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Abstract

My thesis investigates the role of GTP cyclohydrolase 1 (GCH1) mutations and the
downstream tetrahydrobiopterin (BH4) pathway in Parkinson’s disease (PD) using a
wide range of methods and human-derived cell models.

First, the burden of mutations in GCH1 and other genes associated to the GCH1-BH4
pathway is analysed in a large PD exome cohort from the IPDGC. This analysis
highlights a cumulative role for variants in this pathway with the risk for PD, especially
in the genes directly involved in BH4 synthesis as part of the pathway.

Second, functional investigations into the putative functions of the GCH1-BH4
pathway are undertaken in several cell models from a family of patients carrying a
heterozygous GCH1 mutation and affected by either PD or Dopa-responsive dystonia
(DRD), the latter was first associated with GCH1 mutations.

Primary investigations make use of patient-derived fibroblasts, with and without
GTPCH-inducting cytokine treatment, and observe an effect of the mutation on
mitochondrial function and antioxidant levels without changes in superoxide
production.

Further, fibroblasts are reprogrammed to induced pluripotent stem cells (iPSC) and
these are differentiated into midbrain dopaminergic neural precursors and neurons.
Comparisons are made between controls, PD and DRD cells. iPSC-derived neural
precursors demonstrate high purity and their functional analysis results are in line with
the observations made in fibroblasts. These changes are mainly observed in the DRD
lines suggestive of an early phenotype for that disease in my model. Finally, in iPSC-
derived midbrain dopaminergic neurons, mitochondrial function and superoxide
production are affected differently between disorders with no effect on antioxidants in
the cells. The mutation is associated with a higher proportion of cell death in the PD
cultures compared to both controls and DRD, suggestive of a recapitulation of the

neurodegenerative phenotype in this model.



Impact Statement

By affecting 1-3% of the global population above the age of 65, Parkinson’s disease
(PD) is the second most common neurodegenerative disease in the world. In the UK
alone, approximately 200,000 people live with the condition. Previous research has
unravelled a wide variety of genetic factors for PD and understanding the mechanisms
underlying them appears not only essential to explain the causes of the disease, but

also central to inform the development of therapeutic approaches.

The identification of GTP cyclohydrolase | (GCH1) mutations as a genetic risk factor
for PD (both sporadic and familial), in addition to its known involvement in Dopa-
responsive dystonia (DRD), by Pr. Nicholas Wood’s team (Institute of Neurology)
offers another opportunity to understand PD pathology. DRD is an early onset type of
dystonia in which symptoms respond very positively to low doses of Levodopa, the
primary drug used in the treatment of PD. This link first supports a role for GCH1 and
its downstream pathway in the development of PD; and second, offers the possibility
to research the differences between PD- and DRD-related deleterious mechanisms to

inform on the distinct late neurodegenerative phenotype of PD.

The research project subject to this thesis describes a cumulative role for variants in
the GCH1 pathway on the risk for sporadic PD through the use of the largest known
PD exome sequencing dataset from the International Parkinson’s disease Genomics
Consortium (IPDGC). The method used for this analysis could inform similar future
research into the effects of specific pathways in large genetics datasets.

It also presents a human induced pluripotent stem cell (hiPSC)-derived midbrain
neuronal model for the in vitro analysis of disease relevant cell functions in the context
of PD, developed with Pr. Rickie Patani’s team. This human in vitro model allows for
the study of disease mechanisms and drug-based intervention in both academic and

pharmaceutical research.
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Chapter 1: General Introduction

|. Parkinson’s disease

1. Definition and Symptoms

Parkinson’s disease (PD) is the second most common neurodegenerative disease
worldwide, after Alzheimer’s disease, and is estimated to affect 1-3% of the population
over the age of 65 years worldwide (De Rijk et al., 2000). Prevalence for PD has most
recently been estimated at 572 per 100,000 at age > 45 years in North America (Marras
etal., 2018) and at 218 per 100,000 at age > 40 years in the United Kingdom (including
England, Wales, Scotland and Northern Ireland) (Parkinson’s UK, 2018). In the UK
in 2018, it is estimated that 145,519 patients above 20 live with a diagnosis of PD,
with prevalence estimated to rise by 18% by 2025 to 168,582 people, due to both
population growth and ageing. By 2065, there could be more than a quarter million
people living with PD in the UK only (Parkinson’s UK, 2018).

When describing the visible symptoms of the ‘Paralysis Agitans’ or ‘Shaking Palsy’,
as observed in his clinic and in the streets of East London some 200 years ago, James
Parkinson was probably unaware of the justness of his observations and of the
importance his Essay will take in modern medicine. Parkinson’s described the
symptoms in these terms: “Involuntary tremulous motion, with lessened muscular
power, in parts not in action and even when supported; with a propensity to bend the
trunk forward, and to pass from a walking to a running pace: the senses and intellects
being uninjured” (Parkinson, 1817). It is only after his death that Jean-Martin Charcot,
the founder of the first neurology clinic in Europe at the hospital of the Pitié-
Salpétriere, and Father of Modern Neurology, renamed the confusingly branded
‘Paralysis Agitans’ as “la maladie de Parkinson” (Parkinson’s disease). Charcot also
importantly added bradykinesia as a cardinal symptom of the disease (Charcot, 1875).
Later, Sir William Gowers described male predominance and gave a detailed
description of the tremor which is still useful in clinics today: “The movement of the

fingers at the metacarpalphalangeal joints is similar to that by which Orientals beat

20



their small drums”. Gower’s work also included a drawing of the typical

Parkinsonian’s posture famous to this day (Gowers, 1886) (Figure 1).

Figure 1: The Parkinsonian patient posture. Drawing by Pr. Gowers.

Clinical diagnosis is typically based on the observation of bradykinesia (of which PD
is the most common cause) associated with at least one of the following motor
symptom: muscle rigidity, rest tremor and/or postural instability (Hughes et al., 1992;
Lees et al., 2009; Postuma et al., 2015). However, diagnosis of PD is complicated by
the similarity of its symptoms with various other movement disorders. PD is the most
common form of Parkinsonism, and Parkinsonism itself is the second most common
movement disorder after essential tremor (Louis et al., 1998). PD may be
misdiagnosed in cases of atypical parkinsonian syndromes such as multiple system
atrophy or other movement disorders such as progressive supranuclear palsy or
dystonia (Berardelli et al., 2013; Lees et al., 2009). As a result, diagnostic guidelines
add criteria to refine diagnosis: the UK Parkinson’s Disease Society Brain Bank
(UKPDSBB) clinical diagnostic criteria have added both exclusion criteria of PD
diagnosis and supportive prospective criteria for the diagnosis of definite PD (Hughes
et al., 1992); while the Movement Disorders Society, include supportive criteria, red
flags and absolute exclusion criteria to establish different certainty levels in the
diagnosis (Postuma et al., 2015) (Table 1). These diagnostic guidelines are under
constant revision, with the input from the progresses of research on the understanding

of PD (Berardelli et al., 2013) and the assessment of their sensitivity in detecting PD
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in the clinical context, as confirmed by post-mortem brain tissue histopathology
investigations (Hughes et al., 2002). Of note, although the UKPDSBB criteria are still
most widely used, some aspects such as more than two relatives affected by PD as an
exclusion criteria may often be overlooked (Berardelli et al., 2013).

Many non-motor symptoms have also been documented in PD, including but not
limited to: insomnia, excessive day-time somnolence, fatigue, rapid eye movement
(REM) sleep disorder, constipation, symptomatic orthostasis, erectile dysfunction (in
men), hyposmia, depression, anxiety, hallucinations, pain (Noyce et al., 2012; Postuma
et al., 2015). These symptoms are of importance as they can appear decades before the
onset of motor symptoms and have a significant impact on the quality of life of patients
(Martinez-Martin, 2011). Some of these symptoms, like constipation and hyposmia,
also progress with disease duration (Ramjit et al., 2010). As both prodromes and
markers of disease duration, non-motor symptoms in PD are likely to represent a
manifestation of changes associated with disease progression. They represent the first
phenotypic manifestations of the disease, reflecting the yet non-motor function-
impairing underlying neurodegeneration and accumulation of LBs (Schapira et al.,
2017). As such, they are used in longitudinal observational studies with the aim of
defining how their association and progression may foretell the onset and progression
of subsequent PD. They may, ultimately, help the development of neuroprotective
strategies for the slowing or stopping of disease progression by identifying populations
at high risk of PD for clinical trials (Noyce et al., 2017).
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Criteria

UKPDSBB clinical diagnostic
criteria

MDS Clinical diagnostic
criteria

Diagnosis | Bradykinesia associated with at | Bradykinesia associated with
criteria least one of: either or both rest tremor and
Muscular rigidity rigidity
4-6Hz rest tremor
Postural instability not associated
with other dysfunctions
Exclusion | History of repeated strokes or Unequivocal cerebellar
criteria head injury or definite abnormlities
encephalitis Supranuclear gaze palsy
Oculogyric crises Probable behavioural FTD
Neuroleptic treatment diagnosis or primary progressive
>1 affected relative aphasia in the first Syears of
Sustained remission disease
Streitly unilateral features after 3 | Parkinsonian features restricted to
years lower limbs >3 years
Suprenuclear gaze palsy Drug-induced parkinsonism
Cerebellar signs Absence of levodopa response in
Early severe autonomic high dosage
involvement or dementia with Unequivocal cortical sensory loss
disturbances of memorey, Normal functional neuroimaging
language and praxis presynaptic dopaminergic system
Babinski sign Alternative condition plausibly
Cerebral tumour connected to patient symptoms
Negative response to large doses | and known to produce
of levodopa parkinsonism
MPTP exposure Also includes red flags criteria
Supportive | Unilateral onset Clear beneficial response to
criteria Rest tremor onset dopaminergic therapy

Progressive disorder

Persistent asymmetry affecting
side of onset most

Excellent response to levodopa
Severe levodopa-induced chorea
Levodopa response for 5 or more
years

Clinical course of 10 or more
years

Presence of levodopa-induced
dyskenisia

Rest tremor of a limb

Presence of either: olfactory loss,
cardiac sympathetic denervation
or MIBG scintigraphy

Table 1: Simplified UKPDSBB diagnosis criteria for Parkinson disease.
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2. Neuropathology

Specific loss of the dopaminergic neurons of the substantia nigra pars compacta
(SNpc) and their striatal expansion by neurodegeneration and the presence of Lewy
bodies in surviving cells are the main hallmarks of PD pathology (Figure 2). Both
lesions are observable in post mortem brain tissue and often used for the confirmation
of PD diagnosis. Importantly, these lesions appear gradually and are present before the
onset of motor symptoms (Braak et al., 2003; Fearnley and Lees, 1991; Gibb and Lees,
1989) (Figure 3). As such, they have been suggested to underlie the appearance of
prodromal symptoms long before the possibility of a clinical diagnosis of PD (Johnson
et al., 2018). The onset of motor symptoms is thought to coincide with a threshold of
neurodegeneration, reportedly with the loss of 50% of the dopaminergic neurons of
the SNpc and of 80% of striatal dopamine (Bernheimer et al., 1973). However these
estimates may not be accurate and larger post-mortem studies have demonstrated a
variable decrease of striatal dopamine of 44-98% in advanced PD (Johnson et al.,
2018).

Figure 2: PD-related intraneuronal lesions. Extracted from Braak et al., 2003. Large pale body (a);
combination of a pale body (arrow) with a small Lewy body (arrow head) in a melanized projection in the
SN (b and f); thread-like Lewy neurite terminating in an enlarged shape (c); filiform Lewy neurite with small
spine-like expansions (d) or a large globular swelling (e). Scale bar in (a )is valid for (b) and (c); scale bar in
(d) is valid for (e).
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Progression of PD-related intraneuronal pathology

Figure 3: Braak staging for progression of Parkinson’s disease neuropathology, extracted from Braak et al.,
2003. Intraneuronal pathology is progressive, with lesions initially occuring in the dorsal IX/X motor nucleus
(a and e) and anterior olfactory nucleus (a and d). The gradual involvement of less susceptible brain
structures is represented as white arrows. Brain stem pathology extends upwards leading to cortical
involvement (a-d, g-h). A simplified diagram shows the topographic expasion of the lesions (left to right)
and simultaneous growth in severity of the overall pathology (top to bottoms with stages 1-6).

Neurodegeneration

When estimating cell loss in the SNpc, the use of tyrosine hydroxylase (TH) immune-
markers is useful, but needs to be associated with neuromelanin staining, to
differentiate catecholaminergic cells (neurons producing norepinephrine and
epinephrine) containing TH and high concentration of neuromelanin, from TH+ DA
neurons. Healthy ageing is associated with a mild neurodegeneration of both TH+ and
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melanised cells in the SNpc, although the extent of this cell loss is not comparable to
that of PD patients. Indeed, with disease progression, cell loss increases to 50-90% of
TH+ cells of the SNpc at 4 years post PD diagnosis. Melanised neurons seem widely
spared at the onset of pathology, but go through a variable amount of loss, with
reduction by 33-80% of their number in the SNpc after a year of disease progression
(Kordower et al., 2013) (Figure 4). Neurodegenerative TH+ cell loss is reverberated
in the putamen with the loss of TH+ fibres, believed to represent projections of the
SNpc DA cells to the striatum. The loss of dopaminergic innervation to the striatum is
supported by the reduced activity of striatal L-dopa carboxylase compared to other
regions such as thalamus and cortex, associated with PD (Lloyd and Hornykiewicz,
1970).

Figure 4: Tyrosine hydroxylase immunoreactivity in the putamen (left) and substantia nigra (right) in
control subject and patients with PD with varying disease duration from time of diagnosis extracted from
Kordower et al., 2013. Representative tyrosine hydroxyase-stained post-commisural putamen sections (left) and
substantia nigra sections (right) from a control (A) and patients with PD with a disease duration since onset of 1
year (B), 4 years (C), 5 years (D), 7 years (E), 11 years (F); 14 years (G), 15 years (H), 18 years (1), 19 years (J),
22 years (K) and 27 years (L). Scale bar in L = 500um for the putamen slices and L = 100um for the substantia
nigra slices.

The maintenance of some TH+ cell fibres after 4 years post-diagnosis may explain the
maintained response to (high) doses of L-dopa for symptomatic relief in patients,
thanks to the remaining L-dopa carboxylase activity in these cells (Kordower et al.,
2013; Lloyd and Hornykiewicz, 1970). The loss of DA cells is more important in the

ventrolateral tier of the SNpc, which projects in the putamen. The second most affected
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tier is the ventromedial one, which itself projects to the caudate (Kordower et al.,
2013).

Finally, the dorsal tier of the SNpc doesn’t seem affected by DA neuron death before
the latest stages of the disease. This repartition of the neuronal loss in PD is the
opposite of the one found in healthy ageing, supporting the existence of risk factors
increasing neuronal susceptibility to insults in this area (Fearnley and Lees, 1991).
Cells of the ventral pars compacta of the SN project to the dorsal caudate, while cells
of the dorsal pars compacta project to the ventral caudate. Associated in PD with
greater loss of DA in the putamen vs caudate nucleus; and a greater loss in the dorsal
striatum corresponding to a severe neuronal loss in the ventral SN (Gibb and Lees,
1991).

Imaging techniques can be used to estimate neurodegeneration in vivo and inform
differential diagnosis of PD. Assessment of the integrity of the nigrostriatal structures
can be achieved using dopamine transporter single photon emission computed
tomography (DAT-SPECT) an imaging method relying on the use of pre-synaptic
radioligands selectively targeted to the DAT as a biomarker of the nigrostriatal
pathway. As a result, any anomaly, whether symmetric or not, of DAT uptake is
suggestive of a degeneration of the DA neurons. DAT-SPECT is notably
recommended in the differential diagnosis of degenerative parkinsonism from
essential tremor (Benamer et al., 2000; Berardelli et al., 2013; Scherfler et al., 2007).
Similarly, positron emission tomography (PET) scan can be used to detect striatal
dopamine deficiency using fluoro-DOPA markers specifically reporting the activity of
the dopa-decarboxylase (Dhawan et al., 2002). As such, it was suggested to be a useful
in vivo estimate of disease progression (Morrish et al., 1998). Another useful imaging
tool in differential diagnosis is conventional magnetic resonance imaging (MRI), used
to differentiate PD from multiple system atrophy (MSA), an atypical parkinsonian
syndrome. MSA presents with several specific structural abnormalities which are not
found in PD and are observable via visual assessment of T1- and T2-weighted imaging
(Mahlknecht et al., 2010).
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It is worth to note that, although PD is mainly defined as the loss of the dopaminergic
neurons of the substantia nigra pars compacta, there have been description of cell loss
in other cerebral regions. For instance, computer modelling demonstrated a loss of
about 63% of the neurons of the locus coeruleus in PD patients compared to age-
matched controls, with little effect of the disease duration on the extent of cell loss
(German et al., 1992). This observation was repeated by counting of nucleolated
neurons in sections of the locus coeruleus of 19 PD patients compared to that of elderly
healthy controls (Zarow et al., 2003). Similarly, PD is associated with the loss of nearly
half the nerves of the adrenergic dorsal vagal nucleus, with cell loss correlating with
patient’s age, but no observable age-dependent cell loss in controls (Gai et al., 1995).
Many other areas such as the serotonergic raphe nuclei, the cholinergic
pedunculopontine tegmental nucleus projecting to the SN, Westphal-Edinger nucleus,
the cholinergic nucleus basalis of Meynert, adrenergic neurons of the sympathetic
ganglia and some peptidergic brainstem nuclei are affected by cell loss in PD (Agid,
1991; Jellinger, 1991). However, the majority of the motor features of PD are
associated with the degeneration of the DA neurons of the SNc and this cell type has

been at the centre of disease modelling and of research for cell-replacement therapy.

Lewy Bodies

Lewy bodies (LB) are neuronal inclusions classically staining with haematoxylin and
eosin, strongly in the central core with a less intense surrounding and a peripheral halo
of light or absent staining, in the SNpc of PD patients. However, many LBs do not
have a core and are considerably variable in shape with some of this variability
depending on their location, as they appear in all areas of neurodegeneration in PD
(Gibb and Lees, 1994; Lewy, 1912). LBs are indeed mainly found in the cytoplasm of
pigmented neurons of the substantia nigra and locus coeruleus, but also in the nucleus
basalis, hypothalamus, cerebral cortex, cranial nerve motor nuclei, amygdala, and the
autonomic nervous system within the CNS (Braak and Braak, 2000; Braak et al.,
1994).

Post-mortem staging of PD pathology is achieved by the observation of the localisation
pattern of LBs throughout the patient’s brain. LBs follow a specific spatiotemporal

sequence of deposition between cerebral structures which have been defined formally
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as Braak staging (Braak et al., 2003). Of note, LB spread doesn’t start in the substantia
nigra in spite of the specific degeneration associated with PD in this region. As a result,
it has been proposed that the absence of LBs in the substantia nigra is not an exclusion
criteria for PD diagnosis, before other regions are checked. LB first appear in the
intermediate reticular zone and/or the dorsal IX/X motor nucleus of the medulla
oblongata (Braak stage 1), before spreading through this structure and reaching the
pontine tegmentum (Braak stage 2). Only when these location are affected by LB
accumulation do they appear in the midbrain and, in particular, the substantia nigra
pars compacta (Braak stage 3). In Braak stages 4-6, LBs are found in the basal
prosencephalon, mesocortex and, ultimately, spread through the neocortex (Braak et
al., 2003) (Figure 3). It is mainly the spatiotemporal distribution of the LB which
correlates with the progression of the pathology, rather than the severity of the LB
pathology within given brain regions (Kingsbury et al., 2010). The distribution of LBs
may underline the development of prodromes and the progression of symptoms in the

patient’s disease progression history (Braak et al., 2000).

The complete composition of LBs is yet to be resolved, as new molecules are
discovered in these large intracytoplasmic protein aggregations. One major component
iIs alpha-synuclein (a-syn), a 140 amino acid protein mainly produced in neurons and
normally found in its soluble form in their axon terminals, the main location of LBs.
a -syn is also found in Lewy fibrils, believed to be the building blocks of LBs (Baba
etal., 1998; Jakes et al., 1994; Spillantini et al., 1997; Tu et al., 1998; Wakabayashi et
al., 1992). In rat models, the pattern of expression of SYN1, a gene 95% similar to
human SNCA, coincides with the distribution pattern of LBs in PD patients
(Maroteaux and Scheller, 1991). Other components include both phosphorylated and
unphosphorylated neurofilaments (Forno et al., 1986; Galloway et al., 1992; Goldman
et al., 1983), paired helical filaments, ubiquitin, microtubule-associated proteins 2
(MAP2) (Galloway et al., 1992) and 5 (MAPS5) (Gai et al., 1995), complement proteins
(Yamada et al., 1992), protein kinase Il (lwatsubo et al., 1991), tyrosine hydroxylase
(Nakashima and Ikuta, 1984), among others. Finally, parts of the composition of LBs
may be disease-specific with proteins such as tropomyosin or tau being absent in LBs
associated with PD, but a common finding in other forms of Lewy body disorders

(LBDs) (Galloway et al., 1992). However, some (if not many) of the proteins identified
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in LBs may have been trapped by the aggregation in a nonspecific manner, rather than

being an essential component of LBs.

Peripheral nervous system involvement in PD

LBs are also found in various structures of the peripheral nervous system (PNS) in PD
patients, such as the peripheral divisions of the autonomic nervous system: in the
Auerbach's (or myenteric) plexus - located between the inner circular and outer
longitudinal layers of the muscularis externa and responsible for peristalsis movements
- and Meissner's plexus — nerves derived from the Auerbach’s plexus found in the

submucosa of the intestinal wall (Braak et al., 2006; Wakabayashi et al., 1988).

There is evidence for PD-associated neurodegeneration in the PNS, such as the loss of
catecholamine innervation in the sympathetic nervous system of the heart (Goldstein
et al., 2000). This denervation is associated with cardiac parasympathetic dysfunction
thus very probably contributing with the development of orthostatic hypotension in
subgroups of PD patients (Shibata et al., 2009). Orthostatic hypotension is a prodrome
of PD and, accordingly, cardiac sympathetic denervation starts in the early stages of
disease, and precedes the onset of motor symptoms (Goldstein et al., 2007, 2018;
Orimo et al., 2007). Similarly, LB and a-syn neurites were identified in the hearts of

PD patients, with LBs found in sympathetic nerve processes (lwanaga et al., 1999).

3. Genetic aetiology

For next to 150 years after James Parkinson’s Essay, PD was thought to have little or
no genetic component and research focused on possible environmental factors
associated with the pathology. This idea was so imbedded that having more than one
relative affected by PD was an exclusion criteria in the most used PD clinical diagnosis
guidelines (Hughes et al., 1992). Familial dominant transmission of PD gained support
from large consecutive probands studies investigating the risk for PD associated with
family history of the pathology (Lazzarini et al., 1994; Payami et al., 1994). Further,
descriptions of large families with PD segregating in a manner highly suggestive of
dominant inheritance, and their subsequent genetic analysis, allowed the advent of the
genetic era of PD research (Golbe et al., 1990, 1996). Numerous genes have been
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associated with autosomal dominant and recessive patterns of Mendelian inheritance
of PD. These Mendelian loci account for about 5-10% of all PD cases and define the
group of familial PD cases. Detailing the discovery and function of these genes is not
the subject of this thesis, but some are worth mentioning.

The synuclein alpha gene (SNCA) is the gene encoding human o-syn, the major
component of Lewy bodies. It is also the first gene in which mutations were definitely
associated with the development of PD. Association of the 4921-923 locus with PD
and the subsequent localisation of the SNCA gene in this locus (Polymeropoulos et al.,
1996; Spillantini et al., 1995) lead to the description of the ¢.209G>A missense
mutation leading to the p.A53T substitution. This mutation is found in complete
segregation with the pathology, following an autonomous dominant inheritance
pattern, in four large unrelated kindreds. p.A53T is likely to increase the propensity
for the a-syn protein to aggregate, through deep structural changes to the of3 sheets
succession of the native protein (Polymeropoulos et al., 1997). Another two mutations,
namely p.A30P and p.E46K, have also been identified in German and Spanish families
(Kruger et al., 1998; Zarranz et al., 2004). Duplications and triplications in that same
gene are later associated with familial and sporadic cases of PD (Chartier-Harlin et al.,
2004; Nishioka et al., 2006; Singleton et al., 2003). Moreover, mutations in DJ1, a
protein chaperone normally involved in the correct folding of a-syn allowing for the
reduction of a-syn aggregates, has been involved in autosomal recessive familial and

sporadic forms of juvenile parkinsonism (Bonifati et al., 2003; van Duijn et al., 2001).

The leucine-rich repeat kinase 2 (LRRK2) gene variants are first associated to familial
cases of PD as part of a candidate gene exploration within the PARKS8 locus on the
1212 region (Paisan-Ruiz et al., 2004; Zimprich et al., 2004). Six autosomal dominant
deleterious point mutations are then identified (Y1699C, R1441C, 11122V, 12020T,
3342A>G, R1441C) (Zimprich et al., 2004). PARKS has previously been associated to
the segregation of the pathology in a Japanese family (Funayama et al., 2002).
p.G2019S is first identified in 4 unrelated families with an autosomal dominant
inheritance pattern (Di Fonzo et al., 2005). It is now known as the most common
LRRK2 mutation with frequencies of ~5% in familial PD cases (Goldwurm et al., 2005;

Nichols et al., 2005). p.G2019S has an increasing penetrance with age, ranging from
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28% at 59 years to 74% at 79 years (Healy et al., 2008). LRRK2 has been involved in
many fundamental cellular mechanisms commonly impaired in PD such as
mitochondrial function, autophagy, vesicular trafficking and the promotion of cellular
inclusions (Tsika and Moore, 2012).

Additional genes involved in the maintenance of mitochondrial health, Parkin and
PTEN-induced putative kinase 1 (PINK1), are associated to autosomal recessive
familial and sporadic forms of early-onset PD. The first described Parkin mutations
consist in large deletions of exon 3 through to 7 in 14 families and exon 4 in additional
4 unrelated patients (Kitada et al., 1998; Matsumine et al., 1997, 1998). First PINK1
mutations are described in large consanguineous families as a truncating nonsense
mutation and a missense mutation in a highly conserved amino acid, both in the kinase
domain of the protein (Valente et al., 2001, 2004). Parkin is an E3 ubiquitin-protein
ligase involved in the ubiquitin proteasome system (UPS) used to target proteins for
degradation via ubiquitination (Shimura et al., 2000). The UPS enables the degradation
and removal of aggregated and abnormal proteins through a non-lysosomal pathway.
It is also involved in mitophagy when Parkin is recruited to the damaged mitochondria
by the presence of outer-membrane-associated PINK1 on the cytosolic side of the
mitochondria. The presence of a full-length PINK1 at the mitochondrial membrane is
necessary for the recruitment of Parkin and the presence of both proteins is necessary
for mitophagy of the damaged mitochondria. In the case of function-altering mutations
in either protein, damaged mitochondria can accumulate in the neurons and prompt or

facilitate their degeneration (Pickrell and Youle, 2015).

The subsequent use of large case-control cohorts and genome-wide association studies
(GWAS) and their meta-analyses have allowed the identification of numerous rare
high-risk loci and common low-risk loci associated with (mostly sporadic) PD (Chang
et al., 2017; Nalls et al., 2014; Plagnol et al., 2011). This enables for the discovery of
new genes involved in PD pathology, as well as the replication of previously defined
Mendelian genes as risk factors for the development of sporadic PD (Bras and
Singleton, 2009). One such risk factor is identified as variants in the GTP
cyclohydrolase | gene (GCH1; 14022.1-g22.2; OMIM 600225), associated with
familial and sporadic PD, and the subject of my thesis.
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4. Other risk factors

The primary risk factor for PD is ageing, with risk increasing from 1% over the age of
60 to 5% over the age of 85 in the general population (de Lau and Breteler, 2006).
Healthy ageing is associated with extensive cell loss in the SN suggested to increase
by 4.7% every decade (Fearnley and Lees, 1991; Rudow et al., 2008), which may be
aggravated by PD risk factors and associated with earlier symptom onset in PD
patients. A study of 273 healthy individual brains reveals the increased prevalence of
LB with ageing, from 3.8% to 12.8% between the sixth and ninth decade, in which
incidental LB cases may represent a group of pre-symptomatic PD brains as supported
by the presence of additional PD-like features (Gibb and Lees, 1988). Another study
of 744 brains from healthy non-parkinsonian subjects with a mean age of death at 88.5
years finds mild to severe SN neuronal loss in a third, 10% of which had concomitant
LB pathology (Buchman et al., 2012).

Gender may also be a risk factor with PD traditionally considered a masculine disease
supported by evidence for gender susceptibility with a slightly earlier age of onset in
males, as well as an age standardised male:female ratio varying from 0.9 to 1.9
between studies (Twelves et al., 2003). Others suggest an increase of the male:female
ratio with age, with an incidence similar between male and female under 50 years
increasing to 1.6 at age 80 and over (Moisan et al., 2016). While hyposmia is a
prodrome of PD, the organisation of the olfactory bulb, with regards to the number of
TH positive dopaminergic cells found in them, varies between male and female
controls and between female PD patients and controls (Huisman et al., 2008). Finally,
hormones may have a role in PD risk with several studies demonstrating a protective
effect of hormone-replacement therapies in post-menopausal risk for PD (Currie et al.,
2004; Liu et al., 2014; Popat et al., 2005).

Many environmental factors are involved in the risk for development of sporadic PD,
with evidence for the association of pesticide exposure (such as mitochondrial
complex | inhibitor rotenone), in conjunction to rural living and agriculture,
consumption of well water, heavy metal poisoning and head trauma with an increased
risk of PD (Brown et al., 2006; Dick et al., 2007; Warner and Schapira, 2003). The
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role of environmental factors is probably more prevalent in late-onset compared to

early-onset PD, as supported by epidemiologic twin studies (Tanner et al., 1999).

5. Treatment

The most commonly prescribed treatment for managing the symptoms of PD is
Levodopa, a pharmacological form of L-DOPA, the natural precursor of dopamine,
which crosses the blood-brain-barrier, is transported into mDA neurons by the
dopamine transporters (DAT), and used to produce dopamine and control movements
(Hornykiewicz, 2010). However, the effects of the treatment wear off with time in
about 70% of cases, and treatment-induced dyskinesias are observed in about 30% of
PD patients treated with levodopa, requiring adjustments, the addition of other drugs
such as amino acid decarboxylase (AADC)-inhibitors and monoamine oxidase B
(MAO)-inhibitors to maintain levodopa dosage constant, complete removal of the
treatment or the use of alternative therapeutic strategies such as deep-brain stimulation
(Mizuno et al., 2018; Turcano et al., 2018). Some of these effects are probably due to
the continuous loss of MDA neurons in the patients eventually leading to their brains
incapacity to uptake and use the drug, or to mechanisms such as post-synaptic
sensitization associated with long-term levodopa dosing (Bendi et al., 2018). To my
knowledge, there is no evidence for a delaying effect of this drug on the progression

of pathology in patients brains.

In the absence of neuroprotective strategies for the maintenance of the remaining pool
of mDA neurons, cell replacement therapies may provide an alternative treatment.
Research around this alternative provided us with proof-of-concept evidence for the
use of this approach in humans, first with cells from foetal ventral midbrain, then with
human embryonic stem-cell derived lines, to finally being developing trials using
hiPSC-derived cells. These are reviewed in (Barker et al., 2017; Evans et al., 2012).
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I1. DOPA-responsive dystonia

1. Definition and symptoms

Dystonia are a heterogeneous group of movement disorders, characterised by
intermittent or sustained muscle contraction leading to abnormal involuntary
movements or postures, and represent the third most common movement disorder
worldwide and 70,000 cases in the UK alone (Paudel et al., 2012). Among them,
DOPA-responsive dystonia (DRD — DYT5; OMIM#128230) is a group of rare
dystonia-plus syndromes, with dystonic symptoms being often associated with
parkinsonism or extra-pyramidal symptoms. They are characterised by a dramatic and
sustained improvement of symptoms in response to treatment with oral L-dopa (Balint
et al., 2018; Kurian et al., 2011). DRD was first described as a progressive hereditary
dystonia with marked diurnal fluctuation or Segawa’s disease (Segawa et al., 1976). It
classically presents with an early onset (before 20 years of age) of lower limb dystonia
and gait disturbance, with a variable degree of generalisation associated with the
progression of the disease. Diurnal fluctuation, that is the worsening of symptoms
towards the evening and improvement after sleep, is often reported (Albanese et al.,
2011; Nygaard et al., 1990). Symptoms presentation and responsiveness to treatment
can vary greatly even within an affected family (Robinson et al., 1999). DRD is 2- to
4-fold more common in women than in men, with mutation penetrance 2.3 times
higher in females than males but with no anticipation effect (Furukawa et al., 1998;
Nygaard et al., 1988; Phukan et al., 2011).

DRD presentation can sometimes be quite different from its classical form, hence is
often misdiagnosed. In consequence, diagnosis guidelines have included genetic
screening of the relevant DYT loci (see genetic aetiology below) and a levodopa trial
is warranted for the confirmation of the clinical assessment (Albanese et al., 2011,
Nygaard et al., 1994; Robinson et al., 1999). Moreover, to differentiate DRD cases
presenting with Parkinsonism from juvenile- and early-onset PD and secondary
dystonia, single photon emission computerized tomography study with ligands for
dopamine transporter (DAT), or positron emission tomography can be used. Indeed,

DRD is generally accepted as a non-neurodegenerative disorder and patients with
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DRD show normal uptake of the ligand by the DAT as opposed to the classical
reduction of striatal ligand uptake classically observed in PD (Albanese et al., 2011;
Marshall and Grosset, 2003; Nygaard et al., 1992). Abnormalities on imaging may be
visible from the prodromal stage of PD, further supporting its use in the differential
diagnosis of DRD (Noyce et al., 2018). The absence of neurodegeneration in DRD is
supported by neuropathological examination of a limited number of cases which
revealed a hypopigmentation of the SN associated to lower melanin levels in the
absence of degeneration (Figure 5). Tyrosine hydroxylase activity is normal and there
is no evidence for parkinsonian-like anomalies such as Lewy bodies (Furukawa et al.,
1999, 2016; Grotzsch et al., 2002; Rajput et al., 1994; Segawa et al., 2013). Finally, as
a GTP cyclohydrolase deficiency associated with reduced tetrahydrobiopterin levels,
DRD diagnosis can be supported by low levels of pterins, dopamine and serotonin
metabolites in the patient’s cerebrospinal fluid (CSF) (Assmann et al., 2003) or by an
abnormal phenylalanine-loading test (PLT) (Bandmann et al., 2003). Of note, these
anomalies of the pterin pathway can be observed in mononuclear blood cells
stimulated with phytohemagglutinin (Ichinose et al., 1995) and fibroblasts stimulated
with cytokines (Bonafé et al., 2001a; Milstien et al., 1993).
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Figure 5: Post-mortem histopathophysiology of a 90 years old DRD brain from Segawa et al., 2013. (a)
Immunohistochemistry for tyrosine hydroxylase (TH) in the 83-year-old control (first line) and the 90 year-old
case (second line). TH immunoreactivity is reduced in the putamen of the case (red circle) compared to the control;
but it is preserved in the substantia nigra. (b) Immunohistochemistry for calcineurin (upper images) and dopamine
receptor 2 (lower images) in the putamen of control (left) and case (right). Immunoreactivity for both molecules is
preserved in the case’s putamen.(c) The substantia nigra of the DRD case does not show neuronal loss (HE staining)
nor gliosis (Holzer staining).
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In addition to the dystonic features, DRD has been associated with neuropsychiatric
symptoms such as anxiety, depression, obsessive-compulsive disorder, as well as with
sleep disturbances and restless-legs like syndromes (Van Hove et al., 2006).
Depression seems quite prevalent in most of the patient studies recording this outcome,
with 35% patients reporting severe mood-swings and 17% treatment-requiring
depression in a 34 patient cohort (Trender-Gerhard et al., 2009) or 35% of all DRD
patients reporting non-motor symptoms (70/354) presenting with depression in another
cohort (Tadic et al., 2012). Sleep disturbances (characterised as day-time fatigue and
difficulties sleeping at night in the absence of large systematic studies) are often
resistant to the L-DOPA even when correcting the motor symptoms. Cognitive
impairment has been observed in a small percentage of patients, more commonly
among the ones which have not been treated with L-dopa since childhood in one study
(Lépez-Laso et al.,, 2011). Rodent models of tetrahydrobiopterin deficiency
demonstrate signs associated with developmental delay, but these observations are not
repeated in human patients (Ichinose et al., 2013). There is no support for alterations
in the autonomic system or involvement of the cardiac function as opposed to PD
(Antelmi et al., 2015). It is important to note these observations are generally limited
to small cohorts of patients due to the rare nature of the pathology and these patients
are mostly under L-Dopa treatment. Hence, large systematic studies in L-Dopa naive
patients using standardised symptom measuring scales are warranted to confirm these

observations.

2. Genetic aetiology

GTP cyclohydrolase | (GCH1)

DRD is most commonly associated with mutations in the GCH1 gene (OMIM
#600225), found in 50-60% of all DRD cases (Hagenah et al., 2005). The majority
follow an autosomal dominant inheritance pattern with incomplete penetrance
(Ichinose et al., 1994; Nygaard et al., 1993). Autosomal dominant GCH1 mutations
are believed to result in a significant reduction of GTPCH activity through a dominant
negative effect of the mutant protein on the normal enzyme (Hwu et al., 2000), and a
few DRD cases have been associated with recessive GCH1 mutations (Hwu et al.,
1999; Opladen et al., 2011). GTPCH encoded by GCH1 catalyses the rate limiting step
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of the production of BH4, the essential cofactor for the production of dopamine by
tyrosine hydroxylase. The very large majority of GCH1 mutations associated with
DRD cases are found in the coding region of the gene, with a large number of point

missense or nonsense mutations (40-60% cases).

Large exon deletions in the GCH1 gene have been described: a heterozygous exons 1-
4 deletion is detected in a sporadic DRD case and a complete heterozygous deletion of
the gene (exons 1-6) is found in another patient from German and English descent in
one cohort (Hagenah et al., 2005); another complete deletion of GCH1 exons 1-6 is
found in an unrelated family with one individual with DRD and in her mother affected
by PD (Eggers et al., 2012); Steinberger and colleagues identified heterozygous
complete (exons 1-6) and partial (exons 2-6 and exons 4-6) deletions of the GCH1
gene is three separate German families affected by DRD (Steinberger et al., 2007); a
heterozygous exon 1 deletion is identified in a DRD patient and his mildly affected
mother in aTurkish family, while exons 1-3 de novo deletion is found in one other
unrelated Turkish DRD case in a family issued from a consanguineous marriage (Klein
et al., 2002); the same exons 1-3 deletion was reported in 3 unrelated families from a
Han Chinese cohort of familial DRD (Wu-Chou et al., 2010); exons 3-6 are deleted
in a Swiss family affected with DRD (Wider et al., 2008); exons 1-6 are deleted in 6
individuals from 4 different families and one exon 3-6 mutation found in a fifth family
in one study using qPCR (Zirn et al., 2008); one 1.2kb long deletion including exon 3
is found in all six tested members of an English-Canadian family (Furukawa et al.,
2000). Although all mutations in GCH1 have limited penetrance, large deletions such
as the exons 1-3 may have a higher penetrance than point mutations (Wu-Chou et al.,
2010). Of note, this mutation seems associated with a more important gender
imbalance, with female carriers all presenting with a childhood onset, while all male
had an adult onset (Wu-Chou et al., 2010).

Small insertions and deletions in GCH1 are also associated with DRD, a few examples
of which are mentioned here. For deletions: a single base deletion ¢.729delG in exon
5 of GCHL1, leading to frameshift and early stop codon is associated with the pathology
in monozygotic triplets sisters and fourth sister (Tachi et al., 2011); in familial cases,
a paper finds a ¢.149delC in exon 1 and a c¢.212delT both leading to frameshift and
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early termination in exon 1, a ¢.351delA leading to frameshift and early termination in
exon 2, and an 18bp deletion (¢.229de TCCATCCTGAGCTCGCTG) resulting in the
loss of amino acids between Ser77 and Leu82 (Furukawa et al., 1998);
€.631_632del AT leads to an early stop codon in exon 6 of GCHL in five sporadic DRD
cases (Clot et al., 2009; Furukawa et al., 1998; Hagenah et al., 2005). For insertions:
€.316insTTC in exon 1, ¢.654insT in exon 6 and IVS5+3insT in intron 5 of GCH1 are
identified in one cohort of mixed descent (Hagenah et al., 2005); a ¢.329insA results
in early termination in exon 2 is found in a sporadic case (Furukawa et al., 1998).

Mutations affecting splice sites have been described, which include: IVS4+1G>A at
the junction between exon 4 and intron 4 of GCH1 was identified in one individual
with DRD, probably leading to the retention of intron 4 (Hagenah et al., 2005); ¢.510-
2G>A in the 3’ splice site of intron 3 leads to the skipping of exon 4 in a DRD family
(Furukawa et al., 1998); c.344-2G>A at the 3’ splice site of intron 1 leads to the
skipping of exon 2 in two sporadic cases of DRD (Furukawa et al., 1998; Weber et al.,
1997); ¢.626+1G>A is found in three sporadic DRD cases across two cohorts (Clot et
al., 2009; Hirano et al., 1998); at the same location ¢.626+1G>C is found in two
separate families and a sporadic DRD case (Clot et al., 2009; Garavaglia et al., 2004;
Mencacci et al., 2014) and both potentially resulting in the skipping on exon 5 and the
introduction of a premature stop codon; in a sporadic DRD cohort, ¢.453+1G>A, and
€.509+1G>A are likely resulting in exon skipping (Clot et al., 2009); ¢.343+5G>C is
identified in two DRD families, as a heterozygous mutation and as a compound
heterozygous in association with K224R (Mencacci et al., 2014; Trender-Gerhard et
al., 2009).

Additional mutations have been found in the 5” untranslated region of the GCH1gene,
between the transcription start site and the translation start codon, in individuals with
DRD in the absence of mutation in the coding region. The impact of these mutations
on the expression levels of GCHL1 are first investigated with a focus on the +142C>T
mutation relative to the transcription start (+1), also known as -22C>T relative to the
translation start codon. This transition is identified in segregation with DRD in
multiple generations of a large family (Sharma et al., 2011), as well as in a two
unrelated DRD patient (Clot et al., 2009; Tassin et al., 2000). The variant induces an
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upstream open reading frame (UORF) which encodes a 73 amino acid peptide which
localises in the nucleus, leading to cytotoxicity (Jones et al., 2017). As such, the
mutation reduces the level of translation of the GTPCH protein without affecting its
MRNA level nor stability (Armata et al., 2013). This discovery underlines the
importance of increasing our knowledge and understanding of sequence variations
outside of the coding region of our genome for a more complete understanding of

genetic disorders.

Other genetic causes

Other genes downstream of GCH1 in the dopamine synthesis pathway have been
involved in DRD. Autosomal recessive cases of DRD, for instance, are more
commonly associated to mutations in tyrosine hydroxylase (TH) (OMIM #191290) or
sepiapterin reductase (SPR) (OMIM #182125) than GCHL.

TH catalyses the synthesis of L-DOPA from tyrosine using BH4 as a cofactor, and first
mutation in TH associated to DRD, Q381K, is found in homozygous state in two
patients, in heterozygous state in unaffected sibling and parents and absent in 180
controls (Lidecke et al., 1995). The next year, homozygous L205P TH mutation is
described in a patient, carried in one allele by both its brother and parents, and absent
in 130 healthy control chromosomes (Lidecke et al., 1996). Numerous other point
mutations have been involved in DRD since. Compound heterozygous TH mutations
have also been described in DRD, for instance a 16month old Chinese DRD patient
carries ¢.457C>T ( R153X) and ¢.698G>A (R233H) alleles while both parents are
healthy heterozygous carriers (Feng et al., 2018); or in two sporadic cases carrying
€.1125C>G (p.Phe375Leu) and c.1399A>G (p.Serd67Gly), and  ¢.956G>C
(p-Arg319Pro) and ¢.1240G>A (p.Gly414Arqg) respectively (Clot et al., 2009). Finally
deletions in TH such as ¢.296delT or ¢.291delC which both encode for an inactive
protein (Furukawa et al., 2001; Wevers et al., 1999).

SPR catalyses the synthesis of BH4 from PTP and is first associated with DRD in two
families: one homozygous double base pairs transition ¢.354-355TC>CT leading to
an early stop codon at position 119 (Q119X); and one compound heterozygote
¢.448A>G missense (R150G) and ¢.1397-1401delAGAAC leading to frameshift and
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an early stop codon at position 152 (Bonafé et al., 2001b). Another DRD patient is
found to carry a homozygous P163L mutation, with heterozygosity demonstrated in
both unaffected parents (Abeling et al., 2006). Homozygous c.448A>G (p.Argl50Gly)
point mutation and homozygous mutation putatively affecting a splicing site leading
to the skipping of exon 3 of SPR, ¢.596-2A>G, are associated to two sporadic cases
(Clot et al., 2009). One heterozygous mutation in the 5’UTR of SPR, ¢.-13G>A, is
found in one of 95 DRD patients and absent from 100 controls and is associated with
reduced enzyme activity (Steinberger et al., 2004). In an Egyptian family, DRD
segregated with ¢.207C>G mutation in SPR associated with a common variant in
dihydrofolate reductase (DHFR - rs70991108), another gene of the dopamine synthesis
pathway. The latter increased penetrance of the first (Shalash et al., 2017).

Hence, all mutations identified in DRD affect genes of the dopamine synthesis
pathway, and are ultimately believed to be associated with reduced L-dopa and
dopamine synthesis, either through reduced TH expression or reduced TH activity
through the limited availability of its obligatory cofactor BH4.Brain levels of biopterin
and neopterin, proxies for the activity of GTPCH, and of dopamine are reduced by 80-
90% in DRD compared to controls and this is accompanied by a reduction in TH
activity in the patient’s striatum (Furukawa et al., 1999; Warner and Bressman, 2007).
Interestingly, a heterozygous GCH1 mutation was able to affect these parameters in
an asymptomatic DRD patient (Furukawa et al., 2002). It is likely that other genes

putatively involved in DRD act similarly.

3. Treatment

Mutations in TH as well as in sepiapterin reductase (SPR), both enzymes involved in
dopamine synthesis down-stream from GTPCH, have been identified in a small
proportion of DRD cases (Clot et al., 2009), and would affect the BH4 pathway in a
way which can be circumvented by the use of levodopa treatment. Accordingly, all
forms of DRD may be caused by this reduced dopamine production and treated in the
long-term by supplying the necessary dopamine precursor.

Treatment of DRD is based on Levodopa, with patients having a dramatic and

sustained response to low doses (50-200mg/day) usually within days or weeks from
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the start of treatment and in the absence of fluctuations, probably due to the intact
dopamine storage capacity of these patients (Dressler et al., 2016; Phukan et al., 2011).
The assumption that DRD patients are mainly immune to the levodopa-induced
dyskinesia observed in PD has recently been under scrutiny, with the multiplication of
reports supporting its relatively common occurrence, although these symptoms are
mild (Dressler et al., 2016). Studies point at a higher risk for levodopa-induced
dyskinesias in autosomal recessive forms of DRD compared to autosomal dominant
ones, with 13.3% and 5.4% respectively in a literature meta-analysis (Kim et al., 2016).
Other studies reported this treatment-related side-effect in 11% (3/27) or 20% (4/20)
of their DRD patients (Hwang et al., 2001; Tassin et al., 2000). Importantly, these
patients were receiving relatively higher doses of levodopa, and decreasing posology
may be associated with reduced dyskinesias. Levodopa-induced dyskinesias may thus
be associated with dopamine overdose or post-synaptic sensitization in DRD patients
(Bendi et al., 2018). Interestingly, some dystonic symptoms such as writer’s cramp,
dysphonia and truncal dystonia, seem more resistant than others to the levodopa
treatment (Trender-Gerhard et al., 2009). Moreover and similarly to PD patients, there
is increasing evidence for non-motor symptoms such as depression, anxiety or
obsessive-compulsive disorders with DRD, which are believed to be associated with
an impairment of serotonergic metabolism due to the reduced availability of BH4
associated to GCH1 and SPR mutations, and may require additional non-dopaminergic

treatment (Furukawa et al., 2016).

I11. GCHL1 in disease and putative cellular mechanisms

Mutations in GCH1 are first identified in DRD cases, both sporadic and familial, with
probands describing an significantly higher frequency of family history for PD than
the general population (Ichinose et al., 1994; Nygaard et al., 1993). Several families
including members affected by either one of the disorders are described and GCH1
mutations found to segregate with both disorders in these families (Eggers et al., 2012;
Irie et al., 2011; Lewthwaite et al., 2015; Mencacci et al., 2014; Nygaard et al., 1990,
1992). GCH1 variants are later associated to risk for sporadic PD through large exome
sequencing cohorts and GWAS (Chang et al., 2017; Chen et al., 2016; Mencacci et al.,
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2014; Nalls et al., 2014; Safaralizadeh et al., 2016; Zou et al., 2018). Genetic evidence
for the role of GCHL1 in the risk for PD is further described in the Genetics chapter of
this thesis.

GCHL1 encodes the GTPCH protein, a homodecamer which catalyses the rate-limiting
step for the production of tetrahydrobioptetin (BH4), itself an essential and natural
cofactor of all three pterin-dependent aromatic amino acid hydroxylases: tyrosine-3-
hydroxylase (TH, EC 1.14.16.3), phenylalanine 4-hydroxylase (PAH, EC 1.14.16.2),
and tryptophan 5-hydroxylase (TPH, EC 1.14.16.4). The tyrosine-3-hydroxylase,
encoded by the TH gene (11p15.5, OMIM 191290), is the enzyme that catalyzes the
rate-limiting step for de novo synthesis of dopamine (Clot et al., 2009; Thony et al.,
2000), whilst PAH and TPH provide a role for BH4 in the de-novo synthesis of
serotonin from phenylalanine and of tyrosine from tryptophan, respectively (Thony et
al., 2000). In addition, BH4 is a powerful antioxidant previously shown to scavenge
superoxide in vitro (Nakamura et al., 2001), and to protect neurons against glutathione
depletion in a BH4 up-regulated mouse model (Nakamura et al., 2000). During redox
reactions, BH4 can be primarily oxidised to dihydrobiopterin (BH2) and subsequently
to biopterin (B) (Ryan et al., 2014). Furthermore, BH4 is a coupler and an allosteric
modulator necessary to the normal function of all three isoforms of nitric oxide
synthase (NOS, EC 1.14.13.39), namely induced (iNOS), endothelial (eNOS), and
neuronal (nNOS) (Nakamura et al., 2001; Thony et al., 2000). Finally, it has been
hypothesised that BH4 may help maintain the mitochondrial redox balance, with
increased levels of BH4 reducing the production of mitochondria-derived ROS, and
mainly superoxide. This effect could be through either direct interference of BH4 with
ROS generation pathways in the mitochondria, and/or direct scavenging of ROS
generated at the mitochondria (Bailey et al., 2017; Nakamura et al., 2001) (Figure 6).
Lower BH4 content is observed in the CSF of PD patients compared to healthy controls
using enzymatic activity assay (Lovenberg et al., 1979) and through the measurement
of neopterin and biopterin by HPLC (Fujishiro et al., 1990). These are also reduced in
the blood, brain and CSF of DRD patients (Furukawa et al., 1999; Wijemanne and
Jankovic, 2015). Mutations in GCH1 thus affect the level or activity of BH4, itself
impacting on the maintenance of BH4-related functions. Understanding these
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functions and their impairments in diseases may lead to the discovery of better

treatments.
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Figure 6: GCH1 and the downstream BH4 pathway - known and putative roles of BH4. Molecules
transformed in the pathway are in black. Genes involved in the pathway are in blue: GCH1 = GTP cyclohydrolase
I; PTS = pyruvoyltetrahydropterin synthase; SPR = sepiapterin reductase; TH = tyrosine hydroxylase; DDC =

Dopa-decarboxylase; PCBD = pterin-4 alpha-carbinolamine dehydratase; QDPR = quinonoid dihydrobiopterin
reductase; DHFR = dihydrofolate reductase.

SPR is necessary for the production of BH4 downstream of GCH1 and mutations in
this gene have been involved in DRD. There is some indication for the effect of SPR
haplotype on PD age of onset (Sharma et al., 2006). Mutations in SPR impacting the

production of BH4 may thus have similar downstream effect to GCH1 mutations.

Some symptoms, such as sleep disturbances are observed in both PD and DRD, with
rapid-eye movement (REM) sleep disturbances being a common prodrome of PD
(Noyce et al., 2012) and a proportion of DRD patients reporting sleep disturbances
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(Antelmi et al., 2015). In GCH1 mutant carriers, the reduced availability of BH4,
leading to lower production of dopamine as well as serotonin and its derivative
melatonin, all molecules which have been implicated in regulation of sleep cycles
(Monti and Jantos, 2008), may be responsible for these disturbances.

1. Mitochondrial dysfunction

Mitochondria provide cells with the great majority of their energy in the form of ATP
via oxidative phosphorylation, which makes use of O2 and the mitochondrial
respiratory chain (Papa et al., 2012). Other functions of the mitochondria include - but
are not limited to - the regulation of cellular calcium homeostasis, and of apoptosis,
free radicals scavenging and acts as storage of the intermediates of Krebs cycle and
pyruvate oxidation among others (reviewed in:(Giorgi et al., 2018; Spinelli and Haigis,
2018; Tilokani et al., 2018)). A multitude of these highly dynamic double-membrane
bounded organelles are found in each cell, with each containing multiple copies of the
mitochondrial DNA (mtDNA) in the form of discrete nucleoids within the
mitochondrial matrix. mtDNA is a circular double-stranded DNA molecule, distinct
from the cell nuclear DNA, and encoding only a portion of the proteins necessary for
the production and maintenance of mitochondria; the rest being encoded by nuclear
DNA, produced in the cytoplasm, and transported for assembly to the mitochondrion

(Nunnari and Suomalainen, 2012).

The brain, which represents about 2% of the adult human body weight, uses 20% of
all body oxygen consumption mainly for the production of ATP via oxidative
phosphorylation. This is in part associated with the need for great amounts of energy
to maintain ion homeostasis in the neurons in spite of action potentials and
neurosecretion. Mitochondrial failure due to limited oxygen supply or energy
production substrates thus causes rapid neuronal damage (Halliwell, 2006). Oxidative
phosphorylation, the process of cell respiration which allows for the production of
ATP, is based on the creation of an electrochemical gradient by protein complexes I,
Il and IV of the electron transport chain (ETC) on the internal mitochondrial
membrane. Electrons are exchanged between these complexes allowing the shuttling

of protons across the mitochondrial membrane, maintaining a mitochondrial
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membrane potential (MMP) of -108 to -158mV in the cells (-139mV at rest in rat
cortical neuron culture) (Gerencser et al., 2012) . The ATP synthase (complex V) is
able to harness the energy of the MMP-directed release of protons across the inner
mitochondrial membrane to produce ATP. This phenomenon of cell respiration, as
well as other mitochondrial enzymes function in the TCA cycle, mono-amine oxidase
of the outer mitochondrial membrane or cytochrome P450 of the inner membrane,
leads to the production of large quantities of reactive oxygen species (ROS), mainly in
the form of superoxide radicals. Superoxide has a life-span of ~1ns at the mitochondria
before being transformed to H2O- or reacting with other species to produce radicals
such as peroynitrite can lead to oxidative damage of the mitochondria (described in
(Angelova and Abramov, 2018)).

Ageing, the most important risk factor for the development of PD is associated with
reduced quality and impaired function of the mitochondria. These may be associated
with the accumulation of mtDNA mutations through oxidative stress or inaccurate
replication and inefficient repair mechanisms as shown in human nigral neurons
(Kraytsberg et al., 2006), or by affecting the activity of some of the mitochondrial
respiratory chain complexes with a suggested decline of ATP producing capacity of
the mitochondria of 8% per decade on average (Payne and Chinnery, 2015). PD brains
demonstrate a higher proportion of mitochondrial deletions than age-matched healthy
brains in the surviving mDA neurons of the substantia nigra, associated to lower ETC
complexes activity and increased mitochondrial ROS production (Bender et al., 2006).
About 25-30% of PD patients have mitochondrial complex | deficiencies, with reduced
complex 1 activity identified in the SNpc of PD patients, probably resulting in
increased ROS production and impairment of the MPP (Bose and Beal, 2019; Schapira
et al., 1989). Mutations in PINK1 and Parkin (PARK2) genes, involved in mitophagy
and mitochondrial function, are described in a proportion of PD cases and generally
associated with early-onset autosomal recessive cases (Aboud et al., 2015; Abramov
et al., 2011). Moreover, the neurotoxin 1-methyl-4-phenylpyridinium (MPP+), a
complex I inhibitor used to model PD in animals, reduces BH4 production through
depletion of GTP, the substrate of GTPCH (Ryan et al., 2014). Mitochondrial
impairment in PD are reviewed in (Macdonald et al., 2018).
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There is little known about mitochondrial involvement in DRD, but knocking down
GCHL1 causes a striking increase of mitochondrial superoxide production through BH4
depletion, independently from NOS activity, supporting a direct role of BH4 in
mitochondrial redox maintenance (Bailey et al., 2017).

2. Nitric oxide synthase uncoupling

Nitric oxide (NO) is produced by three cellular nitric oxide synthase (NOS) isoforms:
neuronal NOS (nNOS) which is mainly expressed in the central nervous system and
peripheral neurons, endothelial NOS (eNOS) mainly expressed at the endothelium,
and inducible NOS (iNOS) which expression can be induced in many tissues using
lipopolysaccharides or cytokines. All three isoforms catalyse the conversion of
substrates L-arginine and molecular oxygen to NO and L-citrulline, and require the
cofactors BH4, reduced nicotinamide-adenine-dinucleotide phosphate (NADPH),
flavin adenine dinucleotide (FAD) and flavin mononucleotide (FMN). All NOS bind
calmodulin and contain haem (Forstermann and Sessa, 2012). NO is a highly volatile
molecule involved in cell-to-cell communication in the brain due to its ability to travel
several cell lengths in its short life-span (~5seconds) (Bredt and Snyder, 1994;
Jaeschke, 2010). When mutations in GCH1 affect the quantity of BH4 produced in the
cell, NOS are uncoupled and produce both NO and superoxide in the cells (Bevers et
al., 2006; Crabtree et al., 2009a). These species are highly reactive and can rapidly
produce peroxynitrite which nitrates tyrosine residues in proteins, impairing their
function (Kuzkaya et al., 2003). Similarly, an increase in BH4 availability through
increased GCHL1 expression using cytokines leads to increased eNOS activity in

umbilical cord tissue (Rosenkranz-Weiss et al., 1994).

3. Oxidative stress

Oxidative stress is linked to a state of cellular imbalance between levels of ROS
production and the capacity of the antioxidants to buffer these. When this balance is
in favour of ROS production, oxidative damage accumulates until it impairs

physiological cellular functions, themselves participating in the further production of
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ROS or affecting the ability of cells to cope with damage. Eventually, this can lead to
cell apoptosis.

Mutations in GCH1, through reduced BH4 content, are associated to increased ROS
production by the mitochondria and around NOS, which uncoupling results in
superoxide production. Meanwhile, BH4 is a powerful antioxidant, able to compensate
for the knockdown of glutathione in nigrostriatal slice cultures (Gramsbergen et al.,
2002), and its reduced concentration is associated with a diminished cell capacity to
buffer ROS.

Additionally, oxidative damage to proteins, in the form of protein carbonyls, is
increased throughout the brain by normal ageing, although to a lesser extent than in
PD patients including areas typically affected by PD pathology such as substantia nigra
and putamen (Alam et al., 1997; Smith et al., 1991).

4. Other phenotypes

It is worth noting that variants in GCH1 and variations in GCH1 expression and
activity have been involved in other disorders, of which some non-neurological
conditions.

In juvenile idiopathic arthritis (JIA), joints inflammation linked to pro-inflammatory
cytokine production, is associated with an enhanced GCH1 enzymatic activity (as
indirectly estimated by neopterin levels via ELISA measurement in 24 JIA patients’
serum samples) and decreased BH4 activity (as indirectly estimated by the PHE/TYR
ratio in the same samples via HPLC). Raises the hypothesis that inflammation
increases GCH1 activity but decreases the efficacy of the BH4 cofactor, which could
lower the levels of brain neurotransmitters such as dopamine leading to the observed
neurological symptoms of fatigue, depression, anxiety and affect cognition (Korte-
Bouws et al., 2019).

There is a wide range of evidence for a role of GTPCH in pain modulation. Briefly, as
this is not the focus of this thesis, GCH1 polymorphisms associated with a lower
GTPCH activity are often linked to lower pain perception and an increase in BH4
availability seems to lower pain thresholds in animal models and human patients
(reviewed in (Hoofwijk et al., 2016; Nasser and Mgller, 2014)). However, to my
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knowledge, sensory functions have not been formally assessed in DRD or PD patients

carrier of GCH1 mutations.

A GCH1 haplotype associated with coronary artery disease, leading to reduced GCH1
activity in the blood of patients has also been found in linkage disequilibrium with the
GCHL1 variant associated to PD risk signal in a GWAS dataset (Antoniades et al., 2008;
Mencacci et al., 2015; Ryan et al., 2015).

A wealth of papers have been published on the role of BH4 deficiency on eNOS
activity (Bevers et al., 2006; Crabtree et al., 2009a; Vasquez-Vivar et al., 2003),
cardiovascular disorders models (Hong et al., 2001; Landmesser et al., 2003; Laursen
et al., 2001; Shinozaki et al., 1999) and endothelial function (Heitzer et al., 2000;
Higashi et al., 2002; Stroes et al., 1997).

Although great advances have been achieved in the understanding of PD aetiology,
treatments remain symptomatic and no cure has yet been discovered which limits the
progression of the pathology. Using commonalities with other disorders, such as the
genetic link between PD and DRD through GCH1 mutations, may allow to further
define the specific mechanisms of disease.

My thesis aims at deciphering these differences to understand the role of the GCH1
pathway in PD risk using a multi-disciplinary approach:

- Aiml: to investigate the genetic risk for PD associated with genes of the GCH1
and downstream BH4 pathway in a large exome cohort (Chapter 3)

- Aim 2: to determine the functional effect of a GCH1 mutation in PD and DRD
primary patient cells (chapter 4)

- Aim 3: to derive a PD-relevant CNS model of human midbrain dopaminergic
neurons using small molecules to recapitulate neurodevelopmental cues
(chapter 5)

- Aim 4: to investigate the functional effect of a GCH1 mutation in the

previously defined human patient-derived neuronal model (chapter 6)
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Chapter 2: Materials and Methods

. Molecular biology

1. Sanger sequencing

Sanger or dideoxynucleotide sequencing was developed by Frederick Sanger in 1977,
and has widely been used ever-since due to its high reliability and accuracy for variants
detection (Sanger et al., 1977). It is routinely used for the sequencing of targeted
genetic regions and the validation of Next-Generation Sequencing (NGS) results for

the exclusion of artefacts (Pittman and Hardy, 2013).

Sanger sequencing relies on the principle of random inhibition of the DNA polymerase
by the inclusion of a small quantity of dideoxynucleotides (ddNTPs) in the DNA
elongation mix among the deoxynucleotides (ANTPs). ddNTPs differ from dNTPs by
the lack of hydroxyl group at the 2” and 3’ carbon positions, preventing the formation
of a phosphodiester bond with the following dNTP, hence stopping DNA chain
elongation. Input DNA sample for Sanger sequencing is the result of a polymerase
chain reaction (PCR) amplification of identical DNA molecules in each direction
targeting a specific region of interest such as an exon or exon-intron boundary. During
the sequencing reaction, multiple events of random inclusion of a ddNTP at any base
during elongation of the target sequence is responsible for the creation of a large
number of newly synthesised DNA fragments of every possible different lengths from
the primer binding sequence until the last base of the DNA template (Sanger et al.,
1977).

In the original method, Sanger made use of four separate sequencing reaction tubes
each containing one ddNTP base added to the elongation mix. Fragments from each
tube can be run separately in one column of an electrophoresis gel for the separation
of these fragments according to their length. Sequence can then be re-transcribed
manually base by base by attributing one base pair to each position according to their

gel separation length (Sanger et al.,, 1977). Automation of the method uses
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fluorophore-combined ddNTPs with each ddNTP associated with a fluorophore with
a distinct emission fluorescence wavelength but similar excitation wavelength,
allowing for the sequencing of all four ddNTP-terminated fragments in a single
reaction tube. These are now separated using capillary gel electrophoresis and laser
detection associated with automatic computerised sequence analysis for ease of

readout using sequencers (Smith et al., 1986) (Figure 7).
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Figure 7: Principle of Sanger sequencing. The PCR in presence of fluorescent, chain-terminating nucleotide
takes the product of a first PCR as input. Extracted from BioNinja website (http://www.vce.bioninja.com.au/aos-
3-heredity/molecular-biology-technique/sequencing.html)

Experimental protocol:

In this project, Sanger sequencing is used to screen the complete set of exons and exon-
intron boundaries of the GCH1 gene in DNA extracted from iPSCs. Cells are grown
to 80% confluence in a T25 flask and the Qiagen DNeasy mini kit (Qiagen) used to
extract DNA. The FastStart PCR master mix (Roche) is used to amplify each exon
with an additional few bases for its two exon-intron boundaries: each reaction is
performed in a 15uL volume containing 7.5uL of FastStart PCR master mix (Roche),

0.5uL of each primer (5pmol/L), 30 ng of genomic DNA, and the appropriate quantity
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of water to reach 15uL. Primers are designed in-house and include a custom-pair for
the sequencing of 500bp on each side of the 343+5G>C mutation location (Table 2).
Amplification of the fragments by PCR varies between exons and details of the PCR
cycles are found in (Table 3, Table 4 and Table 5). The amplification product is run
through a 1% Agarose gel along a 1Kb Ladder (New England Biolabs) and size of the
fragments compared to their expected size. If PCR quality is thus validated, the
amplicons are purified using ExXoSAP-IT (Affymetrix Inc.), an enzymatic kit for the
removal of primers and remaining ddNTP from the sample. The resulting purified
amplicon is used as input for the sequencing reaction which is performed for in both
forward and reverse directions for each fragment using the BigDye Terminator v3.1
sequencing chemistry (Applied Biosystems). Each reaction is performed in a 10uL
volume containing 2uL Sequencing Buffer, 1uL of primer (10pmol/L), 0.5uL of
BigDye Terminator v3.1 Ready Reaction Mix, 3uL of EXoSAP product and 3.5uL
deionised water. Sequencing cycle: 96°C for 1 minute, {96°C for 10 seconds, 50°C for
5 second, 60°C for 4 minutes} for 25 cycles, hold at 4°C. Sequencing reaction is then
filtered through a Sephadex G50 column (Sigma-Aldrich) on top of a Millipore plate
(Millipore). The sequencing reaction is finally loaded on the ABI3730xI genetic
analyser (Applied Biosystems) which allows for the simultaneous reading of a
complete 96 well plate via the use of 96 capillaries. The analyser provides the
sequencing results as an “.ab1” file which contains the computerised read sequence for
each sample or well. These are compared to the RefSeq reference (NM_000161.3)
using CodonCode Aligner v.6.0.2 (CodonCode Corporation) to ascertain the presence

or absence of a mutation in the sequence.
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GCH1 Forward Primer Reverse Primer

Exonl CCGGGCCATAAAAAG | CGCCAAAAGTGAGGC
GAG AACTC

Overlapping 343+5 | TGTGATCTAAGCAGG | CGATCCCCTGGCAAA

mutant TTGCGT TCAGT

Overlapping 343+5 wild- | CTTCCTGCGCCAAAA | CGAGCTGAACCTCCC

type GTGAG TAACC

Exon2 CTTTCCTCCCTCCGTT | ACCTGAGATATCAGC
CTCC AATTGGCAGC

Exon3 AGATGTTTTCAAGGT | TAGATTCTCAGCAGA
AATACATTGTCG TGAGGGCAG

Exon4 GTCCTTTTTGTTTTAT | GGTGATGCACTCTTA
GAGGAAGGC TAATCTCAGC

Exon5 CTCTGTGGCCCAGTC | AGGCTCAGGGATGGA
AGC AATCT

Exon6 CATTTGTGTAAGAAG | AGTGACAAGGAATA
GGATATTTCG AAGTTCACATC

Table 2: Sanger sequencing Primers for GCH1 PCR and sequencing reactions

Step Cycles | Temperature Time

Denaturation 1 95°C 5 minutes

Denaturation 16 95°C 30 seconds

Annealing 70°C 30 seconds

Elongation 72°C 30 seconds

Touch-down annealing | 20 95°C 30 seconds

temperature 70-60°C 30 seconds

72°C 30 seconds

Denaturation 16 95°C 30 seconds

Annealing 60°C 30 seconds

Elongation 72°C 30 seconds

Final extension 1 72°C 7 minutes

Table 3: PCR cycle conditions for exons 2-6 of the GCH1 gene. Cycle is a 70-touch-down-60 with a cycle by
cycle reduction of temperature from 70°C to 60°C for annealing temperature during 20 cycles (0.5°C each cycle).

54



Step Cycles | Temperature Time
Denaturation 1 95°C 5 minutes
Denaturation 16 95°C 30 seconds
Annealing 65°C 30 seconds
Elongation 72°C 30 seconds
Touch-down annealing | 20 95°C 30 seconds
temperature 65-55°C 30 seconds
72°C 30 seconds
Denaturation 16 95°C 30 seconds
Annealing 55°C 30 seconds
Elongation 72°C 30 seconds
Final extension 1 72°C 7 minutes

Table 4: PCR cycle conditions for exon 1 of the GCH1 gene. Cycle is a 65-touch-down-55 with a cycle by cycle

reduction of temperature from 65°C to 55°C for annealing temperature during 20 cycles (0.5°C each cycle).

Step Cycles | Temperature Time
Denaturation 1 95°C 5 minutes
Denaturation 15 95°C 30 seconds
Annealing 70°C 30 seconds
Elongation 72°C 30 seconds
Touch-down annealing | 20 95°C 30 seconds
temperature 70-60°C 30 seconds
72°C 30 seconds
Denaturation 30 95°C 30 seconds
Annealing 60°C 30 seconds
Elongation 72°C 30 seconds
Final extension 1 72°C 7 minutes

Table 5: PCR cycle conditions for the 343_5 region of the GCH1 gene. Cycle is an elongated 70-touch-down-
60 with a cycle by cycle reduction of temperature from 70°C to 60°C for annealing temperature during 20 cycles
(0.5°C each cycle), and a higher number of cycles than the regular 70-touch-down-60 cycle.
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2. Exome sequencing — the Illumina method principles

The advent of next-generation sequencing (NGS), with the constant development of
methods and chemistries with improved efficiency, allows for the query of largest parts
of the genome in a timely and cost-effectively manner (Bras et al., 2012). Three main
methods fall under the NGS umbrella: whole genome sequencing (sequencing of the
complete genetic information in a sample, including both coding and non-coding
regions); whole exome sequencing (WES — sequencing of the coding portion of the
genome or exons) and targeted sequencing (sequencing of a specific and defined set
of genes or genomic regions).

WES is currently preferred to other methods for the exploration of human genetic
variations, as the method effectively focuses on the 1-2% of the genome containing
protein-coding information, but in which 85% of all known mutations are found
(Bamshad et al., 2011). Most methods focus on sequencing the 30 million bases of the
consensus coding sequence (from the CCDS Project), although this varies between
suppliers and chemistries (Pruitt et al., 2009). Focusing on the coding regions increases
the capacity to analyse and interpret the effect of variants on proteins and considerably
increases the cost-efficiency of sequencing, as well as of data storage and query servers
(Bras et al., 2012; Lee et al., 2014).

The NGS methods rely on the massively parallel sequencing of DNA molecules using
an automated system with spatial separation through a flow cell and enabling the time
and cost-effective processing of millions of sequence reads amounting to gigabases of
nucleotide sequence output. There are many different WES chemistries with variations
in small technical details such as read length, accuracy or multiplexing capability. The
main technical steps are common to most methods, and the steps used in most lllumina
methods are described here (Figure 8). The DNA sample to sequence is first broken
up into small fragments and sequence adaptors probes complimentary to all known
exons of the genome are added to both ends of the fragments. These allow for
fragments containing exons to be captured while the rest of the DNA fragments are
washed away. The library of exon-containing fragments with their adaptors is then
PCR amplified and gel purified. Clusters can be generated in the flowcell which can
capture these adaptors-containing fragments on complementary surface-bound

oligonucleotides. Bridge amplification is then used to amplify each fragment into
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distinct clonal clusters. Sequencing relies on reversible terminator-based method
which detects single bases while they are being incorporated to the DNA template
strands, giving an accurate base-by-base sequencing. The sequence reads are aligned
to a reference genome and can then be subjected to dataset quality control and further

data analysis.

A. Library Preparation \ /B Cluster Amplification \
l ;
N |
|
e — o
- N o
/C, Sequencing \ /D Alignment & Data Anaylsis \
i L

oS

iy ) ? :‘vi “". (| \, "‘.‘\,v!"‘ |
( TG
e AG CAATTTG
- tal Image sl AGATGGTATTGCAATTTGACAT
Cluster 1 > Read 1: GAGT.
Cluster 2 > Read 2: TTGA

Cluster 3 > Read 3: CTAG.
Cluster 4 > Read 4: ATAC.

Figure 8: Overview of the whole-exome sequencing method by Illumina. Extracted from Illumina’s “An
introduction to Next-Generation Sequencing Technology”

3. Real-time polymerase chain reaction - gPCR

The real-time or quantitative PCR (gPCR) enables to quantitatively estimate the
expression of genes of interest in comparison to housekeeping genes in a cell or tissue
at the time of sampling (Mullis, 1990). These can be performed in one or two-steps,
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with the latter being as follows: MRNA molecules are reverse-translated to cDNA (step
1) which can then be amplified and proportionally quantified to estimate the original
number of specific MRNA molecules with great accuracy (step 2) (Figure 9) (Genetic
Education Website, last accessed: 09 November 2019). Housekeeping genes
expression is estimated in the same samples in order to normalise expression
fluctuation of the mRNA of interest on this baseline. This allows for the correction of
any discrepancies in the preparation of samples, hence sample-to-sample quantitative

comparisons.

Experimental protocol:

Transcriptional levels of GCH1 are determined in both fibroblasts and iPSCs using
gPCR. Cells are grown to 80% confluency in T25 flasks and RNA is extracted, directly
with lysis buffer in the flasks or from cell pellets after cells are harvested and spun,
using the RNeasy Mini Kit (Qiagen). The obtained RNA concentrations are measured
with a NanoDrop ND-1000 system (NanoDrop Technologies). 0.5ug of RNA from
each extraction is reverse transcribed to complementary DNA (cDNA) using
SuperScript 11l Reverse transcriptase (Invitrogen), dNTP Mix (Invitrogen) and
Random Primers (Promega), according to manufacturer’s instructions. The qPCR
reaction is performed with TagMan Fast Advanced Master Mix (AppliedBiosystems)
on QuantStudio 7 Flex Real-Time PCR System (AppliedBiosystems) according to
manufacturer’s specifications. Primers used to amplify GCH1 are pre-optimised and
spanning the exons 4-5 boundary with a VIC marker (Hs00609198 m1). Endogenous
control primers are targeted hypoxanthine phosphor-ribosyl-transferase 1 (HPRTL1 -
Hs02800695 m1) exons 2-3 boundary with a FAM marker. Both primers sets are used
in the same well. All cDNA samples are run as triplicates. The gPCR reaction used the
Fast program with 20 seconds 95°C hold (polymerase activation) followed by 40
cycles of 1 second 95°C denaturation and 20 seconds 60°C annealation/extension.
Results are read on QuantStudio software and analysed with Origin (OriginLab).
Analysis 1s performed using the Livak method or the "Delta Delta CT" (AACT) method
(Livak and Schmittgen, 2001). Each well ACt is calculated as Ct(GCH1) —
Ct(HPRT1) and AACt = ACt (treated) — ACt (untreated) as normalised by the

average of ACt for untreated controls of each line. 2*-AACt is calculated to estimate
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the fold change in mRNA transcription as each of the previous calculation is in

logarithm base two. These 2*-AACt are compared to each other and plotted.
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Figure 9: Principles of the two-step gPCR. Extracted from Genetic Education website
(http://geneticeducation.co.in/reverse-transcription-pcr-principle-procedure-applications-advantages-and-

disadvantages/)

4. Western Blot

Western blots are commonly used to determine the presence of a protein in a sample
and to estimate the expression levels of this protein between samples. They rely on the
size-based gel separation of a mixture of protein using the gel retardation method
allowed by a density gradient gel. Proteins are then transferred to a membrane and the
protein of interest is recognised by a specific antibody (Renart et al., 1979) (Figure
10). These are semi-quantitative as they can inform on the relative content in protein
between samples ran in parallel but do not provide a direct quantitative measurement

of the protein’s concentration in a given sample.

Experimental protocol:

Cell are harvested, rinsed in PBS and pelleted before lysis or directly lysed in SDS-
based lysis buffer (50mM Tris-HCI, pH 7.4, 100 mM NacCl, 1% Igepal CA-630 (Sigma
18896), 0.1% SDS, 0.5% sodium deoxycholate) added afresh with 1X complete
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protease inhibitor cocktail (Roche). A small amount of sample is re-diluted in lysis
buffer for the determination of general protein concentration using the DC Protein
Assay kit (Bio-rad).

Equal quantities of protein between samples are mixed with 1X NUPAGE LDS Sample
Buffer (Invitrogen) added with 50mM DTT. Proteins secondary and tertiary structures
are broken by 5 minutes incubation at 95 °C in the presence of DTT and reaction is
stopped by placing samples on ice. Samples and SeeBlue Plus2 Pre-stained Standard
ladder (Invitrogen) are loaded into pre-casted 4-12% gradient Bis-Tris gels
(Invitrogen) and ran 45 minutes to 1 hour at 180V in 1X NuPAGE MOPS SDS
Running Buffer (Novex).

To transfer the protein onto the nitrocellulose membrane (ThermoScientific), the
membrane is first activated in ethanol for 2 minutes then rinsed in 1X NuPAGE
Transfer buffer before being place onto the gel. Transfer apparatus is secured and
transfer ran for 90 minutes at 25V. Success of protein transfer onto the membrane is
assessed with Rouge Ponceau staining, which can then be rinsed off with TBS-T. For
blotting, the membrane is first blocked with 5% milk in TBS-T at room temperature
for 30 to 60 minutes. Proteins are marked with specific primary antibody at 1:500 in
TBS-T 5% milk at 4°C overnight on rotator. Primary antibody is removed by three 5
minutes rinses in TBS-T. Secondary antibody specific to the specie of the primary is
incubated 1 hour diluted at 1:5000 ratio in TBS-T 5% milk at room temperature. After
rinsing of the secondary antibody three times 5min with TBS-T, 1:1 Pierce enhanced
chemoluminescence (ECL) Plus Substrate mix (ThermoScientific) is poured onto
membrane, left to react for 30-60 seconds, and excess removed by taping the
membrane lightly with paper tissue. The blot is ready to be imaged using X-ray film
in a dark room or Amersham 600 Imager (GE Healthcare).

To re-blot the membrane, ECL mix is rinsed three times 5 minutes in TBS-T and the
membrane reactivated in 100% methanol then rinsed with water. The membrane can
then be blocked again in TBS-T 5% milk and antibodies blotting repeated as

previously.
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Figure 10: Principles of the Western blot. Extracted from the BiolLegend website.(
https://www.biolegend.com/en-us/western-blot ).

I1. Cell lines

1. Patients description

Skin biopsies were obtained by Dr. NE. Mencacci from three males of consecutive
generations within one family: the proband (111-1) and his father (11-2) being affected
with DRD, and the proband’s grand-father (I-1) affected with PD (Figure 11).

The family was described by Mencacci and colleagues when investigating the burden
of GCH1 mutations as a risk factor for PD (Mencacci et al., 2014).
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Figure 11: Family pedigree of fibroblasts donors. DRD are in blue, PD in red. The arrow points at proband
(DRD1); both age at onset (AAO) and age at diagnostics (Diag.) are given when different. All males in pedigree
are carriers of heterozygous ¢.343+5G>C mutation in GCH1.

The proband, an 18 years old British male (case I11-1) developed turning of his feet
with walking difficulties and falls at 18 months and was diagnosed with DRD at age
3. He was successfully treated with 300mg/day levodopa since diagnosis with no
known development of treatment-induced secondary effects to date. His examination
off-medicine confirmed the diagnosis and re-introduction of the treatment immediately
improved his symptoms. The 123-loflupane FP-CIT single photon emission computed
tomography (SPECT) or DaTSCAN, routinely used in PD diagnosis, was performed
at age 17 and found normal (Figure 12 on the left).

The proband’s father (case 1I-1) was at first misdiagnosed with cerebral palsy after a
birth injury and subsequently diagnosed with DRD at age 42. He had bilateral
asymmetric dystonia predominantly affecting his left side, with gait and trunk

involvement. Trial of Levodopa treatment improved his symptoms immediately.
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The proband’s grand-father (case I-1) was examined at 65 years with a six-year history
of parkinsonism, presenting initially with a resting tremor of his right arm and has had
a slow progression since then. He showed no sign of dystonia. His DaTSCAN showed
bilateral reduced tracer uptake more marked on the left (Figure 12 on the right),
consistent with nigrostriatal dopaminergic innervation loss. He was diagnosed with
PD and started on levodopa 300mg/day with a good response and no side effects
(Mencacci et al., 2014).

DRD PD

Figure 12: Comparison of a normal DaTSCAN image in the DRD proband (111-1) and PD patient (I-1). The
PD one shows bilateral reduction of tracer uptake, more pronounced on the left (extracted from Mencacci et al.,
2014

2. Mutation

All mutant lines are carrying the heterozygous 343+5G>C GCH1 mutation, which is
absent from all controls. Effects of the mutation are summarised in Figure 13: the
mutation leads to the retention of intron 1 of the mMRNA at splicing and the appearance
of an early STOP codon. The premature stop codon arises 140bp after the end of exon
1, leading to a protein formed of the same first 114 amino acids (aa) as the wild-type
protein followed by 47aa of intronic sequence. The final oligomer is 161aa long instead
of the 233aa present in wildtype GTPCH (ExPASYy translation tool). Native GTPCH
has a molecular weight of 27.9kDa, whilst this mutant form is predicted to be reduced
to 14.1 kDa (Stothard, 2000). This mutation was first identified in another family in
which two siblings affected by DRD (one female and one male) were GCH1
compound heterozygote: they both inherited ¢.343+5G>C from their unaffected

mother and K224R mutation from their unaffected father (Bandmann et al., 1996a;
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Robinson et al., 1999; Trender-Gerhard et al., 2009). The resulting mMRNA may be

degraded by nonsense mediated decay or transcribed into an inactive protein.

IC\TG 1 2 314 5 6 X Wild-type transcript

intron 1 (20kb)
IQ\TG 1 = 2 314 5 6 X Mutation

L
STOP
T
c.343+5 C>G

intron 1 (20kb)

ATG 1 — Mutant transcript
STOP

Figure 13: Schematics of the mutation carried by our patient cells. All patient cells carry a heterozygous
343+5G>C GCH1 mutation which leads to retention of exon 1 of GCH1 and the apparition of an early STOP codon,
leading to a transcript likely to be degraded by the cell.

3. Fibroblasts

Skin biopsies are obtained from a family of GCH1 mutation carriers presenting with
PD (one donor) or DRD (two donors) by Dr. Niccolo Mencacci, healthy family
members having declined participating in research. Biopsies are routinely processed
by laboratory technicians in charge of the cell bank at the Institute of Neurology (UCL)
and fibroblast cell lines established for research use. Frozen vials are obtained for all
three lines as well as three independent healthy controls. Details about these lines can
be found in Table 6. Briefly, control fibroblasts are age- and gender-matched to all

three patient lines.

4. Human induced pluripotent stem cells

Patient fibroblasts are sent to the Censobio Company for iPSC reprogramming
following an mRNA induced expression of POU5F1, SOX2, KLF4, MYC, NANOG
and LIN28. Stringent quality control is performed on the expanded iPSC clones
delivered by the company. Each line is tested for identity based on short tandem
repeats (STR) profile compared to the original cell sample, for aneuploidy using a
genotyping method kit (Karyolite BoBs), visually tested for viability for four passages,

pluripotency tested for the line capacity to form all three germ layers (endoderm,
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mesoderm and extoderm), for mycoplasma by gPCR and microbiological infection by
inoculation for growth, finally pluripotency markers TRA-1-60, SSEA-4, SSEA-1 and
POUSF1 are quantified via flow cytometry.

An additional four healthy control hiPSC lines routinely used in the lab are selected as
controls. All details for the hiPSC lines can be found in Table 6.

Cell type Line Donor GCH1 Age | Ageat | Family | Cell type
ID Phenotype Mutation of disease | history | oforigin
donor | onset
Fibroblast C1 Healthy None 44 N/A Brother Skin
FRDA_ | Biopsy
no signs
Fibroblast C2 Healthy None 53 N/A | unknown Skin
Biopsy
Fibroblast C3 Healthy None 55 N/A OPA1l Skin
Biopsy
non-
carrier
hiPSC CTRL1 Healthy None 73 N/A unknown Skin
fibroblasts
hiPSC CTRL2 Healthy None 64 N/A unknown Skin
fibroblasts
hiPSC CTRL3 Healthy None 0 N/A unknown CD34+
cord
blood cell
hiPSC CTRL4 Healthy None 51 N/A unknown | PBMCs
Fibroblasts PD Parkinson’s | €.343+5G>C 66 59 Son and Skin
and hiPSC disease (heterozygous) grandson | fibroblasts
have
DRD
Fibroblasts | DRD1 DOPA- €.343+5G>C 46 infancy | Father Skin
and responsive | (heterozygous) has PD, | fibroblasts
hiPSCs dystonia son has
DRD
Fibroblasts | DRD2 DOPA- €.343+5G>C 22 3 Grand- Skin
and hiPSC responsive | (heterozygous) father fibroblasts
dystonia has PD,
father
has DRD

Table 6: Cell lines used in this study. All cell line were Sanger sequenced for any mutations in GCH1 gene. All
donors are male

I11. In vitro cell culture considerations

1. Infections, mycoplasma and STR checks

All lines used are routinely checked for mycoplasma infection using colorimetric
(fibroblasts) or PCR-based (hiPSC) methods, and visually checked for any micro-
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organism infection as cultures are performed in the absence of antibiotics. All infected
cultures when discovered are discarded, and mycoplasma negative cells only are used
in all experiments. The presence of the GCH1 mutation ¢.343+5G>C in the
heterozygous state is confirmed in the patients lines both at fibroblast and iPSC stages
and the absence of any other GCH1 mutation confirmed by Sanger sequencing. All
control lines used do not carry any mutation in the GCH1 gene. STR profiling is
performed on fibroblasts at reception and on iPSC at completion of reprogramming by
the Censobio company. Further STR checks are performed as a service by the Francis

Crick Institute to estimate quality of iPSC and confirm lines identity.

2. Culture plates

All culture plates used in this project are flat plastic bottom plates treated for cell
culture. These plates are routinely used as the plastic bottom promotes the attachment
of mammalian adherent cells and their design allow for the distribution of gases
between the wells and the outside environment, necessary for cell survival, while
providing an efficient protection against micro-organisms.

The 8-wells ibidi chambers are flat micro-slides with 8-wells (Ibidi). It allows for
short-term culture of cells and the use of confocal microscope directly in the wells for
experimentation. Each of the ibidi chambers includes 8 square fields of 1.0 cm? each,
with a bottom wall thickness of 180 um, made of platic and covered with a polymer
coverslip. Gas exchange between the medium and incubator’s atmosphere partially
occurs through the polymer coverslip. The ibidi chambers are used for plating of cells
for functional experiments at both NPC and neuronal stages of the mDA induction
protocol. This is of the outmost importance for the maintenance of cells in culture for
prolonged periods of time after their last platting especially at the neuronal stage. They
are also used for immunocytochemistry experiments and present the great advantage
of reducing volumes and thus quantities of antibodies needed, as well as a clean
separation of wells allowing for the use of several different antibodies across wells
within a single chamber. The bottom of these plates is adapted to the use of confocal
and other laser-based imaging systems allowing for both fixed (ICC) and functional

(live-cell) imaging experiments using a wide range of systems.
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3. Cell culture reagents

Product Cat, Ref. | Company | Function Usage
2-mercapto- 21985023 | Gibco Antioxidant by N2B27 media
ethanol scavenging supplement
hydroxy| radicals
Accutase A1110501 | Gibco proteolytic and Splitting induction
collagenolytic culture cells
enzymes mix
B27 17504044 | Gibco Mammalian cell N2B27 media
supplement culture media component
Dispase D4818 Sigma- Protease Splitting induction
Aldrich culture cells
DMEM 10566016 | Gibco Mammalian cell Fibroblasts media
culture media
DMEM/F12 31331028 | Gibco Mammalian cell N2B27 media
media culture media component
DMSO D2650 Sigma Buffer Additive for freezing
media
E8 media A1517001 | Gibco Mammalian cell iPSC media
culture media
EDTA 15575020 | Invitrogen | Chelator of Splitting iPSC colonies
divalent cations and lifting them from
geltrex
FBS 10082139 | Gibco Mammalian cell Fibroblasts media
culture media component
Geltrex A1413302 | Gibco Basement extracellular matrix for
membrane matrix | iPSC and induction cells
Glutamax 35050038 | Gibco L-glutamine with N2B27 media
increased stability | supplement
in vitro
Insulin 19278 Sigma Facilitate nutrient N2B27 media
uptake by cells supplement
Matrigel 356230 | Corning Basement extracellular matrix for
membrane matrix | induction cells
N2 17502048 | Gibco Mammalian cell N2B27 media
supplement culture media component
NEAA 11350912 | Gibco Increase cell N2B27 media
growth and supplement
viability
Neurobasal 21103049 | Gibco Mammalian cell N2B27 media
media culture media component
Pen Strep 15140122 | Gibco Prevent culture N2B27 media
contamination supplement
Rock inhibitor 1254 | Tocris Selective ROCK-1 | Thawing of iPSC and
inhibitor splits during inductions
Trypsin/EDTA | R001100 | Gibco Protease and splitting fibroblasts

chelator of divalent
cations

Table 7: Cell culture media and reagents. Each line provides information on products origin, function and usage.
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1. Culture, maintenance and banking of fibroblasts

Experimental protocol:

All fibroblasts are cultured at 37°C and 5% CO, in DMEM with GlutaMAX™
Supplement medium with 10% foetal bovine serum (FBS) (Gibco™, Thermo Fisher)
in T175 flasks. Media is fully changed every other day or when it turns yellow.
Fibroblasts are passaged with Trypsin-EDTA (0.05%) (ThermoFisher): cells are rinsed
with PBS and covered with Trypsin/EDTA, then placed 3-5 minutes at 37°C 5% CO>
or until cells are detaching. Cells are re-suspended in 5mL media and spun at 5009 for
5 minutes. Supernatant is aspirated and cells resuspended 1:4-1:6 in DMEM/10% FBS.
Cells can be frozen by following the same trypsin protocol for harvesting but re-
suspended 1:6 in 90% FBS, 10% DMSO freezing media and frozen at -80°C or further
banked in liquid nitrogen.

All cultures are mycoplasma negative as measured with MycoAlert® Mycoplasma

Detection Kit (Lonza®). All experiments are made on low passages (P3-12).

V. Culture, maintenance and banking of hiPSC

1. iPSC maintenance media — Essential 8

Human iPSC (hiPSC) are cultured in feeder-free conditions using basement membrane
matrix gel such as Geltrex to improve cell adhesion to the bottom of the plastic wells.
Feeder-free culture is important for the maintenance of pluripotency and purity , the
reduction of risk for mycoplasma infection of the hiPSCs, and the removal of non-

human cells in culture (Young et al., 2010).

Experimental protocol:

hiPSC are maintained in culture on 6-well plates coated with Geltrex, in daily refreshed
Essential 8 (E8) media (Gibco). Essential 8 supplement (50X — Gibco) is thawed at
room temperature to ensure maintenance of bFGF activity and mixed 1X with E8
media in aseptic conditions. Reconstituted E8 media is kept at 4°C for a maximum of
2 weeks, a timespan during which all components should be stable and maintain their

original concentrations, allowing optimal culture conditions. Complete E8 media
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contains 8 ingredients: DMEM/F12, 64mg/mL L-ascorbic acid-2-phosphate
magnesium, 14ug/mL sodium selenium, 100 ug/mL FGF2, 19.4mg/mL insulin,
543mg/mL NaHCO3, 10.7mg/mL transferrin and 2ug/mL TGFB1 (Badenes et al.,
2016).

2. Geltrex coating

Geltrex is a lactose dehydrogenase elevating virus (LDEV) free hESC-qualified
reduced growth factor basement membrane matrix gel derived from murine
Engelbreth-Holm-Swarm (EHS) tumor cells. Basement membranes are involved in
tissue compartmentalisation as well as in cellular functions such as proliferation,
migration, polarisation, adhesion and differentiation, and Geltrex is used to promote
adhesion, growth and maintenance of pluripotency for hPSCs. Main Geltrex
components include laminin, collagen IV, entactin, and heparin sulfate proteoglycan
(Gibco).

Experimental protocol:

Geltrex stock is thawed overnight in an ice bucket in the cold room to maintain
temperature below 4°C. Stock (12-18mg/mL) is then diluted 1:50 in cold DMEM to a
final concentration of 240-360ug/mL. The diluted solution of Geltrex is quickly spread
on wells in quantity sufficient to cover the entire growth surface area (in practice
1mL/well for 6-well plates). The coating is allowed to set for a minimum of 1 hour in
37°C in cell culture incubator for the solution to gel, forming an equivalent of

basement membrane. It can be kept at 37°C for up to 5 days prior to use.

3. Splitting of iPSC

Human iPSC are split using EDTA, a chelator of divalent cations such as magnesium
and calcium, both necessary in cell adhesion mechanisms. Added on adherent cells,
EDTA actively removes these substrates leading to the inhibition of cation-dependent
cell adhesion mechanisms and resulting in the abrogation of cellular adhesion and
attachment. This results in the easy lifting of these cells from the bottom of the well,

allowing for a minimally stringent splitting of the hiPSC.

69



Experimental protocol:

When the iPSC culture reach about 70-80% confluence, E8 media is removed and cells
are rinsed with fresh sterile PBS to rid them of residual proteins, phenol red and
divalent cations found in the media, before being covered with 0.5mM EDTA solution
diluted in DPBS without calcium and magnesium. Cells are incubated with 0.5mM
EDTA 4-5 minutes at 37°C or 5-8 minutes at room temperature, up until cells start to
separate and round up, with holes appearing between the colonies. EDTA is gently
aspirated and 2-3mL complete E8 media in a 5-10 mL stripette is used to gently detach
and resuspend the cells into small colonies. Cells are re-plated on fresh Geltrex-coated
6-well plates at a dilution ratio of 1:6-1:10 depending on original confluence and
growth speed of the line. Media is not refreshed the day after split to allow colonies to
settle in culture at the bottom of the wells with the exception of high cell death and
attachment being present on the day after splitting when media is changed to promote
the survival of attached colonies. In cases where lines are difficult to grow and
sensitive to splitting, 10uM ROCK inhibitor (Rockl) can be added to the splitting
complete E8 media. However, media needs to be changed with fresh complete E8
media on the next day to remove Rockl.

4. Freezing and thawing iPSC

Experimental protocol:

Cells are detached following the EDTA cell-lifting protocol but are resuspended in
1mL E8 with 10% DMSO with a 5-10mL stripette, quickly placed into a freezing vial
and stored in a isopropyl alcohol-filled Mr. Frosty -1°C freezing container box
(Nalgene) in a -80°C freezer overnight or a minimum of 4 hours to reach desired
temperature. The Mr. Frosty system allows for the controlled freezing of cryogenic
vials at a rate of -1°C /minute, allowing for the maintenance of cells viability at later
thawing. Cells can then be transferred to vial boxes and stored for a short period of
time in the -80°C freezer or in liquid nitrogen tanks for longer storage such as cell
banking.

Frozen vials are kept on dry ice from their banking location to the cell culture hood.

Vials are gently thawed with minimum disruption of cell clumps in 3mL of fresh

70



complete E8 media using a 5-10mL stripette. Cells are then spun at 250¢g for 3 minutes
to pellet and remove all DMSO, supernatant is aspired and discarded. Cell pellets are
then gently re-suspended in fresh complete E8 media with 10uM Rockl and plated on
fresh geltrex coated 6-well plates. Cells are then incubated at 37°C and 5% CO> for 24
hours prior to Rockl removal with media change with fresh complete E8 media. Rockl
is not used for routine feeding but allows to promote hiPSC survival and maintenance

of pluripotency when thawed (Claassen et al., 2009).

5. Mycoplasma testing

The bacterial parasites known as mycoplasmas are prokaryotic organisms of various
size and shape which widely contaminate cell cultures with 5-35% of tested cultures
contaminated in various reports. Due to their small size and deformability, they easily
pass through the filters used for culture medium sterilisation and, by lacking a rigid
cell wall, are immune to antibiotics targeting cell-wall synthesis (Young et al., 2010).
The most frequent species in tissue culture are Mycoplasma hyorhinis, Mycoplasma
orale, Mycoplasma arginine, Mycoplasma fermentas, Mycoplasma hominis,
Mycoplasma salivarium, Mycoplasma pirum and Acholeplasma laidlawii (Hay et al.,
1989; Rottem and Naot, 1998). Infection can reach relatively high proportions with
concentrations of mycoplasmas exceeding 108 cells per mL of media without causing
cloudiness or cell growth (Young et al., 2010). Finally, mycoplasma infection affects
most of the cell functions as they modulate the activity of host cells via both direct and
cytokine-mediated indirect effects (Rottem and Naot, 1998).

By altering cell physiology, a mycoplasma infection would compromise all results and
conclusions from cellular experiments. As a result, mycoplasma testing is performed
routinely on all iPSC in culture in our laboratory using a highly sensitive PCR-based

method.

Testing for mycoplasma contamination in culture uses the Universal Mycoplasma
Detection Kit (ATCC® 30-1012K™), a proprietary formulated kit by ATCC using
universal primers specific to the 16S rRNA coding region of the mycoplasma genome.
By specific amplification of the mycoplasma genome, such an approach allows for the
detection of over 60 species of mycoplasma, including the eight more common ones
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mentioned above, as an easily detectable PCR band on gel. Assay is sensitive down
to as little as 20 copies of mycoplasma in the tested sample (ATCC user manual). This

assay is performed by the cell service platform of the Francis Crick Institute.

V1. mDA induction protocol methods for NPCs and neurons

1. mDA induction protocol

There are two major phases to the mDA induction protocol to direct the differentiation
of hiPSC to mDA neurons: neurogenic and maturation. The first makes use of dual
SMAD inhibition and SHH and Wnt signalling activation, the second uses
neurotrophic factors and notch inhibition.

In the neurogenic phase, media is supplemented with dorsomorphin dihydrochloride,
a potent BMP and PKA inhibitor, and SB-431542, a potent and selective inhibitor of
TGF-p type | receptors, for dual SMAD inhibition (Chambers et al., 2009; Inman et
al., 2002; Yu et al., 2008). SHH signalling is activated with the use of purmorphamine,
a smoothened agonist, and Wnt signalling activated by CHIR-99021, a highly selective
inhibitor of GSK-3 (o and B isoforms) (Huang et al., 2017b; Sinha and Chen, 2006).
The success of this phase can be measured by the proportion of co-expression of
FOXA2 and LMX1A in the nucleus of these cells, both markers of midbrain FP
progenitors in the human brain (Nelander et al., 2009).

In the maturation phase, neural precursors committed to mDA differentiation are
further matured into mDA neurons. Neurotrophins brain-derived neurotrophic factor
(BDNF), glial cell-line derived neurotrophic factor (GDNF) and ascorbic acid (vitamin
C) are used to support the maturation and survival of the cells. Media containing these
three molecules is then further supplemented with cyclic adenosine monophosphate
(cCAMP), which activated PKA signalling at this later stage, and compound E which
inhibits Notch signalling and promotes exit from cell cycle (Borghese et al., 2010; Xia
et al., 2016). The success of this protocol is determined by ICC of mDA neuron
markers: BIlI-tubulin and tyrosine hydroxylase (TH).
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Experimental protocol (Figure 14):

hiPSC are cultured to confluence in a geltrex-coated plate, when E8 media is removed,
cells rinsed with PBS, placed in freshly reconstituted DO-6 media and media is changed
daily. At D4, cells are split to clumps of 300-500 cells with dispase, and re-plated at a
1:2 ratio on Matrigel-coated plates in D0-6 media supplemented with 10uM Rockl (for
24 hours). On D7, media is changed to D7-9 media after PBS rinse, with daily changes.
On D10 of the protocol, and after PBS rinse, cells are placed in N2B27 media, prior to
the D11 split: cells are trypsinised to clumps of 100-200 cells and seeded on matrigel-
coated plates at a 1:3 ratio with N2B27 supplemented with 10uM Rockl for 24 hours.
Cells are now floor plate neural progenitors and should be expressing the
corresponding markers (LMX1A/FOXAZ2). Cells can be fixed and expression of
markers checked with ICC.

Rockl is removed and cells placed in large quantity of D12-13 for 48 hours with no
media change, before being rinsed with PBS and media replaced with D14+ media.
Media is then changes every 2-3 days at first and up to every 4-5 days as maturation
continues. Third split at around D20-25 can be performed with accutase and 1:2-1:3
split ratio onto matrigel-coated plates if cells are too confluent. Final split is performed
on D35 with accutase at a proportion of 30-40.10° cells per ibidi chamber well for

further maturation and functional/ICC analysis of the cells.

2. Media preparation

The neuronal maintenance medium (N2B27) is a 1:1 mixture of N2 and B27 media.
N2 medium contains: DMEM/F12 GlutaMAX, 1X N2 supplement, 100uM non-
essential amino acids, 100uM 2-mercaptoethanol, 5ug/mL insulin, 50 U/mL penicillin
and 50mg/mL streptomycin. B27 medium contains: Neurobasal, 1X B27 supplement,
1X GlutaMAX supplement, 50 U/mL penicillin and 50mg/mL streptomycin. N2 and
B27 media are kept in separate bottles at 4°C for a maximum of 28 days and are mixed
1:1 into N2B27 as needed.

All mDA induction protocol media are prepared freshly according to their recipe
(Table 8) and kept at 4°C for a maximum of 4 days. Details for the origin and use of

the different molecules can be found in Table 9.
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Figure 14: In-house mDA neuron differentiation protocol. The principles and timeline of the protocol, as well
as the small molecules used for the different steps are presented at the top. The different stages and expected staining
associated with each are presented at the bottom. Each arrow marks a time point at which these markers were
ascertained during the various protocol trials.

Media SB DM | CHIRR | Purmor- BDNF GDNF | Ascorbic | cAMP | Comp-
phamine Acid ound E

D0-6 | 10mM | 2mM | 3mM 1mM

D7-9 2mM | 3mM ImM . . .

D12- 20ng/mL | 20ng/mL 0.2M

13

D14+ 20ng/mL | 20ng/mL 0.2M 0.5mM | 0.1mM

Table 8: Media composition for original mDA induction protocol. All reagents are diluted in N2B27 media (1:1
mixture of N2 and B27 media. N2 medium contains: DMEM/F12 GlutaMAX, 1X N2 supplement, 200uM non-
essential amino acids, 100uM 2-mercaptoethanol, 5ug/mL insulin, 50 U/mL penicillin and 50mg/mL streptomycin;
B27 medium contains: Neurobasal, 1X B27 supplement, 1X GlutaMAX supplement, 50 U/mL penicillin and
50mg/mL streptomycin.).

Product Catalogue Company Function Usage
reference
Purmorphamine | SML0868 Sigma Smo receptor SHH signalling
agonist activation
SB SB431542 | Tocris TGF-BRI inhibitor | Dual SMAD
(TGFb inhibition)
DM 3093/10 Tocris AMPK and BMP- | Dual SMAD
RI inibitor (BMP inhibition)
CHIR 4423/10 Tocris GSK3 inhibitor Wht signalling
activation
Ascorbic acid A4544 Sigma Antioxidant Promotes mDA
differentiation
Compound E 1949-250 Cambridge Notch inhibitor stops cell cycle
Bioscience and promotes
mDA
differentiation
cAMP D0627 Sigma activates Promotes mDA
CAMP/PKA differentiation
signalling
BDNF 248-BD- R&D Neurotrophin Supports
005 neuralisation and
neuron viability
GDNF 212-GD- R&D Neurotrophin Supports
010 neuralisation and
neuron viability
Retinoic Acid R2625- Sigma Caudalizing agent | Promotes
100MG caudalizing of
neurons in
differentiaiton
FGF 100-18b- Peprotech Ventralizing agent | ventralises
100 differentiating
neurons
Table 9: Origin and usage of small molecules from the mDA induction protocol.
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3. Matrigel coating

Matrigel (Corning) is a human ESC qualified solubilised basement membrane
preparation extracted from EHS mouse sarcoma line cultures, a tumour rich in ECM
proteins. Major components of Matrigel are laminin (56%), collagen IV (31%),
heparan sulfate proteoglycans, and entactin (8%). It is used as a more robust
replacement for Geltrex after 3 weeks in mDA induction culture as it has been
demonstrated to provide a physiologically relevant environment for cell proliferation
and differentiation (Ma et al., 2008).

Experimental protocol:

Matrigel is thawed on ice, mixed 1:50 with cold DMEM and immediately poured into
the relevant plate format for cell culture. Plates are then left 1-3hours in the incubator
at 37°C for matrigel to polymerise. Supernatant is aspirated and culture media placed
on the matrigel-coated plated immediately before use. Cells can be plated directly onto
it.

4. Dispase splitting

Dispase is a protease which cleaves fibronectin and collagen 1V, both proteins
necessary to the attachment of adherent cells to the basal membrane gel (geltrex or
matrigel) in culture. Using dispase allows detaching the neuroepithelial sheet from the
underlying basement membrane while maintaining the integrity of large cellular

clumps during the mDA induction protocol.

Experimental protocol:

Media is aspirated in order to leave 1mL of media in each well and 200uL of dispase
(10mg/mL stock concentration; 2mg/mL working concentration) is added in the
media. The pipette tip is used to help cells detach from the border of the well. Cells
are placed 7 minutes at 37°C in incubator until the neuroepithelial sheet lifts from the
bottom of the well. Cells are then gently aspirated with a 5SmL stripette and rinsed
twice through a tube of PBS, by shaking the tube slightly and letting the cells reach

the bottom by gravitation, before aspirating the surnatant of PBS and repeating the
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process. The last pellet is re-suspended gently in 5 mL induction media supplemented

with 10 uM Rockl. Media is changed on the next day to remove RockI.

5. Accutase splitting

Accutase is a proprietary mixture of proteolytic and collagenolytic enzymes containing
0.5mM EDTA. It allows for the dissociation of the cells from the basement membrane

as well, while keeping cells as clumps smaller than those obtained with dispase.

Experimental protocol:

Cells are washed with PBS, covered with Accutase (500ulL/well) and placed 5-8
minutes at 37°C in incubator until cells lift. N2B27 media is used to re-suspend the
last attaching cells and harvest the cells. Cell suspension is spun 3 minutes at 250g,
supernatant is removed and discarded and cell pellet is re-suspended in the appropriate

culture media supplemented with 10uM Rockl.

6. Banking and thawing of midbrain FP neural progenitors

Prior to freezing, commitment to the midbrain dopaminergic lineage of the midbrain
midbrain FP neuroprogenitors is confirmed as nuclear co-expression of LMX1A and
FOXA2 by ICC. Midbrain FP neuroprogenitors from cultures with 85-100% co-
expression of the LMX1A and FOXA2 markers are banked directly after staining is
confirmed or after 2-5 days expansion in N2B27 supplemented with 0.1uM FGF2

refreshed daily, after a first split at 1:3 ratio onto plates freshly coated in matrigel.

Experimental protocol:

Cells are rinsed in PBS, harvested using dispase and re-suspended in freezing media
composed of N2B27 with 10% DMSO and 0.1uM FGF2. Cells are placed in a Mr.
Frosty and placed in -80°C freezer for 24 hours prior to being transferred to liquid

nitrogen tanks for long-term storage.

For thawing, midbrain FP neuroprogenitors vials are kept on dry ice for transfer, then

rapidly warmed by manual friction and re-suspended in excess amount of N2B27. Cell
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suspension is spun down at 200 g for 3 minutes, the supernatant removed and pellets
re-suspended in N2B27 with 10uM Rockl. Cells are plated at a 1 vial to 2 wells ratio
on matrigel-coated 6-well plates and placed in incubators for 24h before media change
to either N2B27 for continuing differentiation protocol from D12 of protocol onwards;
or N2B27 supplemented with 0.1uM FGF if kept at midbrain FP neuroprogenitor stage

for further analyses at this stage of differentiation.

VI1I. Fluorescent reporters for functional imaging

1. Recording buffer

Recording buffer is a photo-stable, isotonic saline buffer made in the laboratory out of
Hank’s Balanced Salt Solution (HBSS), 10mM HEPES at physiologically-balanced
pH 7.4. Composition: 156mM NaCl, 3mM KCI, 2mM MgS04, 1.25mM KH2PO4,
2mM CaCl2, 10mM glucose and 10mM HEPES; pH adjusted to 7.4 with NaOH. The
solution can be stably kept at room temperature, with pH monitoring and correction at
regular intervals. Fresh falcons of the media are filtered through a 37um syringe filter
for removal of potential bacteria or debris prior to each use. The use of this recording
buffer is compatible with most fluorescent dyes in cell functional analyses and
appropriate for laser-based microscopy. The presence of HEPES allows to maintain
the cells out of the incubator for prolonged period of time (1-2hours) without a CO2-

controlled environment.

2. Hoeschst

Hoechst 33342 is a non-cytotoxic cell-permeant nucleic acid stain which emits blue
florescence  when bound to double-stranded DNA, with a maximum
excitation/emission wavelength of 350/461 nm. As such, Hoechst is an appropriate
alternative to DAPI for nuclear staining in live cells and can be associated with any
cytoplasmic and non-competing nuclear dyes (such as Sytox Green) with a
distinguishable excitation/emission spectrum. When its use is permitted by the
experimental conditions, it is commonly used for easy and rapid localisation and focus

of the cells by visualisation of their nuclei.
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Experimental protocol:

Stock solution of 10mM Hoechst, kept at -20°C for long-term storage, is diluted in
appropriate amount of recording buffer or cell culture media to a final concentration
of 10uM for 15 minutes at room temperature and in the dark. On confocal microscope,

the 405nm laser can be used to excite the fluorophore.

3. Monochlorobimane (mCB)

Monochlorobimane (mCB) is a cell permeable non-fluorescent molecule which readily
reacts specifically with the principal intracellular low molecular-weight thiol reduced
glutathione (GSH) and, when conjugated to GSH fluoresces with an
absorption/emission maxima of ~ 394/490 nm. It has little affinity for binding to other
thiols in the cells. Although the formation of mMCB-GSH conjugate is dependent on the
activity of the cytoplasmic enzyme glutathione S-transferase (GST), longer incubation
periods permit a semi-quantitative measurement of GSH content of the cell
independent of the enzyme’s concentration (Chatterjee et al., 1999). In the following
chapters, mCB is used to estimate the relative GSH content between cell lines, in all

the cell types analysed: fibroblast, midbrain FP neuroprogenitor and neurons.

Experimental protocol:

Live cells are rinsed with PBS and incubated for 30 mins in the dark, at room
temperature, with 50uM mCB diluted in recording buffer. mCB is kept in solution
during recording. Images are acquired as z-stacks recovering the complete depth of the
cells, using a Zeiss confocal microscope. mCB fluorescence is excited with the 405nm
laser and the emitted fluorescence refined prior to image capture with the 410-530 nm
filter, as the absorption/emission maximal wavelengths of the molecule are ~394/490
nm. 3-5 z-stacks are recorded per slide or well and results are analysed on the Fiji

(ImageJ) software.
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4. Tetramethylrhodamine methyl ester (TMRM)

Tetramethylrhodamine methyl ester (TMRM) is a cell-permeant cationic fluorescent
dye used to measure the mitochondrial membrane potential (MMP) and indirectly
estimate the mitochondrial function. TMRM fluoresces at maximal
absorption/emission wavelengths of ~548/574 nm and readily penetrates the cells. In
non-quenching concentrations (1-50nM), TMRM accumulates in the mitochondria in
inverse proportion to the MMP according to the Nernst equation. As a result, when the
MMP polarises (interior becomes more negative) the mitochondria accumulates more
TMRM and TMRM fluorescence is more intense in the mitochondria; and when it
depolarises (interior becomes less negative) the mitochondria accumulates less TMRM
and TMRM fluorescence is less intense in the mitochondria. Accordingly, the use of
specific inhibitors of different complexes of the mitochondrial respiratory chain, by
affecting the capacity of the mitochondria to maintain its membrane potential, directly
and relatively modifies TMRM fluorescence intensity. This provides a tool for
qualitative assessment of the MMP and comparison of the MMP between cell lines
relative to the controls. Finally, TMRM can only be removed from the mitochondria
by a complete absolution of the MMP, which can be achieved with the use of
ionophores such as FCCP (Nicholls, 2006; Perry et al., 2011).

Experimental protocol:

Live cells are incubated for 30 minutes, in the dark, at room temperature with 25nM
TMRM diluted in recording buffer. TMRM is kept in solution during recording.
Images are acquired using a Zeiss confocal microscope. TMRM fluorescence is
excited with the 561nm laser and the emitted fluorescence refined prior to image
capture with the 550-645 nm filter, and measured at 580nm as the maximal emission
is ~574 nm. 3-5 z-stacks covering the complete depths of the cell bodies are recorded
per slide or well and results are analysed on the Fiji (ImageJ) software.

5. MitoTracker red CM-H2XROS

The MitoTracker red CM-H2XROS (later referenced to as MitoROS) is a reduced non-
fluorescent form of MitoTracker Red and as such is targeted to the mitochondria,

where it accumulates dependent on the MMP. When oxidised by the mitochondria-
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produced ROS, MitoROS red fluorescence is activated. This dye presents the great
advantage of being specific for reporting the mitochondrial production of ROS mainly.
However, the accumulation and thus fluorescence intensity of the dye is dependent on
the MMP, which may be a potential confounder in experiments. Additionally, prior to
the start of imaging, loading time has to include a sufficient delay in order for the dye
to accumulate in the mitochondria and for the operator to focus the microscope on the
organelles. Thus, the dynamics of this dye doesn’t allow for reporting the complete
behavioural change of the dye and through it the complete behaviour of the cell
mitochondria. However, the linear mid-progression increase of the fluorescence
intensity of the dye, accessible experimentally, is sufficient to compare the rate of

mitochondrial ROS production between cell lines.

Experimental protocol:

Live cells are incubated for 15 minutes at room temperature and in the dark with 1 uM
MitoTracker Red CM-H2XROS and 10nM Hoechst diluted in recording buffer. The
dye is kept in solution during recording. Images are acquired as time-series using a
Zeiss confocal microscope at the z-coordinate showing the bulk of the mitochondria
visible across the depth of the cell. MitoTracker Red CM-H2XROS fluorescence is
excited with the 561 nm laser and the emitted fluorescence refined prior to image
capture with the 550-645 nm filter, as the absorption/emission maximal wavelengths
of the molecule are ~ 579599 nm. Hoechst fluorescence is excited with the 405 nm
laser and image captured after fluorescence emission is focused with the 379-504 nm
filter, as the absorption/emission maximal wavelengths of the Hoechst molecule are ~
350461 nm. Time-series is captured for 10 minutes with one image very 10-20 seconds
(depending on acquisition time needed). Positive control uses the addition 50-100uM
rotenone to inhibit complex I of the mitochondrial respiratory chain and observe a
drastic increase in the ROS production associated with a significant increase in dye
fluorescence intensity. In order to confirm the accumulation of the dye at the
mitochondria, 1 uM FCCP, a mitochondrial respiratory chain uncoupler, is
subsequently added to the well for the recording of the dye minimum fluorescence

intensity signal after its release from the mitochondria through complete loss of MMP.
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6. Bodipy 581/591 C11 (lipid peroxidation)

Lipid peroxidation is an oxidative reaction characterised by the removal of electron
from lipids of cell membranes by free radicals. Cellular membrane lipid peroxidation,
while happening in a low rate in basal conditions, is found greatly increased when cells
are in a state of oxidative stress, and may be used as a proxy to estimate the deleterious
effect of this state on the cells normal physiology. Bodipy 581/591 C11, a fluorescent
lipid peroxidation indicator, is an undecanoic (straight chain line of 11 carbons)
lipophilic acid, which acts like natural lipids and localises to the cell membranes,
making these ideal membranes probes. In its reduced form, the dye fluorescence
emission peak at 590 nm and the oxidation of the polyunsaturated butadienyl portion
of the dye through the action of ROS oxidation at the membrane shifts peak emission
fluorescence to 510 nm (Naguib, 1998). The ratio of dye fluorescence emission
510:590 nm wavelength is used to estimate the progression of lipid peroxidation at the

membranes of live cells (Pap et al., 1999).

Experimental protocol:

Live cells are incubated 20 minutes with 5uM Bodipy C11 591:581 solution diluted in
N2B27 media at 37°C 5% CO.. For midbrain FP neuroprogenitors, loading is difficult
and areas central to the well and containing a large proportion of cells uptaking the
dye in its reduced form (green) are selected for imaging. For neuronal cells, areas
containing a large proportion of neuronal-looking cells with both processes and nuclei
visible are selected. Image acquisition is performed on a Zeiss Confocal Inverted
microscope, with one image captured every 20 seconds at wavelengths of both 510nm
and 590 nm for 10 minutes. Addition of 100uM hydrogen peroxide is used as a positive

control for this experiment.

7. Dihydroethidium (DHE)

DHE is used as an intracellular superoxide production reporter dye. In its reduced
form, DHE emits blue fluorescence (380nm excitation, 405-470nm emission) and is
located in the cytoplasm. When oxidised by intracellular superoxide, the resulting

molecule, 2-hydroethidium (EOH), shifts fluorescence to red (530nm excitation, 560
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emission) and, as a derivate of ethidium, re-locates to the nucleus and intercalates with
DNA. Of note, DHE can also intercalate with mtDNA, making the red fluorescence
signal seemingly non-nuclear in highly compact and confluent cell cultures. The rate
of increase of the red (530nm) fluorescence correlates with the rate of production of
superoxide in the cells as EOH is stable in the cell, removing the risk for intra-
conversion variability (Chen et al., 2013). The transformation of DHE to EOH is
specific to the interaction of DHE with superoxide, with no other ROS or nitrogen
species demonstrating this ability (Zhao et al., 2003). Image analysis is typically
performed using nuclei selection, but overall red fluorescence dynamic change can
also be used to determine the rate of superoxide production in the cells. Main caveat
for the use of DHE is associated with the potential for the dye to be oxidised prior to
its loading in the cells. Mainly: if the reporter is already fully oxidised, it loses its
capacity to report superoxide production altogether; if the reporter is partially oxidised
the red fluorescence will rapidly reach a plateau when dye capacity is saturated,
leading to the rapid loss of dynamic range. Practically, oxidation of the dye can be
limited by the use of freshly reconstituted DHE using reduced DMSO.

Experimental protocol:

Live cells are rinsed with PBS and loaded with 2uM freshly reconstituted DHE diluted
in recording buffer for 3 minutes, in the dark at room temperature. Imaging records
the changes in emission fluorescence of the dye and its re-localisation to the nucleus
at 380nm excitation (reduced state) and 530nm excitation (oxidised state). Setup at the
start of the first well maintains a difference between background and cells to a
minimum of 2-3 fold in order to maintain ability to capture the full dynamic range of
the dye. Images are acquired every 5 seconds for 8-10 minutes. An excess of hydrogen
peroxide (100uM) is used at the end of recording as a positive control, associated with

a drastic increase of 530nm fluorescence and quasi-loss at 380nm.

8. FURA-2 AM

FURA-2 AM is a sensitive, ratiometric fluorescent calcium indicator used to measure
intracellular calcium in live cell experiments. The fluorescent dye is cell-permeant, has

a high affinity for Ca2+ and the fluorescence excitation properties of the dye vary with
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its binding to Ca2+, with the free form of FURA-2 being excitable at 380nm while the
calcium-bound form is excited at 340nm wavelength. The dye emission fluorescence
however is maintained at 510nm independently on its binding to Ca2+. Intracellular
Ca2+ concentration is evaluated using the ratio of bound to unbound FURA-2
excitation fluorescence reads, thus correcting for uneven dye loading across cells,
photo-bleaching, unequal cell thickness or dye leakage in live-cell experiments. This
method has been used for decades and in various applications since the invention of
this dye (Grynkiewicz et al., 1985).

The ratio of calcium-bound to free FURA-2, as calculated by dividing the fluorescence
intensity of the cell soma at 510nm after excitation at 340nm and 380nm respectively,
Is used here to estimate transient intracellular Ca2+ bursts post-chemical stimuli.
Different molecules are used to activate these reactions in our cells and characterise

the cells in culture.

Glutamate, a pan-neuronal excitatory neurotransmitter, binds to post-synaptic
receptors (NMDA-R, AMPA-R and kainite R), allowing a depolarising ion current
into the cell or excitatory post-synaptic current which initiates neuronal action
potential firing. 5uM glutamate is used here as a physiological concentration which
would allow neurons to quickly depolarise while avoiding glutamate-associated
excitotoxicity (Verkhratsky and Kirchhoff, 2007). Glutamate is also responsible for
depolarisation of glial cells such as astrocytes and oligodendrocytes, limiting the
specificity of the use of glutamate for neuronal cell characterisation in our cultures
(Kettenmann et al., 1984a, 1984b). It does however provide a read-out for the presence
of active glutamate receptors in the culture, supporting the functionality of the cells

obtained by the end of the induction protocol.

Glutamate is substituted for KCI as neuronal excitation stimulus. An increase of K+
concentration in the extracellular media is associated with an influx of this positively
charged ion through the membrane, according to Nersnt equation. This in turn results
in the depolarisation of the neuron membrane potential, associated with the opening of
voltage-dependent calcium channels (VDCC) associated with a transient burst of
intracellular Ca2+ concentration picked up by FURA-2 ratio change (Hammond and
Michel, 2015).
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ATP is naturally released by glial cells such as astrocytes and by neurons in order to
maintain glia-glia and bi-directional neuro-glial communication. ATP release extra-
cytoplasmically allows the propagation of calcium waves among glial cells through
activation of Ca2+ intracytoplasmic release (Guthrie et al., 1999), and not via
intercellular connexions as previously believed (Cotrina et al., 1998). Glial-excreted
ATP is directly associated with excitatory postsynaptic current increasing neuronal
excitability in some neuron-glia systems such as in the hippocampus, or with inhibitory
pre-synaptic effect on neurons, directly in its ATP form or as an adenosine donor, in
other cases such as pain sensory system (Cotrina et al., 2000; Verderio and Matteoli,
2011). 100uM ATP is estimated to mimic the necessary concentration at the point of
excretion from the astrocyte for an optimal glial calcium influx activation (Guthrie et
al., 1999).

Experimental protocol:

Live cells are loaded for 30 minutes with 5 uM FURA-2 and 0.005% pluronic acid in
recording buffer, at room temperature, in the dark. Cells are then washed twice with
PBS and covered with fresh recording buffer for imaging. Image acquisition is
performed using a Cairn xenon arc light source and Optoscan monochromator (Cairn),
associated with an Optiscan Il stage system and custom filter wheel (Prior Scientific),
and an Andor sSCMOS camera (Oxford instruments). Emission fluorescence at 510nm
Is measured after excitation of free FURA-2 (excitation maxima at 380nm) and
calcium-bound FURA-2 (excitation maxima at 340nm) in sequential steps. The
emission fluorescence in response to excitation variation or 340/380 excitation ratio is
used to estimate intracellular calcium concentration fluctuations.

Baseline is recorded for 1.5-2 minutes before addition of stimulating molecules. At
Timepointl, neurons are excited with 5uM glutamate then allowed to recover for a
couple of minutes prior to astrocytic cells excitation with 100uM ATP. At Timepoint2,
KCl is substituted to glutamate for specific activation neuron calcium influx. However
due to the reduced proportion of cells recovering from KCI compared to Glutamate,
100uM ATP is applied first to activate astrocytic cells, cells are allowed to recover

prior to addition of 50mM KClI to activate neurons.
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9. Diaminorhodamine-4M (DAR-4M)

Diaminorhodamine-4M (DAR-4M) AM is a fluorescent cell-permeable nitric oxide
(NO) indicator with a lower detection limit of about 7 nM NO. DAR-4M AM is
internalised through the action of esterases and reacts with NO, in the presence of O2,
to form the corresponding fluorescent triazole compound in cell cytoplasm. This
irreversible reaction leads to an increase by 840-fold of the fluorescence intensity of
the dye. DAR-4M maximum wavelengths for excitation/emission fluorescence are
~560-575 nm. DAR-4M AM is reported to have greater NO specificity, better photo-
stability, lower cytotoxicity and pH-sensitivity than earlier fluorescein-based NO
probes (Kojima and Nagano, 2000; Kojima et al., 2001). DAR-4M AM excitation and
emission fluorescence wavelengths are also higher than previously used compounds,
allowing for the restriction of any confounding effects from cellular auto-fluorescence

and the removal of the UV excitation-associated cytotoxicity.

Experimental protocol:

Live cells are loaded for 40 minutes with 10 uM of DAR-4M in recording buffer in
the dark, at room temperature, after rinsing with PBS. The dye is removed and cells
placed in fresh recording buffer for imaging. Fluorescence of the dye is excited with
the 561 nm laser and dye fluorescence emission filtered with the 483-621 nm filter.
Images are captured on a Zeiss inverted confocal with 3 z-stacks covering the complete
depth of the cells recorded per well. Then time-series of one image every 5-10 seconds
are captured. Baseline is recorded for about 3 minutes prior to the addition of 25mM
L-Arginine to activate NO production as a necessary NOS substrate and cells are
further imaged for 2-3 minutes in their activated form.

10. Sytox Green

Sytox Green is a low fluorescence, non-cell permeable dye, with a high infinity for
nucleic acid. Upon loss of cell membrane integrity with cell death, the dye is able to
enter dead cells and bind to the accessible nucleic acid, binding which increases its
fluorescence intensity by 500-fold. Sytox Green fluorescence excitation/emission
maxima are 504/523 nm when bound to DNA, making it possible to associate with
Hoechst (350461 excitation/emission maxima) to mark all the cell nuclei in
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experimental sample. The dye excitation spectrum allows for the use of an Argon laser

(488nm) in its imaging protocol.

Experimental protocol:

Live cells are incubated for 15 minutes with 250 nM Sytox Green and 10nM Hoechst
diluted in N2B27 media at 37 degree 5%CO2 in incubator. Media and dyes are rinsed
with PBS and cells are placed in recording buffer for imaging experiment. Image
acquisition is performed on a Zeiss Confocal Inverted 880 with 20X lens. Acquisition
consisted in 5 z-stacks for each well, two wells per line at the neuronal stage. Areas
for imaging are selected at random at the centre of and all around the well using

Hoeschst staining to locate cells nuclei.

VIII. Immunocytochemistry (ICC)

Immunocytochemistry (ICC) relies on the use of antibodies raised against a specific
protein (or part of the protein) associated directly or indirectly with fluorescence
markers allowing for the localisation of that protein within the different cell
compartments. The antibodies used in this thesis are either monoclonal or polyclonal
and the signal is amplified by the use of secondary antibodies conjugated to Alexa
fluorophores. DAPI is used to stain the nuclei acids of cell nuclei for the easy
localisation for imaging and counting of the cells for analysis.

Experimental protocol:

Cells destined for ICC are plated in either 8-wells ibidi chambers or over glass
coverslips (13mm diameter, 0.1), both compatible with the use of confocal
microscopes. Cells are first fixed using a solution of 4% paraformaldehyde (PFA)
diluted in PBS for 20-30 minutes at room temperature. PFA is removed by several
rinses with PBS and cells can be kept covered with PBS at 4°C in sealed plates until
staining. Cells are first permeabilised in a solution of 0.2% Triton-X-100, 3% bovine
serum albumin (BSA) in PBS for one hour at room temperature before being incubated
with primary antibodies diluted to the appropriate concentration in PBS 3% BSA for
1 hour at room temperature or overnight at 4°C (Table 10). Primary antibodies are
washed thrice for 5 minutes with PBS 3% BSA prior to incubation with fluorophore-
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conjugated secondary antibodies, each diluted 1:500 in PBS 3% BSA, for an hour at
room temperature in the dark. Secondary antibodies are rinsed thrice for 5 minutes in
PBS with the last wash containing 10 uM DAPI for cell nuclei staining. Finally DAPI
is rinsed off of all wells or coverslips and these are placed in PBS until mounting
(coverslips) or directly for imaging (ibidi).

Name Species | Directed against | Company | Dilution ratio | Cat N#

DAT Rat Anti-DAT Sigma 1:200 142319121

FOXA2 | Goat Anti-HNF-3B Bio-techne | 1:100 AF2400

GCH1 Rabbit | Anti-GCH1-N- | Abcam 1:100 ab186633
ter

GCH1 | Rabbit | Anti-GCH1 Abcam 1:250 ab69962

GFAP | Chicken | Anti-GFAP Abcam 1:500 ab4674

GIRK2 | Goat Anti-KCNJ6 /| Sigma 1:250 ab65096
GIRK2

Ki67 Mouse | Anti-Ki-67 BD 1:500 550609

Bioscience

LMX1A | Rabbit | Anti-LMX1A-C- | Abcam 1:500 ab139726
terminal

OCT4 Goat Anti-Oct3/4 R&D 1:250 AF1759

Biosystems

PAX6 Goat Anti-PAX6 Abcam 1:100 ab62803

TH Chicken | Anti-Tyrosine- Abcam 1:250 ab76442
Hydroxylase

Tujl Rabbit | Anti-beta Il | Abcam 1:500 ab18207
Tubulin

Table 10: Origin and usage of primary antibodies for immunocytochemistry

Image acquisition is performed using an inverted confocal microscope (Zeiss). For
each well or coverslip, 3-5 areas representative of cell density were selected randomly
using DAPI 405nm channel. Snapshots were taken when cells are found in a single

layer; z-stacks were used for capturing several layers of cells when necessary.
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IX. Imaging machinery

1. Inverted confocal microscopes

Inverted confocal microscopes used in this project include several Zeiss models.
Imaging with these microscopes relies on common principles of laser scanning
confocal microscopy: lasers with specific wavelengths are used as excitation source;
their rays are passed through excitation pinhole and filters and reflected on a
dichromatic mirror through the objective and to the sample where it can excite the
sample at specific focal planes. Excitation light wavelength is converted to emission
light wavelength by wavelength-specific fluorophores present in the sample and
reflected back through the lens and dichromatic mirror and to the camera or eyepiece
through a pinhole (Sanderson et al., 2014, Zeiss Microscopy Online Campus website)
(Figure 15). Focal planes images are obtained with the use of a pinhole which only
allows light from an object in focus to pass through and reach the detector, in this
application a photomultiplier, while light emitted from objects out of focus is
defocused at the pinhole and barely passes to the detector. Images are obtained through
the raster-scanning of the samples using all wavelengths befitting each application.

All experiments on fibroblasts were performed on the LSM 710 (Zeiss) without gas
and temperature chamber. Experiments on iPSC-derived cell models made use of LSM
710, LSM 780 and LSM 880 with Airy Scan (Zeiss), in temperature-controlled

environment set at 37°C.
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Figure 15: Principle of confocal microscopy. (a) general principle of laser-based confocal microscopy extracted
from (http://zeiss-campus.magnet.fsu.edu/articles/livecellimaging/techniques.html); (b) inverted confocal setup

allowing for live-imaging of cells in culture plates. Extracted from Sanderson et al., 2014.
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2. Bespoke Andor camera fitted microscope

Live-cell imaging experiments for superoxide production and calcium-based imaging,
using ratiometric dyes, make use of a bespoke Andor microscope composed of a Cairn
xenon arc light source and Optoscan monochromator (Cairn), associated with an
Optiscan Il stage system and custom filter wheel (Prior Scientific), and an Andor
SCMOS camera (Oxford instruments). The microscope relies on the use of a xenon arc
lamp, which light is filtered through a monochromator to illuminate sample at a
specific wavelength for excitation. The emission light from the specifically excited
fluorophores passes through an emission filter to reach a cooled, sensitive camera
allowing for the fast imaging of whole fields of cells while minimizing phototoxicity
for the sample. Through the ability to rapidly change light excitation and emission
filters with automated wheels, and the ability of the camera to acquire frames at an
extremely rapid rate and of large fields of view, it is ideal for the measurement of
ratiometric dyes in dynamic setups (Andor — Oxford instruments website).

As so, images are obtained much faster (~30 frames per second) than on a confocal
microscope which often requires several seconds per acquisition frame, and suitable
when confocal plane resolution and high spatial resolution of the sample are not

required for analysis (Zeiss Microscopy Online Campus website).

X. Image analysis

Image analysis throughout this thesis makes use of commonly used image analysis

softwares and scripts are written to automatize some analyses based on specific needs.

1. Data extraction from images

For all the images obtained on the bespoke Andor camera fitted microscope (Cairn),
which is superoxide production (DHE) and calcium imaging (FURAZ2) experiments,
image format necessitates the use of AndoriQ (Andor) for the extraction of data from
the images. In DHE experiments, cell nuclei are manually selected and these regions
of interest (ROIs) used for the extraction of localised 380nm and 530nm fluorescence
in both fibroblasts and neuronal cells; overall 530nm emission fluorescence after

background thresholding is obtained at the NPC stage as nuclei are not distinguishable.
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In FURA-2 experiments, cell somas with a reaction to any stimulus are manually
selected (ROIs) and total number of cells in the field recorded. In both cases data is
then extracted from AndoriQ in a format compatible with Origin software
(OriginLabs).

For all the other images obtained on Zeiss confocal microscopes (TMRM, mCB,
MitoROS, Bodipy, DAR-4M, SytoxGreen and ICC), data extraction uses Fiji (ImageJ)
with either manual or automatized methods.

For all z-stacks experiments (TMRM, mCB, and basal DAR-4M), an automatized
script is used for the rapid analysis of the large number of files. The ‘macro’ on Fiji
(ImageJ) goes as follows: each file is opened and checked against a determined path
name, maximum intensity projection is performed, channels are split and only the
fluorescence channels are kept. For each, thresholding is applied using the defined
threshold option using values manually determined on control wells for each set of

experiments.

For time-lapse experiments (DAR-4M continous, Bodipy and MitoROS) data
extraction uses another automated script as follows: each file is opened and checked
against a determined path name, channels are split for bodipy experiments only, and
thresholding is applied using the defined threshold option using value manually

determined on control wells for each set of experiments.

Analysis of the ICC images required manual counting due to the high confluency of
cultures, forbidding the script-based imaging software such as Fiji or CellProfiler. At
all stages, total number of nuclei in the field is determined with DAPI staining. Number
of nuclei co-staining for other markers is noted. Cytoplasmic staining is assigned to a

nucleus and the number of cells expressing a cytoplasmic protein of interest also noted.

2. Data analysis with Origin

Data analysis, plots and statistical comparisons between cell groups are obtained with
Origin software (OriginLabs).
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For all time-lapse experiments, results for the fluorescence intensity are plotted against
time and a linear regression is ran to determine the rate of change in fluorescence which
correlates to the corresponding biological function. Linear regressions in Origin make
use of the weighted least-square method to fit a linear model function to the data.
Extracted linear regression data is tabulated and the software used to normalise values
and compare measurements statistically.

For DAR-4M experiments, the software is used to determine the average fluorescence
prior to the L-Arginine stimulation and the difference between the peak of activation
after stimulation and average baseline calculated. These as well as the complete-cell
baseline values obtained by z-stacks are plotted separately.

For z-stacks and ICC experiments, data is entered, statistically tested and plotted using
Origin (OriginLabs). All results correspond to the proportion of cells expressing each
marker out of the complete number of cells in the field, these are compared between

groups (with n = field).
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Chapter 3: Genetic investigation of GCH1 and BH4 pathway in PD

|. Background

The role of genetic variants in the development of Parkinson’s disease (PD) has been
extensively investigated in the past decades, with the description of causative
mutations inherited following a Mendelian pattern, as well as that of numerous variants
increasing the risk for individuals to develop the pathology in their lifetime. One gene
in which variants have recently been defined as a PD risk factor is GTP cyclohydrolase
1 (GCH1; 149g22.1-g22.2; OMIM 600225). GCH1 encodes GTPCH, the enzyme
controlling the first and rate-limiting step of the biosynthesis of tetrahydrobiopterin
(BH4). BH4 is the essential cofactor for the activity of tyrosine hydroxylase (TH) in
the rate-limiting step of production of dopamine in nigrostriatal cells (Kurian et al.,
2011) (Figure 6). Mutations in GCH1 were first described as the most common cause
of dopa-responsive dystonia (DRD), a progressive hereditary form of dystonia that
typically presents in childhood, marked by diurnal fluctuation, and having an excellent
and sustained response to low doses of oral L-DOPA, generally free of side-effects
(Ichinose et al., 1994; Segawa et al., 1976; Trender-Gerhard et al., 2009). The mapping
of the DRD locus to chromosome 14q (Nygaard et al., 1993) and the subsequent signal
association to the GTP cyclohydrolase gene (GCH1 - 14g22.1-922.2) (Ichinose et al.,
1994), has since allowed the discovery of about 220 different mutations in that gene,
listed in the Human Gene Mutation Database (HGMD) (Stenson et al., 2013).

1. Circumstantial genetic evidence and negative studies

The existence of a hereditary link between PD and DRD is hinted at through the
informal description of a history of Parkinsonism in 14% of first degree relatives over
40years of age, in a series of 21 consecutive North-American DRD probands
(Nygaard, 1993). This estimate is significantly higher than the prevalence of PD in the
general North-American population and for a similar age band (0.6%, p<0.05).
Moreover, these family members affected with PD mainly presented with a typical
late-onset form of the pathology, mostly without history of childhood dystonia, and a

mild response to levodopa treatment (Nygaard, 1993). This followed several
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descriptions of PD cases in DRD proband’s pedigrees: first in 1990, Nygaard and
colleagues described a large North-American family pedigree with 96 family
members, of which 10 were diagnosed with definite dystonia and 5 definite
parkinsonian presentations; second in 1992, studying 29 relatives in another North
American family from English descent revealed 3 parkinsonian subjects (AAO 50, 67
and 78) and 5 DRD subjects (AAO 5, 5, 6, 9 and 36y). Thus, these two studies give
estimates of 15% and 10% for family history of PD in single DRD proband families
(Nygaard et al., 1990, 1992). Estimates were even higher in a subsequent study where
35% (8/23) of unrelated DRD patients reported a positive family history for PD
(Hagenah et al., 2005).

Furthermore, linkage analysis of GCH1 variants in some ‘DRD-PD’ families found
segregation of these mutations with both pathologies, of which: a PD patient (AAO
47y), whose sister is also affected by PD, had one neurologically normal niece and one
niece who had been diagnosed with DRD around 13 years old. All affected family
members were carriers of a heterozygous 1IVS3+1G>A mutation affecting the splice
donor site of intron 3 leading to skipping of exon 3 and resulting in aberrant mMRNA
(Irieetal., 2011) (

Figure 16 - Family 1); a 65yo woman with PD (AAO 50years) and her daughter with
DRD (AAO in teenage years) both had complete deletion of GCH1 on one allele as
determined by MLPA (Eggers et al., 2012) (

Figure 16 - Family 2); screening of 12 family members with phenotypes ranging from
typical DRD to slow-progressing PD using Sanger and MLPA for several common PD
genes and GCH1 revealed the presence of a novel ¢.5A>G GCH1 mutation in all
affected individuals (both PD and DRD) which was absent in one 80 years old
unaffected relative and one 75 years old relative with isolated rest tremor non-
responsive to L-dopa treatment (Lewthwaite et al., 2015) (

Figure 16 - Family 3). Moreover, Mencacci and colleagues have previously described
four ‘DRD-PD’ families in which 4 different mutations segregated with the
phenotypes (Mencacci et al., 2014) (

Figure 16 - Families 4-7). The first proband presented with DRD onset at 18 months
with their father being affected by DRD with no signs of PD at the age of 42. The

proband’s grandfather on his father’s side was diagnosed with a successfully levodopa-
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treated PD at age 59, with no sign of dystonia. All affected members of the family are
heterozygous carriers of a ¢.343+5C>G mutation in GCH1, a mutation previously
described in a couple of compound heterozygous advanced cases of DRD (Bandmann
et al., 1996a; Trender-Gerhard et al., 2009) (

Figure 16 - Family 4). Another mutation previously described in DRD cases,
€.626+1C>G, was found in two sisters from a second family, one with childhood onset
DRD, the other with PD onset at 44 years. This mutation was previously associated
with DRD cases (Garavaglia et al., 2004) (

Figure 16 - Family 5). Both ¢.343+5C>G and ¢.646+1C>G are believed to affect the
splicing of GCH1 mRNA. The remaining two families demonstrate segregation with
compound heterozygous mutations in GCH1, associating a relatively common SNP to
a more deleterious mutation. One proband presented with DRD onset at 11 years
associated with a relatively common GCH1 polymorphism P23L (carried by 1-2%
population), her mother also carried this polymorphism as well as a DRD-associated
mutation, F104L, and presented with an atypical parkinsonian syndrome with no
tremor; this second variant was inherited from the proband’s grandmother who
presented with oromandibular dystonia at 66 years of age, classified as DRD although
she refused a levodopa trial (

Figure 16 - Family 6). The other proband is a 41 years old woman who presented with
DRD with bilateral foot inversion onset at 4 years of age. Her father has a one year
history of typical parkinsonism at 67 years old. Both carry the R241Q GCH1 mutation,
a newly described variant predicted deleterious using in silico tools. The proband is a
compound heterozygous carrier and inherited the V2041 missense variant from an
asymptomatic mother (Mencacci et al., 2014) (

Figure 16 - Family 7) . An overview of these studies can be found in Table 11&Table
12.

Due to the relatively common prevalence of PD in the general population (about 1%
of individuals over the age of 50 in Europe), further evidence for the association of
GCH1 mutations with PD are necessary. In the first instance, investigations made use
of small cohorts, and as a result failed to show a significant association between rare
GCH1 variants and sporadic PD. They are compiled in Supplementary Material Table
30. These negative studies had three major caveats: the small size of cohorts limiting
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power, patient selection bias and selective sequencing of a limited number of variants.
The first two caveats were reflected in several studies with either 29 familial PD with
akinetic-rigid presentation (Bandmann et al., 1996b); 53 familial early-onset PD (Cobb
et al., 2009); 87 early-onset PD (Hertz et al., 2006); and 97 sporadic late-onset PD, 28
early-onset PD and 9 familial PD from Southern Spain (Bandrés-Ciga et al., 2016).
The last caveat generally applies to larger cohorts in which limited sequencing convey
technical benefits: sequencing the 5 GCH1 SNPs of the ‘pain-protective’ haplotype
which is associated with lower GCH1 expression in 233 dystonia cases, 1337 PD cases
and 1090 relatively old controls found no significant association of these SNPs with
the risk for PD (p>0.05) (Newman et al., 2014). Another study limited to the
sequencing of a single GCH1 SNP (rs11158026) in 589 sporadic PD and 634 controls
from the Han Chinese population also failed to associate this SNP with PD in their
cohort (Yang et al., 2017). Since a much larger number of GCH1 variants have been
associated with both DRD and PD phenotypes, this type of approach is reducing

analysis power and increasing the likelihood of false-negative results.
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Figure 16: Pedigrees of DRD-PD families carrying GCH1 mutations. DRD patients are in black, PD patients in
dark grey and family members with motor symptom different from both pathologies in light grey. Probands are
marked with a P, sequenced individuals by a star and carriers by a cross. Associated mutations are identified under
each pedigree.

Reference | Study N cases N Complete | Conclusions | Comments
Type controls cohort
Nygaard Large | 10 DRD 81 96 relatives | 10.5% DRD | One family
etal., family 5PD family from one 5.2% PD
1990 pedigree members family
Nygaard Large 5 DRD 21 29 relatives | 17.2% DRD | One family
etal., family 3PD family from one 10.9% PD
1992 pedigree members family
Nygaard, Self- 21 - 21 14% first Found to be
1993 report of | unrelated consecutive degree typical PD
PD DRD North- relative > phenotype
family patients American | 40y.o. with | subsequently
history unrelated PD
in first DRD
degree patients
relatives
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Hagenah Self- 23 - 23 35% PD GCH1
etal., report of | unrelated consecutive family mutation and
2005 PD DRD unrelated history its

family | patients DRD consequence

history patients of identified in
various 87% of DRD
descent patients

Table 11: Literature review circumstantial evidence: family history of PD in DRD patients

There always remains the possibility of the existence of population effects on the
association of specific GCH1 variants with risk for PD as possibly seen in large
cohorts. In a Swedish/Norwegian cohort of 509 PD patients and 230 controls, no
deleterious mutations but only putative benign variants (p.P23L and p.P69L) were
identified in GCHL1 by deep targeted-sequencing (Rengmark et al., 2016). This may
point at a population effect with a specifically low GCH1 frequency in PD patients
from Norway, limiting the power of even such a large cohort, or to a possible
deleterious effect of these variants previously defined as ‘benign’ in this specific
population. Finally, the authors report coverage gaps which may me masking
mutations in their cohort.

. Pedigree .
Family | Reference description Conclusions Comments
All affected family
1 Irie et al., P3£50:;22t23d members carry Predicted exon 3
2011 . c.IVS3+1G>A GCH1 skipping
niece .
mutation
PD proband and
Eggers et Complete heterozygous
2 al. 2012 DRD affected deletion of GCH1 Detected by MLPA
daughter
12 family
members: 2 Segregation of Absence of
3 Lewthwaite | EOPD, 1 PD, 3 | heterozygous c.5A>G mutation in
etal., 2015 DRD (see GCH1 mutation in all .
. unaffected relative
pedigree for affected members
details)
4 Mencacci DRD proband, Segregation of Mutation
etal., 2014 his DRD heterozygous previously
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affected father €.343+5C>G GCH1 described in
and PD affected mutation compound
grand-father heterozygous DRD
cases
PD proband Both carry the pl\r/él:/ti%t:;r
with a DRD c646+1C>G GCH1 | MO
affected sister mutation
cases
Proband carries p.P23L
DRD proband, moGt(h:el_ruierch)tr%ggE’nd p.P23L isa
her PD affected heterozygote common
mother and 0.F104L/p.P23L GCH1 polymorphism
DRD affected ' carrier én d grand- carried by 1—2_% of
grand-mother mother p.F104L GCH1 the population

heterozygous carrier

Proband is compound

DRD proband heterozygous for
with PD p.R241Q/p.vV204l; p.R241Q was
affected father father heterozygous newly described
and p.R241Q carrier and here and predicted
asymptomatic asymptomatic mother | deleterious in silico
mother heterozygous p.V204l

carrier

Table 12: Literature review circumstantial evidence: GCH1 mutation linkage analysis in PD-DRD families.
Family number corresponds to pedigree numbers in

Figure 16.

2. Strong support for a genetic association

These caveats were circumvented in the first place by the use of larger sporadic PD
cohorts and by the advent of next-generation sequencing techniques (NGS) allowing
for easier detection of point mutations in these large patients cohorts. An overview of
these studies can be found in Table 13.

Separate studies using NGS methods have supported an association of deleterious
GCH1 variants with higher risk of developing neurodegenerative PD. First, in a whole-
exome sequencing cohort of 1318 unrelated PD cases and 5935 controls, where the
frequency of GCH1 variants was found significantly higher in PD cases (0.75%) than
in controls (0.1%; OR = 7.5; 95% CI 2.4-25.3) (Mencacci et al., 2014). Secondly this
association was supported by a meta-analysis of GWAS data using a common set of
7,893,274 variants across 13,708 cases and 95,282 controls with the characterisation
of GCH1 as a low-risk susceptibility locus for PD (OR = 0.889, p = 7.13x10%). The
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result replicated in a separate cohort of 5,353 cases and 5,551 controls (OR =0.948, p
=0.039) and the overall OR of 0.9 (p = 5.85x10%) was eventually associated with one
SNP (rs11158026; MAF=0.335) (Nalls et al., 2014). Further validation of GCH1
mutants association with risk of PD was through another GWAS including 6,476 PD
cases and 302,042 controls (OR=0.90, p=2.65x10""), where risk was associated with
the same SNP (rs11158026) (Chang et al., 2017). The importance of this single SNP
within GCHL1 in risk of PD was further investigated in a Taiwanese population of 598
PD patients and 553 control subjects. In this non-European cohort, the minor allele
frequency for rs11158026 is significantly higher in PD patients compared to controls
(OR =1.29, 95% confidence interval (CI) = 1.09- 1.52, p = 0.003) (Chen et al., 2016).
Further, the association of rs11158026 with PD was validated in another non-European
cohort of 600 sporadic late-onset PD and 1200 unrelated healthy controls from Iran
(p=0.025, OR = 1.17, 95%CI = 1.02-1.34) (Safaralizadeh et al., 2016). Finally, a
follow-up meta-analysis of 5 studies screening East-Asian population, with a total of
5588 PD cases and 5876 controls suggested an association of the rs11158026 GCH1
variant with PD in these populations (p = 0.04, OR 1.08, 95% CI 1.00e1.16) (Zou et
al., 2018).

Reference Study Type Cohort Results Conclusions
Mencacci et Whole exome | 1,318 0.75% GCH1 | Significantly
al., 2014 cohort unrelated PD | in PD, 0.1% higher GCH1
5,935 controls | mutants in mutation
(European controls. frequency in
cohort) p =0.003 cases than
OR=7.5. controls
95%ClI = 2.4-
25.3
Nalls et al., GWAS meta- | 13,708 PD p=7.13x10"" | GCHlisa
2014 analysis 95,282 OR =0.889 low-PD
controls susceptibility
locus
GWAS 5,353 PD p =0.039 Validation in
replication 5,551 controls | OR =0.948 replication
cohort cohort
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Complete 19,061 PD p = 5.85x101 | Overall
GWAS cohort | 100,833 OR=0.9 association
controls MAF=0.335 with
rs11158026
Guellaetal.,, | Genet-targeted | 526 PD GCH1 Similar to
2015 sequencing 290 controls | variants Mencacci et
frequency of | al., 2014
0.57% in PD | frequencies
and 0.3% in
controls
(benign only)
Chenetal., Targeted 598 PD cases | RS11158026 | GCH1
2016 SNPs 553 controls SNP (GCH1) | Rs11158026
sequencing (Taiwanese P =0.003 association
cohort cohort) OR=1.29 with PD in
95% CI = non-European
1.09-1.52 cohort
Safaralizadeh | Targeted 600 sporadic | RS 11158026 | GCH1
etal., 2016 SNPs late-onset PD | GCH1 SNP Rs11158026
sequencing & 1,200 P =0.025 association
cohort controls OR=1.17 with PD in
(Iranian 95% CI = non-European
cohort) 1.02-1.34 cohort
Chang et al., GWAS meta- | 6,476 PD Rs 11158026 | Validation of
2017 analysis 302,042 GCH1 SNP GCH1
controls P =2.65x10"7 | Rs11158026
(European OR=10.90 association
cohort) 95% CI = with PD in
0.89-0.93 European
cohort
Xuetal., 2017 | GCH1 exons | 1,758 PD 0.46% in PD | Significantly
sequencing 1,565 controls | and 0.06% in | higher GCH1
using inverted | (Chinese controls mutation
molecular cohort) p=0.04 frequency in
probes for OR=7.15 cases than
high- 95% CI = controls
throughput 0.94-58.64
Zou et al., Sequencing 5,588 PD Rs11158026 | GCH1
2018 studies meta- | 5,876 control | GCH1 SNP Rs11158026
analysis (\Various East- | P =0.04 association
Asian) OR =1.08 with PD in
95% CI = non-European
1.00-1.16 cohort

Table 13: Literature review definite genetic proof for GCH1 association with risk for PD in large sporadic

cohorts.
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Using gene-targeted sequencing in relatively large cohorts, GCH1 mutation
frequencies were first found relatively consistent to that of the first Mencacci exome
study in a cohort of 528 patients and 290 controls, with frequencies of 0.57% (3/528)
and 0.3% (2/290) respectively (Guella et al., 2015). It is worth to note that the authors
reported an absence of mutations in their controls as both variants found in this group
are known benign GCH1 polymorphisms (Guella et al., 2015). Additionally, using
molecular inverted probes for high-throughput sequencing, Xu and colleagues were
able to screen all exonic regions of GCH1 in 1758 PD patients and 1565 healthy
controls finding significantly different variant frequencies of 0.46% and 0.06% |,
respectively (OR=7.15, 95%CI=0.94-58.64; p=0.04). Of note, the single variant
identified in one control sample was predicted to be benign (Xu et al., 2017). Using a
similar approach for the sequencing of 1082 PD patients and 1110 controls, a separate
team found overall higher GCH1 variant frequencies of 1.02% and 1.44% respectively.
Although variant frequency was higher in controls, all variants previously reported
pathogenic were carried by cases and burden analysis of the presumed pathogenic
variants using sequence kernel association test (SKAT) was significant, whilst similar
analysis of all rare GCH1 variants, defined as MAF < 0.01, was not statistically
significant using the optimised SKAT (SKAT-0) package (Rudakou et al., 2018). In
these studies, removing known benign variants from the analysis allowed a correction
to the false-negative results, pointing at the potential necessity of such variant selection
for calculating appropriate risk scores for GCH1 variants. Following a similar method
for all genes with rare deleterious but common benign polymorphism frequencies is

warranted to increase the power of genetic analyses in relatively large cohorts.

3. Mechanisms of GCH1 mutations

In dopaminergic neurons, GCH1 is catalysing the rate-limiting step for the production
of BH4, the essential cofactor of TH for the synthesis of dopamine. BH4 is also a
coupler for the isoforms of nitric oxide synthase (Crabtree et al., 2009b; Kuzkaya et
al., 2003), a strong antioxidant (Nakamura et al., 2000, 2001), and has a role in the
maintenance of mitochondrial redox balance (Bailey et al., 2017). A handful of
enzymes are directly involved in the ‘dopamine-BH4 pathway’, through their role in

the production or maintenance of the BH4 pool, as well as in the production of

104



dopamine (Figure 6). Mutations in TH and sepiapterin reductase (SPR), two genes
downstream from GCHZlon the BH4 pathway, have been identified in a small
proportion of DRD cases (Bartholomé and Ludecke, 1997; Blau et al., 2001; Bonafé
et al., 2001b; Brautigam et al., 1998; Clot et al., 2009; Lidecke et al., 1995, 1996).
There is also some evidence for the involvement of TH in the risk for PD, probably
through its direct role in dopamine synthesis. Mutations in TH are as frequent as GCH1
mutations in sporadic PD cohorts (0.69%) (Rengmark et al., 2016). They have more
commonly been described in cases of infant- or juvenile-PD (Bademci et al., 2010;
Lldecke et al., 1996; Swaans et al., 2000), although these may possibly be clinically

misdiagnosed DRD cases.

I hypothesized that genes of the BH4-pathway, in addition to GCH1, may have a role
in the risk for sporadic PD. Others have shown the involvement of BH4-pathway genes
in DRD, resulting in the screening of a similar set of genes in a cohort of 64 DRD
patients (Clot et al., 2009). Using targeted sequencing and MLPA, 47 (73.5%) of them
were found to carry a heterozygous point mutation (n = 40 = 62.5%, of which 2
compound heterozygous mutations) or a large deletion (n=7 = 11%) in GCH1. Of the
17 patients not carrying a GCH1 mutation, 14 were screened for TH and SPR
mutations, with 4 patients (28.5% screened cohort; 4.7% overall cohort) carrying a
point mutation in TH and 2 (14% screened cohort; 3% overall cohort) a mutation in
SPR gene (Clot et al., 2009). This hints at a role for variants in other genes of the
dopamine-BH4 pathway in DRD risk which may be translatable to PD as well. It is
also important to note that the small cohort size of this study might be limiting its
power and that the frequency of mutations in these genes may be underestimated in

the DRD population.

4. The need and the difficulties of using a large exome dataset

Literature describing the role of GCH1 variants in the risk for PD underlines the need
for using large cohorts in an attempt to capture the effect of rare variants. Whole exome
sequencing cohorts present the great advantage to capture genetic variations within the
realm of the coding regions of our genome, unravelling mutations we are able to

associate with potential deleterious changes in the corresponding protein. As opposed
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to targeted gene or variant sequencing, this more comprehensive genetic sequence
supports both the discovery of new variants and the consolidation of previously
described genetic associations with strong confidence. They also provide a great
advantage for a high-quality and precise analysis of the association of gene groups
with specific phenotypes. However, while a good tool for genetic association research,
building such sequencing cohorts can be extremely complex and time-consuming,
from recruiting enough participants for both disease and control groups to analysing
relevant variants after proceeding to the quality control of the data.

This chapter proposes to investigate the role of GCH1 and associated genes of the
dopamine-BH4 metabolic pathway in the genetic risk of PD through the use of a large
exome cohort. This investigation makes use of a uniquely large whole-exome cohort
of PD patients and controls obtained through the Parkinson’s Disease Genetics
Sequencing Consortium (PDGSC). | present the frequencies and types of mutations
identified in the cohort, before detailing the quality control used to build a high quality
sequencing dataset. | then make the case of the necessity to perform a pathway-driven
quality control for more accurate analysis of the limited number of genes that
constitute my pathway of interest and present the results of such a quality-control prior
to discussing the role of these genes in the risk for PD in the cohort using burden and
sequence kernel association tests. This final analysis is ran on the complete set of
variants across all 8 genes found in the cohort, as well as all the variants found in the
three genes most commonly associated with DRD and responsible for the de novo
production of BH4 from GTP, namely GCH1, PTS and SPR. Variants are then
separated into three groups on the base of their annotation.

1. Methods

1. Participants

The study includes 9588 samples, of which 3442 PD patients and 6146 controls. All
cases and 763 controls were recruited by members of the Parkinson's Disease Genetics
Sequencing Consortium (PDGSC), an international collaboration of investigators from
academia, non-profit organizations and industry, aiming at unravelling genetic variants

associated with PD risk. PD patients are clinically diagnosed according to the UK
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Parkinson disease Society Brain Bank criteria (Hughes et al., 1992). Controls have no
diagnosis of PD or any other movement disorder at the time of their sequencing. An
additional 5383 control samples are obtained from the Alzheimer Disease Sequencing
Project (ADSP) control cohort (dbGaP accession phs000572.vi.p1).  Additional
phenotypic information including sex, age at onset (cases) or last assessment (controls)
and sequencing centre is collected for each participant. Recorded ethnicity for the
ADSP control cohort is American (probably of European descent). Recorded ethnicity
for the PDGSC cohort is variable between centres although mainly European (with
German, Finnish, Norwegian, British, mixed European and American of European

descent sub-groups).

2. Sequencing

Samples were obtained, processed and sequenced in each participating PDGSC
recruiting centre using various Illumina chemistries (details per centre unavailable).
ADSP control samples were sequenced by using a HiSeq 2000 platform (Illumina).
All sequencing data are centralised at the NIH and first processed by Mike Nalls (Data
Tecnica). FASTQ files are obtained from each PDGSC centre sample set and ADSP
control samples are downloaded in the short read archive in the SRA’s proprietary
format, decrypted and then reformatted to FASTQ. Sequences are called following the
Genome Analysis ToolKit (GATK v3.4) and Best Practices guidelines (Broad
Institute). Briefly: PDGSC data are merged and aligned by chromosome at the GVCF
stage in batches of 200 samples. They are then run through the HaplotypeCaller phase
of the pipeline to generate a joint called VCF (Variant Called Format file). Variant
calls and read-depths are calculated with GATK. The complete PDGSC exome dataset
including all 9588 samples in a pre-quality control VCF, is uploaded to the

GoogleCloud data storage for shared access for all PDGSC members.

3. PDGSC exome dataset quality control organisation

The quality control of the PDGSC dataset was carried out in collaboration between the
NIH (Mike Nalls) and UCL (Demis Kia and myself). Collaboration with Merck

industries provided an extra dataset which was analysed by John Eicher to inform the
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selection of threshold for the different QC parameters of the PDGSC dataset. Author’s
contribution to the quality control consisted in active participation in the
troubleshooting and decision making along the different step, and minor changes to
the quality control script.

4. PDGSC exome dataset quality control

Sample pruning and principal component calculation and analysis

(PCA) using the Hapmap dataset

The HapMap3 dataset is filtered to retain SNPs with MAF < 0.01 with Plink2 (Purcell
et al., 2007; The International HapMap Consortium, 2005). In parallel the original
PDGSC VCEF is first annotated using VEP (variant effect predictor — Ensembl), and
then filtered to remove all samples with missing genotype > 15%, and all samples with
MAF > 0.01, call-rates < 90% and variants in Hardy-Weinberg disequilibrium
(p<0.001 for Hardy-Weinberg equilibrium test). All SNPs found in the HapMap3
dataset are extracted from the filtered PDGSC SNP list and both datasets are merged
using Plink2 resulting in the HapMap/PDGSC file. Palindromic SNPs are removed
from the HapMap/PDGSC dataset using R. Linkage Disequilibrium Adjusted Kinships
(LDAK) is used to thin these SNPs with threshold set as r2 > 0.2 in every 1000 kb
window (Speed et al., 2012). Merged data is then pruned following an independent
pairwise approach with window size of 200 base-pairs (bp), step size of 10 bp and
pairwise r2 threshold > 0.2. Sex check and heterozygosity levels are run on these
pruned variants and output analysed to establish threshold for ambiguous sex and
heterozygosity level in these samples. Samples are excluded based on ambiguous sex
(0.35<F<0.65) and unusual proportion of heterozygosity in the sample (<-0.07 and
>0.125). Relatedness is calculated between each pair of samples and one sample for
each pair with relatedness > 0.125 is removed (corresponding to second degree
relatedness). The Plinkseq package is used to run i-stats and variants are excluded
based on: number of non-reference genotypes (excluding NALT > 35,000 and NALT
< 15,000), number of genotypes with minor allele per individual (excluding NMIN <
10,000), number of heterozygous genotypes for an individual (NHET < 5,000 and
NHET > 25,000), total number of called variants for an individual (NVAR < 500,000),
genotyping rate for an individual (RATE < 0.9), number of singleton per individual
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(SING == 0 and SING > 500), mean quality for variants that have a non-reference
phenotype in an individual as expressed by the QUAL variable in the original VCF
(QUAL < 6,000,000), number of PASS’ing for which an individual has a non-
reference genotype (PASS < 5,000) and mean Ti/Tv ratio for variants for which an
individual has a non-reference genotype (TITV < 3.1) after viewing density plots. PCs
are finally calculated for all remaining samples of the merged HapMap/PDGSC dataset
using FlashPCA (Abraham and Inouye, 2014; Abraham et al., 2017). PCA plots are
used to identify all samples from PDGSC dataset whose ancestry is not European to
be removed as population outliers, with European ancestry being defined as PC + 3SD
from the HapMap European population group (CEU TSI) mean after visual inspection
of PC1-2 plot.

Sample QC for the PDGSC dataset only

Using the original PDGSC VCF, all variants with MAF > 0.01, call-rates < 90%,
Hardy-Weinberg disequilibrium (p<0.001) and variants with missing ids are removed.
Remaining variants are pruned following an independent pairwise approach with
window size of 50 bp, step size of 10 bp and pairwise r2 threshold > 0.2. Pruned
variants are run through PlinkSeq and identical thresholds are used for exclusion:
NALT > 35,000 and NALT < 15,000; NMIN < 10,000; NHET < 5,000 and NHET >
25,000; NVAR < 500,000; RATE < 0.9; SING == 0 and SING > 500; QUAL <
6,000,000; PASS < 5,000; TITV < 3.1. The remaining variants are used for sample

QC.

X-chromosomes are split and sex-check run with Plink. Samples are removed based
on sex-check 0.35 < F < 0.65. Heterozygosity check on Plink is used to remove outliers
(<-0.07 and >0.125). Samples previously identified with a non-European ancestry
using the HapMap/PDGSC PCA are removed. All samples with recorded age < 18 are
removed as well. All remaining PDGSC data are run through Plink relatedness
calculation and all samples with relatedness > 0.125 are excluded. A second estimation
of relatedness using identity by descent (ibd) is used to ensure removal of all related
or contaminated samples. Finally all sample removal lists are merged, duplicates
removed and the list used to filter the original PDGSC VCF.
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Variant QC for the PDGSC dataset only

The sample-QCed dataset is used for additional removal of poor quality variants,
defined as: variants with MAF > 0.01; call-rate < 90%, hwe p < 0.001; missing id; call-
rate < 85% in either cases or controls; mean depth < 15 in either cases or controls;
monomorphic and multiallelic variants, star alleles (corresponding to incorrectly
called insertion/deletion variants), as well as variants with extreme MAF (< 1% or >
99%) in one group and absent from the other. Differential missingness, characterised
as the comparison of missing rate for each variants between cases and controls

compared by Fisher exact test, with a threshold at p < 10e-25 can be added.

Final sample checks for coherence

Extra samples are excluded based on: contamination or lane-sweep using the freemix
metric calculated with VerifyBAMId in GATK, Ti/Tv ratio which represents
aggregate transition to transversion ratio to control for false positives (threshold of +/-
3SD) (that is outside of the 3.19-3.62 range), as well as cohorts containing too small
number of samples and cohorts with abnormally high mean depth compared to all other
cohorts as visualised on box-plots.

5. Investigating the BH4 pathway

Mutation frequency analysis in BH4 pathway

Frequency of BH4 pathway gene variants is first estimated in minimally QCed exome
data. The gene intervals for GCH1, TH, DDC, PTS, SPR, PCBD1, QDPR and DHFR
are extracted from the original PDGSC dataset VVCF, prior to quality control. Insertions
and deletions called mistakenly as multiple consecutive single base-pair variants or
‘star alleles’ are corrected. These arise when an intrinsic calling error had increased
the number of variants by calling every base within insertions and deletions as a
multitude of single variants. These occurrences are reduced to a single call per
insertion/deletion by keeping the reference allele as the first upstream affected base.
The remaining variants are extracted from the VEP annotated VCF files and run
through SnpSift v4.1, a component of the SnpEff package (Cingolani et al., 20123,
2012b). SnpSift calculates the number of heterozygous and homozygous variants as

well as total number of alternative alleles in case and control groups separately. Fisher
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exact tests for significant association of variants with disease phenotype are then
calculated based on these values, using different genetic models: dominant, recessive,
and allelic (based on allele counts). Co-dominant model uses Chi-Square distribution
with two degrees of freedom giving a strict p-value; trend p-value is calculated
following the same model with a Cochran-Armitage test (weighted method)
(Cingolani et al., 2012b). Variants with a MAF > 0.01 in either cases or controls are
removed. P-values are corrected for multiple comparison with the false discovery rate
(FDR) correction using the p.adjust function in R (R Core Team, 2014) All variants
identified in cases only are first analysed, followed by all other variants, with their in-
silico predicted effect and previous association with either DRD or PD discussed based
on a literature search. For all variants, complete dataset Annovar annotated files and

Ensembl website are queried to complete all missing information.

BH4-pathway based QC

The original PDGSC VCF is used to proceed to a pathway-based QC. Multi-allelic
variants are removed as they are over-represented in this sample, probably due to the
multi-site nature of the sequencing step of the dataset. ‘Star alleles’ calling insertions
and deletions as a multitude of point mutations due to an intrinsic error of the base
calling process are corrected. Together, these represent 126,183 variants across the

whole exome set.

After these first exclusions, mean depth and number of genotyped sites are calculated
for each sample across our variant set using depth matrices established on the entire
sequencing dataset. Both mean depth and number of genotyped sites are plotted against
study centre of origin for each sample and samples from outlier centres removed. In
the remaining sample, participants for which less than 75% of the BH4-pathway sites
are covered by sequencing (call-rate < 0.75) or for which mean depth across genotyped
sites was inferior to 15 are removed. The distribution of mean-depth and number of
sequenced sites across the genes of interest pre- and post-sample quality control steps

are compared visually.

After removal of unsuitable samples, sequencing information for remaining samples

at the sites of interest is extracted from the original VCF, and used to calculate Hardy-
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Weinberg disequilibrium, and MAF and mean-depth at each position cases and
controls groups separately. Welch t-test for unequal variances and Wilcoxon rank t-
test are used to evaluate the statistical significance of differential depth between
phenotype groups calculated based on mean-depth values. Variants are removed as:
MAF = 0 in cases or controls and MAF > 0.01 in the other group; MAF =1 in one
group and MAF <= 0.99 in the other; monomorphic variants for which frequency
counts in the cohort are equal to O for either reference or alternative allele. Finally,
differential missingness between case and control groups is calculated based on
number of genotyped sites for the remaining variants, and all variants with p < 5e-25
as estimated with either Welch or Wilcoxon corrected t-tests are excluded from further

analysis.

Burden analyses — defining covariates

PCs are calculated for each sample based on a high-quality set of variants after the
removal of variants and samples based on: differential missingness and/or differential
depth between cases and controls t-test p-values > 10.e-25; MAF < 0.05, missing call
rates > 0.05, hardy-weinberg equilibrium exact test p-value < le-5; star alleles. These
‘high quality’ variants are then pruned using standard thresholds (50bp windows,
increments of 5bp and pairwise r2 threshold < 0.5) after ranges of human genome
containing large LD blocks, as defined in the flashpca package, are removed from the
dataset. Flashpca is then implemented with recommended settings as per package
developer instructions to calculate the first 5 principal components (PC) of the cohort
(Abraham and Inouye, 2014; Abraham et al., 2017). Other covariates include
information recorded at inclusion of samples in the PDGSC cohort such as age, sex
and study-group; as well as values for mean-depth and n-sites calculated during the

pathway-based QC steps.

Pathway-based burden analysis

Samples and variants remaining from the pathway-based QC step are extracted from
the original VCF and annotated with ANNOVAR (Wang et al., 2010). Annotation-
based grouping defines three variants groups: loss-of-function, non-synonymous, and

99 <6

cadd. The loss of function group includes variants annotated as: “stopgain”, “stoploss”,
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“frameshift insertion”, “frameshift deletion” and “splicing”. The non-Synonymous
group includes variants annotated as: “nonsynonymous SNV”, “stopgain”, “stoploss”,
“frameshift insertion”, ‘“frameshift deletion”, ‘“nonframeshift insertion” and
“nonframeshift deletion”. The CADD group only includes variants with a
CADDI13 PHRED score > 12.37, which are estimated to represent the 2-3% of the

most damaging variants in the genome (Kircher et al., 2014).

These variants groups, as well as the complete set of variants of the BH4-Dopamine
pathway post pathway-based QC and the three genes in which variants are involved in
DRD risk group (BH4_synthesis group - including GCH1, PTS and SPR), are used to
run burden and association tests using the rvtest package. Burden tests include the
combined multivariate and collapsing (CMC) method, Zeggini test and Madsen-
Browning (MB) test. Association tests include the variable threshold (VT) Price
method and the optimal unified sequence kernel association test (SKAT-0). All these
tests are run on all variants with MAF < 0.01. Burden and kernel tests are run with the
use of covariates to reduce bias inherent to the structure of the dataset: 5 first PCs, sex,
age, number of genotyped sites for each sample, mean depth for each variant and study
centre. As to date, rvtest has not implemented the use of covariates for the VT Price

test.

Three separate research questions are evaluated with rvtest: do all variants in the BH4-
dopamine pathway have an effect on the risk for PD in the cohort with no regard to the
direction of their effect? Do the genes in which variants have previously been involved
in risk for DRD have an effect on this risk? And does a specific annotation-based sub-
group of variants have an influence on this risk? Tests p-values associated to each of
these research questions are corrected using the false discovery rate (FDR) approach
with adjusted p-values calculated with the p.adjust command on R (R Core Team,
2014).
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I11. Results

1. PDGSC QC full dataset

The original pre-QC PDGSC dataset includes 1,812,821 variants across 9588 samples
(3410 PD patients and 6144 controls) (Table 14). This comprises of roughly equal
proportions between sexes (4783 males and 4771 females). To mitigate the effect of
population stratification associated to ancestry in the cohort, we first visualise the
distribution of the PDGSC samples across the different population subsets of the
HapMap project (The International HapMap Consortium, 2005) using the plotting of
the two first principal components (PCs) calculated based on common variants of the
PDGSC/HapMap datasets (Figure 17&Figure 18). As can be observed in Figure
18a,b,e, the majority of the PDGSC samples co-localise with European ancestry
samples from the HapMap populations based on PC plotting. A few samples from the
PDGSC dataset rather align with PC plots for African and Asian ancestry (Figure 18c-
d) and are excluded from the sample list in order to control for population stratification.
Chosen cut-off is for PCA +3SD from CEU TSI mean which leads to the removal of
317 samples (3.3%).

Variant-level QC reduces the PDGSC dataset from 1,812,821 in the original VCF to
938,385 variants in the post-QC PDGSC dataset (52% of all variants remaining). QC
exclusion lists are as follows n (% total variants in original dataset): mean depth in
controls < 15 removes 59,192 (3%) variants; mean depth in cases < 15 removes 54,774
(3%) variants; call-rate in controls < 0.85 removes 288,892 (16%) variants; call-rate
in cases < 0.85 removes 284,859 (16%) variants; multiallelic sites represent 126,183
(7%) variants; monomorphic variants remove another 430,265 (24%) variants and
alleles corresponding to an error in variant call leading to variant being called by a star
81,165 (4%) variants. Once variants flagged by two or more of these thresholds are
reduced to one occurrence, 874,436 variants are removed as part of the QC (i.e. 48%

of original total number of variants) (Table 15).
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Study N controls N PD cases Total n
Samples
ADSP 5382 0 5382
Baylor 0 105 105
Cambridge 0 28 28
DZNE 36 121 157
IPDGC 416 907 1323
Luebeck 0 40 40
Majamaa 0 235 235
Mayoclinic 0 24 24
Munichneuro 0 71 71
Oslo 0 55 55
Oxford 1 228 229
PPMI 178 395 573
Tuebingen 1 92 93
Ucl 0 515 915
UCL 24 373 397
Umiami 106 84 190
Vienna 0 137 137
All 6144 3410 8614

Table 14: Original PDGSC dataset structure pre-QC. Numbers of controls, cases and total number are defined
by cohort of the PDGSC dataset.
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Figure 17: Principal components analysis of the pre-QC PDGSC dataset. Most of the cohort overlaps with the
European population markers for first two PCs. Colours represent the different cohorts within PDGSC. Shapes
represent samples ancestry continents (Africa = square; Asia = triangle; Europe = circles). Plot courtesy of Demis

Kia.
Variant QC QC Threshold Exclusion n (%)
Mean depth < 15 in controls 59,192 (3%)
< 15 in cases 54,774 (3%)
Call-rate < 0.85 in controls 288,892 (16%)
< 0.85in cases 284,859 (16%)

Multiallelic sites

126,183 (7%)

Monomorphic variants

430,265 (24%)

Star alleles Error call indel 81,165 (4%)
TOTAL Single variants removed | 874,436 (48%)
Post-QC Remaining 938,385 (52%)

Table 15: PDGSC full-dataset variant QC metrics. Parameters, thresholds and resulting exclusion numbers and
percentage from pre-QC dataset for the different steps of the variant-level QC are presented.
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Figure 18: Principal components analysis of the pre-QC dataset. The first two principal components are plotted
as: all PDGSC samples as a population alongside other populations from HapMap (a); PDGSC samples coloured
by case/control status with shapes representing continents (Africa = square; Asia = triangle; Europe = circles) (b);
samples with African ancestry for PDGSC and HapMap (c); samples with Asian ancestry for PDGSC and HapMap
(d); and samples with African ancestry for PDGSC and HapMap (). Plots courtesy of Demis Kia.
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Sample-level QC reduces the PDGSC dataset from 9588 samples (3442 PD cases and
6146 controls) to 8729 samples (2871 PD cases and 5858 healthy controls). Sample
exclusions, after removal of 317 for non-European ancestry on PCA (x3SD from CEU
TSI mean cut-off), are as follows: 22 samples for sex mismatch (0.35 < F < 0.65); 145
samples for relatedness (> 0.125 or second-degree relative); 41 istats (various
thresholds); 75 samples for heterozygosity (het < - 0.07 and het > 0.125); 38 under-
aged samples (with recorded age < 18); and 2 for identity by descent. Further sample-
level QC leads to the removal of 12 samples from the ADSP controls are removed due
to freemix > 0.05 (verifyBAMId) and 1 sample for Ti/Tv ratio £ 3 SD. Finally, whole
studies were removed from the cohort due to considerably higher than average mean-
depth, and all samples from control groups are removed when they represent 1-3
samples per study; representing an additional 214 samples removed.

Altogether, the remaining samples represent 8729 participants, with 2871 PD cases
and 5858 healthy controls (i.e. 8.9% of the original number of samples are removed) (
Table 16). The breakdown of the remaining samples by study centre can be found in
Table 17.

Sample QC leads to the removal of less than 10% of the original number of samples,
whilst variant QC is associated to the removal of 48% of the variants in the original
sequence files. When adding the commonly used criterion of differential missingness
with a threshold at p < 10e-25 to the QC to correct for multiple comparison, another
24.5% of the post-QC variants are removed, leaving 39% of the original set of variants
in the post-QC dataset.
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Sample QC QC Threshold Exclusion n (%)
Sex mismatch 0.35<F<0.65 22 (0.2%)
Relatedness >0.125 145 (1.5%)
|-stats 15,000 < NALT < 35,000 33 (0.3%)
10,000<NMIN<27,500
5,000<NHET<25,000
NVAR < 500,000
RATE <0.85
SING ==0 OR > 500
QUAL < 6,000,000
PASS < 5,000
Ti/Tv<3.l
Heterozygosity Het <-0.07 & Het > 0.125 75 (0.8%)
PCA Mean CEU TSI + - 3 SD 317 (3.3%)
Underage samples Age <18 38 (0.4%)
IBD Ibd > 0.125 2 (< 0.02%)
Freemix > 0.05 12 (0.1%)
Ti/Tv ratio <3.19&>3.62 1 (< 0.01%)
Study removal High mean-depth 214 (2.3%)
Low control numbers
TOTAL Samples flagged for single | 859 (8.9%0)
parameter
Post-QC Remaining 8729 (91%)

Table 16: PDGSC full-dataset sample QC metrics. Parameters, thresholds and resulting exclusion numbers and
percentage from pre-QC dataset for the different steps of the sample-level QC are presented.
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a) Case Control b) Male Female
ADSP 0 5171 ADSP 2205 2966
Baylor 73 0 Baylor 38 35
Cambridge 28 0 Cambridge 19 9
DZNE 80 22 DZNE 50 52
IPDGC 877 408 IPDGC 767 518
Luebeck 36 0 Luebeck 21 15
majamaa 216 0 majamaa 120 96
Oslo 36 0 Oslo 25 11
Oxford 215 0 Oxford 123 92
PPMI 365 161 PPMI 342 184
Tuebingen 92 0 Tuebingen 57 35
ucl 784 0 ucl 496 288
umiami 69 96 umiami 77 88
Total 2871 5858 Total 2612 1864

controls

Total cases 1864 1209

Total 4340 4389

Table 17: Breakdown of number of participants in each study centre separated as case/control (a) and by
gender (b).

2. BH4-pathway genes frequencies in minimally QCed dataset:

Overall frequencies of GCH1-BH4 pathway genes were first analysed in the cohort,
using a minimalist QC to include a maximum of the sequenced variants and samples
for these genes. After extracting the intervals of the BH4-pathway genes from the
original VEP-annotated file, variant calling is corrected when inclusion/deletions are
called as multiple variants (star alleles). The remaining 300 variants are run through
SnpSift to estimate the association of each variant with the disease, following
dominant, recessive, co-dominant and allelic models. Of note, some variants are
annotated as part of the insulin gene (INS) due to the extremely close genomic location
of this gene to the TH one (O’Malley and Rotwein, 1988). Likewise, some variants of
the DHFR gene are annotated as part of the MutS Homolog 3 (MSH3) gene. These are
manually corrected after confirmation of their location as falling within the appropriate
gene range, leading to the removal of 8 variants. Finally, all 23 variants with a detected
MAF > 1% in either controls or both cases and controls are removed, leaving 269
variants found in the cohort across all genes of the BH4-dopamine pathway, distributed
as92inTH, 41in DDC, 32 in SPR, 27 in DHFR, 26 in GCH1, 25 in QDPR, 16 in PTS
and 10 in PCBDL.
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Uncorrected p-values obtained with SnpSift are first used with a threshold of p < 0.05
to identify top variants. The p-values are then corrected using the FDR method, leading
to the loss of significant association of any of these variants with phenotype in the
cohort. Of the 269 variants, 12 with MAF < 0.01 have an uncorrected p-value < 0.05
for at least one inheritance model (Table 18). None of these significant results are
obtained under the recessive inheritance model, perhaps unsurprisingly as autosomal
recessive forms of PD are often early onset or familial, which would have precluded
their inclusion in the present study.

All but two of the variants are more frequently found in PD cases than healthy controls,
underlying their possible role as protective variants reducing risk of PD in these
individuals. The first one, p.Met239lle (c.717G>T) in exon7 of the DDC gene is found
in relatively high frequencies in both control and cases in the cohort, of 0.15% and
0.45% respectively. These are in alignment with the variant’s frequency in general
European population cohorts with frequencies ranging from 0.13%-0.75%. This
variant is annotated as splice region variant, possibly leading to the splicing of one of
the 14 known alternative transcript of the DDC protein. It is predicted to be benign in
silico (Table 18). The second one, p.Argl5His (c.44G>A), is in the first exon of TH,
is found in 6 controls but no cases in the heterozygous state in the cohort and has
previously been associated with one case of homozygous TH deficiency-linked
Segawa syndrome (unpublished but submitted to ClinVar). Although pathogenicity of
this variant still remains to be established, these controls might be healthy carriers of
the variant, which otherwise seem to not affect their risk of developing PD. In silico

estimates of the variant’s effect are variable.

All other four variants in TH are missense variants uniquely found in cases, all
heterozygous carriers, probably due to the strong likelihood for homozygous carriers
of TH mutations to present with extreme PD phenotypes or with early onset DRD-like
syndromes such as TH deficiency and thus be excluded from this PD cohort. The
€.772G>A mutation in exon 7 of TH (rs536382000) has previously been associated
with a case of dominant tyrosine hydroxylase deficiency (van de Warrenburg et al.,
2016) and is found with a much higher frequency of 0.146% in our cases than in the
general population (0.01-0.03%; Chi-squared = 11.958, 1df, p = 0.0005). In silico
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simulation predicts the variant to be damaging or disease causing (Table 18). TH
variant ¢.545T>C carried by three heterozygous cases has previously been associated
with autosomal recessive DRD (ClinVar) and found at a much higher frequency in the
cohort (0.088%) than in European population samples (0.007-0.03%). With a SIFT
score of 0.05 it is predicted deleterious but other in silico estimations are variable and
the damaging effect of the variant at the heterozygous state remains to be determined
in the context of PD. The last two TH variants, ¢.67G>A in exon 1 and ¢.1411C>A in
exon 13, rs201081519 and rs374465917 respectively, are identified in three
heterozygous PD carriers (0.088%), a markedly higher frequency than in the general
population (0.01-0.03%). Neither have been previously described in DRD or PD and
€.1411C>Ais predicted likely disease causing while c.67G>A is likely benign (Table
18).

In the SPR gene, ¢.209T>C mutation is identified in two cases, one homozygous and
the other heterozygous, but not in controls. This mutation has not been identified
previously described in relation to SPR deficiency, DRD or PD or within the
commonly used general population datasets. It is however predicted deleterious (SIFT
score 0) or probably damaging (PolyPhen score 1) in silico and validation of the

mutation by direct sequencing of these patients is warranted.

Finally, in the PTS gene, c.91C>T gives rise to a synonymous codon change which is
likely to be tolerated in the three heterozygous carriers. All three variants identified in
the QDPR gene are carried by both cases and controls in much higher frequency than
the variants found in the other genes of the BH4-dopamine pathway as well as
compared to the general population datasets frequency. These may be associated with

sequencing artefacts and need to be confirmed for further analysis.

None of the 26 GCH1 variants found in the cohort are associated with an uncorrected
p-value < 0.05; 11 of these variants are found in cases only and 10 in controls only;
only one variant is found in the homozygous state in a single case with no other carrier
in the cohort. One GCH1 variant, ¢.542-2A>G, presents with similarities to the
mutation further studied in the functional part of this thesis, as a splice acceptor variant
in exon 5 of the GCH1 gene, affecting splicing at the exon 4-5 junction. This mutation
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may have a similar effect to the one studied in our family and is found in two

heterozygous carrier PD cases but not in controls.

Gene POS ID REF |ALT| Cases |Controls|CC_DOM|CC_RE| CC_ALL |CC_TREND
CHR C
1 | SPR| 2 | 73114770 T | Cc| 113|000 | 01072 |03275| 00351 | 0.05448
2 |QDPR| 4 | 17513661 | rs762480653 | G |GCC|1 12 14| 0.9 9 | 0.05369 | 0.399 | 0.03402 | 0.04846
T
3 |QDPR| 4 | 17513660 | rs940829956 |AGCC| A |1 13 15| 0.8 8 | 0.02082 |0.3991 | 0.01245 | 0.01725
4 |QDPR| 4 | 17492326 | rs112209600 | C | G | 066 | 033 | 003198 | 1 | 003204 | 0.02291
5 |DDC| 7 |50571755 | rs11575377 | C | A | 055 |0.27 27| 000568 | 1 | 0.00574 | 0.009497
6 | PTS | 11 |112099324| rs780189909 | C | T | 033 | 000 [ 005668 | 1 | 005671 | 0.02829
7 | TH | 11 | 2192973 | rs199648386 | C [T, A| 000 | 066 | 005329 | 1 | 005333 | 0.0518
8 | TH | 11 | 2192950 | rs201081519 | C | T | 033 | 000 | 005762 | 1 | 005764 | 0.029
9 | TH | 11 | 2189756 | rs147569564 | A | G | 033 | 000 | 006734 | 1 | 006736 | 0.03648
10| TH | 11 | 2188681 | rs536382000 | C | T | 055 | 000 |0.008605| 1 | 0.00862 | 0.004829
11| TH | 11 | 2186478 | rs374465917 | C | A | 033 | 000 | 002962 | 1 | 002964 | 0.009664

123



1Ser

Consequence Genetic Proteic Exon ExXAC gnomAD _ [gnomAD_Gen| TopMed Clinvar
alteration | change | number European |Exomes_Europ|omes_Europea
1 | missense_variant | ¢.209T>C |p.Leu70| exonl _ _ _ _ _
Pro
2 | inframe_insertion [c.16_17insAG |p.Ala5_| exonl _ _ _ _ _
G Alabins
3 | inframe_deletion [c.15 17delGG|p.Ala7d| exonl 2.00E-04 _ _ 2.00E-04 _
Cc el
4 | missense_variant | ¢.588G>C |p.Glul9| exon6 1.08E-03 7.80E-04 6.00E-04 5.50E-04 BH4-deficient
6Asp hyperphenylalanemia ;
5 |missense_variant&| c¢.717G>T |p.Met23| exon? 7.26E-03 2.23E-03 7.00E-03 1.32E-03 _
splice_region_varia 9lle
6 |synonymous_varia| ¢.91C>T |p.Leu3l| exon2 3.00E-04 _ 2.00E-04 _ _
nt Leu
7 |missense_variant&| c.44G>A |p.Argl5| exonl 1.07E-04 4.00E-05 1.00E-04 9.00E-05 AR DRD ; TH deficiency ;
NMD _transcript_v His uncertain significance
8 |missense_variant&| c.67G>A |p.Ala23| exonl 2.44E-04 2.60E-04 3.00E-04 3.60E-04 _
NMD _transcript_v Thr
O |missense_variant&| ¢.545T>C |[p.Thrl8| exon4 1.00E-04 1.20E-04 3.00E-04 7.00E-05 AR DRD ; uncertain
NMD_transcript_v 2Ala significance
10 |missense_variant&| c.772G>A |p.Glu25| exon7 2.18E-04 3.00E-04 3.00E-04 1.10E-04 AD DRD ; uncertain
NMD_transcript_v 8Lys significance
11 | missense_variant | c¢. 1411C>A |p.Alad7| exonl3 1.52E-05 1.20E-04 1.00E-04 6.00E-05 _
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Table 18: Variants of the PDGSC dataset with significant variant frequency association with phenotypic
group based on SnpSift analysis and uncorrected p-values (p < 0.05). Missing information from the SnpSift
annotation was filled with Annovar annotations and Ensembl dataset search.

3. BH4-pathway based PDGSC exomes QC

In order to prevent the loss of relevant variants through the stringent QC based on the
complete sequences of the PDGSC cohort, a pathway-specific and less stringent QC
is performed. First, sequencing data is extracted for all eight genes of the BH4 pathway
(GCH1, TH, DDC, PTS, SPR, PCBD1, QDPR and DHFR) from the raw ANNOVAR
annotated files (Wang et al., 2010).

Data extracted for all 7 chromosomes harbouring the 8 genes of interest across the
cohort represents 603,083 variants in 9,554 samples (6,144 cases and 3,410 controls),
after exclusion of samples with missing information for covariates (34 samples

missing age or phenotype information). After reduction of ranges from chromosomes
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to the BH4-genes ranges and the removal of multiallelic variants and correction of
abnormally called insertions/deletions, 455 variants are left within the BH4-pathway
gene-set. Number of genotyped sites per sample and mean-depth along these 455
variants are calculated for each participant and plotted against their study of origin
(Figure 19). Two study centres representing 208 participants are removed from
analysis due to their abnormally high mean depth and number of genotyped sites
(munichneuro and Vienna cohorts on Figure 19). Applying thresholds for minimum
proportion of sequenced sites (>75% or 341 out of 455) and mean depth (> 15 read
coverage on any site) (Figure 20: pre-threshold with blue line representing cut-off),
there remains 8,614 samples, of which 5,484 controls and 3,130 cases (Figure 21: post-
gc) (Table 19a). These include an equal proportion of male and female samples (with
4327 males and 4287 females). Details of the distribution of cases and controls across

studies centres after sample level quality-control step can be found in Table 20.
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Figure 19: BH4-pathway quality control metrics prior to sample quality control. a. Mean depth per sample
plotted against study groups. b. Number of genotyped BH4-pathway sites per sample plotted against study groups.

Variant-level quality control starts after sample-level quality control step removed 170
variants from the original set of 455 variants, as these variants are only found in
samples which have been removed during that first quality-control step. Using variant-
related threshold parameters, an extra 28 variant are removed as follows: MAF =0 in
either cases or controls and MAF > 0.01 in the other phenotype group (6 variants

removed); mean-depth < 15 in either cases or controls (5 removed variants);
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missingness in cases or in controls > 0.15 (10 variants removed); monomorphic
variants (7 variants removed) out of 455 variants. Of the remaining 234 variants, 53
more are removed using p < 5e-25 as cut-off for differential missingness between case

and control groups, leaving a total of 204 variants post-quality control (Table 19b).
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Figure 20: BH4-pathway quality control metrics after removal of two study cohorts with quality control
thresholds a. Mean depth per sample plotted against study groups, blue line represent quality control threshold for
mean-depth = 15. b. Number of genotyped BH4_pathway sites per sample plotted against study groups, blue line
represents quality control threshold for 75% of all BH4-pathway sites.
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Figure 21: BH4-pathway quality control metrics after sample quality control thresholds a. Mean depth per
sample plotted against study groups; b. Number of genotyped BH4_pathway sites per sample plotted against study
groups.
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a) | Sample QC | Threshold | Exclusion | b) | Variant QC Threshold | Exclusion
n(%) n(%)
Missing Age or 34 (0.3%) Absent post - 170
information | phenotype sample-QC (37%)
Cohort High 208 (2%) Extreme MAF=0 | 6(1.3%)
issues mean- MAF in one
depth and group &
n-sites MAF >
0.01lin
other
Mean <15 732 Mean-depth <15 5 (1.1%)
depth (7.5%)
N-sites >0.75 Missingness | > 15 10 (2.2%)
TOTAL Single flag | 974 Monomorphic | - 7 (1.5%)
(10%)
Post-QC Remaining | 8,614 Differential P<b5e-25 |53
(90%) missingness (11.6%)
TOTAL Single flag | 251
removal (55%)
Post-QC Remaining | 204
(45%)

Table 19: PDGSC pathway-based QC metrics. Parameters, thresholds and resulting exclusion numbers and
percentage from pre-QC dataset are presented for both sample-level QC (a) and variant-level QC (b)

The classically included criterion of differential depth is not used in this quality control
due to the structure of the data. Indeed, these samples are coming from different studies
which may have used different sequencing chemistries resulting in high variation in
sequencing depth between cohorts. Additionally, there is a high variation in the
proportion of cases and controls between the included studies, with some cohorts
including case samples only, while the ADSP cohort only includes controls (Table 20).
Variation is less important between sexes (Table 21). This inter-cohort structure would
confound calculations for differential depths, supporting the exclusion of that criterion
in the pathway-based quality control. Using a threshold at p < 5e-25 for Wilcoxon test
for differential depth between cases and controls, only 78 variants would remain. It
was thus decided to omit this criterion from this pathway-based QC, as it was decided

in the complete exome one.
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Study N controls N PD cases Total n Samples
ADSP 4771 0 4771
Baylor 0 101 101
Cambridge 0 28 28
DZNE 36 121 157
IPDGC 387 890 1277
Luebeck 0 35 35
Majamaa 0 224 224
Mayoclinic 0 23 23
Oslo 0 44 44
Oxford 1 228 229
PPMI 174 388 562
Tuebingen 1 90 91
Ucl 0 514 514
UCL 19 372 391
Umiami 95 72 167
All 5484 3130 8614

Table 20: Distribution of cases, controls and total number of samples across the different PDGSC cohorts

post pathway-based QC.
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Study N Males N Females Total n Samples
ADSP 2057 2714 4771
Baylor 53 48 101
Cambridge 19 9 28
DZNE 71 86 157
IPDGC 757 520 1277
Luebeck 22 13 35
Majamaa 124 100 224
Mayoclinic 13 10 23
Oslo 31 13 44
Oxford 130 99 229
PPMI 358 204 562
Tuebingen 58 33 91
Ucl 315 199 514
UCL 239 152 391
Umiami 80 87 167
Total controls 2457 3027 5484
Total cases 1870 1260 3130
All 4327 4287 8614

Table 21: Distribution of sexes in the different study groups post-pathway QC. Number of males and females
are given for each study group, independently from their disease phenotype. Bottom rows provide the total numbers
for each sex in cases and controls separately and together across the complete post-pathway QC cohort.
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4. Burden tests

Sequencing data for all post-QC 8,614 samples and 204 variants is extracted from the
original VCF, 159 of these variants have a MAF < 0.01 and these are grouped for the
burden tests as: all_variants group for all variants across the 8 genes of the pathway;
BH4_synthesis group for all variants in the GCH1, PTS and SPR genes; and annotation
groups LoF, non_syn and CADD for loss-of-function, non-synonymous variants and
variants with CADD score > 12.37 respectively, based on variants’ ANNOVAR
annotation. Burden tests are run using rvtest with a focus on rare variants with MAF <
0.01 and consist in burden tests (CMC, Zeggini, MB and VVT-Price) and kernel test
(SKAT-O). All but VT-Price make use of covariates to increase test accuracy through
reducing the potential effect of data-structure associated confounders; VT-Price cannot
use covariates and is run with MAF < 0.01 as its upper threshold. These covariates are:
5 first PCs, age, sex, study centre, number of genotyped sites and mean depth for each
sample. Uncorrected p-values obtained with rvtest as well as FDR corrected p-values
for multiple comparison correction are presented for each test group in Table 22 a-c.

Looking at the burden associated with all variants from the BH4-dopamine pathway
with a MAF <0.01, only the VT-price burden test p-value is significant with a cut-off
of p <0.05 with FDR-corrected p-value = 0.026 associated to an optimal frequency of
0.001336 (Table 22a). This is supportive of a role for extremely rare variants with a
frequency around 0.1% in the risk for PD associated with the BH4-dopamine pathway.
Of note, this result should be confirmed in a separate dataset as there remains to
possibility that, as the only test not correcting data structure with the association of
covariates, this positive signal may be the result of data stratification in the sample.

When limiting the variants selection to all 27 variants found in the BH4_synthesis
group with a MAF < 0.01, all tests but the VT Price result in a statistically significant
p-value after correction and on the base of a p < 0.05 threshold (Table 22b). This is
supportive for the role of rare variants in these three genes in the risk for PD in the

cohort.
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a) All variants (159 b) BH4_synthesis group (27
variants) variants)
Test uncorrecte FDR Test uncorrecte FDR
d p-value | adjusted p- d p-value | adjusted p-
value value
Zeggini 0.847843 Zeggini | 0.0111624 0.027906
SKAT-O | 0.358685 SKAT-O | 0.018694 | 0.03115666
7
Madson- | 0.649351 0.847843 Madson- 0.0338 0.04225
Brownin Brownin
g g
CMC 0.690894 CMC 0.0111624 0.027906
VT _Pric 0.0052 0.026 VT _Pric 0.16469 0.16469
e e
C) Annovar-based annotation
groups

Test uncorrec FDR
ted p- adjusted
value p-value
CMC 0.241306
Madson- | 0.561167
Brownin
CADD (81 g
variants) SKAT-O | 0.707923
VT _Pric | 0.0666
e
Zeggini | 0.337842
CMC 0.684405
Madson- | 0.814996
Brownin
LoF (6 g
variants) SKAT-O | 0.864151
VT _Pric | 0.872134
e
Zeggini | 0.684405
Non_syn (102 CMC 0.678721
variants) Madson- | 0.761035
Brownin
g
SKAT-O | 0.789526
VT _Pric
e
Zeggini | 0.738536

0.872134

Table 22: Burden test results in the different variant groups with (a) all 204 variants across the GCH1-BH4
pathway genes; (b) variants of the BH4 synthesis subgroup of genes containing GCH1, PTS and SPR, regardless
of their annotation; (c) variants in all genes of the cohort separated by their annotation with loss-of-function (LoF),
non-synonymous (non_syn) and CADD >= 12.37 (CADD) groups. Results are presented for each test as
uncorrected p-value obtained with rvtest and FDR adjusted p-value for correction of multiple comparison obtained
with R p.adjust function.

Finally, it is common to separate variants based on their annotation to evaluate the

burden of some sub-types of mutations on phenotype risk in exome-resequencing
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studies. Here, none of the groups separated as non_syn, LoF and CADD from the
complete BH4-dopamine pathway genes list seem to be specifically associated with
risk for PD in the cohort (Table 22c). This is unsurprising as this limits the number of
variants in each group, down to only 6 variants in the LoF group, which may be
limiting the ability of these tests to identify an existing signal. Moreover, the complete
set of genes did not show significant association with the risk for PD in the first place,
and applying a similar separation of variant effect groups on the BH4_synthesis genes
only limits the number of variants too drastically to keep statistical power.

1V. Discussion

This chapter analyses the role of variants in GCH1 and related genes of the BH4-
dopamine pathway on the risk for PD using the PDGSC dataset, the largest known PD
exome dataset to date, including 9588 samples (3410 PD patients and 6144 controls)
across 16 PDGSC centres and one ADSP control dataset. A few interesting variants
are found in the non-QC version of the dataset and merit further analysis in other
datasets or in vitro. Burden analysis following the pathway-based QC of the PDGSC
dataset highlights a role for extremely rare variants of the BH4-pathway in the risk for
PD, with these variants likely to be found in the BH4 synthesis subgroup of genes
including GCH1, PTS and SPR. The role of these three genes in the risk for PD should

be further investigated to confirm these results.

Such a large cohort significantly increases the likelihood to identify rare genetic risk
factors. Moreover, due to the much higher number of variants sequenced than on
microarray, exomes increase the chances to capture rare variants yet unidentified in
PD (Manolio, 2010; Singleton et al., 2010). The efforts necessary to complete the
quality-control of the complete PDGSC exome dataset are described in this chapter
and the results available to the IPDGC and associates for the query of genes and
pathways. From an original 1,812,821 variants across 3410 cases and 6144 controls,
the QC reduces the dataset to 938,385 variants (52% of original) across 8729 samples
(2871 cases and 5858 controls). This is obtained with high stringency on most aspects
of the exome-wide quality control to palliate for the atypical structure of the data
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associated with the use of various sequencing chemistries and the variation in
proportion of cases and controls between the multiple participating centres. These
characteristics of the dataset also limit the QC by preventing the use of differential
depth as a variant QC filtering parameter which is highly biased by sequencing
chemistry and base calling algorithms. These together increase the likelihood of type
I error by removing samples with informative sequence in the queried genes due to
inconsistencies along their genotyping or to discard variants with a particularly low
sequencing quality in one cohort but with informative values in the other. That is why,
when focusing on the effect of rare variants in the 8 genes of the GCH1-BH4 pathway,
it becomes necessary to proceed to a pathway-based quality control which allows for
the removal of a maximum of sequencing artefacts while maintaining the capacity of

this dataset to capture real variants in these genes.

Analysing the rare variants found in the GCH1-BH4 pathway genes after minimal QC
provides first insights into the distribution of mutations in the cohort. Of the 269
variants remaining, 92 are found in TH, 41 in DDC, 32 in SPR, 27 in DHFR, 26 in
GCH1, 25 in QDPR, 16 in PTS and 10 in PCBD1. Of these, 12 variants are
significantly associated with the disease phenotype with a cut-off for uncorrected p-
values < 0.05 and their putative and known effects have been further discussed.
Unsurprisingly, none of the variants maintains a significant association with phenotype
once p-values are corrected following the FDR approach, as the high number of tests
associated with this handful of variants in the cohort size limits the power of these
tests. These results warrant the repetition of such an explorative analysis of BH4-
dopamine pathway-associated gene mutations in larger PD cohorts, either through

exome sequencing or targeted sequencing of these regions.

The pathway-focused QC allows for the retention of samples with high quality variants
along the BH4-dopamine genes specifically, overcoming the possibility that real
variants captured by the exomes in this area could be removed due to low-quality
sequence in other parts of the exomes or type Il error. It also limits the likelihood of
type | error in these loci by removing all samples and variants for which sequencing
quality is not adequate in these genes. The cohort is reduced to 3130 cases and 5884
controls and an overall 204 variants following the pathway-based QC. Of these, 159
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are rare variants (MAF < 0.01) and their burden in PD risk estimated in the PDGSC

cohort.

Burden tests, which collapse rare variants into genetic scores and test the association
between these scores and the observed trait, are performed using rvtests in our case-
control setup (Zhan et al., 2016). This package is implemented for the following tests:

- Combined Multivariate and Collapsing (CMC) method, which applies a
multivariate test (Hotelling's T? test) to evaluate the joint effect of common and
rare variants collapsed in different MAF categories (Li and Leal, 2008);

- Zeggini, similar in model to CMC, uses a multivariate test but aggregates
counts of rare variants and uses a linear regression of phenotype in function of
the proportion of rare variants at which the individual carries a minor allele
(Morris and Zeggini, 2010);

- Madsen-Browning which uses a comparison of the weighted sum of variants
between cases and controls in order to identify an excess of mutations in cases
compared to controls, with weights calculated as the estimated standard
deviation of the total number of mutations in the complete cohort. Madsen-
Browning uses a Wilcoxon rank-sum test and obtains p values by permutation
(Madsen and Browning, 2009).

These tests are run on all variants with a MAF < 0.01 to increase the likelihood to
capture rare deleterious variants, with the 5 first PCs, sex, age, number of genotyped
sites in the sample, mean depth and study centre as tests covariates to reduce bias

inherent to the dataset.

However, burden methods are based on strong assumptions that the great majority of
rare variants from the analysed set are causal and associated with the phenotype with
the same direction and magnitude of effect (after adjustment for the weights). When
these assumptions are not respected, these tests can suffer a substantial loss of power
(Neale et al., 2011).

The variable threshold Price (VT) algorithm is thus used as it allows for data-adaptive
thresholds in order to increase robustness of burden calculations. The original
approach is based on regression of phenotype on individuals’ genotype using a variable

threshold for allele frequency while incorporating computational predictions of
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variants functional effects. Statistical significance is assessed by permutation testing
with variable thresholds (Price et al., 2010). This implementation by rvtest uses
variable threshold for MAF and a two-sided significance test. However it doesn’t allow
for the use of covariates, and is thus run on all variants of the BH4 pathway with a
MAF < 0.01. However, as with burden tests, it assumes the presence of a large

proportion of causal variants with same directionality of effects (Lee et al., 2014).

To overcome the directionality assumption of the above-mentioned tests, sequence
kernel association test (SKAT), a score-based variance-component tests using a
regression method to analyse the variance of genetic effects in order to test for
association of rare variants with a phenotype; or its optimal unified version (SKAT-
O) optimised for use on smaller whole-exome datasets, can be used (Lee et al., 2012;
Wu et al., 2011). SKAT and SKAT-O are able to handle scenarios where variants in
the same unit (gene or pathway) affect the phenotype in opposite directions, or when
the region of interest contains a large proportion of non-causal variants, and can easily
adjust to covariates. SKAT-O includes the added value of using the data to maximize
the power of the test by adaptively selecting the best linear combination of burden test
and SKAT. However if the assumptions underlying either burden or SKAT are largely
true, SKAT-O can be found less powerful than this test (Lee et al., 2012, 2014). SKAT
presents with advantages over burden tests, especially in the cases where the majority
of the analysed variants (~90%) are non-causal, by dramatically increasing the power
of the test; however this advantage is lost when a higher proportion of variants (> 50%)
are causal (Lee et al., 2012). The optimal unified test SKAT-O outperforms both types
of tests in all causal variant proportions scenarios as well as in scenarios where causal
variants have opposite directions up to 50%/50% protective/deleterious variants.
SKAT-O thus outperforms both burden tests and SKAT (Lee et al., 2012). These
characteristics of SKAT-O make it more appropriate for the analysis of risk and
protective variants mixes belonging to the same unit (here pathway). Results obtained
from these algorithms are thus more robust in our dataset, although the use of the other
burden analysis algorithms has its advantages. A summary of the characteristics of

each test is found in Table 23.
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Test

Method

Assumptions

Disadvantage

S

covariat

es rvtest

CMC

Collapses variants by
MAF categories

Zeggini

Burden tests

linear regression of
phenotype on

proportion of rare

variants carried by

each individual

Madsen

Browni

ng

compares weighted
sum of variants
between cases and

controls

VT
Price

Adaptive burden test

uses permutation
testing with variable
threshold for MAF -
computational
prediction of variant
effect to regress
phenotype on
individual's genotype

powerful when
large
proportion of
variants are
causal and their
effects in the

same direction

dependent on
causality and
effect

direction

Yes

No

SKAT-

Kernel

score-based variance-
component test which
maximizes test power
by adaptively
selecting the best
linear combination of
burden test and SKAT

distribution
normality for
continuous

traits

loses power
v/s burden

tests when

burden test

assumptions

are respected

Yes

Table 23: Recapitulation of the characteristics of each test used in the analysis of the role of GCH1-BH4
pathway variants on the risk for PD

As for most genetic testing in large exome cohorts, the nature of the analysed set of

variants is largely unknown and assumptions for the selection of a single test at risk of

increasing the risk for type I (false positives) and type Il errors (false negatives). There

is thus no unifying theory for the selection of the ideal test and | have applied several
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tests, thus inflating the possibility for type Il errors through multiple testing. Multiple
testing correction is thus applied on all resulting p-values using the Benjamin and
Hochberg method, which controls for false-discovery rate (FDR); a less conservative
correction method than Bonferroni, thus more appropriate in the context of genomics

data analysis (Benjamini and Hochberg, 1995; Goeman and Solari, 2014; Goldman).

Additionally, in the context of rare variants analysis by exome re-sequencing,
population stratification, which is defined as allele frequency differences between
cases and controls due to systematic ancestry differences, can have a dramatic effect
on increasing the risk of type I error (Price et al., 2010). This is accentuated here by
the multi-centre and multi-chemistry structure of the PDGSC dataset, supporting the
use of PCs for correction of population stratification. Importantly, top PCs may not
always reflect population structure and both quality controls and PC calculation for
use as covariate in burden tests presented here follow the recommendation to use high-
quality variants for their calculation, by proceeding to the removal of long-range LDs,
assay artefacts identified as low-quality variants and samples with family relatedness
prior to PC calculation (Lee et al., 2011; Price et al., 2006, 2010).

Furthermore, other covariates used to increase testing accuracy by reducing the effect
of potential confounding factors include: 5 first PCs, age, sex, number of genotyped
sites and mean depth for each sample. The effect of population genetics is smoothened
using PCs. Age is associated with higher risk for PD, with prevalence in Europe
increasing steadily from 0.6% to 2.6% between the ages of 65 and 85 years (De Rijk
et al., 2000). Sex is a much discussed risk factor, with PD being originally defined as
a male-specific disorder although with variable support in more recent studies (De Rijk
et al., 2000; Parkinson, 1817). The effect of sex on risk for PD could be dependent on
age, as although there seems to be a slightly higher proportion of males affected by the
disease through earlier age groups, this difference is not always significant (Hirsch et
al., 2016). Due to this uncertainty, as well as to the significant difference in sex
proportion between the case and control groups in our study (Pearson’s Chi-squared
test for sex and phenotype association: X2 = 177.35; df = 1; p-value < 2.2e-16), it is
included here as a covariate for burden calculations (Table 21). Finally, samples within
the PDGSC originate from different centres which have proceeded to their sequencing
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and original QC and base-calling according to different Illumina sequencing
chemistries and in-house protocols. As a result, number of genotyped sites and mean
depths are added as covariates in addition to study centre to limit the effect of the study
design of the PDGSC cohort on these burden calculations.

The observations with regards to the association of mutations in the BH4-dopamine
pathway genes with risk for PD need to be further validated in larger sequencing
datasets. The absence of a significant signal in the single-variant analysis is
unsurprising due to the limited power of the study: assuming a similar frequency in
mutations to GCHL1 in the other genes of the pathway (0.75%), a prevalence of PD of
about 1% (corresponding to European individuals above 60 years), and a genotype
relative risk of 1.25 (common to most complex disorders), the cohort has an expected
power of 0.135 for o = 0.05 (Johnson, 2017; Pawitan et al., 2009; Skol et al., 2006).
Single variant analysis for the same parameters would reach a power of 0.8 at
significance level of o = 0.05 with a cohort size of about 35,000 participants with the
current case to control ratio of 0.555. The use of burden and sequence kernel
association tests for this analysis is motivated by the lack of power of this exome

dataset.

Of note, PD cases samples included in the PDGSC dataset are limited to idiopathic
participants for which no causal mutation has been identified. This of course leads to
the removal of several samples and variants previously described in IPDGC papers
and may bias this analysis towards a false-negative signal. This is exemplified by the
loss of all variants described by Mencacci and colleagues in a previous IPDGC dataset

which was in parts incorporated in the current PDGSC cohort (Mencacci et al., 2014).

Finally, the variant-calling approaches used may not be capturing the complete burden
of GCH1 and BH4-dopamine pathway genes on risk of PD due to the technical
difficulty to capture indels in exome sequencing. Indeed, when SNVs are captured
with an accuracy varying from 95-99% with exome sequencing, dependent on calling
platform, the accuracy of capture of indels can be as low as 75% (Laurie et al., 2016).
It is especially low for medium to large indels, between 20 and 200 base pairs, and for

heterozygous samples due to the short read aggregation nature of the exome
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sequencing method (Zook et al., 2014). Deletions could represent more than 10% of
the deleterious GCH1 mutation in DRD patients (Hagenah et al., 2005), and could also
play an important role in PD. By following the recommendation of the GATK best
practice for variant calling and read alignment, there is an increased chance these
variants have been captured in the PDGSC cohort. Moreover methods are being
developed for a more performant investigation of indels through exome sequencing,
such as IMSindel which focuses on intermediate sized indel detection from exome and
genome sequencing data (Shigemizu et al., 2018), and these could be applied to similar

datasets in the future should the raw sequencing reads be available for analysis.
Analysing the largest known PD exome dataset to date thus demonstrates a cumulative

effect for mutations in the genes involved in the GCH1-BH4 pathway on the risk for
PD, beyond GCHL1 variants only.
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Chapter 4: Investigating the effect of the GCH1 343+5G>C mutation
in patient fibroblast models.

|. Introduction

GTP cyclohydrolase 1 (GCH1, 14¢22.2; OMIM#600225) mutations have been
associated to DOPA-responsive dystonia (DRD) and later with risk for familial and
sporadic Parkinson’s disease (PD) (Irie et al., 2011; Mencacci et al., 2014; Nalls et al.,
2014; Nygaard et al., 1993). Both movement disorders present with very different
phenotypes and the co-existence of this genetic risk factor between two phenotypes
suggests a divergence between the deleterious mechanisms involved in the
pathogenesis downstream from the mutation. Understanding the differences between
these mechanisms is fundamental for the better understanding of these pathologies and

the development of efficient and progression-limiting treatments.

GCH1 encodes GTPCH, which catalyses the rate-limiting step for the production of
tetrahydrobiopterin (BH4). BH4 is an obligatory cofactor for all three prerin-
dependent aromatic amino acid hydroxylases: tyrosine hydroxylase (TH) which
catalyses the rate-limiting step for the production of dopamine from tyrosine,
phenylalanine hydroxylase and tryptophan hydroxylase (Thony et al., 2000). It also
has functions as a very powerful antioxidant, a coupler for all three isoforms of nitric
oxide synthase (NOS) and has an undefined role in the maintenance of mitochondrial
redox (Bailey et al., 2017; Nakamura et al., 2000, 2001; Thony et al., 2000) (Figure
6).

Fibroblasts can be easily obtained from skin biopsies of patients and healthy controls
alike and used for the study of the effect of mutations on live cellular functions. They
are robust and present all the age-relevant characteristics of the patient. Fibroblasts
have previously been used in the study of PD and the diagnosis of DRD. In the study
of the mechanisms of PD, primary fibroblasts are found helpful as they recapitulate
key aspects of the pathology. Indeed, alterations of the respiratory chain activity are

visible in fibroblasts of 15 PD patients compared to 32 healthy controls (Wiedemann
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et al., 1999) as well as impaired oxidative decarboxylation of pyruvate in 6 patients
compared to 4 controls (Mytilineou et al., 1994).

Another team demonstrated a decrease in complex V activity in the mitochondria of
20 sporadic PD patients compared to 19 age-matched controls (del Hoyo et al., 2010).
And the activity of another enzyme glucocerebrosidase, the most common genetic risk
factor for PD, can be estimated in fibroblasts and successfully compared between PD
patients carrying a GBA mutation and healthy controls (Collins et al., 2018). For the
diagnosis of DRD however, as fibroblasts have a very low constitutive GCH1
expression, differences in GTPCH activity, which relies on the estimation of the
production of BH4 and its metabolites, between DRD and healthy controls can only
be observed when GCH1 expression is activated by a cytokine treatment (Bonafé et
al., 2001a; Milstien et al., 1993). This method is powerful enough to allow to
discriminate between DRD and other GTPCH deficiencies (Opladen et al., 2011).

Although this model is not specifically relevant to a dopamine-synthesis disorder,
fibroblasts are extremely versatile and can be modified or reprogrammed towards
better model. For instance, a team has demonstrated that the double transduction of
GCHL1 and TH into fibroblasts is sufficient for the production of BH4 and dopamine
by these cells (Bencsics et al., 1996). Another application is the differentiation of these
cells into dopaminergic neurons, using either directed differentiation (Caiazzo et al.,
2011; Jiang et al., 2015; Pfisterer et al., 2011), or via reprogramming to induced
pluripotent stem cells (iPSC) and further differentiation to midbrain dopaminergic
neurons (MDA neurons) (Kirkeby et al., 2012; Kriks et al., 2011). The latter approach
was elected for further investigations into the effect of the GCH1 mutation in the
studied family. First investigations into the effect of the ¢.343+5G>C using fibroblasts
and fluorescent dye reporters for the cell functions putatively associated to the GCH1-
BH4 pathway as a model are presented in this chapter. Here skin cells are obtained
from family members affected by either PD or DRD, all carrying a heterozygous
€.343+5G>C mutation (Figure 11). This mutation is predicted to cause the retention of

the first intron and an early stop codon (Figure 13) (Mencacci et al., 2014).
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1. Materials and methods

1. Fibroblasts

Skin biopsies are obtained by Dr. NE. Mencacci from three males of consecutive

generation in a previously described family (Mencacci et al., 2014). All three affected

members of the family carry a heterozygous ¢.343+5G>C mutation in GCHL.

Fibroblasts cultures are derived from the biopsies by the technicians in charge of the

Institute of Neurology (UCL) cell bank. Controls are obtained from the same cell bank

(C1-3), from skin biopsies of healthy donors (often relatives or spouses of patients

attending the clinic) and are sex matched. Additional age matching is approximated
for all three mutant lines: the proband (DRD2) to C1 within 22 years, his father
(DRD1) with C2 within 7 years, and the grandfather (PDmut) with C3 within 14 years.

Characteristics of the fibroblasts lines can be found in Table 24.

Identifier Phenotype GCH1 Family history Age at
Mutation biopsy
C1l Healthy - Brother FRDA —no 44
signs
C2 Healthy - - 53
C3 Healthy - 2 sisters and mother 55
OPAl
non-carrier
DRD2 DRD 343+5G>C Father DRD 22
Grand-father PD
DRD1 DRD 343+5G>C Father PD 46
Son DRD
PDmut PD 343+5G>C Son and Grand-son 69
DRD

Table 24: Characteristics of the fibroblasts. All donors are male. All controls are healthy and not known to be
affected by a neurological pathology or to carry a GCH1 mutation. FRDA, Friedreich ataxia. OPA1, gene associated
with optic atrophy pathologies and blindness. Age at biopsy is in years.
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2. Fibroblasts culture and maintenance

All fibroblasts are cultured at 37°C and 5% CO2 in DMEM with GlutaMAX™
Supplement medium with 10% foetal bovine serum (FBS). Fibroblasts are passaged
with Trypsin-EDTA (0.05%). Cells are banked in liquid nitrogen in culture media
supplemented with 10% dimethyl sulfoxide (DMSQO). All cultures are mycoplasma
negative as measured with MycoAlert Mycoplasma Detection Kit (Lonza). All

experiments are made on low passages (P3-12).

3. Induction of GCH1 expression

Cells are seeded onto 25mm coverslips in 6-well plates and cultured to complete
confluence to prevent effect of cytokine treatment on cell proliferation. Fibroblasts are
treated with recombinant human interferon-gamma (IFN-y and tumor necrosis factor
alpha (TNF-a at concentrations of 250 and 100 kilounits/L, respectively, for 24 hours
prior to experiments, in fresh medium. Untreated cells are placed in cytokine-free fresh

medium for 24h to be used as experimental controls.

4. Testing GCH1 RNA expression after cytokine stimulation

Fibroblasts treated 24h with 250 kU/L IFN-y and 100 kU/L TNF-a and untreated
controls are harvested by trypsinisation and washed in PBS. Dry pellets are kept at -
80°C until use. Estimation of transcriptional levels of GCHL1 is performed using real-
time polymerase chain reaction (qQPCR). Total RNA is extracted from cell pellets
individually using the RNeasy Mini Kit (QiAgen) and RNA concentrations measured
with NanoDrop ND-1000 system (NanoDrop Technologies). 0.5ug of RNA from each
extraction is reverse transcribed to complementary DNA (cDNA) using SuperScript
Il Reverse transcriptase (Invitrogen), dNTP mix and Random Primers. Reactions are
kept at -20°C overnight. gPCR is performed with TagMan Fast Advanced Master Mix
on QuantStudio 7 Flex Real-Time PCR System (AppliedBiosystems) according to
manufacturer’s specifications. Primers used to amplify GCH1 are pre-optimised
primers spanning the exons 4-5 boundary with a VIC marker (Hs00609198 m1).
Endogenous control primers are targeted to hypoxanthine phosphoribosyltransferase 1
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(HPRT1 - Hs02800695_m1) exons 2-3 boundary with a FAM marker. Both primers
are used in the same well. All cDNA samples are run as triplicates. The gPCR reaction
used the Fast program with 20 seconds 95°C hold (polymerase activation) followed by
40 cycles of 1 second 95°C denaturation and 20 seconds 60°C annealation/extension.
Results are read on QuantStudio software and analysed with Origin (OriginLab).
Analysis is performed using the Livak method or the "Delta Delta CT" (AACT) method
(Livak and Schmittgen, 2001). Each well ACt is calculated as Ct(GCH1) —
Ct(HPRT1) and AACt = ACt (treated) — ACt (untreated) as normalised by the

average of ACt for untreated controls of each line.

5. Estimations of mitochondrial membrane potential (MMP)

Cells onto 25mm coverslips in recording chambers are loaded with 25nM tetramethyl-
rhodamine methyl ester (TMRM) in a HEPES-buffered salt solution (HBSS) for 30 to
45 minutes at room temperature. Dye is present during imaging. TMRM is excited by
laser at 560nm wavelength and fluorescence measured at 580nm emission wavelength
on a LSM710 VIS (Zeiss) equipped with a META detection system and a X40 oil
immersion objective (adapted from (Bartolome et al., 2013)). Basal MMP is recorded
with 3-10 Z-stacks for each coverslip and analysed using Fiji (ImagelJ). All z-stacks
maximum fluorescence projection over mitochondrial areas values are averaged across
each coverslip to get a representative value for each experiment and comparisons

between conditions are estimated using Origin (OriginLab).

6. Measurement of cellular superoxide production

Cells onto 25mm coverslips in recording chambers are loaded with dihydroethidium
(DHE) in HBSS for 5 to 7 minutes at room temperature in the dark. Ratiometric DHE
fluorescence is recorded with an excitation length at 380nm and 530nm for 10 minutes
with a Cairn xenon arc light source and Optoscan monochromator (Cairn), associated
with an Optiscan Il stage system and custom filter wheel (Prior Scientific), and an
Andor sSCMOS camera (Oxford instruments); and analysed on Andor iQ 2.9.1 software
(Andor) by hand-selection of all nuclei in the field. Fluorescence intensity at 605:518

emission fluorescence are recorded for each nucleus at each timepoint and exported to
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Origin 2017 (OriginLab). Ratio values for each cells are normalised by their own
minimum, and average, standard deviation and standard error from the mean (SEM)
across all cells within a field are calculated for each time-point. The average and SEM
are plotted and the slope of the best linear fit is recorded to estimate the rate of ROS

production for each experimental condition.

7. Measurement of cellular reduced glutathione (GSH)

Cells on 25mm coverslips in recording chambers are loaded with 50mM
monochlorobimane (mCB) in HBSS for 30 minutes at room temperature. mCB only
fluoresce when conjugated with GSH and dye is kept present during imaging. mCB is
excited with 400nm laser line and fluorescence is measured at 430nm on a LSM710
VIS (Zeiss). 5-10 Z-stacks are recorded for each coverslip and analysed with Fiji
(ImagelJ). All z-stacks maximum fluorescence projection values are averaged across

each coverslip for further calculations.

8. Statistical analysis

Average values from all three untreated controls is calculated for each experiment and
used to normalise all other experimental values. Normalised values are used to analyse
trends in combined experimental sets. Data is pooled as: controls (all three control
lines), mutants (all three patient lines), DRD (DRD1 and DRD?2 cells), PD (PDmut
cells).

Kolmogorov-Smirnov normality test is performed on each data set for each of the
defined groups and all tests are unable to reject normality (p<0.05). Comparisons
between mutants and controls in basal conditions use two-sample t-tests. Comparisons
between three or more groups use one-way ANOVA. Significant results are then
identified by their Tukey corrected multiple t-testing values (Tukey, 1949). For each
ANOVA, assumption of homogeneity of variances is tested and confirmed with

Levene’s test. For all statistical tests, level of significance is set at a=0.05.
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I11. Results

1. In untreated fibroblasts

Basal MMP

L |
10 um

Figure 22: Example of TMRM loading into the fibroblasts mitochondria

As a cell-permeant cationic dye, TMRM is incorporated and sequestered by the active
mitochondria in a manner reflecting the degree of polarisation of the MMP. Hence
variations in fluorescence intensity reflect changes in the MMP polarisation. Basal
MMP is first estimated in unstimulated fibroblasts as a proxy to mitochondrial health
between cell lines using complete z-stacks of cells (Figure 22). Maximum intensity
fluorescence values are compared across experiments (6 replicates per cell line) after
normalisation using average intensity across all three control lines. Mutants show a
significantly depolarised MMP compared to controls (T-test p = 0.01929), which is

consistent with a depolarised MMP in both disease groups separately (Figure 23).
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Figure 23: Basal MMP polarisation estimated with TMRM intensity normalised as percentage of the average
of controls. Results from all control lines are pooled as ‘Controls’ (3 lines); results from all cases are pooled as
‘Mutants’ (3 lines) and further presented in separate box plots separated by phenotype with ‘PD’ (1 line from PD
patient) and ‘DRD’ (2 lines from DRD patients). Each point represents a z-stack maximum intensity projection
value normalised to the average of controls on the day of experiment. Box plot represents: mean (circle), median
(line) median + 1SE (standard error - box) and mean + 95% CI (confidence interval — whiskers). Stars indicate
statistically significant difference with o < 0.05 between groups.

Basal superoxide production

Superoxide production is assessed using dihydroethidium (DHE) dye, a cell-permeant
free radical sensor which exhibits blue fluorescence in its basal form hydroethidium
(Uexcitation = 380nm, [Jemission = 518nm) until oxidized to ethidium ([Jexcitation
= 530nm, [lemission = 605nm)by superoxide where it intercalates within the cell's
DNA, staining its nucleus a bright fluorescent red. The reduced:oxidised ratio is used
as a proxy to determine the rate of produced superoxide in live cells. Ratios (7
replicates per cell line) normalised by average of all three control values are compared
between mutants and controls and across phenotypic groups (PD, DRD and controls)

with no significant difference observed (all p>0.05) (Figure 24).
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Figure 24: Basal rate of production of superoxide estimated by slope of oxidised:reduced DHE ratio
normalised to average of controls. Results from all control lines are pooled as ‘Controls’ (3 lines); results from
all cases are pooled as ‘Mutants’ (3 lines) and further presented in separate box plots separated by phenotype with
‘PD’ (1 line from PD patient) and ‘DRD’ (2 lines from DRD patients). Each point represents a well slope value
normalised to the average of controls on the day of experiment. Box plot represents: mean (circle), median (line)
median + 1SE (standard error - box) and mean + 95% CI (confidence interval — whiskers).

Basal content in reduced glutathione (GSH)

Control Mutant

Figure 25: mCB loaded in fibroblasts. Examples in control line (left) and mutant line (right).

Monochlorobimane (mCB) is a non-fluorescent cell-permeant molecule, which
quickly reacts with thiols, the majority of which GSH, forming a fluorescent

compound ([Jexcitation = 400nm, [Jemission = 430nm). Fluorescence intensity thus
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directly reflects cellular content in GSH (Figure 25). There is a significantly higher
content in GSH in mutants compared to controls cells (T-test p = 0.0164) which is
driven by the DRD subgroup (one-way ANOVA p = 0.04975; Tukey-corrected p =
0.04325) (Figure 26). There may also be higher GSH content in the PD subgroup

compared to controls (although non-significant).
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Figure 26: Basal cellular GSH content estimated by mean mCB fluorescence intensity normalised to control.
Results from all control lines are pooled as ‘Controls’ (3 lines); results from all cases are pooled as ‘Mutants’ (3
lines) and further presented in separate box plots separated by phenotype with ‘PD’ (1 line from PD patient) and
‘DRD’ (2 lines from DRD patients). Each point represents a z-stack maximum intensity projection value normalised
to the average of controls on the day of experiment. Box plot represents: mean (circle), median (line) median + 1SE
(standard error - box) and mean + 95% CI (confidence interval — whiskers). Stars indicate statistically significant
difference with o < 0.05 between groups.

2. Induction of GCH1 expression in the fibroblast model

Fibroblasts are known to express GCH1 at low basal levels, which may be too low to
measure an effect of the mutation between cell lines using this model (Uhlén et al.,
2015). To stimulate GCH1 expression in the fibroblasts, a previously described
cytokine treatment (250kU/L IFN-y and 100kU/L TNF-o) can be applied to the cells
for 24h prior to experiments (Milstien et al., 1993). This treatment has successfully
been used by an independent team to observe differential levels of biopterin
metabolites between DRD and control cells (Bonafé et al., 2001a). Treatment-induced

increased GCHL1 transcription is confirmed in 3 independent biological samples by
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gPCR in all 6 lines tested. This increase is not significantly different between pooled
controls and mutants with an average increase in controls of 23.8+7.4 fold and of 12.7

+2.7 fold increase in mutants (p = 0.17) (Figure 27).

GCH1 expression (qPCR)
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Figure 27: GCHL1 transcription in fibroblasts as measured by gPCR. Transcription levels are compared
between untreated (unt) and cytokine-treated cells (treated) in controls (3 lines), cases (all 3 cases lines pooled),
with the results separated by phenotype with PD (1 line) and DRD (2 lines pooled).

3. Effect of GCH1 expression stimulation by cytokines in fibroblasts

GCH1 induction and MMP

- -
10 ym 10 ym

Control treated Mutant treated

Figure 28: Example of TMRM intensity differences between lines after 24 hours cytokine treatment.
Representative images showing lower TMRM intensity in cases compared to controls.
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Figure 29: MMP polarisation estimated by TMRM fluorescence intensity normalised to the average of
untreated controls. Untreated groups are in dark red, treated groups are in pink. Results from all control lines are
pulled as ‘Controls’ (3 lines); results from all cases are pulled as ‘Mutants’ (3 lines). Each point represents a z-
stack maximum intensity projection value normalised to the average of controls on the day of experiment. Box plot
represents: mean (circle), median (line) median = 1SE (standard error - box) and mean + 95% CI (confidence
interval — whiskers). Stars indicate statistically significant difference with o < 0.05 between groups.

TMRM fluorescence is compared between treatment groups across cell lines (Figure
28). Data are obtained for 5 coverslips per cell line for the untreated group and 2
coverslips per cell line for the treated group. For each experiment, average TMRM
intensity of the pooled untreated controls is used to normalise all other measurements.
Induction of GCH1lexpression leads to significant differences between groups
(ANOVA p = 0.00263), with significant increase of TMRM intensity, or polarisation
of the MMP to 122.2 % *14.7 that of untreated controls (Tukey —corrected p = 0.04).
Although there was a significant difference between mutants and controls before
treatment (Figure 23), the statistical significance is lost due to the Tukey multiple
testing correction when comparing all groups for the effect of treatment. Additionally,
the treatment unveils a significantly depolarised MMP in mutants compared to controls
(Tukey corrected p = 0.04126) (Figure 29). There are no significant change between
treated and untreated mutants. These results suggest that increasing GCH1 expression
leads to increased MMP polarisation associated with wild-type but not mutant forms
of GCH1. Further analysis of the phenotypic subgroups shows that induction of GCH1
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expression is associated with polarisation of MMP in controls and PD cells, but not in
DRD cells (Supplemental Material Figure 82). These differences could point to
specific differences in disease mechanisms between the pathologies. However, these
results could not be analysed statistically due to low numbers (n=2 experimental

replicates for treated PDmut line).

GCHL.1 induction and superoxide production
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Figure 30: Rate of production of superoxide estimated by slope of DHE oxidised:reduced ratio, normalised
to the average of untreated controls. Untreated groups are in dark purple, treated groups in light purple. Results
from all control lines are pulled as ‘Controls’ (3 lines); results from all cases are pulled as ‘Mutants’ (3 lines). Each
point represents a well slope value normalised to the average of controls on the day of experiment. Box plot
represents: mean (circle), median (line) median + 1SE (standard error - box) and mean + 95% CI (confidence
interval — whiskers).

The rate of superoxide production, as approximated by the slope of progression of the
oxidised:reduced DHE with time, is compared between untreated (7 coverslips per cell
line) and treated (2 coverslips per cell line) fibroblasts. Rates are normalised by the
average of untreated control values within each experiment before being pooled and
compared. There are no significant differences between untreated groups (Figure 24).
There is a non-significant tendency to lower superoxide production in treated
compared to untreated groups when comparing controls to mutants (Figure 30), as well
as across the phenotypic subgroups (Supplemental Material Figure 83). However,

numbers of observations are low and this would need repetition.
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GCH1 induction and cellular GSH levels
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Figure 31: Cellular GSH content estimated by mean mCB fluorescence intensity normalised to control.
Untreated are in dark blue, treated are in light blue. Results from all control lines are pulled as ‘Controls’ (3 lines);
results from all cases are pulled as ‘Mutants’ (3 lines). Each point represents a z-stack maximum intensity projection
value normalised to the average of controls on the day of experiment. Box plot represents: mean (circle), median
(line) median + 1SE (standard error - box) and mean + 95% CI (confidence interval — whiskers). Stars indicate
statistically significant difference with a < 0.05 between groups.

Cellular levels of GSH are compared across untreated (5 coverslips per cell line) and
treated (2 coverslips per cell line) fibroblasts. Each experiment is normalised by the
average of untreated control measurements. GCH1 induction treatment leads to
significantly decreased mCB fluorescence intensity in mutant cells compared to their
untreated counterpart (ANOVA p =0.00221), however it could not be traced to another
comparison than untreated controls to untreated mutants (Figure 31). Similar trends
are observed in separate phenotypic groups (Supplemental Material Figure 84). There
may be a lower GSH content in treated cells compared to untreated cells and higher
GSH content for mutant cells compared to controls (non significant). This suggests
that increasing the level of expression of GCHL is able to reduce GSH within all cells
and that mutant cells have higher basal GSH content than controls which is not

corrected by GCH1 expression induction.
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1. Discussion

Investigating the effect of a putative loss-of-function GCH1 mutation on GCH1-BH4
pathway associated functions first makes use of patient-derived fibroblasts using
fluorescent dyes. In untreated fibroblasts, basal MMP is depolarised while GSH
content is increased in mutants compared to controls. There is no difference in
superoxide production between these groups. Expression of GCH1 is stimulated with
a 24 hours cytokine treatment and found to increase the levels of wild-type GCH1
MRNA in the cells. The GCHL1 induction treatment leads to an increased polarisation
of the MMP in control cells, while the depolarisation of the mutants compared to
controls is still visible between treated groups. All treated groups show decreased GSH
cellular content associated to the increase GCH1 expression, and GSH is still increased
in mutants compared to controls in the treated condition. The treatment has no effect

on superoxide production.

The cytokine method to induce GCH1 expression is first developed as an efficient way
of discriminating between subtypes of BH4 deficiencies in children with similar
phenotypes, where relative concentration of different pterins in the cells correlated
with CSF measurements in the same patients (Milstien et al., 1993). The method is
replicated and similar observations made in two subsequent independent studies where
it is used to differentially diagnose DRD from other BH4 deficiencies (Bonafé et al.,
2001a) and to differentiate DRD from other GTPCH deficiencies (Opladen et al.,
2011). The increase of expression of GCH1 with 24hours cytokine treatment is
confirmed by gPCR in all fibroblasts lines, with the quantity of wild-type GCH1
MRNA reduced by half in mutant compared to control lines. To further confirm the
induction of GCHL1 on a protein level, several attempts at the use of two commercially
available polyclonal antibodies raised against human GTPCH for Western blot
application detection lead to the visualisation of several bands, none of which at the
expected molecular weight of 28kDa (data not shown). It remains possible that
GTPCH would be alternatively spliced between cell types, so the experiment will be

repeated in iPSC and neuronal cells.

MMP polarisation, estimated with TMRM, is used as a proxy for mitochondrial health

variation between cell lines. Both before and after treatment, mutant lines show a

155



significantly depolarised MMP compared to controls which may underline a less
healthy mitochondria in mutation carriers. The GCH1-inducing treatment is associated
to an increased MMP in controls but not mutant cells, which may be indicative of a
lower adaptability of the mutants’ mitochondria to changes in energy requirements due
to cytokine treatment. These results support a potential role for wild-type GCH1 in
maintaining mitochondrial health and normal function, probably through increased
BH4 production. This effect may be due to the putative role of BH4 in mitochondrial
redox maintenance.

Further investigations are necessary to determine the mitochondrial phenotype
associated with the GCH1 mutation.

Fibroblast in culture rely mainly on glycolysis for their ATP production and culture
media, which contains glucose, can be replaced with a low-glucose high-galactose
media in order to increase their use of oxidative phosphorylation for the production of
ATP (Hayashi et al., 1991; Robinson et al., 1992). By thus increasing the reliance of
the cells on ETC function for energy production, this method is commonly used to
increase the visibility of subtle mitochondrial impairments in fibroblasts models, and
in particular their effect on the MMP (Allen et al., 2014; Mortiboys et al., 2008).
Comparison of MMP polarisation between lines using TMRM can be repeated after
24-72 hours culture of the fibroblasts in galactose media. Dynamic investigations of
the mitochondrial respiratory chain using complex-specific toxins (e.g. oligomycin as
complex V inhibitor, rotenone as complex | inhibitor and FCCP as mitochondrial
decoupling agent) may be added to further describe the effect of the mutation.
NADH/FAD autofluorescence measurements (Bartolomé and Abramov, 2015) can be
used to compare the reliance of lines on oxidative phosphorylation in glucose as well
as in galactose culture media.

Oxygen consumption as well as the absolute amount of ATP in the cells and the
capacity of the mitochondria to produce ATP can be measured with probes, reporter
assays for ATP or HPLC for the exact quantification of ATP, ADP and AMP in
cultures (Bell et al., 2018; Esteras et al., 2017; Manfredi et al., 2002).

With regards to the role of BH4 as an antioxidant, investigating the effect of the
mutation on both antioxidant content (GSH) and superoxide production is based on
the hypothesis that the mutation would lead to a decrease by half of available GTPCH
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in the cells, which would be associated with lower BH4 production, limiting the
antioxidant pool in the cells, leading to increased superoxide production and lower
GSH availability.

First, there is no effect of the mutation, with and without treatment, on the superoxide
production rate in fibroblasts. It is possible to be associated with a rapid reaction of
superoxide with other molecules abundant in fibroblasts, limiting its ability to be
observed with DHE, associated either with nitric oxide (NO) and similarly reactive
species which presence and product could be measured with the use of fluorescent
dyes (Beckman and Koppenol, 1996), or with the presence of a strong GTPCH-
independent antioxidant system which instantaneously buffers superoxide at its point
of production. This could be confirmed by measuring the production of NO by NO
synthases using dyes such as DAF-FM and DAR-4M (Kojima and Nagano, 2000),
measuring the production of superoxide by the mitochondria using MitoSOX Red dye
or directly measure ROS species using high-performance liquid chromatography
(HPLC).

Second, the cellular content in GSH, a very powerful antioxidant, is significantly
increased in mutants compared to controls, while GCH1-inducing treatment leads to
GSH content decrease. Changes in GSH content can either be associated with changes
in its expression to palliate to the cellular need for antioxidant protection or through
its oxidation to GSSG. The higher GSH content in mutants compared to controls may
be associated with the reduced availability of GTPCH, which is interchangeable with
GSH in a dopaminergic neuronal cell model (Nakamura et al., 2000), even in low
expression conditions such as in fibroblasts. When GTPCH expression is increased in
the fibroblasts, increasing the antioxidant defence of the cells, GSH expression may
be lowered to conserve energy. This is more likely in this model than a treatment-
induced increased oxidation as there is no effect of treatment on superoxide production
by the fibroblasts. Moreover, treatment does not equalise GSH content between
mutants and controls, probably due to the ‘loss-of-function’ nature of the mutation
studied. This would need to be repeated in fibroblasts from patients with alternative
mutations in GCH1.

Finally, investigations of the effect of this GCH1 mutation on dopaminergic
metabolism and NOS function are limited. First by the relatively low expression of
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tyrosine hydroxylase (TH), the rate-limiting enzyme necessary for the production of
dopamine from tyrosine, in fibroblasts: TH, which uses BH4 as an essential enzymatic
cofactor, is detectable at very low levels via RNAseq and undetectable at the protein
level in skin fibroblasts by the Human Atlas Project (Uhlén et al., 2015). Thus the
cytokine treatment is able to increase GTPCH, BH4 and their metabolites in fibroblasts
but not boost their ability to produce dopamine. Second, fibroblasts are not known to
produce basal NO levels, but there may be a role for increased expression of inducible
NOS (iNOS) in human fibroblasts in the context of wound healing (Witte and Barbul,
2002). One possible hypothesis is that inflammation-dependent expression of
cytokines by the macrophages is associated with GTPCH and downstream BH4
expression in both macrophages and fibroblasts which induce iINOS activity and
production of NO, thus promoting wound healing. This would also explain the ability

to use cytokine treatment to induce GTPCH in fibroblast.

Effects of the ¢.343+5G>C mutation in GCH1 can be measured in patient-derived
primary fibroblasts cultures and suggest an impairment of mitochondrial function and
of GSH levels in the cells. Further models more relevant to the dopamine-related
phenotypes observed, in PD through the specific degeneration of the midbrain
dopaminergic neurons and in DRD through the important response of symptoms to
levodopa treatment, are developed and used in the following chapters.
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Chapter 5: Generating human midbrain dopaminergic neurons

|. Background

Understanding the role of GTP cyclohydrolase 1 (GCH1) variants in the risk for
Parkinson’s disease (PD) necessitates the investigation of molecular and cell
functional impairments. The definition of these impairments becomes more important
when comparing the development of PD to that of dopa-responsive dystonia (DRD) in
patients affected by either disease carrying the same mutation in GCH1 (in this thesis
€.343+5G>C GCH1). Describing the differential consequences of this mutation on

downstream pathways thus requires the development of an appropriate disease model.

PD is primarily a movement disorder associated with the specific degeneration of the
midbrain dopaminergic (mDA) neurons of the substantia nigra pars compacta (SNpc),
the neurons responsible for the control of movements in mammals (Hodge and
Butcher, 1980). The good and sustained response of DRD patients to low doses of L-
dopa (Tassin et al.,, 2000), associated with the absence of evidence for
neurodegeneration in both in-vivo imaging and post-mortem pathology reports
(Albanese et al., 2011; Furukawa et al., 1999; Marshall and Grosset, 2003), are
suggestive of the association of a functional impairment of mDA neuronal capacity to
produce adequate amounts of dopamine with DRD. However, while the dopamine
synthesis function seems involved in DRD, patient response to treatment suggests an

intact uptake and usage of L-dopa in their mDA neurons (Clot et al., 2009).

Accordingly, this project uses cells derived from patients affected by either DRD or
PD, obtained from the same family, and carrying a single heterozygous loss-of-
function GCH1 mutation, to compare the mechanisms involved in both disease
phenotypes to healthy function based on the use of an in vitro human mDA neuronal
model.

The method described in this chapter aims at differentiating patient induced pluripotent
stem cells (iPSC) to mDA neurons. This chapter first explores current knowledge of

mDA neuronal development and then describe the existing methods and their
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limitations. The rationale behind the proposed protocol, its results, and the potential

for future improvements of mDA modelling are discussed.

1. The need for an appropriate disease model

Designing an appropriate model at the crossroads between PD and DRD is essential to
the understanding of GCH1-associated impairments in both disorders as well as
providing a good framework for the testing of new therapies prior to clinical trials. The
SNpc, a central structure of the brain whose function or integrity is impaired in both
pathologies, is inaccessible in living humans. Access is limited to post-mortem tissue
from donated brains, which are both rare (even more so for DRD patients due to low
incidence) and largely limited to the end-stage pathology. Indeed, PD patients’ brains
are often accessed years after the onset of the pathology and decades after the putative
start of disease-related dysregulations; in DRD these tissues are extremely rare, often
from individuals who passed away years after the onset of symptoms in their childhood
and possibly after years of dopaminergic treatments of unknown consequence on histo-
pathophysiology (Kordower et al., 2013; Mencacci et al., 2015). In both instances,
these caveats greatly limit our capacity to observe the mechanisms underlying disease

progression in human tissues.

Alternative models for the observation of disease progression are based on animals,
offering access to larger quantities of samples at various stages of the disease, the
ability to modify and select specific genetic sequences, with significantly shorter
gestational period and lifespan than humans, and the possibility for the operator to
completely control their environment (The Jackson Laboratory, 2019). The capacity
to modify their genetic sequence in a stable way while controlling their environment
allows the study of both the function of the gene in itself as well as the effect of defined
environmental variables on the risk for development of pathologies. Animal models of
PD are made to recapitulate pathogenesis in one of two ways: neurotoxin-induced and

genetically engineered.

Neurotoxin animal models replicate the pathological and behavioural changes of the

human PD in mammals using pharmaceutical agents able to induce the specific
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degeneration of nigrostriatal neurons. Most are based on the use of systemic injection
of Methyl-phenyl-tetrahydropiridine (MPTP), a substance with specific dopaminergic
toxicity first described in sudden parkinsonism cases in a subgroup of drug abusers
(Langston et al., 1983). MPTP is able to pass the blood-brain-barrier (BBB) where
glial monoamine oxidase B and oxidation then convert it to its active form (MPP+)
which can then be carried by dopamine transporter (DAT) to enter the SNpc mDA
neurons. In mDA neurons, MPP+ blocks the activity of complex I of the mitochondrial
respiratory chain leading to rapid cell degeneration through ATP depletion, and
increased nitric oxide and reactive oxygen species (ROS) production (Chiba et al.,
1985). MPTP has since been used in a variety of mammalian animal models. However,
one important limitation for MPTP models is their constant failure to demonstrate
Lewy-body (LB) pathology, an important hallmark of PD in humans while they can
recapitulate specific cell loss and cardinal symptoms of the pathology in animals
(Shimoji et al., 2005).

Another complex | inhibitor, rotenone, is able to reproduce the selective loss of
nigrostriatal dopaminergic neurons when injected systemically by crossing the BBB
and entering mDA cells independently of DAT activity. As well as complex |
inhibition, rotenone inhibits proteasome activity leading to proteolytic stress (Sherer
et al., 2003). More importantly, rotenone is able to reproduce LB-like pathology with
the observation of ubiquitin-positive and a-synuclein containing cell inclusions in rat
models (Betarbet et al., 2000). Finally, rotenone used as a pesticide has previously
been associated with increased risk for PD in humans (Brown et al., 2006). But
rotenone models lack reproducibility due to high variation in animal lesion in response
to the toxin, are non-specific with evidence for the degeneration of other types of
neurons and are linked to high mortality due to rotenone’s toxicity for other tissues
such as the heart, liver or kidneys (Lapointe et al., 2004).

One important caveat for the use of these neurotoxin models is the dramatically rapid
loss of neurons after pharmacological treatment which highly differs from the typical
slow progression of neurodegeneration in human patients (Huang et al., 2017a). It also
drastically limits the window of opportunity to observe the fundamental mechanisms
underlying cell death in these models. Another neurotoxin model uses intra-striatal

injection or infusion of 6-hydroxydopamine (6-OHDA) (Ungerstedt et al., 1974). This
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model recapitulates common phenotypes and metabolic changes of PD animal models
and is associated with a rapid loss of striatal projections followed by the progressive
loss of nigral cells over several weeks, offering a longer window to observe
fundamental cellular changes in PD development (Blandini et al., 2007). 6-OHDA, as
a hydroxylated analogue of DA, is uptaken by mDA cells via DAT activity, making it
a DA neuron-specific toxin. 6-OHDA accumulates in the cytosol where it auto-
oxidizes producing hydrogen peroxide, and in the mitochondria where it induces
oxidative stress via increased ROS production through mitochondrial complex | and
IV inhibition (Rodriguez-Pallares et al., 2007).

Genetic animal models, carrying known PD gene mutations, address some of the
drawbacks of neurotoxin models, such as the absence of an age-dependent progression
of lesions and LB pathology, offering a larger window for the observation of
underlying disease progression mechanisms. While increasing the maintenance time
required for these animals to provide results, speed of ageing is relatively short in small
mammals, with animals reaching a full maturation age at 3 months and an equivalent
age as to typical PD onset in humans (around 60 years) at 18-24 months (Flurkey et
al., 2007). Genetic animal modelling of PD is achieved by alterations of either the
animal’s genomic sequence or its gene expression profile. Genetic engineering mainly
allows alterations in human genes homologues or by the inclusion of the human gene
under the control of a relevant endogenous promoter. Additionally, use of genetic
constructs or exogenous approaches such as micro RNAs (miRNA) allow for the

temporally-controlled alteration of gene expression in such models.

Transgenic and neurotoxin non-mammalian models are developed as a cheaper,
higher-throughput alternative due to their reduced genomic complexity, easier and
cheaper maintenance and their shorter lifespan. They also present with consequent
advantages over mammalian models such as transparency of zebrafish embryos
allowing use of fluorescent reporters to directly observe neurodevelopmental
consequences of mutations; or the conserved metabolic dopamine synthesis pathway
between Drosophila melanogaster and human, with many genes involved in PD having

at least one fly homolog. For instance, drosophila melanogaster age-related protein

162



changes show by 44 days of life and this model is relatively easy to maintain in

laboratories (Fleming et al., 1986).

One major caveat in the use of non-human models is due to inter-species variations
which have the potential to impair the translational aspects of studies. This is important
in pharmacology with differences in drug metabolic capabilities and capacity for
molecule binding to receptor as a result of their varying distribution and activation
properties (Creese et al., 1979; Martignoni et al., 2006). Overcoming the obstacle of
inter-species differences, in vitro models using human pluripotent stem cell (hPSC)-
derived mDA neurons provide an alternative model for understanding disease
mechanisms; identify therapeutic targets and trial relevant compounds; and for the
development of cell-replacement therapies. Human embryonic stem cells (hESC) were
first used to develop methods recapitulating mDA neurodevelopment in a dish.
However, legitimate ethical concerns limit the access to hESCs for fundamental
research and their use in therapeutic applications. Furthermore, hESCs as opposed to
patient cells are not necessarily carrying the appropriate genetic background on which
to study the fundamental disease mechanisms underlying the development of these
pathologies; although genetic engineering or external stressors are used to approximate
the disease in this model. Finally, using hESCs in cell replacement therapies comes
with the risk of immune-rejection and are associated with the additional immune-

suppression treatments which may have a deleterious effect on patients.

As a result, PD modelling strives to move beyond the use of animal models for the
study of human pathology by accurately producing large amount of mDA neurons
carrying the entire genetic background of the patient in vitro. The iPSC technology
provides a virtually unlimited cellular source recapitulating two main features of
hESCs: pluripotency and ability to propagate in culture indefinitely, while conserving
the complete genetic background of the individual (Takahashi and Yamanaka, 2006;
Takahashi et al., 2007). Human iPSCs can also undergo directed differentiation which
necessitates bespoke programmes of appropriate neurodevelopmental cues in a time-
specific manner. As such, the development of mDA neuron induction protocols is at
the centre of a large body of publications since 2004. However, of 74 papers describing
new or substantially modified protocols identified within 13 years since this first
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publication, only 26 methods (19%) have been reused in subsequent publications not
sharing authors with the original one (Marton and loannidis, 2018). This may be
indicative of the difficulty to reproduce these methods in external laboratories or the
need for better, more reproducible protocols. Many challenges in the development of
these methods may be associated with the difficulty to recapitulate the appropriate
neurodevelopmental cues in vitro, in the absence of the cell-to-cell spatiotemporal
communication of a complete organism. It is necessary to note that iPSC-derived mDA
neurons are not a perfect model, as prolonged cultures of iPSC are prone to the
accumulation of genetic and epigenetic changes which result in culture heterogeneity
with the risk of selecting cells with mutations promoting their survival in culture which
can affect their capacity to differentiate, or render them inappropriate for cell therapy
use due to increased mutagenic risk and affect their reliability as a stable model for
fundamental research (Bock et al., 2011; Hu et al., 2010; Liang and Zhang, 2013).
These are also accentuated by the difference in expression of genes from several
differentiation pathways in different lines associated with a variable ability to
differentiate into selected cell types, a limitation to in vitro studies and clinical
translation (Carcamo-Orive et al., 2017). Additionally, the use of iPSC for the study
of late-onset disorders is limited by the loss of senescence and age-related markers i.e.
elongation of telomeres in reprogrammed cells compared to parent cells (Marion et al.,
2009), mitochondrial metabolism similar to that observed in development (Suhr et al.,
2010), and that these are all observed even in reprogrammed senescent and centenarian
cells (Lapasset et al.,, 2011). Finally hiPSC-derived models of mDA neurons
demonstrate a genome-wide gene and exon expression level more similar to foetal than
post-mortem tissue patterns (Patani et al., 2012a). One proposed method to age cells
is the use of progerin-induced ageing, successfully used in iPSC-derived genetic PD
models with observation of PD-specific phenotype such as progressive loss of TH
expression, enlarged mitochondria, LB-precursor inclusions, dendrite degeneration
and neuromelanin accumulation (Miller et al., 2013). Finally some aspects of the
ageing process such as the re-establishment of adult mitochondrial metabolism is

observed in induced differentiation models from iPSC (Suhr et al., 2010).
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2. Midbrain dopaminergic neuron development in the human brain

The midbrain dopaminergic neurons encompass a small population of an estimated
400,000-600,000 cells, representing 0.0005% of all neurons in the human brain
(Pakkenberg et al., 1991). They are involved in movement, motivation, learning,
decision-making, attention and value-encoding. mDA neurons thus make the essential
link between salience, associated with learning and memory, and its expression
through animal behaviour as translated by movements. The mDA neurons found in the
SNpc are mainly involved in voluntary movement control and are preferentially
degenerated in PD. SNpc mDA neurons are thus at the cellular basis of PD neuro-
pathogenesis, making them an ideal model for the study of this pathology. Their origin
and the directed differentiation protocols used to produce mDA neuronal models in

vitro are discussed here.

The mDA neuronal subtypes

The midbrain dopaminergic neurons (mDA) are separated into three areas in the
murine and primate brain, namely A8, A9 and A10 (Felten and Sladek, 1983; Olson et
al., 1972). These three areas differ by their point of origin and the target region they
innervate (Figure 32). The dopaminergic neurons of the A9 and A10 groups are mainly
distinguished by the location of their soma and projections, their morphology and their
calcium binding protein expression, as well as by their susceptibility to
neurodegeneration in PD. The A9 mDA neuronal bodies are found in the SNpc, project
predominantly to the dorsolateral striatum or putamen and dorsal caudate nucleus in
humans, and participate in the control of movement. A9 cells are large and angular and
express the potassium channel subunit G protein activated inward rectifier potassium
channel (GIRK2). They also constitute the subgroup of neurons selectively vulnerable
to neurodegeneration in PD. The A10 neuronal cells are found in the ventral tegmental
area (VTA) and project to the ventral striatum and various limbic structures such as
the nucleus accumbens, cingulate and prefrontal cortex (Felten and Sladek, 1983;
Grealish et al., 2010; Smits et al., 2006). As such, it has a role in the fine tuning of
movement, the control of emotion and reward mechanisms (Cohen et al., 2012;
Lammel et al., 2012). Impairments of the VTA are associated with addictive and

affective disorders but its mDA neurons are largely spared in PD (Braak and Braak,
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2000). VTA cells are rather small and round compared to A9 cells, they mainly express
calbindin and are relatively spared in PD. The differences in calcium-binding protein
expression between A9 and A10 cells are similar in rats and humans, although humans
have comparatively more dopaminergic cells than rats in these areas (McRitchie et al.,
1996). Finally, the retrorubral field or A8 cells group is found in the lateral reticular
formation dorso-lateral to the substantia nigra, they have a similar shape but smaller
size than nigral neurons (Felten and Sladek, 1983). Together, the VTA and retrorubral
field form the mesolimbocortical system known to regulate emotional behaviour,
reward mechanisms, natural motivation, signalling aversive outcomes, and are
involved in a range of psychiatric disorders (Bromberg-Martin et al., 2010; Dahlstrom
and Fuxe, 1964; Felten and Sladek, 1983; Smits et al., 2006).

Substantia nigra (A9)

Retrorubral field (A8)

Ventral tegmental area (A10)

Figure 32: Dopaminergic neuron groups (A8-A10) with their point of origin and projections in the human
brain.

These distinctions between A9 and A10 neuronal areas are important for the success
of engraftment therapies in PD models. Successful replacement of mDA neurons
targeted to the striatum is demonstrated in rats (Grealish et al., 2010). Using a
transgenic murine model expressing GFP under the control of the tyrosine hydroxylase
(TH) promoter, another team demonstrate that A9-type precursors expressing Girk2
could target striatal structures and mature in the adult brain, while calbindin-expressing
A10-type neurons targets the frontal cortex and other forebrain areas (Thompson et al.,

2005). Molecular patterning at a neural precursor stage may thus determine the identity
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but also the migration and capacity to develop connections of these neuronal cell types.
Axon guidance, allowed by a combination of attractive and repulsive signals to which
neurons originating from different areas are more or less sensitive, all in order to reach

the appropriate target region are reviewed elsewhere (Bissonette and Roesch, 2016).

Finally, in human PD patients, neurodegeneration starts in the ventral part of the SNpc
before spreading laterally and, as PD progresses beyond its first decade, the number of
residual TH-positive and melanin containing neurons remains relatively stable,
suggesting the co-existence of two subpopulations of nigral neurons with substantially
different vulnerabilities to PD neurodegeneration and anatomical locations (Fearnley
and Lees, 1991; Kordower et al., 2013). This comes in support of the existence of
different groups of mDA in the midbrain with consequences in disease vulnerability

beyond neurodevelopment and normal adult function.

In the case of DRD, there has been no observation of degeneration in post-mortem
tissue and via dopamine transporter-based imaging, suggesting the mutations do not
lead to mDA degeneration (Nygaard et al., 1992; Segawa et al., 2013). However, DRD
is associated with lower TH immunolabelling, in spite of the maintenance of pre-
synaptic dopaminergic molecules, in the striatum and in the absence of cell loss in the
substantia nigra (Segawa et al., 2013). DRD may thus be associated with the
dysfunction of the same A9 cells as in PD, although through a distinct, non-
degenerative pathway. More research is warranted to determine whether the other

mDA cell groups are affected in DRD.

Developmental basis of midbrain neuron specification (Figure 33)

During development, ESCs are slowly differentiated by the progressive restriction of
their pluripotency with stem cells able to differentiate into any cell type of the
organism; leading first to neural progenitors able to differentiate to many different
neural cell types, then midbrain floor plate (FP) neural progenitors, co-expressing
Forkhead Box A2 (FOXA2) and LIM Homeobox Transcription Factor 1 Alpha
(LMX1A), able to differentiate into mDA neurons as well as midbrain cells. Finally

the cells are fully differentiated and matured into their neuronal subtype. These are
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often associated with migration and development of targeted connections for neuronal

cells.
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Figure 33: Developmental basis of MDA neuron specification. The top diagram reprensents the main events of

the specification of MDA neurons in vivo; the bottom diagram reprensts how the inhouse induction protocol mimics

these milestones in vitro. Names of the molecular signalling pathways involved in black. Small arrows represent

secretion and activation, blunt ended arrows represent inhibition.
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Midbrain development has been extensively researched in smaller mammals such as
the mouse, and comparative studies in embryos have shown that human midbrain
development occurs through a similar sequence of events as in mice, although along a
longer time-period (Freeman et al., 1991; Nelander et al., 2009). The most commonly
accepted model of cell migration pattern for the development of the midbrain was
described in 1971: mDA neurons are generated at the midline of the ventricular zone
of the midbrain neuroepithelium with precursors migrating radially to the ventral
midbrain (Hanaway et al., 1971). A further perpendicular migration from the lateral
neuroepithelial patches forms the SNpc, while cells from the medial part of the
neuroepithelium migrate to the VTA (Smidt et al., 2004a). Cells acquire their mature
mDA phenotype while migrating and, when in the ventral field, the cells have matured
to display a full dopaminergic phenotype (Hanaway et al., 1971) and express markers

such as Th or paired-like homeodomain transcription factor 3 (Pitx3).

A complex series of events allows for the molecular patterning necessary for this
migration and differentiation. During gastrulation, the neurectoderm is specified along
the antero-posterior axis by the activation of fibroblast growth factors (FGF) and
wingless-type MMTYV integration site family members (Wnt) and the inhibition of the
mesodermal differentiation factors (bone morphogenic proteins — BMPs) and
endodermal differentiation factors (transforming growth factor beta — TGFR).
Following the gastrulation with its definition of the three germline tissue layers,
expression of a set of posterior signal inhibitors at the rostral end of the embryo allows
for the molecular definition of the anterior neural tube. These signals include a Wnt
inhibitor (dickkopf 1), a Nodal inhibitor (left-right determination factor 1), a BMP
inhibitor (noggin) and a multifunctional inhibitor of all three signals (Cerberus) and
are detected as early as E4.5 in the developing mouse brain (Takaoka et al., 2007).

Subsequently, an early and crucial event in the development of the midbrain is the
determination of the isthmic organiser (IsO) defining the midbrain-hindbrain boundary
(MHB) from E7.5 in the developing mouse anterior neural tube. The patterning of the
MHB is dependent on the mutual repression of two transcription factors: the midbrain-
expressed orthodendicle homolog 2 (Otx2) and the gastrulation brain homeobox 2
(Gbx2) expressed in the hindbrain (Broccoli et al.,, 1999; Millet et al., 1999;
Wassarman et al., 1997). At the MHB, the IsO secretes the morphogen fibroblast
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growth factor 8 (Fgf8) under the induction of the paired homeobox2 (Pax2)
transcription factor. Fgf8 expression is maintained by Gbx2 and thus found at higher
concentration in the hindbrain than the midbrain. The gradient of FGF8 drives
hindbrain cell fate in high concentration areas and pushes cells to take a midbrain
identity in the tissues anterior to the 1IsO where Fgf8 concentrations are lower, as Fgf8
is necessary in low concentrations to induce midbrain fates (Basson et al., 2008;
Crossley et al., 1996). Concurrently, Otx2 found in the midbrain activates the
expression of the Wntl morphogen which controls the development of a posterior
midbrain region and an anterior hindbrain region on both sides of the MHB due to its
gradient of expression. In the absence of Wntl, midbrain and cerebellar structures
disappear as early as E9 in the mouse, supporting the early and fundamental function
of this morphogen in the development of these structures (McMahon and Bradley,
1990; McMahon et al., 1992; Thomas and Capecchi, 1990).

Another major event of midbrain development is the formation of the FP, the origin of
which has been widely discussed due to discrepancies in experimental results
(reviewed in (Placzek and Briscoe, 2005)). One theory reconciles most results by
suggesting the existence of a time and location-specific set of developmental cues from
the notochord, prechordal mesoderm and potentially from other yet undefined
neighbouring structures, giving rise to this falsely homogeneous-looking structure.

Indeed, the formation of cells defined as the FP presents with a high variation in
cellular composition and molecular signature along the embryonic antero-posterior (A-
P) axis. The FP is thus likely to be an anatomical structure composed of various cell
types with separate developmental origins and variable functions along the A-P
embryonal axis (Placzek and Briscoe, 2005). The FP, a glial-rich structure which acts
as a signalling centre, arises at the ventral midline of the neural tube, prior to its
closing. The signalling pathways associated to the development of the FP have been
extensively studied in amniotes. Sonic hedgehog (SHH), a general ventralizing signal
for the CNS, and its downstream obligate Shh signalling molecule smoothened (Smo)
are necessary for FP formation in mouse and chick studies (Incardona et al., 1998;
Wang et al., 1995; Wijgerde et al., 2002). Indeed, downstream Shh signalling induction
through the inactivation of an endogeneous Smo inhibitor, Patched, is sufficient for
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the ectopic formation of FP-patterned cells in mice (Goodrich et al., 1997). There is
evidence of a role for TGFp in enabling cells to respond to Shh signal in early midbrain
specification as well as later mDA neuronal survival (Farkas et al., 2003; Roussa and
Krieglstein, 2004). Further downstream in the Shh signalling cascade, GLI-family
transcription factors are controlling Shh target gene expression, with Gli2 being
responsible for the activation of several genes associated with spinal cord and FP
induction, including Foxa2 (also known as Hnf3p) (Ding et al., 1998; Matise et al.,
1998; Sasaki et al., 1997). The activation of Foxa2 expression in the midline of the
neural tube via Gli2 associated to the secretion of the morphogen SHH by the subjacent
notochord or prechordal mesoderm is measurable in mice from E8 (Ang and Rossant,
1994; Sasaki et al., 1997). A short window of opportunity for Shh signalling to induce
FP determination is demonstrated by the unique competency of cells of the open neural
plate to form the FP in response to this signal. Shh signalling components are then
rapidly downregulated in the FP (Placzek and Briscoe, 2018). By E8.5, the FP is able
to secrete Shh itself via activation by Foxa2 expression hence becoming a secondary
ventral organiser of the neural tube (Bai et al., 2004). Subsequently, the FP is
responsible for influencing cellular identities and directing axonal trajectories (Placzek
and Briscoe, 2005). Foxal and Foxa2 are continually required for mDA neuron
development and maintenance, with first a positive effect on Ngn2 expression and
neurogenesis at the neural precursor stage, followed by a requirement for Foxal/2 for
the expression of Nurrl and Enl in immature mDA cells and for the expression of TH
and L-amino-acid decarboxylase (AADC) in mature mDA neurons. These
developmental functions require a time- and dosage-dependent regulation of Foxal/2

expression (Ferri et al., 2007).

In the rostral FP, at the level of the midbrain, expression of Otx2 provides the ventral
mesencephalic midline progenitors with a neurogenic activity and specifies their mDA
fate. Otx2 is necessary and sufficient for the specification of mDA neurons at the FP,
as demonstrated by ectopic expression in a mouse model, at least partially through the
induction of LmxZ1a expression (Ono et al., 2007). Lmx1a was indeed demonstrated
to regulate proneural gene expression such as Msx1 in murine and avian models, as
well as to promote neural progenitor proliferation during neurodevelopment

(Andersson et al., 2006; Ono et al., 2007). Lmx1a may also function as a specific
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activator of downstream genes such as Nurrl. Msx1 suppresses alternative cell fates
and induces exit from cell cycle as well as pan-neuronal differentiation of the glial-
like ventral midline FP cells, and is believed to set the timing of DA neuron generation
probably through Ngn2 expression (Andersson et al., 2006; Placzek and Briscoe,
2005). In vitro, Lmxla is able to induce mDA neuron differentiation from
mesencephalic neural progenitors but not from any unspecified ESC, suggesting the
need for pre-existing ventralisation of these progenitors, probably via Shh signalling,
for an efficient effect of Lmx1a (Andersson et al., 2006). LmxZ1a has been identified
as a mDA neuron specified factor downstream from Otx2 in the rostral FP (Ono et al.,

2007). These neurodevelopmental events are summarized in Figure 33.

A few studies offer an insight into the mDA neuron development within the human
embryo, mainly through immunocytochemistry (ICC) at different stages post-
conception (PC). mDA neurons in humans as well as in murine model arise from the
radial glia-like cells of the mesencephalic FP under the control of Wnt signalling
(Bonilla et al., 2008; Ono et al., 2007). mDA neurogenesis is predicted to start around
5.3 weeks PC, then followed by the appearance of TH+ cells around 6 weeks PC and
a subsequent important increase of the TH+ cell population at weeks 6-8 PC, before
terminating at about week 10-11 (Freeman et al., 1991; Nelander et al., 2009). 8 weeks
PC marks the start of visible axonal extension and nigrostriatal bundles, with these TH
positive cell extensions visible in the early putamen structures at 9 weeks PC and in
the caudate nucleus and nucleus accumbens at around weeks 10.5 PC (Freeman et al.,
1991; Olson et al., 1973; Pickel et al., 1980). The majority of the mDA neurons are
showing dendritic extensions by weeks 11.2 PC (Freeman et al., 1991). A separate
study shows dendritic extension to continue at least until weeks 11.7 PC (Olson et al.,
1973). Cells of the human mesencephalic FP co-express brain lipid-binding protein
(BLBP) and LMX1A between weeks 5-8 PC, while FOXA2 is expressed in both the
FP and the basal plate at similar stages (Nelander et al., 2009). However, only a very
few BLBP-positive cells do differentiate to mDA neuron, and BLBP expression may
be a remnant of the neuroepithelial origin of the FP in humans as well as in mice
(Hebsgaard et al., 2009). FOXA2 in conjunction with LMX1A can thus be used as

rather neuronal specific markers to identify human midbrain FP neural precursors.
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It is thus commonly accepted that FGF8 produced by both the I1sO and the rostral
forebrain, SHH and TGF- signals from the ventral neural tube, and Wnt1 expression
(under the control of Otx2) in the midbrain are necessary and sufficient for the
development of mDA neurons (Prakash et al., 2006; Ye et al., 1998). Consequently,
these molecules have been widely used in attempts to differentiate MDA neurons from

pluripotent cells in vitro.

Specification and maintenance of mDA neurons

A few other transcription factors play an important role in both the specification and
the maintenance of mDA neurons. First, in mDA FP neural progenitors, the expression
of both Lmx1a and Lmx1b, in collaboration with Foxa2, as well as of Nurrl and Pitx3
are paramount for the optimal differentiation of these cells.

Nurrl is expressed from E10.5, preceding Th expression in the midbrain, and null
Nurrl mouse models show expression of Pitx3 but not Th at early embryonic neural
precursor stage, with Pitx3 expressing cells not surviving long after birth of the animal
(Saucedo-Cardenas et al., 1998; Zetterstrom et al., 1997). Additionally, DAT and
vesicular monoamine transporter-2 (Vmat2) expression depend on Nurrl activity but
not Pitx3, making Nurrl necessary for late neurotransmitter expression in mDA cells
but not their early development (Smits et al., 2003). Lmx1b is expressed by mDA
neurons in both SNpc and VTA from E7.5 and is maintained through life. Lmx1b is
necessary to the activation of expression of Pitx3 and, in the absence of Lmx1b and
thus Pitx3, TH-positive neurons are lost during their development (Smidt et al., 2000).
Lmx1b is thus necessary for the proper specification of mDA neurons during the early
mDA development program, independently of their neurotransmitter phenotype, itself
controlled by Nurrl. The terminal differentiation of mDA neurons thus requires two

separate pathways converging to provide all functional features to mDA neurons.

Pitx3 (OMIM 602669) is expressed in the midbrain, eye lens and skeletal muscle
during murine development but only maintains expression in the midbrain of the adult
mouse (Smidt et al., 1997). Using Pitx3-null model Aphakia (Ak), Smidt and
colleagues show that Pitx3 expression is activated one day after Nurrl (Law et al.,
1992), and two days after Aadc (Teitelman et al., 1983) in a manner similar to Th.
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Additionally, Pitx3 and Th expression fully overlap in the murine brain, although its
expression is around six times higher in the VTA than SNpc (Korotkova et al., 2005;
Zhao et al., 2004). Unlike Th, Pitx3 brain expression is restricted to the mDA neurons
in both developing and adult mouse brain (Smidt et al., 1997) and has not been found
in other dopaminergic cells outside of the midbrain. In the Ak mouse, TH is expressed
in the midbrain at E11.5 in an indistinguishable manner to controls. Yet from E12.5
onwards, the TH-positive cells from the rostro-lateral midbrain, normally forming the
SNpc, are absent in the Ak mouse (Smidt et al., 2004b). The absence of Pitx3 is thus
lethal to SNpc mDA cells, making SNpc but not VTA cells developmentally dependent
on Pitx3. However Th expression is not dependent on Pitx3, as demonstrated in the
Lmx21b null model (Smidt et al., 2000). In humans, Pitx3 mutations are associated with
eye-development pathologies (Semina et al., 1998) suggesting a potential similarity to
mice in its function.

Altogether, Pitx3 expression is required for the specification and survival of the mDA
of the SNpc in a region-specific manner. Both Th and Pitx3 are expressed in the ventral
midbrain after the initial migration of midbrain FP neural progenitors from the
neuroepithelium, suggesting these genes have no direct function in proliferation nor
migration of these cells. Pitx3 may have a role in ‘vitalizing’ DA progenitors arriving
at the primordial SNpc, and it may influence proliferation and migration indirectly
(Smidt et al., 2004a). Interestingly, one consequence of Lmx1b ablation is the lost co-
expression of Th and Pitx3 (Smidt et al., 2000). Further, Pitx3 may be a marker for a
subtype of mDA neurons and promote their survival in pathologies such as PD, where

Pitx3 is normally expressed in the surviving SNpc mDA cells (Smidt et al., 1997).
Mature mammalian mDA neurons are co-expressing markers such as LMX1A, TH,
DAT, PITX3, AADC or DDC and GCH1, are post-mitotic and able to produce

dopamine. They can also secrete dopamine as a neurotransmitter and re-uptake it at
their synapses.

3. mDA neuron published protocols and yields (other labs)
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Reference | Cells Method NPC results mDA results Comments
Chamber et| hESCs | Dual SMAD inhibition & 82% neural induction by Some TH+/BIII+ cells | No proper quantification of ICC
al., 2009 & SHH activation Noggin and SB dual SMAD with morphology at neuronal stage
hiPSCs inhibition dependent on density
Swistowski| hESCs | EB with FGF8 and SHH & |  Produces NSCs with high  [30% TH+, all of which co-| DA neurons survive graft in rats
etal, 2010 & Whnt and SHH activation expression Sox1, Nestin, express GIRK2 and improve their function
hiPSCs Musashi D10
Cooper et | hESCs |Serum replacement medium| 15% FOXA2+ at D19 + some 10% FOXA2+; 3% Low final yield and radial glia
al., 2010 & & activation Wnt + RA OTX2 and abundant 3CB2 | FOXA2+/BIl+ and <1% | marker at FP progebitor stage
hiPSCs| regionalisation & SHH (radial glia) co-expression |FOXA2+/BIl+/TH+ cells
activation at D49
Kriks et al.,| hESCs | Dual SMAD inhibition & | 59% FOXA2+/LMX1A+ cells |75% TH+, 80% FOXA2+,| Good grafting in mouse, rat and
2011 & activation Wnt and SHH at D11 & up to 98% 60% LMX1A+ and 55% monkey models
hiPSCs signalling FOXA2+/LMX1A+ cells at NURR1+ cells at D50
D25 when TH expression starts
Xietal., |hESCs| Dual SMAD inhibition & |~ 90% FOXA2+ cells of which| 60% FOXA2+/TH+ cells These cells
2012 & activation Wnt and SHH 95% co-LMX1A+ and co- | among the Tujl+ cells at | electrophysiologically resemble
hiPSCs signalling EN1+at D18 D35 mDA neurons
Kirkeby et| hESCs | Dual SMAD inhibition & |81% FOXA2+/LMX1A+ cells | TH+/FOXA2+/MAP2+ | No proper quantification of ICC
al ., 2012 activation Wnt and SHH & abundant EN1+ ; cells at D35 at neuronal stage but
signalling (with EB transplantable NPCs D10 maintenance of identity after
formation) grafting in rats
Nolbrant et| hESCs | Dual SMAD inhibition & | 80-95% FOXA2+/LMX1A+ |around 10% TH+ cells, of| Good grafting of D16 cells in
al., 2017 activation Wnt and SHH cellsat D11 which 87% co-express rats

signalling

FOXA2/LMX1A at D44

Table 25: Overview of relevant references for mDA induction from hPSCs. Table presents type of cells and
general method used, and available information on cell characterisation at midbdrain FP progenitor and mDA

neuronal stages based on immunocytochemistry.
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Based on the knowledge of the neurodevelopmental cues associated with the
differentiation and maturation of the mDA neurons, many labs have attempted to
develop in vitro models from human and animal ESCs or iPSCs, in order to understand
the mechanisms associated with PD or to treat PD via cell therapy. The next paragraphs
give an overview of the main methods developed using human cells. Main results for
these studies are grouped in Table 25. Figure 34 presents the general principles and

molecules used for each of the studies described in Table 25.

Basis for the mDA induction protocol

The two main protocols on which the mDA induction methods presented here are
based were published sequentially by the Studer and Parmar laboratories. Kriks and
colleagues succeeded in the derivation of mDA neurons from both hESCs and hiPSCs
using a dual SMAD inhibition in the presence of SHH signalling activators
(purmorphamine and SHH) for ventralisation, FGF8 and chemical GSK3p inhibition
(CHIR) for the activation of canonical Wnt signalling (Kriks et al., 2011). Early neural
precursors were patterned to midbrain with coexpression of LMX1A and FOXAZ2 in
59% of the cells at D11 in culture. At D25 cells show an intermediate phenotype, with
98% of cells co-expressin FOXA2 and LMX1A but only 20% TH+/FOXA2+ cells.
These later gave rise to cultures with about 75% TH+, 80% FOXA2+, 60% LMX1A+
and 55% NURR1+ cells at D50, which were electrophysiologically active with a
behaviour similar to mDA neurons, and which successfully grafted in mouse, rat and

non-human primate models (Kriks et al., 2011).

Similar results are obtained using a variation in timing and concentration of the GSK3
inhibitor (Kirkeby et al., 2012). They demonstrated the capacity for Wnt activation to
specify different rostro-caudal identities dependent on the concentration of GSK3
inhibitor. This optimisation allowed them to obtain FP progenitor cultures with 81%
co-expression of FOXA2 and LMX1A, with a majority of them also expressing EN1
(non-quantified) and which are then able to differentiate into mDA neurons (paper did
not provide a quantification of the neuronal cultures) (Kirkeby et al., 2012). The
detailed protocol associated with this paper, with information on troubleshooting was
published soon after (Kirkeby et al., 2013). A later variation of this protocol, with
removal of purmorphamine from SHH activation at the start, delayed FGF8 and slow
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adaption of cells to maturation media with incomplete media (BDNF, AA and FGF8
only) for 5 days prior to use of full maturation media as described in preceding
protocol, is published by Kirkeby and colleagues (Nolbrant et al., 2017). These gave
rise to 80-95% LMX1A+/FOXA2+ cultures at D11, followed by only 10% TH+ cells,
of which 87% co-express LMX1A and FOXA2 by D44 (Nolbrant et al., 2017). All

information is available in Table 25 and Figure 34.

Other relevant previously published protocol

Chambers and colleagues use Noggin and SB to inhibit SMAD signalisation to push
neuralisation prior to the use of patterning molecule activating SHH signalling and
neurotrophic support for maturation (Chambers et al., 2009). SHH signalling using
SHH-N recombinant protein was at first warranted (Hynes et al., 1995) and applied to
numerous protocols, before the advent of Smoothened agonists for the stable activation

of SHH signalling in vitro.

Similarly, the necessity to activate Wnt for the specification of the cells to the midbrain
and not FP only was hindered by the lack of a small molecule capable of activating
Wnt without genetic modification of the cells. This came around in the form of
CHIR99021, a GSK3p inhibitor allowing the activation of the canonical Wnt
signalling pathway. Xi and colleagues then demonstrated that, in addition to dual
SMAD inhibition, SHH activation alone leads to a FP destiny but that the addition of
an appropriate quantity of Wnt activation concomitantly was necessary for the

development of mDA neurons (Xi et al., 2012).

One group points at the lack of appropriate regionalisation of the dopaminergic
neurons they had produced using Noggin (Sonntag et al., 2007), with an important co-
expression of PAX6 and ISLET1 two transcription factors associated with the dorsal
diencephalon but not the midbrain (Cooper et al., 2010). They proceed by describing
the use of RA for regionalisation to the midbrain and SHH for the ventralisation of the
obtained cells, with low final yield of < 1% cells co-expressing FOXA2/BIII/TH by
the end of the cells differentiation and maturation (Cooper et al., 2010).
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Figure 34: Graphic representation of the most general aspects of the protocols referenced in Table 25.
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The same year, another group applied their mDA hESCs-differentiation method to two
hiPSC lines, using embryoid bodies followed by SHH and FGF treatment, further
replaced by neurotrophic factors. Final cultures contain a large majority of BllI+ cells,
with about 30% TH+ cells all co-expressing GIRK2 (Swistowski et al., 2010).

This chapter presents the rationale of our in-house method for mDA neuron induction,
as well of efforts to improve the method’s yield. It will discuss the caveats and
advantages of such a protocol, as well as the possible future applications for this much
needed model. Cells issued from this protocol are then used for functional analysis of
the differential effect of a GCH1 mutation between PD and DRD phenotypes in the

next chapter.

1. Methods

1. iPSC lines:

Fibroblasts from three patient from a family carrying a heterozygous GCH1 loss-of-
function mutation (c.343+5G>C) and presenting with either PD or DRD were obtained
by Dr Niccolo Mencacci. Reprogramming of these fibroblasts to iPSC lines was
performed by Censobio, an external company which reprograms cells for research.
Stringent quality control of each line is performed by the company before delivering
the cell lines: genotyping for aneuploidy, short tandem repeats (STR) profiling in
comparison to the original cell sample, pluripotency test with the formation of all three
germ-layers (endoderm, mesoderm, ectoderm), mycoplasma and microbiological tests,

viability test and pluripotency marker expression via flow cytometry.

Four hiPSC lines from healthy donors routinely used in our lab are selected to complete
our case-control set. All iPSC lines are checked for mutations in all 6 exons and exon-
intron junctions using Sanger sequencing. Table 26 summarizes the characteristics of
the hiPSC lines used for mDA induction.

179



iPSC Donor GCH1 Age of | Age at | Sex of | Cell type
line Phenotype | Mutation donor | disease | donor | of origin
onset
CTRL1 | Healthy None 73 N/A Male Skin
fibroblasts
CTRL2 | Healthy None 64 N/A Male Skin
fibroblasts
CTRL3 | Healthy None 0 N/A Female | CD34+
blood cell
CTRL4 | Healthy None 51 N/A Male PBMCs
PD Parkinson’s | ¢.343+5G>C | 66 59 Male Skin
disease (heterozygous) fibroblasts
DRD1 | DOPA- €.343+5G>C | 46 infancy | Male Skin
responsive | (heterozygous) fibroblasts
dystonia
DRD2 | DOPA- €.343+5G>C | 22 3 Male Skin
responsive | (heterozygous) fibroblasts
dystonia

Table 26: iPSC lines used in this study. All cell line were Sanger sequenced for any mutations in GCH1 gene.
All lines are from male participants.

2. mDA induction protocol

iPSC are grown in E8 media on geltrex-coated wells and passaged with 0.5mM EDTA.
The mDA induction protocol can be started when cells have reached complete
confluence (DO): E8 media is removed, cells rinsed with PBS, and placed in freshly
reconstituted DO-D6 media. Media is then replaced daily and in excess with DO-D6
media until D6 of the protocol. At D4, cells are split with dispase and plated at a 1:2
ratio as clumps of 300-500 cells onto matrigel coated plates in D0-D6 media
supplemented with 10uM Rockl (for 24 hours). On D7, media is changed to D7-D9
media after rinsing of cells with PBS, followed by daily changes with D7-D9 media
until D10 when cells were rinsed in PBS and placed in N2B27 only. Second split is

performed on D11 using dispase, and cells are plated at a 1:3 ratio as clumps of 100-
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200 cells onto matrigel-coated 6-well plates in N2B27 supplemented with 10uM Rockl
for 24 hours. At D12, cells are rinsed with PBS and placed in D12-D13 media for 48
hours with no media change. Cells are rinsed with PBS and placed in D14+ media
from protocol D14 onwards. Media can then be changed every 2-3 days at first and up
to every 4-5 days as maturation continues. An intermediate accutase splitting of the
cells can be performed at D20-25 with cells plated on matrigel-coated 6-well plates at
a 1:2-1:3 ratio. Final splitting is performed around D35 using accutase, with cells
plated at a final proportion of 30,000-40,000 cells/well in matrigel-coated 8-wells ibidi
chambers for further maturation and functional and ICC experiments.

3. Media composition

The neuronal maintenance medium (N2B27) is a 1:1 mixture of N2 and B27 media.
N2 medium contains: DMEM/F12 GlutaMAX, 1X N2 supplement, 100uM non-
essential amino acids, 100uM 2-mercaptoethanol, 5ug/mL insulin, 50 U/mL penicillin
and 50mg/mL streptomycin. B27 medium contains: Neurobasal, 1X B27 supplement,
1X GlutaMAX supplement, 50 U/mL penicillin and 50mg/mL streptomycin. N2 and
B27 media are kept in separate bottles at 4 degrees for a maximum of 28 days and are
mixed 1:1 into N2B27 as needed.

Media SB DM | CHIRR | Purmor- BDNF GDNF | Ascorbic | cCAMP | Comp-
phamine Acid ound E

D0-6 | 10mM | 2mM | 3mM 1ImM

D7-9 . 2mM | 3mM 1mM . . .

Di12- . . . . 20ng/mL | 20ng/mL 0.2M

13

D14+ . . . . 20ng/mL | 20ng/mL 0.2M 0.5mM | 0.1mM

Table 27: Media composition for original mDA induction protocol. All reagents are diluted in N2B27 media
(2:1 mixture of N2 and B27 media. N2 medium contains: DMEM/F12 GlutaMAX, 1X N2 supplement, 100uM
non-essential amino acids, 100uM 2-mercaptoethanol, 5ug/mL insulin, 50 U/mL penicillin and 50mg/mL
streptomycin; B27 medium contains: Neurobasal, 1X B27 supplement, 1X GlutaMAX supplement, 50 U/mL
penicillin and 50mg/mL streptomycin.).

All differentiation media consist of mixtures of molecules diluted in N2B27: medium
for DO-D6 of protocol is composed of 10uM SB, 2uM DM, 3uM CHIRR and 1uM
purmorphamine; D7-D9 medium contains 2uM DM, 3uM CHIRR and 1uM
purmorphamine; D12-D13 medium contains 20ng/mL BDNF, 20ng/mL GDNF and
0.2mM ascorbic acid; D14+ adds 0.5mM cAMP and 0.1uM compound E to D12-D13
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medium. Recapitulation of these media composition can be found in Table 27. All
mDA protocol media are prepared freshly and kept at 4 degrees for a maximum of 4
days. Additionally, the time-point appropriate media is supplemented with 10uM
Rockl for 24 hours at each splitting step of the mDA protocol. All media are kept at 4
degrees and required amounts are warmed up to room temperature on benchtop prior
to each media change. All reagents necessary for the preparation of mDA protocol
media are kept at -20°C after being reconstituted and adequate small quantities are
thawed on bench as necessary for each media preparation. Detailed protocols for iPSC
maintenance, dispase and accutase splitting, well coating with geltrex and matrigel and

media preparation can be found in the Materials and Methods chapter.

4. mDA induction protocol variation trials

Different variations of the mDA induction protocol presented here were trialled in an
attempt to improve the survival of mutant cell lines through the protocol and to

increase the final yield of MDA neurons of our method.

Trialled changes for the definition of a more efficient mDA induction protocol are:

- Purmorphamine variation: purmorphamine is withheld from the media
composition for the first 48 hours of the original mDA induction protocol in
order to increase the effectiveness of neural conversion in our cultures;

- Retinoic acid variations: 0.1uM of retinoic acid (RA) is added to the induction
media after the time-point defined as midbrain FP neural progenitor to increase
the posterior patterning of the maturing cells, as well as improve the
effectiveness of neural conversion and differentiation. As the appropriate
condition and timing for the addition of RA is undefined, trials are as:

o RA1 —addition of RA one day prior to compound E

o RAZ2 —addition of RA at the same time as compound E

o RA3 - addition of RA at the same time as compound E and with the
addition of 10uM Rockl in the first 24 hours.

To increase survival, timing and ratio for splits are adjusted from the original protocol

as follows: cells are split 24 hours earlier than described in the protocol when cells
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start lifting off the bottom of the well, and second split at the neural precursor stage is

increased from 1:3 to 1:4 when cells are overly confluent.

5. Cell type characterisation

At pre-defined time-points, cells plated on either 8-wells ibidi chambers or glass
coverslips (diameter 13mm) in 24-well plates, are fixed using 4% PFA in PBS
solution. Briefly, the media is removed; cells are rinsed in PBS and treated 20-30
minutes with 4% PFA at room temperature. PFA is removed and cells rinsed twice

with PBS and kept covered in PBS in sealed plates at 4°C prior to ICC experiments.

ICC experiments on fixed cells follow a few simple steps: fixed cells are first
permeabilised in a solution of 0.2% Triton-X-100, 3% bovine serum albumin (BSA)
in PBS for one hour at room temperature before being incubated with primary
antibodies diluted to their appropriate concentration (see below) in PBS 3% BSA for
1 hour at room temperature or overnight at 4°C. Primary antibodies are washed thrice
5 minutes with PBS 3% BSA prior to incubation with fluorophore-conjugated
secondary antibodies for an hour at room temperature in the dark. Secondary
antibodies are rinsed thrice 5 minutes in PBS 3% BSA with the last wash containing
DAPI for cell nuclei labelling. Finally DAPI is rinsed off of all wells or coverslips and

these are placed in PBS until mounting (coverslips) or directly for imaging (ibidi).

Image acquisition is performed using an inverted confocal microscope (Zeiss). For
each well or coverslip, 3-5 areas representative of cell density were selected randomly
using DAPI 405nm channel. Snapshots were taken when cells are found in a single

layer; z-stacks were used for capturing several layers of cells when necessary.

Images are analysed on Fiji (ImageJ) using Cell counter, a manual counting tool and
manual selection of regions of interest (ROIs) when appropriate. Areas where nuclei
are not clearly delineated are removed from all channels prior to counting. Cell counter
and ROIs manager sets files were saved for future reference. Expression of each
marker is expressed as the proportion of cells positive for the marker out of all DAPI-

stained nuclei in the field.
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I11. Results

1. Rationale of the mDA induction method

The method for induction of mDA neurons from hiPSC developed in our laboratory
can be separated in two major phases: neurogenic phase associating neural FP
induction signals to inhibition of pluripotency via dual SMAD inhibition; and
maturation phase with the use of neurotrophic factors and Notch inhibition to arrest

the cell cycle Figure 14.

In the first (neurogenic) phase, iPSC are placed in a mix of small molecules to achieve
dual SMAD inhibition and activation of both SHH and Wnt signalling. The dual
SMAD inhibition method, first described by Chambers and colleagues, induces
neuralisation through the blockade of endodermal (TGFB) and mesodermal (BMP)
signals (Chambers et al., 2009). TGFp inhibition is achieved through the use of SB-
431542 (SB), a potent and selective inhibitor of TGF- type I receptors ALK5, ALK4
and ALK7 (Inman et al., 2002); and BMP signal is inhibited through the use of
dorsomorphin dihydrochloride (DM), a potent inhibitor of BMP type | receptors
ALK2, ALK3 and ALK®6 and of protein kinase A (PKA) (Yu et al., 2008). Use of PKA
inhibition is further supported by the PKA-sensitivity of DA differentiation in vitro
(Hynes et al., 1995). SHH signalling is activated with purmorphamine, a Smoothened
agonist which directly binds to Smoothened receptor to promote the expression of Hh
target genes via Gli transcription factors expression (Sinha and Chen, 2006). The
activation of SHH signalling concomitant to dual SMAD inhibition is found necessary
to upregulate FOXA2 expression, via Gli, allowing for a patterning of the pre-
neuroepithelial cells obtained by dual SMAD alone to the FP and not the PAX6
expressing neuroepithelium fate (Denham et al., 2012). Finally, activation of Wnt
signalling is permitted by the addition of CHIR-99021 (CHIR), a highly selective
inhibitor of GSK-3 (both o and B isoforms). GSK3p is an enzyme involved in (-
catenin phosphorylation, leading to its degradation. In its unphosphorylated form, -
catenin first accumulates in the cytoplasm and then eventually localizes in the nucleus
to modulate gene transcription allowing signal transduction through the canonical
Whnt/B-cat pathway (Huang et al., 2017b). Downstream targets of Wnt signalling

184



include LMX1A, PITX3 and NURR1, all essential for mDA patterning and/or survival
(Xietal., 2012).

The success of the first phase in patterning iPSC to the mDA neuronal fate can be
estimated with ICC experiments based on the nuclear co-expression of FOXA2 and
LMXZ1A around D12 of the induction protocol (Andersson et al., 2006). LMX1A
expression is present in human mDA neural progenitors in the ventricular zone of the
FP as early as PC week 6 and is maintained throughout the mDA neuron life
(Hebsgaard et al., 2009). Expression of both LMX1A and FOXAZ2 is observed in the

midbrain FP progenitors in the developing human brain (Nelander et al., 2009).

In the second (maturation) phase, neural precursors which have been committed to
mDA differentiation path are placed in neurogenic conditions to further support their
maturation to mDA neurons. During this maturation phase, cells are first placed in the
presence of ascorbic acid and neurotrophins: brain-derived neurotrophic factor
(BDNF) and glial cell-line derived neurotrophic factor (GDNF). These neurotrophins
are required for the differentiation and survival of mDA neurons at different stages in
the developing human brain. Ascorbic acid (or vitamin C) is a naturally occurring
antioxidant known to protect cells against ROS-associated oxidative stress and to
stimulate mDA differentiation from neural precursors in vitro and in vivo grafts (Bagga
et al., 2008; Kalir and Mytilineou, 1991; Yan et al., 2001). Importantly in the case of
dopaminergic neurons, BH4 gets oxidised to BH3 by buffering the ROS produced
during dopamine synthesis and ascorbate is necessary for the reduction of BH3 to BH4
(Kuzkaya et al., 2003). All three molecules are also able to protect mDA neurons
against toxin-induced injuries both in vitro and in vivo (Sautter et al., 1998; Sun et al.,
2005; Wagner et al., 1985). Co-culture of mDA neurons with BDNF and GDNF

improve the quality of mDA neuron cultures prior to grafting (Sautter et al., 1998).

Media containing all three molecules is subsequently supplemented with cyclic
adenosine monophosphate (CAMP) and compound E. cCAMP is used to activate
CAMP/PKA signalling pathway by enhancing PKA enzymatic activity and is known
to promote mDA neuron differentiation from hPSCs (Xia et al., 2016). Moreover, later
introduction of compound E in the media in addition to the neurogenic factors inhibits

Notch signalling through y-secretase inhibition, effectively delaying the cell cycle
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transition from G1 to S phase long enough for the neurons to terminally differentiate.
Notch is required for the maintenance of neural precursors in an undifferentiated self-
renewing state, effectively preventing neurogenesis in vivo, and allowing fast-cycling
precursors to overcome any post-mitotic differentiated cell in the culture dish. Notch
inhibition with compound E is thus used to promote neuronal differentiation, leading
to a more mature cell phenotype in vitro (Borghese et al., 2010). Compound E was
successfully used in previously published protocols for the derivation of various
neuronal subtypes from hiPSCs (Hall et al., 2017; Xie et al., 2018).

The success of this protocol at inducing differentiation of mDA neurons from iPSC is
determined by the proportion of cytoplasmic expression of BllI-tubulin and TH. Other
markers such as DAT and GIRK2 are also associated with mDA neuron maturation

and their expression can be assessed using ICC.

2. Attempts at the mDA induction protocol

A total of 13 inductions are performed using GCH1 and control lines, of which:

- Subsets of the cell cohort, each pairing mutant and control lines, are used for
trialling the original mDA induction method (4 separate attempts);

- Due to high variability in cell survival and protocol yield between these first
attempts, a control line was used for further protocol optimisation (4 separate
attempts);

- Final induction protocol is chosen and run on complete sets of cell lines (all 3
GCH1 mutant lines and 3-4 control lines) (5 separate attempts)

Of these 13 inductions, five did not provide any results due to: infections (2) or
spontaneous cell death and detachment in the absence of infection prior to analysis
time point (2), or due to media composition trial associated with cells detachment (1).
For the remaining 8 inductions, ICC is used to determine phenotype at various time-
points and results are discussed here. Cells from 4 inductions are used for functional
imaging and results presented in the next chapter. A breakdown of the cell lines used,

protocols attempted and characterisation results available is given in Table 28.
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Lines | Protocol | NPC mDA Functiona | Comments
staining staining | | imaging
(D12)
CTRL1 | Original FOXAZ2 TH No Testing the
PD mDA LMX1A BIlI original protocol
induction | PAX6
OCT4
(CTRL1
only)
CTRL2 | Original LMX1A TH No Testing the
DRD1 | mDA PAX6 Bl original protocol
induction | OCT4 PAX6
OCT4
CTRL1 | mDA FOXAZ2 Bl No Comparing
induction | LMX1A GFAP conditions  to
variations | PAX6 Ki67 determine  best
trials OCT4 TH protocol
GIRK?2 Intermediate
DAT D21 ICC
CTRL1 | mDA FOXA2 Bl No Comparing
induction | LMX1A GFAP conditions  to
variations | PAX6 Ki67 determine  Dbest
trials OCT4 TH protocol
GIRK2
DAT
CTRL1 | Original FOXA2 Yesat NPC | Ameliorated
CTRL2 | mDA LMX1A and mDA | frequency and
CTRL4 | induction | BIII stages ratio of splitting,
PD and GFAP two inductions
DRD1 | purmorph | Ki67 ran
DRD2 | amine NFIA simultaneously
variation | OCT4
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6 | CTRL1 | Original LMX1A No Aborted at D14
CTRL2 | mDA FOXA2 as NPC ICC
CTRL4 | induction results were not
PD optimum
DRD1
DRD2

7 | CTRL1 | Original LMX1A Yesat NPC | Aborted at D28
CTRL2 | mDA FOXAZ2 stage of protocol as
CTRL3 | induction neuronal  cell
CTRL4 overgrown by
PD cells of
DRD1 unknown nature
DRD2 in culture

8 | CTRL1 | Original LMX1A Yesat NPC | Used for
CTRL2 | mDA FOXAZ2 stage confirmation of
CTRL3 | induction functional
CTRL4 imaging in
PD NPCs from
DRD1 previous sets of
DRD2 induction

Table 28: Breakdown of the different inductions which have provided characterisation results

3. Characterising cells at the iPSC stage using ICC

ICC is performed prior to the start of the mDA induction protocol (DO0) as quality

control for the maintained pluripotency of the lines (OCT4) and the absence of

spontaneous neuronal differentiation (PAX6, a neuroepithelial marker). Both markers

are transcription factors and are thus located in the nuclei. At DO, 99.42% of all cell
nuclei stained with DAPI show nuclear expression of OCT4 (94.11-100%, n = 5605

positive cells out of 5638 cells analysed across 12 fields in all our lines). Moreover not

a single one of these cells is found positive for PAX6 (
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Figure 35). This supports the maintenance of pluripotency and the absence of
spontaneous neuronal differentiation in our iPSC cultures, making these cultures

appropriate for undergoing the mDA induction protocol.

Figure 35: OCT4-PAX6 staining example in iPSCs PD line at DO, prior to start of induction protocol. OCT4
expression can be observed in all DAPI-stained nuclei, while there is no visible PAX6 staining in these cells.
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Figure 36: Example of ICC for mDA FP neuroprecursor cells at D12 of the mDA induction protocol. Figure
shows the strong co-expression of LMX1A and FOXA2 (a), as well as PAX6 (b); associated to the loss of
expression of OCT4, a pluripotency marker (b) in control cells.
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4. First attempt results and rationale for improving method

During the mDA induction protocol, cells are subjected to external cues aiming to
reproduce their normal differentiation conditions in the developing brain. Accordingly,
at D12 of the mDA induction protocol which corresponds to a time-point between the
neurogenic and maturation phases of the protocol, cells should have reached the
intermediate stage of MDA FP neural progenitors, when cells are developmentally
patterned to becoming mDA neurons but do not yet express mature mDA neuron
markers. To confirm this, cells are tested for the co-expression of markers of the FP
(FOXAZ2) and roof plate (LMX1A) typical of the midbrain using ICC (Figure 36a).
Expression of the pluripotency marker OCT4 and the early neuroepithelial marker
PAX6 are also ascertained to establish the identity of the cells in culture and the
success of the protocol at neuralizing our cells at this stage (Figure 36b). Between my
first two inductions, each performed on a case-control pair (CTRL1 and PD for the
first set and CTRL2 and DRD1 for the second set) ICC was performed on both controls
and the DRDL1 line (after the early death of all PD cells prior to protocol D4 first split).
All cells have lost their pluripotency marker OCT4 by D12 of the mDA induction
protocol (n = 5283 cells across 6 fields) in both first sets of induction. However, cell
fate markers differ between inductions. High proportions of cells express each marker
in the first induction set with: 97.9% LMX1A+ (96.73-99.57%, n = 2503 cells across
3 fields); 94% FOXA2+ (87.75-98.27%, n = 2503 cells across 3 fields); and 94.7%
PAX6+ (88.84-98.28% n = 2445 cells across 4 fields) (Figure 37a). In the second
induction set, there is a slightly lower expression of LMX1A (75% cells LMX1A+ in
n = 994 cells across 2 fields) and a drastically decreased proportion of PAX6+ cells
(10.9% PAX6+ cells in n = 2838 cells across 2 fields) (Figure 37a). Altogether these
results suggest an important variation in differentiation behaviour between lines and/or
inductions with this method, from an early stage. However the method is efficient at
supporting midbrain markers expression from this first stage of differentiation (Figure
37b).
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Figure 37: Characterisation of cells undergoing the mDA induction protocol at D12 for the first two
induction sets. Results are presented for these two sets (a) separately and (b) pooled together. Cells marked by ICC
as expressing each of the four markers are counted and proportion is calculated as number of cells expressing each
marker / total number of cells estimated using DAPI staining.
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The mDA induction protocol was primarily designed to yield a high proportion of
mDA neurons within a month in culture. Markers for mDA neural differentiation are
immuno-labelled at this time-point to determine protocol feasibility in the GCH1 lines.
Results are pooled for both sets as they are very similar. Neural differentiation
efficiency is first assessed using anti-Tuj1 antibody which recognises epitopes of BIlI-
tubulin in our cells, expressed in all neurons; and TH for the mDA subtype (Figure
38&Figure 39). The cultures comprise of only 8.9% Tujl+ cells (2.38-19.51%, n =
4457 cells analysed across 9 fields) (Figure 40). Additionally, 5.3% of all cells are
TH+ (0.72-9.59%, n= 3163 cells analysed across 8 fields), a marker of dopaminergic
differentiation in neurons, as TH is a necessary enzyme for the production of
dopamine. Finally, no OCT4+ or PAX6+ cells are visible in these cultures (n = 1267
cells analysed across 2 fields). PAXG6 is an early pan-neuronal marker which is found
restricted to the forebrain in later developmental stages (Mastick and Andrews, 2001),
supporting the non-forebrain commitment of the visible neurons in our cultures.
Similarly, there was no GIRK2 labelling in any cells (n = 3595 cells across 8 fields),
a specific marker of the midbrain. There remains the possibility that the GIRK2
primary antibody was defectuous as other members of the laboratory failed to observe
any positive cells in different types of cultures. And a small proportion of cells of
~2.5% Ki67+ cells are still dividing (Figure 40). These suggest that the further
maturation of our mDA-patterned midbrain FP neural progenitors does not yield a high
proportion of MDA neurons by D30. Moreover, with regards to these first results, it is
necessary to modify our protocol to increase mDA neuron differentiation yields in our

cultures through to the second stage of differentiation.
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Figure 38: Example of staining at D65 of the mDA induction protocol. Figure shows the co-expression of BllI,
TH and DAPI, as well as each staining separately on control cells in a complete field of view.

20 pm

aoam am

Figure 39: Example of staining at D65 of the mDA induction protocol, with detail from a field of view. Figure
shows the co-expression of BllI, TH and DAPI, as well as each staining separately on control cells.
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Figure 40: Characterisation of cells undergoing the mDA induction protocol around D30 for the first two
induction sets pooled together. Cells marked by ICC as expressing each of the five markers are counted and
proportion is calculated as number of cells expressing each marker / total number of cells estimated using DAPI
staining.

5. Defining the right conditions

Using these first two inductions as baseline, and the control used in the first induction
attempt which yielded relatively pure mDA patterned cultures at D12 with low yield
by around D30 as model, protocol modifications were attempted.

The first attempted modification aimed at delaying the activation of SHH signalling in
our cultures, similarly to its expression starting post-gastrulation and after the loss of
complete pluripotency of the PSCs during development, by withdrawing
purmorphamine for the first 48hours of the mDA induction protocol. There is no
significant effect of the delaying of SHH signalling activation on the patterning of the
midbrain FP progenitors obtained at D12 of the mDA induction protocol. While the
original protocol yielded 56% LMX1A+ cells (15.4-92.4% in n= 3014 cells across 5
wells), 58% of the cells are LMX1A+ in the purmorphamine delay condition cultures
(35.5-80.5% in n = 3301 cells across 7 wells) at D12. Proportion of PAX6+ cells in
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these cultures are 7.9% (5.8-10.7% in n = 1892 cells across 5 wells) and 17.1% (15.2-
19.5% in n = 2845 cells across 3 wells) for the regular and delayed SHH conditions
respectively (Figure 41). There are differences in proportions of LMX1A+ and PAX6+
cells between the two sets of inductions for these trials on the same control line, but
numbers of fields are too low in each set to compare these statistically (data not
shown). However this suggests a role for variability between inductions, independent

from the used cell line.
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Figure 41: Protocol variation with SHH delaying. Represents the ICC characterisation of D12 cells, for
regular mDA induction protocol (DA2) and SHH delaying trial (DA2NoP). Cells marked by ICC as expressing
each of the five markers are counted and proportion is calculated as number of cells expressing each marker / total
number of cells estimated using DAPI staining

The effects of delaying activation of SHH signalling for 48 hours are assessed as the
final proportion of cells expressing either TH or BllI-tubulin or both, as well as by the
absence of Ki67 immunolabelling consistent with a post-mitotic neuronal state at D40.
Proportions of cells expressing BllI-tubulin are 56.5% cells in the regular protocol
(52.5-66.6% in n = 880 cells across 4 fields) and 51.4% in the SHH delay condition
(24.3-80% in n = 348 cells across 3 fields) (Figure 42). Similarly, the number of TH+
cells are 17.4% (9.5-23.6% in n = 901 cells across 4 fields) and 9.9% (7.9-11.9% in n
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= 694 cells across 2 fields) in these two conditions respectively (Figure 42). Ki67
expression in these cultures is estimated alongside BllI-tubulin, with cultures showing
21.3% Ki67+ cells using the initial method (11.4-27.5% in n = 880 cells across 4 fields)
and 30.1%(22-46.1% in 348 cells across 3 fields) using the SHH delay condition
(Figure 42). None of the Ki67+ nuclei are found in cells expressing cytoplasmic BlllI,
supporting a successful differentiation to post-mitotic neuronal cells. The cultures
show no PAX6, OCT4, DAT or GFAP expression in either condition at this stage.
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Figure 42: Protocol variation with SHH delaying. Represents the ICC characterisation of D40 cells, for regular
mDA induction protocol (DA2) and SHH delaying trial (DA2NoP). Cells marked by ICC as expressing each of the
five markers are counted and proportion is calculated as number of cells expressing each marker / total number of
cells estimated using DAPI staining.

PAXG6 is an early marker of the neuroepithelium (~D4), which is later only found in
the forebrain. The significance of PAX6 expression at the stage described here as
midbrain FP progenitor may be associated with either delayed inhibition of its
expression in culture or a more rostral identity of the cells than warranted. In order to
improve the rostro-caudal patterning another modification of the protocol consists in

the addition of 0.1uM of the caudalizing agent retinoic acid to the cultures using three
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different experimental paradigms, namely R1, R2 and R3. These are tested in parallel
to the SHH delay condition trial. As these are implemented later than D12, their
efficiency at promoting the induction of mDA neurons is estimated using
dopaminergic neuronal markers Blll, TH and DAT, as well as Ki67 as a marker for
mitotic cells and GFAP for glial cells. At D40, that is 4 weeks after addition of RA to
the cultures, proportion of cells expressing BIll, TH and Ki67 are roughly similar
between conditions. Proportion of BIlI+ cells vary from 15.8% to 80% between wells
and across the different conditions, with the highest yield stably achieved by the
regular mDA induction protocol with 56.5% BIII+ cells on average (52.4-66.6% in n
= 880 cells across 4 fields) (Figure 43). Proportion of TH+ cells vary from 5.9-23.7%
between wells and across the different conditions, with the highest yield stably
achieved by the regular mDA induction protocol with 17.4% TH+ cells on average
(9.5-23.6% in n = 880 cells across 4 fields) (Figure 43). Finally, the proportion of
Ki67+ cells vary from 7.6-53.8% between wells and across the different conditions,
with the lowest yield stably achieved with the RA2 condition on the base of delayed
SHH activation with 11.05% Ki67+ cells on average (7.66-14.45% in n = 1399 cells
across 2 fields) (Figure 43). None of the cultures show expression of either GFAP nor
DAT. The first supports the absence of mature astrocytes in our cultures. The second,
as DAT is a marker for mature DA neurons, may be suggesting that the cultures will
require a longer maturation stretch to obtain fully mature mDA neurons. However,
DAT is present in pre-synaptic neurons at the synaptic cleft, and as such its absence
from the culture may be associated with the lack of dopaminergic synapses (Horn,
1990).

There is thus no statistically significant effect of the delay of SHH signalling activation
or the addition of RA, following any of the three defined experimental paradigms, on
the proportion of cells expressing any of these three mDA markers. Moreover, the
original protocol seems to achieve more advantageous yields overall, with a somewhat
higher proportion of Blll+, TH+ and lower Ki67+ cells, all supportive of an overall
higher experimental yield. An optimised version of the original protocol is thus used,
including minor changes to plating density and frequency of media changes from

empirical experience, to produce the cultures used for functional imaging.
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Figure 43: Proportion of cells expressing each marker at D40 of induction protocol. Cells are stained for BllI
expression, Ki67 expression and TH expression. Conditions for the induction are defined as regular (DA2) or
delayed SHH activation (DA2NoP) with the addition of RA 0.1uM according to the different protocol paradigms
(RA1-3) or without (DA2).

6. Line to line variability

Induction efficiency varied between the lines used, with most differences found
between controls and GCH1 mutant lines. While there was no identifiable difference
between the cell groups defined as cell-donor phenotype in OCT4 expression as a
marker for pluripotency prior to the start of the mDA induction protocol (Figure 44),
differences are observed for all final markers by the end of the protocol (Figure 45).
Indeed, control lines overall yielded higher proportions of neurons (BIlI labelling), of
which more were dopaminergic (TH labelling). However, this was in the presence of
a more important proportion of mitotic cells in control and DRD group than PD group
(Ki67 labelling) and with more background glial differentiation in controls than mutant
groups (GFAP labelling) (Figure 45). These observations are not statistically
significant, probably due to the low number of observations and further validation will

be necessary to validate this finding.
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Figure 44: OCT4 expression at the start of induction protocols. Oct4 is used as a marker for pluripotency in
cell groups defined by donor phenotype

Nevertheless, this supports the role for an inter-line variation in the mDA neuron yield
of the proposed protocol, which may be associated with adverse effect of the mutation
on the capacity of the GCH1 mutant cells (PD and DRD groups) to efficiently
differentiate into mDA neurons. This is supported by previous observations of a rescue
of mDA differentiation capacity by BH4 and sepiapterin treatments in iPSC-derived
limited number of observations by the end of the protocol is the loss of lines by
detachment or well-wide cell death, especially in the PD and DRD groups, supporting

this hypothesis.
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1V. Discussion

Many protocols making use of small molecules to replicate natural
neurodevelopmental cues, have failed to produce high purity mDA neuron cultures
from hPSCs in a timely manner. This chapter presents the protocol developed by the
Patani laboratory to achieve this goal, as well as my attempts at improving this method
using delayed SHH signalling activation and stronger rostro-caudal specification.
These attempts were unsuccessful to significantly increase method’s yield and the
protocol chosen to produce the cells used in the functional analysis chapter of this
thesis consists in the original method, while including minor changes in length,

frequency of splits and splitting ratios.

Results from the several attempts at the protocol varied greatly between inductions but
also between lines. Both may be at least in part associated with hiPSC presenting a
high variability of gene expression, with line-specific enrichment of developmental
pathway gene expression, affecting their differentiation tendencies (Carcamo-Orive et
al., 2017; Liang and Zhang, 2013). Hence, case-control pairs are originally used to trial
the protocol in both wild type and mutant cells and confirm the ability of the iPSC
lines to undergo neural differentiation, and a single control is used for trialling protocol
changes in an attempt to limit observed variations to the effect of these controlled
changes in culture conditions. The last sets of induction are performed on either 3 or 4
controls and 3 patient lines for further functional analyses. This is in the absence of a
strict consensus on the number of lines, both cases and controls, necessary for the
development and replication of a differentiation protocol. Additionally, the used iPSC
lines are passaged more than 15 times as an extended number of passages helps to
reduce the risk for high proportion of CNVs in iPSC lines (Hussein et al., 2011;
Laurent et al., 2011). Importantly lower differentiation efficiencies and higher
variability have been observed in iPSC lines compared to ESC lines, making the
application of protocols developed in ESCs more complex to adapt to iPSC-based

research projects (Hu et al., 2010).

The yields achieved with our method are quite comparable to those reported in the
literature using similar methods (Cooper et al., 2010; Nolbrant et al., 2017; Swistowski
etal., 2010), with the exception of Kirks and colleagues who obtained 75% TH+, 80%
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FOXA2+, 60% LMX1A+ and 55% NURR1+ cells at D50 (Kriks et al., 2011),
although these could not be replicated in our lab using their method. Finally some
articles did not provide precise counts of their final yields, nor reasons for these
omissions (Chambers et al., 2009; Kirkeby et al., 2012). Survival and differentiation
yields are quite different between and within inductions, pointing at a possible effect
of proliferation, gene expression or genetic background on the induction ability of the
cell lines used in this project. The highest degree of discrepancy between lines is
generally found between cases and controls, with observations such as the recurrent
loss of mutant cell lines at various stages of differentiation, with no predicted effect of
the mutation on the neurodevelopment of mDA neurons. In order to maintain
observation of variation to the differences existing between control and mutant lines,
other sources of variation are tested for. Due to the high number of failed attempts at
inducing mDA differentiation, the operator and effect of the mutation on
differentiation capacity are tested as potential sources of technical discrepancy. Dr
Minee Choi trialled the method in parallel on different mutant lines but with the same
controls, and observed similarly high variation in differentiation yield and cell survival
both between lines and between inductions. These difficulties may be underlying the
lack of improvement of the time-efficiency of protocols in 13 years, one of the main
aim of these trials, pointing at a possible “minimum” period of time needed for human

dopaminergic neuron maturation in vitro (Marton and loannidis, 2018).

1. hiPSC model advantages and issues

hiPSC-derived neurons from patient cells have many advantages associated with their
origin. hiPSC provide researchers with the complete genetic background which gives
rise to a disorder, increasing the chances to observe similar phenotypes in vitro as in
vivo, and the possibility to study the mechanisms associated with this phenotype or to
test new drugs. The ability to stably produce large quantities of high purity mDA
neurons in culture, from the self-renewing hiPSC source, will greatly improve the
access to disease-relevant human tissue for the study of PD and other mDA neuron-
associated disorders such as DRD. It would also facilitate their use in cell replacement
therapy approaches with an important reduction of the risk for graft rejections when

the iIPSC are derived from the grafted patient. However, iPSC-derived models are
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imperfect due the nature of both iPSC reprogramming and induction methods, such as
cell age marker ‘reset’. An alternative method would be direct differentiation of mDA
neurons from fibroblasts, which can allow the maintenance of epigenetic markers
associated with the age and the effects of environmental cues on the patient (Caiazzo
etal., 2011), both important factors in complex late-onset disorders such as PD. These
protocols may also be able to remove the teratogenic risk associated with iPSC-derived
grafts due to the possible presence of progenitor cells in the culture, while maintaining
their safety for cell replacement therapies by removing the donor-host rejection risks.
Direct induction of skin fibroblasts to neuronal cells was demonstrated in 2010 using
three transcription factors in a lentiviral expression vector (Vierbuchen et al., 2010). It
was closely followed by the use of transcription factors with crucial roles in
dopaminergic neuron specification and maturation to allow direct conversion of
fibroblasts to DA or mDA neurons (Caiazzo et al., 2011; Kim et al., 2011; Pfisterer et
al., 2011) or induced midbrain dopaminergic neural progenitors (Kim et al., 2014), in
some cases with the addition of small molecules to increase yields. However these
methods are using lentiviral vectors which convey some risks for cells integrity and
limit conversion ability. These caveats are being overcome with the development of
methods involving the use of a combination of small molecules and microRNA (Jiang
et al., 2015).

Finally, most methods aim at the production of quasi-pure cultures containing a single
cell type (here mDA neurons). This removes all observations of the effect of cell type
interactions in the disease mechanisms, cell survival and fine-tuned
neurodevelopmental cues. Co-culture of MDA with astrocytes increased mDA neuron
survival while protecting mDA neurogenesis and attenuating mitochondrial
dysfunction in an iPSC-derived mDA model (Du et al., 2018), suggesting the potential
presence of high stress in pure mDA cultures and along the differentiation of this cell

subtype, supporting a strong potential for cell death in vitro.

2. Technical difficulties for yield determination with ICC

Induction protocols require very high confluency at early stages for the definition of a

neuroepithelial-like cell layer necessary to the derivation of midbrain FP progenitors;
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as well as in later stages where high confluency is necessary to the survival of the cells.
However, at this later stage, there remains the possibility that such a high confluency
may hinder the ability for the neurons to mature due to contact-mediated inhibitions
(Sestan et al., 1999) or simple lack of space to extend neurites. Additionally, replating
cells once mDA neurons are post-mitotic and present with long and complex networks
of neurites is a technical challenge often resulting in massive cell death, while replating
them earlier at a lower ratio impacts cells viability. From the minor inconvenience of
having to dissociate nuclei visually for the study of nuclear labelling in highly
confluent settings, the difficulty to associate cytoplasmic labelling with a defined
nucleus with little doubt, even more so with long and intersecting projections, becomes
highly challenging and cannot yet be automatized. Selecting areas of low cell density
to overcome these difficulties may be tempting but will bias all results as they are not
representative of the cultures. Due to the highly subjective nature of such counts, and
in order to remove a part of the operator-associated bias, all images for each labelling
experiment are analysed on the same day, allowing less biased comparisons within

inductions for the trial of separate conditions.

3. Future improvements

One possible approach to increase the yield of induction of mDA neurons from hiPSC
is the use of FACS sorting using specific external markers. This can be performed at
the NPC stage selecting for CD184+/CD271-/CD44-/CD24+ cells which are co-
expressing PAX6, Sox1 and Sox2 as per a previous report (Yuan et al., 2011).
Although these selected cells have a high survival rate they are multipotent and can
further differentiate into both neurons and glial cells (Yuan et al., 2011), which may
not improve the yields achieved with cultures co-expressing LMX1A and FOXA2
obtained with the mDA induction protocol. Sorting at a later stage than the one defined
as NPC in this protocol could yield better results. The same paper proposes a later
sorting of CD184-/CD44-/CD15low/CD24+ cells yielding post-mitotic neurons (98%
Blll+ 2% Nestin+ and 0.6% ki67+ cultures) which are able to fire action potentials
(Yuan et al., 2011). One additional external protein, Corin, has been extensively used
for the separation of neural progenitors of the ventral midline with a mDA fate, as it is

co-expressed with FP4, an intracellular protein itself co-expressed with LMX1A (Ono
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et al., 2007). Corin is also expressed in other cells of the caudal FP and its sole
expression does not guarantee mDA fate, necessitating its combination with another
undefined marker to separate rostral and caudal mDA FP cells. Finally, Schondorf and
colleagues have used a combination of CD24high/CD29-/CD184-/CD44-/CD15- to
increase by 6.1 fold the expression of DA markers in their iPSC-derived mDA model
by sorting a population of cells containing 15-20% TH+ cells co-expressing FOXA2,
NURR1, GIRK2 and VMAT2 as well as showing punctate synapsin 1 labelling
(supporting a mature neuronal phenotype in these cultures) (Schondorf et al., 2014).

Another possible improvement is associated with the stricter mimicking of
neurodevelopmental cues such as the transient activation of Wnt necessary for the
development of the midbrain, which is then inhibited in this anterior neural tube
structure as a caudalizing and dorsalising factor in the development of the neural tube
(Nordstrom et al., 2002; Ulloa and Marti, 2010). At a stage similar to advanced
midbrain FP progenitor in vitro, the use of a Wnt antagonist, such as XAV939 or
WNT-C59 (Motono et al., 2016), may increase efficiencies of mDA neuron induction

protocols.

Transplantation efficiency studies have found that mDA vyield following engraftment
of cells in rat models do not correlate significantly with the expression of genes which
are commonly used to identify mDA progenitors and neurons in most in vitro
differentiation protocols, namely Foxa2, Lmx1a, Corin, TH, Nurrl and DDC. Other
markers, specific of the caudal ventral mesencephalon (VM) and the midbrain-
hindbrain boundary including Pax5, FGF8, SPRY1, EX1/2, SP5, ETV4/5, CNPY1,
TLE4 and Wntl correlate better with yields in vivo (Kirkeby et al., 2017). Single cell
sequencing of LMX1A positive mouse VM demonstrated that progenitor cells
expressing caudal VM markers En1/2, Wntl and Cnpy1 are significantly more likely
to produce mDA neurons than cells expressing Lmxl1a/b, Foxal/a2, Otx2, Msx1, and
Nurrl that ultimately produce glutamatergic subthalamic neurons (Kee et al., 2017).
Replacing the previously used markers with markers for a caudal VM could thus
improve the comparison of dopaminergic neuron differentiation protocols for the
purpose of transplantation (Marton and loannidis, 2018). However this does not
preclude the possibility that these commonly used markers are also valid in vitro for
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the identification of an appropriate subtype of neural progenitor able to mature to mDA
neuron in culture. These may however be of importance for protocols aiming at cell-

therapy translation.

Fidelity and relevance of the models has to be ascertained by comparison of the in
vitro iPSC-derived neuronal cell models and their counterparts in vivo-derived
embryonic, foetal, adult and aged cells (Patterson et al., 2012). Transcriptome studies
find iPSC-derived cortical neuron models to resemble an embryonic state, although
length of culture advances their molecular maturation to some extent. However,
despite several months in culture, cell maturity doesn’t seem to get beyond that of
foetal human cells in their transcriptional signature (Stein et al., 2014). Similar
observations were made in comparison of whole-genome gene expression and
transcript splicing between hESC-derived multipotent neural precursor cells and
differentiated mDA neurons and post-mortem foetal and adult human counterparts
from brain samples (Patani et al., 2012b). Yet undefined molecules could be added to
cell cultures for improving maturation. It remains possible that intrinsic properties of
iPSCs-derievd cell types, as iPSC undergo forced development both artificially
induced and significantly shortened, may prevent them from acquiring an adequate

transcriptional maturation.

This chapter thus describes the methods used to derive midbrain dopaminergic
neuronal cells from patient-derived iPSC, a model relevant for the study of GCH1-
related disorders in vitro. Cells derived from the most successful attempts to this
protocol have been used to investigate the effect of the 343+5G>C GCH1 mutation on
cell functions putatively associated with GCH1 and its downstream product BH4.

These results are developed and analysed in the next chapter.
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Chapter 6: Functional investigations of GCH1 mutation-associated
Parkinson’s disease and DOPA-responsive dystonia phenotypes in an
IPSC-derived dopaminergic neuron cell model

|. Introduction

The development of an appropriate patient-derived model of midbrain dopaminergic
(mDA\) neurons allows for the comparison of cellular functions between Parkinson’s
disease (PD) and DOPA-responsive dystonia (DRD). This model could hold the key
to understanding the development of such different disorders in patients carrying the
same GTP cyclohydrolase 1 (GCH1) mutation. Variants in GCH1 are found in 87% of
DRD cases but less than 1% of the PD cases, however more than 35% of DRD patients
report first degree family history of PD (Clot et al., 2009; Hagenah et al., 2005;
Mencacci et al., 2014). Single GCH1 mutations segregate with both pathologies in
large families demonstrating the dual phenotypic effect of these mutations in humans
(Irie et al., 2011; Lewthwaite et al., 2015; Nygaard, 1993). This points at possible
mechanistic differences, possibly at the cellular level, between patients carrying the
same GCH1 mutation but exhibiting different pathological phenotypes. These
differences found between molecular and organism level may be replicated in a

patient-derived cell model such as the one used in this chapter.

The association of a single GCH1 mutation with two different phenotypes could be
explained by variations in the impact of the reduction of BH4 levels on the BH4-
associated mechanisms in the patient’s mDA neurons. In DRD, which presents with a
midbrain dopamine depletion phenotype which can be corrected by the
supplementation of a dopamine precursor downstream of BH4-associated TH activity,
the phenotype is probably associated with an impairment of the dopamine synthesis
aspect of BH4 function, while other BH4-associated functions may be preserved. DRD
patients show no signs of neurodegeneration as suggested by rare brain histopathology
reports (Furukawa et al., 1999; Rajput et al., 1994; Segawa et al., 2013). In contrast to
GCH1-related PD associated to neurodegeneration as evidenced by DAT scan
imaging, the differential diagnosis of DRD in clinics makes use of the absence of signs
of degeneration in these images (Albanese et al., 2011; Marshall and Grosset, 2003;

Nygaard et al., 1992). Moreover, the good and sustained response to low doses of L-
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dopa in DRD patients is suggestive of the maintenance of an appropriate population of
mDA neurons, able to uptake and make use of this dopamine precursor to re-establish
a normal dopamine production and correct the patient motor symptoms. These
observations are supportive of a purely dopamine-associated impairment of BH4
functions in the DRD patients carrying this GCH1 mutation. In PD the reduction in
dopamine production, if present in carriers of a GCH1 mutation, is insufficient to
produce motor symptoms prior to decades of injuries to the dopaminergic cells of the
substantia nigra and their ultimate degeneration. The appearance of the hallmark motor
symptoms defined as the onset of the pathology is preceded by decades of slow
progression of both non-motor and subtle motor prodromes, and defined pathology
stages (Braak et al., 2003; Noyce et al., 2012). Hence, although insufficient to create a
dopamine-related phenotype in early stages of the pathology, a GCH1 mutation in a
PD patient may be associated with decades of impairment of BH4-associated cell
functions directly leading to, or increasing the susceptibility for, the ultimate

degeneration of the midbrain dopaminergic neurons.

Based on these observations, | hypothesise that a single GCH1 mutation can operate
differently to generate a different functional phenotype: in DRD, causing a simple loss
of dopamine which can be corrected by L-dopa supplementation; and in PD causing
neuronal loss either through chronic lack of dopamine or through an alternative
mechanism related to the other functions of the GCH1-BH4 pathway.

In order to understand the functional effect of a GCH1 mutation in dopaminergic
neurons, putative non-dopamine related BH4 functions are investigated in a midbrain
dopaminergic cell model derived from both PD and DRD patients, from a single family

carrying a heterozygous loss-of-function GCH1 mutation.

GTPCH, the protein coded by the GCH1 gene, catalyses the rate-limiting step of the
production of BH4, the essential co-factor of tyrosine hydroxylase (TH) for the
production of dopamine (DA). Besides this fundamental function in dopaminergic
neurons, BH4 is involved in the maintenance of cytoplasmic redox balance but also
specifically of the mitochondria, as well as in the coupling of all three isoforms of the
nitric oxide synthase (NOS) (Figure 6).
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1. Putative involvement of mitochondrial function

Mitochondria are highly dynamic cell organelles known as the ‘powerhouse’ of the
cells as their main function is the production of energy in the form of ATP via the
oxidative phosphorylation pathway. The electron transport chain (ETC), composed of
protein complexes in the inner mitochondrial membrane, generates and maintains an
electrochemical gradient across this membrane known as the mitochondrial membrane
potential (MMP). Complexes I, 11l and 1V produce and maintain the MMP through
exchange of electrons and passage of protons through the inner mitochondrial
membrane, which energy is harnessed for the synthesis of ATP by complex V, through
a process known as oxidative phosphorylation which requires oxygen (reviewed in
(Papa et al., 2012)). This process is normally associated with the production of ROS
by the mitochondria (mtROS). Mitochondria are also involved in the metabolism of
amino acids and lipids, as well as in the regulation of cellular calcium homeostasis,
apoptosis, and free radicals scavenging (reviewed in: (Spinelli and Haigis, 2018)).
Neuronal cells rely heavily on their mitochondria to provide for their high energy
demand necessary to maintain neuronal intracellular ion homeostasis despite the
frequent opening of ion channels for the propagation of action potentials and
neurosecretion (Halliwell, 2006). The pacing mechanism of dopaminergic neurons is
based on frequent calcium influxes, requiring calcium buffering by the cell
mitochondria. When mitochondrial dysfunction prevents calcium buffering, increased
intracytoplasmic calcium increases NOS activity and NO production, which can react
with the mitochondria-produced superoxide giving peroxinitrite. Peroxynitrite has a
deleterious effect on ETC leading to further mitochondrial dysfunction (Radi et al.,
1994). Moreover, superoxide produced at the mitochondria can be converted to H202
leading to increased oxidative damage in the cells (Angelova and Abramov, 2018).
Due to the close association of the mitochondrial functions, disruption of either may
affect all, leading to self-propagating deleterious cycles.

Ageing, the most common risk factor for PD, is associated with impaired
mitochondrial function and quality associated to decreased ETC activity and increased
mutational burden of mtDNA (Payne and Chinnery, 2015). The burden of mtDNA
deletions is even more important in the surviving pigmented cells of the SN of PD

patients compared to matched healthy controls, associated with a decreased ETC
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activity and increased mtROS production in these cells (Bender et al., 2006;
Kraytsberg et al., 2006). These may be even more relevant in mDA neurons which
have high basal rates of oxidative phosphorylation, associated with higher mtROS
production (Haddad and Nakamura, 2015). Moreover, impairments of the complex |
of the mitochondrial respiratory chain have been described in PD patients platelets
(Parker et al., 1989) and in human post-mortem substantia nigra tissue (Schapira et al.,
1989). Inhibitors of complex | such as rotenone and MMP+ are routinely used in
animal modelling of PD (Ballard et al., 1985; Martinez and Greenamyre, 2011) and
mutations in genes such as Parkin and PINK1, which functions are directly associated
with the mitochondria, have been associated to PD (Houlden and Singleton, 2012).
Finally BH4 is suggested to affect mitochondrial function. GCH1 mutations associated
with reduced BH4 availability in the cells may be associated with increased oxidative
damage of the mitochondria through the reduced scavenging of mitochondrial-
produced superoxide (Nakamura et al., 2001), or the increase of mitochondrial
superoxide production probably through impairment of mitochondrial respiration and
redox signalling (Bailey et al., 2017) ; and impaired mitochondrial activity by MPP+,
leads to an important reduction in GCH1 activity and resulting lower BH4 production
(Ryan et al., 2014).

2. Putative involvement in NOS function

Nitric oxide (NO) is a highly diffusible and reactive molecule, able to travel several
cell lengths, involved in cell-to-cell communication in the brain (Bredt and Snyder,
1994). NO is produced by all three isoforms of the nitric oxide synthase (NOS)
enzyme: endothelial NOS (eNOS), inducible NOS (iNOS) and neuronal NOS (nNOS).
All three isoforms catalyse the conversion of substrates L-arginine and molecular
oxygen to NO and L-citrulline, and require the cofactors tetrahydrobiopterin (BH4),
reduced nicotinamide-adenine-dinucleotide phosphate (NADPH), flavin adenine
dinucleotide (FAD) and flavin mononucleotide (FMN). All NOS bind calmodulin and

contain haem (reviewed in (Férstermann and Sessa, 2012)).

BH4, the downstream product of GCHL1, is thus necessary to the normal function and

activity of NOS as an essential cofactor of all three NOS isoforms. It is believed to act
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in two ways: by allowing the dimerization of NOS to activate its activity and by
increasing NOS affinity for L-Arginine. In the absence of BH4, NOS activity is
uncoupled and the enzyme produces superoxide instead of NO (Vésquez-Vivar et al.,
1998, 2003). Moreover, BH4, but not its reduced form BH2, is necessary for NOS
coupling, as exampled by the effect of an imbalanced BH4:BH2 ratio in increasing
NOS uncoupling and the rescue from this phenotype by the expression of dihydrofolate
reductase, which reverts BH2 to BH4 (Crabtree et al., 2008, 2009b). And it is the
limited availability of BH4 and not L-Arginine which is responsible for this

uncoupling (Bevers et al., 2006).

In the brain of the hphl mouse, a model of GTPCH insufficiency associated with
reduced BH4 levels, there is a reduced NOS activity which can be reverted to control
levels when supplemented with exogenous BH4. This reduced activity is not
associated with a lower NOS concentration in the hphl mouse brain and, as BH4
strongly increases the affinity of NOS for Arginine, lower BH4 results in severely
limiting arginine availability for NOS activity (Brand et al., 1995).

3. The antioxidant function of BH4

While oxidants are constantly present in healthy cells, they are effectively buffered by
the presence of antioxidants protection, molecules which are able to donate or accept
an electron from ROS in order to stabilise the structure of the oxygen molecule which
is in a highly unstable highly reactive partially reduced state. ROS include oxygen
radicals such as superoxide, hydroxyl radical and hydrogen peroxide, as well as non-
radical oxygen based molecules which can easily be converted to free radicals. BH4 is
a powerful enough antioxidant to compensate for the absence of glutathione in
dopaminergic neuron cells (Gramsbergen et al., 2002; Nakamura et al., 2000). Its
ability to scavenge superoxide has been observed in dopaminergic neurons (Nakamura
et al., 2001). It is thus possible that reduced BH4 content, secondary to decreased
GTPCH activity, is associated with a limited ability for the dopaminergic neurons to

cope with free radicals, including these produced by the synthesis of dopamine itself.
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In addition to GSH and BH4, the brain is enriched in other low molecular mass
antioxidants such as ascorbate which is found at millimolar intracellular concentration
in neurons and astrocytes, thanks to their expression of specific transporters
concentrating the molecule intracellularly (Rice, 2000).

4. Deleterious consequences of oxidative stress and NOS uncoupling

In the absence of an efficient antioxidant system, basal levels of ROS produced by
mechanisms such as mitochondrial respiration and dopamine synthesis can
accumulate, and ROS may be found in excess in these neurons. All free radicals are
highly diffusible and reactive, giving them the capacity to oxidise all molecules around
them. The accumulation of these injuries can result in the impairment of important cell
mechanisms and may increase the basal production of ROS via cell metabolism.
Eventually cells enter the deleterious state of oxidative stress, a self-renewable state in
which ROS production and antioxidant protection are imbalanced, leading ROS to
produce more ROS and to a significant increase in oxidative damage of the cells,

potentially leading to apoptosis.

Oxidative stress is believed to play an important role in PD pathology, with extensive
research multiplying evidence for the presence of oxidative stress in a large number of
PD models and its involvement in many of the pathological processes associated with
the development of PD pathophysiology. Oxidative stress markers are found
systematically increased in the blood of PD patients compared to controls (Seet et al.,
2010). Evidence for oxidative damage to proteins in the form of protein carbonyls is
found in PD-associated brain regions such as substantia nigra and putamen in post-
mortem tissue when compared to age-matched controls (Alam et al., 1997). Moreover
in dopaminergic neurons, dopamine and L-DOPA can interact with oxygen to produce
superoxide, increasing oxidation, and also quinones and semiquinones which
decreases the antioxidant response to superoxide by depleting intracellular GSH, thus
creating an oxidative environment for themselves (Halliwell, 2006). Finally the
extreme requirement of mDA neurons on high quantities of energy results in higher
basal rates of oxidative phosphorylation than VTA dopaminergic neurons unaffected
by PD, probably an important source of ROS in itself (Mortiboys et al., 2018).
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Lipid peroxidation is the result of the oxidation of the lipids of the cellular membrane
by free radicals. Post-mortem studies demonstrate a significantly increased lipid
peroxidation in the substantia nigra of PD patients compared to controls. In one study,
evidence for higher lipid peroxidation intermediate (MDA - basal malondialdehyde)
and lower availability of lipids available to lipid peroxidation (PUFA — poly-
unsaturated fatty acid) is more largely observed in PD than control brains (Dexter et
al., 1989). In another study, signs of lipid peroxidation are found in the substantia nigra
of brains with early parkinsonian pathology in the absence of neurological symptom
in life, as well as in other brain areas such as the frontal cortex, supporting a role for

lipid peroxidation in the early stages of PD pathology (Dalf et al., 2005).

In a situation of oxidative stress, the production of NO by neurons, is associated with
a high risk of production of reactive nitrogen species, such as peroxynitrite.
Peroxynitrite, produced by the reaction of NO with superoxide, is able to nitrate
tyrosine protein residues, leading to impaired protein function (Gandhi and Abramov,
2012). It was also shown that nitrosative insult through stimulation of peroxynitrite
production is associated with a-synuclein accumulation into perinuclear inclusions in
HEK293 cells (Paxinou et al., 2001). Additionally, peroxynitrite is prompt to react
with CO2 at physiological pH, an abundant molecule in cells, resulting in carbon
radicals which act as oxidants in the cells. Peroxynitrite can also gain secondary
oxidant properties by reacting with transition metal centres. These reactions are
reviewed in (Radi, 2013). Finally, a main centre for the production of peroxynitrite in
the cells is the mitochondrion, due to the mitochondrial production of superoxide and
the capacity for NO to diffuse through the cytoplasm. There, peroxynitrite reacts with
the proteins of the respiratory chain and affect their activity, leading to alterations to
ATP production, calcium homeostasis and increased production of superoxide
(Bringold et al., 2000; Radi et al., 1994).

Based on the known roles of BH4, and redox signalling in dopaminergic neurons and
PD, | hypothesise that GCH1 mutations may induce alterations in mitochondrial
function, increased oxidative state of the cells, NOS activity through decoupling and
increase the likelihood of cell death in PD cells. I investigated whether these were
affected in mutants compared to controls and between disease phenotypes by making
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use of molecular fluorescent probes and live functional imaging-based estimation of
MMP (TMRM), NOS function (DAR-4M) and redox state of the cell (MitoROS, DHE,
mCB and Bodipy). These were measured in the hiPSC-derived cultures at the mDA
FP neural progenitor (NPC) and mDA neuronal stages. A summary of the
investigations performed at various stages of the mDA induction protocol can be found

in Figure 46.
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Figure 46: Sets of functional imaging. The different stages of cell differentiation are represented linearly. Each
box describes the characterisation and the functional imaging performed at each timepoint in the number of

induction sets indicated below.
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1. Materials and Methods

1. Immunocytochemistry for identity validation

Immunocytochemistry (ICC) is used to ascertain cell type identity prior to functional
imaging. NPC identity is determined by the nuclear co-expression of LMX1A and
FOXAZ2. mDA neuron identity is determined with cytoplasmic co-expression of BllI-
tubulin and TH, in the absence of Ki67. Briefly, ICC uses a primary antibody from a
non-human species and specifically directed against the protein of interest. The signal
is then amplified with the use of a secondary antibody from a third species directed
against the species of the primary, associated with a fluorophore. Images are captured
on an inverted Zeiss confocal fluorescence microscope (710, 780 or 880 pending
availability). Images are manually quantified using Fiji (ImageJ). Results are presented
as percentage of cells positively labelled with either antibody out of total number of
nuclei as stained with DAPI. Details on used antibodies, conditions and ICC protocol

can be found in the Materials and Methods chapter of this thesis.

2. GCH1 molecular analysis in the iPSC

DNA is extracted from iPSC cultures for all lines to validate the mutational status of
the cells with regards to the GCH1 gene. DNA is extracted using the Qiagen DNeasy
mini kit (Qiagen). All exons are sequenced following the Sanger method, based on the
use of in-house designed primers. Briefly, PCR for each exon and surrounding exon-
intron boundaries is performed with the FastStart PCR method (Roche) and PCR
product is cleaned using ExosAP-IT (Affymetrix). Sanger sequencing is performed
separately for each amplicon in both forward and reverse directions using BigDye
Terminator v3.1 sequencing chemistry and loaded on a ABI3730XL genetic analyser
(Applied Biosystems). The sequences are then aligned and compared to the reference
sequence (NM_000161.3) using CodonCode Aligner (CodonCode Corporation).

Additionally, transcription levels of wild-type GCHL1 are estimated by gPCR, and
compared to levels of expression in untreated fibroblasts. Cells are lysed using lysis

buffer and RNA extracted with the RNeasy Mini Kit (Qiagen). 0.5ug of RNA is
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reverse transcribed to complementary DNA (cDNA) using SuperScript 111 Reverse
Transcriptase (Invitrogen), dNTP Mix (Invitrogen) and Random Primers (Promega).
The gPCR chemistry makes use of the TagMan Fast Advanced Master Mix on
QuantStudio 7 Flex Real-Time PCR System according to manufacturer’s
specifications (AppliedBiosystems). Pre-optimised GCH1 primers spanning the exons
4-5 boundary with a VIC marker (Hs00609198 _m1) and endogenous control primers
for hypoxanthine phosphoribosyltransferase 1 with a FAM marker (HPRT1 -
Hs02800695_m1) are used in the same well for internal control. All cDNA samples
are run in triplicates using the FastProgram. Results are read on QuantStudio and
analysed with Origin. Method for analysis employs the “Delta Delta CT” approach
and calculates 2"-AACt for comparing the fold-change in expression of GCH1

between samples.

Finally, western blots are attempted to estimate the presence and level of expression
of GCHL1 in the cells using the method described in materials and methods, and
similarly to the fibroblast chapter.

3. Preparation of cells for functional imaging

Functional imaging is performed on all three mutant GCH1 lines, namely PD, DRD1
and DRD2, and variable combinations of the four control lines (CTRL1-4). hiPSC are
cultured until complete confluence prior to the start of the mDA induction. Functional
imaging is performed on both mDA neural precursors (NPC at D12) and midbrain
dopaminergic neurons (mDA neurons at D70 and D90). Final plating is performed a
minimum of two days prior to imaging for NPC, with cells being maintained in N2B27
with 0.1uM FGF; and around D35 for mDA neurons imaging, with cells being matured
in D14+ media (20ng/mL BDNF, 20ng/mL GDNF, 0.2mM ascorbic acid, 0.5mM
CAMP and 0.1uM compound E) until day of imaging. Cells are plated onto Matrigel-
coated 8-wells ibidi chambers at a ratio of 1:6 for NPCs and 25-50k cells per well for
mDA neurons supplementing media with 10uM Rockl for the first 24 hours after the
split. Description of the mDA induction protocol and exact media composition can be

found in the previous chapter.
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4. Mitochondrial membrane potential with TMRM & GSH content
with mCB

Live cells are incubated for 30 minutes, in the dark, at room temperature with either
25nM TMRM or 50uM mCB, or both together, diluted in recording buffer (HBSS,
10mM HEPES, pH 7.4). Both dyes are kept in recording buffer during imaging.
Maximum wavelength for excitation/emission fluorescence are 548/574 nm for
TMRM and 394/490 nm for mCB. Image acquisition consists in complete cell z-stacks
for both dyes. Positive control for specificity of TMRM fluorescence is performed by
the observation of the loss of dye accumulation by adding 1uM FCCP (used here as a
mitochondrial respiration chain uncoupler which leads to transport of the protons
across the mitochondrial membrane and the release of the dye accumulated in the
mitochondria due to the MMP). Z-stacks are analysed separately for each dye on Fiji
(ImagelJ) using maximum intensity projection of the z-stack to reduce the image to a
two-dimensional format. Background is then removed with thresholding of the image
and analyse particle is used for each dye separately to determine all areas containing a
fluorescent particle in the image. An extra step to remove cells with a non-neuronal
aspect from the field is added prior to thresholding for neuronal imaging analysis.
Mean fluorescence intensity is measured across the ROIs defined as particles across
each field. Results are presented as boxplots with n = number of z-stacks, and groups
are compared using the appropriate statistical tests.

5. Mitochondrial ROS production with MitoTracker red CM-
H2XROS

Live cells are incubated for 15 minutes at room temperature with 1 uM MitoTracker
Red CM-H2XROS and 10nM Hoechst diluted in recording buffer. Loading of the dye
is monitored on the confocal to ensure optimal starting conditions for each experiment.
Hoechst nuclear staining is used to locate the cells. Dynamic change of fluorescence
intensity in the mitochondria is captured with inverted Zeiss confocal microscope 880
Airyscan capturing one image every 10-20 seconds for 10 minutes. The MitoTracker
Red CM-H2XROS dye, specifically targeted to the mitochondria, is non-fluorescent

in its reduced form and fluoresces in its oxidised form with a maximum
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excitation/emission fluorescence wavelength of 579599 nm. The dye is specifically
oxidised by ROS produced in the mitochondria, and its accumulation in the organelles
Is dependent on the mitochondrial membrane potential. Positive control for the
experiment uses the addition 50-100uM rotenone to inhibit complex | of the
mitochondrial respiratory chain, which would result in a drastic increase of the
production of ROS by the mitochondria (and a depolarisation of the MMP), resulting
in an increase in the dye fluorescence intensity. The specificity of the accumulation of
the dye to the mitochondria is also tested by the addition of 1 uM FCCP at the end of
each experiment. FCCP is a potent mitochondrial respiratory chain uncoupler able to
completely depolarise the MMP and lead to the dissolution of fluorescence signal
accumulation to the mitochondria.

Image analysis uses Fiji (ImageJ), with selection of all fluorescent areas with Analyse
Particles after removal of the background fluorescence by setting background
threshold. Mean fluorescence intensity value is recorded for each image along the
time-series. These values are plotted using Origin (OriginLab) and a linear regression
model used to estimate the slope of change of fluorescence in each field. These slopes
are compared between groups (n = slope in one well) using the appropriate statistical

test and presented as boxplots.

6. Superoxide production rate with DHE

Live cells are loaded for 3 minutes with 2 uM dihydroethidium (DHE) diluted in
recording media, in the dark and at room temperature. Dynamic imaging of the rate of
oxidation of the dye is measured as the emission fluorescence shift of DHE from
380nm in its reduced state to 530nm in its oxidised state, as well as its re-localisation
in the nucleus when oxidised. Images are captured every 5 seconds for 8-10 minutes
using a Cairn xenon arc light source and Optoscan monochromator (Cairn), associated
with an Optiscan Il stage system and custom filter wheel (Prior Scientific), and an
Andor sCMOS camera (Oxford instruments). Positive control uses the addition of
100uM hydrogen peroxide 30 seconds prior to end of recording associated with a
drastic increase in oxidised dye fluorescing at 530nm. At the NPC stage, images are
extracted for the 530nm emission fluorescence only using AndorlQ, run through

thresholding for background removal and mean fluorescent intensity is calculated
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across the well using Fiji (ImageJ). At the neuronal stage, nuclei of cells with neuronal
aspect only are selected manually and data extracted for both 380nm and 530nm
channels using AndorlQ. Extracted data is then plotted and analysed on Origin. For
NPCs, the rate of superoxide production is determined by linear regression through
linear fit function on Origin of 530nm fluorescence intensity over time in the complete
field and compared between groups using the appropriate statistical test with n = slope
in one well. For mDA neurons, linear regression of 380:530nm ratio over time is used
to establish rate of superoxide production in each cell and these are compared between

groups using the appropriate statistical test.

7. Estimating lipid peroxidation using bodipy C11 dye

Live cells are incubated 20 minutes with 5uM Bodipy C11 591:581 solution diluted in
N2B27 media at 37¢ 5% CO2. Bodipy C11 is a fluorescent derivative localising to the
membranes which emission fluorescence shifts from 590nm (reduced form of the dye)
to 510nm (oxidised form of the dye) when oxidised by free radicals. These free radicals
can oxidise the dye while they are removing electrons from the membrane’s lipids, an
oxidative reaction called lipid peroxidation. The ratio of reduced to oxidised dye
(510:590nm) is used to estimate the rate of lipid peroxidation in the cells. For NPCs,
loading is difficult and areas central to the well and containing a large proportion of
cells uptaking the dye in its reduced form (green) are selected for imaging. For
neuronal cells, areas containing a large proportion of neuronal-looking cells with both
processes and nuclei visible are selected. Image acquisition is performed on a Zeiss
Confocal Inverted microscope (710 or 780 depending on set), with one image captured
every 15-20 seconds at wavelengths of both 510nm and 590 nm for 10 minutes.
Positive control is obtained by adding 100 uM hydrogen peroxide and observing a
rapid increase in lipid peroxidation.

Image analysis for NPC uses Fiji (ImageJ) to establish an intensity threshold image
and remove background fluorescence across the whole image. Then overall remaining
areas are used to evaluate mean fluorescence intensity for each wavelength at each
time-point. For mDA neurons, Fiji (ImageJ) is used to manually delimitate the border
of neuronal-looking cells and these areas only are thresholded to remove background

fluorescence and extract mean intensity fluorescence values for both wavelengths at
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each time-points. In both cases, the Origin software is then used to calculate the ratio
of 510:590 nm mean fluorescence intensity for each time-point and to normalise each
of these time-series by their own minimum ratio value (most reduced state of the dye).
Normalised values are plotted against time and a linear regression model is used to
estimate the rate of change of the fluorescence ratio over time as a proxy for lipid
peroxidation rate in these cells. These values are then compared between groups using

the appropriate statistical tests.

8. Measuring nitric oxide production in the cells with DAR-4M

Diaminorhodamine-4M (DAR-4M) AM is a cell-permeant fluorescent NO indicator
which exhibits an 840-fold increased fluorescence intensity when it reacts with NO in
the cells in the presence of O2. Live cells are loaded for 40 minutes with 10 uM of
DAR-4M in recording buffer in the dark, at room temperature, after rinsing with PBS.
The dye is removed and cells placed in fresh recording buffer for imaging. DAR-4M
is excited with the 561 nm laser as maximum absorption fluorescence of the molecule
is 558nm in its triazole form and recording at maximal emission fluorescence of the
compound at 574nm. Images are captured on a Zeiss inverted confocal with 3 z-stacks
covering the complete depth of the cells recorded per well. Then time-series of one
image every 5-10 seconds are captured. Baseline is recorded for about 3 minutes prior
to the addition of 25mM L-Arginine, a necessary NOS substrate, to activate NO
production and cells are further imaged for 2-3 minutes in their activated form.
Z-stacks are analysed by combining all images into the maximum intensity projection
for each stack, then subtracting the background by thresholding and measuring the
mean fluorescence intensity across remaining areas using Fiji (ImagelJ). Results are
plotted with n = number of z-stacks as representation of the basal intensity
fluorescence of the cells.

Time-series are analysed by setting a set threshold to all images and measuring the
mean fluorescence intensity for each time-point with Fiji (ImageJ). Data is then
normalised to the starting fluorescence value and plotted against time. Data is analysed
by subtracting baseline fluorescence from activated-state fluorescence intensity and
comparing the extent of NO production burst associated with the supplementation of
the cells with NOS substrate L-Arginine using Origin (OriginLab).
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9. Physiological calcium signalling using the calcium indicator FURA-
2

Live cells are loaded for 30 minutes with 5 uM FURA-2 and 0.005% pluronic acid in
recording buffer, at room temperature, in the dark. Cells are then washed twice with
PBS and covered with fresh recording buffer for imaging. Image acquisition is
performed using a Cairn xenon arc light source and Optoscan monochromator (Cairn),
associated with an Optiscan Il stage system and custom filter wheel (Prior Scientific),
and an Andor sCMOS camera (Oxford instruments). Baseline is recorded for 1.5-2
minutes before addition of stimulating molecules. At early neuronal timepoint,
neurons are excited with 5uM glutamate then allowed to recover for a couple of
minutes prior to astrocytic cells excitation with 100uM ATP. At late neuronal
timepoint, KCI is substituted to glutamate for specific activation of neuronal
depolarisation. However due to the reduced proportion of cells recovering from KCI
compared to Glutamate, 100uM ATP is applied first to activate astrocytic cells, cells
are then allowed to recover prior to addition of 50mM KCI to activate neuronal
depolarisation. Data is extracted from the images by manually selecting the soma of
calcium ‘bursting’ cells using AndorlQ, and this data is analysed on Origin. Ratio of
calcium-bound FURA-2 (excitation at 340nm) to free FURA-2 (excitation at 380nm)
image is used to detect calcium transients in the cells and select the soma of cells
responding to any stimulus. Number of cells displaying a cytoplasmic calcium burst
as a result of either or both stimuli is recorded and compared to the total number of

cells in the field.

10. Cell death estimation with SytoxGreen

Live cells are incubated for 15 minutes with 250 nM Sytox Green and 10nM Hoechst
diluted in N2B27 media at 37 degree 5%CO2. Media and dyes are rinsed with PBS
and cells are placed in recording buffer for imaging. Image acquisition is performed
on a Zeiss Confocal Inverted 880. Acquisition consisted in 5 z-stacks for each well,
two wells per line at the mDA neuron stage. Areas for imaging are selected at random
at the centre of and all around the well using Hoeschst staining to locate cells nuclei.

Image analysis is performed by selecting the nuclei of cells with a neuronal aspect
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using the brightfield image, and manually counting the number of Sytox Green
positive nuclei out of all nuclei visible with Hoechst staining, using Fiji (ImageJ). Data

Is then entered in Origin (OriginLab) for data analysis and figures.

11. Statistical testing of data

Due to extremely high cell confluence necessary to survival and differentiation of the
cells at the NPC stage, single cells cannot be delineated with certainty and all data
analysis expressed as average fluorescence intensity across the complete z-stack field.
At the neuronal stage, cells with a neuronal aspect are picked for analysis and results
expressed either across wells or across individual cells.

For all comparisons between three or more groups, a Levene test for homogeneity of
variances is used to determine whether these groups can be compared using a
parametric One-way or two-way ANOVA (when Levene’s test is non-significant) or
a non-parametric Kruskal-Wallis ANOVA (when Levene’s test is significant). This is
to respect the assumption of homoscedacity or homogeneity of variances associated
with the use of parametric ANOVA statistical tests. When the results of this
comparison are significant, groups are compared to each other two by two using:
parametric t-test with multiple testing Bonferroni correction as calculated by the
Origin software, or the non-parametric Mann-Whitney U-test, with Bonferroni
correction in the form of a manual re-adjustment of the p-value threshold for
significance to 0.05/n with n = number of tests performed in both cases (Armstrong,
2014). Unless otherwise stated, non-parametric Mann-Whitney tests are used to
compare each disease group to controls separately as well as between them, resulting

in 3 independent t-tests and a new level of significance threshold at p < 0.01667.
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I11. Results

1. Validation of the iPSC lines

The 343+5C>G mutation carried by these patients, which affects the splicing site at
the junction of exon 1 and intron 1 of GCHL1, leads to the retention of intron 1 and the
appearance of an early STOP codon during mRNA translation (Figure 13). It could
also lead to nonsense-mediated decay of the abnormally spliced mMRNA and the loss
of half of the potential GCH1 expression in the cells. This would result in a functional

impairment similar to a heterozygous loss-of-function.

The maintenance of the mutation in the iPSC lines is assessed by Sanger sequencing
on DNA extracted from these cells. It confirms the presence of the heterozygous
343+5G>C mutation in all three patient line and none of the controls. All other exons
and exon-intron boundaries of the GCH1 gene are also sequenced and no other variant

could be identified in any of the cell lines used in this chapter.

As a heterozygous mutation, the retention of exon 1 may only occur in half of the
GCH1 mRNA in carriers compared to healthy controls. RNA extracted from all the
iPSC lines is quantified for wildtype GCH1 mRNA via qPCR using a primer at the
junction of exons 4-5 boundary with HPRT1 as endogenous control in each well, and
average of untreated control fibroblasts (same extraction as in fibroblasts chapter) for
normalising expression. Results for separated cell lines are presented in Figure 47a.
The relative amount of wildtype GCH1 mRNA is two-fold higher in control iPSC than
in untreated control fibroblasts, probably due to slight cell-type based variation in
GCHL1 expression (Figure 47b); and levels of expression are almost halved in mutants
compared to controls iPSCs (Figure 47c). These lines are thus used in further

experiments.
In spite of numerous trials to analyse GCH1 expression in the cells through western

blots with two distinct commercially available anti-GCH1 antibodies, various bands,
none of which were at the expected size, are observed in both control and mutant cells.
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The method is thus considered unreliable for the detection of the GTPCH protein as

no antibody could be considered specific enough and abandoned (data not shown).

2. Functional imaging sets

The induction protocol for iPSC-derived mDA neurons is attempted a total of 13 times,
with multiple attempts to variation and validation of the protocol not yielding
functional imaging results (Table 28). Four sets of cells comprising of control and
mutant cells, successfully reaching defined imaging time-points of the protocol, are
used for functional analysis of the effect of the mutation in PD and DRD in this model.
Results presented in this chapter are issued from all four sets of induction at the
neuroprecursor stage (NPC) and two of these same sets which reached the neuronal
stage at both early timepoint (around D60 of protocol) and late neuronal timepoint
(around D90 of the protocol) (Figure 46). The sets imaged at the neuronal timepoints
are obtained using the original protocol for one and a slightly modified version in
which purmorphamine was delayed for the first 48 hours of the protocol (as described

in the neurodevelopment chapter).
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Figure 47: qPCR for GCH1 mRNA in iPSC normalised to average of untreated fibroblast controls. 2*(-AACt)
estimated using HPRT1 mRNA as endogenous control for each sample, each sample is run as triplicate, and
corrected values are used to estimate an average for each cell line .(a) These are then normalised to untreated control
fibroblasts expression. (b) Mutant and control cell lines are averaged and normalised to untreated control fibroblast
expression . (c) Mutant iPSC as a group as well as separately are normalised to the average expression in iPSC
controls.
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3. Midbrain dopaminergic neuroprecursors

ICC results — Cells are NPCS

Immunocytochemistry is performed at D12 of induction protocol to confirm the
patterning of iPSC to NPC via co-expression of the transcription factors LMX1A and
FOXAZ2 (see neurodevelopment chapter for more detailed discussion of the markers)
(Neurodevelopmental chapter Figure 36). Overall, co-expression of these factors is
confirmed in 92% cells on average, with ~89% LMX1A+ cells (62.89-99.57%, n =
3848 cells analysed across 5 fields) and ~94% FOXA2+ cells (87.75-98.27%, n = 2503
cells analysed across 3 fields) on average respectively. By D12 of the mDA induction
protocol, cells are thus patterned to become midbrain dopaminergic neurons and can

be used for imaging as NPCs.

Tool validation for the simultaneous measurement of MMP and GSH

Changes in the MMP, reflecting changes in the function of the mitochondrial
respiratory chain, can be associated with a variation in the production of ROS by the
organelles. Although it is difficult to measure the MMP concomitantly with
mitochondrial ROS production, as dyes for the measurement of the latter are dependent
on the MMP, antioxidant levels in the complete cytoplasm can be used to approximate
the oxidative state of the cell. To test these two functions together, MMP can be
evaluated with TMRM and reduced glutathione (GSH) levels by mCB simultaneously,
as both experimental paradigms consist in a similar loading duration (30 minutes) and
imaging method (complete cell z-stacks in the presence of the dye). Moreover, the
excitation and emission wavelengths of these dyes are different enough to avoid bleed-
through which would affect both signals, with maximum fluorescence wavelength for
excitation/emission of 548/574 nm for TMRM and 394/490 nm for mCB (Figure 48).
However, there remains the possibility that when mCB conjugates with GSH, it limits
its availability in the cell thus reducing the cell’s capacity to buffer ROS. This may
lead to a potentially increased oxidative state which needs to be compensated for by
other antioxidants. In the absence of compensation, oxidative stress could affect the
MMP and concomitant TMRM fluorescence intensity measurements could be affected

and not represent basal levels in the undisturbed cell (Figure 48).
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Figure 48: Excitation and emission spectra for TMRM and mCB dyes. Excitation spectra are represented as a
line, emission spectra as filled areas. mCB spectra are in blue, TMRM spectra are in red. Values for maximum
excitation/emission fluorescence wavelengths are represented as dashed vertical lines.

PD DRD

Figure 49: Examples of maximum intensity projection of whole-cell z-stacks for mCB and TMRM
fluorescent dyes. Examples are shown in control line (left), PD line (middle) and DRD line (right) for both mCB
(a) and TMRM (b).

a) .
b) .
Control

To test whether the concomitant use of these dyes affects the corresponding biological
measurements, mCB and TMRM are loaded together or separately and measured on
the same day in a single set of NPC (Figure 49). This image analysis method is used

across all experiments at this stage of the mDA induction protocol. Results are
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compared between single-dye and paired-dyes experiments using mean fluorescence
intensity measured for each dye separately. Both conditions (i.e. single or paired dyes)
are compared across phenotypic groups (i.e. controls, PD and DRD) with a two-way
ANOVA tests for TMRM and mCB fluorescence values separately. There is no
significant effect of the association of the dyes on TMRM measurements (p = 0.29103;
for two-way ANOVA) (Figure 50) or on mCB measurements (p = 0.1304; for two-
way ANOVA) (Figure 51). Therefore, the sequestration of GSH by mCB does not
significantly affect TMRM fluorescence in this experimental paradigm and both dyes
can be used together to assess both biological functions simultaneously and compare

these between cell lines or conditions.
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Figure 50: Testing the effect of co-imaging with mCB on TMRM: comparison of loading TMRM alone (red -
Alone) or in conjunction with TMRM (blue — w mCB) for NPCs lines separated as controls (CTRL — 3 lines), PD
(1 line) and DRD (2 lines) groups. Each point re-presents a z-stack. Box plot represents: mean (circle), median
(line) median + 1SE (standard error - box) and mean + 95% CI (confidence interval — whiskers). Stars indicate
statistically significant difference with o < 0.05 between groups.
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Figure 51: Testing the effect of co-imaging with TMRM on mCB: comparison of loading mCB alone (Blue -
Alone) or in conjunction with TMRM (red — w TMRM) for NPCs lines separated as controls (CTRL — 3 lines), PD
(1 line) and DRD (2 lines) groups. Each point re-presents a z-stack. Box plot represents: mean (circle), median
(line) median + 1SE (standard error - box) and mean + 95% CI (confidence interval — whiskers). Stars indicate
statistically significant difference with o < 0.05 between groups.

Mitochondrial membrane potential - TMRM

Mitochondrial membrane potential is estimated using TMRM, a cell-permeant,
cationic, fluorescent dye which accumulates in the mitochondria proportional to the
MMP. TMRM is loaded with mCB and measured separately as z-stacks covering the
entire depth of the cells. Mean fluorescence intensity across each field after threshold
removal is normalised to average of controls for each set and sets are plotted together
(Figure 52). TMRM fluorescence intensity is significantly different across the three
groups (p = 0.01755; F = 4.1894; df = 2; One-Way ANOVA), with the difference
between the means being statistically different for DRD and PD groups (p = 0.01602;
95% CI = 6.91227 - 88.77159; t-test with Bonferroni correction for multiple testing).
There is no significant difference between mutant and control groups at the NPC stage
(p > 0.05). However, median normalised values for controls, PD and DRD are 85.7,
79.8 and 98.1, respectively. This may indicate a depolarised MMP in PD compared to
controls although under the significance threshold. Thus there is a significant

difference in MMP polarisation between PD and DRD as early as the neuroprecursor

232



stage, and it seems to be associated with a depolarisation of the PD and a stronger

polarisation of the DRD lines.
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Figure 52: Boxplot of TMRM mean intensity in NPCs. Results from all sets of induction images at the NPC set.
Each point represents a z-stack maximum intensity projection mean fluorescence intensity. Box plot represents:
mean (circle), median (line) median + 1SE (standard error - box) and mean + 95% CI (confidence interval —
whiskers). Means are compared by one-way ANOVA with multiple t-test with Bonferroni correction and stars
indicate statistically significant difference with o < 0.05 between groups.

Mitochondrial ROS production — MitoROS

The rate of production of ROS by the mitochondria is estimated by the rate of increase
of fluorescence intensity of the MitoTracker CMH2XROS dye along time in
unstimulated cells. Cells are co-loaded with Hoechst to locate cell nuclei. For the
analysis, cells cannot be discriminated from each other with certainty (as can be seen
in Figure 53). Discrimination between cells is not facilitated by a cell-filler dye as can
be extrapolated from the use of mCB with TMRM in NPC cultures (Figure 49). Mean
fluorescence intensity of the dye after removal of the background by thresholding is
measured for each time-point. These values are plotted against time and the constant
part of the resulting slope used to calculate the rate of increase of fluorescence intensity
in each well. Representative plots for each group are shown in Figure 54, with an over-
layer demonstrating the area of the curve used for slope calculation with a linear model

(Originlab). Slope values are normalised to the average of control lines values and
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plotted (Figure 55). There is no statistically significant difference between the three
phenotype groups (p = 0.6291; F = 0.46838; df = 2; One-Way ANOVA).

50 pm

Figure 53: Representative image of MitoROS imaging of NPCs in association with Hoechst for nuclei
staining. MitoROS is visualised in red in the mitochondria and nuclei are shown in blue. Time-series can be found
in annexes as an image gallery.

Intercept = 0.83689, Slope = 0.03157 Intercept = 1.03517, Slope = 0.01425
< X Intercept = -26.5125 < X Intercept = -72.66539
£ 244 £ 174
2 2 .
E 2.2 /'\ § 1.6 "
£ n 1 u
£ m £ w
£ 20 [ 5154 . /
£ % £ o\
> b > ]
£ uy £1.4
c 1.8 \ c
g u g
c £
‘o 0 134
S 164 e
8 8
@ @ 1.2
[ o
5141 S
» o 114 7
g% g -
2 210 -
s - i
< 1.0 L <
2 T T T T T 1 209 T T T T
0 10 20 30 40 50 0 10 20 30 40
CTRL PD

Figure 54: Representative traces of the MitoTracker CMH2XROS dye fluorescence evolution across time
in NPCs for control and PD cells. The yellow area represents the time-span used to calculate rate of progression
of fluorescence increase using a linear regression model.
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Figure 55: Boxplot of rate of ROS production by the mitochondria approximated by the increase in
fluorescence intensity of the MitoTracker CMH2XROS dye in basal conditions. Each point represents a z-
stack maximum intensity projection mean fluorescence intensity. Box plot represents: mean (circle), median (line)
median + 1SE (standard error - box) and mean + 95% CI (confidence interval — whiskers). Means are compared by
one-way ANOVA with multiple t-test with Bonferroni correction and stars indicate statistically significant
difference with o < 0.05 between groups.

These results suggest that the differences in MMP between cell groups are not
associated with a change in mitochondrial ROS production. Of note, the MMP
influences the capacity of MitoTracker to accumulate in the mitochondria, making it a

potential confounder for these results.

Oxidative state of cell - GSH with mCB

Relative cell content in reduced glutathione (GSH) using the fluorescent form of the
mCB dye allows to estimate the relative oxidative state of the cell as proportionally
opposite to the levels of reduced antioxidants. mCB is loaded with TMRM and
measured separately as z-stacks covering the entire depth of the cells. Mean
fluorescence intensity across each field after threshold removal is normalised to
average of controls for each set, and sets are plotted together (Figure 56). mCB mean
fluorescence intensity is significantly different across the three groups (p =
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0.000750588; Chi-square = 14.38931; df = 2; Kruskall-Wallis non-parametric
ANOVA as assumption of homoscedasticity is not respected). Comparing groups two
by two with Mann-Whitney tests (non-parametric t-tests), the DRD group contains
significantly more GSH than the PD group (p = 0.00107; Z = -3.19308) and the control
group (p = 0.00166; Z = -3.10748). There is no significant difference between PD and
control groups at the NPC stage. These results may point at a lower depletion of
glutathione, suggesting less need for ROS buffering and lower level of oxidative stress
in DRD cells compared to both controls and PD cells at the neural precursor stage. It
is important to note that another possible explanation for increased cell content in GSH
may be due to the higher expression of the molecule in these cells. However, the
differences observed in GSH content are not explained by variations in mitochondrial
ROS production they may be due to the production of other major ROS in the cells.
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Figure 56: Boxplot of mCB mean intensity in NPCs. Results from all sets of induction images at the NPC stage.
Each point represents a z-stack maximum intensity projection mean fluorescence intensity. Box plot represents:
mean (circle), median (line) median + 1SE (standard error - box) and mean + 95% CI (confidence interval —
whiskers). Means are compared by Kruskal-Wallis ANOVA with multiple Mann-Whitney tests with Bonferroni
correction and stars indicate statistically significant difference with a < 0.05 between groups.

Superoxide production — DHE

Superoxide is a potent and common ROS, notably produced by the mitochondrial

respiratory chain. This free radical is obtained by the gain of an electron by a dioxygen
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molecule. Superoxide production rate in a cell can be measured with dihydroethidium
(DHE), a mainly reduced cell-permeant molecule which fluoresces at an emission
wavelength of 380 nm. When specifically oxidised by superoxide, its fluorescence
shifts to 530 nm and as an ethidium-based protein intercalates with nuclear DNA. At
the neuroprecursor stage, mean fluorescence intensity of the oxidised dye across the
complete field is measured at 530nm as nuclei could not clearly be differentiated for
all cells in the field (Figure 57). Progression of the fluorescence intensity along time
is estimated using a linear model (Figure 58), each slope value is normalised by the
average of slopes for the control lines and results are plotted with each point
representing a separate field or well of cells (Figure 59). There is no statistically
significant difference between groups (p = 0.84234; F = 0.17244; df = 2; One-Way
ANOVA test) suggesting the absence of a consequent difference in superoxide

production between these cell lines at the NPC stage.

Figure 57: Time-series for DHE 530nm channel in neuroprecursors. Images are acquire every 5 seconds and
one out of three images are selected for this panel (every 15 seconds).
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Figure 58: Example of mean fluorescence intensity of oxidised DHE (530nm) in control NPCs. Each point on
the plot represents an image frame fluorescence intensity, with the yellow area representing the time section used
for the calculation of the rate of progression of the intensity with time as calculated by linear regression. Addition
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Figure 59: DHE results across all NPC sets. Fluorescence intensity of the oxidised form of the dye is measured
at 530nm and rate of progression of fluorescence calculated and plotted for each well separately after results are
normalised to the average of control lines for each experiment. Each point represents the slope in one well. Box
plot represents: mean (circle), median (line) median + 1SE (standard error - box) and mean + 95% CI (confidence
interval — whiskers). Means are compared by one-way ANOV A with multiple t-test with Bonferroni correction and
stars indicate statistically significant difference with o < 0.05 between groups.
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Lipid peroxidation — Bodipy

Lipid peroxidation is due to the oxidation of lipids of the cellular membranes by ROS,
and normally occurs when cells are in relative oxidative stress due and these free
radicals cannot be buffered efficiently enough for the cells membrane to be spared this
damage. Bodipy is used as a membrane-targeted molecule which fluorescence shifts
from 510 nm when the dye is reduced to 590 nm when it is oxidised by the free radicals

oxidising lipids of the cell membranes.

As can be seen on Figure 60, cells are too confluent and membranes moving too much
to allow for the delineation of cell-to-cell limits along time and the comprehensive
analysis of these images cell by cell, prompting the use of whole fields as unit of image
analysis. Figure 61 shows the traces obtained by plotting the 510:590 nm fluorescence
intensity ratio and the possible estimation of a rate of oxidation of the dye by linear
regression. Results were not significantly different between phenotype groups (data
not shown). Nevertheless, this constitutes a proof of principle experiment for the

estimation of lipid peroxidation in NPCs.

Figure 60: Bodipy C11 staining in neuroprecursors. Image shows bodipy fluorescence in PD cells at NPC stage,
with 590nm image in red (upper left), 510nm image in green (upper right), merged 510nm and 590nm (lower left)
and brightfield image of the cells (lower right).
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Figure 61: Representative traces of the ratio of bodipy dye fluorescence channels 581:591 evolution across
time in NPCs for control, PD and DRD cells. The yellow area represents the time-span used to calculate rate of
progression of fluorescence increase using a linear regression model. The grey box represents the addition of H202
as positive control for lipid peroxidation by increased dye oxidation at the membrane.

Nitric oxide — DAR-4M

BHA4, the downstream product of GTPCH, is a coupler for all three isoforms of NOS,
making the estimation of the rate of production of NO relevant in this model. DAR-
4M AM dye is used here to report NO production in the NPCs. Baseline is measured
for a few minutes then arginine is added to stimulate NOS activity in time series. An
example of imaging gallery is presented in Figure 62 with the corresponding mean
fluorescence intensity trace in Figure 63. There is a clear increase in DAR-4M AM
intensity reflecting an increase of NO production when NOS are stimulated with
arginine, supporting the feasibility of this experiment in the NPC model. However,
some fluctuation of fluorescence across time is visible and cannot be appropriately
reported with the image analysis method based on whole field to which cell confluence
constrained these experiments to. Baseline NO production is first recorded by z-stack
in unstimulated cells. The addition of L-arginine, an essential substrate of NOS which
increases the production of NO in cells, is used to stimulate NOS activity in those cells.
The effect of this stimulation is estimated using the ratio of stimulated fluorescence
intensity to the baseline intensity, or deltaDAR-4M, according to a method used in the
quality control of DAR-4M AM specificity for recording NO production in the cells

(Kojima and Nagano, 2000).
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Figure 62: Representative time-series of DAR-4M imaging in NPCs. Images are sequential in time from top left
to bottom right. The red line marks the time of addition of Arginin. The fluorescence plot of this well is found in
Figure 63.
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Figure 63: Basal rate of increase of DAR4M fluorescence in response to Arginine is visible on the
corresponding plot of mean fluorescence intensity on time for the field shown in Figure 62.
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Wallis ANOVA and stars indicate statistically significant difference with o < 0.05 between groups.
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Results from these analyses are presented in Figure 64 for indication of the feasibility
of the experiment in the NPC model. Number of observations is too small, due to the
limitation of the analysis to whole fields and not individual cells, to conclude on
variation in NOS activity between phenotypic groups at NPC stage.

Synthesis of NPC results

Live cell imaging experiments in the NPC demonstrate that these cells have an intact
redox system, with the means to produce as well as to buffer ROS, and that these
functions can be measured using fluorescent dyes and reporters such as mCB, TMRM,
DHE and MitoROS in both control and mutant cell lines. Both the MMP and cellular
GSH levels can be measured simultaneously with TMRM and mCB respectively,
without one measure affecting the other in a significant way. Additionally, lipid
peroxidation can be measured with Bodipy C11 and nitric oxide synthase activity with

DAR-4M and Arginine stimulation in this model.

At the NPC stage, the GCH1 mutation is associated with the increased polarisation of
the MMP and elevated levels of cellular GSH in the DRD but not the PD cells. This
effect of the mutation is not reflected by a measurable change in mitochondrial ROS

production, cellular superoxide production or nitric oxide synthesis in the NPCs.
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4. Midbrain dopaminergic neurons

Model validation

ICC is used to estimate the efficiency of the mDA induction protocol around D65, with
the use of co-expression of Blll-tubulin (BIIl), a neuronal marker, and tyrosine
hydroxylase (TH), a necessary enzyme for the production of dopamine, are suggestive
of the mDA neuronal phenotype in culture. The phenotype is further supported by the
absence of Ki67 expression, a marker for cell proliferation present in the cell nuclei at
all phases but quiescent GO phase. Finally the absence of GFAP staining further
supports cell phenotype as neuronal and not glial, as glial fibrillary acidic protein is a
marker for intermediate filament protein in glial cells. Overall about 30-45% of the
cells are expressing Bl and 3-12% cells express TH. None of these cells express Ki67
but 2-8% of the cells in culture are still cycling, and a small proportion of cells (1-5%)
express GFAP, both suggestive of a mixed culture. Images for the co-expression of

TH and BIlI (Neurodevelopmental chapter Figure 38 & Figure 39).

FURA-2 is used to characterise the functionality of the neurons in this model through
measuring cytosolic calcium fluxes in response to various stimuli. These include
compounds such as KCI which promotes the opening of voltage-dependent calcium
channels (VDCC) in neurons and ATP which mainly acts as a calcium-associated
communication signal between glial cells, but can also modulate some neurons
responses (Cotrina et al., 2000; Hammond and Michel, 2015; Kettenmann et al., 1984a,
1984b; Verderio and Matteoli, 2011; Verkhratsky and Kirchhoff, 2007).
Representative traces for these cultures stimulated with KCI and ATP are shown in
Figure 65. Mainly, response to stimuli by activation of calcium influx varies greatly
between wells but is similar across all cell groups. The neurons in these cultures are
thus expressing functional VDCC and glutamate receptors allowing calcium fluxes in
response to stimuli. Response to ATP was observed in a proportion of cells, including
some also having responded to either glutamate or KCI. The cells reacting to both types
of stimuli are possibly leading to an over-estimation of the number of glial cells in
these cultures as this can be linked to either the recording of two superposed cells, or

to over-susceptibility of the cells to excitation rendering them reactive to all stimuli.
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Figure 65: Characterisation of the cultures used for functional investigation of the mutation using calcium
imaging. Changes in FURA-2 fluorescence intensity in single cells in response to stimuli (50 nM KCl and 100 uM
ATP).
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Based on these results, the presence of non-neuronal cells in the cultures prompts the
necessity to visually select areas within the wells presenting an increased neuronal
phenotype for functional imaging. Additionally, in experiments where cells could be
clearly delimited, neuronal-looking cells only were used to measure the functional
read-out of the experiment. Results are presented separately for each time-point at

which functional experiments were performed in these neuronal cultures.

Mitochondrial membrane potential using TMRM

Mitochondrial membrane potential in neurons is estimated z-stack imaging after
loading cells with TMRM. mCB is loaded together with TMRM as previously
demonstrated not to significantly affect imaging results between cell lines (Figure
50&Figure 51). Mean TMRM fluorescence intensity is estimated across cells with a
neuronal aspect. An example of TMRM fluorescence staining analysis in neuronal
cultures is presented in Figure 66. Results from two separate inductions (1&2) at two
distinct time points of the mDA induction protocol (early and late neuronal timepoints)

are presented in Figure 67.

At early neuronal timepoint, both inductions show significant differences between
their groups (Induction 1: p = 0.00374; F = 11.08168; Induction 2: p = 0.02998; F =
3.95111). This difference is associated with a significantly increased polarisation of
the MMP in the PD compared to the DRD group for both inductions (Induction 1: p =
0.00332, 95% CI = 64.86426 - 279.31444; Induction 2: p = 0.03974, 95%CI =
17.15045 - 910.73844). These results are presented in the left column of Figure 67.

At late neuronal timepoint, MMP polarisation is significantly different in one
induction (Induction 1: p = 2.21936E-4; F = 15.52666) but not in the other (Induction
2: p=0.34897). For induction 1, this difference is associated with a significantly lower
MMP in comparison to the control group in both PD group (p = 5.44558E-4, 95% CI
= 251.36664 - 857.01503) and DRD group (p = 8.29229E-4, 95% CI = 227.22881 -
832.87719). These results are presented in the right column of Figure 67.
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Results are pooled between inductions at early and late timepoint, with cells showing
significant difference across all three phenotypic groups (early timepoint p =
1.46208E-4; F = 10.97714; df = 2; late timepoint p = 0.02462; chi-square = 5.05051;
df = 1). At the early timepoint, this difference is associated with a significantly lower
MMP in the DRD group than in the control group (p = 0.00984; 95% CI = 6.72831 -
60.4463) and in the PD group (p = 1.08498E-4; 95% CI| = 26.58937 - 88.94838) (top
of Figure 68). While at the late timepoint, it is associated with a significantly lower
MMP in the PD compared to the control group (p = 0.02609; Z = 2.22486) (bottom of
Figure 68). Additionally, although not significantly different from controls, the MMP

in the DRD lines at the late timepoint is reduced.

Altogether, TMRM fluorescence intensity, reflective of MMP polarisation, is
significantly reduced in DRD at early timepoint and PD at late timepoint (Figure 68),
suggestive of a mutation-associated alteration of the MMP which affects the cells from
the two disease groups differently in time. There may be a slower adaptation of the
mitochondria with lowering of the MMP in the PD compared to the DRD group. This

second observation needs to be confirmed in further induction sets.
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Figure 66: Example of TMRM image analysis. TMRM and mCB are loaded together (bottom row) and full-
depth z-stacks are analysed by maximum intensity projection (left column). Areas with non-neuronal cells are
removed from all layers (right column) prior to analysis of the TMRM channel only (top row).
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Figure 67: mean TMRM fluorescence intensity normalised to average of controls for whole-cell z-stacks.
Results are presented for induction 1 (top row) and induction 2 (bottom row), at early neuronal timepoint (left
column) and late neuronal timepoint (right column). Each data point represents a z-stack. Stars indicate significant
difference between groups signalled by brackets. Box plot represents: mean (circle), median (line) median + 1SE
(standard error - box) and mean + 95% CI (confidence interval — whiskers).
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Figure 68: Mean TMRM fluorescence intensity as percentage of controls pooled for each neuronal timepoint:
early on top, late on bottom. Each data point represents a z-stack. Box plot represents: mean (circle), median (line)
median + 1SE (standard error - box) and mean + 95% CI (confidence interval — whiskers). Stars indicate statistically
significant difference with o < 0.05 between groups.

Mitochondrial ROS production using MitoTracker red CM-H2XROS

Mitochondrial ROS production rate is estimated by measuring the increase of
fluorescence of MitoTracker red CM-H2XROS (MitoROS) in cells across time at the
early neuronal timepoint. Image analysis for this experiment could not discriminate
single cells with certainty (as can be seen in Figure 69), hence results are presented
with one data point per field, one field per well. Example of a time-series with visible
increase of MitoTracker CM-H2XROS fluorescence along time is presented in

(Supplemental Material Figure 85). Representative plots for each clinical phenotype
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group are shown in Figure 70, with an over-layer demonstrating the area of the curve
used for slope calculation with linear model using Origin (Originlab). Results are
plotted with each data point representing the slope value of one well. No significant
difference can be observed between phenotypic groups (p = 0.57031) when pooling

the results from both induction sets together Figure 71.

These results suggest that the differences in MMP between cell groups measured
through TMRM intensity are not associated with a change in mitochondrial ROS
production. Of note, the MMP influences the capacity of MitoTracker to accumulate
in the mitochondria, potentially confounding these results. Additionally, due to the
difficulty to discriminate the border between cells, these results are presented across
all cells, neuronal and non-neuronal, in the field. This may be confounding the results

by not enabling the observation of a neuronal phenotype in mitochondrial ROS

production.

Figure 69: Representative image of MitoROS imaging of Neurons in association with Hoechst for nuclei
staining. MitoROS is visualised in red in the mitochondria and nuclei are shown in blue.
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Figure 70: Representative traces of the MitoTracker CMH2XROS dye fluorescence evolution across time in
neuronal cells for control, PD and DRD cells. The yellow area represents the time-span used to calculate rate of

progression of fluorescence increase using a linear regression model.
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Figure 71: Boxplot of rate of ROS production by the mitochondria approximated by the increase in
fluorescence intensity of the MitoTracker CMH2XROS dye in basal conditions at the early neuronal
timepoint across both induction sets. Each data point represents a field. Box plot represents: mean (circle),
median (line) median + 1SE (standard error - box) and mean + 95% CI (confidence interval — whiskers).

Oxidative state of cell - GSH with mCB

mCB is used to estimate cells content in GSH, which can be inversely correlated to the

oxidative state of the cells. mCB is loaded and measured at the same time as TMRM

in neuronal cells as this was previously demonstrated not to significantly affect
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imaging results between cell lines. For each field, mean fluorescence intensity is

measured after removal of all cells with a non-neuronal aspect from the imaging field.
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Figure 72: Example of mCB image analysis. TMRM and mCB are loaded together (bottom row) and full-
depth z-stacks are analysed by maximum intensity projection (left column). Areas with non-neuronal cells are
removed from all layers (right column) prior to analysis of the mCB channel only (top row).
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An example of mCB fluorescent staining in neuronal cultures and selection of cells for

analysis by deletion is found in Figure 72. The experiment was performed at two time

points and results pooled between inductions are presented at both time-points (Figure

73). There is no significant difference in GSH content between the disease groups at

either timepoint.
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Figure 73: Mean mCB fluorescence intensity normalised to average of controls for whole-cell z-stacks.
Results are presented for both inductions pooled at early (top) and late (bottom) timepoints. Each data point
represents a field. Box plot represents: mean (circle), median (line) median + 1SE (standard error - box) and mean

+ 95% CI (confidence interval — whiskers).
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Superoxide production with DHE, cell by cell analysis

DHE is used to estimate the rate of production of superoxide in neuronal cells, by using
slope of progression of DHE oxidised:reduced ratio. An example of a time series is
presented in (Supplementary Material Figure 86). An example of the observed
fluorescence at each wavelength separately, for a time-point when oxidation of the dye
and its relocation to the nuclei has started is presented in Figure 74 and demonstrates
the possibility to clearly delimitate each nucleus for image analysis. Images are
analysed by manually selecting the nuclei of cells with a neuronal aspect and
measuring the fluorescence intensity at both wavelengths for each nucleus. Ratio of
fluorescence intensity as 530:380nm is calculated for each time-point and plotted
against time. A linear model is used to estimate the rate of change of the ratio along
time for each nucleus separately (Figure 75). Nuclear slopes are normalised to the
average of slopes for control cells and plotted in either of three groups: controls, PD
or DRD (Figure 76).

DHE 380nm DHE 530 nm

Figure 74: Example of DHE 380nm and 530 nm channels. Image was selected towards the end of the
experiment to illustrate the relocalisation of the dye to the nucleus after its shift from 380nm to 530nm
fluorescence wavelength.

At the early neuronal timepoint, the assumption for homogeneity of variances is not
respected and the three phenotypic groups are compared with non-parametric Kruskal-
Wallis test, resulting in a significant difference between groups in both induction sets
(Induction 1: p = 2.14433E-6; Chi-Square = 26.10537; df = 2 & Induction 2: p =
0.00106; Chi Square = 13.69829; df = 2). Comparisons of these groups by pairs are
performed using Mann-Whitney U-test with Bonferroni correction. The rate of
production of superoxide by the PD group is significantly lower than in controls in
both inductions (Induction 1: p = 3.0595E-5; Induction 2: p = 0.00253). Superoxide
production is found significantly lower in DRD than in controls in induction 1 (p =
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1.16759E-5) but not induction 2 (p > 0.0167). Finally superoxide production is
significantly lower in PD group than DRD group in one induction 2 (p = 0.0046) but
not inductionl (p > 0.0167). Results of the first time point are presented in the left
column of Figure 76.

At the late neuronal timepoint, the assumption for homogeneity of variances is not
respected either and the same statistical tests applied. There is a significant difference
between groups in both induction sets (Induction 1: p = 3.60705E-5; Chi-Square =
20.46007; df = 2 - Induction 2: p = 2.32175E-12; Chi Square = 53.5774; df = 2). For
both inductions, the rate of production of superoxide is found significantly higher in
the DRD group than in the control group (Induction 1: p = 2.00442E-4; Induction 2: p
= 1.44151E-9) and in DRD group than in PD group (Induction 1: p = 5.20613E-6;
Induction 2: p =5.62792E-11). However, there is no statistically significant difference
between the PD and control group in either induction set at the later timepoint (p >
0.0167). Results of the second time-point are presented in the right column of Figure
76.
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DHE 530:380 ratio plot cell by cell PD cells
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Figure 75: Example of slopes for DHE oxidised:reduced ratio in neurons. Each set of data represents the
progression of the ratio with time at the nucleus of a neuronal-looking cell. Blue lines represent the linear regression
for best fit for each of these and is used to calculate the slope.
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Figure 76: DHE 530:380 slope normalised to average of controls for whole-cells z-stacks. Results are presented
for induction 1 (top row) and induction 2 (bottom row), at early neuronal timepoint (left column) and late neuronal
timepoint (right column). Each data point represents a cell. Box plot represents: mean (circle), median (line) median
+ 1SE (standard error - box) and mean = 95% CI (confidence interval — whiskers). Means are compared by Kruskal-
Wallis ANOVA and stars indicate statistically significant difference with o < 0.05 between groups.
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Figure 77: Pooled data from induction sets for DHE 530:380 slope normalised to average of controls for
whole-cell z-stacks. Results are presented for both early neuronal timepoint (top) and late neuronal timepoint
(bottom). Each data point represents a cell. Box plot represents: mean (circle), median (line) median + 1SE
(standard error - box) and mean + 95% CI (confidence interval — whiskers). Means are compared by Kruskal-Wallis
ANOVA and stars indicate statistically significant difference with o < 0.05 between groups.

As the results from both inductions are similar at each time-point, these are pooled to
compare superoxide production in the mDA neurons between induction timepoints
(Figure 77). At both time-points, there is a significant difference between the three
groups (Early neuronal timepoint: p = 8.63685E-6; Chi-square = 23.31895; df =2 &
Late neuronal timepoint: p = 7.21584E-7; Chi-square = 28.28363; df = 2). At the early

neuronal timepoint, the rate of superoxide production is significantly lower in the PD
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group (p = 6.94872E-4) and in the DRD group (p = 2.43768E-5) than in the control
group. There is no significant difference between the disease groups (p > 0.0167 in
DRD vs PD). At late neuronal timepoint, the rate of superoxide production is similar
in the PD and control groups (p > 0.0167) but significantly lower in the DRD group
when compared to both control group (p = 9.42213E-6) and PD group (p = 2.55186E-
6).

Thus superoxide production rate appears significantly lower in all GCH1 mutation
carriers at the early neuronal timepoint and in DRD in the late neuronal timepoint.
However, there is a trend, albeit non-significant, for the maintenance of this low level

production in the PD cell at the later timepoint.

Measuring NO production in neurons — DAR-4M experiments

Basal NOS activity as well as deltaDAR-4M(L-arginine) activated NOS activity are
measured via NO production associated with DAR-4M emission fluorescence
intensity changes in dynamic live-cell imaging in the neuronal cultures. Fluorescence
intensity fluctuated greatly in cells, both in basal and arginine-activated states, with
variable rhythm between neighbouring cells, as can be observed in Figure 78. Overall
field fluorescence intensity also fluctuated greatly with time as visualised in Figure 79,
making the interpretation of dye intensity changes and the response to arginine
stimulation virtually impossible. This fluctuating pattern may be associated with the
transient increases of intracellular Ca2+ levels associated with neuron action potentials
due to mechanisms similar to mDA pace-making activity, thus reflecting the calcium-

dependent fraction of NOS activity in these cells (Fleming et al., 1997).
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Figure 78: Representative detail of a time-series of DAR-4M imaging in control neurons. Images are sequential
in time from top left to bottom right. The red line marks the time of addition of L-arginine. The fluorescence plot
of this well is found in Figure 79
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Figure 79: Fluctuation in DAR4M fluorescence is visible on the corresponding plot of mean fluorescence
intensity on time for the field shown in Figure 78. Three cells from detail are selected and plotted separately.
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Sytox Green for cell death in neurons

Sytox Green is a non-cell permeant nuclear marker which only accesses and marks the
nuclei of dead cells, with an important increase in its fluorescence intensity upon
binding to nucleic acids. Cells are loaded with Sytox Green and Hoehst and 5 z-stacks
are acquired for each well. Images are analysed by counting Hoechst-positive nuclei
belonging to cells with a neuronal aspect (total nuclei) and determine the proportion
of these which are SytoxGreen positive (dead cells). An example for these staining is
found in Figure 80. The experiment was conducted in two separate inductions at the
early neuronal timepoint, with each data-point representing the proportion of dead cell
in each z-stack, and the pooled results presented in Figure 81.

Population means are found significantly different across the three phenotypic groups
(p = 0.00647; F = 5.34372; df = 2). This difference is associated with a significantly
higher proportion of cell death in the PD group compared to both the control group (p
=0.01187; 95% CI = 14.20956 — 147.73695) and the DRD group (p = 0.00985; 95%
Cl =16.87755 — 158.36479).

Figure 80: Cell death staining with Sytox Green. All nuclei are stained with Hoechst (upper left) and nuclei from
dead cells with Sytox Green (upper right). Neuronal looking cells are visualised and used for counts based on
brightfield image (bottom left).
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Figure 81: Proportion of cell death across all imaged neurons for both induction sets at the early neuronal
timepoint, normalised to average of controls. Each data point represents a field of view. Box plot represents:
mean (circle), median (line) median + 1SE (standard error - box) and mean + 95% CI (confidence interval —
whiskers). Means are compared by one-way ANOVA with multiple t-test with Bonferroni correction and stars
indicate statistically significant difference with o < 0.05 between groups.

These results demonstrate an important increase of cell death in PD cells compared to
the control and DRD ones, reminiscent of the neurodegenerative aspect of the
pathology in the human brain. This is visible in the mDA neuronal cultures from the
early neuronal timepoint and needs to be confirmed at different time-points. This result
is hinting at a mDA neuron-specific susceptibility to cell death in a PD patient-derived
model in culture that is absent from the DRD cells. This may underlie the differences
observed in the presentation of the pathology in individuals carrying the studied GCH1

mutation.
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Synthesis of neuronal results

Live cell imaging experiments in the mDA neuron stage demonstrate that, similarly to
the NPC stage, the use of TMRM for the estimation of MMP, mCB for GSH content,
DHE for superoxide production and MitoROS for mitochondrial ROS are possible live
in this model, although with some variation apparent between induction sets and some
difficulties in performing single cell analyses due to confluence. Additionally, FURA-
2 can be used to visualise calcium fluxes both spontaneously and in response to stimuli
and that these are influencing NOS activity as visualised with DAR-4M staining.
Finally, proportion of cell death in the cultures can be estimated with the concomitant
use of DAPI and SytoxGreen.

At the early neuronal timepoint, cell death is significantly increased in the PD line
compared to controls and DRD, and this is associated with lower content in GSH and
lower superoxide production, but no changes in mitochondrial function (either MMP
or mitochondrial ROS production). The DRD cells present with a depolarised MMP
compared to controls and PD at this stage, associated with a lower superoxide
production than controls, but no change in GSH content or cell death percentage. Cell
death in the PD cells may thus be independent of mitochondrial function at that stage
but associated with changes in the redox balance of the cells.

At the later timepoint, data on cell death is unavailable but a reduction in the MMP is
observed in the PD cells, suggestive of a progressive deficit in mitochondrial function
associated to the mutation that emerges with time in culture. As results are less
consistent between sets, repetitions are warranted to draw any conclusions on these.

Overall results are summarised in Table 29.

263



Time Early Timepoint Late Timepoint
Experiments| Induction 1 Induction 2 Overall Induction 1 Induction 2 Overall
MMP Depolarised in DRD Depolarised in no change Depolarised in
mutants v/s PD
controls
GSH Lower in PD v/s|Increased in PD| No difference | Lower in DRD no change No difference
DRD v/s DRD and than controls
controls
Superoxide Lower in Lower in PD v/s|  Lower in Higher in DRD | Lower in DRD | Lower in DRD
mutants v/s DRD and v/s mutants v/s than PD and than PD and than PD and
controls controls controls controls controls controls
Cell death Higher in PD than DRD and controls n/a

Table 29: Overall neuronal results in both inductions and at early and late timepoints
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1V. Discussion

Results from the functional analysis of the GCH1-BH4 pathway in GCH1 mutant cells,
compared to healthy controls, provide insights into the cellular functions associated

with the phenotypic differences observed between PD and DRD patients.

The control group has measurable MMP, basal mitochondrial ROS production,
antioxidant (GSH) levels, superoxide production, lipid peroxidation at the membranes,
and NOS activity from an early neural precursor stage. These, with the exception of
the last two parameters, can be measured at the later neuronal stage of the induction
protocol. Additionally, the proportion of cell death in culture can be determined in the

neuronal cells.

The DRD cells demonstrate an increased polarisation of their MMP as well as higher
GSH content at the NPC stage, which are not reflected by a change in mitochondrial
ROS or overall superoxide production. Upon becoming neurons, their MMP is
significantly depolarised, from which they only partially recover at a more mature
timepoint. These changes are associated with a decrease of their production of
superoxide with no effect on mitochondrial ROS production, GSH content or neuronal
cell death in the DRD model.

The PD cells do not demonstrate significant differences in MMP polarisation,
mitochondrial ROS, GSH levels, superoxide production or NOS activity compared to
controls at the NPC stage, although they have a significantly depolarised MMP
compared to DRD cells. When becoming neurons, the MMP of PD cells is first slightly
polarised (early timepoint) and later significantly depolarised compared to controls.
These cells also demonstrate a decreased superoxide production with no effect on
mitochondrial ROS production or GSH content measurements. These alterations are
associated with a significant increase of neuronal cell death compared to both DRD

and control cells.

The difference in MMP observed between the mutant groups at the NPC stage may be

associated with the concomitant increased polarisation of the MMP in DRD cells and
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depolarisation of the MMP in PD cells in comparison to controls. These may be
indicative of a difference in the timing with which the mutation affects the MMP
between the disease groups, as is also observed at the early neuronal timepoint with an
increased polarisation of the MMP in PD cells and a depolarisation in the DRD cells.
It appears that this GCH1 mutation causes a progressive decrease in mitochondrial
health and function in PD cells which may be relevant to the vulnerability of these
cells to death. The maturity achieved by these cells with longer times in culture may

reveal phenotypes relevant to ageing diseases.

The increased GSH content of DRD cells at the NPC stage may be the result of its
decreased use for buffering ROS or by an increased expression of glutathione to buffer
larger quantities of ROS compared to the other groups. To determine which
mechanism is at stake, it would be important to capture the level of expression of
glutathione and other antioxidants such as BH4, ascorbate or superoxide dismutase in

these cell groups using qPCR and western blots.

The progression in the production of superoxide overtime, from a baseline similar
between all groups at NPC stage to an early decreased production in DRD (only a trend
for PD) and a lower production in both PD and DRD compared to controls in neurons
at a later stage, may be explained in many different ways. First, it could reflect the
length the cells have spent in culture or second, the maturation stage of the cells,
hinting at a possible cell-type specific superoxide metabolism in this model. Both
could be affecting the lines differently due to the inter-line variability of the donor’s
phenotype or of the induction process. A third possible explanation is molecular
competition between DHE and NO for reacting with superoxide in these cells. Due to
the nature of the studied GCH1 mutation, BH4 levels may be reduced in mutant cells
compared to healthy controls, leading to an imbalance of the BH4:BH2 ratio and the
uncoupling of a proportion of NOS in these cells: coupled NOS would produce NO
while uncoupled NOS would produce superoxide. Additionally, fluctuations in
intracellular calcium are associated with waves of activation of NOS in the neuronal
cells but not in the NPC, potentially increasing the demand of mDA neurons for BH4.
Both highly reactive molecules can interact extremely fast to produce peroxynitrite,
which may limit the availability of superoxide to be measured by DHE, hence be
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associated with an under-estimated superoxide production rate in the mutant cells
(Beckman and Koppenol, 1996). Indeed, superoxide reacts with DHE at a reaction rate
constant k ~ 10® M1s™t (Chen et al., 2013), while the reaction of superoxide with NO
occurs with a constant k ~10*° M s and produces peroxynitrite which is permeant
to cell membranes, can travel ~10um from its site of formation (the equivalent of 1-2
cell diameters) and has a biological half-life of ~5-20ms (Radi, 2013). Measuring the
production of peroxinitrite in these cells could confirm this hypothesis. However,
peroxinitrite measurement is extremely difficult in live cells as most of the existing
probes are reporting oxidation which can be confounded by the presence of other
oxidants in the cells, such as the commonly used dihydrorhodamine which can be
oxidised by hydroxyl radicals or nitrogen dioxide (Kalyanaraman et al., 2012;
Wardman, 2008). A promising alternative could be the use of boronate-containing
fluorophores, as these boronate species are oxidised to stable fluorescent molecules by
rapid and stoichiometric reaction with peroxynitrite (Sikora et al., 2009; Zielonka et
al., 2010). Additionally, it is recommended to confirm DHE results by HPLC in order
to confirm the superoxide-specific nature of the observed signal, as other intracellular
oxidants such as cytochrome or iron with H202 may interact with the molecule,
forming ethidium instead of 2-hydroethidium, which presents with similar
fluorescence spectral characteristics (Kalyanaraman et al., 2012).

Interestingly, cell death is significantly increased in PD compared to both DRD and
control groups at the neuronal stage, reminiscent of the mDA neuronal degeneration
observed in PD patients. Interestingly, this result is obtained when focussing analysis
on neuronal cells: overall cell death in the imaging fields is decreased in DRD
compared to both PD and control lines (data not shown). These observation may
support the hypothesis that dopaminergic-specific cell death associated with PD and/or
that the presence of supportive mechanisms in DRD which support overall survival in

vitro.

Finally, proof-of-principle experiments demonstrate that lipid peroxidation and NOS
activity can be measured in these iPSC-derived models using Bodipy C11 and DAR-
4M AM fluorescent dyes respectively, using the adapted methods described in this

chapter. The first provides a proxy for the alteration of cellular membranes associated
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to oxidative stress and lipid peroxidation has been described in human PD brains
(Dalfé et al., 2005; Dexter et al., 1989). Using bodipy C11 in the neuronal cells showed
rapid oxidation of the dye and consequent loss of dynamic range for the measurement
of lipid peroxidation; hence the loading method needs to be optimised in these cells.

The latter provides an alternative for measuring NO production in this model to the
commonly used DAF-FM AM dye, routinely used in our lab on different cell models,
but which lacks the ability to load in these cells (example in Supplementary Material
Figure 87). In the GCH1 model, reduced BH4 levels affect NOS coupling leading to
the production of superoxide instead of NO; and the importance of this disease
mechanism may vary between disease groups. Measuring NO production is thus
important in the context of this study. Although DAR-4M is successfully loaded in the
neuronal cultures, its fluorescence fluctuates greatly in the absence of glutamine,
potentially due to intracellular calcium fluctuations activating eNOS and nNOS in this
cell type (Fleming et al., 1997). Due to these oscillations in NOS activity, z-stacks
cannot be used to measure basal NOS activity and measuring the amplitude of NOS
activation post-arginine stimulation becomes difficult in these cultures. These may
also be the reflection of cell-to-cell communication in vitro since NO is involved in

neuronal signalling (Garthwaite, 2008).

1. Limitations

Technical difficulties need to be overcome, mainly through the improvement of the
method to increase the yield of MDA neurons by the end-point stage. One achievement
of this method is the quasi-purity of patterned mDA FP neural progenitors obtained at
the NPC timepoint, which suggests a later variation in further maturation of these cells.
The use of a method for selecting the cells committed to becoming mDA neurons at
an intermediate stage between NPC and early neuronal timepoint could improve these
yields. Magnetic-activated cell sorting (MACS), a less stringent variation of the
fluorescence-activated cell sorting (FACS) for the cells, could provide a solution
should extracellular markers for these neurogenic cells be identified. Current candidate
markers include N-CAM and CD166 (Kirkeby et al., 2017; Paik et al., 2018).
Increasing yields will also promote the use of non-fluorescent-based methods for the

analysis of metabolites such as HPLC. Finally, the lack of enrichment in mDA
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neuronal cells may be accounting for much of the observed well to well and induction

to induction variability.

Another issue inherent to the method is the need for extreme confluency of the cells
for differentiation and survival during most of the induction, leading to difficulties for
loading dyes and for image analysis. The necessity for high density plating in mDA
differentiation has been observed by team attempting mDA neurons differentiation
from primary mesencephalic precursor cultures (Ko et al., 2005). Using sparser
densities of NPCs in my experiments led to massive cell death and loss of cultures.
Such high density of cells limits the ability for the dye to load uniformly. Moreover,
imaging areas with lower cell densities which are not representative of the cultures
risks to include bias in results. At the NPC stage, the use of whole-fields results is
warranted. At the neuronal stage, the use of live TH-staining for the identification of
the mDA neurons in culture, via the use of TH promoter-dependent expression of
fluorescent markers or extracellular markers and specific live-staining antibodies, is
considered to allow improvement and automatization of whole-single cell image

analysis.

Overall, the validation of these results requires their replication, which can be achieved
at different levels. First, these results are obtained using one iPSC clone for each line,
4 controls and 2 DRD and 1 PD, allowing for the potential risk of describing a clone-
specific phenotype in the PD line due to the absence of replication. The next inductions
could be performed in different clones to overcome this caveat. Second, these results
describe the diseases phenotypes in a single family carrying a single GCH1 mutation,
and thus may be mutation- or family-specific. Replication of these results in cells from
different GCH1 families associated with the same mutation (removing family-specific
confounding effects) and with a different GCH1 mutation (removing both mutation
and family specific confounding effects) is warranted to overcome this caveat. Third,
as control lines were obtained from unrelated healthy individuals, the differences
observed in mutant vs control groups may be associated with differences between the
genetic backgrounds of these individuals. VValidation of the association of the observed
phenotype with the GCH1 point mutation (c.343+5C>G) will necessitate the

production of isogenic lines from the disease cells in which the point mutation is
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corrected. Consistent differences between mutant lines and their corresponding
isogenic controls as well as healthy controls and their mutated version would allow the
differentiation of mutation-induced phenotypes from family genetic background
phenotypes.

2. Further experiments

To my knowledge, this chapter constitutes the first observation of basal functional
alterations in hiPSC-derived midbrain neural progenitors in the absence of deleterious
stimulus in PD and the first investigation of these cells in DRD patient-derived cells.
A previous study found that hiPSC-derived early forebrain progenitors from PARK2
patients have a higher susceptibility to exposure to copper (Aboud et al., 2015). Using
human fetal midbrain NPCs and siRNA one team studied the effect of LRRK2 KD on
apoptosis and differentiation (Milosevic et al., 2009). Another investigated the
neuronal-progenitor subtype specificity of MPTP, 6-OHDA and H202 toxicity in rat
primary midbrain neuroprogenitor cultures (Sabolek et al., 2008). However these

studies all use external stimuli to induce a phenotype.

All the results described in this chapter are obtained in unstimulated cells, with the
exception of NO synthesis measurement and calcium imaging. The use of specific
stimuli may be used to provide further insights into the aetiology of these diseases by
observing the coping ability of the cells. Mitochondrial ETC complex I inhibitors such
as rotenone could be used to further impact mitochondrial function and increase ROS
production in the cells. The latter could have a more visible effect in mutant cells which
partially lack antioxidant defences and allow the measurement of a greater difference
in MitoROS production, GSH content, lipid peroxidation and superoxide production
between mutants and controls. These differences could in turn be corrected by
increasing the expression of GCH1 in all cells, with the use of TNF-alpha and/or IFN-
gamma similarly to the fibroblast chapter, thus supporting the role of the mutation, or
lead to further impairments. Moreover, increasing neuronal activity in cultures with
short, low concentration treatment with KCL may reveal further mutant phenotypes
associated with their reduced ability to release dopamine as a result from this
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stimulation. It may also trigger excitotoxicity in these neurons, to which the mutant

cells might have different coping ability than controls.

In a related approach, supplementing the cells with L-DOPA, in order to support
dopamine production independently of GCH1 and BH4 in these cells, could focus the
observed effects of the mutation on non-dopamine-related mechanisms. Sepiapterin
can be transformed into BH4 by sepiapterin reductase in the salvage-pathway of BH4,
independently of GCH1 expression. By supplementing the mutant cells with
sepiapterin and observing at least a partial rescue of their phenotype could further
narrow down functional observation to the effects of the GCH1 mutation only in this
model. This has been used in a previous publication (Ishikawa et al., 2016). However,
the use of these molecules need to be validated first: both levodopa and TNF-alpha are
suggested to have toxic effects on mDA cells in vitro (McGuire et al., 2001; Mytilineou
et al., 2003), and toxicity needs to be established prior to the use of this molecule. For
instance, the use of ascorbic acid, a powerful antioxidant, or of deprenyl, an inhibitor
of monoamine oxidase type B, in cultures seem to limit the toxicity of levodopa (Mena
etal., 1992; Pardo et al., 1993).

Observations of a phenotype and of phenotypic differences between GCH1-associated
PD and DRD patient-derived cell model constitute a strong support for the discovery
of underlying mechanisms in both pathologies. Using patient-derived cell models is of
the outmost importance in the research into genetic causes of these diseases. However,
this in vitro cell model comes with the essential caveat of focussing on a single cell-
type model which is not representative of a complete organism. Confirmation of these
results would also be necessary in animal models: there are currently at least two mice
models fully characterised and validated for loss-of-function analyses of GCH1 in
October 2018 by the international mouse phenotype consortium (Dickinson et al.,
2016). GCH1 mutations are also being modelled in zebrafish, with a focus on dystonia
so far (Vaz et al., 2018), but some research groups are now turning their focus on PD-

related mechanisms in GCH1-zebrafish models.
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Chapter 7: Conclusions and future directions

Investigating the role of GCH1 mutations and the downstream BH4 pathway in

Parkinson’s disease, I have used a multidisciplinary approach to fulfil four aims.

Aim 1 — | have demonstrated an accumulated burden for variants in the complete
GCH1-BH4 pathway on the risk for PD (chapter 3), and more precisely in the genes
involved in DRD and BH4-deficiency aetiology (GCH1, SPR and PTS), suggesting a
stronger link between the disorders than previously thought. This analysis uses the
largest available PD exome cohort and first requires its appropriate quality control
filtering, however the exclusion criteria used for the development of this cohort may
have limited my ability to discern the effect of other genes such as TH (rather
associated with early onset PD). In future research, the use of larger cohorts with a
better definition of indels, as well as wider criteria of inclusion, would provide a more

complete picture of the role of the GCH1-BH4 pathway in the risk for PD.

Aim 2 — fibroblasts derived from skin biopsies of patients carrying a heterozygous
€.343+5G>C GCH1 mutation have a depolarised mitochondrial membrane potential
and a higher content in GSH than control cells. When treated with cytokines to induce
the expression of GCH1, the mutant form fails to increase the polarisation of the MMP
and to decrease GSH content of the cells to levels comparable to wild-type.
Investigations in the fibroblast use a species and ageing relevant model, but is limited
to the observation of non-dopamine related functions of the GCH1-BH4 pathway and
the model necessitates cytokine treatment to induce GCH1 expression, which may
have secondary effects on the studied functions. The development of a neuronal model

is thus necessary to validate these observations in a dopaminergic model.

Aim 3 — | have used patient-derived induced pluripotent stem cells (iPSC) to develop
a human midbrain dopaminergic (mDA) neuronal model in vitro. The method is based
on the recapitulation of neurodevelopmental cues for the differentiation of mDA
neurons using small molecules. Technical difficulties limited the yield of the method,

similarly to other published methods, and future research should focus on the finer
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tuning of these cues or the selection of successfully differentiated cells for higher

purity of the cultures.

Aim 4 — 1 find that in FP neural progenitors and mDA neurons, the ¢.343+5G>C GCH1
mutation is associated with mitochondrial impairment, associated to increased GSH
content in DRD neural precursors and with decreased superoxide production in all
mutants at the neuronal stage. Importantly, neuronal cell death is significantly
increased in PD mDA neurons compared to both DRD and controls, supporting the

ability of the model to recapitulate hallmark aspects of the disease.

Reconciling the final yield of our induction method and the results from the functional
analyses, the presence of non-mDA neuron cells in the cultures may be supportive of
a more physiologically-relevant model. Indeed, cultures containing a single cell type
derived from iPSC lack the presence of support and target cells for the neurons,
potentially hindering their behaviour. Moreover, the presence of visible functional
differences in the mutants compared to control cultures points at two intriguing
hypotheses: either the presence of non-neuronal cells is associated with greater stress
for the iPSC-derived mDA neurons and allow for the earlier observation of
phenotypes; or these phenotypic impairments may involve more cell types than

believed in the current consensus.

Further investigations into the effect of the mutation on some of these cellular
functions need to be considered. First, using TMRM in dynamic measurements to
observe the effect of inhibition of separate complexes of the ETC on MMP can be
considered to evaluate the relative health of these complexes and their ability to cope
with increased stress in the model. Second, the observed impairment of the MMP may
be associated with changes in mitochondrial oxidative phosphorylation and ATP
production rate which can be measured directly and independently to the MMP using:
NADH/FAD autofluorescence measurements (Bartolomé and Abramov, 2015),
measuring basal and activated ATP concentration using genetically engineered
markers or enzymatic assays, and measuring oxygen consumption with probes in a 02
controlled environment (Bartolome et al., 2013; Lesage et al., 2016). Third, NOS
activity measurement with DAR-4M dye can be supplemented by the stimulation of
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NOS by increasing intracellular Ca2+ levels using 1uM bradykinin and suppression
of NOS activity using 1ImM L-NAME, a potent NOS inhibitor, to validate that the
observation of fluctuation in the neuronal cultures is associated to bursts of NO
production linked to the bursts of increased intracellular calcium associated to
neuronal cells depolarisation (Kojima and Nagano, 2000). Third, HPLC to precisely
measure the amount of BH4, dopamine and their metabolites in the cultures (de la
Fuente et al., 2017) would, in hand with the functional assays presented here, complete
the picture of the impairments of the GCH1-BH4 pathway associated to this GCH1

mutation.

Using patient hiPSC-derived model presents with the advantage of recapitulating
disease and observations in an in vitro human model carrying the complete genetic
information of patients affected by either disease. However, improvement of the
differentiation method as well as appropriate ageing of cultures, which may
recapitulate a rather foetal stage of maturity in its current form, will require further
optimisation of timing and developmental cues used in the protocol. Additionally, the
use of sorting methods such as FACS or MACS can be optimised in these cells to
increase the purity of the final cultures (Paik et al., 2018). Alternatively, use of
genetically encoded live-cell markers of cell type, such as fluorescence markers under
the TH promoter, can help focusing the data analysis of these functional fluorescence
assays on mDA neurons only for analysis (Calatayud et al., 2019).

Hence, the early biochemical pathology modelled in these iPSC-derived cultures
remains to be confirmed in separate lines and models. As these effects may be specific
to the mutation and family studied, a genome editing method such as CRISPR-Cas9
could be used to correct the mutation in patient lines or induce the mutation in healthy
control lines. Comparing the original to the genetically engineered lines would offer a
clear definition of the effect of the mutation irrespective of the familial background.
Additionally, lines from families carrying different GCH1 mutations could also be
used to confirm these effects in a variety of setups. Finally, animal models such as
mouse models can be developed with human-relevant mutations or protein knockdown
and mDA neurons which have developed in a physiological environment can be
harvested at several stages of maturation, ageing and disorder development, all

advantages compared to human subjects.
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Supplementary material

Reference Sequencing N cases N Comment
method controls
29 FPD
Bandmann Sanaer with Selection of rare PD subtype,
etal., s l?encin akinetic- 0 with small numbers and no
1996b g g rigid controls
presentation
53 familial
Cobb et Direct EOPD Se_lﬁctlon”of rare PD subtype,
al, 2009 | sequencing | (o1 0 with small numbers and no
K (2lw controls
associated
dystonia)
. Selection of rare PD subtype
Hertz et Direct . 87 EOPD 0 with small numbers and no
al., 2006 | sequencing
controls
Newmann | Targeted 233 . _
etal. SNP dystonia 1,090 Limited sequencing to 5
. GCH1 SNPs
2014 sequencing | 1,337 PD
Bandrés- | o o 97 LOPD Selection of rare and common
Cigaetal, | 5 00 . [28EOPD |0 PD subtypes, with small
2016 g g 9 EPD numbers and no controls
Rengmark | Deep May be a population-specific
etal., targeted 509 LOPD | 230 observation and coverage
2016 sequencing gaps
Yang et gﬁlrgeted §8§ra dic 634 Limited sequencing to a
al., 2017 . P single SNP in GCH1
sequencing | PD

Table 30: Negative genetic association of GCH1 with PD risk in literature review.
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Figure 82: MMP polarisation estimated by TMRM fluorescence intensity normalised to the average of
untreated controls, as a proxy for MMP polarisation. Groups are separated as controls, PD and DRD. Untreated
groups are in dark red, treated groups are in pink. Box plot represents: mean (circle), median (line) median + 1SE
(standard error - box) and mean + 95% CI (confidence interval — whiskers).
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Figure 83: Rate of production of superoxide estimated by slope of DHE oxidised:reduced ratio, normalised
to untreated controls. Results are presented comparing controls to PD and DRD separately. Untreated groups are
in dark purple, treated groups in light purple. Box plot represents: mean (circle), median (line) median + 1SE
(standard error - box) and mean + 95% CI (confidence interval — whiskers).
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Figure 84: Cellular GSH content estimated by mean mCB fluorescence intensity normalised to control.
Results are presented comparing controls to PD and DRD separately. Untreated are in dark blue, treated are in light
blue. Box plot represents: mean (circle), median (line) median + 1SE (standard error - box) and mean + 95% CI
(confidence interval — whiskers).
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Figure 85: Representative time-series of the MitoTracker CMH2XROS dye fluorescence evolution across
time in neuronal cells. The blue marker indicates the addition of FCCP which uncouples the mitochondria and
leads to leakage of the dye around them.
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Figure 86: Example of a time-series of DHE with both channels 380nm (grey) and 530 nm (red) merged. The
blue bar represents the point of addition of positive control for oxidation of the dye H202.
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Figure 87: DAR-4M v/s DAF-FM loading in neuronal cultures
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