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Abstract

Since its first description in the XIV century, the understanding of Parkinson disease
(PD) has advanced significantly. However, a considerable part of its pathogenesis
remains elusive, and no disease modifying therapy has been successfully developed
yet and partly because of this lack of knowledge. The genetic background of PD is
diverse, accounting for both mendelian, familial and sporadic forms of the disease.
One of the main contributors to the genetic risk of PD is the GBA gene, which
encodes for a lysosomal enzyme and is also linked to Gaucher disease, an autosomal
recessive storage disorder. GBA variants are relatively frequent in sporadic PD,
making it a promising target for disease modifying therapies. However, the
penetrance of GBA variants is low and mostly unexplained, with only a minority of
GBA variants carriers developing PD. In addition, the study of GBA is complicated by
difficulties in sequencing the gene, due to the presence of a highly homologous
pseudogene (GBAP1) in close proximity to GBA.

The aim of this PhD research is to study potential modifiers of risk of PD among GBA
variant carriers. First, | collaborated in the development of RAPSODI, an online tool
to assess and follow-up a cohort of GBA carriers, both with and without PD, and
analysed the data produced, showing interesting differences between GBA carriers
and non-carries. The main outcome of this preliminary assessment is that GBA
carriers with PD have significantly worse motor and non-motor symptoms compared
to GBA-negative PD patients.

Further, | refined a method to sequence the GBA gene with Oxford Nanopore’s
MinION and developed a novel method for detecting reciprocal recombinants
between the gene and pseudogene. By applying these tools, | was able to detect
complex structural variants that might modify the risk of PD, as well as explore the

role of intronic variants in GBA.



Impact statement

RAPSODI is the innovative online portal developed specifically for this study to
assess motor and non-motor symptoms of Parkinson Disease (PD) remotely. This
tool is capable of generating reliable and reproducible data without the need to
meet with participants face to face and will continue to recruit and follow-up
participants after the completion of my PhD. The data produced will be helpful to
understand clinical differences between GBA carriers and non-carriers and will
ultimately expand the knowledge of the role of the gene in the pathogenesis of PD.
So far, the data generated are promising: they have shown to highlight differences
between GBA carriers and non-carriers to an extent that was somewhat unexpected
and, once published, will hopefully spark more interest in the study of the link
between GBA variants and PD.

Furthermore, the novel protocol to sequence GBA with Oxford Nanopore
Technologies (ONT) is both cost-effective and easy to implement, and will provide
both current and future researchers with a tool that simplifies GBA analysis. It also
allows to analyse intronic regions of the gene, and was able to provide useful
information about common GBA intronic variants.

As a matter of fact, this ONT pipeline has already been applied by independent
research groups worldwide to analyse their cohorts of patients.

Moreover, | developed a method to detect complex reciprocal recombinants in GBA
which was applied to validate an independent GBA-caller created by lllumina.
While these structural variants do not affect the coding region of GBA, they cause
extensive deletion or duplication of genomic regions adjacent to the gene,
potentially affecting expression. Thanks to the method described in this study, it is
now possible to investigate the role of these complex variants in determining the

risk of PD - a field that is completely unexplored to date.
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1. Introduction

1.1.Parkinson Disease, an overview

Parkinson disease (PD) is a progressive neurodegenerative disorder, first described
by James Parkinson in 1817'. The prevalence of the disease has been steadily
increasing due to the aging population, going from 2.5 million people with PD in
1990 to 6.1 million people in 2016 worldwide 2. PD is one of the major healthcare
challenges of our time.

PD is caused by degeneration of dopaminergic neurons in the substantia nigra pars
compacta (SNpc)?, associated with the formation of insoluble aggregates of the
protein a-synuclein (a-syn) in neuron cell bodies and neurites (Lewy bodies and
Lewy neurites)3. The neurodegeneration can also involve other areas of the brain,
from the brainstem and olfactory nucleus to the cortex, causing the multitude of
signs and symptoms associated with PD*.

The clinical hallmark of PD is the presence bradykinesia (slowness of movements),
postural instability, muscular rigidity and 4-7 Hz resting tremor>. These are
commonly referred to as motor symptoms and are associated with degeneration of
neurons in the SNpc. The presence of motor symptoms is required for a clinical
diagnosis of PD. Other symptoms, including cognitive dysfunction, rapid eye
movemement (REM) sleep behaviour disorder (RBD), constipation, depression and
hyposmia, are called non-motor symptoms and mirror the extension of the
pathology beyond the substantia nigra®. Non-motor symptoms of PD often precede
the motor symptoms and might be detectable in PD patients years before the onset
of motor symptoms’.

The therapy of PD is based on medications that control symptoms by increasing
dopamine levels and activity, either directly (levodopa containing medications) or
indirectly (dopamine agonists and monoamine oxidase inhibitors)®. There are
currently no disease modifying medications capable of preventing, slowing or
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reversing the progression of the neurodegeneration in PD. The development of
disease modifying therapies is complicated by the diversity of the genetic
background of PD and the difficulty of an accurate detection of early cases, possibly

before the onset of motor symptoms®.

1.2.Cognition in Parkinson disease

PD patients can develop cognitive symptoms, which are classified into mild cognitive
impairment (PD-MCI) and overt dementia (PD-D)°. The Movement Disorders
Society provides guidelines for the diagnosis of both PD-MCI and PD-D'*2 and
according to these guidelines 10-20% of PD patients present with PD-MCI at the
time of diagnosis'? and 46% develop PD-D within 10 years from diagnosis'*. A recent
study on a cohort of 141 PD patients found that nearly half of them developed PD-
MCI within 2-6 years of follow-up and that all patients with PD-MCI developed PD-D
within 5 years®>. The risk of PD-D is mostly dependent on the age at onset of PD?®,
The pattern of cognitive impairment in the early stages of PD-MCl is characterised
by the prominent involvement of executive functions, attention, working memory
and, in some instances, visuo-spatial skills and language!’-'8. Executive functions
include cognitive flexibility, attention, inhibition, planning and managing daily tasks
and are generally directed to adapting to new situations by using previously
acquired information to achieve a goal'®. Executive function can be assessed with
tests such as the Tower of London planning test?® and the trail making tests?..
Deficits of executive functions are observed in 30%2%23 of PD patients and are
considered the most common cognitive disorder in PD.

Attention, the process of filtering information, is closely related to executive
functions. Two separate types of attention can be defined: simple attention, an
automatic process of information filtering, and complex attention, more elaborate

and controlled by higher level functions'’. Simple attention is commonly assessed by
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tests like the Digit span forward and backward and the Trail Making Tests part AL,
Complex attention deficits can be identified by tests such as the Trail Making Tests
part B%! and the Wisconsin Cards Sorting Test?*. While there is some debate whether
simple attention is primarily affected in PD, complex attention deficits are a
common feature of PD cognitive syndromes?!’2>2¢,

Memory is a broad concept that includes long-term and short-term components.
Long-term memory allows the retrieval of information that was stored a long time
before, while short-term memory can store information only for a limited amount of
time. Working memory is sometimes used synonymously with short-term memory,
although some consider the two entities separately, with working memory being the
process of manipulating stored information, thus being closely related to executive
functions!®?’. Long-term memory is usually preserved in PD, this being one of the
main differences between PD-D and Alzheimer disease. On the other hand, working
memory is frequently impaired in PD%%-3%,

Visuo-spatial functions are involved in the processing of visual stimuli, including
pattern recognition, analysis of space and figure construction’. Visuo-spatial deficits
have been associated with specific subsets of PD-D3233,

Verbal fluency deterioration has also been observed in patients with PD, although
language is typically less involved than other cognitive domains33-3°,

According to an interesting hypothesis, two distinct cognitive patterns can be
recognised in PD: one involving primarily the cortico-striatal dopaminergic system,
associated with a dysexecutive syndrome, and one involving the posterior cortical
areas, with deficits mainly in visuo-spatial, memory and language functions.
According to this hypothesis, these two different syndromes are associated with
groups of genes involved either in dopamine metabolism (cortico-striatal syndrome)

or microtubule assembly and stabilization (posterior syndrome)3®.
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1.3.The genetic background of Parkinson disease

PD is classified as familial and sporadic, according to whether there is a history of PD
among blood relatives. It is estimated that between 5 and 10% of all PD cases are
familial, and only 3-5% of the familial PD cases show a clear mendelian pattern®’.
Genes involved in familial monogenic forms of PD are designated with a PARK
number, in order of discovery. A list of PARK genes is reported in Table 1. PARK
associated PD can be further classified according to its mendelian pattern of
inheritance into dominant and recessive. LRRK2 is the gene most frequently
associated with autosomal dominant familial PD, accounting for around 10% of
cases3®, while PRKN is responsible for 50% of all autosomal recessive, early onset PD
cases®,

The vast majority of PD cases are considered sporadic®’. Importantly, even sporadic
PD shows a clear genetic background, with numerous genes that can increase the
risk of PD in a polygenic fashion. Among these genes, the most common, and the
ones that are most consistently highlighted by genome wide association studies

(GWAS), are LRRK2, GBA, SNCA and MAPT,
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SNCA/PARK1-4 Dominant

PRKN/PARK2 Recessive
UCHL1/PARK5 Dominant
PINK1/PARK6 Recessive
DJ-1/PARK7 Recessive
LRRK2/PARKS Dominant

ATP13A2/PARK9 Recessive
GIGYF2/PARK11 Dominant
HTRA2 Dominant
PLA2G6/PARK14 Recessive
FBXO7/PARK15 Recessive

VPS35/PARK17 Dominant
DNAJC6/PARK19  Recessive
SYNJ1/PARK20 Recessive
DNAJC13/PARK21 Dominant

CHCHD2/PARK22 Dominant
VPS13C/PARK23 Recessive

Table 1: Genes associated with monogenic forms of PD (PARK genes)’.

1.4.The heterogenicity of the pathology of PD

PD is defined clinically by the presence of motor symptoms and the response to
levodopa*'. However, the pathophysiological mechanisms determining these
symptoms are diverse, as suggested by the number of genes associated to the
disease. At least three main pathways can be recognised, involving the lysosomes
(GBA, LRRK2), the mitochondria (PRKN, PINK1, DJ1) and a-syn production and

degradation (SNCA)383°%4243 The identification of MAPT as a risk factor suggests

additional pathways, as this gene is involved in the stabilisation of microtubules**.

Other mechanisms might also involve the ubiquitin/proteasome pathway,

membrane homeostasis, vesicular formation and trafficking.
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1.5.The link between the GBA gene and PD
1.5.1. Epidemiology

Variants in the GBA gene cause Gaucher disease (GD), one of the most common
lysosomal storage disorders*. GD is a rare autosomal recessive disease, with a
prevalence of 1-3:100,000 in European and Australian populations**48, but it is
significantly more common in the Ashkenazi Jewish community, where its incidence
reaches 1:800 live births*. GD has been classified into type 1, type 2 and type 3.
Type 1 is the milder form of the disease, with most patients reaching adulthood, and
is commonly referred to as “non-neuronopathic”, as it lacks a clear neurological
involvement. The systemic symptoms of type 1 GD include bone abnormalities,
anaemia and hepato- and splenomegaly. Type 2 is the “acute neuronopathic” form
of the disease. Most patients with type 2 GD die within the first years of life and
show severe neurological signs. Finally, type 3 is the “chronic neuronopathic” form,
with most patients reaching adulthood, despite carrying significant disability due to
neurological involvement®. The therapies currently available for GD are very
effective in treating the systemic manifestations of the disease, but do not act
against the neurological symptoms®°.

A growing body of evidence suggests a clear relationship between GD and PD.
Many reports observed a higher than expected prevalence of PD among GD type 1
patients®'™3, This contradicted the classical paradigm where type 1 GD did not
feature neurological involvement and suggested that homozygous and compound
heterozygous carrier of GBA variants were at increased risk of PD. Following these
reports, independent cohort studies discovered that GBA variants were significantly
more common in sporadic PD cases compared to controls®*>°, The odds ratios (OR)
estimated by these studies spanned from 4 to 20, but all concurred in identifying

heterozygous GBA variants as a risk factor for PD. One of the most important studies
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in the field compared the prevalence of GBA variants in 5691 PD patients and 4898
controls and estimated an OR of 5.43%. Numerous meta analyses and GWAS studies
confirmed these findings*461-64,

GBA is now considered one of the genes most frequently associated with sporadic
PD, and the estimated risk of developing PD among GBA carriers is between 10%

and 30% by the age of 80.

1.5.2. Biological mechanisms

The mechanisms that link GBA and PD have not been fully elucidated and potentially
include a number of different cellular mechanisms, possibly mutation specific.
Glucocerebrosidase (GCase), the product of expression of GBA, is a lysosomal
enzyme. Its main substrate is glucosylceramide (GC), that is hydrolysed into glucose
and ceramide. The systemic manifestations of GD are caused by the accumulation of
GC, especially in macrophages. Accumulation of GC also seems to play a role in the
pathology of GBA-linked PD®%8, although evidence of substrate accumulation in PD
brain is controversial®®’°, In support of this hypothesis, human dopaminergic
induced pluripotent stem cells carrying GBA variants show accumulation of a-syn
and GC’!, that can be reverted by treatment with an inhibitor of the enzyme GC-
synthase®, and rats treated with the GCase inhibitor conduritol B epoxide show
increased levels of a-syn’2.

A second proposed mechanism relates to the misfolding of mutant GCase. Usually,
GCase travels from the endoplasmic reticulum (ER) to the Golgi and on to the
lysosomes, but some GBA mutations (e.g. pL483P) might interfere with this process.
The misfolded GCase can cause saturation of the ubiquitin-proteasome and ER
associated protein degradation systems, leading to the inability of the cell to

degrade other proteins, like a-syn’%7374,
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Other possible mechanisms include mitochondrial dysfunction and inhibition of
autophagy (Figure 1).

It is important to note that, while some mechanisms, like those directly related to
the reduction of GCase activity, are linked to a loss of function, others, like
misfolding of GCase, are more likely to act by gain of function. As a consequence,
different GBA variants might contribute to the development of PD through more
than one mechanism. While severe GBA variants like p.L483P bear a higher risk of
PD compared to mild variants, reflecting a greater loss of GCase activity’>’®, other
PD risk factors like E365K do not cause GD and are associated with normal or only a
modest reduction of GCase activity’”’.

While GBA variants increase a-syn accumulation, a-syn can in turn decrease GCase
activity. This bidirectional pathway between GCase and a-syn explains the finding of
reduced GCase activity in PD patients without GBA 7872 and suggests that targeting
GCase might have an effect on a-syn pathology even in non-GBA PD cases.

Figure 1 provides a visual overview of the mechanisms that link GBA variants and

PD.
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Figure 1: Mechanisms that link GCase dysfunction and a-syn accumulation.

Deficit of GCase activity leads to accumulation of its substrates GC and GS. This might alter the homeostasis
of arsyn in the lysosomes.

GBA deficiency causes downregulation of autophagy, one of the key processes to remove a-syn from cells.
After macroautophagy, lysosomes are reformed. GBA mutations interfere with this process, reducing the
number of functional lysososmes.

Mutant (misfolded) GCase can saturate the ubiquitin-proteasome pathway, reducing its activity of
degradation of a-syn

Complex structural interactions between a-syn and GCase can lead to a negative feedback where increased a-
syn levels impair the activity of GCase and vice versa.

Mutant GCase has been shown to damage mitochondrial activity and structure, a process that can lead
to/aggravate synucleinopathies

Mutant GCase is believed to interfere with the excretion of a-syn, increasing the spread of a-syn pathology.

Abbreviations: GCase Glucocerebrosidase; GC glucosylceramide; GS glucosylsphingosine; a-syn alpha-synuclein.
(Figure and caption reproduced from Toffoli et al ¥°, with permission of the publisher).

1.5.3. Phenotype of GBA-associated PD

The phenotype of PD associated with GBA variants is similar to that of idiopathic PD,

with some significant exceptions®.. First, age at onset in GBA-PD is between 3 and 10

years earlier compared to idiopathic PD3278%, The pattern of symptoms is more

severe in GBA-PD, with a faster rate of motor progression®?, more frequent motor
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complications like dysphagia, dyskinesia and motor fluctuations®%®> and a higher
prevalence of non-motor symptoms like urinary urgency, constipation, hyposmia,
RBD and hallucinations®0, Interestingly, cognitive impairment also seems to be
more frequent in GBA-PD and to bear a distinctive pattern, with a prominent visuo-
spatial component compared to idiopathic PD%%%, This is mirrored by a reduction in
perfusion and synaptic activity in the parietal and posterior cortices in GBA-PD3%2,
This finding has interesting implications related to the dual syndrome hypothesis in
PD cognition (see section 1.2), where a more “posterior” syndrome, with prominent
visuo-spatial and language deficits, might be associated with specific cellular

pathways3e.

1.5.4. Therapies targeting the GBA pathway

The discovery of the link between GBA variants and PD generated interest in
potential therapeutic applications, as existing therapies for GD which might be
applied to slow down or even reverse the neurodegeneration in PD. The
cornerstone of GD treatment is the enzyme replacement therapy (ERT)®3, based on
the administration of functioning GCase through periodic infusions. ERT is very
effective in treating the systemic manifestations of GD, but does not cross the blood
brain barrier (BBB), so it does not act on the neurological manifestations of GD and
is not a good candidate for the treatment of GBA-associated PD. An alternative
strategy for treatment of GD is substrate reduction therapy (SRT), which acts by
inhibiting the enzyme Glucosylceramide synthase, thus reducing the synthesis of GC
and preventing its accumulation due to GCase deficiency®®. Many SRT molecules can
cross the BBB and could potentially be used in GBA-PD%. Unfortunately, a recent
phase 2 clinical trial on venglustat, a promising SRT molecule, failed to meet efficacy
endpoints in treating PD%. Other approaches with the potential to prevent the

neurodegeneration in GBA-PD have been investigated in recent years, including
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small molecule chaperones and gene therapy®®. Small molecule chaperones (SMCs)
act by facilitating the correct folding of mutant GCase and allowing it to reach the
lysosomes, thus increasing overall GCase activity. Many SMCs have shown potential
to rescue GCase activity in GBA variants carriers in pre-clinical and clinical studies®’.
In particular, the SMC ambroxol has recently been studied. Ambroxol is a drug used
to treat airway mucus hypersecretion which has showed good GCase chaperoning
activity®. Its advantage over other molecules is that it has an excellent and well
established safety profile, which allows a much more rapid progression through
regulatory frameworks to clinical trials. Ambroxol is able to reduce total and
phosphorylated a-syn levels in animal models®® and a clinical trial demonstrated
that it can cross the blood brain barrierl®,

On the other hand, gene therapy aims at introducing wild-type copies of GBA into
the genome of mutation carriers using adenovirus vectors, with the final aim of
increasing GCase activity®’.

SRT, SMCs and gene therapy have the potential to modify the course of PD, but their
application in a clinical setting is challenging. It is estimated that by the time motor
symptoms of PD emerge, up to 50% of dopaminergic neurons in the substantia nigra
are already lost%L. This implies that for any therapy capable of arresting the
neurodegeneration in PD, early initiation of treatment, even before the onset of
motor symptoms, could be more effective. Given that only 10-30% of GBA variants
carriers will develop PD in their lifetime®, it would not be reasonable to include
them into clinical trials on disease modifying therapies without an appropriate risk
stratification. To this end, being able to define who among GBA variants carrier is at

a higher risk of developing PD is paramount.
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1.5.5. Limitations of studies on GBA-PD

There is a consistent body of evidence supporting the role of GBA variants in the
pathogenesis of PD. However, most studies are limited by the methods used to
detect these variants. Some studies only detect the most common single nucleotide
variants (SNVs) p.N409S and pL483P. This is the case of the multicentre study by
Sidransky et al’®. While providing sound evidence of an association between GBA
and PD, some interesting variants like E326K and T369M, which are common risk
factors for PD but are non-pathogenic for GD, were not included in the analysis. A
later GWAS found E365K to be the major author of the association between GBA
and PD®3192 |n fact, only a minority of studies report the full sequencing of all GBA
exons, providing an accurate picture!®. This disparity can lead to several
inaccuracies in estimating the prevalence and the real effect of GBA variants
towards PD. In the next section, | discuss what are the main challenges in

sequencing the GBA gene.

1.6.Detection of genetic variants in the GBA gene
1.6.1. Structure of the GBA gene

The GBA gene is located on the long arm of chromosome 1, at coordinates

GRCh38.chr1:155234452-155244627 (https://www.ncbi.nlm.nih.gov/gene/2629). It

features a 39 amino acid leader peptide that is later cleaved from the protein, while
the remaining 11 exons encode the mature GCase. A pseudogene (GBAP1) lies 6.9Kb
downstream and present some regions of very high homology with GBA.
Immediately adjacent to the 3’ end of GBAP1 lies MTX1, a gene encoding for the
protein metaxin-1, which is part of a preprotein import complex in the outer
membrane of mitochondrial®. The highly homologous pseudogene MTX1P1 is

immediately adjacent to the 3’ end of GBA®. As discussed later, this layout causes a
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high frequency of complex recombination events in the GBA locus. A visual

representation of the GBA gene and pseudogene is provided in Figure 2.

- 32 kb =

155.220 kb 155.230 kb 155.240 kb
| | | |

GBAP1 GBA

Figure 2: Structure of the GBA gene and GBAP pseudogene. Different GBA transcripts are shown, aligned to hg38.

1.6.1. The challenges of sequencing the GBA gene

Sequencing of GBA poses many challenges. Sanger sequencing of PCR amplicons is
widely used for diagnostic purposes, but the high homology causes unwanted
amplification of GBAP1. To overcome this problem, a nested PCR approach can be
used!®, Since pathogenic mutations can be found in all 11 exons that encode the
mature GCase protein'®’, 10 forward and 10 reverse Sanger reactions are required,
making this process expensive and time consuming. Moreover, this method is not
able to differentiate between non-reciprocal and reciprocal gene fusion
recombinants and does not detect reciprocal gene duplication recombinants (as
discussed later).

Recently, an allele-specific PCR approach was described, using a multiplex PCR with
specific oligonucleotides that can exclusively amplify mutant alleles to detect the 4
most common GBA SNVs!%, However, this method produced a relatively high rate of
false positive L483P alleles, possibly because of amplification of GBAP1.

For all these reasons, a long-read approach might be preferable, but design of a
pipeline capable of detecting both SNVs and structural variants (SVs) reliably is

challenging®. In chapter 3 of this thesis | describe how | improved and validated a
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pipeline for sequencing GBA with PCR enrichment and long read sequencing with
Oxford Nanopore Technology.

Short read whole genome sequencing (WGS) is also impaired by the presence of the
pseudogene, which causes mis-alignment and mis-call of variants like p.L483P,
natively present in GBAP11%111 |n chapter 4, | discuss my contribution to the

validation of a novel caller for GBA based on lllumina WGS.

1.6.2. Complex structural variants in GBA

Genetic structural variants (SVs) are the product of complex recombination events
where large regions of DNA are rearranged. These rearrangements are an essential
process of meiosis in mammalian cells and contribute to the genetic variation that is
at the base of evolution and natural selection!'2. However, in some cases
homologous recombination events can cause genetic disorders!!3. Recombination
events can be classified as reciprocal and non-reciprocal. In non-reciprocal
recombination, a segment of DNA from a donor site is copied into the acceptor site,
without loss of DNA material at the donor site. In reciprocal recombination, the
transfer of genetic material between the two sites involved is equal, resulting in two
possible patterns, a fusion (copy number loss — CNL) or a duplication (copy number
gain — CNG) recombination. In the fusion recombinant, two sites of DNA are merged
together and all genetic material between them is deleted, while in duplication
recombinants a segment of DNA is duplicated (or multiplicated). Figure 3 illustrates
the structure of reciprocal and non-reciprocal recombinants.

The first SV in GBA was described in 1990 and consisted of an allele carrying 3 SNVs
in exon 10. These 3 SNVs, p.L483P, p.A495P and p.V499=, corresponded to GBAP1
sequence that was inserted into GBA and the allele was called Rec Ncil*!4,
Subsequently, other recombinants were reported, typically including the RecNcil

pattern and some additional variants deriving from GBAP1 sequence!!®, Pathogenic
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SVs in the GBA gene can be non-reciprocal events or reciprocal gene fusion events.
If the recombination involves exon 10, the Rec Ncil pattern will appear. If exon 9 is
involved, additional SNVs and a 55 base pairs deletion might be present!?>. If the
reciprocal event is downstream of the RecNcil SNVs, no variant will be introduced in
GBA, as the homology with the pseudogene is complete. In reciprocal duplication
alleles, the resulting allele contains a full non-recombinant copy of GBA and a
recombinant GBA-GBAP1 structure that carries the GBAP 5’UTR sequence (Figure 3).
It is unclear whether the reciprocal duplication SVs and the fusions not introducing

SNVs in GBA are pathogenic for PD.

Figure 3: Structural variants in the GBA gene.

1) Wild type GBA and GBAP genes.

2) Non-reciprocal recombinant allele. Part of GBAP is copied into the GBA gene and replaces the corresponding
sequence in the gene.

3) Reciprocal fusion recombinant. GBA and GBAP are merged together and all the genetic material between the two
breakpoints is deleted.

4) Reciprocal duplication recombinant. GBA and GBAP are merged together to form a recombinant structure, but also

preserving normal GBA and GBAP genes in the same allele.
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1.6.3. The role of deep intronic variants in GBA

While the role of coding GBA variants is well established, it is unclear whether deep
intronic variants (DIVs) play a role in the pathogenesis of PD. DIVs in other genes
have been linked to human diseases like B-Thalassemia!!®, Pompe disease!!’ and
Charcot-Marie-Tooth disease type 1B'!8, and recently a DIV in intron 7 of GBA has
been linked to GD!*°. Mechanisms of pathogenicity of DIVs include the inclusion of
pseudo-exons (by the creation of a novel donor or acceptor splicing site or splicing
enhancer or by the disruption of a splicing silencer), the competition with natural
splice sites, the disruption of transcription regulatory motifs, the inactivation of non-
coding RNA genes and more general genomic rearrangements, often resulting in
gene fusions!?0.

The reduced penetrance of GBA variants toward PD*?! and the finding of reduced
GCase activity in PD patients not carrying coding GBA variants’®7° suggest that
intronic GBA variants might play a role in PD. This is supported by the existence of
two common intronic haplotypes in GBA, characterised by at least 3 intronic
variants, although some authors have subsequently identified more variants
associated with the haplotypes and even described sub-haplotypes!??123,
Interestingly, a recent study showed a correlation between the two intronic
haplotypes in GBA and age at onset of PD in patients without any other coding GBA

variant, although | was not able to reproduce this finding?41%°,

1.6.1. A note on the nomenclature

Single nucleotide variants in GBA are commonly referred to with the corresponding
amino acid change. According to this terminology, p.N370S, the most common GD
causing variant, corresponds to a nucleotide substitution at position GRCh28.chr1:
155235843, resulting in the change of the 370" amino acid from an asparagine to a

serine. However, some authors consider the 39 aa leader peptide and some others
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do not. This generates two parallel sets of coordinates for the same variants that
can cause confusion to unprepared readers. For example, GRCh28.chrl: 155235843
is referred to as p.N370S or p.N409S by different authors.

The numbering of GBA exons is afflicted by a similar issue. While the most widely
used transcript has 11 exons, some authors prefer a transcript with 12 exons.
Throughout this thesis, the nomenclature that accounts for the 39 aa leader peptide
will be used to refer to SNVs, and the exons will be numbered starting from 1 to 11,
only accounting for the ones encoding for the mature protein (Figure 2).

Regarding reciprocal recombinants (see section 1.6.2), | opted for the nomenclature
used by Tayebi in their paper on structural recombination in GBA*>. So reciprocal
recombinants with CNLs are defined fusion recombinants, and those with CNGs
duplication recombinants.

| define fusion recombinants as “pathogenic” if they affect the coding region of GBA,
and “non-pathogenic” if they do not. However, it is important to note that it is
unclear whether “non-pathogenic” fusion recombinants actually affect the risk of
disease.

The assembly used throughout this thesis is GRCh38.p13.

1.7.Aims of this PhD

Understanding the role of GBA variants is crucial to develop disease modifying
therapies for PD. Major challenges include the identification of individuals at a
higher risk of PD among GBA mutation carriers and the detection and
characterisation of all GBA variants, in particular complex SVs.
To address these issues, the aims of my PhD are:

1. Development of RAPSODI, an online portal to assess a large number of GBA

variant carriers, and utilise it for:
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Evaluating the feasibility of using remote assessment for cohort studies
on GBA carriers

Detecting early signs of PD among GBA variants carriers

Detect differences in PD phenotype in GBA variants carriers vs non

carriers

2. Optimisation of a pipeline for sequencing of GBA using Oxford Nanopore

Technology and apply it for:

da.

b.

Detecting coding variants in the RAPSODI cohort

Characterising structural variants in GBA

Analysing additional genetic information (e.g. intronic regions) provided
by long read data

Validating results by a novel caller of SVs developed by lllumina
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2. Remote assessment of a cohort of GBA variants carriers, the

RAPSODI study

2.1.0verview and rationale

The role of GBA variants in the pathogenesis of PD is supported by epidemiological
and in vitro evidence. However, the development of targeted therapies is
complicated by the low penetrance of these variants. Since only a minority of GBA
variant carriers develop PD in their lifetime, the design of clinical trials is challenging.
There is indeed a major need for reliable ways to estimate the risk of PD in GBA
variants carriers and to determine who among them has a higher chance of
developing PD. Prior to my PhD, | collaborated with the host laboratory on a
longitudinal study on a cohort of GBA variant carriers. The scope of the study was to
follow these individuals over time in order to create an algorithm for estimation of
the risk of PD. This study provided important information, but also identified major
challenges of this approach!?¢71?8 First, a long follow-up period was required to
allow a consistent number of GBA carriers to develop PD. Second, compliance was a
significant issue, as GBA carriers are essentially healthy individuals, who are not very
inclined to attend to periodic visits. Third, finding GBA carriers to include in the
study was complicated by technical difficulties in sequencing the gene. To address
these issues, we decided to design an online tool capable of assessing a larger
number of GBA carriers remotely and follow them up over time (the RAPSODI
portal). In this section of my PhD, | describe my work in designing and improving the

RAPSODI portal and the results of a preliminary baseline assessment.
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2.2.Methods
2.2.1. Design of the RAPSODI study portal

RAPSODI (rapsodistudy.com) is an online portal that Dr. Stephen Mullin and |
designed between 2017 and 2018. The code for the website was created by the web
developer AAH software (https://aahsoftware.uk/) following the instructions that Dr
Mullin and | provided.

My specific role in the development of the portal was the selection of the questions
and questionnaires used and the creation of the content of the web pages (in
collaboration with Dr. Mullin), testing of all portal functionalities and digitalisation
of the questionnaires. | managed recruitment, day to day administration of the
portal and data analysis from January 2018 onwards. From March 2020 | was helped
by a research assistant for day to day administration of the portal and processing of
saliva samples.

RAPSODI is designed to assess motor and non-motor early signs and symptoms and
to investigate some basic environmental risk factors for PD in participants to the
RAPSODI study. This assessment includes questions about family history of PD and
lifestyle, clinically validated questionnaires for non-motor symptoms of PD, a tap
test, a battery of cognitive tests, a smell test. The assessment is repeated every year
for up to 25 years. The study was approved by the London — Queen Square Research

Ethics Committee, (REC reference: 15/L0O/1155).

2.2.1.1. Questions about family history and lifestyle

These questions aim at gathering information to stratify participants and identify
possible risk factors related to their background and the environment they live in.
Questions were selected from a similar study run at UCL, PREDICT-PD, which
involves the assessment of motor and non-motor symtpoms of PD in the general
population??, The rationale for applying the same questions as PREDICT-PD is to
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allow for cross-study comparison in the future, if appropriate. A full list of questions

is provided in Table 2.

Do you have any of the following medical conditions? (Parkinson disease, a movement disorder, stroke, motor
neuron disease, dementia, none)

How old were you when you noticed your first motor symptom/symptoms of Parkinson disease? E.g. tremor,
rigidity, postural instability.

In which year was your Parkinson disease diagnosed?

Have you undergone Deep Brain Stimulation (DBS)?

Do you have any other medical condition?

Does anyone in your family have Parkinson's disease (a blood relative)?

Please list all the medications that you take REGULARLY.

How many bowel movements do you usually have in one week? (1, 2, 3-4, 5-8, 9-12, more than 16)
Do you ever use laxatives?

Does opening your bowels require a lot of effort?

Do you suffer from hard stools?

Do your hands, arms or legs ever shake?

Do you shuffle your feet and take tiny steps when you walk?

Rate your ability in the previous 3 months, without treatment, to have and maintain an erection adequate for
intercourse (poor, fair, good, I'd rather not answer)
Do you ever use Viagra or similar to improve ability to achieve an erection?

Do you drink coffee?

Do you or did you smoke? (how many sigarettes/day and for how long?)

Do you drink alcohol?

Do you think you have received significant exposure to pesticides in your lifetime?

Have you ever hit your head so strongly you nearly fainted or nearly lost consciousness, or sustained
significant trauma to your face or nose?
Have you ever hit your head so strongly that you did lose consciousness?

Table 2: Questions about lifestile and environmental factors in the RAPSODI study.
2.2.1.2. Clinically validated questionnaires

The questionnaires used are the REM sleep behavior disorder one question
questionnaire (RBD1Q)*3°, the REM Sleep Behavior Disorder Questionnaire
(RBDsq)*3!, the Unified Parkinson Disease Rating Scale part 2 (MDS-UPDRS part 2)3?,

Hospital Anxiety and Depression Scale (HADS)33.
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2.2.1.3. Tap test

The BRadykinesia Akinesia INcoordination (BRAIN) test was used to evaluate hand
dexterity and the presence of bradykinesia in participants3#13>,

Participants are asked to press the “S” and “;” keys on their keyboard in succession
as fast as they can. First, participants are required to carry out a training session of 5
seconds with each hand, where no data is captured. Then participants are asked to
do the task with each hand separately for 30 seconds. Each hand is tested
separately. Two composite measures were used for analysis: the kinesia score
(KS30) and the akinesia time (AT30). KS30 is the number of key taps in 30 seconds;

AT30 is the mean dwell time on each key in milliseconds (msec)3413>,

2.2.1.4. Cognitive assessment

The cognitive tests are hosted on an external web portal called CogTrack
(https://www.wesnes.com)!3®,

In the RAPSODI study, 6 different tests are used.

J Pattern separation ability. This task measures the ability to encode, store and
subsequently retrieve visual information. A series of 20 pictures from separate
categories is initially presented one at a time. Around 10 minutes later, the 20
original pictures are presented mixed with 20 matched pictures which are each very
similar to the original picture. For each picture the participant must make a
response as to whether the picture was the precise picture presented originally or a
different one. The accuracy in recognising the original pictures (DPICOACC) and the
new pictures (DPICNACC) is calculated as a percentage.

J Simple reaction time. This task assesses alertness and the ability to focus
concentration by measuring the speed with which a simple motor response can be
made to an expected stimulus, which occurs repeatedly but at unpredictable

intervals. Median reaction time (SRT) is calculated.
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J Choice reaction time. This task measures the ability to focus concentration
and efficiently process information. The participant monitors the screen for the
appearance of one of two possible alternative stimuli which occur at unpredictable
intervals. Each of the two stimuli requires a separate key to be pressed and the
order of presentation is randomised. The percentage of correct answers (CRTACC)
and median reaction time (CRT) are calculated.

J Digit vigilance reaction time. This task measures intensive and sustained
concentration; also known as vigilance. The participant is required to monitor a
series of digits presented singly and rapidly in the centre of the screen, pressing the
right arrow when the digit presented matches the target digit displayed constantly
on the right of the screen. Median speed (VIGRT) and percentage of targets
detected (VIGACC) are measured.

J Spatial working memory. This task measures the ability to hold spatial
information in working memory and to retrieve it as quickly as possible. Three rows
of 3 light bulbs are initially presented, with 4 of the bulbs being lit, and the subject
has to remember the locations of these. The 3 rows of bulbs are then represented,
each time with only one of them lit, and the participant must make a response each
time as to whether or not the lit bulb was one that was originally lit. Accuracy
expressed in percentage (SPMOACC for correct “yes” answers and SPMNACC for
correct “no” answers) and median speed (SPMRT) are calculated.

J Numeric working memory. This task measures a participant’s ability to hold a
series of 5 different digits in working memory. The task begins with the presentation
of the series, one digit at a time. This is followed by a series of presentations of
single digits for each of which the participant must make a response as quickly as
possible as to whether or not the digit was in the original series. Accuracy expressed
in percentage (NWMOACC for correct “yes” answers and NWMNACC for correct

“no” answers) and median speed (NWMRT) are calculated.
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2.2.1.5. Smell test

The University of Pennsylvania Smell Identification Test (UPSIT) is used to assess
olfactory function. Participants are provided with 4 booklets of 10 pages each. For
each page, participants need to scratch the section containing the smell with the
provided pencil and then select the option among the 4 suggested that best
represent their smell experience. The final score ranges from 0 to 40, one point for
each correct answer'?’. Participants are then able to record their answers on the
RAPSODI web portal and mail the used UPSIT booklets back to the central study

team.

2.2.2. Recruitment of participants

Inclusion criteria for RAPSODI are:

e Age 18-90

e GD patients

e Individuals that already know they carry a GBA variant

e Relatives of GD patients and GBA variant carriers

e PD patients

e Spouses of GD patients, GBA variant carriers and PD patients
Exclusion criteria are the presence of dementia and any other neurological
conditions that might cause parkinsonism.
The study started active recruitment in January 2018 and will continue recruiting
participants on a rolling basis for up to 25 years.
Participants can enroll themselves autonomously via the dedicated web-page on the
RAPSODI portal.
GD patients are recruited at 8 patient identification centres with a lysosomal storage
disorder unit: Royal Free Hospital, Addenbrooke’s Hospital, Queen Elizabeth

Hospital Birmingham, Salford Royal Hospital, Cardiff and Vale University Health
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Board, University College Hospital, Great Ormond Street Hospital, and Manchester
Children’s Hospital. At these centres, the local team informs participants about the
existence of the study and hands over flyers with the study team contact details and
the website IP address. PD patients and individuals that already know they carry a
GBA variant are reached by advertising the study on online platforms, like

Parkinson’s UK (https://www.parkinsons.org.uk) and the UK Gaucher association

(https://www.gaucher.org.uk).

After a participant is found to carry a GBA variant, the RAPSODI study team reaches
out to ask to bring family members in.

Upon enrollment, all participants sign an online consent form (Table 3).

| agree to continue participating in the RAPSODI GD study.

| have read and understood the Participant Information Page for this study and have had the opportunity
to ask questions (via email and telephone).

| understand and give permission for the RAPSODI GD research team to gain access to my patient notes
to document any previous testing results for the glucocerebrosidase gene (GBA)

| understand that | may be required to complete a ‘scratch and sniff’ smell test, which will be posted to
me 1-2 weeks after completing the surveys.

| understand | will be posted a saliva collection pot for genetic studies.

| agree to be contacted in the future for neurological examination or further questions related to the
study which may be video recorded.

| understand that, if | give permission, my GP will be contacted to inform them of my participation in the
study.
Yes, | give permission.

No, | do not give permission.

| understand that, if | give permission, my genetic results will be disclosed to my GP.
Yes, | give permission.

No, | do not give permission.

| understand that, if | give permission, the clinician who looks after my Parkinson’s Disease will be
contacted to inform them of my participation in the study.
Yes, | give permission.
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No, | do not give permission.

| understand that, if | give permission, my genetic results will be disclosed to the clinician who looks after
my Parkinson’s Disease.

Yes, | give permission.

No, | do not give permission.

| understand that, if | give permission, the research site (for instance an NHS Hospital) that, introduced
me to this study will be informed of my participation in the study.
Yes, | give permission.

No, | do not give permission.

| understand that, If | give permission, my genetic results will be disclosed to the research site (for
instance an NHS Hospital) that introduced me to this study.
Yes, | give permission.

No, | do not give permission.

| understand that a member of the study team may contact me, to offer me the opportunity to
participate in clinical trials or other research studies. If | give permission, my details, including
information related to my Parkinson’s disease, will be passed onto them.

| agree to the results of my tests being stored on a secure website for the duration of the study and after
its completion.

| understand that any information collected will remain completely confidential.

| understand that the research team may ask me to provide samples of blood, urine or cerebrospinal
fluid, however not consenting to give these sample will not affect my ability to participate in the study.

| understand that | may be offered the opportunity to participate in other research studies, either by
email, phone or post.

| understand that my involvement is voluntary, and | am free to withdraw at any time, without providing
a reason.

| understand that by taking part in this study | agree to be informed of my genetic test results, i.e. the
research team will inform me of whether or not | am a carrier of a mutation in the GBA and LRRK2 genes.

| understand and, if it has not already been carried out, give permission for genetic test for the GBA gene
to be carried out.

| understand and give permission for genetic testing for the LRRK2 gene to be carried out.

| understand that | may be approached to participate in other research studies based on the results of
these genetic studies.
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| understand that, if | give permission, any samples and associated data that | provide during my
participation in the study may be transferred nationally or internationally to NON-COMMERCIAL
collaborators. | understand that, if | give permission, confidentiality will be maintained at all times.
Information that directly identifies you, such as your name, will be replaced with a ‘code’ or ‘ID number.
Your name and other identifying information will not be shared with other researchers. The purpose of
this sample and data transfer will advance future research and the potential clinical significance of the
study results through the use of more advanced analysis techniques such as artificial intelligence and
whole genome sequencing. [For a list of our collaborators and their work please visit
www.pdfrontline.com]

Yes, | give permission.

7

No, | do not give permission.

| understand that, if | give permission, any samples and associated data that | provide during my
participation in the study may be transferred nationally or internationally to COMMERCIAL collaborators.
| understand that, if | give permission, confidentiality will be maintained at all times. . Information that
directly identifies you, such as your name, will be replaced with a ‘code’ or ‘ID number.” Your name and
other identifying information will not be shared with other researchers. The purpose of this sample and
data transfer will advance future research and the potential clinical significance of the study results
through the use of more advanced analysis techniques such as artificial intelligence and whole genome
sequencing. [For a list of our collaborators and their work please visit www.pdfrontline.com]
Yes, | give permission.
No, | do not give permission.

Table 3: Online consent form to take part in the RAPSODI study.

2.2.3. Definition of GBA carriers

GBA carriers in RAPSODI are defined as all individuals carrying a variant that was previously
described in association with GD'3%, or with a variant that is known to be a risk factor for PD but

not causing GD (i.e. E365K and T408M)’’. With regards to variants that were not previously

described, they were considered pathogenic if they caused a change of amino acid in the GBA gene.
A list of all GBA variants that were detected is reported in Table 22.

2.2.4. Collection of saliva samples

After completing the cognitive assessment, each participant receives a kit via Royal
Mail, containing the saliva collection kit and the UPSIT kit. Participants are asked to
complete the UPSIT test, collect a sample of saliva in the Oragene kit and then send
the material back to the study team using the pre-labelled and pre-paid envelope
provided.

Sequencing of GBA variants is carried out using genomic DNA extracted from saliva

samples, following a procedure detailed in chapter 3.
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2.2.5. Statistical analysis

R version 4.0.5 was used for the analysis. The tests used and the co-variables

considered are reported within each sub-section, for simplicity. Appropriateness of

a linear model was tested when linear regression was used (see Figure 4 for an

example of the procedure used). Disease duration was highly collinear with age and

as such it was not used as a covariate.

For each variable of interest, 3 tests were carried out:

e an exploratory comparison between the 5 groups, with adjustment for

multiple comparisons;

e acomparison between PD patients (with and without GBA variants) and non-

affected participants (without PD or GD);

e acomparison between GBA-positive and GBA-negative PD patients.
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Figure 4: Charts used to visually check the appropriateness of a linear model.
Residuals vs fitted: used to check linearity assumption. A horizontal line without a clear pattern suggests a linear

relationship.
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Normal Q-Q: used to check normality of the residuals. An approximately straight line suggests normally distributed
residuals.

Scale-location: An approximately horizontal line suggests with equally spread points suggests homogeneity of
variance.

Residuals vs leverage: Used to detect outliers and high leverage points. The Cook’s distance is represented by the red
dotted line and allows for the detection of highly influential points.

Source: (http://www.sthda.com/english/articles/39-regression-model-diagnostics/161-linear-regression-assumptions-
and-diagnostics-in-r-essentials/)

2.3.Results

The RAPSODI study will continue after the end of my PhD and new participants are
recruited on an ongoing basis. The data reported in this thesis are a snapshot of the
study as of the 15t March 2021. Only participants that completed the baseline
assessment and for which the GBA gene was sequenced are included in the analysis.
Only a small number of participants already completed follow-up assessment. For

this reason, only baseline data are reported in this thesis.

2.3.1. Size and demographics of the cohort

A total of 808 participants enrolled into the study at the time of writing this thesis
(Figure 32). Of them, 295 completed the baseline assessment and had their GBA
gene sequenced. The remaining either did not complete the baseline assessment, or
were not sequenced yet. Those were excluded from the preliminary analysis of
results reported below.

Participants were divided into 5 disease status groups: non-affected GBA carriers,
GBA negative controls, GD patients, GBA-positive PD patients and GBA-negative PD
patients.

Number of participants, sex composition, age at baseline and duration of PD for
each disease status group are reported in Table 4. A number of participants did not
complete some parts of the study and as a result the number of observations for
each assessment might be different from the total reported in Table 4. Age at
baseline was significantly different between the groups (p-value < 0.001 - ANOVA)
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and multiple comparison revealed that the GBA-negative PD patients had a
significantly higher age at baseline compared to GBA-negative controls and non-
affected GBA carriers (adjusted p-values <0.001, Bonferroni correction). No
significant difference in sex distribution was observed between the groups
(Pearson’s chi square).

When considering only the two PD groups, the GBA-negative PD patients were
significantly older than the GBA-positive ones (mean difference 5.8 years, p-value
0.007 — t-test). They also showed a longer disease duration, although this difference
was not significant (mean difference 1.4 years, p-value 0.45, t-test). The two groups
were homogeneous for sex and years of education. Since age and disease duration
were highly collinear (p-value 0.006 — linear regression), disease duration was not

considered as a co-variate in the comparison between the groups.

Disease status Number of participants Males (percent of the total) Age PD duration
GBA-negative controls 72 26 (36%) 56.3+13.2 NA
GBA-negative PD patients 155 83(54%) 64.3+8.8 29+238
GBA-positive PD patients 31 17 (55%) 58.5+9.0 1.6£1.5
GD Patients 30 16 (53%) 58.6+13.4 NA
Non-affected GBA carriers 42 15 (36%) 54.3+16.9 NA

Table 4: Demographics of the RAPSODI cohort. Age and PD duration are reported as mean #standard deviation
2.3.2. Constipation

Answers to the questions "Does opening your bowels require a lot of effort?", "Do
you suffer from hard stools?" and "Do you ever use laxatives?" are reported in Table
5, Figure 5 and Figure 6. To test for differences between the groups, ordinal logistic
regression (OLR) was used, with age and sex as co-variates.

When comparing all 5 groups, the two PD groups answered “yes” and “sometimes”
more often compared to the non-PD groups to all 3 questions (all p-values <0.05)
and the GBA-positive PD patients also showed a higher prevalence of “yes” and

“sometimes” compared to the GBA-negative PD group for the first question (p-value
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0.0042). When comparing PD patients with non-affected individuals (without PD or

GD), the former answered “yes” and “sometimes” more often than the latter to all 3

guestions (p-values < 0.001).

When comparing only the PD patients with and without GBA variants, the GBA

positive PD patients answered “yes” or “sometimes” to questions 1 more often than

the GBA negative PD patients (p-values < 0.004).

GBA-negative controls
GBA-negative PD patients
GBA-positive PD patients
GD Patients

Non-affected GBA carriers

GBA-negative controls
GBA-negative PD patients
GBA-positive PD patients
GD Patients

Non-affected GBA carriers

GBA-negative controls
GBA-negative PD patients
GBA-positive PD patients
GD Patients

Non-affected GBA carriers

Table 5: Constipation among the 5 groups, according to the answers to the RAPSODI questionnaire.

No

46 (65.7%)
56 (36.6%)
6 (19.4%)
20 (69%)
28 (75.7%)

No

41 (58.6%)
67 (43.8%)
12 (38.7%)
15 (51.7%)
25 (67.6%)

No

61 (87.1%)
99 (64.7%)
18 (58.1%)
24 (82.8%)
32 (86.5%)

Sometimes
22 (31.4%)
80 (52.3%)
16 (51.6%)
6 (20.7%)
8 (21.6%)

Sometimes
26 (37.1%)
74 (48.4%)
11 (35.5%)
11 (37.9%)
12 (32.4%)

Sometimes
4 (5.7%)

25 (16.3%)
5(16.1%)

3 (10.3%)
3(8.1%)

Yes

2 (2.9%)
17 (11.1%)
9 (29%)

3 (10.3%)
1(2.7%)

Yes
3(4.3%)
12 (7.8%)
8 (25.8%)
3 (10.3%)
0

Yes
5(7.1%)
29 (19%)
8 (25.8%)
2 (6.9%)
2 (5.4%)
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Does opening your bowels require a lot of effort?

Non-affected GBA carriers = [l ]
GD Patients - [0 ]

GBA-positive PD patients = [0y [ ]
GBA-negative PD patients - [ ]
GBA-negative controls - [ I

0% 50% 100%

Do you suffer from hard stools?

Non-affected GBA carriers -
GD Patients - [

.No

GBA-positive PD patients - ]
GBA-negative PD patients = [ I Sometimes
GBA-negative controls = [
1 1 1 . YeS
0% 50% 100%

Do you ever use laxatives?

Non-affected GBA carriers- [ I
GD Patients - [0

GBA-positive PD patients -
GBA-negative PD patients -
GBA-negative controls = [

0% 50% 100%

Figure 5: Constipation among the 5 groups, according to the answers to the RAPSODI questionnaire.
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Does opening your bowels require a lot of effort?

PD -
non-PD -

0% 50% 100%

Do you suffer from hard stools?

PD - No
non-PD - Sometimes
0% 50% 100% Yes

Do you ever use laxatives?
PD -
non-PD -

0% 50% 100%

Figure 6: Constipation, PD vs non-PD participants.

2.3.3. Hospital Anxiety and Depression Scale

Numbers of participants, total HADS scores and depression and anxiety sub-scores
for all groups are reported in Table 6 and Figure 7. Data were analysed using the cut-
offs of the HADS scale (0-7 Normal, 8-10 Borderline and 11-21 Abnormal - Table 6,
Figure 7 and Figure 7). To analyse inter-group differences and account for age and
sex, | used ordinal logistic regression (OLR).

When comparing all 5 groups, the two PD groups showed a higher prevalence of
depression and anxiety compared to all the non-PD groups (both p-values < 0.03).
When comparing PD patients and non-affected participants, the former had a higher

prevalence of both depression and anxiety (p-values < 0.002).
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When comparing PD patients with and without GBA variants only, patients carrying
GBA variants had a higher incidence of both depression and anxiety, but the

difference was not significant.

Abnormal Borderline Normal
GBA-negative controls 0 3(4.3%) 67 (95.7%)
GBA-negative PD patients 3(2.1%) 17 (12.1%) 120 (85.7%)
GBA-positive PD patients 2 (8%) 4 (16%) 19 (76%)
GD Patients 1(3.6%) 2 (7.1%) 25 (89.3%)
Non-affected GBA carriers 0 0 40 (100%)

Abnormal Borderline Normal
GBA-negative controls 1(1.5%) 13 (19.1%) 54 (79.4%)
GBA-negative PD patients 16 (11.4%) 24 (17.1%) 100 (71.4%)
GBA-positive PD patients 3 (10%) 10 (33.3%) 17 (56.7%)
GD Patients 3 (10%) 0 27 (90%)
Non-affected GBA carriers 3(7.7%) 3(7.7%) 33 (84.6%)

Table 6: HADS depression and anxiety with cut-offs.
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HADS - depression
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HADS - anxiety

Year 1
1.00
0.75 HADS_anxiety_cutoff

Abnormal
L]
. Borderline

0.25 . Normal
0.00

Figure 7: Prevalence of depression and anxiety according to the HADS scale.
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Figure 8: HADS results, PD vs non-PD participants.

HADS_depression_cutoff
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HADS_anxiety_cutoff

. Abnormal
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2.3.4. REM Sleep Behaviour Disorder Screening Questionnaire

The RBDsq has been validated with a cut-off of 5 (scores equal or above 5 suggest a

diagnosis of RBD). However, for PD patients question 10 (“l have / had a disease of

the nervous system e.g. Stroke, head trauma, parkinsonism, restless leg syndrome,

narcolepsy, depression, epilepsy, inflammatory disease of the brain”) is

meaningless, as they will all answer yes by default. For this reason, a cut-off of 6 can

be used instead®3?, or question 10 can be ignored and a cut-off of 5 used. Number of

participants with RBD according to both cut-offs are reported in Table 7, Figure 9

and Figure 10. Logistic regression adjusted for age and sex was used for analysis.
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When comparing all 5 groups, all 3 cut-offs showed a significantly higher prevalence
of RBD in the two PD groups (p-values <0.001). When comparing PD patients and
non-affected participants,

the former had a higher prevalence of RBD using all 3 cut-offs. This difference was
also significant when comparing these two PD groups alone and using the cut-off of

6 (p-value 0.045).

Cut-off 5

=2
o

Yes

61 (85.9%) 10 (14.1%)
93 (60%) 62 (40%)
14 (45.2%) 17 (54.8%)
26 (86.7%) 4 (13.3%)
36 (90.0%) 4 (10.0%)

Cut-off 6

=2
o

Yes

65 (91.5%) 6 (8.5%)
107 (69%) 48 (31%)
15 (48.4%) 16 (51.6%)
27 (90.0%) 3 (10.0%)
37 (92.5%) 3 (7.5%)

Cut-off 5, ignoring question 10

hngecortos o o115
ORnegae Dt e 5203359
(oA RDptens s 1o (515
Gopsens o weeo s 100%
NowafectedGoAGamers 0004 +(2009
Table 7: Prevalence of RBD (reported as number of participants and percentage) according to cut-off 5 and 6



RBDsq - cutoff 5

Non-affected GBA carriers -
GD Patients =

GBA-positive PD patients -
GBA-negative PD patients -
GBA-negative controls -

0% 50% 100%

RBDsq - cutoff 6

Non-affected GBA carriers - .
GD Patients = I ——
GBA-positive PD patients - | — . No
GBA-negative PD patients - |
GBA-negative controls - — Yes
0% 50% 100%

RBDsq - cutoff 5, ignoring question 10

Non-affected GBA carriers =
GD Patients -

GBA-positive PD patients -
GBA-negative PD patients -
GBA-negative controls =

0% 50% 100%
Figure 9: Proportion of subjects with RBD with cut-offs of 5 and 6.

RBDsq - cutoff 5

PD-

non-PD =

) L ]
0% 50% 100%

RBDsq - cutoff 6
PD-

non-PD -

0% 50% 100%

RBDsq - cutoff 5, ignoring question 10
PD -

non-PD -

0% 50% 100%

Figure 10: RBDsq, PD vs non-PD participants.

2.3.5. MDS-UPDRS part 2

Number of observations, means, SD and medians MDS-UPDRS part 2 for each group
are reported in Table 8, Figure 11 and Figure 12. Given the semi-quantitative nature
of the scale, linear regression was not the ideal approach. Values were divided into

equal deciles and OLR was used instead. Inter-group comparisons after adjusting for

age and sex revealed that the two PD groups had significantly higher scores
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compared to the non-PD groups (p-values < 0.001). When comparing PD patients

and non-affected participants, the former had higher scores (p-value < 0.0001). No

difference was observed between any of the non-PD groups or between PD with

GBA and PD without GBA. It is important to mention that the MDS-UPDRS scale was

designed for individuals with a diagnosis of PD and not for GD patients or the non-

PD population. As such, comparison between different groups has limitations.

GBA-negative controls 71
GBA-negative PD patients 154
GBA-positive PD patients 31
GD Patients 23
Non-affected GBA carriers 33

0.9
9.9
10.9
2.1
1.0

2.5
7.0
6.4
2.8
1.5

Table 8: MIDS-UPDRS part 2 results per each group.

MDS-UPDRS Part 2 - Total
Year 1

301

N
o
L

Total score

—
o
L

I_‘_I

status

E GBA-negative controls
E GBA-negative PD patients
E3 GBA-positive PD patients
E3 6D Patients

E Non-affected GBA carriers

Figure 11: MDS-UPRS part 2 total scores across groups. The middle bar shows the median, the hinges the 25th and

75 percentiles and the whiskers include all values that are within 1.5 inter-quartile range from the hinges.
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MDS-UPDRS Part 2 - Total
Year 1

301

<

Q 204

8 E non-PD
5 £ o

[<]

=

[y
o
L

Figure 12: MDS-UPDRS part 2 total scores, PD vs non-PD participants. The middle bar shows the median, the hinges the

25th and 75th percentiles and the whiskers include all values that are within 1.5 inter-quartile range from the hinges.

2.3.6. UPSIT

Results of the baseline UPSIT scores are reported in Table 9 and in Figure 13. With
linear regression, and using age and sex as covariates, the two PD groups showed a
significantly lower score compared to the non-PD groups (p-values <0.0001).
Interestingly, GBA-positive PD patients scored worse than GBA-negative PD patients
(coefficient -3.05, p-value 0.016).

The cut-offs provided by the UPSIT manual identify different degrees of deficit:
anosmia (0-18), severe microsmia (19-25), moderate microsmia (26-29 for males,
26-30 for females), mild microsmia (30-33 for males, 31-34 for females), normosmia
(34-40 for males, 35-40 for females). Prevalence of the different degrees of
hyposmia according to these cut-offs are reported in Table 11, Figure 14 and Figure
15. When comparing all 5 groups, OLR using age and sex as covariates revealed that
the two PD groups had significantly worse sense of smell compared to the non-PD
groups (p-values <0.0001) and that the GBA-positive PD patients had a worse
performance compared to the GBA-negative PD patients (p-value 0.016). When

comparing PD patients and non-affected participants, the former scored significantly
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worse (p-value < 0.0001). When comparing PD patients with and without GBA

variants only, the former had worse olfaction (p-value 0.015).

status

GBA-negative controls
GBA-negative PD patients
GBA-positive PD patients
GD Patients

Non-affected GBA carriers

Mean

32.7936508
21.8827586
19.5517241
31.4347826
32.0810811

Sd

3.97637674
7.67707939
6.52241304
6.59769992
3.86852239

Median
34
22
19
33
33

Table 9: Results of the UPSIT. Data are reported as number of observations, means, standard deviations (Sd) and

medians.

Total score

40

w
o
L

N
o
L

104

UPSIT - total

status

E GBA-negative controls
E GBA-negative PD patients
E3 GBA-positive PD patients
E3 6D Patients

E Non-affected GBA carriers

Figure 13: UPSIT scores at baseline. The middle bar shows the median, the hinges the 25th and 75th percentiles and

the whiskers include all values that are within 1.5 inter-quartile range from the hinges.
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GBA-negative PD patients-GBA-negative controls -9.23 <0.0001
GBA-positive PD patients-GBA-negative controls -12.29 <0.0001
GD Patients-GBA-negative controls -0.85 0.5746
Non-affected GBA carriers-GBA-negative controls -0.82 0.5211
GBA-positive PD patients-GBA-negative PD patients -3.05 0.0164
GD Patients-GBA-negative PD patients 8.39 <0.0001
Non-affected GBA carriers-GBA-negative PD patients 8.41 <0.0001
GD Patients-GBA-positive PD patients 11.44 <0.0001
Non-affected GBA carriers-GBA-positive PD patients 11.47 <0.0001
Non-affected GBA carriers-GD Patients 0.03 0.9870

Table 10: Inter groups differences of UPSIT scores, estimated with linear regression with age and sex as covariates.

GBA-negative controls 0 3(4.8%) 10 (15.9%) 22 (34.9%) 28 (44.4%)
GBA-negative PD patients 52 (35.9%) 43 (29.7%) 25 (17.2%) 17 (11.7%) 8 (5.5%)
GBA-positive PD patients 14 (48.3%) 10 (34.5%) 3(10.3%) 0 2(6.9%)
GD Patients 2 (8.7%) 1(4.3%) 2 (8.7%) 10 (43.5%) 8 (34.8%)
Non-affected GBA carriers 0 3(8.1%) 5(13.5%) 18 (48.6%) 11 (29.7%)

Table 11: Severity of hyposmia in the different groups at baseline, according to UPSIT scores.

. Total anosmia

Severe microsmia
Moderate microsmia

Mild microsmia

. Normosmia

Figure 14: UPSIT results in the different groups at baseline.
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UPSIT
Year 1

1.00-

0.75-
. Total anosmia
Severe microsmia

0.50 - Moderate microsmia

Mild microsmia
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0.25-

0.00-

«\90
S

Figure 15: UPSIT results, PD vs non-PD participants.

2.3.7. Tap test

KS30 and AT30 scores for each group are reported in Table 12, Table 13, Figure 16
and Figure 15. Data are presented for dominant and non-dominant hand separately.
Linear regression with age and sex as covariates was used for analysis. When
comparing all 5 groups, the two PD groups had significantly worse scores compared
to the non-PD groups for both dominant and non-dominant hand (p-values < 0.001).
No differences were observed between the two PD groups (with and without GBA
variants) or between any of the non-PD groups. When comparing all PD patients and
non-affected participants, the former scored significantly worse (p-values < 0.0001).
When comparing PD patients only, no differences were observed between GBA

variants carriers and non-carriers.
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Dominant hand

status Count Mean SD Median
GBA-negative controls 70 62.7 13.1 64
GBA-negative PD patients 151 49.3 13.1 49
GBA-positive PD patients 28 48.6 13.8 46
GD Patients 21 643 12.7 62
Non-affected GBA carriers 31 63.7 11.7 64

Non-dominant hand

status Count Mean SD Median
GBA-negative controls 69 549 9.8 56
GBA-negative PD patients 149 44.7 12.5 43
GBA-positive PD patients 29 41.7  11.9 44
GD Patients 21 56.2 12.8 56
Non-affected GBA carriers 31 56.9 10.5 60

Table 12: KS30 score for dominant and non-dominant hand. SD: standard deviation.

Dominant hand

status Count Mean SD Median
GBA-negative controls 70 89.12 27.34 82.79
GBA-negative PD patients 151 103.65 39.81 94.62
GBA-positive PD patients 28 106.77  34.59 95.29
GD Patients 21 93.70 45.00 80.71
Non-affected GBA carriers 31 8160 29.14 76.29

Non-dominant hand

status Count Mean SD Median
GBA-negative controls 69 109.17 30.50 103.82
GBA-negative PD patients 149 130.62 4298 122.07
GBA-positive PD patients 29 163.32 184.18 116.48
GD Patients 21 114.81 45.44 100.69
Non-affected GBA carriers 31 103.96 40.90 91.80

Table 13: AT30 score for dominant and non-dominant hand. SD: standard deviation.
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Figure 16: KS30 and AT30 scores. The middle bar shows the median, the hinges the 25th and 75th percentiles and the

whiskers include all values that are within 1.5 inter-quartile range from the hinges.
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Figure 17: Tap-test results, PD patients and non-PD participants. The middle bar shows the median, the hinges the 25th

and 75th percentiles and the whiskers include all values that are within 1.5 inter-quartile range from the hinges.
2.3.8. Cognitive assessment
2.3.8.1. Picture recognition test

DPICOACC and DPICNACC scores for each group are reported in Table 14, Figure 18

and Figure 19.
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As they represent proportions of correct answers, both scores were analysed with
guasibinomial regression, with sex, age and years of education as covariates. When
comparing all 5 groups, DPICOACC was significantly lower in the GBA-positive PD
patients compared to all the non-PD groups (p-values < 0.05) and in GBA-negative
PD patients compared to GBA-negative controls (p-value 0.005). DPICNACC was
significantly lower in GBA-positive PD patients compared to all the non-PD groups
(p-values < 0.02) and in GBA-negative PD patients compared to non-affected GBA
carriers (p-value 0.045). When comparing PD patients and non-affected participants,
the former had worse scores for both DPICOACC and DPICNACC (p-values 0.002 and
0.028, respectively).

When considering the two PD groups only, both DPICOACC and DPICNACC were
worse in GBA-positive PD patients compared to GBA-negative PD patients (p-values

0.044 and 0.033, respectively).

DPICOACC

status Count Mean (%) SD Median
GBA-negative controls 69 91.8 7.8 95
GBA-negative PD patients 150 87.1 10.5 90
GBA-positive PD patients 30 82.8 16.6 90
GD Patients 24 89.6 10.2 90
Non-affected GBA carriers 34 88.8 10.9 90
DPICNACC

status Count Mean (%) SD Median
GBA-negative controls 69 77.0 16.0 80
GBA-negative PD patients 150 72.5 15.6 75
GBA-positive PD patients 30 68.2 17.3 70
GD Patients 24 76.7 16.3 80
Non-affected GBA carriers 34 80.3  16.0 82.5

Table 14: Picture recognition test baseline scores for each group. SD: Standard deviation.
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Figure 18: Picture recognition test scores. The middle bar shows the median, the hinges the 25th and 75th percentiles

and the whiskers include all values that are within 1.5 inter-quartile range from the hinges.
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Figure 19: Picture recognition test, PD patients vs non-PD participants. The middle bar shows the median, the hinges

the 25th and 75th percentiles and the whiskers include all values that are within 1.5 inter-quartile range from the

hinges.
2.3.8.2. Simple reaction time

Results of the simple reaction time test are reported in Table 15, Figure 20 and
Figure 21. Linear regression was used with sex, age and years of education as

covariates. When comparing all 5 groups, GBA-positive PD patients scored
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significantly worse than GBA-negative controls and non-affected GBA carriers (p-

values 0.0496 and 0.014, respectively), and GBA-negative PD patients scored worse

than non-affected GBA carriers (p-value 0.016). When comparing PD patients and

non-affected participants, the former scored significantly worse (p-value 0.007).

When comparing PD patients only, no differences were observed between carriers

and non-carriers.

status

Count

GBA-negative controls

GBA-negative PD patients

GBA-positive PD patients
GD Patients

Non-affected GBA carriers

150

Mean
348.3
382.7
388.1
350.0
328.8

Sd Median
58.3 337.2
108.2 363.7
79.1 364.3
51.1 342.9
47.5 330.1

Table 15: Simple reaction time test results at baseline.

Total score

1000 1

800 1

600

400 -

SRT
Year 1

R

T

status

E GBA-negative controls
E GBA-negative PD patients
E GBA-positive PD patients

E GD Patients

E Non-affected GBA carriers

Figure 20: Simple reaction time test at baseline. The middle bar shows the median, the hinges the 25th and 75th

percentiles and the whiskers include all values that are within 1.5 inter-quartile range from the hinges. Dots represent

observation outside the 1.5 inter-quartile range from the hinges.
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Figure 21: Simple reaction time test, PD patients vs non-affected participants. The middle bar shows the median, the
hinges the 25th and 75th percentiles and the whiskers include all values that are within 1.5 inter-quartile range from

the hinges. Dots represent observation outside the 1.5 inter-quartile range from the hinges.
2.3.8.3. Choice reaction time test

Results of the choice reaction time test are reported in Table 16, Figure 22 and
Figure 23.

The CRTACC score was analysed with quasibinomial regression with age, sex and
years of education as covariates, CRT was analysed with linear regression, with age,
sex and years of education as covariates. When comparing all 5 groups, GBA-
positive PD patients scored significantly worse than GBA-negative controls for
CRTACC (p-value 0.006).

When comparing PD patients and non-affected participants, no statistical
differences were observed. When considering only GBA-positive and GBA-negative

PD patients, the former had worse CRT (p-value 0.006).
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CRTACC

status

GBA-negative controls
GBA-negative PD patients
GBA-positive PD patients
GD Patients

Non-affected GBA carriers

CRT

status

GBA-negative controls
GBA-negative PD patients
GBA-positive PD patients
GD Patients

Non-affected GBA carriers

Table 16: Choice reaction time test results. SD:

Count
69
150
30

24

34

Count
69
150
30

24

34

Mean
97.2
96.1
94.7
96.3
96.6

Mean
514.6
547.6
561.7
517.7
490.9

Choice reaction time - Accuracy

Year 1

100 1
| |

SD
2.4
3.8
7.1
2.7
3.1

SD
77.5
127.9
92.7
52.4
83.6
Standard

95 |

90 ®

85

80 ®

Percentage correct answers

751

\_‘_l

Median
98
96
97
97
98

Median
506.4
516.1
554.1
512.3
486.9

deviation.

1250 1

1000 1

750 1

milliseconds

500 1

Choice reaction time - response time

Year 1

250 1

status E GBA-negative controls E GBA-negative PD patients E GBA-positive PD patients E GD Patients E Non-affected GBA carriers

Figure 22: Results of the Choice reaction time test by groups. The middle bar shows the median, the hinges the 25th

and 75th percentiles and the whiskers include all values that are within 1.5 inter-quartile range from the hinges. Dots

represent observation outside the 1.5 inter-quartile range from the hinges.
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Figure 23: Choice reaction time test, PD patients vs non-affected participants. The middle bar shows the median, the
hinges the 25th and 75th percentiles and the whiskers include all values that are within 1.5 inter-quartile range from

the hinges. Dots represent observation outside the 1.5 inter-quartile range from the hinges.

2.3.8.4. Digit vigilance

Results of the digit vigilance test are reported in Table 17, Figure 24 and Figure 25.
VIGACC was analysed with quasibinomial regression with age, sex and years of
education as covariates. VIGRT was analysed with linear regression with age, sex
and years of education as covariates.

No significant differences between the groups were observed, either before or after

removing the outliers.
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VIGACC

status Count
GBA-negative controls 69
GBA-negative PD patients 150
GBA-positive PD patients 30
GD Patients 24
Non-affected GBA carriers 34
VIGRT

status Count
GBA-negative controls 69
GBA-negative PD patients 150
GBA-positive PD patients 30
GD Patients 24
Non-affected GBA carriers 34

Mean
96.5
95.2
95.3
97.0
97.8

Mean
558.8
591.3
561.5
485.0
504.4

SD
5.4
111
5.0
5.2
3.5

SD
129.3
261.4
111.3
55.6
90.3

Median
97.8
97.8
96.6

100.0
100.0

Median
5243
533.1
534.0
477.5
484.3

Table 17: Digit vigilance reaction time test results. SD: Standard deviation.
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Figure 24: Digit vigilance test results. The middle bar shows the median, the hinges the 25th and 75th percentiles and

the whiskers include all values that are within 1.5 inter-quartile range from the hinges. Dots represent observation

outside the 1.5 inter-quartile range from the hinges.
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Figure 25: Digit vigilance test, PD patients vs non-affected participants. The middle bar shows the median, the hinges
the 25th and 75th percentiles and the whiskers include all values that are within 1.5 inter-quartile range from the

hinges. Dots represent observation outside the 1.5 inter-quartile range from the hinges.
2.3.8.5. Spatial working memory test

Results of the spatial working memory test are reported in Table 18, Figure 26 and
Figure 27. SPMOACC and SPMNACC scores were analysed with quasibinomial
regression with age, sex and years of education as covariates; SPMRT was analysed
with linear regression, with age, sex and years of education as covariates.

When comparing all 5 groups, the only significant difference for SPMOACC was
between GBA-positive PD patients and non-affected GBA carriers (p-value 0.047).
For SPMNACC, GBA-positive PD patients showed a statistically significant lower
score compared to all other non-PD groups (p-values < 0.04), while GBA-negative PD
patients performed worse than GBA-negative controls and non-affected GBA
carriers (p-values 0.047 and 0.49, respectively).

When comparing PD patients and non-affected participants, the former showed
worse SPMNACC (p-value 0.004).

When comparing PD patients only, no statistically significant differences between
GBA carriers and non-carriers were detected.

No differences in SRT were detected in any of the comparisons.
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status Count Mean Sd Median
GBA-negative controls 68 92.9 9.5 93.8
GBA-negative PD patients 146 89.3 155 93.8
GBA-positive PD patients 30 89.0 15.1 93.8
GD Patients 23 93.2 113 100.0

Non-affected GBA carriers 31 95.4 6.6 100.0

status Count Mean Median
GBA-negative controls 68 94.9 8.7 100.0
GBA-negative PD patients 146 87.6 19.5 95.0
GBA-positive PD patients 30 86.8 173 95.0
GD Patients 23 94.6 11.0 100.0

Non-affected GBA carriers 31 96.3 6.9 100.0

status Count Mean Median
GBA-negative controls 68 1027.2 285.1 935.1
GBA-negative PD patients 146 1153.3 410.5 1059.0
GBA-positive PD patients 30 1163.0 365.2 1038.3
GD Patients 23 1028.6 239.5 1019.4

Non-affected GBA carriers 31 1070.0 460.5 914.8

Table 18: Results of spatial working memory test. SD: standard deviation.
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Figure 26: Spatial working memory test results. The middle bar shows the median, the hinges the 25th and 75th

percentiles and the whiskers include all values that are within 1.5 inter-quartile range from the hinges. Dots represent

observation outside the 1.5 inter-quartile range from the hinges.
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Figure 27: Spatial working memory test, PD patients vs non-affected participants. The middle bar shows the median,

the hinges the 25th and 75th percentiles and the whiskers include all values that are within 1.5 inter-quartile range
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2.3.8.6. Numeric working memory

Results of the numeric working memory test are reported in Table 19, Figure 28 and
Figure 29. NWMOACC and NWMNACC scores were analysed with quasibinomial
regression with age, sex and years of education as covariates. NMWRT was analysed
with linear regression, with age, sex and years of education as covariates after
removal of outliers (observations more than 1.5 interquartile range from the 75t
percentile).

When comparing all 5 groups, for NWMOACC both PD groups scored significantly
lower than non-affected GBA carriers (p-values <0.03) and the GBA-negative PD
patients also scored lower than the GBA-negative controls (p-values 0.024). For
NWMNACC, the GBA-positive PD patients scored significantly lower than all the non-
PD groups (p-values < 0.04) and the GBA-negative PD patients scored significantly
lower than the GBA-negative controls (p-value 0.03).

When comparing PD patients and non-affected participants, the former performed
worse in both NWMOACC and NWMNACC (p-values 0.0035 and 0.0035,
respectively).

When comparing PD patients only, no significant differences were observed
between GBA carriers and non-carriers.

No statistically significant differences in NMWRT between the groups were detected

in any of the comparisons.
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status Count Mean SD Median
GBA-negative controls 68 93.7 9.0 96.7
GBA-negative PD patients 147 89.6 144 93.3
GBA-positive PD patients 30 89.6 10.2 93.3
GD Patients 23 933 6.4 93.3

Non-affected GBA carriers 31 96.1 5.9 100.0

status Count Mean Median
GBA-negative controls 68 97.5 7.6 100.0
GBA-negative PD patients 147 93.2 13.8 100.0
GBA-positive PD patients 30 89.6 136 93.3
GD Patients 23 96.8 5.6 100.0

Non-affected GBA carriers 31 97.2 5.1 100.0

status Count Mean Median
GBA-negative controls 68 860.8 203.3 825.3
GBA-negative PD patients 147 952.8 2554 897.1
GBA-positive PD patients 30 959.2 234.4 975.7
GD Patients 23 944.1 2243 890.8

Non-affected GBA carriers 31 897.1 280.2 881.7

Table 19: Results of the numeric working memory test. SD: standard deviation.
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Figure 28: Results of the numeric working memory test. The middle bar shows the median, the hinges the 25th and
75th percentiles and the whiskers include all values that are within 1.5 inter-quartile range from the hinges. Dots

represent observation outside the 1.5 inter-quartile range from the hinges.
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Figure 29: numeric working memory, PD patients vs non-affected carriers. The middle bar shows the median, the

hinges the 25th and 75th percentiles and the whiskers include all values that are within 1.5 inter-quartile range from

the hinges. Dots represent observation outside the 1.5 inter-quartile range from the hinges.
2.3.9. Estimating a risk score in GBA variants carriers

To identify those participants at a higher risk of PD among GBA variants carriers, a
risk score was calculated. This is just an example of how the data could be used to

predict the risk of PD, as validation will require longitudinal assessment. Points were
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assigned to each risk factor arbitrarily, according to the evidence in the literature
supporting a link to the development of PD. Participants scored 1 point if they had a
relative with PD, 2 points if they had hyposmia (or worse) at UPSIT, 2.5 points if they
had RBD according to the RBDsq (with a cut-off of 5), 1 point if their KS30 scores and
AT30 scores were in the lower 20% of the composite group including GBA-negative
controls and non-affected GBA carriers, and 0.5 point if they answered “yes” to all 3
guestions about constipation. Moreover, 1 or 0.5 points were assigned for each of
the 6 cognitive tests where participants scored in the lower 20% of the composite
group including GBA-negative controls and non-affected GBA carriers. The resulting
score can vary from 0 to 11.5, with higher values representing a higher risk of PD.
This risk score was analysed with OLR to evaluate whether higher values were
associated with older age and no correlation was detected in GBA-negative controls

and non-affected GBA carriers (p-value 0.26 - Figure 30).

Points

RBD 2.5
hyposmia or worse 2
tap-test worse 20% 1
Picture recognition test worse 20% 1
Spatial working memory test worse 20% 1
Family history of PD 1
Depression 1
Simple reaction time test worse 20% 0.5
Digit vigilance test worse 20% 0.5
Numeric working memory test worse 0.5
20%

Constipation 0.5
Choice reaction time test worse 20% 0.5

Table 20: Points assigned to each risk factor to calculate a risk score of PD.
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Figure 30: Risk score vs age in GBA-negative controls and non-affected GBA carriers.
2.3.10. Public engagement

We sent out an email bulletin to all RAPSODI participants every 3 months. This
included relevant research findings and publications based on data collected
through the portal. The study was advertised on the UK Gaucher Association

website (www.gaucher.org.uk) and on their email bulletin and on the Parkinson’s UK

website (www.parkinsons.org.uk). A live event with RAPSODI participants was

organised on the 29t May 2019. The flyer to advertise the event, including the
agenda and list of speakers, is reported in Figure 31. Over 70 participants attended
to the event and were able to ask questions to the speakers. A second edition of the
live event was due to take place in 2020, but due to the new challenges posed by
the COVID-19 pandemic, a webinar was organised instead. This took place on the
18t™ June 2020 and was attended by 31 participants. The agenda of the webinar is
reported in Table 21. The webinar was attended by 31 participants. Videos of both
the 2019 event and 2020 webinar were published on the Youtube page of the study

(https://www.youtube.com/channel/UCdsOHwDsn yaunfAxAnkM7A) to increase

exposure and collected a total of 914 views.
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These forms of participants and public engagement triggered a successful response
from family members of attendees, ultimately boosting the recruitment of new
participants and the compliance with the yearly follow-up assessment.

Figure 32 shows how some significant events affected recruitment.
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RAPSODI public and patient involvement event

Sunday 19 May
15:00-17:00 PM

Sir William Wells Atrium
Royal Free Hospital
Ground Floor

NW3 2QG

Agenda:

3:00pm - Prof. Schapira (Principle Investigator, RAPSODI study)
» ‘Introduction & Parkinson Disease”

3:20pm - Dr. Derralynn Hughes (Senior lecturer in haematology &
consultant haematologist)
* 'Anoverview of Gaucher disease”

3:35pm - Dr. Marco Toffoli (Clinical Research Fellow)
*  'RAPSODI: outline of the study and progress so far"

3:50pm - James Cox (Gaucher Association trustee)
*  ‘'Rapsodi Study (Update Event) - Gauchers Association”

4:05pm - refreshments break (15-20mins)

4:20pm - Dr. Stephen Mullin (NIHR clinical lecturer & specialist registrar in

neurology)

* 'GBA. Gaucher disease and Parkinsons: Moving towards targeted
treatments for both diseases”

4:35pm - Helen Matthews (CEO, Cure Parkinson's Trust)
» ‘Fast Tracking Treatments to a Cure"

4:50pm - Feedback & Q+A - moderated by Soraya Rahall, Research

Assistant
_-ych i
Royal Free London
NHS Foundation Trust
RAPSODI public and patient involvement event
Speakers

Dr. Stephen Mullin

Dr. Mullin is a neurologist and clinical academic with a research interest in Parkinson
disease. My primary interest is the genetic and clinical stratification of the risk of
Parkinson disease for targeting of novel neuroprotective compounds. To date the
majority of his research has centered on the glucocerebrosidase (GBA) pathway.
numerically the most significant genetic risk factor for Parkinson disease. and his
principle research interest is the development and delivery of drugs to prevent the
progression of Parkinson's caused by the GBA mutation. Dr. Mullin was responsible for
setting up the Rapsodi study and developing the online platform

Helen Matthews

* Helen Matthews is Deputy CEO of The Cure Parkinson's Trust (CPT). She has been
involved with CPT since its inception and worked alongside the late charity co-founder
Tom Isaacs since 2002. Helen specialises in PR, marketing. event planning and
administration. Helen oversees the charity's current research and patient initiative
projects as well as the day to day operations of the charity. Helen sits on CPT's
International Linked Clinical Trials and Research Committees

« If you think anyone in your
family might be able to spare
some time to take part, we

would be delighted to involve
them in the study.

@ Please contact Soraya
(srahall@uclac.uk) or Marco
(m.toffoli@uclac.uk) if you
think any of your relatives
would like to take part in the n Facebook: Rapsodi
study. (@rapsodiRFH)
We can also be reached by
phone on 02080168177

KEEP IN TOUCH! FOLLOW US
ON SOCIAL

y Twitter: @RapsodiRFH

m Royal Free London

NHS Foundation Trust

Figure 31: Flyer of the 19th May 2019 RAPSODI live event.

RAPSODI public and patient involvement event

Speakers

Prof. Anthony Schapira

*  Professor of Neuroscience and Head of the Department of Clinical & Movement
Neurosciences, University College London Institute of Neurology. Professor Schapira's
research interests include the molecular and clinical aspects of neurodegenerative
diseases, with special emphasis on Parkinson's disease and other movement
disorders. He leads an internationally renowned laboratory focused on the
understanding and developing treatments for Parkinson's caused by the GBA gene.
Prof. Schapira is also a consultant neurologist at the Royal Free Hospital and the
National Hospital for Neurology and Neurosurgery.

Prof. Derralynn Hughes

*  Prof Derralynn Hughes is Clinical Director Haematology. Oncology and Palliative Care
and Lead Cancer Physician at the Royal Free London NHS Foundation Trust and
Senior Lecturer in Haematology at the University College London. UK. She has clinical
responsibilities in the area of Haematology and Lysosomal Storage Disorders and is
chair of the anaemia clinical practice group. She directs the research programme in
the LSD unit research laboratory where interests include understanding the
pathophysiology of phenotypic heterogeneity in Fabry Disease and bone related
pathology and haematological malignancy in Gaucher disease. Prof. Hughes is
Principle Investigator of a number of clinical trials examining the efficacy of Enzyme
Replacement and Chaperone Therapy and other new agents in the treatment of
Gaucher, Fabry. Pompe and MPS disorders.

Dr. Marco Toffoli

« Clinical Research Fellow at University College London Institute of Neurology and a
neurologist at the Royal Free Hospital and the National Hospital for Neurology and
Neurosurgery. He is a member of Professor Schapira's laboratory. and is completing
his PhD on the role of the GBA gene in Parkinson's disease.

James Cox

+ James Cox is a Board of Trustees member at the Gauchers Association. He has a
personal connection with the charity. as he has been a patient diagnosed with Gaucher
disease since age 11. He is now 23 years old and thanks to advancements in treatment
over the years is able to live a fulfilling life, as a Digital Forensic Analyst, travelling the
world.

m Royal Free London
N

HS Foundation Trust
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Marco Toffoli

Professor Derralynn Hughes

Professor Anthony Schapira

Abigail Higgins

Chiao Lee

Table 21: agenda of the 18th June 2020 RAPSODI webinar.
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This introductory statement will outline the theme
of the webinar, “the link between Gaucher Disease
and Parkinson Disease”. Dr Toffoli will inform the
audience that they will hear from clinicians and
researchers over the course of the hour, with an
opportunity for Q&A at the end. The Q&A function
for the platform will be explained.

Professor Hughes will provide an update on the
latest therapeutic strategies for managing Gaucher
Disease.

The link between Parkinson disease and GBA
variants

This talk will focus on the research being undertaken
by the Rapsodi study at UCL. The link between GBA
mutations and Parkinson disease will be outlined, as
to provide the rationale for Rapsodi. The aims of the
study, to work with individual’s with GBA mutations
to develop preventative strategies for Parkinson
disease, will be discussed.

Chiao will discuss how both individuals affected by
Gaucher Disease, and healthy carriers of GBA
mutations share a slight increased risk for Parkinson
Disease, and why this means that family
participation in Rapsodi is so important. Chiao will
explain the effects of GBA mutations on the activity
of the enzyme glucocerebrosidase, that the GBA
gene encodes for.

Number of Participants

9/2/2019  1/2/2020  5/2/2020  9/2/2020  1/2/2021

Date of Email Verification

Figure 32: Participants recruited in the RAPSODI study over time. The blue arrow shows the date when the study was

advertised on the Parkinson’s UK and Cure Parkinson’s trust. The Orange marks shows the date of the RAPSODI live
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event in May 2019. The green arrow corresponds to the release of a Gaucher disease UK association bulletin
advertising RAPSODI as well as a newsletter sent to all RAPSODI participants requesting to bring family members into

the study.

2.4.Discussion

GBA variants are a key risk factor for PD, and carriers are the ideal candidates for
disease modifying therapies. However, it is challenging to estimate the exact risk of
PD in GBA carriers.

Between 2010 and 2016, we carried out a longitudinal cohort study on GBA carriers,
to understand whether it was possible to predict who, among them, would develop
PD 140-142 This study included periodic face to face assessments and provided
important insight, but also showed the limitations of the approach. In particular, it
was hard to retain participants over the very long observation time required for
carriers to convert to PD, as well as reaching a large enough number of participants
for sufficient statistical power. The RAPSODI study was created to overcome these
issues. In RAPSODI, recruitment and assessment of individuals are carried out
remotely, through the online portal, allowing to reach a larger audience. Moreover,
participants do not have to come to hospitals for face to face assessments and this
increases compliance with follow-ups. In the very first part of my PhD, | was able to
help setup the RAPSODI study, start recruiting participants and analyse some
preliminary baseline data. The experience gathered so far will be important for
future development of RAPSODI and other similar studies.

The design process and first years of life of the portal highlighted some important
organisational aspects. First, selecting appropriate recruitment strategies is
paramount. Meeting patients in clinics, asking them to enrol into RAPSODI, and then
reaching out to their family members remains a viable path, but it does not exploit
the full potential of the online design of the study. Indeed, alternative ways of

recruiting participants, including advertising the study on patients’ groups online
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and being active on social media boosted recruitment significantly. For example, we
noticed a surge of recruitment of PD participants after advertising the study on the
Parkinson’s UK (https://www.parkinsons.org.uk/) and Cure Parkinson’s
(https://cureparkinsons.org.uk/) websites in June 2018 (Figure 32). Organising
interactive events where participants and people interested in the study can ask
questions has also proven beneficial for recruitment and compliance with follow-up.
This is particularly true for GBA carriers, as they are identified mainly as family
members of people with GD, a very rare condition. When participants attended to
the 2019 RAPSODI event, they brought their family members with them, which were
then offered to take part in the study, leading to another significant rise in number
of participants right after the event (Figure 32). Interestingly, a third boost in
recruitment was observed in the week following advertisement of the study on the
Gaucher UK association bulletin and a newsletter to all RAPSODI participants with a
report of recent publications related to RAPSODI (Figure 32).

It is paramount that participants carry out the assessment every year. To this end,
reminder emails and periodic bulletins proved invaluable. We had a direct proof of
the importance of this aspect in 2019, when we identified a bug in the system
preventing the firing of most emails reminding participants to complete the second
year of the study. As a result, a significant number of participants did not complete
the year 2 assessment. This was a complex issue and the RAPSODI web development
team managed to completely solve it only in late 2020. After the reminder emails
system started to function correctly, we noted that most participants completed the
yearly follow-up promptly. In 2019, we also started to send out periodic email
bulletins to all RAPSODI participants, outlining the progress and achievements of the
study. This also showed a beneficial effect on retention of participants at follow-up.
Assessing participants remotely has limitations. Most notably, all tests are
unsupervised and there is no way to make sure that participants are not “cheating”.

In the tap test, they might use both hands at the same time, or they might seek
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external help to perform the cognitive tasks and the UPSIT. Speed of internet
connection, potential crashes of the web browser and external distractions are also
a factor, most notably in the cognitive tests where speed of response is the main
outcome. To partially overcome these limitations, we removed extreme outliers
from the tap test and used median response time (less influenced by occasional long
response times) as outcome in the cognitive tests.

Relying on a web portal to assess participants also produces an intrinsic selection
bias, as participants that do not know how to use a computer or do not own one are
automatically excluded from the study. However, the main goal of RAPSODI is to
assess people that carry GBA variants but do not have PD yet (i.e. are not very old)
and one of the exclusion criteria is the absence of dementia. For these reasons, |
believe that informatic literacy did not bias recruitment significantly. Access to a
computer on the other hand was a limitation, as many participants only owned a
tablet, not compatible with the tap test.

All in all, we believe that the advantages of remote assessment in the RAPSODI
study outweigh limitations.

The main outcome of RAPSODI is to identify GBA carriers that develop PD and then
look at their baseline assessment to identify features that would help predict this
conversion. Meeting this goal will require a long follow-up period, not available at
the time of writing this thesis.

However, some important observations can be made from the preliminary data
gathered at the baseline assessment of participants recruited up to the 15t March
2021.

First, we were able to differentiate reliably between participants with and without
PD. This is not surprising, as PD patients are expected to have worse motor
performance as well as a higher prevalence of non-motor symptoms of PD.
Nonetheless, this proves that the assessment tools we applied are appropriate for

studying people with clinically evident PD. We know that non-motor symptoms can
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sometimes predate the occurrence of motor symptoms, a condition sometimes
referred to as “prodromal PD”. As our assessment showed differences in PD patients
compared to controls, we can hope it has the potential to also highlight features of
prodromal PD in GBA carriers.

The tap test was already validated in people with PD34, and in this work we
provided further evidence of its validity. We stratified tap test data into dominant
and non-dominant hand, but noticed that for people with PD it might be more
appropriate to use most and least affected hand instead. Unfortunately, we did not
initially capture which side of the body is most affected in PD patients, but added
this question to the questionnaire so that it will be possible to do so in future years.
The CogTrack cognitive assessment tool was already used successfully on a number
of conditions'#3'44 but not in people with PD. Our data show that CogTrack can also
reliably detect cognitive deficits in people with PD, in particular with regards to
working memory and picture recognition. It is well known that working memory and
executive functions are the most affected domains in PD'* and in this work we were
able to provide evidence in support of the use of CogTrack in people with PD.
Interestingly, our preliminary analysis also showed that PD patients carrying GBA
variants had worse non-motor symptoms when compared to GBA-negative PD
patients. Indeed, carriers showed a higher prevalence of RBD and constipation and
performed worse at the UPSIT, picture recognition and choice reaction time tests.
GBA-associated PD has already been showed to have more prominent non-motor
features compared to sporadic PD*%¢, and our findings support and provide more
evidence to this. Of particular interest is the worse performance of GBA-positive PD
patients in the picture recognition test. This reinforces the concept that GBA
associated PD has a distinctive cognitive pattern, with the posterior cortex more
affected than in sporadic PD#7:148,

Important limitations of the statistical analysis are the poor matching of age across

groups and the lack of adjustment for PD duration (due to collinearity with age).
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These limitations were mitigated as age was accounted for in the multivariate
analysis, and PD duration was not statistically different between the two PD groups.
As this was an exploratory analysis, no adjustment for multiple comparisons was
carried out to account for the many tests carried out, increasing the risk of type |
error.

These findings are promising and suggest that expansion and longer observation of
the cohort will provide further insight into the role of GBA variants in PD.
Moreover, perhaps the most important achievement of the first years of RAPSODI
was the collection of a large number of DNA samples from carriers of GBA variants,
which allowed the development of the sequencing technique discussed in the

following chapters.
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3. Optimisation of a pipeline for sequencing the GBA gene with

Oxford Nanopore Technology

Content of this chapter has been adapted from a recent publication | was co-author
of'4%, with permission of the publisher. Additional data contained in this chapter will

be reported in a separate publication, which is currently under submission.

3.1.0verview and Rationale

Sequencing of the GBA gene is challenging. Sequencing of all 11 exons with Sanger
reactions is expensive and time consuming, while “SNV specific approaches” only
allow the detection of the most common GBA SNVs, which is limiting considering
that there are at least 495 disease causing variants in GBA%71>0_ Even short read
sequencing of WGS data is limited by the presence of the highly homologous GBAP1,
resulting in a high number of false positives and negatives!®11,

Dr Christos Proukakis previously developed a long-read approach for sequencing
GBA using Oxford Nanopore Technologies (ONT) and successfully sequenced 9 DNA
samples. In this section of my PhD, | improved the pipeline to process a higher
number of samples and optimised it for DNA extracted from saliva. The initial 95
samples that | sequenced were included in the methodology manuscript published

in 201914,

3.1.1. Oxford Nanopore technology, an overview

The core sequencing component of ONT is a membrane with hundreds of
embedded nanopores. A complex system of proteins allow the concentration of the
double stranded DNA molecules near the membrane, separation of the dsDNA into
single strands and subsequent passage of these strands through the pores, from the

5’ to the 3’ extremities. As they pass through the pores, each group of 5 nucleotides
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(5-mer) generates a current that is specific for that molecule and can translated into

the real sequence of nucleotides with downstream in silico analysis'>*1>3, A

schematic representation of the funcitoning of Oxford Nanopore Technology is

provided in Figure 33.
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Figure 33: schematic representation of functioning of Oxford Nanopore Technology.

( A) DNA molegules are directed through nanopores through a current. ( B) Specific proteins prepare the DNA for being

sequenced through the nanopores. ( C) DNA molecule passes through the nanopores. ( D) A flow cell is composed of

multiple nanopores. Each of them can sequence one DNA molecule at a time, in parallel with the other pores. ( E) The

current generated by the DNA passing through the pores is measured. ( F) The data is analysed and 5-mers are

deducted with a statistical model. ( G) Template and complement molecules are inferred separately. ( H) Data is

aligned to the reference genome.

Image reproduced from Ip CLC et all**?, under Creative Commons Attribution License.
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3.2.Methods
3.2.1. Extraction of DNA from Saliva samples

We collected saliva samples from all RAPSODI participants (see chapter 2) using the

Oragene DNA OG-500 kit from DNA genotek (https://dnagenotek.com). Upon

receiving the samples, we extracted DNA following the protocol provided by the kit
manufacter. Briefly, this includes incubation of the saliva at 50°C overnight, then
lysis of cellular and nuclear membranes with a proprietary reagent (PT-L2P), washes
with 100% and 70% ethanol and resuspension in TE buffer (10mM Tris-HCL, 1 mM
EDTA, pH 8.0). | introduced an additional step: samples are left with lid open for 15
minutes after the second ethanol wash, to allow evaporation of residual ethanol.
This is to avoid carryover of ethanol, which might cause failure of downstream PCRs.
The extracted DNA was divided into 3 aliquots, one stored at +4°C and the
remainings stored at -20°C.

QC of the extracted DNA was carried out with spectrophotometric assay
(Nanodrop). Sample were considered of acceptable quality if both the 260/230 and
260/280 values were above 1.7.

3.2.2. PCR amplification of the GBA gene

The lab protocol to amplify the GBA gene was designed prior to my PhD, using PCR
with primers designed previously'>*. These were modified to carry the ONT barcode
adapters. The product is an amplicon of 8.9 Kb covering the 11 exons encoding for
the mature GCase protein and the 3’ and 5’UTR regions (chr1:155232524-
155241392), but not the exon coding for the 39-aa leader peptide®™?.

Optimisation of the PCR conditions was required for amplifying samples derived
from saliva, often showing inferior quality compared to DNA extracted from blood.
For this reason, | tested different conditions, altering the annealing temperature and
the concentration of primers, template DNA and magnesium. | also tested a
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different enzyme from that originally used in the lab, the LongAmp® Taq 2X Master
Mix (New England Biolabs, catalog number M0287L). Quality of the PCR product
was assessed with electrophoresis on a 0.8% agarose gel and concentration
determined with fluorometry (QUBIT, Broad Range kit; ThermoFisher scientific,
catalog number Q32850). Throughout the text, this step is referred to as “amplifying
PCR”. More details on the parameters and optimisation of this step in the results

section and in Table 23.

3.2.3. Barcoding of DNA samples

A second PCR reaction was carried out to attach the barcodes to the

amplicons(https://nanoporetech.com/community). PCR Barcoding Expansion Kit 1

(up to 12 samples, catalog number SQK-PBK004) and 96 (up to 96 samples, catalog
number PBC096) were used, following the protocol provided with the kit.
Throughout the text, this step is referred to as “barcoding PCR”. More details on the

parameters and optimisation of this step in the results section.

3.2.4. Purification of PCR products

Purification of the PCR product after each PCR step was carried out with spin
columns (QIAquick PCR purification kit - QIAGEN)*> or with magnetic beads
(Ampure XP — Beckman Coulter)*°®¢, With spin columns, the PCR product solution is
added to the column, where the DNA binds to the silica membrane in the presence
of the binding buffer (a high-salt solution). The column is then washed and finally,
the DNA is eluted in water and collected in a LoBind tube. To purify with beads, the
PCR product solution is mixed with the magnetic beads solution and the DNA binds

to the beads, which are then pelleted on a magnet. The pellet is washed two times
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with 85% ethanol and the DNA is then eluted in water. The beads are pelleted again
on the magnet and the eluate is stored in a new LoBind tube.

More details on the optimisation of this step are provided in the results section.

3.2.5. Library preparation and sequencing with MinlON

Library preparation was carried out according to the ONT protocol “PCR barcoding
(96) amplicons (SQK-LSK109)” found at

https://community.nanoporetech.com/protocols. The library preparation kit “SQK-

LSK109” was used. Briefly, barcoded amplicons from all samples were pooled
together. Subsequently, a DNA repair step was carried out with NEBNext FFPE DNA
Repair Mix (M6630 — New England BioLabs) and NEBNext Ultra Il End repair / dA-
tailing Module (E7546 — New England BiolLabs), then the product was purified with
magnetic beads (Agencourt AMPure XP beads — Beckman Coulter). The ONT
sequencing adapters were ligated with NEBNext Quick Ligation Module (E6056 —
New England BiolLabs) and the product was purified with AMPure XP beads at the
concentration suggested in the manufacturer’s protocol. The Long Fragment Buffer
(LFB, part of the SQK-LSK109 kit) was used for additional size selection of DNA
fragments longer than 3 Kb.

Finally, the prepared library was loaded into 9.4 flow-cells following the

manufacturer’s protocol.

3.2.6. Bioinformatics

All bioinformatics analysis were carried out on a unix machine running Ubuntu 18
(16GB RAM, 2Tb Ssd, Pentium quad core, 8 threads), with the exception of
basecalling with Guppy, which was run on the UCL computing platform “Myriad”.
The most updated version of each software was used at all time. The code described

in the subsections below is reported in Appendix — Code.
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3.2.6.1. Sequencing

Raw sequencing data (fast5 files) were acquired on a MinlON device using
MinKNOW software (ONT, versions 20.10.3), downloaded from

https://community.nanoporetech.com/downloads. The output is in .fast5 format.

3.2.6.2. Basecalling and demultiplexing

Basecalling of the fast5 files was carried out with Albacore!* or with Guppy (version

4.2.2), downloaded from https://community.nanoporetech.com/downloads (ONT,

Oxford, UK). Guppy uses local acceleration and requires a graphics processing unit
to function. For this reason, Basecalling was carried out on one of UCL cloud
computing platform Myriad (2 GPU, 12 threads, 5Gb RAM per CPU). The output of
barcoding and demultiplexing is in .fastq format, with .fastq files organised in

subfolders, one subfolder for each barcode.

3.2.6.3. Alignment

Alignment was carried out with NGMLR (version 0.2.7)**’, downloaded from

https://github.com/philres/ngmlr>’. The output was in .bam format.

3.2.6.4. Variants-calling

Nanopolish and Clair (version 2.1.1)'°8 were evaluated for calling of SNVs. The
output was in .vcf format.
Clair is based on machine learning and uses pre-trained models that are available at

(https://github.com/HKU-BAL/Clair#tpretrained-models)*>®. The most updated pre-

trained modules are trained with a set depth of coverage, and might not be reliable

with higher depth of coverage. For this reason, before running Clair, all .bam files
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were “downsampled”, which means that a set number of reads were randomly
selected for each sample to achieve the desired depth of coverage using samtools

view.

3.2.6.5. Differentiating true and false positive calls

The main issue with variants calling was the high number of false positive calls,
expecially single nucleotide insertions and deletions. This made interpretation of the
results confusing when the false positives were in coding regions of GBA. Moreover,
this interfered with the phasing process described later. To address this problem, |
tested different approaches, as detailed in the next paragraphs. To identify the
superior method, precision (positive predicting value) and recall (sensitivity) were
estimated. True and false positive calls were defined by visual assessment on IGV
(section 3.2.6.5.1). False negatives were identified when a true positive variant that
was called by one method was missed with another. Only variants in exons,

inlcuding 10 flanking bases, were considered for this analysis.

3.2.6.5.1. Visual evaluation of all variants called

A first approach consisted in the manual inspection of all the variants called, to
decide whether they were true or false positives. The software “Integrative
Genomics Viewer” (IGV, version 2.8.9

http://software.broadinstitute.org/software/igv/) was used for this purpose. Some

false positives were easily detectable as they were present in all samples with a
frequency of the alternative allele/reference allele of roughly 25/75%. In other
instances however it was hard to determine whether calls were true or false. More

details on this are given in the results section.
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3.2.6.5.2. Nanopolish quality score

Nanopolish provides a quality score (QS) for each variant called, which is the log-
likelihood ratio was calculated by the software’s probabilistic model*>°. Nanopolish
QS is directly proportional to the number of reads covering each variant, meaning
that it is not possible to set a threshold that can be applied to all variants. To
address this issue, | normalised it for the number of reads per position. | called the
resulting metric the “adjusted QS”, which is calculated by dividing the Nanopolish
QS by the total number of reads covering that position. As discussed in the results
section, the adjusted QS is independent of the coverage and thus a threshold can be

set that is valid for all variants and all samples.

3.2.6.5.3.  Strand filtering

Reads produced by ONT can be grouped according to the DNA strand of origin,
conventionally referred to as the positive and negative strands. Since the two DNA
strands are complementary, true positive SNVs are equally represented in both the
positive and negative strands. On the other hand, some false positive calls show a
propriety called strand bias, meaning that the alternative allele is over represented
in one strand compared to the other.

To filter for strands, first | divided the aligned reads (.bam files) into positive and
negative strands using samtools view, then the variant caller is run on both strands.
Only calls that are present in the positive strand, negative strand and total reads

were considered true positive.

3.2.6.5.4. Clair quality score

Clair provides a QS for each SNV called. | downsampled the .bam files before

running Clair, as the trained models for Clair are based on a coverage of 550.
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| was then able to select a threshold that was valid across different MinlON runs and

for different SNVs and samples. Different QS thresholds were tested.

3.2.6.6. Phasing

Whatshap®® was used to phase variants. Only base substitutions were phased, while
insertions and duplications were not. The software was downloaded from

https://whatshap.readthedocs.io/en. The output was in .vcf format.

3.2.6.7. Creation of scripts

Bash scripts were created using Emacs (version 27.1) and Python scripts in visual

studio code (version 1.53.1).

3.2.6.8. Files manipulation and Miscellaneous

For manipulation of files the following software was used: Samtools

(http://www.htslib.org), BCFtools (http://www.htslib.org), bedtools

(https://bedtools.readthedocs.io/en/latest/). Downsampling of .bam files was

achieved with the Samtools view command.

IGV (http://software.broadinstitute.org/software/igv/) was used for visually inspect

the alignment files. f

3.2.7. Confirmation of positive and negative results

Positive results were confirmed by Sanger sequencing of the exon of interest,
carried out at the Royal Devon and Exeter Hospital.

To confirm negative results (i.e. samples where no variant was detected), | carried
out a PCR reaction to amplify a region of DNA containing exons 8-11 of GBA with

primers and PCR conditions obtained from a previous publication!®. Subsequently,
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2 Sanger reactions, forward and reverse, were carried out to sequence exons 9, 10
and 11, where the vast majority of GBA coding SNVs are located. This was
performed through a commercial provider of Sanger sequencing services

(https://www.sourcebioscience.com).

3.3.Results
3.3.1. Samples analysed

A total of 381 samples were successfully sequenced in 7 MinlON runs. Of them, 269
did not carry any coding variant in GBA, 78 were heterozygous and 34 were
homozygous or compound heterozygous carriers of GBA variants. The most
common variant was p.N409S (60 alleles, allele frequency - AF 7.9%), p.L483P (24
alleles, AF 3.2%) p.E365K (17 alleles, AF 2.2%), T408M (7 alleles, AF 0.9%). It is
interesting to note that a number of intronic variants likely to affect splicing (IVS9+1,
IVS6-2, IVS2-1) were detected in 5 participants. Two of these variants (IVS6-1 and
IVS2-1) were never described before and are likely pathogenic. Moreover, 7
participants carried a complex, pathogenic reciprocal recombinant, as discussed in
more details in chapter 4. A full list of all variants detected is reported in Table 22.

The clinical phenotype of participants sequenced was reported in capter 2.
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_ NA 616 80.8%
_ Chri: 155235843T>G 60 7.9%
_ Chri: 155235252A>G 24 3.1%
_ Chri: 155236376C>T 17 2.2%
_ Chrl: 155236246G>A 5 0.7%
_ Chrl: 155235196G>A 4 0.5%
_ Chrl: 155235680C>T 3 0.4%
_ Chrl: 155240661dup 2 0.3%
_ Chrl: 155237439G>C 2 0.3%
_ Chri: 155235772C>A 2 0.3%
_ Chri: 155238308T>C 2 0.3%
_ Chri: 155236399G>T 1 0.1%
- Chri: 155235217C>G + 1 0.1%
155235203 C>G +
155235252A>G
_ Chri: 155239661del 1 0.1%
_ Chri: 155236409C>G 1 0.1%
_ Chri: 155235814C>T 1 0.1%
_ Chri: 155238174C>T 1 0.1%
_ Chri: 155237474C>A 1 0.1%
_ Chrl: 155240707T>C 1 0.1%
_ Chrl: 155239639A>C 1 0.1%
_ Chrl: 155235050A>G 1 0.1%
_ Chrl: 155238234G>T 1 0.1%
_ Chri: 155238269C>G 1 0.1%
_ Chri: 155237438C>T 1 0.1%
_ Chri: 155236277G>A 1 0.1%
_ Chri: 155237531G>C 1 0.1%
_ Chrl: 155236246G>A + 1 0.1%
155239758C>T
- Chri: 155236246G>A + 1 0.1%
155235773C>T
_ Chri: 155235243A>T 1 0.1%
Table 22: All pathogenic GBA variants detected with Nanopore sequencing

*Complex recombinants, containing the RecNcil variants A495P Val499= L483P, detected with additional analysis as

described in chapter 4.

93



3.3.2. Confirmation of positive and negative results

Sixtyfive positive samples were confirmed by Sanger sequencing of the exon where
the coding SNV was detected. To confirm negative results, Sanger sequencing was
carried out on 35 samples where no coding SNV was detected with ONT. All results

were consistent with the ones detected with ONT.

3.3.3. Optimisation of the amplifying PCR

Initial PCR conditions for amplifying the GBA gene were reported in our 2019
paper!®. These were based on the use of Kapa Hi-Fi Polymerase (Kapa Biosystems).
However, when processing a higher number of samples, a relatively high number of
them were failing or producing an insufficient amplification (Figure 34). Moreover,
the Kapa enzyme is relatively expensive and has a limited shelf-life, so | decided to
test the LongAmp® Taq 2X Master Mix (New England BiolLabs). Starting PCR
conditions were obtained from the manufacturer protocol, and initial annealing
temperature for the primers was estimated to be 65°C with an online calculator

(https://tmcalculator.neb.com). Additional annealing temperatures were tested and

65°C was confirmed to be the optimal condition (Figure 35). Next, different amounts
of template DNA were tested (50ng, 100ng, 150ng and 200ng) and 200ng was found
to be the optimal concentration. Optimal conditions of the amplifying PCR are

reported in Table 23.
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Figure 34: Example of an unsuccessful amplifying PCR. Most samples did not produce a clear band at the expected at

the 8.9Kb mark, and an a-specific smear is visible.
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Figure 35: Testing different annealing temperatures for the amplifying PCR with LongAmp enzyme. Two samples were

tested and 65°C was confirmed as the optimal condition.

Reagents
Template DNA 200ng
Nuclease free water = To 19uL
Mg2* 2ul
Forward primer 2ul
Reverse primer 2uL
Polymerase mix 25uL
Conditions Temperature
Initial denaturation = 94
denaturation 94
annealing 65
extension 65
Final extension 65
Forward

Primer pair A
P Reverse

time cycles
30 seconds 1

15 seconds 35

15 seconds

6 minutes 1

10 minutes 1

5- TTTCTGTTGGTGCTGATATTGCTCCTAAAGTTGTCACCCATACATG -3’
5'- ACTTGCCTGTCGCTCTATCTTCCCAACCTTTCTTCCTTCTTCTCAA -3’

Table 23: Optimal conditions for PCR to amplify the GBA gene.

*primers contain the ONT barcode adaptor sequence.
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3.3.4. Optimisation of the barcoding PCR

The manufacturer protocol provides details for the barcoding PCR. However, we
wanted to optimise the reaction further, in order to maximise yield and quality of
the product. The parameters that underwent optimisations are: the number of
cycles (12 vs 15), the amount of template DNA (140ng vs 100ng), the volume of
primers mix (1uL vs 0.5uL). The conditions tested are displayed in Figure 36 and the

optimal PCR conditions are reported in Table 24.

Figure 36: Barcoding PCR optimisation. Two samples are showed in this 0.8% agarose gel (S1 and S2). FP: 1ul primers
mix, HP: 0.5ulL primers mix. Top row shows experiment with 140ng of template DNA, bottom row 100ng of template

DNA.
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Reagents

Template DNA 100ng

Nuclease free water = To 24.5ulL

Primers mix 0.5uL

Polymerase mix 25uL

Conditions Temperature @ time cycles
Initial denaturation = 95 3 minutes | 1
denaturation 95 15 seconds = 12
annealing 62 15 seconds 1
extension 65 10 minutes 1
Final extension 65 10 minutes 1

Table 24: Optimal conditions for Barcoding PCR.

3.3.5. Purification of PCR product with magnetic beads produces better

results

Initially, purification of products of both the amplifying PCR and the barcoding PCR
were carried out with spin columns®>>, However, the barcoding PCR was failing in a
relatively high number of samples. Looking at possible causes for this suboptimal
performance of the PCR step, we noticed that most samples displayed an intense
smear in the electrophoresis gel after the amplification PCR, straddling the 500 bp
band on the ladder. We interpreted this band as low molecular weight (LMW) DNA
molecules, as the molecular weight was too high for them to be primer dimers.

A high concentration of these LMW DNA fragments can interfere with the
downstream PCR for different reasons. First, low fragments can compete with the
longer GBA DNA molecules during the PCR reaction. Second, the DNA concentration
measured by QUBIT fluorometry accounts for the entirety of the DNA molecules in
the solution, including these DNA fragments. This means that the concentration of
full GBA DNA amplicons is actually lower than that calculated with fluorometry
concentration readings. To investigate whether this might have caused the failing of
the downstream barcoding PCR, we analysed a batch of samples that succeeded and
one of samples that failed amplification with PCR with automated electrophoresis

(Tapestation, Agilent).
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Results showed that samples that succeeded had a better genomic DNA quality and
a better ratio of long/short DNA fragments (Figure 37). For this reason, | decided to
modify our protocol by replacing spin columns with magnetic beads. In brief,
magnetic beads work by reversibly binding to DNA molecules in a solution. Beads
are then pelleted with a magnet and the remainder of the sample can be washed
away with ethanol. Finally, the DNA is detached from the beads by adjusting buffer
condition. Longer DNA molecules bind more efficiently to the beads, so by reducing
the concentration of beads it is possible to remove from the solution the LMW DNA
fragments'®l, | found that a volume ratio of beads/sample of 0.4x successfully
removed the LMW band on the electrophoresis gel, ultimately improving results of

the barcoding PCR (Figure 38).
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Figure 37: TapeStation (Agilent) results of one sample which succeeded barcoding PCR (A, B and C) and one sample which failed barcoding PCR (D, E and F). A: genomic DNA of

successful sample. B: amplicon from amplifying PCR of successful sample. C: amplicon of barcoding PCR of successful sample. D: genomic DNA of failing sample. E: amplicon

from amplifying PCR of failing sample. F: amplicon from barcoding PCR of failing sample.
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Figure 38: Comparison of purification methods on 0.8% agarose gel. Four samples, products of the amplifying PCR,
were purified with either spin columns (SC) or 0.4x magnetic beads (B). The ~500bp smear at the bottom,
corresponding to the LMW DNA fragments, is present with SC purification but not with beads purification. The intensity

of the 8.9Kb band, indicating the amplicon, is unchanged.
3.3.6. Albacore vs Guppy

The original pipeline for analysing ONT data included basecalling with Albacore?®?,
However, Albacore’s development and support has been discontinued by ONT in
2019. For this reason, | switched to the newer ONT proprietary basecaller Guppy. A
total of 137 samples that had already been analysed with Albacore were also

basecalled with Guppy, and downstream genotyping results were 100% concordant.

3.3.7. The adjusted quality score improves Nanopolish precision

The original pipeline used Nanopolish to call variants in GBA°. However,
Nanopolish produces a high number of false positive calls, even after excluding
INDELS (Table 25). To improve the precision (positive predicting value) and recall
(sensitivity) of the pipeline, we tried to filter results for the QS Nanopolish provides
for each variant called, calculated using a Hidden Marcov Model (HMM). HMM can
estimate the probability of an observed sequence over all possible sequences®®3.

One limitation of Nanopolish QS is that it increases linearly with the depth of

101



coverage at the position the variant is called (Figure 39), and since each sample has
a different depth of coverage, it is impossible to set a fixed threshold for accepting
or rejecting variants. To overcome this limitation, | decided to normalise the
Nanopolish QS with the depth of coverage of the variant called, getting a “adjusted
quality score” (aQS). Since the aQS is not affected by depth of coverage (Figure 40),
it is possible to set a threshold for accepting calls. Upon analysis of the first 92
samples sequenced with nanopore, we decided to fix this threshold at 1.8. This
approach was published in our original methods paper4°. When comparing results
of unfiltered Nanopolish with filtering with aQS in 7 samples (one 84GG / wt, one
Arg502Cys / wt, one L483P/N409S, three wt / wt), precision increased form 0.78 to
0.92 when considering SNVs only and from 0.50 to 0.84 when considering all
variants (including indels — Table 25). Recall did not change as no false negative
variants were detected. Although the value of this estimate is limited as no Sanger
sequencing was carried out on these samples, Sanger sequencing on other samples
showed that no variants were being missed by nanopore sequencing (see section
3.3.2).

A similar approach to achieve the same result would have been to down-sample all
samples to the same depth of coverage and then use the Nanopolish QS to filter
variants. Advantages and disadvantages of both approaches are addressed in the
discussion. Despite the improvement of introducing the aQS, Nanopolish was still
occasionally producing false positive results, in particular one SNS in exon 11
(hg38.chrl: 155235011). Moreover, Nanopolish was occasionally calling

homozygous variants as heterozygous (Table 25).
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Figure 39: Nanopolish Quality score increases linearly with depth of coverage (reads). A total of 3 samples (517, 513
and S15) were analysed after down-sampling to different depths of coverage and the QS of variants were reported.

(Figure reproduced from Salazar et al**, under Creative Commons CC BY license).
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Figure 40: Nanopolish adjusted quality score does not change with depth of coverage. A total of 3 samples (517, S13
and S15) were analysed after down-sampling to different depths of coverage and the QS of variants were reported.

(Figure reproduced from Salazar et al**, under Creative Commons CC BY license).

3.3.8. Strand filtering

The position hg38.chrl: 155235011 is particularly challenging for Nanopolish. This is
due to an excess of G called in that position (Figure 41). Nanopolish sometimes calls

a variant in this position, even though this is clearly a false positive, and since it is
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located in an exon, this is a problem. | noticed that the excess G is usually only
present on the forward strand (Figure 42) and decided to run Nanopolish on both
strands separately and if the variant is called only on one of them (strand
mismatch), then | can assume that the variant is a false positive. To do this, | created
an ad hoc script that 1) creates a .bam file with alignment of each strand separately
with Samtools, 2) run Nanopolish on both strands and on the original .bam file
containing both strands, separately and 3) merges the 3 individual .vcf files into one
which contains only variants that were called on both strands and on the original

.bam file, with Samtools. The script can be found in Appendix — Code.

41 bp

155.235.000 bp 155.235.010 bp 155.235.020 bp 155.235.030 bp
| | | | | | | |

CATCACTGGCGACGCCACAGG?AGGTG?GAATGGAGTAGC(

Figure 41: Excess of G in position hg38.chr1:155235011 in 3 randomly selected samples. From top to bottom, the

image shows genomic coordinates in Chromosome 1, genomic DNA sequence, aminoacid sequence, and sequencing
results of three different samples. The green and ochre colors represent the persentage of A and G, respectively.

Images exported from IGV.

> 40 bp =

155.235.000 bp 155.235.010 bp 155.235.020 bp 155.235.030 bp
| | | | | | | |

C ATCACTS GG G CGACGC CCACAGG GTAGGTSGTGAATG GG GAGTAGTC
Q R R W L Y T H | S Y G

Figure 42: The excess G in position hg38.chr1:155235011 on the alignment (top row) is present on the forward strand

(middle row) but not on the reverse strand (bottom row). From top to bottom, the image shows genomic coordinates
in Chromosome 1, genomic DNA sequence, aminoacid sequence, and sequencing results of three different samples. The

green and ochre colors represent the persentage of A and G, respectively. Images exported from IGV.
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3.3.9. Clair is superior to Nanopolish in our dataset

Despite the aQS significantly improved Nanopolish performance, occasional false
positive SNVs were still being called (in particular the exonic hg38.chrl: 155235011),
as well as a consistent number of false positive indels. Moreover, Nanopolish was
sporadically classifying as heterozygous variants that looked homozygous on IGV
(Table 25). For these reasons, we decided to test another variant caller based on a
machine learning algorithm, Clair'®8, At the time of the first testing, the models
available were trained with a depth of coverage up to 70x (referred to as “Clair 70”).
For this reason, all samples had to be down-sampled to a similar depth of coverage
before being analysed. Recently, updated models with depth of coverage up to 550x
were released (referred to as “Clair 550”). | tested both models and results are
reported in Table 25. Since all samples had to be down-sampled to a fixed quantity,
a threshold could be used to filter the variants called. | arbitrarily selected a
threshold of 500 after looking at the data we generated and at the information

available at https://github.com/HKU-BAL/Clair#tpretrained-models. This is a

conservative threshold which is unlikely to miss any variant but might produce some
false positive calls. While Clair 70 showed similar results to Nanopolish with aQS and
even missed one variant in one sample (false negative), Clair 550 was superior to
Nanopolish, showing a precision of 1 when considering SNVs only and 0.87 when
considering all variants (Table 25). The rate of false positive indels called is similar to
that of Nanopolish with aQS. For this reason, | used a QS threshold of 700 for indels

with Clair 550, reducing the rate of false positive calls to 0 in our dataset.

nanopolish nanopolish adjusted quality clair coverage clair coverage
unfiltered score 70x 550x
S1  variants called 14 8 8 8
SNVs 10 8 8 8
indels 4 0 1 0
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S2

S3

S4

true positives (SNVs)

false positives
(SNVs)

false negatives
(SNVs)

wrong GT (SNVs)

false positive
(indels)
true positives
(indels)

variants called
SNVs

indels

true positives (SNVs)

false positives
(SNVs)

false negatives
(SNVs)

wrong GT (SNVs)

false positive
(indels)
true positives
(indels)

variants called
SNVs

indels

true positives (SNVs)

false positives
(SNVs)

false negatives
(SNVs)

wrong GT (SNVs)

false positive
(indels)
true positives
(indels)

variants called
SNVs

indels

true positives (SNVs)

false positives
(SNVs)

17
12

16
10

11
10

12
10

10
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S5

S6

S7

false negatives
(SNVs)
wrong GT (SNVs)

false positive
(indels)
true positives
(indels)

variants called
SNVs

indels

true positives (SNVs)

false positives
(SNVs)

false negatives
(SNVs)

wrong GT (SNVs)

false positive
(indels)
true positives
(indels)

variants called
SNVs

indels

true positives (SNVs)

false positives
(SNVs)

false negatives
(SNVs)

wrong GT (SNVs)

false positive
(indels)
true positives
(indels)

variants called
SNVs

indels

true positives (SNVs)

false positives
(SNVs)

false negatives
(SNVs)

wrong GT (SNVs)

20
14

11

16
11

24
12
12

10

13
12

11

11
10

14
11

10

11
10

10

10
10

13
10

10

14
12

12

11
10

10

13
10

10
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false positive 11 2 2 2

(indels)
true positives 1 1 1 1
(indels)
To | Precision (SNVs 0.777777778 0.918032787 0.946428571 1
t only)
Recall (SNVs only) 1 1 0.883333333 1
Precision (all 0.495652174 0.838235294 0.885245902 0.871428571
variants)
Recall (all variants) 1 1 0.885245902 1

Table 25: Results of comparison of different variants-calling approaches. SNV: single nucleotide variants (intended here
as single base substitutions). The “all variants” rows indicate SNVs and indels.

Wrong GT: the variant is called as heterozygous instead of homozygous.

3.3.1. Detection of suspicious coverage drops in homopolymers

Upon receiving results of GBA sequencing through the RAPSODI portal, one
participant got in touch with the RAPSODI team reporting a mismatch between
these results and previous results he obtained independently. Specifically, our ONT
analysis did not detect any variant in coding regions of GBA, while previous
independent genetic testing detected a deletion in chr1:155239657
(NM_000157.3:c.413del, p.Pro138Leufs*62). | confirmed the presence of the
deletion by Sanger sequencing (Figure 43).

This variant was located within a homopolymer (poly-G). GBA contains two
homopolymer stretches in exonic regions (chr1:155239990-155239995 and
chr1:155239657-155239661). ONT has limited resolution in the presence of these
homopolymers and usually erroneously produces a drop of coverage at the 3’ end of
the homopolymer, as shown in Figure 44. For this reason, variants callers usually
discard deletions in these positions, making it challenging to detect any deletion

within a homopolymer. However, from visual inspection it was evident that the
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sample from this participant showed a greater drop in coverage than that observed
in other samples (Figure 44).
This suggested it might still be possible to detect deletions within homopolymers

from ONT data by looking at the level of coverage drop at these positions.

T % Lmo %o a0 20 w0 a0 a0 0 0 s0 a0 w0 w0 0 w0 @0 w0 w0 i om0 % w0 1% @0 1wt e

u y W

] £ 100 1 1 108 o T2 4 16 e 120 122 124 126 28 50 Tt
iAT T TASAGTAGTCAASATTTTGGGC CA AGTG GG GNNUNTNIPNIPNINTGTGDNTDNA ATNTGTNTNNNT N

Figure 43: Chromatogram of Sanger sequencing of the single base deletion that was initially missed by ONT
(chr1:155239657). At position 113 (corresponding to chr1:155239657), the chromatogram suddenly turns to double

sequence, indicating a single base deletion.

IO B [ [ [ [ B W] [ I ] :IP:I:E-:I-:I:E_D:-:
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@® O @ barcodeOl.bamC...
chr1:155.239.657
40 bp

Total count: 1933 155239650 bp . barcode02.bam C...
: 3%%%’31931 ;l- ) ! [ I | Chr1:155.239.657 |

C
T AIG : 1889 (98%, 709+, 1180-) RTTTTTTTTETETE e A e e e e T e A A {Total count: 2766 B
T 11 (1%, 4+,7-) = A 154 (2%, 33+,21-) =
N:0 C:4 (0%, 4+,0-)
G : 2690 (97%, 971+, 1719-)

GBA
DEL: 1029 T: 18 (1%, 2+, 16-)
s’ IR ERE=EERRRRRRN-:

@
>

DEL: 1532
INS: 117

barcode03.bam...
chr1:155.239.657 . . ... . . .
Total count: 2350 barcode40.bam C...
A :37 (2%, 28+, 9-) I chr1:155.239.657

C:8(0%, 7+, 1) -
G : 2299 (98%, 857+, 1442- ) 1A‘«{ta:‘10 c?;;:. 113f621- )

T:6(0%,1+,5-) C:1(0%, 1+,0-)

NO ......... G : 1902 (97%, 719+, 1183-)
DEL: 1321 I’{I (1)3 (1%, 4+,9-)
INS: 99 N:0o

DEL: 2973

INS: 91

Figure 44: Drop in coverage within the poly-G sequence in 3 wild-type samples (barcodes 01, 02 and 03, upper 3
samples) and in the sample suspected to be a false negative (barcode 40, bottom sample). From top to bottom, the
image shows genomic coordinates in Chromosome 1, genomic DNA sequence, aminoacid sequence, and the gray bars
represent the depth of coverage of the 4 samples at each position. The side windows show proportion of A, C, G, T,

deletions and insertions at position chr1:155239657 for the 4 samples. Images exported from IGV.

To detect abnormal coverage drops in these regions, that could signify an underlying
single base deletion not detectable with ONT sequencing, | developed a novel

approach. This consists in estimating a new parameter, the “adjusted depth” (AD),
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which corresponds to the depth of coverage at a given position divided by the mean
depth of coverage at the 100 flanking positions (50 bases to the 5’ side and 50 bases
to the 3’ side).

To achieve this I: 1) created a BASH script that calls “Samtools depth” to produce a
csv file with depth of coverage at each position from a .bam file and 2) created a
python file called fINDEL that estimates the AD for each of these positions.

The code is reported in Appendix — Code.

| tested this approach on the exonic regions of GBA in 92 samples sequenced with
the ONT pipeline. These included the sample from the participant with the
undetected deletion. With a set AD threshold of 0.5, the false negative deletion was
correctly detected, and 3 additional variants were reported in some samples:
chr1:155234775, chr1:155234800 and chr1:155239990 (Table 26). These additional
variants were interpreted as false positives, as they were present in a high number
of samples. This assumption was supported by visual inspection on IGV.

It was evident that, by setting a fixed threshold, there were some false positive
results. To overcome this problem, | decided to compare the AD at each position
with the AD at the same position in all the other samples. | created a R script that
flags all instances where a sample has a AD that is more that 5 median absolute
deviations (MAD) from the mean of all the other samples at that same position
(Figure 47). With this approach, the indel that was missed by standard ONT analysis
was detected, and no false positives were reported. The R script can be found in
Appendix — Code.

Interestingly, this analysis also showed that one sample had a significantly higher
depth compared to all the others at position chr1:155239990. Upon visual
inspection, | observed that the coverage drop was indeed less than expected, and
this was caused by the presence of a higher than expected (30%) representation of

the base T, potentially due to a base substitution at chr1:155239989 (C>T) (Figure 45
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and Figure 47). Sanger sequencing of exon 3 of GBA confirmed the presence of a

variant at chr1:155239989 (C>T) (Figure 46).

Variants detected N° of samples variant was detected in AD*

chr1:155239657 1 0.41
chr1:155234775 92 0.42
chr1:155234800 92 0.40
chr1:155239990 91 0.47

Table 26: Results of analysis of 92 samples with AD. Chr1:155239657 is a true positive, while chr1:155234775,

chr1:155234800 and chr1:155239990 are false positives.

*AD: adjusted depth, see text for more details.

40 bp

239.970 bp 155.239.980 bp 155.239.990 bp 155.240.000 bp 15!
| | | | | | | |

Sequence

Gene

barcode01.bam Coverage

barcode55.bam Coverage

T ACCAAGG GG G CAGGAAAGGTT CGG GG G GG GTTCAAAGGAGTTCATCA

Figure 45: Possible single base substitution in poly-G sequence. At the top is a wild type sample for reference, at the

bottom the sample with a higher coverage at position chr1:155239990. From top to bottom, the image shows genomic

coordinates in Chromosome 1, genomic DNA sequence, aminoacid sequence, and sequencing results of the 2 samples.

The red, blue and ochre colors represent the proportion of T, C and G at positions of interest. Images exported from

IGV.
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Figure 46: Chromatogram of Sanger confirmation of variant nearby homopolymer. Top row: forward strand. Bottom

row: reverse strand. At position 115 (forward strand) and 141 (reverse strand) a heterozygous single base substitution

can be seen, corresponding to position chr1:155239990.

0.4 0.5 0.6 0.7 0.5 0.6 0.7
AD AD

Figure 47: Analysis of AD highlights two variants within homopolymers. On the left, a single base deletion at
chr1:155239657, with AD that is more than 5 MAD lower than the mean of the other samples at that position. On the
right, a single base substitutionat chr1:155239990, causing the the AD to be more than 5 MAD higher than the other

samples at that position.
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3.4.Discussion

Being able to reliably sequence the GBA gene is paramount to understand its role in
the development of PD.

However, sequencing GBA is a challenging task. Short read approaches are
intrinsically problematic, due to the presence of GBAP1, and many exome and WGS
protocols failed to reliably detect some GBA variants!10111,164

The work of dr. Proukakis to apply ONT to sequence GBA suggested ONT might have
been the best solution to my problem, and by the time | started my PhD, a few
samples were already successfully sequenced in our UCL laboratories. However, the
ONT method needed to be validated and adapted for work on DNA extracted from
saliva and for higher throughput. Some of the improvements to the method that are
described in this chapter were included in the validation paper published in 201914°
and others will be reported in an additional manuscript which is currently under
submission!®.

In this chapter, | describe improvements to both the samples preparation protocol
and the bioinformatics pipeline (summarised in rigure 48).

The samples preparation improvements were needed as DNA extracted from saliva
has a lower quality, and required revisiting of the PCR conditions and the technique
for purification of the PCR product. In particular, the introduction of magnetic beads
for DNA purification and major changes to the PCR protocol dramatically increased
the rate of success and quality of the sequencing.

PCR enrichment ensures a high coverage and the possibility to sequence up to 96
samples with one single MinlON run. However, PCR has limitations, such as the
inability to amplify some specific recombinants, as discussed in chapter 4. Future
development might focus on the application of alternative means of enrichment,
like Cas91®®, which could be used to enrich the region including both GBA and its

pseudogene GBAPI, revealing the complexity of its structural variants. Of note, the
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laboratory protocol | developed has been adopted by Exeter Genomics Laboratory
at the Royal Devon & Exeter Hospital and implemented into their automated
pipeline to streamline sequencing of GBA for our research purposes.

The bioinformatics pipeline has also been updated. A different base-caller (Guppy)
was preferred as the original one (Albacore) was discontinued. As Guppy is the base-
caller supported by ONT, and it is likely it will be the default caller in the future. For
this reason, including it into the pipeline is an important update. Guppy improved
the quality of the in silico analysis, but requires higher computing resources,
including a powerful GPU. This can be a limiting factor in many settings; we solved
the problem by moving the basecalling step on the UCL computing platform Myriad.
The alignment step is particularly delicate for GBA sequencing, due to the presence
of GBAP1, which can cause misalignment as previously discussed. Our pipeline uses
NGMLR, which searches for the best fit of each k-mers in the whole reference and is
thus able to improve alighement in complex regions®’, such as the GBA locus. A
different aligner, Minimap2, is widely used for long read sequencing data'®’. | did
some comparisons between the two, but not to an extent that was sufficient to
draw any conclusions, so these are not presented in this thesis. However, NGMLR
has proved reliable in our analysis and we never felt the need to improve the
alignment step further. Future research might focus on the comparison of different
aligners, including Minimap?2.

A range of variants-callers were tested and we finally settled for the machine
learning based caller Clair. Clair produced less false positive calls and improved the
overall accuracy of the variant-calling step. However, Nanopolish recently added a
function to report the support fraction for each allele by strand and it would be
interesting to investigate whether this improvement solved the issues the software
was showing in our dataset.

As the field of bioinformatic analysis of long read sequencing is rapidly evolving,

further optimisation will likely be needed in the future.

114



Possibly the most relevant achievement of this part of my PhD is the development
of a method to reliably detect variants within homopolymers in the GBA gene.
Homopolymers are problematic for ONT, as the technology struggles to determine
the length of stretches of the same base®®, and GBA has two homopolymer
stretches in exonic regions. The approach described here is novel and was able to
successfully detect two variants, one single base deletion and one synonymous SNV,
within GBA homopolymers. The method consists in comparing the AD of each base
within the homopolymer between all samples in the same run. This allows to spot
samples that give a signal that is significantly different from that of all the other
samples, indicating a base change within the homopolymer. One major limitation of
this approach Is that it can only be applied to MinlON sequencing runs where
multiple samples were analysed at the same time. In the future, it might be possible
to create a map of expected AD at all positions within homopolymers, so that it can
then be applied to individual samples.

As a final remark, while improving our method for sequencing GBA with ONT, | also
contributed to the development of the software we were using. Suggestions made
on the Github pages of both Nanopolish and Clair were accepted by the developers
(Figure 49 and Figure 50) and will hopefully lead to advancement of the software. |
collaborated with Dr Sedlazeck, developer of NGMLR, for the development of a
method for detecting SVs in GBA (discussed in the following chapter) and was able
to provide him with useful feedback on the functioning of NGMLR.

In the next Chapter, | discuss additional research on complex structural variants in
the GBA gene, and a novel method | developed for their detection and

characterisation.

115



e Amplification PCR

e Barcoding PCR
e Sequencing with MinION
(product: .fast5 files)

* Basecalling with Guppy
(product: .fastq files)

e Demultiplexing with Guppy
(product: .fastq files organised by barcode)

¢ Alignment with NGMLR
(product: .sam files)

e Sorting and indexing with Samtools (product: .bam
and .bai files)

e Variants calling with Clair
(product: .vcf files)

e Phasing with Whasthap
(product: phased .vcf files)

1
2
3
4
5
6
7/
3
9

* Analysis of 2 exonic homopolymers with fINDEL

¢ Fusion and duplication PCR to detect reciprocal
recombinants*

Figure 48: Flowchart of the optimised pipeline to fully sequence the GBA gene.

*More details on additional analysis of reciprocal recombinants in chapter 4.
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Nanopolish fails to call variant when sample is compound heterozygote in that = [EZET
position #729
marcotoffoli opened this issue on 19 Feb 2020 - 3 comments

marcotoffoli commented on 19 Feb 2020 - edited ~ © -

Assignees
No one assigned
Dear Jared,
Thank you again for the great software. Labels
| am having some issues with one variant not being called correctly from Nanopolish. None yet
In that position, the reference has a T, while my sample has C(55%), G(28%) and T(12%).
I've done some research and it looks like the reference I'm using (hg19) has a mistake in this position, as the reported
frequencies in the population are C(50%) and G(50%), with T at 1-2%. Projects
My assumption is that the correct genotype is C/G, but Nanopolish is calling it T/C heterozygote. The support fractions None yet
with the --calculate-all-support enabled are 0.020,0.530,0.426,0.025
Milestone

| am interested in hearing what you think about this.
No milestone

Linked pull requests

jts commented on 19 Feb 2020 Oowner @ --*
AL 4 Successfully merging a pull request may close
. . this issue.
Hi @marcotoffoli,
None yet
Yes, this is a limitation in the way nanopolish internally stores variants that | recently discovered after a discussion with
another user. It will be somewhat difficult to fix but I'll leave this issue open as a reminder.
Notifications Customize
Jared 2 Unsubscribe
You're receiving notifications because you
were mentioned.
marcotoffoli commented on 19 Feb 2020 Author @ -+
2 participants
Thank you!
For the time being, | just edited the reference and after that Nanopolish correctly calls the variant. tf
Cheers
Marco

Figure 49: Suggestion | made to improve Nanopolish
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train clair with single strands? #22
marcotoffoli opened this issue on 16 Mar 2020 - 3 comments

marcotoffoli commented on 16 Mar 2020 @

Good morning,

| wanted to let you know that after the release of the latest trained models for ONT with coverage up to 550, Clair is
performing really well.

| am using ONT to sequence a single gene with a PCR approach and Clair found only one false positive SNV. This
particular false positive can be easily identified when looking at strands separately in the bam file, as it is present only
in one of the two strands. The same is true for basically all the false positive indels called.

| was wondering if it could be worth trying to train the models with single strand data.

Kind regards

i; aquaskyline commented on 19 Mar 2020 Member @ ---

Suggestion well noted. If we got data, we could definitely train a model with single strand data. I'm not sure but is there
any single-strand data for GIAB samples, or for any samples with known variants?

marcotoffoli commented on 19 Mar 2020 Author | @ <°*

The SAM/BAM files produced from Oxford Nanopore can be separated into single strands, so any data produced with
ONT can be analyzed this way.
| have a script that extract single strand data from ONT sequencing and | am happy to share if needed.

i; £ aquaskyline commented on 20 Mar 2020 Member Q) ---

That's great, could you please share your script with me at rbluo @
cs.hku.hk

o ‘ aquaskyline added the enhancement label on 4 Nov 2020

Figure 50: Suggestion | made to improve Clair
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4. Characterisation of structural variants in the GBA gene

Content of this chapter will be reported in a separate publication, which is currently

under submission and available on Medrxivi®°,

4.1.0verview and rationale

The GBA gene can be affected by non-reciprocal recombination (gene crossover)
and reciprocal gene fusion and gene duplication recombinantion (Figure 3).

In chapter 3, | describe my contribution to the development and optimisation of a
method for sequencing GBA with ONT. This method was able to detect and
characterise non-reciprocal recombinant alleles with ONT®%°,

However, from the analysis of the first samples we noticed that a complex SV was
not detected. The SV was a reciprocal recombination resulting in a fusion between
the gene and pseudogene, which caused the deletion of the binding site of the
reverse primer used to amplify the GBA gene and the subsequent non-amplification
of the recombinant allele (Figure 51). Moreover, reciprocal gene duplication alleles
were also not amplified, as the primers we were using (in this chapter referred to as
primer pair A) were not suitable(Figure 51).

In this chapter, | detail the development of a PCR approach for detecting reciprocal
SVs in GBA, determine their breakpoints and predict their pathogenicity.

To gain orthogonal validation, | use dPCR and adaptive sampling with UNCALLED.
UNCALLED (Utility for Nanopore Current Alignment to Large Expanses of DNA) is a
software, based on the MinKNOW ReadUntil AP1%¢°, that analyses the sequence of
the DNA molecule passing through each pore of the ONT device in real time. It can
then trigger the premature ejection of the DNA molecule from the pore if it does not
match a reference provided by the user, freeing up sequencing capacity. This
process allows for purely in silico real time enrichment of a region of interest while

sequencing whole genome DNA'°,
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Sequencing of GBA from short read WGS is notoriously challenging'®. The team of
Dr Michael Eberle, at lllumina, is developing a novel caller for GBA, called

Gauchian'®. We were contacted to validate Gauchian with our ONT method and in
the last part of this chapter, | describe the results of this cross-platform validation,

which provides further confirmation of my findings.

4.2.Methods
4.2.1. Samples

DNA samples included in the analysis were collected through RAPSODI, as discussed
in section 3.2. Additional DNA was extracted from post-mortem brain samples from
the Queen Square Brain Bank (QSBB). For the cross-validation of Gauchian (see
section 4.3.5), samples were sourced at the National Human Genome Research
Institute (NHGRI - ordered from the Coriell Institute for Medical Research at

www.coriell.org) and at the Parkinson’s Progression Marker Initiative (PPMI)71,

4.2.2. PCR approach

4.2.2.1. PCRs to detect reciprocal recombinants

To detect and amplify the reciprocal recombinants in GBA, | used a PCR approach.
The primers sequences were obtained from a previous publication>4, and
specifically designed to amplify the reciprocal recombinants. Two sets of primers
were used, to amplify the fusion recombinants (GBA-nf/MTX1-r — primer pair B) and
duplication recombinants (WGBA-nf/ WMTX1-r - primer pair C), respectively (Figure
51). The primers were edited to accommodate the ONT barcode adaptor sequence.
Two additional PCRs, with primer pairs B and C, were carried out for all samples. The
product of the PCR was then run on a 0.8% agarose gel. If an amplicon was detected

by the presence of a band on the gel, this meant that sample carried a fusion
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recombinant (primer pair B) or a duplication recombinant (primer pair C). Primer

sequences and PCR conditions can be found in Table 27.

e @B e

— e
B “«s® e

» Primer pair A
2 GBA —

» Primer pair B

» ‘ » Primer pair C

» » «» e

a T llJl\fTX < l-IJI\;-ITX GBA

Figure 51: Primers used to detect the different recombinant alleles within the GBA gene.

1) Wild type allele. Only primer pair A produces an amplicon, as the other two pair are too distant (primer pair B) or
inverted (primer pair C)

2) Non-reciprocal allele. Only primer pair A produces an amplicon, same as 1.

3) Reciprocal gene fusion allele. Only primer pair B produces an amplicon, as the binding site of the other primer pairs

are lost (except for the forward primer of pair A)

4) Reciprocal gene duplication allele. Both primer pair A and C produce an amplicon.

Reagents Volume

Template DNA (100ng) X UL

24.5uL - x 95 15sec
@00 62 15sec 12
0.5uL 65 10min
00000 ] 65 10min 1
25uL 4 hold

Forward  5-TTTCTGTTGGTGCTGATATTGCATGTGTCCATTCTCCATGTCTTCA-3'
Reverse  5'-ACTTGCCTGTCGCTCTATCTTCAGCCTTCCTTCCTTCCCTGCAT-3'

Forward  5-TTTCTGTTGGTGCTGATATTGCGTGTCCGTTCTCCACATCCTTG-3'
Reverse  5'-ACTTGCCTGTCGCTCTATCTTCCCAACCTTTCTTCCTTCTTCTCAA-3/

Table 27: PCR conditions and primers sequences to detect reciprocal recombinant alleles.

*primers are edited to carry the ONT adaptor sequence.
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4.2.2.2. Sequencing of recombinant alleles

If one of the two PCRs with primer pairs B and C produced an amplicon, these
samples were barcoded and sequenced as described in chapter 3. However, the
bioinformatics to analysis the sequencing data is different, as described in section
4.2.3.

4.2.3. In Silico characterisation of recombinants

4.2.3.1. Basecalling, Alignment to the human genome and SV calling

Basecalling of both the amplicon and UNCALLED samples was carried out with
Guppy (version 4.2.2), while alignment to the human genome (version GRCh38.p13)
with NGMLR (version 0.2.7)*7, LAST (Version 1243)72, or Minimap2 (version
2.18)%%7_ File manipulation was carried out with Samtools (version 1.10)'"3 and
aligned files were visually inspected with IGV (version 2.11.1)'74. With LAST, the
reference was indexed every 10t base. Three structural variant callers were tests:
Sniffles (version 1.0.12a)**’, CuteSV (version 1.0.10)”> and NanoSV’®,

A list of the commands used is provided in Appendix — Code.

4.2.3.1. Prediction of breakpoints with sentinel positions

The 3’ ends of GBA and GBAP1 are highly homologous, with the exception of a
limited number of positions. | created a list of these positions, referred to as

IH

“sentinel” positions (Table 28 and Figure 52). Using LAST, samples were then aligned
to a custom reference, masked for GBAP1, and inspected on IGV. If samples carried
variants in any of the sentinel positions, that meant that the DNA in that position
originated from the pseudogene, so the breakpoint within GBA had to be upstream
of that position and downstream of the first sentinel position without evidence of
SNVs on IGV (Figure 53). Once the method was established, it was then automated

by using Clair to call variants on the fusion recombinants aligned to the custom

reference after masking GBAP1.
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Chr1:155233639
Chr1:155235203
Chr1:155235217
Chr1:155235252
Chr1:155235379
Chr1:155235412
Chr1:155235540
Chr1:155235727
Chr1:155235750
Chr1:155235878

Table 28: Sentinel positions (i.e. positions within the highly homology region where GBA and GBAP1 do not share the

same sequence).

11 kb

155.234 kb 155.236 kb 155.238 kb 155.240 kb 155.242 kb
| | | | | | | | |

155.244 kb
|

sl -0 il n—a -l =

GBA GBA
| L1 |

Figure 52: Visual representation of the sentinel positions at the 3' of GBA.

Figure 53: Visual determination of the breakpoint of fusion recombinants within the GBA gene. The light blue arrows

highlight the sentinel positions, the top and middle rows show the coverage tracks of two samples carrying a fusion

recombinant allele, with colours indicating positions where the alignment differs from the GBA reference. The bottom

row shows the 3’ end of GBA. The dotted boxes highlight the regions were the breakpoint is. A) Pathogenic fusion

recombinant. The breakpoint lies in intron 9 of GBA (dotted box) and the recombination introduces SNVs in the
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resulting allele. B) Non-pathogenic recombinant. The breakpoint can be anywhere between intron 10 and the region
downstream of t e 3’UTR of GBA. However, since these regions of GBA and GBAP are 100% homologous, no SNVs are

introduced in the resulting allele.

4.2.4. PCR free enrichment of genomic DNA for GBA locus — UNCALLED
4.2.4.1. Library preparation

Genomic DNA was prepared according to the protocol provided by Nanopore
(protocol version GDE_9063 v109 revT_14Aug2019). The procedure is identical to
the one described in chapter 3.2.5. | used 1500ng of input genomic DNA. The first
flow-cell run with UNCALLED had a length of 10 hours and was used as a test, the
following runs had a length of 48 hours. When the number of sequencing pores on a
flow-cell dropped below 5% of the total before the end of the 48 hours, the flow-cell
was washed with kit EXP-WSHO003 and reloaded with the same library following the

manufacturer’s protocol (protocol version WFC_9088 v1 revF 18Sep2019).

4.2.4.2. UNCALLED

UNCALLED (version 2.2) was downloaded from

https://github.com/skovaka/UNCALLED. The reference sequence, a region

straddling GBA, GBAP1 and a flanking region of 20Kb on both sides
(hg38.chr1:155193567-155264811), was downloaded from the University of Santa

Cruz (UCSC) Genomic Institute website (https://genome.ucsc.edu/). To improve

performance, the reference needed to be masked for repeatitive short DNA
sequences'’®. | tested different approaches to mask the reference, including the
scripts mask_internal.sh and mask_external.sh (provided by the developers of

UNCALLED at https://github.com/skovaka/UNCALLED/tree/master/masking) as well

as a “hard-masked” version of the reference from UCSC (details in the Results

section). The UNCALLED command Pafstats and reads from previous ONT runs were
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employed to compare different masking methods (see Results section 4.3.3.1).
Chunk size was set at 3. Analysis of depth of coverage was carried out with Samtools
depth. Reads were aligned to the human genome with LAST and NGMLR. For SV
calling, | tested Sniffles, CuteSV and NanoSV.

A full list of commands for UNCALLED is provided in Appendix — Code.

4.2.5. Digital PCR to confirm presence and copy number of reciprocal

recombinants

To confirm the presence and copy number of the reciprocal recombinants detected,
a subset of samples carrying such variants were sent to Qiagen labs in Hilden
(QIAGEN GMBH, APPLICATION LAB-MV2 NEU — INNOVATION STRASSE 2-40724
HILDEN, GERMANY) to carry out digital PCR (dPCR). Three targets were selected for
analysis, two predicted to straddle the recombinant region (DCH101-0776005A and
DCH101-0776012A) and one predicted to lie outside of the recombinant region and
used as a reference (DCH101-1260927A). The primers for the dPCR were available in
commercial kits provided by Qiagen. The positions of the primers used for analysis

are reported in Table 29 and Figure 54.

36 kb

155.210 kb 155.220 kb 155.230 kb 155.240 kb
| | | | | |

il ——H——HHH—— 1 - H—H
HBS3 MTX1 GBAP1 GBA GBA
1 1 1

Figure 54: Regions covered by primers used for dPCR.

DCH101-0776005A 155231010-55231209 MTX1P1 Yes
DCH101-0776012A 155232410-55232609 MTX1P1 Yes
DCH101-1260927A 155208699-55208804 MTX1 No

Table 29: primers used for confirmatory dPCR.
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4.2.1. Cross-validation of results with novel Illumina caller for GBA

The team of dr Michael Eberle, at lllumina, is developing a novel caller for GBA using
short read WGS data, called Gauchian'®. A detailed explanation of the functioning
of Gauchian is beyond the scope of this thesis. In brief, Gauchian overcomes the
limitations of short read WGS sequencing of GBA, due to the high homology with
the pseudogene, by calculating the copy number of each variant within the
homology region. For example, p.L483P is natively present in GBAP1 but not in GBA,
so the expected copy number of p.L483P in a wild type individual is 2. A copy
number of 3 indicates that this individual is heterozygous for p.L483P, as they must
carry one of these in the GBA gene. Similarly, Gauchian can detect larger copy
number gains and losses, corresponding to reciprocal and non-reciprocal
recombinants.

| used the novel ONT pipeline described in this chapter to validate Gauchian, also
obtaining further validation of my method. Results were also compared with WGS

[llumina calls from BWA-GATK!7”,

4.3.Results
4.3.1. Recombinants detected with PCR approach

In the RAPSODI cohort, 403 samples were tested with the fusion PCR and 414 with
the duplication PCR. Additionally, 28 samples were obtained from the QSBB,
including 6 samples with Lewy body dementia (LBD) and 22 with PD. Fourteen
samples from non-affected controls were obtained from NHGRI and 22 samples
from PPMI.

In total, 13 fusion alleles and 19 duplication alleles were detected. Of these, 9 fusion
and 4 duplication recombinants were identified in the RAPSODI cohort, 2 fusion and
11 duplication among the NHGRI samples, 1 fusion and 1 duplication in the PPMI

samples and 1 fusion and 3 duplications in the QSBB samples. Since the Coriell and
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PPMI samples were selected ad hoc (see section 4.2.1), only the RAPSODI cohort
and the QSBB samples was used to estimate prevalence of these variants. In the
RAPSODI cohort, carriers’ prevalence was 2.23% (AF 1.12%) for fusion recombinants
and 0.96% for duplication recombinants. In the QSBB, prevalence was 3.57% for

fusion recombinants and 10.71% for duplication recombinants.

4.3.1. Prediction of breakpoints of reciprocal recombinants
4.3.1.1. Testing different aligners and structural variant callers

Alignment of the product of PCR with primer pairs 2 and 3 is intrinsically
problematic, as the amplicon contains merged sequence from GBA and GBAP1 and
does not have a correspondence in the reference human genome (Figure 51). |
tested three different aligners (NGMLR, Minimap2 and LAST) and three different SV
callers (Sniffles, CuteSV and NanoSV) to find a combination capable of calling the
breakpoints of the fusion recombinants, in order to determine whether they are
“pathogenic” or not.

Some variant callers are optimised for a specific aligner. In particular, Sniffles and
CuteSV work better with data aligned with NGMLR, whereas NanoSV performs best
with LAST.

Results of testing different aligners is displayed in Figure 55. With NGMLR, different
parameters were tested, without dramatic changes in the resulting alignment. The
most striking difference is that Minimap2 tends to align most of the reads to GBA,
while LAST splits the reads between GBA and GBAP1. NGMLR is somewhat in
between these two extremes.

When testing the different SV callers, the best combination was LAST-NanoSV,
which called a deletion in all the fusion samples. The breakpoints predicted by LAST-
NanoSV fell within the right region (as predicted with sentinel positions — see

section 4.2.3.1) in 10 of the 13 cases (77%). Both Sniffles and CuteSV produced
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suboptimal results, calling multiple SVs in each sample. When considering only the
call with the highest quality score, Sniffles called a variant with breakpoints falling in
the right region in 6 of 13 samples (46%) and CuteSV in 3 of 13 samples (23%). In all
cases, results were not ideal, and the best approach remained using the sentinel

positions (as detailed in section 4.2.3.1).

28 kb

155,220 kb 155,230 kb 155,240
1 | | | | |

MTXL GBAP1 GBA
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Figure 55: Reciprocal fusion recombinant, test with different aligners. Coordinates within Chromosome one and GBA

and GBAP1 positions are reported at the top. The grey areas represent the proportion of reads aligned to GBA (to the
right) and GBAP1 (to the left). As seen, LAST aligns more to GBAP1 compared to the other aligners. Images exported
from IGV.

A) Minimap2.

B-F) NGMLR with different parameters. Default parameters (B), mismatch -7 (C), mismatch -7 -nolowcoverage (D),
mismatch -14 -nolowcoverage (E), mismatch -20 -nolowcoverage (F).

G) LAST.
4.3.1.2. Sentinel positions

Using the sentinel positions as described in section 4.2.3, | was able to differentiate
between fusion alleles altering the coding sequence of GBA (“pathogenic”
recombinants) and those not altering the coding region (“non-pathogenic”
recombinants). Of the 13 fusions detected, 7 were found to be non-pathogenic and

6 to be pathogenic. One of the non-pathogenic fusion alleles also carried p.L483P
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and an intronic variant in intron 9 (chrl:g8.155235412G>A), suggesting a small non-
reciprocal event alongside the larger reciprocal event coexisted in the same allele
(Figure 56).

| applied the same approach to duplication recombinants, and the results showed
that in all samples the duplicated region was all originating from GBAP1 and did not

include GBA sequence (Figure 57).

p.L483P 155235412G>A

T T -IprT-rlv'l“ . WTW"TW'FWWWW“TWWTWWW

B L A B o) AR A L R I A AL s I M L 'W“WW‘Wj ]

Exon 11 Exon 10
GBA
Figure 56: Three examples of reciprocal fusion recombinants. The coloured bars within the grey areas represent single
nucleotide variants (p.L483P and chr1:155235412G>A are marked at the top). The corresponding position within the
GBA gene is reported at the bottom.
A) non-pathogenic fusion allele which also carried the p.L483P and chr1:9.155235412G>A variants.
B) non-pathogenic fusion allele.

C) Pathogenic fusion allele, containing the 3 RecNcil SNVs and other intronic SNVs.

. e EEEEE—— ‘

GBA GBA

Figure 57: Reciprocal duplication recombinant, aligned to hg38 after masking GBAP1. The grey area represent the
depth of coverage of the transcript across the GBA gene (showed at the bottom). Most of the duplicated material
derives from GBAP1 (as shown by the coloured bars, representing SNVs, and by the large deletions, both part of

GBAP1) and is merged with a region downstream of GBA (also see Figure 51 for reference). Image exported from IGV.
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4.3.2. Phenotype and other GBA variants in carriers of non-pathogenic

reciprocal recombinants

Among carriers of duplication recombinants, 3 also carried a p.L483P SNV, and 2
also carried the recTL+delta55 non-reciprocal recombinant. Of the non-pathogenic
fusion carriers, 2 also carried the synonimous variant p.P491= and 2 carried p.L483P,
of which one within a small non-reciprocal recombinant (Figure 56). Phenotype of
non-pathogenic fusion and duplication recombinants in the RAPSODI cohort are
reported in Table 30. In the RAPSODI cohort, the only one with a dedicated control
group, neither duplication or non-pathogenic fusion recombinants were more
frequent in PD or GD patients than in controls (fisher exact test p-values 0.41 and

0.19, respectively).
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NHGRI - 1
NHGRI - 2
NHGRI - 3
NHGRI - 4
NHGRI - 5
NHGRI - 6
NHGRI - 7
NHGRI - 8
NHGRI -9
NHGRI - 10
PPMI -1

QSBB -1

QSBB -2

QSBB -3

RAPSODI - 1

RAPSODI - 2
RAPSODI - 3

RAPSODI - 4

RAPSODI 5
NHGRI - 11

NHGRI - 12

PPMI - 2

QSBB - 4

RAPSODI - 6

Duplication

Duplication
Duplication
Duplication
Duplication
Duplication
Duplication
Duplication
Duplication
Duplication
Duplication

Duplication
Duplication
Duplication

Duplication

Duplication

Duplication

Duplication

Duplication

Non-
pathogenic
fusion
Non-
pathogenic
fusion
Non-
pathogenic
fusion
Non-
pathogenic
fusion
Non-
pathogenic
fusion

L483P

L483P
L483P

p.pro491=

p.pro491=

p.L483P

Control
Control
Control
Control
Control
Control
Control
Control
Control
Control
PD

PD

PD

PD

PD

PD

GD
relative
PD

Control

Control

Control

PD

PD

GD
relative

60
63

67

64

58

72

59

63

61

RBD

Not
available
Not
available
Not
available
Hyposmia,
RBD,
constipation
Depression

Depression,
Hyposmia,
constipation

Hyposmia,
constipation

Not
available
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RAPSODI - 7
RAPSODI - 8
NHGRI - 13
RAPSODI -9
RAPSODI - 10
RAPSODI-11
RAPSODI —12
RAPSODI - 13

Non-
pathogenic
fusion
Non-
pathogenic
fusion
Pathogenic
fusion
Pathogenic
fusion
Pathogenic
fusion
Pathogenic
fusion
Pathogenic
fusion
Pathogenic
fusion

p.L483P

RecNcil

RecNcil

RecNcil

RecNcil

RecNcil

RecNcil

GD

PD 65 Hyposmia,

constipation
Control
GD
GD
GD
GD

relative

PD 56 Hyposmia,

RBD

Table 30: Phenotype and other variants in carriers of non-pathogenic reciprocal recombinants.

PD: Parkinson disease, GD: Gaucher Disease

4.3.3. UNCALLED

In total, four samples were successfully sequenced with UNCALLED, as reported in

Table 31. These samples were selected because a reciprocal recombinant (fusion in

RAP3530 and hg03428 and duplication in hg03547 and hg03895) was detected with

the PCR approach described in section 4.2.2. The sequencing yield and number of

flow-cell wash and re-load cycles for each sample is summarised in Table 31.

RAP3530
hg03547
hg03895
hg03428

11
66.5
66.3
65.7

Table 31: Metrics of the four UNCALLED runs.

N W W

1.74 4.48
6.80 10.4
4.23 6.72
8.58 13.06

4.3.3.1. Masking the reference with UCLC browser improved performance

The GBA locus contains many simple repetitive regions as well as short interspersed

nuclear elements (SINE) and long interspersed nuclear elements (LINE) as shown in
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Figure 58. Since repetitive elements can decrease UNCALLED performance, masking
the reference was required?’?. This process consists in replacing highly repetitive
sequences with Ns, increase the speed of real time analysis and accuracy of
UNCALLED. The developers of UNCALLED created two scripts called
mask_internal.sh and mask_external.sh for masking the reference. The former
iteratively masks high frequency k-mers within the reference and the latter masks
sequences in the reference that are repeated in other regions in the human
genome. | also tested a masked version of the reference downloaded from UCSC
genome browser. The best iteration of mask_internal.sh improved signal processing
speed, while mask_external.sh did not improve performance. However, the best
performance was obtained with the reference masked by UCSC. Comparison of

different masking methods is reported in Table 32.

Tos1 B Nosa ]

|chr1 (g22)

Scale 10 kb} | hg3s
chri: | 155,220,000| 155,225,000| 155,230,000 155,235,000| 155,240,000| 155,245,000|

RefSeq genes from NCBI
RefSea Curated HjmmmH—++H—84H4+H+4+——""— 1 =+ H H 11— |
Repeating Elements by RepeatMasker
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Other
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Figure 58: Repetitive regions in the GBA gene and pseudogene from UCSC genome browser (https://genome-

euro.ucsc.edu/).

5699.13 5983.06 5931.10 6568.84

Table 32: Comparison of different methods for masking the reference for UNCALLED. Speed is represented as the Mean

base-pairs that UNCALLED was able to analyse in a second on a simulation.

4.3.3.1. Evidence of enrichment with UNCALLED

UNCALLED has been designed for use on high tier computers with powerful Graphics

processing units (GPUs)’%, which | did not have access to (Figure 59). For this
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reason, | sought evidence that UNCALLED was producing real-time enrichment of
the GBA locus in the sequencing runs.

When comparing the mean depth of coverage over the whole genome and over the
region of interest (hg38.chr1:155193567-155264811) enrichment was 2.1-5.7x.
When considering only reads longer than 3Kb, enrichment increased to 5.8-47.9x
(Table 33). This is consistent with the concept that reads aligning to off-target
regions will be ejected prematurely and only a short part will be sequenced (Figure
61).

Additional proof of the correct functioning of UNCALLED was provided by the drop
in N50 showed by MinKNOW during sequencing from 8.29Kb to 2.85Kb after
starting UNCALLED (Figure 60). The N50 is a measurement of the length of the reads
sequenced, so | attributed this change to the premature ejection of reads that were

not on target by uncalled.

‘ skovaka commented on 20 Mar 2020 Owner
Hi,

Sorry for the delay. Unfortunately we don't know what the minimal system requirements are. The Xeon Gold 6136 is
certainly not required, but in general more cores is better. We've done some testing using only 8 cores and got good
results, but it very much depends on your sample and flowcell conditions. Hopefully we can give better guidelines in
the future, and | would be very interested to hear how your run goes if you do it.

For masking | would recommend doing as much as possible up until your mapping rate (true positive) starts to reduce.
For our Xeon Gold ~6kbp/sec is more than fast enough, but we need to do more testing to get a better idea of the
limits. Again, I'll never be able give an absolute minimum bp/sec because the requirements change with your number of
cores, sample, and flowcell conditions, but I'm very interested to hear about results running on lower-end CPUs than
ours.

Best of luck,

Sam
Figure 59: The developer of UNCALLED talks about the system requirements for the software (from the Github page of
UNCALLED).

Mean Mean
Mean : Mean Estimated
depth all depth all Estimated depth

h ich
Sample reads — enrichment reads > 3Kb dept EARCHMERt
whole saee Allreads  —whole feacse S
ROI 3Kb - ROI 3Kb
genome genome

RAP3530 1.18715 3.45098 0.44736 3.09001 6.9x
hg03547 2.62377 14.4584 5.5x 0.21519 10.3055 47.9x
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1.81837 10.3858 5.7x 0.28421 8.70733 30.6x
3.45944 7.10502 2.1x 0.80779 4.68923 5.8x
Table 33: Enrichment with UNCALLED. ROI: Region Of Interest (hg38.chr1:155193567-155264811)

Estimated N50: 8.29 Kb
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Figure 60: Evidence of enrichment with UNCALLED. N50 is 8.29 without UNCALLED and drops to 2.85 after UNCALLED is

initiated.
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Figure 61: Enrichment with UNCALLED. The gray areas represent single reads, aligned to chrl (coordinates reported at

the top). The GBA region has higher coverage and longer reads compared to nearby regions. Image exported from IGV.
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4.3.3.2. Structural variants calling

Upon visualising the LAST alignment on IGV, | was able to confirm the presence of all
4 structural variants. For the two fusion recombinants, the drop of coverage,
suggesting the location of the breakpoint, was consistent with the prediction with
sentinel positions (Figure 62). NanoSV on LAST alignment was able to correctly call
the SV in the two fusion recombinants. It was also able to call multiple SVs in one of
the two duplication recombinants, with extensively different breakpoints, and did
not call any variants in the other. Sniffles and CuteSV on NGMLR alignment did not

detect the correct SV in any of the 4 samples (Figure 63).

A 1520 120 19824 C B2k 12 18520
|

28kd kb
B T T : wq D -1 152901 155U

Figure 62: Reciprocal recombinants confirmed by adaptive sampling with UNCALLED.

The grey areas represent the depth of coverage at each position within Chromosome 1, coordinates and relative
position of GBA and GBAP1 reported at the top of each panel.

Each panel shows the data produced with UNCALLED (top row of each panel) and the amplicons from PCRs with primer
pairs 2 and 3 (bottom row of each panel). For the fusion recombinants (A and B), the position of the breakpoint
predicted with sentinel position is provided (blue bars and dotted lines). A) “Pathogenic” fusion recombinant. B) Non-
pathogenic fusion recombinant. C) Duplication recombinant (copy number 5). D) Duplication recombinant (copy
number 3).

All alignment was carried out with LAST. Images exported from IGV.
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Figure 63: Comparison between different SV callers. The sample displayed is a reciprocal fusion recombinant. The top
row shows the amplicon produced with primer pair 2. The mid row represents adaptive sampling with UNCALLED. The
blue bars show the calls on amplicon and UNCALLED reads with three different SV callers: NanoSV, CuteSV and Sniffles.

The dotted lines show the position of the breakpoint, detected with sentinel positions.
4.3.4. Confirmation of copy number in reciprocal recombinants with dPCR

Six samples were sent to Qiagen for dPCR: four carrying a reciprocal gene
duplication recombinant, one with a reciprocal fusion recombinant and one without
any recombinants detected. For all samples, the copy number detected across the
regions predicted to be within the recombination event was consistent with the
type of recombinant previously detected. Of interest, the 4 gene duplication
recombinant carriers showed a copy number of 3, 5, 7 and 8, respectively. On the
other hand, the sample carrying the fusion recombinant showed a copy number of 1
and the sample not carrying any recombinant showed a copy number of 2, as

expected. Results of dPCR analysis are reported in Table 34.
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Recombinant DCH101-0776005A DCH101-0776012A
detected with PCR

and ONT approach

Duplication 2.98 3.37
Duplication 4.94 5.36
Duplication 6.64 6.78
Duplication 7.59 8.12
None 2.06 2.29
Fusion 0.92 1.04

Table 34: Results of dPCR.
*results are normalised by copy number detected with kit DCH101-1260927A, which straddles a region outside of the

recombination event.
4.3.5. Cross-platform validation of results with Novel lllumina caller for GBA

To validate Gauchian, and obtain further validation of the ONT pipeline described in
this chapter, 37 samples were sequenced with Gauchian, based on pre-existing
Illumina WGS data obtained from the AMP-PD Knowledge portal. Additionally, 5
brain samples from QSBB were whole genome sequenced with [llumina and then
analysed with Gauchian.

The samples included in the cross-validation included a selection of fusion and
duplication recombinants, SNVs, wild type alleles and samples where Gauchian and
BWA-GATK were not concordant (Table 35). For all 42, Gauchian and the pipeline

described in this chapter produced fully concordant results.

Variant Number of samples Comments

Non-pathogenic fusion recombinants 4 Including 1 also carrying p.L483P

Pathogenic fusion recombinants 1

Duplication recombinants 14  Including 2 also carrying a gene conversion and 1 with p.L483P
SNVs 9  Including 2 where BWA-GATK missed p.L483P

Gene conversions (RecTL + delta55) 2

wild type alleles 12  Including 2 where BWA-GATK wrongly called p.A495P

Table 35: Details of samples used for cross-validation of Gauchian.
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4.4.Discussion

The GBA locus harbours frequent and complex recombination events, due to the
presence of GBAP1'8, Resolving these recombinants is challenging with both short
and long read sequencing, and in most cohorts they are missed completely®. The
ONT method | helped develop and validate, using primer pair A for PCR as described
in chapter 3, is able to detect non-reciprocal recombinants, but misses reciprocal
events. In this chapter, | described an inexpensive and relatively easy way to detect
reciprocal recombinants, only requiring two additional PCRs with primer pairs B and
C. The ability to detect reciprocal recombinants is essential for pathogenic fusion
recombinants, that cause the severe, neuronopathic forms of GD and are strong risk
factors for sporadic PD%, and for this reason the method described in this chapter
greatly improves the ONT pipeline for sequencing GBA. Moreover, this method is
capable of detecting reciprocal recombinants not affecting the coding region of
GBA, including “non-pathogenic” fusion alleles and all duplication alleles. These
recombinants have an uncertain clinical and biological significance. While they leave
the GBA gene intact, they cause substantial deletion or multiplication of GBAP1 and
nearby sequence, with a number of potential effects. GBAP1 contains multiple
microRNA (miRNA) binding sites. These small molecules can alter expression of
various genes, and an interesting hypothesis is that recombination events that
multiply or delete these sites might alter expression of GBA'”.

Moreover, | was able to detect “non-pathogenic” reciprocal recombinants also
harbouring SNVs and even small non-reciprocal recombinants. This is not
unexpected, and was previously described!'®, but nonetheless stresses the
complexity of structural variants in the GBA locus. Given the relatively high
frequency of this association, one interesting question is whether “non-pathogenic”

reciprocal recombinants alter the risk of disease in GBA variant carriers.
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This is an exciting new perspective, that has the potential to help us understand the
incomplete penetrance and variable phenotype of PD cases associated with GBA
variants.

In our cohort, the sample size was too low to draw any conclusion on potential
pathogenicity of these variants based on their prevalence in the different groups. A
direction for future research would be to apply our ONT method to detect reciprocal
recombinants in larger cohorts and clarify their role in disease.

Our method was applied to validate Gauchian, a novel caller for GBA based on
lllumina short read WGS data'®. The validation process showed fully concordant
results between ONT and Gauchian in 42 samples carrying different GBA variants,
including reciprocal and non-reciprocal recombinants. There are many repositories
of WGS data from people with Parkinson, like the AMP-PD consortium, featuring a
cohort of over 3000 PD cases and controls. These resources are invaluable to
understand the genetic background of PD, but to date the calls of GBA variants were
unreliable due to misalignment to GBAP1'%°. Once publicly available, Gauchian will
enable reliable analysis of the prevalence of GBA variants in these repositories,
including the “non-pathogenic” reciprocal recombinants.

Importantly, both Gauchian and ONT were able to correctly genotype variants that
were previously miscalled by BWA-GATK, one of the most widely used pipelines for
lllumina data'’’. This suggests that both methods are an improvement of the
existing technology.

Adaptive sampling is a way of obtaining enrichment of regions of interest with
ONT!’?. One of the main advantages of adaptive sampling is that it allows the
visualisation of native DNA molecules, without the need of amplification with PCR or
CAS9, which can cause artefacts or miss certain variants (e.g. reciprocal
recombinants with primer pair A). UNCALLED, the adaptive sampling software |
used, requires high computing power to select DNA molecules in real time, so its

functioning on smaller computers was not granted. Moreover, while now UNCALLED
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is integrated in newer ONT devices, it is still not fully supported for the smaller ONT
device, the MinlON. It is hard to estimate the exact extent of the enrichment | was
able to achieve, as the samples analysed all had copy number gains or losses within
the region of interest, which cause coverage drops or raises even without adaptive
sampling. Nonetheless, | was able to provide evidence that UNCALLED can be used
reliably with a MinlON on an affordable computer, with only 16 GB of RAM and
without a GPU.

With UNCALLED, | provided further validation of the ONT method, allowing “real
life” visualisation of the reciprocal recombinants as drops and peaks of coverage.
With further refinement of the method, it may be possible to visualise the exact
breakpoints of the recombinants and estimate copy number gain of duplications.
The main limitation of this PCR approach for detecting reciprocal recombinants in
GBA is the somewhat unreliable nature of the PCR: when the PCR reaction with
primer pairs 2 and 3 does not produce an amplicon, this can be due to the absence
of reciprocal recombinants, or to failure of the PCR itself. This is a risk especially
with DNA extracted from saliva, which often is of suboptimal quality. Thorough
quality control of the DNA prior to PCR, consistent use of multiple positive and
negative controls and carrying out repeats of each PCR reaction are all important
steps to avoid missing reciprocal recombinants due to PCR failure. It is reassuring to
note that the prevalence of reciprocal recombinants we detected in the RAPSODI
cohort is consistent with that observed with Gauchian in the much bigger AMP-PD
cohort (data not reported in this thesis)®°.

Another intrinsic limitation of this method is the inability to phase specific reciprocal
variants. While for fusion recombinants the resulting amplicon contains the residual
GBA sequence in that allele and thus allows phasing with other variants in GBA, in
duplication recombinants only the duplicated region is amplified, so phasing with

GBA is not possible (Figure 51).
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All'in all, the method presented here, in combination with the main pipeline
presented in chapter 3, allows detection of all classes of variants in the GBA gene.
When targeted GBA sequencing is sufficient, ONT long read sequencing is a valid
and reliable option. To date, except for Gauchian, no other sequencing methods are

able to fully resolve GBA®°,
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5. Analysis of deep intronic variants in GBA and their effect on

the phenotype of Parkinson disease

Content of this chapter has been adapted from a recent publication | authored®?>,

with permission of the publisher.

5.1.0verview and Rationale

One of the advantages of long read sequencing of GBA is that it provides
information about intronic regions of the gene. The penetrance variability of GBA
variants remains largely unexplained and in is possible that other genetic factors,
including DIVs, can affect the risk of PD.

DIVs (i.e. intronic variants that are located at distance from exons) can cause disease
through different mechanisms, including the creation of donor or acceptor splicing
sites and the formation of novel exons or loss of existing exons!818! and affecting
miRNA binding sites'?°. Indeed, many disease have been linked to DIVs!82-184
inlcuding GBA®,

Two main intronic haplotypes have been described in GBA for the first time in
1990'22, These haplotypes are characterised by at least 3 intronic variants in GBA
(rs9628662, rs762488 and rs2009578)12%123 with the reference haplotype (featuring
the reference nucleotide at the 3 positions) and the alternate allele (featuring the
alternate nucleotide at the 3 positions) having a frequency of roughly 70% and 30%,
respectively!?2123,

It is unknown whether these haplotypes affect the risk of PD.

Recently, a study correlated these two haplotypes with the age at diagnosis and
onset of PD showing that the reference/major haplotype was associated with a
earlier age at onset and diagnosis of PD?4, In this section of my PhD, | tried to

replicate these findings in the RAPSODI cohort. To seek further validation, |
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expanded the analysis to the Accelerating Medicines Partnership for Parkinson’s

disease initiative (AMP-PD) cohort.

5.2.Methods
5.2.1. Participants

| included participants to the RAPSODI study with a diagnosis of PD that did not
carry any coding variants in GBA (details on recruitment in chapter 2).

| identified additional participants from the AMP-PD database (https://amp-pd.org).

AMP-PD participants were included if they had a diagnosis of “Idiopathic PD” or
“Parkinson’s Disease” and if they did not carry any coding GBA variant. AMP-PD data
were downloaded on the 20/07/2020 (version 2019 _vilrelease_1015).

5.2.2. Definition of the haplotypes

For RAPSODI participants, full GBA sequencing data were obtained as described in
chapter 3.

AMP-PD included short read WGS data, from which | extracted GBA sequences.

| defined haplotype A by the presence of the alternate genotype, and haplotype B by
the reference genotype at the 3 intronic variants rs9628662, rs762488, and
rs2009578.

Participants that carried at least 1 allele which did not fall into this classification, or
for which quality of the alignment at any of the 3 positions was not good enough for
confident calling, were excluded from the analysis.

R version 4.0.2 and the R package vcfR version 1.12.0 were used to analyse the

databases and assign each allele to one of two haplotypes.
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5.2.3. Statistical analysis

| used R version 4.0.2 for statistical analysis. | investigated two different models of
effect of the haplotypes: an additive model and a dominant (haplotype B) model.
For the additive model, the number of alleles carrying haplotype B was the
dependent variable and linear regression was used to assess an effect on age at
diagnosis of symptoms.

For the dominant effect of haplotype B model, participants were divided into two
groups, one with homozygotes for haplotype A and one with heterozygotes and
homozygotes for haplotype B and ANOVA was used for the analysis. The same
analysis was repeated on the full cohorts and only on patients with an age at

diagnosis above 50.

5.3.Results
5.3.1. Sample size and haplotypes

In total, | analysed data from 1417 PD patients (100 from RAPSODI and 1317 from
AMP-PD). Of them, 141 were homozygous for haplotype A, 573 were heterozygous
and 693 were homozygous for haplotype B. For 10 patients, it was impossible to
determine the haplotype, because the sequencing quality was poor or incomplete,
or because their genotype at the 3 positions defining the haplotypes were not all
wild type or all mutated. The allelic frequencies were 0.302 for haplotype A and
0.691 for haplotype B in the joint cohorts. When considering each cohort separately,
allelic frequencies were 0.265 / 0.685 in RAPSODI and 0.305 / 0.692 in AMP-PD.
Numbers of participants with each haplotype are reported in Table 36.

A great number of rarer intronic variants were identified, determining over 50

unique haplotypes (pictured in Figure 64).
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Haplotype cluster A s

Haplotype cluster B

Figure 64: All individual haplotypes detected. Red dots represent observed unique haplotypes and blue dots represent

hypothetical haplotypes (reproduced from Toffoli et al**>, under Creative Commons CC BY license).

5.3.2. Effect of the haplotypes on age at diagnosis of PD

Table 36 and Figure 65 show the age at diagnosis in the different groups.

| did not observe any differences with either the additive model or the dominant

model.

| noticed that some participants were diagnosed with PD at a very young age. These

participants have a higher chance of carrying variants in other PD causing genes (e.g.
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PINK/Parkin). For this reason, | repeated the analysis after excluding participants
with an age at diagnosis earlier than 50. Again, no significant differences were

observed.

RAPSODI Cohort AMP-PD Cohort Merged Cohorts (RAPSODI + AMP-PD)
Number of Mean Age  Median Number of Mean Age  Median Number of Mean Age  Median
Participants at Age at Participants  at Age at Participants at Age at
Diagnosis Diagnosis Diagnosis Diagnosis Diagnosis Diagnosis
10 61.5 59.5 131 60.1 61 141 60.2 61
33 59.9 60 540 59.5 61 573 59.5 61
52 61.3 61 641 60.1 61 693 60.2 61
5 5 10
100 1317 1417
0.7292 0.5819 0.528
0.7892383 0.7981861 0.7552578

RAPSODI Cohort AMP-PD Cohort Merged Cohorts (RAPSODI + AMP-PD)
Number of Mean Age  Median Number of Mean Age  Median Number of Mean Age  Median
Participants at Age at Participants  at Age at Participants at Age at
Diagnosis Diagnosis Diagnosis Diagnosis Diagnosis Diagnosis
10 61.5 59.5 104 64 64 114 63.8 64
29 61.8 61 445 63 63 474 62.9 63
48 62.7 61 526 63.6 63 574 63.5 63
4 5 9
91 1080 1171
0.5504 0.7416 0.6431
0.7378356 0.3714943 0.4654556
Table 36: Number of participants carrying each haplotype and age at diagnosis of PD.

147



80- 80- 80-
©
©
Q
z
a  6o- 60- 60-
a
Y—
(]
k%
(7]
[e]
c
g
5 4o 40- 40-
©
(0]
(e)]
<

20- 20- 20-

HomA Het HomB HomA Het HomB HomA Het HomB
Haplotypes

Figure 65: Age at diagnosis of PD and haplotypes. A) RAPSODI cohort. B) AMP-PD cohort. C) Joint cohorts.

5.4.Discussion

The idea that intronic variants and haplotypes in GBA can affect the risk and
phenotype of PD is interesting and, if true, could in part explain the different
penetrance of GBA mutations and why only a minority of GBA carriers develop PD in
their lifetime.

The report by Schierding et al. that two common intronic haplotypes in GBA affected
age at onset and diagnosis in their PD cohort was promising and suggested further
investigation!?4,

In an attempt to validate this finding, | run the same analysis in the RAPSODI cohort
and sought additional confirmation by looking at the AMP-PD database, containing
aggregated data of independent cohorts of PD patients from different parts of the

world (https://amp-pd.org).

| tested both a dominant model and an additive model, and did not find any effect
on age at diagnosis of PD.
Moreover, to exclude the possibility that a small number of early onset PD patients

could skew the analysis, | re-run the same models after excluding individuals with an
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age at onset below 50. Again, | did not detect any significant effect of the haplotypes
and | was unable to confirm the hypothesis formulated by Schierding et al*?4.

One potential limitation of this study is that short read WGS data are unreliable in
some regions within GBA®, as extensively discussed in chapter 4, and the AMP-PD
calls might be imprecise. However, the 3 haplotypes | considered in this analysis are
all outside of the regions where GBA and GBAP1 are highly homologous, suggesting
that misalignment is less likely. Moreover, the allele frequencies observed in both
AMP-PD and RAPSODI were very similar, and consistent with those reported in non-
Finnish Europeans in gnomAD data®>, where the minor allele frequencies for the 3
variants are 0.295, 0.294, and 0.287.

One way to explain the discrepancies between the results reported in this chapter
and those produced by Schierding et all*?* is the composition of the cohorts studied.
Indeed, there were significant ethnic differences between the patients they studied,
all from New Zealand and Australia, and those included in my analysis, mostly white
Europeans and North-Americans. Moreover, both RAPSODI and AMP-PD included a
significant amount of individuals of Ashkenazi Jewish ancestry. It is possible that the
effect observed by the New Zealand group is specific to the ethnic composition of
their cohort, or it might have been masked in our cohort due to the high number of
Ashkenazi Jews, for example. Further studies are granted to clarify these conflicting
findings.

Of note, we observed a high number of rare intronic variants and unique haplotypes
(Figure 64). DIVs can have a functional effect in different ways. They can generate
new splicing donor and acceptor sites, causing alternative splicing, and they can
disrupt transcription regulatory motifs.

Further research is granted to determine whether these rarer intronic variants affect
the risk and phenotype of PD and other diseases.

This analysis showed how the application of the GBA long read sequencing |

developed and refined can provide further insight into the pathogenesis of PD.
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6. Final remarks

My whole PhD focussed on two simple questions: why are the penetrance and
phenotype of GBA-associated PD so variable? Is it possible to predict who, among
GBA-variant carriers, will develop PD?

To answer these questions, | contributed to the development of RAPSODI, a portal
for the remote assessment of participants, focussing on non-motor symptoms of PD.
The idea behind RAPSODI is that, in order to understand what factors affect the risk
of PD, and what signs herald the development of the disease, a large number of
participants need to be followed-up for a long period of time. As in-person, face to
face assessment proved unsustainable!?®, RAPSODI allowed us to maintain a large
cohort of participants constantly engaged, monitored and with limited resources.
During the setup of RAPSODI, | encountered many difficulties, including the
impossibility to meet and recruit new participants for over a year, due to the
limitations brought by the COVID-19 pandemic.

However, the most significant problem | had to face was sequencing the GBA gene.
The original plan was to outsource Sanger sequencing of the saliva samples
collected through RAPSODI to a separate UCL laboratory. This solution was not ideal,
partly due to the relatively high cost of Sanger sequencing of all exons of GBA, but
also because we were encountering a high number of false negative calls (e.g. GD
patients with only one or no GBA variants detected). For these reasons, | decided to
develop a novel method for sequencing GBA with ONT long read technology. What
started as a mere mean to an end, uncovered a whole new world of opportunities
and interesting lines of research.

The novel method | developed is able to detect intronic variants and complex
recombinants, even when they do not affect the coding sequence of GBA. | was able
to investigate some of these potential genetic modifiers of the risk of PD myself, and

more research will be carried out in the future.
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All'in all, | feel that my research advanced the knowledge on the role of GBA in the
pathogenesis of PD, and hopefully will lead to more exciting findings in the future.
| was able to contribute to the development of different software, and in particular
Gauchian, the novel GBA caller based on lllumina short read WGS, which has the
potential to be a major contribution to research involving GBA. The method |
developed for analysing GBA with ONT is publicly available and has already been
applied by other research groups?®®.

Finally, RAPSODI will continue recruiting and assessing participants for many years,

and hopefully will provide further insight into the pathogenesis of PD.
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Appendix — Code
Script to run Guppy on Myriad

#1/bin/bash -

# Batch script to run a GPU job on Myriad
#S -S /bin/bash

#S -l gpu=2

#S -1 h_rt=24:00:00

#S -l mem=5G

#S - tmpfs=200G

#S -pe smp 12

#S -N guppyGPU

#S -wd /home/skgttof/Scratch
cd STMPDIR

module unload compilers mpi

module load compilers/gnu/4.9.2
module load cuda/9.0.176-patch4/gnu-4.9.2

/home/skgttof/Scratch/ont-guppy/bin/guppy_basecaller --input_path /home/skgttof/Scratch/fast5 --save_path
/home/skgttof/Scratch/fastq -r --flowcell FLO-MIN106 --kit SQK-LSK109 --ipc_callers 16 --num_callers 12 --
gpu_runners_per_device 2 --device "cuda:all:100%" && /home/skgttof/Scratch/ont-guppy/bin/guppy_barcoder -i
/home/skgttof/Scratch/fastq -s /home/skgttof/Scratch/fastq_barcoded --barcode_kits EXP-PBC096

tar zcvf SHOME/Scratch/files_from_job_SJOB_ID.tar.gz STMPDIR
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The wrapping script used to sequence the GBA gene with ONT

#1/bin/bash
set -o pipefail
set -e

HHtHH IR read me
#this script will take demultiplexed fastq files (from Guppy) and do alignment with NGMLR and variants calling with
Clair

#usage: yeah -q /path/to/folder_with_fastq -w /path/to/folder_for_output -r /path/to/reference_for_alignment -b
/path/to/bed_file_with_full GBA coverage -Q threshold_for QG filtering_of called_variants -t target_region(format
chrx:nnnnnnnnn-nnnnnnnnn)[default chr1:155234452-155241249] -C /path/to/clair.py -m
/path/to/clair/modules/folder

#before starting you need all dependencies installed and added to PATH (NGMLR, bgzip, tabiz, annovar, whatshap,
vcftools, beftools, Clair).

#l isntalled Clair without conda environments so that it works by just calling python /path/to/clair.py. If you installed it
differently you will have to update the script to activate and deactivate environments etc

R R HAA#A#A##Asetting options
target=chr1:155234452-155241249

while getopts 'g:w:r:b:Q:t:C:m:' OPTION
do
case "SOPTION" in

q)
FQ="$OPTARG"

w)
WD="SOPTARG"
r)
ref="SOPTARG"
b)
bed="SOPTARG"
t)
target="SOPTARG"
Q)
qual="SOPTARG"
)
CLAIR="SOPTARG"
m)
MODEL="SOPTARG/model"

2

?)

echo "option missing" >&2
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exit 1
esac
done
shift "S((SOPTIND -1))"

echo preparing files

mkdir SWD/mergedfastq SWD/aligned SWD/sorted_indexed SWD/clair SWD/downsampled_bams SWD/finaloutput
SWD/coverage SWD/downsampled_sorted_indexed SWD/QG _filter SWD/phased SWD/phased_unfiltered

for D in SFQ/*
do

find SD -name *.fastq -exec cat {} \; > SWD/mergedfastq/S{D#"S(dirname "SD")"/}.fastq
done
echo aligning

for f in SWD/mergedfastq/*.fastq
do

ngmlr\
-t 8\
-r Sref \
-q 5f\
-0 SWD/aligned/S(basename $f .fastg).sam \
-x ont
done

echo sorting and indexing

for f in SWD/aligned/*.sam
do

samtools sort Sf \
-0 SWD/sorted_indexed/S(basename Sf .sam).bam

done

for fin SWD/sorted_indexed/*.bam
do

samtools index Sf
done
echo adjusting coverage

for fin SWD/sorted_indexed/*.bam
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do

var="$(coverageBed -mean -a Sbhed -b Sf | awk '{print $4}')"
int=S{var%.*}

if [ Sint -gt 550 ]
then

varl="$(echo "1/(Svar/550)" | bc-I)"

samtools view -s Svarl -b Sf -o SWD/downsampled_bams/S{f#"S(dirname "Sf")"/}

else
cp $f SWD/downsampled_bams/S{f#"S(dirname "Sf")"/}
fi

done

echo sorting and indexing 2

for f in SWD/downsampled_bams/*.bam
do

samtools sort Sf \
-0 SWD/downsampled_sorted_indexed/S{f#"S(dirname "Sf")"/}

done

for f in SWD/downsampled_sorted_indexed/*.bam
do

samtools index Sf
done
echo calling variants
target1=S{target%:*}
Sacile=S{target#*:}
target2=5{Sacile%-*}
target3=S{target#*-}

CONTIG_NAME=chrl

for f in SWD/downsampled_sorted_indexed/*.bam
do

VARIANT_CALLING_OUTPUT_PATH=SWD/clair/S(basename Sf .bam).vcf

BAM_FILE_PATH=5f
SAMPLE_NAME=S(basename Sf .bam)
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python SCLAIR callVarBam --chkpnt_fn "SMODEL" --ref_fn "Sref" --bam_fn "SBAM_FILE_PATH" --ctgName
"Stargetl" --sampleName "SSAMPLE_NAME" --call_fn "SVARIANT_CALLING_OUTPUT_PATH" --minCoverage 20 --
threshold 0.2 --delay 0 --ctgStart "Starget2" --ctgEnd "Starget3" --dcov 1000
done

echo filtering variants

for f in SWD/clair/*.vcf
do

bcftools view -i "GQ > Squal" $f -0 SWD/QG_filter/S(basename Sf .vcf).vcf
done

echo phasing

for fin SWD/QG _filter/*.vcf
do

sample=S$(basename Sf .vcf)
whatshap phase Sf SWD/sorted_indexed/Ssample.bam \
—reference Sref \
-0 SWD/phased/Ssample.vcf \
—-ignore-read-groups
done

echo phasing non-filtered vcfs

for f in SWD/clair/*.vcf
do

sample=S$(basename Sf .vcf)
whatshap phase Sf SWD/sorted_indexed/Ssample.bam \
—reference Sref \
-0 SWD/phased_unfiltered/Ssample.vcf \
—-ignore-read-groups
done

echo finalising

for fin SWD/phased/*.vcf
do

bgzip Sf

done
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for f in SWD/phased/*gz
do

tabix -p vcf Sf
done
vcf-merge SWD/phased/*.gz > SWD/finaloutput/final.vcf

for f in SWD/downsampled_sorted_indexed/*.bam
do

coverageBed \

-mean \

-header \

-a Sbed \

-b SF\

> SWD/coverage/S(basename Sf .bam).vcf
done

more SWD/coverage/* | cat > SWD/finaloutput/coverage.vcf

for fin SWD/phased_unfiltered/*.vcf
do

bgzip Sf
done

for fin SWD/phased_unfiltered/*gz
do

tabix -p vcf Sf
done

echo oh yeah!

168



Albacore

read_fast5_basecaller.py
--flowcell FLO-MIN106
--kit SQK-LSK108
--barcoding
--output_format fastq
--input /path/to/fast5
--save_path /path/to/fastq
--worker_threads 8 -r

Minimap?2

minimap?2
--MD
-ax map-ont /path/to/reference.fa
path/to/.fastq > path/to/output.bam

LAST

last-train -P8 -Q0
/path/to/reference
/path/to/fastq
> /path/to/.par

lastal
-Q0
-P8
-p /path/to/.par
/path/to/reference
/path/to/
| last-split > /path/to/output.maf

maf-convert sam -d /path/to/output.maf > /path/to/output.sam

Nanopolish

nanopolish index
-d path/to/fast5
path/to/fastq

nanopolish variants
-g /path/to/reference.fa
-r /path/to/ fastq
-b /path/to/sorted.bam
--ploidy 2
-0 /path/to/output.vcf
--fix-homopolymers
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Script to detect drops in homopolymers

#1/bin/bash

#creates CSV file with depth of coverage per base in the specified range.

#USAGE: depthCSV.sh </path/to/folder/with/sortedandindexed/bamfiles> </path/to/output/directory> <path to bed
file with region(s) of interest>

#requires python3 installed and the script fINDEL.py in the same folder as the main script

#also requires samtools added to PATH

set -o pipefail

bamdir=51
outputdir=52
region=53

mkdir Soutputdir/csv

for fin Sbamdir/*.bam
do
samtools depth Sf -b Sregion | awk 'BEGIN {OFS =","} {print $1, $2, $3}' >> S{outputdir}/csv/S(basename Sf
.bam).csv
done

echo 'Sample,Position,Depth,mean Depth flanking 100 positions,fraction of flancking mean depth' >>
Soutputdir/results.csv

for f in Soutputdir/csv/*.csv
do
python3 ./findel.py Sf >> Soutputdir/results.csv
done
#1/bin/bash
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fINDEL

#path needs to be defined in bash shell

import os
import csv
import sys

path = sys.argv[1]

ROI1 = list(range(155239990, 155239996))
ROI2 = list(range(155239657, 155239662))
ROI = ROI1 + ROI2

depth = {}

with open(path, mode="r") as data:
for index, value in enumerate(csv.reader(data)):
depth[int(value[1])] = int(value[2])
foriin ROI:
calcsum =0
for nin range(i-50, i+50, 1):
calcsum += int(depth[n])
calcsum -= int(depth[i])
mean = calcsum / 100

print(f'{os.path.basename(path)},{i},{depth[i]},{mean},{depthli] / mean}')

Sniffle

sniffles \
-m /path/to/.bam \
-v /path/to/.vcf \
-n-1\
-s2\
--skip_parameter_estimation \
-t8

NanoSV

python3.6 /home/minionpc/nanosv/nanosv/NanoSV.py \
SF\
-t 8\
-0 ${f} _LAST nanoSV.vcf\
-c /home/minionpc/Desktop/rds/UNCALLED/nanoSVconfig.ini
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CuteSV

cuteSV <bamfile>\
<reference>\
<output.vcf>\
<workingdirectory> \
--max_cluster_bias_INS 100 \
--diff_ratio_merging_INS 0.3\
--max_cluster_bias_DEL 100\
--diff_ratio_merging_DEL 0.3 \
--threads 8

UNCALLED

#To prepare reference with uncalled
bwa index -p GBAextended /path/to/reference.fa
uncalled index -i /path/to/reference.fa -x GBAextended

#to mask reference with UNCALLED script
mask_internal.sh /path/to/reference.fa 10 100 /path/to/output.fa

#to do a dry run to test performance

uncalled pafstats
-r /path/to/file.paf
/path/to/output.paf

#To run UNCALLED with MinKNOW
uncalled realtime

--port 8000

-t 8

--enrich

-c3

-x GBAextended > /path/to/output.paf
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