG2-CCA-CCC
CCG-CCC-CCG3-CCC-CCG2-CCA-CCC
CCG-CCC-CCG3-CCC-CCG2-CCA-CCC
CCG-CCC-CCGs-CCC-CCG2-CCA-CCC
CCG-CCC-CCG3-CCC-CCG2-CCA-CCC
CCG-CCC-CCGs-CCC-CCG2-CCA-CCC
CCG-CCC-CCGs-CCC-CCG2-CCA-CCC
CCG-CCC-CCGs-CCC-CCG2-CCA-CCC
CCG-CCC-CCGs-CCC-CCG2-CCA-CCC
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PON

MED

FNT

TMP

PUT

CAG39-CAA-CAG
CAG4-CAA-CAG
CAGas-CAA-CAG
CAG41-CAA-CAG
CAG#-CAA-CAG
CAGs3-CAA-CAG
CAG39-CAA-CAG
CAG40-CAA-CAG
CAG#-CAA-CAG
CAGz-CAA-CAG
CAGz9-CAA-CAG
CAG41-CAA-CAG
CAG41-CAA-CAG
CAG41-CAA-CAG

CAGz7-CAA-CAG
CAG4-CAA-CAG
CAG40-CAA-CAG
CAG40-CAA-CAG
CAGa40-CAA-CAG
CAG4-CAA-CAG
CAG41-CAA-CAG
CAG41-CAA-CAG
CAGs1-CAA-CAG
CAGs-CAA-CAG
CAGs1-CAA-CAG
CAG41-CAA-CAG
CAGs-CAA-CAG
CAGs-CAA-CAG
CAGss-CAA-CAG
CAGss-CAA-CAG
CAGs3-CAA-CAG
CAG37-CAA-CAG
CAG33-CAA-CAG
CAG39-CAA-CAG
CAG39-CAA-CAG
CAGas0-CAA-CAG
CAGas0-CAA-CAG
CAGs-CAA-CAG

CCG-CCA-CCG7-CCT2
CCG-CCA-CCG-CCT2
CCG-CCA2-CCGs-CCT2
CCG-CCA-CCG7-CCT2
CCG-CCA-CCG7-CCT2
CCG-CCA-CCG-CCT2
CCG-CCA-CCG7-CCT2
CCG-CCA-CCG-CCT2
CCG-CCA-CCGr-CCT2
CCG-CCA-CCGr-CCT2
CCG-CCA-CCG7-CCT2
CCG-CCA-CCGs-CCT2
CCG-CCA-CCG7-CCT2
CCG-CCA-CCG-CCT2

CCG-CCA-CCGr-CCT2
CCG-CCA-CCG7-CCT2
CCG-CCA-CCG-CCT2
CCG-CCA-CCG7-CCT2
CCG-CCA-CCG7-CCT2
CCG-CCA-CCG-CCT2
CCG-CCA-CCG-CCT2
CCG-CCA-CCG-CCT2
CCG-CCA-CCG7-CCT2
CCG-CCA-CCG7-CCT2
CCG-CCA-CCG7-CCT2
CCG-CCA-CCG-CCT2
CCG-CCA-CCG-CCT2
CCG-CCA-CCG-CCT2
CCG-CCA-CCG7-CCT2
CCG-CCA-CCG7-CCT2
CCG-CCA-CCG7-CCT2
CCG-CCA-CCG7-CCT2
CCG-CCA-CCGr-CCT2
CCG-CCA-CCG7-CCT2
CCG-CCA-CCG-CCT2
CCG-CCA-CCG7-CCTz2
CCG-CCA-CCG7-CCT2
CCG-CCA-CCG7-CCTz2

CAG-CTT-CCT-CAG-CCGs-CAG-GCA-CAG-CCG-CTG2-CCT-CAG-CCG-CAG
CAG-CTT-CCT-CAG-CCGs-CAG-GCA-CAG-CCG-CTG2-CCT-CAG-CCG-CAG
CAG-CTT-CCT-CAG-CCGs-CAG-GCA-CAG-CCG-CTG2-CCT-CAG-CCG-CAG
CAG-CTT-CCT-CAG-CCG3-CAG-GCA-CAG-CCG-CTG2-CCT-CAG-CCG-CAG
CAG-CTT-CCT-CAG-CCGs-CAG-GCA-CAG-CCG-CTG2-CCT-CAG-CCG-CAG
CAG-CTT-CCT-CAG-CCGs-CAG-GCA-CAG-CCG-CTG2-CCT-CAG-CCG-CAG
CAG-CTT-CCT-CAG-CCGs-CAG-GCA-CAG-CCG-CTG2-CCT-CAG-CCG-CAG
CAG-CTT-CCT-CAG-CCGs-CAG-GCA-CAG-CCG-CTG2-CCT-CAG-CCG-CAG
CAG-CTT-CCT-CAG-CCGs-CAG-GCA-CAG-CCG-CTG2-CCT-CAG-CCG-CAG
CAG-CTT-CCT-CAG-CCGs-CAG-GCA-CAG-CCG-CTG2-CCT-CAG-CCG-CAG
CAG-CTT-CCT-CAG-CCGs-CAG-GCA-CAG-CCG-CTG2-CCT-CAG-CCG-CAG
CAG-CTT-CCT-CAG-CCGs-CAG-GCA-CAG-CCG-CTG2-CCT-CAG-CCG-CAG
CAG-CTT-CCT-CAG-CCGs-CAG-GCA-CAG-CCG-CTG2-CCT-CAG-CCG-CAG
CAG-CTT-CCT-CAG-CCGs-CAG-GCA-CAG-CCG-CTG2-CCT-CAG-CCG-CAG
P7.96
CAG-CTT-CCT-CAG-CCGs-CAG-GCA-CAG-CCG-CTG2-CCT-CAG-CCG-CAG
CAG-CTT-CCT-CAG-CCGs-CAG-GCA-CAG-CCG-CTG2-CCT-CAG-CCG-CAG
CAG-CTT-CCT-CAG-CCGs-CAG-GCA-CAG-CCG-CTG2-CCT-CAG-CCG-CAG
CAG-CTT-CCT-CAG-CCGs-CAG-GCA-CAG-CCG-CTG2-CCT-CAG-CCG-CAG
CAG-CTT-CCT-CAG-CCG3-CAG-GCA-CAG-CCG-CTG2-CCT-CAG-CCG-CAG
CAG-CTT-CCT-CAG-CCGs-CAG-GCA-CAG-CCG-CTG2-CCT-CAG-CCG-CAG
CAG-CTT-CCT-CAG-CCGs-CAG-GCA-CAG-CCG-CTG2-CCT-CAG-CCG-CAG
CAG-CTT-CCT-CAG-CCGs-CAG-GCA-CAG-CCG-CTG2-CCT-CAG-CCG-CAG
CAG-CTT-CCT-CAG-CCG3-CAG-GCA-CAG-CCG-CTG2-CCT-CAG-CCG-CAG
CAG-CTT-CCT-CAG-CCG3-CAG-GCA-CAG-CCG-CTG2-CCT-CAG-CCG-CAG
CAG-CTT-CCT-CAG-CCG3-CAG-GCA-CAG-CCG-CTG2-CCT-CAG-CCG-CAG
CAG-CTT-CCT-CAG-CCGs-CAG-GCA-CAG-CCG-CTG2-CCT-CAG-CCG-CAG
CAG-CTT-CCT-CAG-CCGs-CAG-GCA-CAG-CCG-CTG2-CCT-CAG-CCG-CAG
CAG-CTT-CCT-CAG-CCGs-CAG-GCA-CAG-CCG-CTG2-CCT-CAG-CCG-CAG
CAG-CTT-CCT-CAG-CCG3-CAG-GCA-CAG-CCG-CTG2-CCT-CAG-CCG-CAG
CAG-CTT-CCT-CAG-CCG3-CAG-GCA-CAG-CCG-CTG2-CCT-CAG-CCG-CAG
CAG-CTT-CCT-CAG-CCG3-CAG-GCA-CAG-CCG-CTG2-CCT-CAG-CCG-CAG
CAG-CTT-CCT-CAG-CCGs-CAG-GCA-CAG-CCG-CTG2-CCT-CAG-CCG-CAG
CAG-CTT-CCT-CAG-CCGs-CAG-GCA-CAG-CCG-CTG2-CCT-CAG-CCG-CAG
CAG-CTT-CCT-CAG-CCGs-CAG-GCA-CAG-CCG-CTG2-CCT-CAG-CCG-CAG
CAG-CTT-CCT-CAG-CCGs-CAG-GCA-CAG-CCG-CTG2-CCT-CAG-CCG-CAG
CAG-CTT-CCT-CAG-CCG3-CAG-GCA-CAG-CCG-CTG2-CCT-CAG-CCG-CAG
CAG-CTT-CCT-CAG-CCG3-CAG-GCA-CAG-CCG-CTG2-CCT-CAG-CCG-CAG
CAG-CTT-CCT-CAG-CCG3-CAG-GCA-CAG-CCG-CTG2-CCT-CAG-CCG-CAG

CCG-CCC-CCGs-CCC-CCG2-CCA-CCC
CCG-CCC-CCG3-CCC-CCG-CCA-CCC
CCG-CCC-CCG3-CCC-CCG2-CCA-CCC
CCG-CCC-CCGs-CCC-CCG2-CCA-CCC
CCG-CCC-CCG3-CCC-CCG2-CCA-CCC
CCG-CCC-CCG3-CCC-CCG-CCA-CCC
CCG-CCC-CCGs-CCC-CCG2-CCA-CCC
CCG-CCC-CCG3-CCC-CCG-CCA-CCC
CCG-CCC-CCGs-CCC-CCG2-CCA-CCC
CCG-CCC-CCGs-CCC-CCG2-CCA-CCC
CCG-CCC-CCGs-CCC-CCG2-CCA-CCC
CCG-CCC-CCG3-CCC-CCG2-CCA-CCC
CCG-CCC-CCGs-CCC-CCG2-CCA-CCC
CCG-CCC-CCG3-CCC-CCG-CCA-CCC

CCG-CCC-CCGs-CCC-CCG2-CCA-CCC
CCG-CCC-CCGs-CCC-CCG2-CCA-CCC
CCG-CCC-CCG3-CCC-CCG2-CCA-CCC
CCG-CCC-CCGs-CCC-CCG2-CCA-CCC
CCG-CCC-CCGs-CCC-CCG2-CCA-CCC
CCG-CCC-CCGs-CCC-CCG2-CCA-CCC
CCG-CCC-CCG3-CCC-CCG2-CCA-CCC
CCG-CCC-CCGs-CCC-CCG2-CCA-CCC
CCG-CCC-CCGs-CCC-CCG2-CCA-CCC
CCG-CCC-CCGs-CCC-CCG2-CCA-CCC
CCG-CCC-CCG3-CCC-CCG2-CCA-CCC

CCG-CCC-CCGs-CCC-ACG-CCG-CCA-CCC

CCG-CCC-CCG3-CCC-CCG2-CCA-CCC
CCG-CCC-CCGs-CCC-CCG2-CCA-CCC
CCG-CCC-CCGs3-CCC-CCG2-CCA-CCC

CCG-CCC-CCGs-CCC-CCG-CCT-CCA-CCC

CCG-CCC-CCGs-CCC-CCG2-CCA-CCC
CCG-CCC-CCGs-CCC-CCG2-CCA-CCC
CCG-CCC-CCG3-CCC-CCG2-CCA-CCC
CCG-CCC-CCGs-CCC-CCG2-CCA-CCC
CCG-CCC-CCG3-CCC-CCG2-CCA-CCC
CCG-CCC-CCGs-CCC-CCG2-CCA-CCC
CCG-CCC-CCGs-CCC-CCG2-CCA-CCC
CCG-CCC-CCGs-CCC-CCG2-CCA-CCC

201



CNU

CBM

PON

MED

CAG4-CAA-CAG
CAG4-CAA-CAG
CAGus

CAG4-CAA-CAG
CAG47-CAA-CAG
CAG4-CAA-CAG
CAG47-CAA-CAG
CAG33-CAA-CAG
CAG39-CAA-CAG
CAG40-CAA-CAG
CAG40-CAA-CAG
CAGu

CAG4-CAA-CAG
CAG#-CAA-CAG
CAG4-CAA-CAG
CAG4-CAA-CAG
CAG4-CAA-CAG
CAG4-CAA-CAG
CAG4-CAA-CAG
CAG3:-CAA-CAG
CAG37-CAA-CAG

CAGss-CAA-CAG

CAGs3-CAA-CAG
CAGs3-CAA-CAG

CAG4-CAA-CAG
CAG4-CAA-CAG
CAG3:-CAA-CAG
CAG4-CAA-CAG
CAG41-CAA-CAG
CAGu-CAA-CAG
CAGz33-CAA-CAG
CAG33-CAA-CAG
CAG39-CAA-CAG
CAG#-CAA-CAG
CAG1-CAA-CAG
CAG#-CAA-CAG
CAG#-CAA-CAG
CAG43-CAA-CAG

CCG-CCA-CCG-CCT2
CCG-CCA-CCG7-CCT2
CCG-CCA-CCG7-CCT2
CCG-CCA-CCG7-CCT2
CCG-CCA-CCG7-CCT2
CCG-CCA-CCG7-CCT2
CCG-CCA-CCG-CCT2
CCG-CCA-CCG7-CCT2
CCG-CCA-CCGr-CCT2
CCG-CCA-CCGr-CCT2
CCG-CCA-CCGr-CCT2
CCG-CCA-CCG7-CCT2
CCG-CCA-CCG-CCT2
CCG-CCA-CCG7-CCT2
CCG-CCA-CCGr-CCT2
CCG-CCA-CCG-CCT2
CCG-CCA-CCGr-CCT2
CCG-CCA-CCG7-CCT2
CCG-CCA-CCG-CCT2
CCG-CCA-CCG-CCT2
CCG-CCA-CCGs-CCT2

CCG-CCA2-CCGg-CCT2
CCG-CCA-CCG7-CCT?
CCG-CCA-CCG3-CCT-
CCG3-CCTz2
CCG-CCA-CCG7-CCT?
CCG-CCA-CCG7-CCT?
CCG-CCA-CCG7-CCT?
CCG-CCA2-CCGg-CCT2
CCG-CCA-CCG7-CCT?
CCG-CCA-CCG-CCT?
CCG-CCA-CCG7-CCT?
CCG-CCA-CCG7-CCT?
CCG-CCA-CCG7-CCT?
CCG-CCA-CCG7-CCT?
CCG-CCA-CCG7-CCT?
CCG-CCA-CCG7-CCT?
CCG2-CCT2
CCG-CCA-CCG7-CCT?

CAG-CTT-CCT-CAG-CCG3-CAG-GCA-CAG-CCG-CTG2-CCT-CAG-CCG-CAG
CAG-CTT-CCT-CAG-CCG3-CAG-GCA-CAG-CCG-CTG2-CCT-CAG-CCG-CAG
CAG-CTT-CCT-CAG-CCGs-CAG-GCA-CAG-CCG-CTG2-CCT-CAG-CCG-CAG
CAG-CTT-CCT-CAG-CCGs-CAG-GCA-CAG-CCG-CTG2-CCT-CAG-CCG-CAG
CAG-CTT-CCT-CAG-CCGs-CAG-GCA-CAG-CCG-CTG2-CCT-CAG-CCG-CAG
CAG-CTT-CCT-CAG-CCG3-CAG-GCA-CAG-CCG-CTG2-CCT-CAG-CCG-CAG
CAG-CTT-CCT-CAG-CCG3-CAG-GCA-CAG-CCG-CTG2-CCT-CAG-CCG-CAG
CAG-CTT-CCT-CAG-CCG3-CAG-GCA-CAG-CCG-CTG2-CCT-CAG-CCG-CAG
CAG-CTT-CCT-CAG-CCGs-CAG-GCA-CAG-CCG-CTG2-CCT-CAG-CCG-CAG
CAG-CTT-CCT-CAG-CCGs-CAG-GCA-CAG-CCG-CTG2-CCT-CAG-CCG-CAG
CAG-CTT-CCT-CAG-CCGs-CAG-GCA-CAG-CCG-CTG2-CCT-CAG-CCG-CAG
CAG-CTT-CCT-CAG-CCG3-CAG-GCA-CAG-CCG-CTG2-CCT-CAG-CCG-CAG
CAG-CTT-CCT-CAG-CCG3-CAG-GCA-CAG-CCG-CTG2-CCT-CAG-CCG-CAG
CAG-CTT-CCT-CAG-CCG3-CAG-GCA-CAG-CCG-CTG2-CCT-CAG-CCG-CAG
CAG-CTT-CCT-CAG-CCGs-CAG-GCA-CAG-CCG-CTG2-CCT-CAG-CCG-CAG
CAG-CTT-CCT-CAG-CCGs-CAG-GCA-CAG-CCG-CTG2-CCT-CAG-CCG-CAG
CAG-CTT-CCT-CAG-CCGs-CAG-GCA-CAG-CCG-CTG2-CCT-CAG-CCG-CAG
CAG-CTT-CCT-CAG-CCG3-CAG-GCA-CAG-CCG-CTG2-CCT-CAG-CCG-CAG
CAG-CTT-CCT-CAG-CCG3-CAG-GCA-CAG-CCG-CTG2-CCT-CAG-CCG-CAG
CAG-CTT-CCT-CAG-CCGs-CAG-GCA-CAG-CCG-CTG2-CCT-CAG-CCG-CAG
CAG-CTT-CCT-CAG-CCGs-CAG-GCA-CAG-CCG-CTG2-CCT-CAG-CCG-CAG

CAG-CTT-CCT-CAG-CCG3-CAG-GCA-CAG-CCG-CTG2-CCT-CAG-CCG-CAG
CAG-CTT-CCT-CAG-CCG3-CAG-GCA-CAG-CCG-CTG2-CCT-CAG-CCG-CAG
CAG-CTT-CCT-CAG-CCGs-CAG-GCA-CAG-CCG-CTG2-CCT-CAG-CCG-CAG

CAG-CTT-CCT-CAG-CCGs-CAG-GCA-CAG-CCG-CTG2-CCT-CAG-CCG-CAG
CAG-CTT-CCT-CAG-CCG3-CAG-GCA-CAG-CCG-CTG2-CCT-CAG-CCG-CAG
CAG-CTT-CCT-CAG-CCG3-CAG-GCA-CAG-CCG-CTG2-CCT-CAG-CCG-CAG
CAG-CTT-CCT-CAG-CCG3-CAG-GCA-CAG-CCG-CTG2-CCT-CAG-CCG-CAG
CAG-CTT-CCT-CAG-CCGs-CAG-GCA-CAG-CCG-CTG2-CCT-CAG-CCG-CAG
CAG-CTT-CCT-CAG-CCGs-CAG-GCA-CAG-CCG-CTG2-CCT-CAG-CCG-CAG
CAG-CTT-CCT-CAG-CCGs-CAG-GCA-CAG-CCG-CTG2-CCT-CAG-CCG-CAG
CAG-CTT-CCT-CAG-CCG3-CAG-GCA-CAG-CCG-CTG2-CCT-CAG-CCG-CAG
CAG-CTT-CCT-CAG-CCG3-CAG-GCA-CAG-CCG-CTG2-CCT-CAG-CCG-CAG
CAG-CTT-CCT-CAG-CCG3-CAG-GCA-CAG-CCG-CTG2-CCT-CAG-CCG-CAG
CAG-CTT-CCT-CAG-CCGs-CAG-GCA-CAG-CCG-CTG2-CCT-CAG-CCG-CAG
CAG-CTT-CCT-CAG-CCGs-CAG-GCA-CAG-CCG-CTG2-CCT-CAG-CCG-CAG
CAG-CTT-CCT-CAG-CCGs-CAG-GCA-CAG-CCG-CTG2-CCT-CAG-CCG-CAG
CAG-CTT-CCT-CAG-CCGs-CAG-GCA-CAG-CCG-CTG2-CCT-CAG-CCG-CAG

CCG-CCC-CCG3-CCC-CCG-CCA-CCC
CCG-CCC-CCGs-CCC-CCG2-CCA-CCC
CCG-CCC-CCGs-CCC-CCG2-CCA-CCC
CCG-CCC-CCG3-CCC-CCG2-CCA-CCC
CCG-CCC-CCGs-CCC-CCG2-CCA-CCC
CCG-CCC-CCGs-CCC-CCG2-CCA-CCC
CCG-CCC-CCG3-CCC-CCG-CCA-CCC
CCG-CCC-CCGs-CCC-CCG2-CCA-CCC
CCG-CCC-CCGs-CCC-CCG2-CCA-CCC
CCG-CCC-CCGs-CCC-CCG2-CCA-CCC
CCG-CCC-CCGs-CCC-CCG2-CCA-CCC
CCG-CCC-CCGs-CCC-CCG2-CCA-CCC
CCG-CCC-CCG3-CCC-CCG2-CCA-CCC
CCG-CCC-CCGs-CCC-CCG2-CCA-CCC
CCG-CCC-CCGs-CCC-CCG2-CCA-CCC
CCG-CCC-CCGs-CCC-CCG2-CCA-CCC
CCG-CCC-CCGs3-CCC-CCG2-CCA-CCC
CCG-CCC-CCGs-CCC-CCG2-CCA-CCC
CCG-CCC-CCG3-CCC-CCG2-CCA-CCC
CCG-CCC-CCGs-CCC-CCG2-CCA-CCC
CCG-CCC-CCG3-CCC-CCG2-CCA-CCC

CCG-CCC-CCGs-CCC-CCG2-CCA-CCC

CCG-CCC-CCGs-CCC-CCG2-CCA-CCC
CCG-CCC-CCGs-CCC-CCG2-CCA-CCC

CCG-CCC-CCG3-CCC-CCG2-CCA-CCC

CCG-CCC-CCGs-CCC-ACG-CCG-CCA-CCcC

CCG-CCC-CCGs-CCC-CCG2-CCA-CCC
CCG-CCC-CCGs-CCC-CCG2-CCA-CCC
CCG-CCC-CCG3-CCC-CCG2-CCA-CCC
CCG-CCC-CCGs-CCC-CCG2-CCA-CCC
CCG-CCC-CCG3-CCC-CCG2-CCA-CCC
CCG-CCC-CCG3-CCC-CCG2-CCA-CCC
CCG-CCC-CCGs-CCC-CCG2-CCA-CCC
CCG-CCC-CCG3-CCC-CCG2-CCA-CCC
CCG-CCC-CCG3-CCC-CCG2-CCA-CCC
CCG-CCC-CCGs-CCC-CCG2-CCA-CCC
CCG-CCC-CCG3-CCC-CCG2-CCA-CCC
CCG-CCC-CCGs-CCC-CCG2-CCA-CCC

202



FNT

TMP

occC

PUT

CAG#3-CAA-CAG

CAGs-CAA-CAG
CAGu-CAA-CAG

CAGux-CAA-CAG
CAG44-CAA-CAG
CAGs-CAA-CAG
CAGs-CAA-CAG
CAG4-CAA-CAG
CAG43

CAGu-CAA-CAG
CAG44-CAA-CAG
CAGs-CAA-CAG
CAG4-CAA-CAG
CAG47-CAA-CAG
CAG47-CAA-CAG
CAGz-CAA-CAG

CAGs-CAA-CAG
CAG#.-CAA-CAG
CAGu-CAA-CAG
CAGs-CAA-CAG
CAG#.-CAA-CAG
CAGu-CAA-CAG
CAGu-CAA-CAG
CAGu-CAA-CAG

CCG-CCA-CCG-CCT2

CCG-CCA-CCG7-CCTz2
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(CAG)n: CAG repeat sequence including CAA if present; RefSeq: reference sequence; CCG1: CCG repeat region 1; CCG2: CCG repeat region 2; Inter-CCG repeat

region: region in between CCG1 and CCG2; red, bold and underlined: Sequence variations detected in the CAG repeat, CCG repeats and inter-CCG repeat region of

HTT; light blue fill: Novel sequences that have not previously been reported.

Figure 1. Sizing the CAG repeat in HD patients by Nanopore sequencing (overleaf)

Y-axis: read count; x-axis: CAG repeat size; P82.10: control post-mortem brain.
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Figure 1. Sizing the CAG repeat in HD patients by Nanopore sequencing

Figure 2. DNA sequences from successfully cloned HD post-mortem brains (overleaf)

Each square represents a codon and is colour-coded for visual ease. The frequency (Fq) represents
the population of clones obtained per patient and quantifies the presence of each sequence. RefSeq:
HTT reference sequence according to NCBI (https://www.ncbi.nlm.nih.gov/nuccore/NG

009378.1?from=5001&t0=174286&report=fasta); CAG repeat sequence: codon composition

including CAA trinucleotides; CCG1: codon composition of CCG repeat region 1; CCG2: codon
composition of CCG repeat region 2; Inter-CCG repeat region: codon composition of the region in-
between CCG1 and CCG2; (CAG)n: CAG repeat tract of size n including CAA if present; *: HD patients
with previously unreported sequence alterations; red rectangle: location of previously unreported

sequence alterations.
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Figure 3. Read count distributions for the HD post-mortem brain and corresponding blood samples

(overleaf)

The x-axis represents the (CAG)n (number of CAGs in the modal allele) in the range of -5 to +15

CAGs from the (CAG)n. The y-axis represents the relative peak height, which demonstrates the

percentage of MiSeq reads present corresponding to the (CAG)n.
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Figure 3. Read count distributions for the HD post-mortem brain and corresponding blood samples
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Figure 4. SP-PCR analysis of P3.92 medulla and blood

These samples were repeated due to the surprising instability of the CAG repeat in the blood.

Subsequent investigation of the sample number in the Neurogenetics database revealed that it was
DNA extracted from one of the post-mortem brain regions. The (CAG), is labelled on the left and
the base pair (bp) on the right according to the 1 kb* ladder. The first 3 lanes represent 1 ng of
DNA, followed by 6 lanes each of 250 pg and 50 pg of DNA. Water (w) is used as a control to

demonstrate that no PCR products are detected in the absence of a DNA template.
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Figure 5. Sizing the CAG repeat in HD post-mortem brains by Nanopore sequencing

Y-axis: read count; x-axis: CAG repeat size; P82.10: control post-mortem brain.

215



