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Resumen

La enfermedad de Parkinson (EP) es la segunda enfermedad neurodegenerativa mas comun tras
la enfermedad de Alzheimer afectando a alrededor del 1% de la poblacién mayor de 60 afios.
Causa una incapacidad progresiva en los pacientes con una importante afectacion de las
funciones motoras y en la mayoria de los casos desemboca otras disfunciones no motoras como
depresion, ansiedad, trastornos de la funcion autondmica y demencia. Dos son los rasgos
distintivos de la enfermedad: la muerte de las neuronas dopaminérgicas de la parte compacta de
la sustancia negra, lo que precipita el cuadro motor y el diagnostico, y la formacién de acumulos
proteicos en los cuerpos y las neuritas de las neuronas supervivientes. Estos acumulos, que
reciben el nombre de cuerpos de Lewy, estan compuestos principalmente por la proteina alfa-
sinucleina.

Pese a los hallazgos genéticos de las Ultimas décadas, la mayoria de los casos son clasificados
como idiopaticos. Sin embargo, cerca del 15% de los casos presentan una historia familiar y en
cerca del 30% de los mismos se conoce la mutacion que segrega con la enfermedad (Kumar K.
R. et al., 2011). Entre los genes relacionados con la EP familiar, destaca LRRK2. El conjunto de
mutaciones patogénicas en este gen representan el 10% de los casos de los cuales la mitad son
atribuibles a su mutacion mas comun, la sustitucion Gly2019Ser (G2019S). Inesperadamente, esta
mutacion también se encuentra en el 1-2% de los casos esporadicos y esta asociada a un
parkinsonismo clinicamente indistinguible del de los casos idiopaticos (Bardien S. et al., 2011). La
mutacion presenta una penetrancia incompleta que varia entre poblaciones y que esta sujeta a la
presencia de otros factores, genéticos y/o ambientales que la modulan (Hentati F. et al., 2014;
Trinh J. et al., 2016). Otra caracteristica interesante de la sustitucion G2019S es que en familias
con historia de EP hay una frecuencia aumentada de fenocopias, esto es, miembros afectados no
portadores de la mutacion (Latourelle J. C. et al., 2008). Finalmente, la relacion entre LRRK2 y la
EP esporadica no sélo se limita a la mutacion -rara- G2019S. Estudios de asociacion a escala
genomica han implicado también a polimorfismos frecuentes situados en el locus de LRRK2 en la
enfermedad esporadica (Nalls M. A. et al., 2014).

Por todo ello, la determinacién de los mecanismos protectores frente a la accion patogénica de
LRRK2 son de gran interés desde el punto de vista terapéutico, ya que pueden ayudar a combatir
no solo los casos de EP asociados a mutaciones en LRRK2 sino también los casos idiopaticos.
Para ello, en el contexto de este proyecto hemos analizado la penetrancia de la mutacion G2019S
en nuestro modelo in vitro de la EP, confirmando que la proteccion in vivo de los individuos
portadores asintomaticos se reproduce in vitro € iniciando una aproximacion para determinar los
factores genéticos responsables de dicha proteccion.






Abstract

Despite the advances in the identification of genes and proteins involved in Parkinson’s disease
(PD), there are still appreciable gaps in our understanding of the mechanisms underlying the
chronic neurodegenerative process in PD. In the lab, it has been demonstrated that iPSC
technology can be used to observe phenotypes relevant to neurodegeneration in PD, and also
provided first proof-of-principle evidence that neurons with the genome of a sporadic PD patient
exhibited similar phenotypes as seen in iPSC derived from patients with monogenic LRRK2
(G2019S) PD. In the present study we generated a complementary set of iPSC lines from
asymptomatic individuals carrying pathogenic LRRK2 mutations, whose gene pool may have a
prevailing protective effect. We then corrected the LRRK2 mutation by using TALEN-mediated
genetic engineering in the symptomatic LRRK2-iPSC lines, as well as well as introduced it in our
already established control-iPSC lines. Dopaminergic neurons differentiated in parallel from this
subset of iPSC lines have been cultured over a long time span and monitored for the appearance
of neurodegeneration phenotypes (including reduced numbers of neurites and neurite arborization

and a-synuclein accumulation) after 75 days in culture. Interestingly we found that while PD iPSC-
derived DA neurons showed altered morphology and shorter/fewer neurites, DAn derived from
NMC show mature morphology and long neurites with complex arborization, similar to those
differentiated from Citrl-iPSC. We have also identified mutation-linked phenotypes such as a-
synuclein accumulation whose appearance was delayed in NMC neurons compared to LRRK2-PD
neurons. Complementarily, we have sequenced the exome of our cohort in order to identify the
genetic modifiers of LRRK2 mutation penetrance. Importantly, the availability of a refined set of PD
patient-specific iPSC lines representing symptomatic and asymptomatic cases of familial PD
sharing the same pathogenic mutation in LRRK2, as well as isogenic iPSC lines in which the
mutation has been edited out, will open a new window for the early diagnosis and individualized
treatment of the prodromic period of the disease.
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AADC: aromatic amino decarboxylase
AAQ; age at onset

AAV: adeno-associated virus
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eQTL: expression quantitative trait locus
ER: endoplasmic reticulum
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hESC: human embryonic stem cell

hiPSC: human induced pluripotent stem cell
hPSC: human pluripotent stem cell
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LRRK2 G2019S mutation

L2-PD: PD patient carrying the LRRK2
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MPTP: 1-methyl-4-phenyl-1,2,3,6-
tetrahydropyridine

MPPP: 1-methyl-4-phenyl-4-
propionoxypiperidine

MSN: medium spiny neurons

OR: odds ratio

PD: Parkinson’s disease

PIGD: postural instability and gait difficulty
RBD: REM sleep behavior disorder

REM: Rapid eye movement

REMC: Roadmap Epigenomics Consortium
RNAI: RNA interference

RVD: repeat variable di-residue

SNP: single nucleotide polymorphism
SNpc: substantia nigra pars compacta
SSN: site-specific nuclease

STN: subthalamic nucleus

TALEN: transcription activator-like effector
nucleases

TF: transcription factor

TH: tyrosine hydroxylase

TGN: trans-golgi network

WES: whole exome sequencing
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INTRODUCTION

Parkinson’s Disease

A growing public health problem

First clinical definition of Parkinson’s disease dates from 1817 when James Parkinson described
whose major recognizable features were the involuntary tremulous motion and the bent posture
when walking (Parkinson 2002). Strikingly, one of the reasons that led James Parkinson to write his
Essay on the shaking palsy was to convince the medical community he was describing an as yet
unreported disease. Nowadays it may seem odd that a disease such as PD had gone unnoticed at
that time, however, the incidence of PD rises with age and the life expectancy in the beginning of
the 19" century did not exceed 40 years in the UK (Zijdeman & Ribeira da Silva 2015). Since then,
there has been a trend towards increasing life expectancy and in western countries, it is currently
surpassing the 8th decade of life. Accordingly, progressive aging of the population is increasing
the incidence of age-associated pathological conditions such as PD (Dorsey et al. 2007). The
disease is known to affect more than 1% of the population older than 60. In 2013, in the Spanish
population, more than 160,000 people had a PD diagnosis (Peflas Domingo et al. 2015).
Nowadays, more than 38% of the Spanish population is older than 50, and demographic forecasts
increase that figure to nearly 50% in 2,029 (INE 2014). Altogether, these facts emphasize the
urgency for finding disease modifying or preventing therapies that may help to reduce the
personal and economic burden associated to this severe disorder.

Clinical features

Parkinson disease is a debilitating neurodegenerative disorder that dramatically reduces the
quality of life of the affected individuals and of their relatives. In terms of pathophysiology, the two
major hallmarks of the disease are: i) the loss of dopaminergic neurons from the substantia nigra
pars compacta and ii) the presence of protein aggregates mainly composed by the protein alpha-
synuclein. It is evident that the first hallmark is the responsible for the defects in motor
coordination, however there is a profound debate about the implications of the latter. PD is not the
only clinical entity related to alpha-synuclein pathology. The more general term synucleinopathy,
which encompasses PD, dementia with Lewy bodies, multiple system atrophy or pure autonomic
failure among others, is used to refer to all these neurodegenerative disorders that are associated
with alpha-synuclein accumulation. However each of them displays a different clinical picture.
Delving deeper into the clinical manifestation, PD presents with bradykinesia, rest tremor, rigidity,
gait disturbance and postural instability. These motor deficits are collectively termed as
parkinsonism. Diagnosis is mainly motivated by bradykinesia; nonetheless there are certain cases
whose first sign is rest tremor. In this regard, two major different motor subtypes can be identified.
An earlier-onset tremor dominant form with slow progression and a later-onset form presenting
postural instability and gait difficulty (PIGD) with rapid progression (Jankovic et al. 1990). The
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underlying cause of PD is currently unknown. However, there are a small percentage of cases that
present family history and very likely attributable to the presence of certain genetic conditions.

The basal ganglia and the loss of nigral neurons

In order to understand how the loss of SNpc DA neurons leads to the motor (and some non-motor)
symptoms of PD we should first understand what are the basal ganglia and how do they control
movement execution. The basal ganglia are a group of subcortical brain nuclei that include the
striatum (Str), the internal and external globus pallidus (GPi and GPe), the subthalamic nucleus
(STN) and the substantia nigra pars compacta (SNpc) and pars reticulata (SNpr). These different
brain regions are interconnected and connected with the motor cortex through separated but
parallel loops. These circuits comprise motor, associative (cognitive) and limbic (emotional)
domains. The functioning of the motor circuit implicates direct and indirect pathways that are
mainly responsible for global motor activation or inhibition. The balance between both pathways is
crucial for proper motor execution and the misbalance is behind motor disorders such as PD and
Huntington’s disease. The striatum can be considered as the hub that integrates both pathways. It
integrates both excitatory (cortex and SNpc) and inhibitory (SNpc) inputs. Two different dopamine
receptors are responsible for the opposite effects of dopamine in striatal neurons. D1 dopamine
receptors are present in a population of striatal medium spiny neurons (MSNs) that initiate the
direct pathway. These neurons are activated by nigral dopamine and extend their inhibitory
projections to the GPi. Inhibition of the GPi reduces its inhibitory signaling in the thalamus
consequently activating the motor cortex. The indirect pathway has an opposite effect over the
thalamocortical motor center. It is initiated by the inhibitory activity of the nigral dopamine on MSN
bearing D2 dopamine receptors. These D2-type MSNs activate the GPi through a polysynaptic
pathway that implicates the GPe and the STN. Activation of the GPi overinhibits the thalamus
therefore inhibiting the motor cortex. In Parkinson’s disease, the motor symptoms arise when there
is a loss of nigrostriatal terminals in the striatum that causes an 80% drop in dopamine. In this
situation, the direct pathway is hypoactive whereas the indirect is hyperactive therefore resulting in
the akinetic-rigid syndrome (Figure 1 and check Obeso, Rodriguez-Oroz, Stamelou, Bhatia, &
Burn, 2014 for a detailed review).

18



INTRODUCTION

Normal Parkinson’s disease

facilitates movement. pathway inhibits

[The direct pathway The indirect
movement.

Spinal cord Spinal cord

Figure 1: Basal ganglia circuitry in normal and parkinsonian brains

Red arrows indicate inhibitory (mainly GABA-ergic projections), green arrows represent excitatory (mainly glutamatergic)
projections. In the normal state (A), the putamen receives cortical excitatory input and projects to output neurons in the
GPi through a direct pathway, and by a polysynaptic indirect pathway via the GPe and the STN. Dopamine is thought to
inhibit neuronal activity in the indirect pathway and to excite neurons in the direct pathway. In the parkinsonian state (B),
when neuronal degeneration in the SNpc and dopamine striatal depletion falls below 50% and 80%, respectively, striatal
physiology is disrupted. Dopamine D1 receptor-expressing striatal neurons in the direct pathway become hypoactive,
whereas dopamine D2 receptor-bearing striatal neurons in the indirect pathway become hyperactive. The latter response
leads to increased inhibition of the GPe, and disinhibition of the STN. Overactivity in STN neurons and reduced inhibition
in the direct pathway provokes excessive excitation of neurons in the GPi and overinhibition of thalamocortical and
brainstem motor centers, resulting in parkinsonism. From (Hill et al. 2012)
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Non-motor symptoms. Before the onset of the motor symptoms and after

The motor disorder is the most recognizable aspect of PD but it is neither the first nor the only
symptom associated to the disease. During the course of the disease other non-motor symptoms
occur both before and after the onset of the nigral degeneration. The period between the onset of
the neurodegenerative process and the manifestation of the motor symptoms is termed the
prodrome. The duration of the prodrome is uncertain and it may vary between different patients
and PD subtypes but it probably takes more than a decade. There are some prodromal signs that
antedate the advent of clinical PD and could serve as biomarkers to identify individuals at risk.
These comprise hyposmia, REM sleep behavior disorder (RBD) and dysautonomia (constipation,
urinary incontinence and erectile dysfunction). All of these prodromal signs fit into the Braak’s
staging system of the disease. Braak’s hypothesis asserts that the disease process is dictated by
the chronological and regional deposition of alpha-synuclein (Braak et al. 2003). It should be noted
some cases are discordant with this staging system, probably reflecting certain PD subtypes
(Burke et al. 2008). Prodromal symptoms mentioned before correlate well with the regions where
alpha-synuclein pathology is first observed. These are the anterior olfactory nucleus, the dorsal
motor nucleus of the vagus and the peripheral nervous system.

Each prodromal sign has a different predictive value for detecting an underlying synucleinopathy.
For instance, one study indicated that in idiopathic RBD patients at least 94% of them had an
underlying synucleinopathy (Boeve et al. 2013). Nowadays, RBD is considered the best predictor
for prodromal PD along with imaging techniques such as DaT-SPECT (lranzo et al. 2010;
Jennings, D., et al. 2015) or transcranial sonography (Berg et al. 2011). The International
Parkinson Disease and Movement Disorders Society (MDS) Prodromal Parkinson Criteria is
establishing predictive models that integrate information from several prodromal features plus sex
and age with the aim to identify individuals at risk for developing PD. Good predictive tools are
crucial for investigating preventive approaches (Berg et al. 2015). However, it should be noted that
when patients are stratified into PD subtypes, not all prodromal criteria are equally applicable. In
the case of familial PD linked to the LRRK2 G2019S mutation, hyposmia and RBD have a lower
predictive value compared to idiopathic PD, however, DaT-SPECT and SN hyperechogenicity keep
on being the most reliable prodromal markers (Sierra et al. 2013; Saunders-Pullman et al. 2015).

Among the non-motor features that arise or consolidate in later stages of the disease we can cite
depression, anxiety and dementia. The advent of dementia has been very well studied since it is
considered the major cause of disability in the long-term. Contrary to the motor symptoms which
are associated to the nigrostriatal pathway, a study in a mouse model suggests that the onset of
dementia correlates with the emergence of Lewy bodies in mesocorticolimbic dopaminergic and
septohippocampal cholinergic pathways (Hall et al. 2014). Dementia affects to approximately 80%
of PD cases (Hely et al. 2008). However its emergence is highly dependent on the PD subtype.
Those patients whose disease starts in the elderly (>70 years) have a faster progression with
dementia appearing earlier. In contrast, those patients diagnosed around the age of 55 years show
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a slower progression with dementia occurring at very late stages of the disease (Obeso et al.
2010).

Treatment

Up to date, there is no definitive cure for PD. However, pharmacological and surgical management
of PD have been proved to be efficient in managing the associated symptomatology. There is a
broad collection of drugs targeting both motor and non-motor symptoms and their use has to be
smartly managed through the progressive course of the disease.

The gold standard for managing the motor symptoms is based on the treatment with levodopa (L-
DOPA). The rationale for the use of L-DOPA is to increase the levels of dopamine in the striatum. L-
DOPA is a precursor of dopamine (and other catecholamines), and the conversion ia catalysed by
the enzyme L-amino acid decarboxylase (AADC). It is amenable to oral administration since
contrary to dopamine, L-DOPA is able to cross the blood brain barrier. Along with L-DOPA, several
other drugs are co-administered to boost the conversion to dopamine (pyridoxine) or to prevent it
in peripheral tissues (carbidopa or benserazide). Inhibitors of the catechol-O-methyltransferase
(COMT), one of the enzymes responsible for catecholamine degradation, help to maintain
dopamine levels therefore prolonging its effect. L-DOPA administration has to be tightly controlled
by the clinician and kept the doses low as long as possible. Indeed, during the initial phases of the
disease in which the motor impairment is rather mild, other dopamine agonist or monoamine
oxidase-B (MAQO-B) inhibitors are used instead.

Unfortunately, the “honeymoon” of L-DOPA efficacy expires in the long term. Complications
emerge in these patients. Motor complications, termed dyskinesias, and fluctuating responses to
L-DOPA with phases with good (“on” state) or no response (“off” state).

Surgical approaches are often indicated for the medication-resistant late stages. Two different
interventions can be applied to relieve otherwise intractable motor symptoms: deep brain
stimulation (DBS) and lesional approaches. Both strategies are aimed to compensate for the
unbalanced neuronal activity of the motor circuit of the basal ganglia. DBS consists in the
implantation of a neurostimulator that excites certain brain nuclei involved in the motor circuit of the
basal ganglia. Lesional approaches commonly target the globus pallidus (pallidotomy), which
results in the suppression of dyskinesias. There interventions are reserved for those patients that
do not respond to the medication or that have become insensitive.

There are several lines of research for the development of therapies aimed to prevent, to slow
down or to restore the neuronal loss. Transplantation of dopamine producing cells has been
attempted since the late 80s with some controversial reports describing the autologous
transplantation of chromaffin cells in the striatum (Backlund et al. 1985; Madrazo et al. 1987).

Almost contemporarily, open label trials consisting in the grafting of VM cell preparations from
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miscarriaged foetus were carried out in Lund (Sweden) (Lindvall et al. 1990; Lindvall et al. 1989)
reporting significant neurochemical and functional improvement. They were followed by similar
studies in the USA, Canada and Europe. Most of the patients receiving foetal VM grafts showed
variable but general improvement in their UPDRS scores. Some patients even withdrew anti-PD
pharmacological treatment. The aforementioned success in the open-label trials plus the advent of
the Clinton administration opened the funding for trials using foetal tissue. This legal shift motivated
the start up of two sham-surgery controlled transplantation procedures in the USA. The results of
those trials were published in 2001 and 2003 and mainly reported bad results(Freed et al. 2001;
Olanow et al. 2003). Grafted patients did not experience neither subjective nor objective
improvement and a fraction of them developed severe graft-induced dyskinesias (GIDs).
Retrospective studies have shed light on the reasons behind those negative results. Two theories
were raised to explain GIDs. The first of them claimed that these were induced by uneven
distribution of the graft-derived innervation, therefore creating DA hotspots (Ma et al. 2002). The
other hypothesis attributed the GIDs to excessive serotonergic innervation arising from the grafts.
This latter theory prevails nowadays and avoiding serotonergic contamination in VM preparations
is a factor to be taken into account for future trials. The issue of the absence of improvement was
analyzed in detail during the years that followed. After stratifying the patients by age and by
disease stage, authors found out that those patients showing (the highest) improvement were the
ones in which the disease was least advanced on baseline. With the preservation of the ventral
striatal innervation being a crucial factor (Piccini et al. 2005). All the lessons learnt from these
experiences are being integrated in a new European network (TRANSEURO) for promoting
standardized procedures for fetal VM transplantations in PD patients
(http://www.transeuro.org.uk/).

However, the availability of aborted fetal ventral midbrain tissue is low and it is accompanied by
ethical concerns. A limitless source of VM DA neurons is needed. In this regard, pluripotent stem
cells (PSCs) represent the ideal source for such neurons. PSCs are cells with limitless self-renewal
capability and with the ability to give rise to virtually any cell type from the adult body (Evans &
Kaufman 1981). Two types of PSCs have been proposed: hESC and hiPSC. The first one is derived
from the early embryo, so it shares to some extent the same ethical issues as the fetal VM tissue.
The second are derived from adult somatic cells therefore avoiding using embryonic tissue and
allowing the generation of autologous PSC (Takahashi et al. 2006). Currently, bona-fide VM A9 DA
neurons can be generated from PSC using defined procedures (Kirkeby, Grealish, Wolf, Nelander,
Wood, et al. 2012; Kriks et al. 2011) and their pre-clinical efficacy and has been corroborated and
compared to that of the fetal counterparts (Hallett et al. 2015; Morizane et al. 2013; Grealish et al.
2014; Kirkeby et al. 2017). With further refinement of current techniques, the introduction of PSC in
the PD clinical field will probably be a reality in the next decade (Barker et al. 2015). However, fully
restorative therapy for PD would need complementary treatments since disease progresses
outside the nigra in grafted patients (Politis et al. 2012)

Finally ongoing clinical trials are evaluating the safety and efficacy of gene delivery into the basal
ganglia using viral vectors. The most utilized vectors are adeno-associated viruses (AAV) due to
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their lack of genomic integration, low immunogenicity and the ability to transduce quiescent cells.
These are based on two different principles: those based on the overexpression of trophic factors
and those based on the improvement of dopamine metabolism. The glial family of ligands,
neurturin and GDNF, have demonstrated pre-clinical efficacy in animal models (reviewed in
(Kordower & Bjorklund 2013). Unfortunately the two clinical trials performed with neurturin have
failed in providing improvement of the motor deficits (Marks et al. 2010; Bartus et al. 2015).
Another clinical trial using GDNF is ongoing but researchers have pointed out that primary efficacy
endpoint has not been met (unpublished information). The advanced nigrostriatal degeneration in
those patients enrolled in the trial has been postulated to be behind the negative results (Kordower
et al. 2013). On the other hand, viral gene delivery of aromatic amino decarboxylase (AADC) or
AADC plus tyrosine hydroxylase (TH) and GTP cyclohydrolase (hence reconstituting the DA
synthesis pathway) have provided positive results in terms of motor improvement (Palfi et al. 2014;
Mittermeyer et al. 2012). Finally, gene therapy based on glutamic acid decarboxylase

Further refinement of the aforementioned techniques is likely to revolutionize PD clinical
management. There is also an urgent need to detect those patients at risk to develop PD since
they represent the ideal target to explore preventive treatments (Noyce et al. 2017).

Etiology

As in many other late-onset neurodegenerative diseases, the strongest risk factor for PD is the age.
The prevalence of PD rises steeply with age. It is difficult to provide a worldwide estimate, given
that there are many confounding variables related to diagnosis criteria or reduced life expectancy
in different countries. It is commonly accepted that PD affects to 1% of the population over the age
of 60 (Guttmacher et al. 2003). Ethnicity and gender are also considered to affect the prevalence
with Asian and black people and women being less affected respectively (de Lau et al. 2006).
Although some of these findings are still disputed (Morens et al. 1996).

Most PD cases are classified as idiopathic, meaning that the underlying causes are unknown. The
traditional view supported the idea that the etiology was mainly environmental. This hypothesis was
reinforced by the notion of some environmental toxins such as pesticides, metals and some
chemicals causing parkinsonism (http://www.pdf.org/environment_parkinsons_tanner). The

pictured changed 20 years ago when a point mutation in the gene encoding for alpha-synuclein
(SNCA) was found to cause PD. That same year, alpha-synuclein was identified as one of the most
abundant components of Lewy Bodies (Spillantini et al. 1997). This finding represented a
paradigm shift since not only some PD cases could be classified as genetic but also they were
pathophysiologically linked to the sporadic disease. Since then, more than a dozen genes have
been associated with familial PD and the list keeps growing. In the case of the more common
sporadic PD, its causes are way more complex. In this case, the picture that emerges is that of the
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environment exerting its effect over a particular genetic makeup. In this section the current
knowledge regarding the aetiology of PD will be discussed.

Environmental risk factors

There is a limited and well-defined list of environmental toxins that cause parkinsonism. MPTP, An
incidental by-product that appears during the synthesis of the opioid drug MPPP has been
reported to induced neuronal death specifically in the substantia nigra (Langston et al. 1983).
Occupational exposures such as those associated to farming or well water drinking are also
related to increased PD risk (Pezzoli & Cereda 2013). In particular the pesticide rotenone and the
herbicide paraquat, which are inhibitors of the complex-I of the mitochondrial respiratory chain,
have shown to selectively deplete nigral neurons in animal models (Greenamyre et al. 2000a).
Welding and exposure to heavy metals have also been associated to increased PD risk. Iron
deposition in brains from PD patients is a common finding in PD patients’ brains (Dexter et al.
1987) and and it is a hallmark of certain familial mutations.

However, there is a series of habits that confer higher risk for most of the diseases that in the case
of PD, they are associated to a reduced risk. These are tobacco smoking and coffee drinking. A
meta-analysis pooling a large number of case-control and cohort studies of tobacco and coffee
yielded relative risks estimates ranging from 0.80 (past) to 0.39 (current) for smokers and 0.60 for
coffee drinkers (Hernan et al. 2002).

Genetic factors

Initial studies in twins performed during the 90s precluded that the genetic influence was low.
However this conclusion was questioned (Johnson et al. 1990) and a separate study found a 100%
concordance between monozygotic twins when the age at onset was less than 50 years (Tanner et
al. 1999). This fact together with the finding of kindreds in which the heritability of PD followed a
Mendelian pattern led researchers to start considering the study of the genetic component of the
disease. Several strategies have been pursued to tackle the genetic contribution and they mainly
differ in the amount of risk associated to each particular genetic variant and the molecular nature
of such variant. On the other hand, the progress in PD genetics has has grown thanks to the
introduction of new techniques for whole-genome interrogation as well as the recruitment of large
cohorts of patients to increase statistical power to draw reliable conclusions.
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Familial (Mendelian) PD genes

The observation of some families showing aggregation of PD (Lazzarini et al. 1994) coupled with
the existence of families in which the transmission of the disease was consistent with the
segregation of one gene motivated the launch of genetic studies. These initial studies consisted in
the identification of genomic portions that specifically co-segregated with the disease in affected
families. To do so, geneticists sequentially pursue identifiable genetic variants or polymorphisms
that are increasingly more proximal to the causal variant. After having narrowed down to a region
small enough to be sequenced, the disease causing polymorphism can be eventually identified.
Through this approach, the first PD-causing mutation was ascertained in one ltalian and three
independent Greek families with an autosomal dominant inheritance. It was a nonsynonymous
substitution in the fourth exon of the SNCA gene causing the Ala53Thr substitution in the protein.
Clinically, associated PD was atypical with an early onset (30-50 years of age) and rapid
progression with Lewy body disease. Many attempts to reproduce this finding in PD families from
other countries were mostly unsuccessful, suggesting that the Ala53Thr mutation was a rare cause
of PD (Scott et al. 1997; Mufioz et al. 1997; Vaughan et al. 1998). In the years that followed, many
other alpha-synuclein mutations (Kriger et al. 1998; Zarranz et al. 2004) and locus multiplications
(Ibafiez et al. 1998; Chartier-Harlin et al. 2001; Singleton et al. 2003) as well as other genomic loci
were linked to familial PD. Besides alpha-synuclein, mutations in Parkin (PARK2) (Kitada et al.
1998), PINK1 (PARK®6) (Bonifati et al. 2005) and DJ-1 (PARK7) (Valente et al. 2004) were also
found in early onset familial PD cases. Interestingly, though not fully penetrant, heterozygous CNVs
and point mutations in Parkin and point mutations in PINK1 are relatively common and important
risk factors for developing PD (Klein, Lohmann-Hedrich, Rogaeva, Schlossmacher, & Lang, 2007;
Huttenlocher et al., 2015;Puschmann et al., 2017)

However, these mutations kept on representing a very small fraction of the even reduced
proportion of familial cases. Furthermore, their associated disease is clinically different from the
idiopathic cases. In 2004, the gene responsible for the association of autosomal dominant PD with
the locus PARKS8 was identified. Several coding mutations were found to segregate with the
disease in 3 Basque and 1 English families (Paisan-Ruiz et al. 2004) and 1 German-Canadian and
1 western Nebraskan families (Zimprich et al. 2004). One year after, three simultaneous
publications reported the discovery of the most common LRRK2 mutation, the G2019S substitution.
Di Fondo A. and coworkers found the mutation in 4 out of 61 families, 2 from ltaly and the other 2
from France and Brasil (Di Fonzo et al. 2005). Nichols W. et al. found the G2019S mutation in 20
out of 358 families and interestingly 1 individual presented the mutation in homozygosis with no
obvious enhancement of the pathogenicity (Nichols et al. 2004). The third study, investigated the
occurrence of the mutation in idiopathic PD cases. Gilks W. P. et al. found that 1.6% of the cases
were carriers of LRRK2 G2019S mutation. This particular feature of the G2019S mutation in LRRK2
was confirmed by independent studies (Bardien et al. 2011; Healy et al. 2008).
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Nowadays the number of genes responsible for familial cases of the disease exceeds the dozen
(Table 1). A graphical representation of the different forms of genetic PD and their clinical
particularities and epidemiological features is depicted in figure 2 The incorporation of new
sequencing technologies such as whole genome (WGS) or whole exome (WES) sequencing alone
or in combination with genome wide association analysis (GWAS) are speeding up the discovery
of new variants. An example of this is the recent discovery of novel genes mutated in familial PD:
VPS35 (Vilarino-Guell et al. 2011; Zimprich et al. 2011), TNR and TNK2 (Farlow et al. 2016),
CHCHDZ2 (Funayama et al. 2015), TREMZ230 (Deng et al. 2016) and DNAJC 13 (Vilarifio-Guell et al.
2014). Despite the implication of the last two is still disputed because both were initially found in
the same affected kindred. In all of these cases, exome sequencing alone or in combination with
linkage analysis has allowed to interrogate the whole coding genome and subsequently find
pathogenic variants that closely correlated with the disease in the affected individuals.
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Figure 2: correlation between different forms of genetic Parkinsonism and sporadic PD with age at onset.

To more readily the relationship between various forms of parkinsonism and sporadic Parkinson's disease, we used
the information of diverse nature (genetics, clinical assessments and neuropathology) to calculate the Euclidean
distance of the clinical manifestations of the gene, mutation or condition listed relative to sporadic Parkinson's
disease (x axis). The y axis represents the age of onset of disease, and the size of each bubble represents the
relative prevalence. The bubble labeled “PD” refers to idiopathic PD whose genetic component is uncertain. Color
shades were used to reflect this as follows: dark blue indicates Lewy body pathology in all cases; medium blue
indicates variable findings with the majority of cases showing Lewy body pathology; light blue indicates Lewy body
pathology in only a few cases; yellow indicates that Lewy body pathology was not found but the data are sparse or
incomplete; orange indicates no data were available.From (Langston et al. 2015).
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Table 1: Genes involved in Mendelian forms of the disease

PARK Gene Chr. i Histopathol
CODE name location Inheritance | Onset istopathology Proposed pathway
PARK1, SNCA 49221 AD EOPD LB+ Multiple
PARK4
PARK2 PRKN 6926 AR EOPD Absence of LB in most Mitochondrial
of the cases
* PARK5 UCHL1 4913 AD LOPD N/R Proteostasis
PARK6 PINK1 1p36.12 AR EOPD LB+ in a few cases Mitochondrial
PARK?7 DJ-1 1p36.23 AR EOPD N/R Redox
PARKS8 LRRK2 12g12 AD LOPD Mutation-dependent Vesicle trafficking,
LB+, tauopathy in few lysosome
G2019S cases
PARK9 ATP13A2 | 1p36.13 AR JPD LB N/R, iron deposition | Lysosome
*PARK11 GIGYF2 2037.1 AD LOPD N/R Translation control
*PARK13 HTRA2 2p13.1 AD LOPD N/R Mitochondrial?
PARK14 PLA2G6 | 22q13-1 AR JPD Iron deposition in some | Lipid metabolism
of the cases
PARK15 FBXO7 22q12.3 AR JPD N/R Mitochondrial
PARK17 VPS35 16g11.2 AD LOPD LB- Vesicle trafficking
*PARK18 EIF4G1 30271 AD LOPD LB+ Translation control
PARK19A/B | DNAJC6 | 1p31.3 AR JPD (A), | N/R Vesicle trafficking
EOPD
PARK20 SYNJ1 21922.2 AR EOPD N/R Vesicle trafficking
“*PARK21 DNAJC13 | 3g22.1 AD LOPD LB+ Vesicle trafficking
“*PARK21 TMEM230 | 20p12 AD LOPD LB+ Vesicle trafficking
*PARK22 CHCHD2 | 7pi11.2 AD LOPD N/R Mitochondrial
PARK23 VPS13C 15g22.2 AR EOPD LB+ Mitochondrial, vesicle
trafficking
- ***TNR 1925.1 AD LOPD N/R Neurite growth, cell
adhesion and Na
channel functioning
- **TNK2 329 AD LOPD N/R Survival pathways

*

These associations are controversial; some of them have not being confirmed in separate replication
studies. However reduced penetrance could account for the discordances in most cases.

** These associations are conflicting since they were found in the same large multiplex kindred. Further
studies are advised.
*** Authors reporting these genes do not explicit they are Mendelian but suggest they have intermediate
penetrance (such as LRRK2 G2019S).
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Particular features of LRRK2: insights into genetics and function

Normal physiological function of LRRK2 within the cells is largely unknown. Its multi-domain nature
suggests it may be related to multiple cellular functions. It contains several domains, some of them
having enzymatic activity such as the ROC-COR domains and its GTPase activity and the kinase
domain as well as other domains with mainly protein-protein interaction functions. Most PD
pathogenic mutations map to the enzymatic domains (see Fig. 3)
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Figure 3: LRRK2 protein structure

LRRK2 is a large multidomain protein (2527 aa) with two catalytic domains (ROC-COR and KINASE) and several protein-
protein interaction domains. It acts as an homodimer . Disease-causing mutations cluster in the enzymatic core (indicated
in red). However, several mutations modulating PD risk are found both inside and outside the catalytic domains. Risk-
conferring variants are indicated in blue and protective variants in green.

In this regard, there are several approaches that can provide an approximate idea of what could
be the biological processes related to LRRK2. Regarding subcellular localization, LRRK2 has been
shown to co-purify with vesicular structures after subcellular fractionation (Biskup et al. 2006).
However, co-localization with tubular structures immunoreactive for tubulin is observed upon
inhibition of the kinase domain or in the case of ROC-COR domains mutants (Dzamko et al. 2010;
Blanca Ramirez et al. 2017). The association of LRRK2 with vesicle-related process is reinforced
by the identification of both interaction partners and phosphotargets. Beilina A. and colleagues
performed an unbiased proteomic identification major LRRK2 interacting proteins using a protein-
protein array and confirmed in brain lysates. They drew a protein network comprising Bag5, GAK
and Rab7L1 (a.k.a. Rab29). The latter two belong to loci previously related to the disease in GWAS
studies that will be discussed in the following section. In order to assess their effect on LRRK2-
related phenotypic effects, they transfected these genes in primary neuronal cultures. Similar to
LRRK2 G2019S overexpression, forced expression of Bagb5, GAK and Rab7L1 reduced total
neurite length. Given that Rab7L1 and GAK localized to the trans-Golgi network (TGN) and that
Rab7L1 forced LRRK2 re-localization to the Golgi, they analyzed the organelle structural
appearance. Experiments performed in primary neurons and in HEK293 showed an increased
autophagic clearance of the Golgi apparatus upon overexpression of each interactor. Intriguingly,
most LRRK2 pathogenic mutations exacerbated this affect as it did co-expression of Rab7L1.
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Another interesting observation was that the effect of each protein was abrogated when one of the
interactors were knocked-down by small interfering RNA (siRNA) (Beilina et al. 2014). However,
this was not the first report linking LRRK2 to Rab7L1 and vesicle sorting. MacLeod D. A. followed
an interesting approach that consisted in finding a SNP that impacted the brain transcriptome of
healthy subjects in a similar fashion as the LRRK2 GWAS hit (rs11176052). The GWAS hit that
presented a higher degree of overlap in terms of global transcriptome impact was rs823114
located in PARK16, the locus that contains Rab7L1. Additionally, a strong epistatic interaction was
detected between both variants after analyzing the odds ratios (ORs) of different allelic
combinations. Then, the authors performed experiments in primary neurons to determine the
mechanistic nature of such genetic interaction. They observed that either LRRK2 G2019S mutation
or reduced Rab7L1 expression impaired protein sorting from the Golgi due to a defective retromer
complex function. The retromer complex is responsible recycling membrane proteins that have
ended up in the endosome back to the Golgi. An example of such membrane proteins is the cation
independent mannose 6-phosphate receptor (CI-M6PR) whose main function is to target lysosomal
enzymes from the Golgi to the lysosome. Therefore, defective retromer complex function could
lead to lysosomal dysfunction. Conversely, when the neurons overexpressed the PD- and retromer-
related VPS35 gene proper protein sorting was resumed. These experiments reinforce the idea of
LRRKZ2, along with other PD genes, playing a role in vesicle management.

Another interesting feature of the most common LRRK2 G2019S mutation is its reported variable
penetrance. It is commonly accepted that penetrance estimates are affected by several biases.
The most important might be the fact that the penetrance of mutations causing autosomal
dominant disorders is mostly ascertained studying affected families. As aforementioned, there
exist a considerable proportion of LRRK2 G2019S PD cases of sporadic origin. The lack of family
history could have several explanations ranging from an incomplete clinical record of the family to
early decease of other family carriers, de novo mutations (never reported) or to reduced
penetrance in certain families. This raises the possibility of the existence of certain families in
which the carriers remain asymptomatic throughout their lives. The variability of LRRK2 G2019S
associated penetrance has also been observed among different populations or ethnic groups. As
idiopathic PD, LRRK2-related PD is also progressive and age-dependent. First penetrance figure
reported was 85% at age 70 years in families from the USA and Europe (J Kachergus et al. 2005).
Other reports in relatively small and genetically uniform populations point to reduced penetrance
estimates such as 26% at age 70 years in Cantabria (Northern Spain) (Sierra et al. 2011) or 24% at
age 80 years among Ashkenazim (Marder et al. 2015). A recent publication has compared the age
dependent penetrance of both idiopathic and LRRK2 G2019S-related PD in Arab-Berber from
Tunisia and in the ethnic Norwegian population. Interestingly, while the incidence and the
penetrance of idiopathic PD did not differ between both groups, the LRRK2 G2019S mutation had
a much lower penetrance in Norwegian when compared to the Tunisian Arab-Berber population
(43% versus 86% at age 70 years) (Hentati et al. 2014). On the other hand, LRRK2 G2019S carrier
families also present an increased number of phenocopies compared to what it would be
expected by chance. Phenocopies are affected individuals in one family who do not carry the
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mutation (Gaig et al. 2006; Nichols et al. 2004). Suggesting that there might an increased burden
of disease-fostering variants in those families in which higher penetrance of the mutation. In line
with this finding, Lubbe and colleagues analyzed the frequency of rare variants in Mendelian PD
genes and GBA in patients versus controls. They found that in general, those PD patients whose
disease was attributable to the presence of a Mendelian mutation, the frequency of bearing
additional rare variants in Mendelian genes doubled those of the controls or of idiopathic PD cases
and there was a trend towards lower AAO. In the case of LRRK2 G2019S carriers, almost half of
those additional variants lied in the ATP13A2 gene. This suggests oligogenic inheritance of rare
mutations in specific cellular pathways contribute to disease in Mendelian cases. Altogether, these
facts point to the existence of modifiers, either genetic or environmental, of the penetrance and
AAO of LRRK2 G2019S-related PD.

In this regard, several research groups have been sought out genetic modifiers of LRRK2
penetrance, both targetedly and genome-wide. Besides Macleod A. et al., other investigators have
studied the interaction of PARK16 and LRRK2. Philstram L. and colleagues found some haplotypes
defined by three SNPs spanning the transcription start site of Rab7L1 that were significantly less
frequent in PD cases compared to controls. Using these haplotypes, they also replicated the
epistatic interaction between LRRK2 GWAS hit and PARK16 (Pihlstrem et al. 2015). However, the
association of the different variants in PARK16 with the disease and also with LRRK2 seems to be
very population dependent (Trinh et al. 2015). For example, in the Ashkenazi Jewish population,
the haplotype with the highest and lowest attributable risk was defined by other alleles in two of the
positions and a different SNP (Gan-Or et al. 2012). These findings emphasize the importance of
finding alternative alleles that reduce the PD risk below the population average risk since they
indicate path to take for eventual protective treatments (Gan-Or et al. 2015). There is a couple of
genome-wide attempting to find determinants of reduced AAO of LRRK2 PD mutations. The first of
them performed a GWAS with AAO in a cohort of 113 familial LRRK2 PD mutations carriers. They
found association in two linkage peaks located in 19g32.1 and 16g12.1 respectively. However no
SNPs in those regions were found that reached the criteria for genome-wide significance
(Latourelle et al. 2011). A follow-up of that study was performed in a more homogeneous
experimental setting. They narrowed down to both a single LRRK2 mutation -G2019S- and a
genetically uniform population —Arab-Berber from Tunisia—. In this case, a linkage peak was found
between 1023.3 to 1924.3. After association mapping with SNPs lying in that region, one SNP
(rs2421947) showed genome-wide significance and was tagging a haplotype covering the DNM3
gene. The AAO was extended by a median of 12.5 years in the Arab-Berber cohort when the C
allele was carried in homozygosis. The association with the AAO was replicated in other
populations though its effect was less pronounced. Brain expression data suggested that
rs2421947 was an eQTL of DNM3 and in vitro approaches confirmed the interaction between
LRRK2 and DNM3 (Trinh et al. 2017). This finding strengthens the connection between LRRK2 and
the vesicle biology since dynamin proteins are responsible for the final excision of newly formed
vesicles from their original membranes (Ferguson & De Camilli 2012).
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Parkinson’s disease is not the only clinical entity associated to LRRK2 mutations. Mutations in
LRRK2 are a risk factor for Chron’s disease (Barrett et al. 2008), leprosy (Zhang et al. 2009) and
certain types of cancer (Agalliu et al. 2015). This fact suggests that LRRK2 might have several and
probably interconnected functions. On the other hand, LRRK2 is expressed everywhere within the
brain, in kidney, lung, as well as in immune cells in high levels. Indeed, when guerying in gene
expression databases for experiments in which LRRK2 shows a differential gene expression, most
of the entries are related to immune system functions such as response to IFN-y, LPS or infection.
Knockout studies in mouse and rat or chemical inhibition in non-human primates have provided
interesting clues about LRRK2 biology. The tissues mostly affect by the absence of LRRK2 are
precisely the kidney, lungs and the immune system (Baptista et al. 2013; Fuji et al. 2015; Herzig et
al. 2011; Tong et al. 2010) and to a lesser extent some behavioral features (Hinkle et al. 2012). In
kidney and lung, vesicular structures are found accumulated in these tissues, reinforcing the idea
of LRRK2 coordinating vesicle-related processes. Therefore the participation of other tissues rather
than the brain should be taken into account when studying the disease pathophysiology.

Susceptibility genes

We have to be aware that mutations in the genes summarized in Table 1 account for a relatively
small portion of familial PD cases. In fact, less than 10% of the familial cases are linked to
monogenic mutations (Trinh & Farrer 2013). There is still a large extent of heritability that has not
been ascribed to any genetic defect. In this respect, the application of the genome-wide
genotyping technologies has allowed to explore the contribution of common variants with a small
associated risk. The common variant common disease (CV-CD) states that polymorphisms that are
commonly found in the general population can contribute with a small portion of the total risk of
manifesting a certain disease. This type of approach requires large cohorts of cases and controls
and genome-wide interrogation tools such as single nucleotide polymorphism (SNP) array. The
differential presence of a given variant in either the control or the diseased group is indicative of its
association to the disease or the non-affected condition. The magnitude of the differential
association to any of those conditions is represented by the odds ratio (OR) value. When OR>1 it
means that the effect allele (typically the alternative allele) is more frequent within affected
individuals and therefore associated to the disease. And the other way round, when OR<1, it
suggests that the effect allele protects against the disease. In any case, it should be noted that the
associations found only point to genomic loci related to the disease. Nor the exact variant nor its
disease-related effect is cleared out through this approach. Further experiments are required to
unveil the actual mechanistic link.

Middle way between the very rare and highly penetrant PD mutations and common, low-risk

variants, there is another gene that deserves special attention: GBA. Homozygous or compound
heterozygous mutations of the gene encoding for the GCase cause Gaucher’s Disease (GD).
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Initially, the fact that Parkinsonism was frequently observed in GD patients was controversial given
that type 2 and type 3 GD are neuronopathic. However, it was also noted that non-neuronopathic
GD type 1 patients (McKeran et al. 1985) and heterozygous carriers of GBA mutations also
showed increased incidence of Parkinsonism (Goker-Alpan et al. 2004). Several studies were
conducted to investigate the incidence of GBA mutations among PD patients. A meta-analysis
published in 2009 reported a strong association between GBA mutations and PD with ORs of 9.68
and 3.30 for GD-related L444P and N370S in non-Ashkenazi subjects respectively (Sidransky et al.
2009). This same study pointed to the convenience of not limiting the screening to GD-related
mutations given that the OR for all GBA mutations was 6.51. An indirect confirmation of this last
figure was the detection of the GBA locus in the study by Nalls et al., (2014) with its associated
SNP showing an OR of 1.824. Nowadays, GBA is considered the strongest genetic risk factor for
developing PD with lifetime risk estimates lying somewhere in between 15% and 30% (McNeill et
al. 2012; Anheim et al. 2012)

In the case of PD, several GWAS studies have been published to date. Through these studies the
CV-CD hypothesis was confirmed with several loci showing significant genome-wide significance.
Simén-Sanchez J. and coworkers found association in genomic regions that contained: genes
previously linked to PD (SNCA, LRRK2), genes previously associated to other diseases such as
MAPT and a new locus that was termed PARK16. This loci contained three genes in a linkage
disequilibrium block: NUCKS1, RAB7L1, and SLC41A1 (Simén-Sanchez et al. 2009; Satake et al.
2009). Studies to unveil the contribution of this locus to the disease will be discussed in a separate
section. By using this same approach, but in familial PD, similar results were obtained with SNCA
and MAPT as well as SNPs located in the locus containing GAK/TMEM175/DGKQ (Pankratz N. et
al., 2009). Some other GWAS were carried out noticing new variants, however the big step forward
was given in 2014 when the results of an extensive meta-analysis were published. In this study, a
total of 24 risk loci were identified, 6 of those reported for the first time (Table 2). Interestingly, 8 of
those loci contained a second independent risk allele and 4 out of them remained significant in the
replication phase totaling to 28 independent risk variants (Nalls M.A. et al., 2014). Despite the
small risk associated to the different susceptibility variants, combinatorial models can be
elaborated to calculate or infer the risk associated to carrying more than one risk allele. In the
particular case of the aforementioned meta-analysis, risk profiles were computed utilizing the 28
SNPs that met the significance criteria. When comparing the distribution of the genetic risk, the
difference between the first and the fifth quintiles of genetic risk score the OR was 3.31. That figure
is comparable to the risk of bearing GD-related GBA mutations.
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Table 2: List of 26 loci presenting genome-wide significant in Nalls et al. (2014) meta-analysis

Polymorphism |Location (hg19) |Gene Ethnicity |# Samples [# Studies [Allele contrast [1000G CEU [1000G CHB+JPT |Meta OR (95%Cl) |12 (95%Cl) [Meta P-value
rs356182 chr4:90626111 SNCA [-19139bp] All: C 120,238 21|Gvs. A 0.417 (G) 0.375 (A) 1.34 (1.30-1.38) 50 (17-70) [1.85e-82
rs17649553 chr17:43994648 |MAPT All: C 114,483 20|Tvs.C 0.217 (T) - 0.77 (0.75-0.80) 0 (0-37) 6.11e-49
rs34311866 chr4:951947 TMEM175 All: C 120,238 21|Cvs. T 0.15 (C) 0.075 (C) 1.26 (1.22-1.31) 52 (21-71) |6.00e-41
rs71628662 chr1:155359992 |ASH1L All: C 110,323 18[Tvs.C - - 0.52 (0.46-0.58) 0() 6.86e-28
rs12637471 chr3:182762437 [MCCCA1 All: C 120,238 21|Avs. G 0.242 (A) 0.417 (G) 0.84 (0.81-0.87) 35(0-62) |[5.38e-22
rs1955337 chr2:169129145 |STK39 [+24494bp] All: C 120,238 21|Tvs. G 0.083 (T) 0.317 (T) 1.21 (1.16-1.26) 17 (0-51) [1.67e-20
rs6430538 chr2:135539967 |intergenic All: C 120,238 21|Tvs.C 0.408 (T) 0.025 (C) 0.88 (0.85-0.90) 0 (0-45) 3.35e-19
rs11724635 chr4:15737101 BST1 All: C 120,238 21|Cvs. A 0.433 (C) 0.458 (A) 0.89 (0.87-0.91) 8 (0-42) 4.26e-17
rs823118 chr1:205723572 |NUCKS1 [+4168bp] All: C 120,238 21|Cvs. T 0.45 (C) 0.417 (T) 0.89 (0.87-0.92) 41 (0-65) |1.96e-16
rs1555399 chr14:67984370 |TMEM229B All: C 108,99 15[Tvs. A 0.475 (T) 0.45 (T) 1.15 (1.11-1.19) 97 (96-98) [5.70e-16
rs76904798 chr12:40614434 |LRRK2 All: C 120,238 21|Tvs.C 0.158 (T) - 1.16 (1.11-1.20) 0 (0-47) 4.86e-14
rs199347 chr7:23293746 GPNMB All: C 120,238 21|Gvs. A 0.392 (G) 0.325 (G) 0.90 (0.87-0.92) 11 (0-46) |5.62e-14
rs9275326 chr6:32666660 HLA-DQB1 [+30500bp] |All: C 99,286 13|Tvs.C 0.175 (T) 0.083 (T) 0.80 (0.75-0.85) 2 (0-58) 5.81e-13
rs2414739 chr15:61994134 [intergenic All: C 120,238 21|1Gvs. A 0.283 (G) 0.183 (G) 0.90 (0.87-0.92) 19 (0-52) |3.59e-12
rs14235 chr16:31121793 |BCKDK All: C 120,238 21|Avs. G 0.45 (A) 0.092 (G) 1.10 (1.07-1.14) 31(0-59) |3.63e-12
rs329648 chr11:133765367 |MIR4697 [-3032bp] All: C 120,238 21|Tvs.C 0.333 (T) 0.267 (T) 1.11 (1.07-1.14) 0 (0-47) 8.05e-12
rs117896735 |chr10:121536327 |INPP5F All: C 104,595 13[Avs. G 0.017 (A) - 1.77 (1.50-2.08) 15 (0-54) |1.21e-11
rs6812193 chr4:77198986 FAM47E All: C 120,238 21|Tvs.C 0.392 (T) 0.092 (T) 0.91 (0.88-0.93) 36 (0-62) [1.85e-11
rs12456492 chr18:40673380 [RIT2 All: C 120,238 21|Gvs. A 0.375 (G) 0.4 (G) 1.10 (1.07-1.14) 17 (0-51) |2.15e-11
rs11060180 chr12:123303586 [CCDC62 All: C 105,818 17(Gvs. A 0.483 (G) 0.208 (G) 0.91 (0.88-0.93) 21 (0-56) |[3.08e-11
rs7155501 chr14:55347827 |GCH1 All: C 108,99 15[(Avs. G - - 1.12 (1.08-1.15) 9 (0-46) 1.25e-10
rs10797576 chr1:232664611 [SIPA1L2 All: C 120,238 21|Tvs.C 0.092 (T) 0.092 (T) 1.13 (1.09-1.18) 0 (0-41) 1.76e-10
rs55785911 chr20:3153503 UBOXS5 [+12661bp] All: C 120,238 21|Avs. G 0.417 (A) 0.392 (G) 0.91 (0.88-0.94) 29 (0-58) [3.30e-10
rs62120679 chr19:2363319 TMPRSS9 [-26450bp] |All: C 99,286 13|Tvs.C 0.292 (T) 0.3(C) 1.14 (1.09-1.19) 47 (0-72) [2.52e-09
rs3793947 chr11:83544472 |DLG2 All: C 108,99 15[(Avs. G 0.375 (A) 0.442 (A) 0.91 (0.88-0.94) 0 (0-19) 2.59e-08
rs591323 chr8:16697091 intergenic All: C 120,238 21|Avs. G 0.325 (A) 0.383 (A) 0.91 (0.89-0.94) 0 (0-43) 3.17e-08
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Bioinformatic analyses have been conducted in order to investigate the mechanism by which these
variants confer increased PD risk. GWAS hits only indicate genomic regions in which there exists
genetic variability that influences the risk of suffering the disease. Most probably they are a proxy
SNP (SNP in close linkage disequilibrium) of the actual variants. Two main mechanisms can be
considered: i) the hit is linked to coding variation in nearby genes or ii) the hit is linked to variation
in regulatory regions such as CpG islands, copy number variations (CNV), transcription factor (TF)
binding sites (Soldner et al. 2016; Coetzee et al. 2016) or binding sites for regulators of chromatin
architecture (Coetzee et al. 2016; Lupiafiez et al. 2015). In the latter case, those variants are
termed expression quantitative trait loci (eQTL) since each allele is associated to increased or
reduced expression of nearby genes. Two studies have tried to find out which are the mechanisms
through which GWAS hits lying in the non-coding regions modify PD risk. To this end, Vermunt M.
V. et al. elaborated a detailed catalogue of distal enhancers that are active in different brain
regions. Crossing this information with the GWAS hits in the SNCA gene and PARK16 locus shed
interesting information. The hit in SNCA, was in tight linkage disequilibrium with two other SNPs
located in a putative enhancer in intron 4. This enhancer was shown to interact physically not only
with SNCA promoter but also with nearby genes. Using a murine reporter system for enhancer
activity, they ascertained that the enhancer was active in the brain from E11.5 on. The posterior
hindbrain-midbrain boundary and the dorsal root ganglia were the regions with the highest
activation, two regions in which the synucleinopathy becomes evident during the first stages of the
disease (Sumikura et al. 2015; Seidel et al. 2015). The functional effect of variation at this enhancer
has been also studied in detail using an elegant in vitro human model that will be discussed in a
separate section (Soldner et al. 2016). PARK16 hit was itself placed in an enhancer that presented
increased activity in the cerebellum in the human data and in the midbrain and neural tube in the
murine reporter. Coetzee S. G. and colleagues applied a similar but slightly divergent approach.
Instead of restricting their analysis to brain-specific enhancers, they crossed the collection of
GWAS hits with the Roadmap Epigenomics Mapping Consortium (REMC) database (Bernstein et
al. 2010). The objective of this consortium is to gather epigenetic information from a total of 77 cell
types of diverse tissue and lineage origin. They found that a significant number of GWAS hits or
SNPs in close linkage disequilibrium were located in enhancers that were active in different tissues
other than the brain such as the liver, fat or blood cells. Some of them were also shown to
modulate the expression of nearby genes (Coetzee et al. 2016). Besides those variants analyzed in
GWAS, it is becoming quite evident that other sorts of genetic variation such as indels (Mok et al.
2016; Butcher et al. 2013) and rare variants (Spataro et al. 2015; Lubbe et al. 2016) should be
explored as well.

Despite the vast collection of variants and genome regions related to the disease, there is still a
gap between the evidence of their association and their particular phenotypic effect. In this regard,
genetically controlled and genuinely human models are necessary to be able to ascribe particular
phenotypic effects to genetic findings in PD.
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Genes modulating age at disease onset

The genetic information derived from GWAS is very valuable since it can be adapted to the study
of alternative clinical parameters other than disease status. Similar to what was previously
discussed with LRRK2, the existence of genetic modifiers of AAO or motor progression in
idiopathic PD has been investigated. Before high-density genotyping platforms were available,
some genome-wide linkage analysis started to provide evidence of the association of certain
genomic loci to the AAO. In particular, the locus containing PARKS, a genomic region previously
associated to autosomal dominant PD, was associated to reduced age at onset (DeStefano et al.
2002). Some years later, a locus in the chromosome 11 and a SNP close to PARKS3 were related to
AAO. The latter association was detected with a SNP located in the AAK7 gene, a molecular
interactor of GAK (Latourelle et al. 2009). Data acquired through GWAS designed for identifying
susceptibility variants can be used to generate models to compute genetic risk scores (GRS).
These GRS are inferred from the differential distribution of risk variants between cases and controls
(OR). This way, a distribution of genetic risk can be generated and plotted against AAO. Nalls M.
A. and colleagues correlated calculated genetic risk scores with age at onset of the participants of
the meta-analysis. They found a trend to higher genetic risk scores being associated with earlier
age at onset (Nalls et al. 2015). However no single variant was associated with an important
reduction in AAO except the SNP in GAK/TMEM175/DGKQ. Another group genotyped 23 out of
the 28 top SNPs from Nalls M. A. et al. (2015) in a cohort of 1,572 Danish PD patients and
correlated each SNP and combinations of SNPs through GRS to age at onset. They did observe a
larger correlation between GRS and AAO than the previous study (a reduction of 294 versus 37
days per single standard deviation in genetic risk score). Interestingly this effect was mainly driven
by the SNPs in GBA and again in GAK/TMEM175/DGKQ (Lill et al. 2015). These results suggest
that risk genes have a modest effect on AAO except for GBA and GAK/TMEM175/DGKQ and that
GWAS specifically set for this purpose are required to unveil further genetic determinants of AAO.

Mechanisms leading to nheurodegeneration

The neuropathological features of PD have been largely defined during the last 5 decades. Patient
examination during all the phases of the disease (pre-diagnostic, post-diagnostic and post-
mortem) has lead to the definition of the two major PD hallmarks: the loss of the DA neurons from
the SNpc and the presence of Lewy bodies inside the surviving neurons of the nigra and in other
brain regions. The detailed examination of the prodrome and post-mortem autopsies in early PD
has lead clinicians to establish a chronology of events prior to the nigral cell loss (Heiko Braak et
al. 2003). However, there are many gaps in our understanding regarding the mechanisms that
initiate the disease process. Those gaps have evolved into several generic questions that are
shared by the PD research community. Why are nigral DA neurons especially vulnerable? What are
the pathological processes that lead to the neuronal death? Is alpha-synuclein central to the
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disease process? What is the trigger of alpha-synuclein pathological aggregation? Is alpha-
synuclein a prion? What do Lewy bodies imply in the disease process? To which extent do the
familial and idiopathic forms of the disease overlap mechanistically? |Is neurodegeneration a
neuronal cell-autonomous mechanism?

Mitochondrial pathology

During several decades, most of the information regarding the pathophysiology of the disease was
derived from post-mortem studies and from accidental toxin-induced parkinsonism. However,
post-mortem studies describe very late-onset stages of the disease in which the original disease
mechanisms are largely masked. On the other hand, toxin-induced parkinsonism has provided
valuable clues about the mechanisms of the motor impairment but its mechanistic overlap with the
most common idiopathic form is minimal to none. However, they pointed to impaired bioenergetics
as weak point of SNpc DA neurons. The first genetic findings implying alpha-synuclein in the
etiology of some familial cases together with the ascertainment of this protein as a major
component of Lewy bodies started to provide some mechanistic clues about the disease process.
With the discovery of mutations in the mitochondria-related genes Parkin, PINK1 and DJ-1, a
disease pathway including mitochondria, mitochondrial quality control and oxidative stress
(Greene et al. 2003; Clark et al. 2006; Park et al. 2006; Shendelman et al. 2004). Indeed PINK1 and
Parkin participate in the same pathway with PINK1 acting upstream of Parkin for targeting
damaged mitochondria for degradation through autophagy or mitophagy (Narendra et al. 2010;
Vives-Bauza et al. 2010). Other mitophagy-related genes have also related to both idiopathic and
familial PD. Mutations in the mitophagy-related FBXO7 gene have been associated to an
autosomal recessive atypical parkinsonian syndrome (Shojaee et al. 2008; Fonzo et al. 2009). A
similar case is the one of VPS13C, related to autosomal recessive Lewy body PD. Authors
proposed a mechanism related to cargo recognition during mitophagy initiated by Parkin/PINK1
(Lesage et al. 2016). Common variation has also related SREBF1 to idiopathic PD. SREBF1is a TF
that regulates the transcription of genes involved in lipid and cholesterol metabolism. This gene
has also been implicated in the autophagy pathway through a genome-wide RNAI screen (lvatt et
al. 2014). The implication of defective mitochondrial quality control has been related to the
increased susceptibility of A9 DA neurons since these have particularly high energetic demands. It
has been described that A9 DA neurons have higher basal oxidative phosphorylation (OXPHOS)
rates, a smaller reserve capacity, a higher density of axonal mitochondria, more basal oxidative
stress and increased axonal arborisation in comparison with their less affected neighbours A10
VTA DA neurons (Pacelli et al. 2015).
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Proteostatic stress and the prion theory

Another disease mechanism that has drawn much attention since almost a decade ago is the
prion-like behaviour of misfolded alpha-synuclein. In 2008, two teams analyzed post-mortem
brains of two PD patients who received fetal nigral grafts more than a decade ago and found lewy
bodies in grafted neurons (Kordower et al. 2008; Li et al. 2008). This fact was interpreted as a host-
to-graft transmission of misfolded alpha-synuclein. Despite this finding, the grafts continued
providing symptomatic relief to recipient patients suggesting that the synucleinopathy was
insufficient to cause functional impairment or it was in its initial stages (Mendez et al. 2008; Li et al.
2008; Cooper et al. 2009). In any case, it lead to some researchers to postulate that the disease
may result from an infective form of alpha-synuclein that induces misfolding of healthy, native
alpha synuclein (Brundin et al. 2008; Olanow & Prusiner 2009). However the studies of Braak and
collaborators published 5 years before implicitly suggested such possibility (Heiko Braak et al.
2003; H. Braak et al. 2003).

Since then, many research groups have been testing this hypothesis experimentally. Lewy body
preparations from PD brains or just synthesized in the test tube have been injected into mice and
monkeys brains and have shown to induce neurodegeneration and spread (Luk et al. 2012;
Recasens et al. 2014). And this phenomenon has been demonstrated to be dependent on
endogenous alpha-synuclein since SNCA-KO mice failed to propagate the initial inoculum
(Recasens et al. 2014). Similar experiments were conducted but injecting alpha-synuclein in the
periphery or in the olfactory bulb in order to corroborate the progression of the synucleinopathy
proposed by Braak (Rey et al. 2016; Sacino et al. 2014). Finally, recent reports have provided
interesting information about alpha-synuclein aggregation and spread. Studies in mice have shown
that aggregates found in MSA behave like prions whereas the PD ones not (Prusiner et al. 2015).
Therefore suggesting important etiological differences. On the other hand, (Fares et al. 2016) have
reported that important inter-species differences in synuclein proteins explain the absence of
fibrillization in experimental mice models. In this line, triple-KO of alpha-, beta-, and gamma-
synuclein, and expression of human alpha-synuclein is able to recapitulate fibrillization (Fares et al.
2016).

Currently, the prion theory for alpha-synuclein remains controversial. The findings by Kordower
and Li are very powerful sound arguments supporting the prion behavior. Other aged grafts did
not show LB pathology (Mendez et al. 2008) but that could be explained by either different
treatment parameters (immunosuppressive treatments, patients ascertainment, etc.) (Braak & Del
Tredici 2008) or to a different underlying pathophysiology. Supportive of this latter idea is the fact
that not all the familial PD cases present Lewy bodies at autopsy. This is the case for LRRK2
G2019S cases. LRRK2 G2019S is a common cause for both familial and sporadic PD and it is
clinically indistinguishable from the tremor-dominant subtype of the latter. Lewy bodies are only
shown in a fraction of patients carrying the mutation (Zimprich et al. 2004; Gaig et al. 2006; Kalia et
al. 2015). Therefore it remains to be clarified whether Lewy bodies arise as a result of a cellular
homeostatic defect or these are the origin of the cellular impairment. There is also the possibility of
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different etiological entities leading to a fairly similar clinical picture: PD. Further studies in
appropriate models will shed more light in this unsolved question.

Defects in vesicle-related processes: from protein sorting, to the autophagy-lysosome

system and synapses.

Genetic findings also point to another group of genes involved in vesicle trafficking and other
aspects of vesicle biology (Abeliovich & Gitler 2016). Many tissue-specific functions such as
neurotransmitter storage and release, endocytosis, membrane receptor internationalization,
autophagy-lysosome pathway, secretion of hormones or digestive enzymes; are dependent on the
proper performance of vesicle formation and trafficking. Despite the apparent diversity of such
processes, the underlying molecular machinery is largely coincident.

Starting from the first familial PD gene, SNCA, the protein acts as a soluble N-ethylmaleimide-
sensitive factor attachment protein receptor (SNARE)-complex co-chaperone by binding to one of
its components, synaptobrevin-2/VAMP2 (Burré et al. 2010). SNARE proteins are responsible for
fusing two independent membranes or lipid bilayers, such as those of the synaptic vesicles and
the plasma membrane, those of the ER-derived vesicles and the Golgi apparatus or those that
mediate autophagosome and lysosome fusion. Physiological alpha-synuclein function has been
related to synaptic and secretory functions (Burré et al. 2010; Burré et al. 2014; Logan et al. 2017).
Nonetheless, when alpha-synuclein is over-expressed, other vesicle-related transport processes
such as ER-to-Golgi become affected because of impaired vesicle fusion to the cis-Golgi surface.
Interestingly, Rab proteins RAB1 (ER-Golgi), RAB3A (synapsis-related) and RAB8A (post-Golgi)
reversed this trafficking defect (Cooper et al. 2006; Gitler et al. 2008).

Rab proteins are major regulators of vesicle trafficking processes and are strongly related to the
pathophysiology of PD. Indeed, RAB39B is associated with X-linked familial PD and both PINK1
and LRRK2 have been shown to phosphorylate specific subsets of Rab proteins involved in
diverse cellular functions (Lai et al. 2015; Steger et al. 2016).

As extensively commented in the genetics section, most cellular functions attributed to LRRK2 are
related to vesicle-related processes in concert with other PD genes such as RAB7L1, VPS35 and
GAK. The latter (a.k.a. DNAJC26 or auxilin-2) is an ubiquitous mediator of clathrin disassembly
from recently invaginated vesicles both in the brain and in other tissues (Greener et al. 2000; Park
et al. 2015). Mutations in the neural-specific GAK homologue auxilin/DNAJC6 and in DNAJC13
have been shown to cause early onset recessive and dominant familial PD respectively
(Edvardson et al. 2012; Vilarifio-GUell et al. 2014). Intriguingly, mutations in either gene are
suspected to cause PD in an opposite fashion. While DNAJC6 mutations are loss of function and
cause autosomal recessive PD, DNAJC13 ones represent gain of function and cause autosomal
dominant disease. It is still uncertain how common variation in GAK is related to PD risk, however
the work by Beilina A. and colleagues suggests that GAK expression is inversely correlated to the
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pathology (Beilina et al. 2014). Hence, it seems that overall deregulation of vesicle biogenesis is a
common pathway for PD more than upregulation or dowregulation alone.

Two other players of clathrin-mediated vesiculation have also been related to LRRK2 both
genetically -DNM3- and molecularly —EndoA1-. Endophilin-A1 (a.k.a. SH3GL2) is a protein that
induces the membrane curvature needed for vesicle protrusion from lipid bilayers at synaptic
termini. It works by inserting alpha-helices into the membranes and forcing curvature
mechanically. LRRK2 has been shown to phosphorylate two residues in those alpha-helices
thermodynamically impeding EndoA1 membrane insertion (Matta et al. 2012; Arranz et al. 2015).
Synaptojanin-1 (SYNJ1) mutations are also responsible for early-onset autosomal recessive
parkinsonism with generalized seizures (Quadri et al. 2013; Krebs et al. 2013). SYNJ1 participates
in the last steps of clathrin-mediated endocytosis by dephosphorylating specific hydroxyl groups
of phosphatidylinositides, necessary for the shedding of endocytic factors from membranes.
SYNJ1 PD mutation causes the accumulation of clathrin-coated intermediates (Cao et al. 2017). It
is worth noting that the vesicles generated at the presynaptic termini could serve either as synaptic
vesicles or as docking membranes for autophagosome mediators such as Atg3 or Atg18a (Soukup
et al. 2016; Vanhauwaert et al. 2017).

The lysosome is another convergent point in PD genetics. In fact, one of the first pathological
effects described for LRRK2 G2019S mutation was neurite shortening produced by excessive
autophagy (Plowey et al. 2008). Mutant forms of LRRK2, along with alpha-synuclein, have also
been shown to interfere with chaperone-mediated autophagy (CMA) (Cuervo et al. 2004). CMA
differs from macroautophagy in the way the cargoes are internalized into the lysosome. It occurs
through a sequential process. The first step is the recognition of the peptapetide motif KFERQ in
the target proteins by the cytosolic chaperone Hsc70. The next step is the unfolding of the cargo
protein and its approximation to the lysosomal surface where the lyosomal receptor multimerizes
forming a translocation complex. Finally the unfolded cargo is internalized and degraded by
lysosomal hydrolases (Cuervo 2011). The inhibitory effect in CMA is not directly related to LRRK2
function but to a mere blockade in its internalization into the lyosome. The retention of mutant
LRRK2 in the cytosolic facade of the lysosome hinders the lysosomal uptake of other CMA targets
such as alpha-synuclein (Orenstein et al. 2013).

Improper functioning of the retromer complex due to a PD-related mutation in VPS35 results in
autophagy defects too. Mutant VPS35 fails to recruit WASH complex to the endosome. One of the
functions of the WASH complex is to promote the assembly of actin patches in the wall of the
endosome. These patches induce tubulation and fission of endosomal pieces that will be
subsequently redirected to their target organelle (Reviewed in Seaman, Gautreau, & Billadeau,
2013). Authors explain the defective execution of autophagy owing to an abnormal trafficking of
the autophagy-related protein Atg9 (Zavodszky et al. 2014).

Genes coding for lysosomal enzymes or integral membrane proteins are also a target of PD
mutations. ATP13A2 is an integral lysosomal membrane protein that transports inorganic cations
into the lysosome. Mutations in this gene cause a rare autosomal recessive form of PD with brain
iron accumulation (Ramirez et al. 2006; Briggemann et al. 2010). Regarding lysosomal enzymes,
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mutations in the GBA gene have been revealed as the major genetic risk factor for PD. Other
genes coding for lysosomal enzymes also present a higher frequency of rare coding mutation
among idiopathic PD patients (Robak et al. 2017). In the case of the susceptibility genes, common
variation in the SCARB2 gene, encoding for the lysosomal integral membrane protein-2 (LIMP-2),
has been linked to a reduced risk of PD (Nalls et al. 2014b; Do et al. 2011). It should be noted that
LIMP-2 is responsible for the targeting of GCase from the Golgi to the lysosome (Zunke et al.
2016). Mutations in this gene have also been shown to cause action myoclonus renal failure
(AMRF) syndrome —a disease affecting the kindeys with neurological involvement-, Gaucher’s
disease and myoclonic epilepsy.

PD models

As for any other disease whose pathophysiology is largely unknown the development of faithful
experimental models is instrumental in the study of the disease process. Observations made
through careful examination of epidemiological data and the histological and biochemical analysis
of post-mortem brains lead to the generation of interesting hypotheses that require faithful
experimental models in which to be tested. Indeed the major disadvantage of post-mortem
patients brains is that they often represent end-stages of the disease in which the original
pathogenic mechanisms is very likely masked (Hartmann 2004).

Every type of disease model offers a balance between biological complexity and ease of
experimental manipulation. The selection of a certain type of disease model depends on the level
of complexity associated to the particular disease trait to be studied. In this section the different PD
models will be discussed with a special emphasis in their advantages and drawbacks.

Finally, the development of reliable disease models is also crucial for the development of therapies
aimed to prevent, slow down or stop disease progression.
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Figure 4: Vesicle related cellular processes.
The scheme depicts the different cellular processes in which vesicles play a central role. The participation of PD-
related proteins and LRRK2 interactors (Rab8a, Rab10, EndoA, Dynamin3, GAK and Rab7L1) is indicated in blue.
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Animal models

Animal models have represented the golden standard in PD modeling to date. These models have
approached the pathophysiology of PD through two main strategies: i) inducing the disruption of
the nigrostriatal pathway or ii) forcing the expression (or the ablation) of PD-related genes. The
former strategy has obvious applications in the testing dopamine replacement therapies such as
the administration of dopamine agonist or dopamine cell grafting. Instead, the latter has more
mechanistic implications. The choice of the animal species is closely linked to the previous
disjunction. While invertebrate models, such as Drosophila melanogaster or Caernohabditis
elegans, are more amenable to rapid and straightforward genetic manipulation, their dopaminergic
systems are anatomically and functionally different from the human ones. On the other side,
mammalian disease models such as the mouse, rat or non-human primates show an increasing
anatomical and physiological analogy in their nigrostriatal system. Nevertheless, they have longer
generation times (from 10 weeks —mice- to several years —non-human primates-) and transgenic
approaches are time-consuming except those based on viral transduction.

Toxin-based animal models

The first animal models were based on the first rationale, the disruption of the nigrostriatal bundle.
To achieve this, there is a collection of neurotoxins of diverse nature and mechanism of action that
target specifically ventral midbrain dopaminergic neurons. These compounds include MPTP, 6-
OHDA, Rotenone, Paraquat among others (Blesa & Przedborski 2014). MPTP has been widely
employed in both mice and monkeys to induce parkinsonism while rats are more resistant to this
toxin (likely because of metabolic differences (Johannessen et al. 1985)). The effects in mice and
monkeys brain parallel those observed in humans (Langston et al. 1983). Furthermore, there is
another anatomical coincidence between experimental and clinical MPTP-induced parkinsonism:
the SNpc neurons are more affected than VTA ones (Seniuk et al. 1990) and the putamen more
denervated than the caudate nucleus (Moratalla et al. 1992). In the case of rats, the neurotoxin of
choice is 6-OHDA (Ungerstedt 1968). Target specificity does not differ from the MPTP one and
likewise neither toxin produces Lewy body pathology (Shimoji et al. 2005; Halliday et al. 2009).
Long-term follow-up of MPTP-injected monkeys revealed increased levels of alpha-synuclein but
not Lewy bodies. Therefore suggesting that either the damage induced by MPTP is either
insufficient or non-specific to form Lewy Body or it is human-specific feature (Halliday et al. 2009).
In this regard, two other toxins fill the gap left by MPTP and 6-OHDA. Rotenone and Paraquat, in
addition to recapitulating the specific toxicity towards SNpc dopaminergic neurons, form protein
aggregates positive for alpha-synuclein and ubiquitin (Greenamyre et al. 2000b; Manning-Bog et
al. 2002). Despite this superior modeling feature, rotenone and Paraquat are much less employed
due to the difficulty in performing reproducible lessions and the high mortality associated (Miller
2007).
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Despite the widespread use of toxins to reproduce some PD pathological features, there are two
major drawbacks associated. None of them induces slow and progressive nigral degeneration
neither the formation of Lewy bodies, at least in the case of the most employed ones (MPTP and 6-
OHDA). Hence these models are not well suited to investigate the mechanisms behind the
pathogenesis in PD. Instead, these models have proven very valuable in assaying cell
replacement therapies for PD. Indeed they are commonly used to test the efficacy of dopamine
producing cells derived from many different sources (Kriks et al. 2011; Grealish et al. 2014;
Kirkeby, Grealish, Wolf, Nelander, Porzio, et al. 2012; Dunnett et al. 1981; Espejo et al. 1998;
Hallett et al. 2015). Successful grafting of dopamine cells in these animal models has become a
prerequisite for further progress into the human clinical application.

Genetic animal models

The increasing awareness regarding the existence of a genetic predisposition to suffer PD has
lead to the development of genetically modified animals with familial PD mutations. The expression
of PD related genes has been carried out using different strategies differing in the promoter used
(strong or physiological; ubiquitous or cell type-specific), the form of the gene being
overexpressed (mutated or wild type; human or murine) or the transgenic approach (targeted
insertion, BAC transgenesis, gene knockout, lentiviral overexpression...).

The gene that has been more extensively investigated using genetic animal models is alpha-
synuclein. This is due for two main reasons. It was the first PD-causing gene discovered and it is
unequivocally linked to the most common sporadic disease. First transgenic animals expressed
either human A53T mutant alpha-synuclein or the wild type human form from very strong promoters
such as the murine Prion protein (PrP) promoter (Giasson et al. 2002), the Thy1 promoter (van der
Putten et al. 2000) or the human platelet-derived growth factor-B (hPDGF-3) promoter (Masliah et
al. 2000). All these transgenic animals showed deposits mainly composed by alpha-synuclein but
no cell loss in the SNpc. Indeed Thy-1 promoter failed to induce expression in DA neurons from the
SNpc. Only the hPDGF-B:ha-Syn mice displayed DA terminal loss in the basal ganglia (Masliah et
al. 2000). Despite lack of DA neurons loss, human alpha-synuclein transgenic mice showed motor
deficits and other behavioral abnormalities.

Other groups attempted to induce damage in the nigra by using midbrain DA-specific promoters
such as the rat tyrosine hydroxylase (TH) or the PITX3 genes promoters. A 4.8-kb version of the
former failed to induce DA-specific cell death or alpha-synuclein deposition in the transgenic mice
(Matsuoka et al. 2001). It was necessary to extend the recombinant promoter to 9-kb and to use a
double mutant A53T/A30P human alpha-synuclein to observe nigral pathology in the absence of
alpha-synuclein accumulation (Thiruchelvam et al. 2004). The other approach consisted in the
employment of a binary tetracycline-dependent inducible gene expression in which the reverse
tetracycline transactivator (rtTA) was expressed under the PITX3 promoter. Therefore, dietary
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administration of doxycycline induced strong A53T alpha-synuclein expression in midbrain DA
neurons. These mice displayed robust midbrain DA neuron degeneration accompanied by Golgi
apparatus fragmentation, impairment of autophagy and a reduction of the midbrain DA-specific
transcription factor Nurr1 expression and function (Lin et al. 2012).

These transgenic mice underscore the need of very high midbrain DA neuron-specific expression
of alpha-synuclein expression to observe nigral DA neurons loss and a certain alpha-synuclein
accumulation during mice lives. Stereotaxic injection of viral vectors encoding for alpha-synuclein
gathers both requirements. Both lentiviral (LV) and adeno-associated (AAV) vectors have been
employed successfully in rats to target midbrain DA neurons (Lo Bianco et al. 2002; Kirik et al.
2002; M. Decressac et al. 2012). AAV-mediated overexpression of alpha-synuclein (both in the
striatum and in the nigra) has been used to disentangle a complicated pathogenic loop in which
alpha-synuclein overexpression induces Nurr1 depletion and consequently reduced expression of
proteins required for transducing DA neuron-specific survival cues such as GDNF (Volakakis et al.
2015; Mickael Decressac et al. 2012; Decressac et al. 2011).

Finally, there is a third class of animal models suited for the study of alpha-synuclein pathological
effects. Those described extensively in a separate section consisting in the inoculation of pre-
formed alpha-synuclein fibrils in mice.

In the case of LRRK2 the phenotype of transgenic animal models has been more disappointing in
terms of overt neurodegeneration or the presentation of other PD-related phenotypes. Knockout
mice and rats are viable and have an intact dopaminergic system. Instead, the phenotypic defects
associated with the lack of LRRK2 are observed in kidney and lungs (Tong et al. 2010; Herzig et al.
2011). Conversely, overexpression of the most common G2019S mutation results in slow and
specific as well as limited (=20%) loss of midbrain DA neurons. Even so, the loss of the nigral DA
neurons was not reflected in the reduction of striatal DA nor any motor alteration (Ramonet et al.
2011; Chen et al. 2012). Lin and colleagues observed an exacerbation of alpha-synuclein
pathology in the A53T transgenic mice in the presence of G2019S LRRK2. Conversely, genetic
ablation of murine Lrrk2 abrogated alpha-synuclein accumulation and its associated pathological
effects (Lin et al. 2009). Increased expression of mutated versions of human LRRK2 via BAC or
viral (Lee et al. 2010; Tsika et al. 2015; Dusonchet et al. 2011) transgenesis did not provide
substantial novel insights into the pathogenesis of the human mutations. More recently, the effect
of LRRK2 knockout or LRRK2 mutations has been examined in non-nigral compartment such as
the striatum. LRRK2 was shown to modulate synaptogenesis and transmission in striatal projecting
neurons through its interaction with PKA. Lrrk2 deficiency or mutations affecting its ROC-COR
domain (R1441C) increased PKA synaptic translocation and deregulation of the aforementioned
processes (Parisiadou et al. 2014). Negative effects on striatal synaptogenesis and transmission
were also observed with the G2019S mutation (Matikainen-Ankney et al. 2016; Tsika et al. 2015).

Finally, animal models have also been employed to investigate the contribution of LRRK2 to
inflammatory bowel disease such as Chron’s. In Paneth cells (resident immune system) LRRK2,
along with Rab2a and Nod2 and in concert with commensal bacteria orchestrate the secretion of
lysozyme from dense core granules in order to maintain the intestinal homeostasis. Lack of any of
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these proteins results in failure to control proper symbiosis with the microbiota and in enhanced
susceptibility to microbial infection (Zhang et al. 2015). The proposed role of LRRK2 in
coordinating lysozyme secretion is in line with previous reports linking LRRK2 with vesicle
management and with several members of the Rab family of proteins. Indeed, Steger and
collaborators suggested one year later that the role of LRRK2 and the specific subset of Rab
proteins that it regulates might vary in every different tissue (Steger et al. 2016).

In summary, insight gained from animal models points to LRRK2 mutations inflicting a subtle and
cumulative pathogenic effect that would likely manifest in the elderly.

Many other genetic animal models have been generated harboring other PD Mendelian mutations.
However their connection to the present thesis is loose and to avoid digression they will not be
discussed here.

In vitro cell models

Initial cellular models of PD were conceived to gain understanding regarding the function and
dysfunction of PD-related genes and proteins. The classical approach relied in the overexpression
or the silencing/ablation of these genes in order to exacerbate the phenotypic outcome. The cells
in which these experiments were carried out ranged from immortalized cell lines from diverse
origins to primary neuronal cultures from mice or rats. The simplicity of such systems offers the
opportunity to test multiple hypotheses in a very short time. Nonetheless, the conclusions drawn
should be taken with caution since the overexpression of any gene may lead to spurious
observation that would not be confirmed by independent experimental approaches.

Despite that, many authors have fine-tuned their experimental designs in an attempt to minimize
the occurrence of artifacts (Beilina et al. 2014; Steger et al. 2016). In this regard, the careful
selection of controls, the implementation of unbiased approaches and the reproduction of the
results obtained in different models are providing very interesting clues about the mechanism of
action of PD mutations.

The generation of induced pluripotent stem cells (iPSC) and its application to human

disease modeling.

In this context the groundbreaking technique described by Kazutoshi Takahashi and Shinya
Yamanaka in 2006, whereby a somatic cell can be reverted back to the pluripotent status typical of
the first cells of the embryo has revolutionized many aspects of medicine and biology (Takahashi &
Yamanaka 2006). In that germinal work, the two researches elaborated a curated list of
transcription factors implicated in different aspects of stem cell biology and forced their expression
in mouse fibroblasts. They observed the activation of an embryonic gene which was maintained
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after reducing the gene number to four: Oct3/4, Sox2, Myc and KIf4. These cells were
demonstrated to be largely indistinguishable from embryo-derived stem cells -ES cells- (Evans &
Kaufman 1981). Properly selected iPSC clones (Okita et al. 2007) fulfilled the stringent criteria for
pluripotency established in the field, such as ES cell-specific marker expression or ability to give
rise to derivatives of the three germ layers. Additionally, other molecular test were generalized
such as the independence from the exogenous reprogramming factors and the reactivation of the
endogenous pluripotency gene network (Takahashi & Yamanaka 2006). Furthermore, they were
also demonstrated to be able to pass the most challenging pluripotency test: the tetraploid
complementation assay (Zhao et al. 2009). This test consists in checking whether PSCs injected
into a tetraploidized embryo could resume embryonic development. The discovery of induced
reprogramming was claimed to have broad implications in regenerative medicine, developmental
studies, disease modeling, and drug testing/discovery.

The next year, two independent groups managed to obtain iPSC from human fibroblast (hiPSC) by
either the same (Takahashi et al. 2007) or a slightly different combination of genes (Yu et al. 2007).
From that moment, the field exploded and the rate of publications dealing with iPSC rose steeply.

The generation of hiPSC from adult somatic cells opened the door to the generation of patient-
specific iPSCs, which offered an unprecedented opportunity to study disease in a genuinely
human setting. This approach offered three major advantages over other modeling alternatives.
The first of them is that they are of human origin. There are genetic animal models that do not
recapitulate the features of the human disease even in the case of severe Mendelian childhood
diseases. Secondly, they allowed the generation of the cell type specifically affected by the
disease. This is an urgent need in PD since neurodegeneration and synucleinopathy only affect
certain brain nuclei and cell loss is mostly observed in the nigra. Finally, they recapitulate the
genetic particularities of the donor subject and they express disease-associated genes under the
control of endogenous regulatory sequences. This is crucial not only in complex diseases with a
polygenic component but also in Mendelian diseases subjected to genetic disease modifiers such
as idiopathic and familial PD respectively.

The first report describing the derivation of patient-specific iPSCs for modeling purposes was
published in 2009 by Ebert et al. (2009). iPSCs were generated from a kid with spinal muscular
atrophy (SMA). Patient’s fibroblast and iPSCs already showed a lack of the SNM1 gene mRNA and
a disease-specific phenotype (lack of nuclear gems). Furthermore, a maturation deficit was
observed in the disease-relevant cell type, motor neurons. This was also the first report in which
patient-iPSCs were used as a tool for drug testing since drugs that were previously described to
increase SNM protein levels were proven to be efficacious in this particular SMA model. After this
report, the number of publications using iPSC in disease modeling rose exponentially. In 2009, the
race of iPSC-based disease modeling started (Fig. 5).
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Figure 5: Workflow of iPSC-based disease modeling and its application to drug screening (From Marchetto et al.
2010)

Initial successful attempts focused on early-onset diseases in which the pathological effect of the
mutation had been already described. The possibility of modeling multifactorial diseases with a
polygenic component or with a known genetic component of unknown function was still uncertain.
On the other hand, it was not clear either whether late-onset diseases such as neurodegenerative
diseases could be modeled in a dish. It was not until 2011, when several iPSC-based models of
genetic PD reported disease related phenotypes. Two groups generated iPSC from patients
carrying a triplication of the alpha-synuclein locus. After differentiating those iPSC towards
dopaminergic neurons, they observed that alpha-synuclein expression was doubled in comparison
with wild type controls (Devine et al. 2011; Byers et al. 2011). Furthermore in one of the reports,
increased alpha-synuclein expression was associated to increased susceptibility towards oxidative
stress (Byers et al. 2011). Increased sensitivity towards oxidative stress was also described in DA
neurons differentiated from a patient-specific iPSC carrying the LRRK2 G2019S mutation.
Interestingly, this effect was specific to DA neurons, as LRRK2 G2019S TH- cells were not
significantly affected by H.O, when compared to control cells. Increased sensitivity in LRRK2
G2019S DA neurons was also observed when treated with other stressors such as the protease
inhibitor MG-132 or 6-OHDA.
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A very meaningful finding was the one published by Sanchez-Danés et al. (2012). In this work, a
PD model was generated in which spontaneous disease-related phenotypes could be observed in
DA neurons from iPSC from both LRRK2 G2019S and sporadic PD patients after long-term culture.
Given that the present study is based in the model described by Sanchez-Danés et al. (2012), it
will be thoroughly described in a separate section. Therefore demonstrating that susceptibility to
undergo neurodegeneration in sporadic PD patients is genetically encoded. This is a
groundbreaking fact since it implies that iPSC-based models are very well suited for studying the
genetic component of both idiopathic and Mendelian diseases. Another important insight is that if
the cells are maintained for a relative long span of time, they can present disease-related features
spontaneously. In a separate study, this same model was used to corroborate the inhibitory effect
of LRRK2 G2019S on CMA, which was shown to decrease alpha-synuclein lysosomal degradation
(Orenstein et al. 2013). Other authors have also used iPSC to model LRRK2 G2019S-associated
PD. Reinhardt and coworkers (2013), observed similar disease-related phenotypes (reduced
neurite extension, increased alpha-synuclein and increase susceptibility towards neurotoxins) in
LRRK2 G2019S iPSC-derived neurons. Interestingly, by using gene-editing tools, these
phenotypes could be ascribed to the presence of the LRRK2 G2019S mutation. Transcriptional
interrogation of differentiated cultures suggested that LRRK2 G2019S exerted its pathogenic effect
by deregulating gene expression downstream of ERK signal transduction. The link between LRRK2
and the mitochondrial pathway has also been investigated using iPSC-based models. Aberrant
sequestration of mitochondria was found in iPSC-derived dopaminergic neurons from LRRK2
G2019S-associated PD patients, but also from sporadic PD patients. This was caused by defective
Miro1 retention on damaged mitochondria. A protein mainly involved in anchoring mitochondria to
molecular motors (Hsieh et al. 2016). Enhanced phosphorylation of the mitochondrial fission
protein Drp1 has also been suggested as a pathogenic pathway by LRRK2 G2019S. In this regard,
phosphorylation insensitive mutant forms of Drp1 or specific inhibitors were shown to abrogate
excessive mitochondrial fission and related phenotypes (Su & Qi 2013). LRRK2 has also been
shown to phosphorylate ribosomal protein s15 (Rps15). In line with this, the G2019S mutation
exacerbated Rps15 phosphorylation causing an overall increase of cap-dependent and
independent mRNA transcription both in Drosophila and in iPSC-derived DA and cortical neurons
(Martin et al. 2014). In summary, models based on DA neurons differentiated from LRRK2 G2019S
patient-specific iPSCs have proven to be very valuable for investigating the pathogenic effects of
the mutation.

A model describing spontaneous neurodegeneration phenotypes in patient-specific iPSC

The experimental platform employed in the present thesis was initially described by Sanchez-
Danés et al. (2012). It involved the generation of iPSC lines from a cohort of 7 sporadic PD
patients, 4 patients carrying the LRRK2 G2019S mutation and 4 healthy controls (Summarized in
Table 3). These iPSC lines were differentiated towards ventral midbrain dopaminergic neurons
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using a protocol described in previous study (A. Sanchez-Danés et al. 2012). This protocol
involved the transduction of the iPSC with a lentiviral vector expressing the floor plate marker
LMX1A under the control of the Nestin enhancer and the exposure of iPSC aggregates (embryoid
bodies or EBs) to the patterning factors SHH and FGF8. In the short-term (3 weeks of in vitro
culture), iPSC from both cases and controls were shown to differentiate to DA to the same extent.
Likewise, these neurons appeared healthy disregarding the parental iPSC line.

Table 3: Summary of iPSC generated in the study by Sanchez-Danés et al. (2012)

Patient Disease iPsC
Code Sex Age" Age Family Mutation Initial LDopa #of Clones Karyotype Transgene Pluripotency In vitro Teratoma
onset history symptoms® response Lines selected silencing® markers® differentiation® assay®
CONTROL SPO9 M 66 4 SP09.2 46,XY Passed Passed Passed N/P
SP09.4 46.XY Passed Passed Passed Passed
SP11 F 48 3 SP111 46,XX Passed Passed Passed Passed
SP114 46X Passed Passed Passed N/P
SP15 F 47 4 SP15.2 46,XX Passed Passed Passed Passed
SP15.3  46XX Passed Passed Passed N/P
SP15.4  47XX+20 Passed Passed N/P N/P
SP17 M 52 3 SP17.1 47.XY+20 Passed Passed Passed N/P
SP17.2 46,XY Passed Passed Passed Passed
SP17.3 46,XY Passed Passed Failed N/P
1D-PD SP01 F 63 58 No No Tand B N/A 4 SP01.1 46,XX Passed Passed Passed Passed
SPO14  46XX Passed Passed Passed N/P
SPO2 M 55 48 No No T N/A 2 SP02.1 46,XY Passed Passed Passed Passed
SP02.2 46,XY Passed Passed Passed N/P
SP04 M 46 40 No No B Good 2 SP04.1 46,XY Passed Passed Passed N/P
SP04.2 46.XY Passed Passed Passed Passed
SPO8 F 66 60 No No T Good 4 SP08.1 46,XX Passed Passed Passed Passed
SP08.2 46,XX Passed Passed Passed N/P
SP08.3 46,XX Failed N/P N/P N/P
SP10 M 58 50 No No D Good 2 SP10.1 46,XY Passed Passed Passed N/P
SP10.2 46,XY Passed Passed Passed Passed
SP14 M 55 51 No No B Good 2 SP14.1 46,XY Passed Passed Passed Passed
SP14.2 46,XY Passed Passed Passed N/P
SP16 F 51 48 No No B N/A 4 SP16.2 46,XX Passed Passed Passed Passed
SP16.3  46XX Passed Passed Passed N/P
LRRK2-PD SPOS M 66 52 Yes LRRK2 B Good 2 SP05.1 46,XY Passed Passed Passed Passed
SP05.2 46.XY Passed Passed Passed N/P
SPO6 M 44 33 Yes LRRK2 T Good 6 SP06.1 46,XY Passed Passed N/P N/P
SP06.2 46,XY Passed Passed Passed Passed
SP12 F 63 49 Yes LRRK2 T Good 4 SP12.3 46,XX Passed Passed Passed Passed
SP12.4 46X Passed Passed Passed N/P
SP13 F 68 57 Yes LRRK2 T Good 4 SP13.2 46,XX Passed Passed Passed N/P
SP13.4 46,XX Passed Passed Passed Passed

N/A, information not available; N/P, test not performed.
“Age at biopsy.

°T, tremor; B, bradykinesia; D, foot dystonia.

“Tests performed as exemplified in Fig 1.
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The only disease-related phenotype that was appreciable at that time point was the increased
accumulation of alpha-synuclein exclusively in LRRK2 G2019S DA neurons (Fig. 6)
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Figure 6: Abnormal accumulation of alpha-synuclein in DA neurons from L2-PD iPSC

In order to be able to maintain and DA neurons for a long span of time, patterned EBs were
seeded on a feeder layer of cortical murine astrocytes. Differentiated cultures were maintained for
up to 75 days, the moment at which disease-related phenotypes were observed. DA neurons
differentiated from patient-specific iPSC presented neuritic pathology (shortening and reduced
branching) as well as increased cell death (measured by cleaved-caspase 3 staining) in
comparison with control DA neurons (Fig. 6)
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Figure 7: Neurodeneration features observed in patient-specific iPSC derived DA neurons. Adapted from the
original research article by Sanchez-Danés et al. (2012)

Delving deeper into the pathological mechanism of degeneration, autophagy flow was studied in
DA neurons after 75 days of culture. Western blot and immunofluorescence analyses revealed
impaired autophagy. Differentiated DA neurons showed increased amount of P62- and LC3-
positive puncta therefore indicating the accumulation of disposal products inside the cells (Fig. 7).
Finally, the blockade in autophagy was most probably due to a defective autophagosome to
lysosome fusion in patient’s DA neurons as judged by reduced co-localization of the lysosomal
marker LAMP-1 with the autophagosome marker LC3 (data not shown here).
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Figure 8: Impaired autophagy in patients' DA neurons after 75 days in culture

In summary, previous work from our lab (2012) demonstrates the PD model generated is a very
powerful tool to study the cellular processes implicated in the first steps of the degeneration
process. Furthermore, the ability to recapitulate in vitro the effect of patient's own genetics
suggests that the model could be applied to study the contribution of additional genetic
modulators of the disease besides Mendelian mutations.

Gene editing tools in iPSC-based modeling: the importance of genetically-matched controls.

Arguably, the single most important functional characteristic of pluripotent stem cells is their multi-
lineage differentiation ability. It is widely accepted that iPSC present considerable variability in
differentiation potential among lines derived, not only from different subjects, but also among
clones from the same subject (Kajiwara et al. 2012). There have been several attempts to
characterize the sources of such variability. Extensive passaging and maintenance of hESC has
been shown to induce certain chromosomal alterations, in particular duplication of chromosomes
12 and 17 (Baker et al. 2007). A separate study found that recurrent amplifications in the 17921.31
chromosomal region specifically affected neural (mesodiencephalic) differentiation properties of
hPSCs (Lee, Bendriem, Kindberg, Worden, Williams, et al. 2015). Age-related mutations of the
reprogrammed somatic cells (blood cells, fibroblasts, etc) could also be a source of genetic
variation. We should take into account that, for many disease conditions, somatic cell samples
would be obtained from aged individuals. However, the most in-depth examination of iPSC
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variability sources comes from the studies of DeBoever et al. (2017) and Carcamo-Orive et al.
(2017). In these two research works, genetic variation was studied among large collections of
iPSCs. These authors found that both germ-line and somatic mutations influenced hiPSC-specific
gene signature. Moreover, it was observed that the reprogramming process also influenced such
variability through the Polycomb repressor complex and the completeness of X chromosome
reactivation.

The aforementioned sources of variability may also complicate ascribing disease-related cellular
phenotypes to specific genotypes. A straightforward manner to countering that variability would be
to utilize (engineer) appropriate controls. In this regard, the use of designer nucleases as gene-
editing tools enables researchers to generate isogenic controls that only differ in the presence of
one (or more) genetic variant. The realization that DNA double strand breaks (DSB) enhance
homology-directed repair (HDR) (Rouet et al. 1994) opened a race for the generation of sequence-
specific nucleases for the introduction of sequence-specific DSB. The first two sequence-
specific nucleases (SSN) to enter the scene, zinc-finger nucleases (ZFNs) and transcription
activator-like effector nucleases (TALENs), were used by some highly skilled laboratories to
demonstrate proof-of-concept for targeted gene edition in hiPSC (recently reviewed in
Hockemeyer & Jaenisch 2016).

TALENSs are based on transcription factors from the bacteria genus Xanthomonas. Contrary to zinc
fingers, DNA recognition rationale is much simpler. TAL effectors have a central domain containing
an array of repeats each of them recognizing a specific base pair in the genome. Every repeat has
a very similar sequence except for two highly variable residues (RVD) located into the central part
and are responsible for the base pair specificity (Mussolino & Cathomen 2012). Therefore the
generation of an array of repeats each one with a specific central variable di-residue permits to
assemble TALE monomers targeting a given sequence of interest. The simple code determining
DNA specificity and the lack of context dependent effect of the repeats has allowed that
laboratories with little previous experience in protein engineering to be able to design and
construct sequence-specific nucleases for their genes of interest. In the case of hPSCs, there are
many reports describing successful edition of disease-relevant genes or the generation of lineage-
specific reporters using TALENs (Ding et al. 2013; Hockemeyer et al. 2011).

However, actual “democratization” of gene editing procedures in hiPSC was made possible thanks
to the development of CRISPR/Cas9 technology. This bacterial immune system consists of two
RNA molecules, one of them determining DNA sequence specificity by base pairing, and a
nuclease that introduces a DSB in the DNA paired by the RNA. Both RNAs were later joined in a
single guide RNA, which could be easily redirected to virtually any DNA sequence (Jinek et al.
2012) by modifying a part of this RNA termed spacer. A graphic representation of the different
gene editing tools is depicted in fig 9.
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Figure 9: Sequence-specific nuclease employed in gene editing approaches (adapted from (Yin et al. 2014)

The versatility of targeting almost any locus in the genome by simple changing the spacer
sequence has enabled any cell biology laboratory with minimal molecular biology equipment to
generate their desired targeted genetic modifications. Naturally, the extent of the isogenicity
achieved with targeted genome edition becomes crucial for the interpretation of the results. It is not
comparable, mutating a coding DNA sequence with editing an enhancer that contains a SNP. In
order to strengthen genotype-phenotype relation, the latter (which may have secondary
consequences unrelated to the SNP) should be carefully controlled. Indeed, the reproduction of
the exact variation under study, allows a much more accurate recapitulation in vitro of the disease
genetic mechanisms. The very recent introduction of CRISPR/Cas9 and single-stranded
oligodeoxynucleotides as donor templates currently allows applying precision gene edition on a
routine basis for modeling purposes (Paquet et al. 2016; Richardson et al. 2016).

Generating lineage-specific reporter lines by gene editing

Another complementary approach to circumvent eventual differences in the differentiation
efficiency among hiPSC lines is to generate genetic reporter lines. Reporter genes can be used to
better identify the specific cell type of interest among the differentiated progeny. A reporter line
can be defined as cell line that express a reporter gene under the control of certain regulatory
sequences. These regulatory sequences are in turn those that control the transcription of the gene
to be reported. In particular, thanks to this technique it is possible to follow and monitor gene
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expression, the regulation of that expression and signal transduction pathways. The reporter gene
should not be endogenously expressed to reduce the background activity and has to produce a
clear, easy detectable, sensitive and reliable signal. To choose a reporter it is necessary to take
into account the cell line to use, the type of experiment and the assay to detect the reporter. In this
context, the generation of reporter cell lines enables the identification of cells that express certain
genes of interest such as those that define a particular cell lineage.

The development of new and easy-to-program gene editing technologies added to the innovative
optical imaging platforms allow the real time detection of gene expression at the single cell level. It
is now possible to understand when a specific gene is transcribed during
development/differentiation process, at which level and where is localized within the cell, what type
of cells produce that specific gene, whether the gene is constitutively active or induced by
exogenous cues. Furthermore, reporter genes can be used to understand the molecular bases of
disease and to perform a large-scale drug screening.

To obtain a reporter cell or animal line it is necessary to link the reporter gene to the regulatory
sequences of the gene of interest. Classical approaches consist in fusing selected regulatory
sequences (mostly proximal promoters) of the gene to be reported to a reporter gene (fluorescent
proteins, luciferase, resistance genes, B-gal). Many successful cases have been described in the
literature. In the case of such as reporters for Synapsin-| (Hioki et al. 2007), GFAP and Dcx (Pei et
al. 2015). Recombinant lentiviral vectors were widely used for gene delivery into cells because of
the unique advantages of stably integrating transgene into the genome of dividing and non-
dividing cells (Naldini et al. 1996). Using neuron-specific promoters for stable neuron-specific
expression of transgenes makes possible to track, sort them and even replate neurons. However,
the disadvantage associated to the classical approach is that in most of the cases, the proximal
promoter does not fully recapitulate the endogenous regulation of the reported gene (Bardy et al.
2016). There is growing evidence that cis-regulatory elements could be located not only in the
promoter, but also in distal enhancers or in enhancers lying in introns or UTR sequences. In this
line the utilization of the endogenous sequences is mandatory to achieve trustworthy gene
reporter. This can only be made possible through the introduction of the reporter gene into the
locus of the gene to be reported. Fortunately, the development of gene editing techniques allows
performing targeted gene modification in cells resilient for classical gene targeting approaches
such as human PSCs. A scheme depicting both approaches for reporting gene expression is
shown in figure 9.
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Figure 10: Approaches for generating genetic reporters

In the case of reporters for the dopaminergic neuronal lineage, there are several reporter lines
published but just two in hPSC. It is quite necessary to develop these tools since even the gold
standard differentiation method does not yield pure populations of DA neurons (Kriks et al. 2011)
nor it does work with equal efficiency in different hiPSC lines (Woodard et al. 2014). These reporter
lines have been generated using the gene editing toolkit. In 2009, Hockemeyer and collaborators
(2009) described an method to target expressed and silent genes in PSCs using ZFNs with the aim
to generate genetic reporters. After demonstrating the higher efficiency of this new method
compared with the classical gene targeting approach they a gene that is not expressed in PSCs,
PITX3. This gene is a transcription factor expressed in ventral midbrain dopaminergic neurons
among other cell types (eye development). Several years later, this reporter line was used by
Watmuff and collaborators (2015) to sort and characterize dopaminergic neurons differentiated
from hPSC. They demonstrated that PITX3EF" neurons differentiated for 70 days with a floor-plate
differentiation method are functional (low levels of intracellular chloride and resting calcium) and
responsive to a number of pharmacological stimuli. It is also interesting to notice that at maturity
the PITX3E6F" neurons show a transcript profile indicative of midbrain DA neurons. This reporter
line has obvious implications in neurobiology, neuropharmacology, neurophysiology, and
neurotoxicology. (Cui et al. 2016) developed a genetic reporter to monitor the growth of stem cell-
derived DA neurons during the differentiation process. By applying TALENs technology they
engineered a hESC line by knocking in a secreted Metridia luciferase (Mluc) reporter gene into the
endogenous Tyrosine Hydroxylase (TH) locus. This approach allowed the direct differentiation of
the DA neural lineage was monitored non-invasively in real time. This method has many
advantages since it provide an effective strategy for tracking gene expression during lineage
differentiation and development and can be easily applied in drug testing and screening. The main
disadvantage of luciferase reporters is that they does not allow identifying single neurons in the
plate (Cui et al. 2016). There is still an urgent need to develop genetic reporters to faithfully track
and/or purify dopaminergic neurons. Performing analysis on pure populations will help to reduce
experimental noise associated to inefficiency or inter-clonal variation. The availability of trustworthy
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genetic reporters will allow to get further insight into the specific dopaminergic susceptibility, PD
disease mechanisms and eventually boost drug screening procedures.
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OBJECTIVES

The main objective of the present thesis is to investigate the relative contribution of the

G2019S mutation in the LRRK2 gene and the genomic background to the presentation of
Parkinson’s disease-related phenotypes in our in vitro model of the disease.

To this end, an in vitro PD disease model based on patients’ cells specifically suited for
testing the relative contribution of the mutation and the genomic background was
generated. Additionally the thesis project was structured on four specific sub-objectives:

* Recruit non-manifesting carriers (NMC) of the G2019S mutation in the LRRK2 gene
at an advanced age and no signs of prodromal disease and generate iPSC lines
from these subjects.

* Generate isogenic hiPSC clones differing in the absence or the presence of the
LRRK2 G2019S mutation from both carriers and non-carriers with which to test the
specific effect of the mutation.

* Study the in vitro penetrance of disease-related phenotypes in dopaminergic
neurons derived from the selected cohort of non-manifesting and manifesting
carriers, and non-manifesting non-carrier lines along with their isogenic
counterparts.

* Investigate the existence of genetic determinants of increased or decreased
penetrance of LRRK2 G2019S mutation.

Taking advantage of the abilities and skills developed in the framework of the present
thesis, a parallel project was initiated whose main objective was to develop a TH gene
reporter hiPSC line using CRISPR/Cas9 gene edition.

* Generate a TH reporter hiPSC line using CRISPR/Cas9 gene edition and verify the
fidelity of the reporter system.

* Demonstrate its applicability and usefulness in different experimental settings.
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Recruitment of non-manifesting carriers of the LRRK2 G2019S mutation and study of

the prodromal features

Studies were approved by the authors' Institutional Review Board and conducted under the
Declaration of Helsinki. Patients were encoded to protect their confidentiality, and written
informed consent obtained. The generation of human iPSCs was done following a protocol
approved by the Spanish competent authorities (Commission on Guarantees concerning
the Donation and Use of Human Tissues and Cells of the Carlos Il Health Institute). Non-
manifesting carriers were recruited from families having members affected by LRRK2-
associated PD that attended the Movement Disorder Unit at the Hospital Clinic of Barcelona
(Barcelona, Spain). They were selected on the basis of having an advanced age and little
or no prodromal signs at the moment of the enrolment.

Generation of iPSC

Using CytoTune iPSC Sendai reprogramming protocol, we converted fibroblasts into
transgene-free iPSCs. Briefly, explant cultures were obtained from skin punch biopsies.
Primary cultures of fibroblast were expanded and 50,000 to 100,000 cells were transduced
with the Sendai vectors. Medium was then sifted to human ESC (hESC) medium, consisting
of KO-DMEM (Invitrogen) supplemented with 20% KO-Serum Replacement (Invitrogen), 2
mM  Glutamax (Invitrogen), 50 pM 2-mercaptoethanol (Invitrogen), non-essential
aminoacids (Lonza) and 10 ng/ml bFGF (Peprotech). Cultures were maintained at 37°C, 5%
CO;, with media changes every other day. Colonies were picked based on morphology 20-
30 days after the initial infection and plated onto fresh feeders. Lines of patient-specific iPS
cells were maintained by mechanical dissociation of colonies and splitting 1:3 onto feeder
cells in hESC medium or by dissociation with EDTA and passaging onto Matrigel-coated
plates with hESC medium pre-conditioned by mouse embryonic fibroblasts (chESC
medium).

Characterization of iPSC

Expression of Sendai vector transgenes and endogenous pluripotency-associated
transcription factors by quantitative Polymerase Chain Reaction (after reverse transcription)
(RT-PCR). In vitro differentiation towards endoderm, mesoderm and neuroectoderm was
carried out essentially as described (Raya et al. 2008)

Generation of TALEN monomers, CRISPR/Cas9 plasmids and donor templates for

HDR

TALEN monomers were engineered as described elsewhere (Mussolino et al. 2011) in the
Institute for Cell and Gene Therapy & Center for Chronic Immunodeficiency (University of
Freiburg). They were composed of 19 RVDs and were fused to wild type Fokl nuclease
domains. Repeats containing the NN RVD were used for Guanidine recognition. Each
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monomer was inserted in a plasmid under the control of a modified CMV promoter (Alwin et
al. 2005).

CRISPR/Cas9 plasmid pSpCas?(BB)-2A-GFP (PX458)(Ran et al. 2013) was obtained from
Addgene (#48138). Original pCbh promoter was exchanged for the full-length pCAGGS
promoter in order to achieve higher expression levels in hiPSC. Custom guide RNAs were
cloned into the Bbsl sites as annealed oligos.

Donor templates for HDR were generated using standard molecular cloning procedures.
Briefly, for LRRK2 donor template, homology arms were amplified using genomic DNA from
either wild-type or LRRK2 G2019S mutant hiPSC lines and inserted into the Kpnl-Xhol
(5’HA) and Spel-Notl (3'HA) sites of pBS-SK(-). pRex1-NeoR-SV40pA cassette was
amplified from aMHC-eGFP-Rex-Neo (Kita-Matsuo et al. 2009) (Addgene; #21229) with
primers contaning LoxP sites in the proper orientation and inserted into the Sall-BamHI
sites. For TH donor template, homology arms were amplified from genomic DNA and
verified by Sanger sequencing. Resulting sequences matched those of the reference
genome GRCh38. They were inserted into the Kpnl-Apal (5’HA) and Spel-Xbal (3'HA) sites
of pBS-SK(-). P2A peptide was added to mOrange with the primers using to amplify the
gene and the PCR product was inserted into the Apal-Xhol sites of the pBS-5’'HA-3’'HA
plasmid. Finally pRex1-Neo-SV40 was inserted between the Xhol and Spel of the previous
plasmid.

Gene edition in iPSC

For correcting the LRRK2 G2019S mutation, mutant iPSC were gene-edited using TALENS.
iPSC grown to confluence in 10cm plates were pre-treated for 2-4 hours with 10 pM Y-
27632 (Rl; Miltenyi-Biotech), disaggregated to small clumps using Accutase
(eBiosciences), resuspended in ice-cold chESC medium supplemented with Rl and
containing 15 pg of each TALEN monomer-coding plasmids and 30 pg HDR donor
template and placed in a electroporation cuvette. Cells were electroporated with a Gene
Pulser Xcell electroporation system (BioRad) with the following settings: 250 V and 500 pyF
(time constant should be between 10 and 14 milliseconds). After being pulsed, cell
suspension was seeded in 10-cm plates coated with Matrigel containing Rl-supplemented
chESC medium. 72 hours post-transfection, 50 yg/mL G-418 (Melford Laboratories Ltd.)
treatment was initiated and maintained for 2 weeks until resistant colonies attained enough
size as to be screened. At that moment, half of each resistant colony was manually picked
and site-specific integration was verified by means of PCR and gene correction was
assessed by Sanger sequencing. Colonies with the desired genotype were isolated,
expanded and cryopreserved.

For inserting the mutation in heterozygosis, wild-type iPSC were edited using CRISPR/Cas9.
This choice was made based on the difficulty on controlling the zigosity of the edition using
TALENs. CRISPR guide RNAs overlapping the selection cassette insertion site were
observed to favor biallelic editions (data not shown). The day before transfection, 800.000
iPSC were seeded on Matrigel-coated 10-cm plates. The day after, cells were transfected
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using FUGENE HD (Promega) and a mixture. Subsequent steps were carried out as
described with TALENS.

For the generation of TH reporter iPSC cell lines, iPSC were transfected and subsequently
processed as described for the mutation insertion but with just one HDR plasmid template.
CRISPR gRNA overlapped TH gene stop codon.

For the excision of the selection cassette, edited iPSC were transfected with CRE
recombinase-expressing plasmid (Addgene; #27546). 48 hours post-transfection, cells
were singularized and seeded at clonal density on a feeder layer of irradiated human
fibroblasts. When colonies attained a certain size they were picked and subcultured in
independent matrigel-coated wells. Cells were sampled and checked for cassette excision
by PCR and Sanger sequencing. Those clones in which the cassette was excised were
expanded, cryopreserved and karyotyped.

iPSC differentiation to DA neurons

For DAn differentiation, iPSC were transduced with LV.NES.LMX1A.GFP and processed as
previously described (Sanchez-Danes et al, 2012). For DAn yield analysis cells were co-
cultured with PA6 for 3 weeks in N2B27 medium. For short-term SNCA analysis, DAn
generated on the top of PA6 for 3 weeks were trypsinized and cultured for 3 days on
Matrigel-coated dishes. For long-term culture, neural progenitor cells were seeded onto
mouse primary cortical astrocytes, prepared as described elsewhere (Giralt et al. 2010),
and maintained in N2B27 medium. After 9 weeks, cells were fixed and processed for
immunofluorescence analysis.

Generation of human Neural Progenitor Cells (hNPC)

The hiPSCs colonies were gently disaggregated from the culture plate and plated 6 hours
in non-adherent conditions in DMEM/F12, 2% of B27 without vitamin A (12587-010 Gibco)
and supplemented with: 1% of N-2 Supplement (17502-048 Gibco), 10 uM of Y-27632
(Milteny-Biotech), 100 nM of LDN 193189 (120-10C Peprotech), 10 uM of SB431542
(S4317-5MG Sigma) and bFGF 2 ng/ml. Cells were plated 10 days on Poly-ornitin/laminin
(P4638-1G Sigma; L2020-1MG Sigma) coated dishes in this medium before being
detached with accutase and re-plated on Poly-ornitin/laminin coated dishes and cultured in
the neural induction medium: 50-50% DMEM/F12 - Neurobasal medium supplemented with
2% of B27, 1% of N-2, 0.5% Glutamax (35050-038 Gibco), 10 ng/ml of Epidermal Growth
Factor (EGF; AF-100-15 Peprotech) and bFGF 10 ng/ml. Culture of cells in this neural
induction medium generates homogenous cultures of NSCs (more than 95% of the cells).

hNPC differentiation to DA neurons

DA neuron progenitor derivation. NSCs were grown at high confluency (70%) for 7 days on
Poly-ornitin/laminin  coated dish in N2B27 supplemented with 200 ng/mL of Sonic
Hedgehog (SHH); 100 ng/mL of Fibroblast Growth Factor 8 (FGF8; 100-25; Preprotech).
This first culture step was required to pattern NPCs as DA neurons progenitors. For terminal
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differentiation, DA progenitors were plated on Poly-ornitin/laminin coated dish, in N2B27
supplemented with 20 ng/ml of Brain Derived Neurotrophic Factor (BDNF; 450-02,
Peprotech), 20 ng/ml of GDNF (450-10, Peprotech) for the indicated time points.

Immunofluorescence

Cells were fixed with 4% paraformaldehyde in PBS at RT for 15 min and permeabilized for
15 min in 0.3% Triton in TBS. Cells were then blocked in Triton-X100 with 3% donkey serum
for 2 h. The following antibodies were used: goat anti-Nanog (R&D Systems; AF1997; 1:50),
mouse IgM anti-Tra-1-81 (Merck-Millipore; MAB4381; 1:200), mouse anti-OCT4 (Santa
Cruz; sc-5279; 1:30), rat IgM anti-SSEA-3 (Developmental Studies Hybridoma Bank
(DSHB); MC-631; 1:10), mouse-SOX2 (R&D Systems; MB2018; 1:50), mouse anti-SSEA-4
(Developmental Studies Hybridoma Bank (DSHB); MC-813-70; 1:100), mouse anti-TUJ1
(Biolegend; 801202; 1:500), rabbit anti-GFAP (Dako; Z0334; 1:1000), rabbit anti-AFP (Dako;
A0008; 1:400), goat anti-FOXA2 (R&D Systems; AF2400; 1:50), mouse anti-SMA(Sigma;
A5228; 1:400), rabbit anti-GATA4 (Santa Cruz; sc-9053; 1:50), rabbit anti-TH (Santa Cruz;
sc14007; 1:500), sheep anti-TH (Pel-Freez P60101-0 1:500), rabbit anti-cleaved caspase-3
(Cell Signaling; 9664; 1:400), mouse anti SNCA (BD transduction laboratories; 610787;
1:500), rabbit anti-SYN-I (Merck-Millipore; 574777; 1:1000), rabbit anti-GM130 (BD
transduction laboratories; 610822; 1:100), rabbit anti-mRFP (Abcam; ab34771; 1:400),
rabbit anti-PAX6 (Covance; PRB-278P; 1:100) and mouse anti-Nestin (Abcam; ab22035;
1:500). Secondary antibodies used were all the Alexa Fluor Series from Invitrogen (all
1:500). Images were taken using Leica SP5 confocal microscope. To visualize nuclei, slides
were stained with 0.5 ug/ml DAPI (4’,6-diamidino-2-phenylindole) and then mounted with
PVA/DABCO.

Neurite morphology assessment

Neurite morphology study was performed at the indicated time-point on iPSC-derived DA
neurons differentiated on top of cortical mouse astrocytes fixed and stained for TH. We
randomly selected fields from differentiated cultures and assessed neurite morphology.
Those neurons presenting shortened or thickened neurites in the part most proximal to the
soma were considered as having a degenerated phenotype. Images were acquired with a
SP5 confocal microscope and cell counts assisted by Imaged cell counter plug-in (NIH).

Alpha-synuclein assessment

Alpha-synuclein analysis was performed at the indicated time-point on iPSC-derived DA
neurons differentiated either on the top of PA6 (early time-point) or cortical mouse
astrocytes (late time-point) fixed and stained for TH, alpha-synuclein and synapsin-I|
antibodies. At early time-points, neurons were classified into high (and detectable) or low
(almost undetectable) levels of alpha-synuclein staining, as well as at late-time points, in
which we distinguished those showing a punctate pattern of alpha-synuclein versus those
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presenting a diffuse cytosolic pattern. Images were acquired with a SP5 confocal
microscope and cell counts assisted by Imaged cell counter plug-in (NIH).

Exome sequencing

A total of 3 healthy controls, 7 sporadic PD patients, 4 LRRK2 G2019S PD patients
described elsewhere (Sanchez - Danés et al. 2012) plus the 3 non-manifesting carriers of
the LRRK2 G2019S described here (Fig. 1A), participated in the genetic study. Genomic
DNA was harvested from low passage dermal fibroblast using QlAamp mini DNA kit
(Qiagen). Whole exomes were captured with the SureSelect V5 kit (Agilent) and were
sequenced on an lllumina 2000/2500 instrument at the Genomics Unit from the Center for
Genomic Regulation (Barcelona, Spain). Raw sequencing data quality was assessed using
FASTQC and no relevant concerns were observed. The paired-end reads (read size:
125bp) were mapped to the human reference genome GRCh37 using bwa (version 0.5.9),
allowing up to five mismatched, inserted or deleted bases (indels). The alignment was
refined using GATK (version 1.6) by performing local multiple sequence alignment around
inferred putative indels and known ones from 1000 genomes project, and base quality
score recalibration. The actual mean base of the samples was 34.09x after the whole
process.

Genotyping of candidate protective variants

DNAwas extracted from peripheral blood following standard procedures. Genotyping was
performed using a custom TagMan assays for rs1134921 on a StepOnePlus Real-time
PCRSystem(Applied Biosystems, Foster City, CA). Statistical analysis was performed by
using the SNPstats software (Sole et al. 2006). Linear regression models were used to
assess the AAQO variation explained by the different rs356219 SNP genotypes under
different possible inheritance models. Akaike's information criterion (AIC) and Bayesian
information criterion (BIC) were calculated to define the data that best fitted the model. If
binary, the application assumes an unmatched case—control design and unconditional
logistic regression models are used.

Sholl Analysis

Cells were cultured under dopaminergic neuron differentiation conditions. After ten days of
terminal differentiation fluoresecent cells were FACSorted directly in 48 well plates
previously seeded with human astrocytes (ScienCell). They were kept in culture for seven
days and before being fixed and stained directly in the tissue culture plate. Cells were
stained with TUJ1 (Biolegend; 801202; 1:500), rabbit anti-mRFP (Abcam; ab34771; 1:400)
and single neurons were imaged using a Leica AF7000 wide-field automated inverted
microscope. Neurites were traced using the Simple Neurite Tracer plugin on FiJi and the
neuronal complexity were measured by counting the number of neurite intersections with
concentric circles radiating from the cell body with the Sholl Analysis plugin. The number of
branching point was manually counted after the analysis.
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Live imaging of mitochondrial motility

Differentiated cultures were dissociated after 10 days of initiating terminal differentiation.
Cells were then detached using a 1:6 dilution of Accutase (eBioscience). One-twentieth of
the total cell amount was re-seeded in a matrigel-coated 35mm p-Dish (ibidi) in N2B27
medium supplemented with GDNF and BDNF. After additional 10 days of differentiation
(medium change every other day), cells were incubated with MitoTracker Green or Red FM
(Invitrogen) in a concentration of 100nM. After 1 hour, medium was changed and
mitochondrial movement was recorded every 3 seconds in mOrange+ cells for 5 minutes
using a confocal microscope (Leica TCS SP5). During the recording process, temperature
was kept at 37 degrees and the CO; level at 5%. Data was analyzed with the help of the
velocity measurement tool of FiJi to create kymographs of the recorded neurites.
Kymographs were then used to determine the length of the neurites and the length and
speed of all mitochondria in the region of interest. The obtained values enabled the
calculation of the mitochondria size distribution, the neurite-mitochondrial-index and the
mitochondria motility with Microsoft Excel.
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Part I: Investigating the genetic component of Parkinson’s disease
through the use of human induced pluripotent stem cells and gene

editing

Recruitment of candidate protected LRRK2 G2019S carriers and hiPSC generation

We recruited three non-manifesting carriers (NMC) of the LRRK2 G2019S aged 48, 51 and
62 years old, which received the codename SP_19, SP_20 and SP_22. SP_19 and SP_22
were third-degree relatives (cousins). Detailed medical examination performed by a
specialized motor disorder unit revealed perfect motor coordination without any signs nor
symptoms of ongoing or prodromal disease. At the time of the submission of this thesis, the
ages of the NMC were 67, 53 and 57 years old and the three individuals remained free of
any parkinsonian sign, with the exception of the oldest NMC which showed a reduced DAT
uptake in the left putamen as measured by DaT-SPECT also accompanied by an increased
hyperechogenicity in the left SN. These two prodromal markers suggest the beginning of a
degeneration process in this subject (Iranzo et al. 2010; Spiegel et al. 2006). Therefore we
concluded that these individuals were good candidates to be considered either life-long
asymptomatic NMC or at least to be very late converters. Table 4 summarizes the iPSC
lines used in the present study plus the observations made after examining the prodromal
biomarkers most relevant for LRRK2 G2019S carriers (smell assessment and imaging
biomarkers) of the three NMC.

Skin punch biopsies were obtained and explant cultures generated. iPSCs were generated
by transducing dermal fibroblast with non-integrative Sendai virus coding for the
reprogramming factors. Several clones were obtained and their pluripotency features were
assessed. The expression of pluripotency markers was verified both at the protein (Fig.
11B) and RNA level. The expression of reprogramming factors was mediated by the
endogenous loci rather than by the Sendai vectors (Fig. 11E and 11F) since vector-
mediated expression was lost several passages after initial clonal isolation. They were able
to give rise to derivatives of the three germ layers after directed differentiation (Fig. 11C).
The karyotype was analysed to discard chromosomal instability confirming the expected
number of chromosomes (Fig. 11D). Finally, Sanger sequencing of the exon 41 confirmed
the presence of the G>A transition in the position 6055 of the CDS which results in the
glycine 2019 to serine substitution (Fig. 11G).
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Table 4: Clinical features of PD patients and controls involved in the present study

Prodromal Biomarkers

Hyposmia DAT-SCAN Transcranial Sonography
Cell Line Disease Mutation Gender Age .m. Current age Age at Loss of smell UPSIT Score Date Result Right SN Left SN Result
Code status donation onset
SP_19 NMC G2019S  \paje 48 53 N/A No 28 19/9/12 Normal no 0.15 Normal
- LRRK2 window
G2019S no
SP_20 NMC LRRK2 Female 51 57 N/A No 36 17/10/12 Normal window 0.09 Normal
G2019S Reduced
SP_22 NMC LRRK2 Female 62 67 N/A No 32 14/9/12 uptake inthe  0.11 0.23 Abnormal
..................................................................... left putamen
SP_11 NMNC N/A Female 48 56 N/A
SP_17 NMNC N/A Male 52 60 N/A
G2019S
SP_05 MC LRRK2 Male 66 74 52
G2019S
SP_12 MC LRRK2 Female 63 71 49
SP_13 MC G2019S Female 68 76 57

LRRK2
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Figure 11: Recruitment of aged NMC of the LRRK2 G2019S mutation and iPSC generation and
characterization.

A)

B)

C)

E)

F)

Immunofluorescence analysis of representative colonies of L2-NMC SP_19. SP_20 and SP_22 stained
positive for the pluripotency-associated markers NANOG. OCT4 and SOX2 (green). TRA-1-81. SSEA3 and
SSEAA4 (red).

Immunofluorescence analyses of L2-NMC iPSC lines differentiated in vitro show the potential to generate
cell derivatives of all three primary germ cell layers including ectoderm (stained for TUJ1. green and GFAP.
red). endoderm (stained for a-fetoprotein. green. and FOXA2. red) and mesoderm (stained for smooth
muscle actin. SMA. red).

Normal karyotype from selected L2-NMC iPSC clones.

RT-gPCR analyses of the expression levels of Sendai Virus-derived reprogramming factors and endogenous
expression levels (Endo) of the indicated genes in L2-NMC iPSC lines and a previously validated iPSC line.
Bisulphite genomic sequencing of the NANOG and OCT4 promoters showing demethylation in L2-NMC
iPSC lines.

Sanger sequencing of LRRK2 exon 41 revealed the presence of the G2019S in heterozygosis.

75



RESULTS

Generation of isogenic controls differing in the presence or absence of the G2019S

mutation

The presentation of the disease-related phenotypes by patients DA neurons observed in
Sanchez-Danés A. et al. (2012b) is very likely to be the result of the complex interaction
between the in vitro environment and the genetic particularities of the donor subject. In the
case of LRRK2 G2019S carriers, the mutation is supposed to be the major driver of the
whole genetic component. However, it cannot be dismissed the participation of many other
genetic variants lying in other genes or loci in the phenotypes under study (Nalls et al.
2014a). In order to assess the specific contribution of the LRRK2 mutation, isogenic clones
that only differed in the presence (or absence) of the G2019S mutation were generated.

To this end we generated several site-specific nucleases (SSN) that targeted the mutation
site in the LRRK2 gene. A plasmid donor template was also generated in order to induce
the desired gene edition by means of HDR. The templates contained the specific allele to
be introduced plus a floxed selection cassette that would be introduced in intron 41 to allow
for the selection of the recombined clones. Initially, TALEN monomers were engineered
encompassing the position of the mutation. These were mainly employed to both correct
and to knockin the mutation in mutant and in control lines respectively. However, only gene
correction was successfully achieved using these SSN. For the knockin setting,
CRISPR/Cas9 was used and the guide RNA recognition sequence overlapped selection
cassette insertion site (Fig. 12A). The rationale for such choice is explained in the materials
and methods section. Once the different SSN were designed, their cleavage efficiency was
assayed by means of the T7 endonuclease | assay (Fig. 12B and C).
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Figure 12: Generation of sequence-specific nucleases.

A)  Graphic representation of TALEN monomers and CRISPR guide RNAs overlaying the exon 41 of LRRK2.

B) Scheme of the experimental procedure followed in order to assess the cleavage efficiency of the site-
specific nucleases.

C) Assessment of the cleavage efficiency of the different site-specific nucleases through the T7E| assay.
Percentages below the image indicate the amount of alleles targeted by the nucleases.
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Once having chosen most efficient TALEN monomers, these were co-transfected into iPSC
along with a donor template encoding for the wild type allele. After applying drug selection,
surviving colonies were molecularly characterized in order to ensure site-specific
recombination (Fig. 13A and B). This was done using by means of PCR using primers
specific for the donor -adjacent genome junctions (Fig. 13B and C). After having detected
those colonies that harbored the desired gene modification, they were isolated and
expanded and subsequently transfected with a plasmid encoding for the CRE
recombinase. Cassette excision left a 50 bp genomic scar reminiscent of the LoxP site that
could be observed both by PCR and by Sanger sequencing. Those subclones in which the
selection was successfully excised were karyotyped to discard major chromosomal
alterations. TALEN-mediated gene edition was applied to correct the mutation in two
manifesting carrier iPSC lines (ED-L2-PD SP_12 and SP_13) and in the youngest non-
manifesting carrier (ED-L2-NMC SP_19). However, that strategy proved to be very
inefficient due to two main reasons: i) edited alleles could be re-targeted by the TALENs
therefore introducing undesired indels and ii) donor template contained TALENs target
sequences, which favored in-cell linearization and non-specific integration of the selection
cassette (Holkers et al. 2014).
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Figure 13: Generation isogenic controls from LRRK2 G2019S mutant iPSC through TALEN-based gene

correction.

LoxP BamHI  Spel
intron

A) Scheme of the experimental procedure followed in order to correct the G2019S mutation using TALENSs.

B) Scheme describing the recombination steps given during the edition process. Blue arrows represent the
primers used for the PCR screening procedure. Green or red lines overlying exon 41 represent alternative

alleles. Black triangles represent LoxP sites surrounding the selection cassette

C) Molecular analysis of the resistant clones to confirm HDR in the target locus (upper gel) and selection
cassette excision (lower gel). In the lower gel, the increase in size of the edited allele is due to the

remaining LoxP site.

D) Sanger sequencing of LRRK2 exon 41 and selection cassette insertion site confirmed the desired
genotype in each edited line G2019S in heterozygosis and successful excision of the LoxP site-flanked

cassette.
E) Normal karyotype from edited iPSC clones.

These two drawbacks associated with the previous design made very difficult to control the
zigosity of the edition in the case of the introduction of the mutation in one single allele. To
solve this issue, an alternative design combining CRISPR/Cas9 and two donor plasmids,
wild type and mutant, was used instead. A CRISPR guide RNA overlapping the selection
cassette insertion site almost doubled the on-target DNA cutting efficiency of the most
efficient TALEN pair (Fig. 12C). Moreover, guide RNA target sequence was absent from
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both the donor templates and the edited allele therefore avoiding the two issues raised
before. The absence of random recombinants was evident due to the lack of resistant
colonies negative for the targeted recombination (Fig.14C, upper panel). This editing
strategy was successfully applied to insert the mutation in heterozygosis in a healthy
control line (ED-Control SP_11). The gene edition process is depicted in figure 14A-B. Note
that biallelic edition could be observed by a single band that is approximately 50 bp longer
than the one of the non-edited allele in the cassette excision PCR (Fig. 14C, lower gel).
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Figure 14: Generation isogenic controls from control iPSC through CRISPR/Cas9-based gene edition.

A) Scheme of the experimental procedure followed in order to knockin the mutation in heterozygosis using
CRISPR/Cas9.

B) Scheme describing the recombination steps given during the edition process. Blue arrows represent the
primers used for the PCR screening procedure. Green or red lines overlying exon 41 represent alternative
alleles. Black triangles represent LoxP sites sorrounding the selection cassette

C) Molecular analysis of the resistant clones to confirm HDR in the target locus (upper gel) and selection
cassette excision (lower gel). In the lower gel, the increase in size of the edited allele is due to the remaining
LoxP site. In the lower gel. the increase in size of the edited is due to the remaining LoxP site.

D) Sanger sequencing of LRRK2 exon 41 and selection cassette insertion site confirmed the desired genotype
in each edited line G2019S in heterozygosis and successful excision of the LoxP site-flanked cassette.

E) Normal karyotype from edited iPSC clones.
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We then applied our previously established differentiation method (A. Sanchez-Danés et al.
2012) to the newly generated lines (both those of the NMC and the gene-edited clones)
(Fig. 15A). After 3 weeks of differentiation, all iPSC lines generated similar numbers of
dopaminergic neurons that coexpressed neuronal (TUJ1) and dopaminergic markers (TH)
(Fig. 15C). At that early time-point there were not any evident signs of neurodegeneration
as judged by the overall morphology of the neuronal net (Fig. 15B).
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Figure 15: Differentiation of the newly generated iPSC lines to DA neurons

A) Scheme depicting the in vitro DA neuron differentiation protocol. Embryoid bodies (EBs) generated by forced
aggregation of iPSC colonies were patterned to ventral midbrain in the presence of N2B27 medium
supplemented with specific morphogens for 10 days. Neuralized EBs were then seeded on a confluent
monolayer of PA6 stromal cells and they were let to differentiate for up to 21 days before they were analyzed
for the yield and appearance of DA neurons.

B) Immunofluorescence analysis of DA neurons differentiated from different iPSC lines and cultured for 21 days
on the top of PA6 stromal cells. co-stained for TH (red). the pan-neuronal marker TUJ1 (green) and the
nuclei were counterstained with DAPI (blue).

C) AQuantification of the differentiation efficiency towards dopaminergic neurons of the different iPSC lines.

Long-term culture of L2-NMC-iPSC derived DA neurons does not result in DA cell
loss as with L2-PD-iPSC derived DA neurons

We then applied our PD in vitro modeling paradigm as described in Sanchez-Danés A. et al
(2012b). Briefly, ventral midbrain-patterned embryoid bodies were seeded on the top of
cortical murine astrocytes, which facilitated terminal differentiation into mature
dopaminergic neurons (Fig. 14A). In addition, murine astrocytes provide a more
physiological environment supporting viable cultures of DA neurons for up to 75 days.
When neuronal cultures derived from L2-NMC iPSC lines were analyzed for the presence of
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apoptotic cells, we found a reduction of the proportion of Caspase-3 (Casp3) positive DA
neurons in all three of them compared with the one derived from the L2-PD iPSC lines.
Specifically, L2-NMC SP_20 showed the lowest numbers, which were not significantly
different from the Control SP_11 line. Interestingly, correction of the mutation in two L2-PD
iPSC lines reduced the proportion of apoptotic DA neurons to control levels, suggesting
that LRRK2 G2019S is the major driver of the pathology in L2-PD DA neurons. DA cell loss
and alpha-synuclein pathological accumulation are considered as the hallmarks of PD (Fig
14B and C). However, some familial forms do not show LB formation and some others do it
only in a fraction of cases (such as LRRK2 G2019S manifesting carriers (Kalia et al. 2015)).
This result suggests that under an identical environmental setting (in vitro culture), the
selected L2-NMCs have a lower propensity to undergo neurodegeneration after long term
in vitro culture.
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Figure 16: Reduced occurrence of apoptotic cell death in DA neurons
derived from L2-NMC iPSCs and from corrected L2-PD iPSCs.

B)

C)

Scheme depicting the in vitro DA neuron differentiation protocol for
long-term studies.

Immunofluorescence analysis of DA neurons differentiated from
different iPSC lines and cultured for 75 days on the top of cortical
astrocytes. Co-stained for TH (green) and apoptotic marker Cleaved
Caspase-3 (Casp3) (red) and the nuclei were counterstained with
DAPI (blue). Arrows indicate TH+/Casp3+ cells while empty
arrowheads indicate TH-/Casp-3+ cells

A) Quantitative analysis of the percentage of DA neurons staining positive for Casp3 at day 75. Data is the
average of at least two-independent experiments. Control, 1,064 DA neurons from SP_11; L2-PD is the
average of 462 DA neurons from 2 iPSC lines; ED-L2-PD, 1386 DA neurons from 2 iPSC lines; L2-NMC
SP_19, 327 DA neurons; L2-NMC SP_20, 510 DA neurons; L2-NMC SP_22, 281 DA neurons. Asterisk
denotes statistically significant differences (*:p<0.05; **: p<0.01). [F(5,12) = 8.968; p=0.001].
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L2-NMC-iPSC derived DA neurons present a variable degree of morphological

abnormalities

LRRK2 mutations and G2019S in particular have been associated to shortening and
reduced neurite complexity in diverse disease models (Ramonet et al. 2011; Plowey et al.
2008; Macleod et al. 2006) including iPSC-based models (Adriana Sanchez-Danés et al.
2012; Reinhardt et al. 2013). To evaluate the impact of LRRK2 G2019S in the process
morphology of L2-NMC neurons, 9-weeks old DA cultures were stained for both TH and
TUJ1 and neurite morphology was assessed specifically in the DA neurons. We defined two
types of DA neurons, those having shortened and/or thickened neurites reminiscent of a
degenerative phenotype and those bearing normal processes with an overall healthy
appearance (Fig. 17A). Contrary to the generalized reduction in DA neuron death observed
among L2-NMC lines, these presented a variable degree of neurite pathology. While L2-
NMC SP_20 DA neurons again displayed a phenotype largely resembling that of the control
with long and ramified neurites, L2-NMC SP_19 and SP_22 presented a neurite appearance
more similar to the L2-PD DA neurons with a considerable proportion of neurons displaying
shortened and thickened neurites (Fig. 17B). This latter feature was very frequent in L2-
NMC SP_22 DA neurons (see corresponding picture in Fig 17B). Again, isogenic clones
from both the control and the L2-PD lines confirmed that the neurite retraction phenotype
was mostly dependent on the presence of the LRRK2 G2019S mutation.
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Figure 16: Variable presentation of neuritic aberrations by L2-NMC and corrected L2-PD DA neurons.

A) Immunofluorescence analysis of DA neurons differentiated from different iPSC lines and cultured for 75 days
on the top of cortical astrocytes. co-stained for TH (red) and the nuclei were counterstained with DAPI (blue).
Insets show representative neurons derived from different iPSC lines presenting either healthy and ramified
or shortened/thickened neurites (black arrows)

B) Quantitative analysis of the percentage of DA neurons at day 75. presenting abnormal neuronal processes.
Data is the average of at least two-independent experiments. Control, 466 DA neurons from 2 iPSC lines;
ED-Control SP_11, 195 DA neurons; L2-PD is the average of 583 DA neurons from 2 iPSC lines; ED-L2-PD,
647 DA neurons from 2 iPSC lines; L2-NMC SP_19, 850 DA neurons; L2-NMC SP_20, 493 DA neurons; L2-
NMC SP_22, 211 DA neurons. Asterisk denotes statistically significant differences (*: p<0.05; **: p<0.01; ***:
p<0.001). [F(6,16) = 5,937; p=0.002].

LRRK2 G2019S is a major driver of the accumulation of alpha-synuclein

In our previously published PD model we observed early alpha-synuclein accumulation
specifically in L2-PD DA neurons. This finding was further confirmed and mechanistically
associated to the inhibitory effect exerted by mutant LRRK2 to chaperon-mediated
autophagy (CMA) (Orenstein et al. 2013), the main degradation pathway for alpha
synuclein (Cuervo et al. 2004). When the expression of alpha-synuclein was analyzed in the
short term, the results confirmed previous results. However L2-NMC SP_20 DA neurons
were again an exception since alpha-synuclein levels were similar to those of the control
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line. L2-NMC SP_19 and L2-NMC SP_20 DA neurons presented high alpha-synuclein as
the L2-PD ones. The correction of the mutation in L2-PD reversed this phenotype while its
introduction into the control line recapitulated the rise in alpha-synuclein levels (Fig. 16A
and C). We then focused on the evolution of this phenotype in the long term. When we
examined alpha-synuclein localization within the DA neurons from the Control iPSC line we
could appreciate a punctate pattern along the neurites, which showed extensive co-
localization with the synaptic marker Synapsin-I. Physiological alpha-synuclein function is to
act as a co-chaperone of SNARE proteins —Synaptobrevin-2 in particular- in vesicle fusion
processes (Burré et al. 2010). Therefore, co-localization with pre-synaptic markers can be
interpreted as the absence of synucleinopathy. The picture changed when we examined
the subcellular localization of alpha-synuclein in L2-PD and L2-NMC SP_19 DA neurons.
There was a reduction of the punctate staining accompanied by an increased in cytosol-
free alpha-synuclein (Fig. 16B and D). Strikingly, some DA neurons from the L2-PD line
showed strong alpha-synuclein nuclear localization suggesting a loss of regulated nucleus-
cytosol transport (Rousseaux et al. 2016) (Fig. 16B). L2-NMC SP_20 DA neurons showed a
trend (p=0.053) towards the conservation of synaptic alpha-synuclein localization and
reduced diffuse cytosolic levels (Fig. 16D).

The results from the analysis of the neurite pathology together with the abnormal alpha-
synuclein mislocalization and accumulation suggest that L2-NMC does not represent a
uniform group. Consequently, different genetic factors may explain the reduced penetrance
of LRRK2 parkinsonisms in different aged asymptomatic carriers. Although all three L2-
NMC iPSC lines demonstrated to be more resistant to neuronal death after long-term
culture, L2-NMC SP_19 and SP_22 presented other neurodegeneration features
characteristic of the LRRK2 G2019S mutation.
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Figure 17: Alpha-synuclein accumulation is a phenotype largely dependent on the presence of LRRK2

G2019S mutation.

A) Immunofluorescence analysis of DA neurons differentiated from different iPSC lines and cultured for 30
days. co-stained for TH (red) and alpha-synuclein (green) the nucleus was counterstained with DAPI (blue).
Insets show a pseudo-coloring of alpha-synuclein to facilitate staining intensity apreciation (violet tones
represent low intensity whereas red to yellow tones represent increasing intensity).

B) Immunofluorescence analysis of DA neurons differentiated from different iPSC lines and cultured for 75
days. co-stained for TH (grey). synapsin-l and alpha-synuclein (green) the nuclei were counterstained with
DAPI (blue). Insets show co-localization of alpha-synuclein with the pre-synaptic marker synapsin-I in the
neurites as well as alpha-synuclein levels in the soma.

C) AQuantitative analysis of the percentage of DA neurons at day 30 presenting abnormal abnormal alpha-
synuclein levels. Data is the average of at least two-independent experiments. Control is the average of 51
DA neurons from 2 iPSC lines; ED-Control is the average of 13 DA neurons from 1 ED-Control SP_11; L2-
PD is the average of 80 DA neurons from 2 iPSC lines; ED-L2-PD is the average from 89 DA neurons from 2
iPSC lines; L2-NMC SP_19 is the average of 57 DA neurons; L2-NMC SP_20 is the average of 37 DA
neurons; L2-NMC SP_20 is the average of 47 DA neurons. Asterisk denotes statistically significant
differences (p<0.05). F(7,19) = 8.926; p<0.0001].

D) Quantitative analysis of the percentage of DA neurons at day 75 presenting synaptic alpha-synuclein
localization. Data is the average of at least two-independent experiments. Control, 56 DA neurons from
SP_11; L2-PD, 73 DA neurons from SP_12; ED-L2-PD, 183 DA neurons from ED-L2-PD; L2-NMC, 19 DA
neurons from SP_19; L2-NMC, 62 DA neurons from SP_20. Asterisk denotes statistically significant
differences (p<0.05).
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Exome interrogation provides clues regarding the increased protection of L2-NMC

against LRRK2-related pathogenic effects

One defining feature of disease models based on patient-specific iPSC is that epigenetic
marks that are acquired throughout donor’s life are erased during the reprogramming
process (Mertens et al. 2017). Therefore we reasoned that given that environmental factors
were not differing between different cell lines in our in vitro model, protective mechanisms
should be of genetic nature. The gold standard in the genetics field to address this issue is
to conduct GWAS. However the modest sample size does not allow us to perform such
approach. On the other hand, GWAS hits only point to genomic regions associated to the
trait under scrutiny but does not reveal the actual causal polymorphism. Other authors have
successfully employed whole exome sequencing (WES) in order to address complex
genetic questions (Woodard et al. 2014; Marchetto et al. 2016). Despite WES would also
imply missing important non-coding variation it will inform about common, rare and even de
novo code-altering variants whose participation in PD is recently gaining more attention
(Lubbe et al. 2016; Spataro et al. 2015; Benitez et al. 2016).

We then sequenced the exome of 4 PD patients carrying the LRRK2 G2019S mutation, 7
sporadic patients, 3 non-manifesting carriers of the LRRK2 G2019S mutation and 3 healthy
controls. As expected, the pairwise genetic comparison between the different samples was
approximately 50,000 per pair (Fig. 17A). In order to narrow down to those variants that
could be relevant to the disease process, we focused on those variants lying in genes
previously linked to familial and idiopathic PD (Nalls et al. 2014b), those in genes that have
been shown to interact either genetically or physically with LRRK2 (Trinh et al. 2017; Steger
et al. 2016; Cho et al. 2014; Martin et al. 2014) and those causing either non-synonymous,
nonsense or affecting splicing signals (Fig. 17B). After applying these inclusion criteria we
still observed a large number of these variants in both patients and controls. Neither
pathogenicity predictors (Kircher et al. 2014) (Fig. 17C) nor considering just those variants
present only in non-affected individuals provided a clear picture (data not shown). Both L2-
NMC subjects and L2-PD patients presented a similar burden of rare variants in Mendelian
PD genes as described in Lubbe et al.,, (2016) (Fig. 17D). Interestingly, the elevated
frequency of rare code-altering mutations in the ATP13A2 was confirmed in our modest
cohort and we also observed an equal number of such variants in the SYNJ7 gene. Given
this situation, a hypothesis-driven approach was followed to choose candidates for
increased protection in NMC based on the literature. In this regard, two interesting variants
found in NMC were selected for further analysis.
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Figure 18: Exome sequencing of NMC, L2-PD, sporadic PD and control individuals
A) Pairwise genetic differences among the different subjects.

B) List of genes prioritized.

C) Burden of variants predicted as pathogenic lying in the list of prioritized genes.

D) Code-altering rare variants lying in Mendelian PD genes.

NMC SP_20 harboured a homozygous single nucleotide variant (SNV) (rs1134921) that
caused an Asp to Asn substitution in position 1297 in the J-domain of the GAK protein (Fig.
18A). This protein has been shown to participate in a common pathway with LRRK2 whose
malfunction results in Golgi apparatus clearance through autophagy. Interestingly, RNA
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interference mediated reduction of either GAK or LRRKZ expression mitigates the effects of
the overexpression of the other gene. GAK mutation is predicted to affect protein
functionality (CADDphredScore = 25.1). We crossed the GWAS hit lying in the
GAK/DKGQ/TMEM175 locus (rs34311866) (Nalls et al. 2014b) with the GTEx database in
order to determine whether it is associated to higher or to lower GAK gene expression.
Unfortunately there are no eQTL associations between rs34311866 and GAK expression.
However, there are other SNPs in the same region for which there is significant association
with GAK expression. Two SNPs, rs56353809 and rs10902761, reach genome-wide
significance association in the PD GWAS with Meta P-values of 6.04e-11 and 2.21e-11
respectively. Both alleles also have OR of 0.90 and 0.89 and have an eQTL effect size on
GAK expression of -0.19 and -0.16 (which correspond to reduction in gene expression of
19% and 16%). Association studies in the LRRK2 cohort of the Hospital Clinic of Barcelona
revealed a trend towards higher AAO in those LRRK2 G2019S carriers that also carried the
rs1134921 in homozygosis. When both LRRK2 G2019S and idiopathic patients were
combined, the association with AAO almost reached significance (p=0.072) (Fig. 18B).
Intriguingly, this mutation was significantly associated with disease status both in idiopathic
PD and in LRRK2-carriers (both MC and NMC) in the Catalan population. However, this
association with idiopathic PD did not reach significance when queried in the PDgene
database.

NMC SP_19 and SP_22 carried a non-synonymous SNV (rs143655258) in homozygosis and
heterozygosis respectively, in the SCARB2 gene. This gene encodes for the lysosomal
integral membrane protein-2 (LIMP-2), the receptor that targets GCase into the lysosomes.
The SNP causes a Met to Val substitution in position 159. This position lies precisely in the
motif that interacts with GCase (Zunke et al. 2016) (Fig. 18D). Previous GWAS have pointed
to the presence of protective variation in the locus containing SCARB2 (Do et al. 2011;
Nalls et al. 2014b; Gan-Or 2015). And in line with that, higher GCase activity has been
linked to longer disease duration suggesting a milder disease course (Alcalay et al. 2015).
Despite we did not find any association of this SNP (and there were no SNPs in linkage
disequilibrium) with the disease in PDgene database, we decided to investigate its effect in
the penetrance of the mutation. Association studies revealed an almost significant
association with the L2-NMC group (p=0.054) (Fig. 18F) although this finding should be
taken with caution. L2-NMC may represent both individuals in the initial stages of the
disease or actual life-long asymptomatic carriers. However, both L2-PD and the whole PD
group (L2-PD + sPD) showed a significant association between increased AAO and the
minor allele of rs143655258 (p=0.03 and p=0.028). In the case of the L2-PD group, carriers
of the minor allele develop PD on average 14.32 years later than the non-carriers. Again,
this finding should be taken with caution. Two out of the 4 L2-PD that carried the SNP in
SCARB2 were symptomatic relatives of L2-NMC SP_19 and SP_22 and the average AAQO of
that particular family is relatively high. However, the AAO of the other L2-PD carriers of the
SNP was also several years higher than the L2-PD group average (71 and 62 years old).
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In an attempt of establishing a correlation between the SNP in the GAK gene the size and
shape of the Golgi apparatus was analyzed in L2-NMC SP_20. Immunofluorescence
analysis of the organelle ultrastructure revealed a trend towards increased size in L2-NMC
SP_20 and in the non-carriers DA neurons and reduced size in the L2-PD DA neurons (Fig.
19A and B). Therefore, based on the LRRK2 interactome and on the observed genotype-
gene expression correlation, we considered GAK rs1134921 as a good candidate for being
a protective allele.
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Figure 9: Population association studies of GAK rs1134921 and SCARB2 rs143655258

A) Scheme of GAK protein structure with the Asp1297Asn substitution in the J domain indicated in green.

B) Association study of rs1134921 with AAO in different patient groups under a recessive model.

C) Case-control association study of rs1134921 n different patient groups.

D) Graphic representation of the protein domain in which rs143655258 is found. Adapted from Zunke F. et al
(2014) PNAS

E) Association study of rs143655258 with AAQ in different groups under a dominant model.

F) Case-control association study of rs143655258 in different groups.
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Figure 10: Morphological analysis of the Golgi apparatus.

A) Immunofluorescence analysis of Golgi apparatus in DA neurons differentiated for 75 days. DA neurons were
stained for both TH (red) and GM-130 (green). Nuclei were counterstained with DAPI.

B) Quantification of Golgi apparatus surface area. Data is the average of at least two-independent experiments.
Control, 27 DA neurons from SP_11; L2-PD, 89 DA neurons from SP_12 and SP_13; ED-L2-PD, 38 DA
neurons from ED-SP_12 and ED-SP_13; L2-NMC, 45 DA neurons from SP_20; L2-NMC.

91



RESULTS

Part II: Generation of a Tyrosine Hydroxylase reporter hiPSC line

Generation of control and L2-PD TH reporter hiPSC lines.

With the aim of generating a reporter system for identifying living dopaminergic neurons in
culture, we devised an editing strategy that minimally impacted the endogenous gene. It
consisted in the insertion of a self-excisable P2A-mQOrange cassette fused to the last exon
of the TH gene. We chose this protein since it is one of the brightest fluorescent proteins
developed to date (Shaner et al. 2004). To this end we co-transfected hiPSC from both
control and L2-PD subjects with a CRISPR/Cas? plasmid expressing a gRNA whose spacer
overlapped the TH gene stop codon and with a HDR plasmid template (Fig. 20A). After
applying selection, resistant clones were molecularly characterized and the selection
cassette was excised (Fig 20B and C). Edited hiPSC were expanded and their pluripotency
and genomic integrity was verified (Fig. 20D and E).

Edited iPSC were differentiated towards dopaminergic neurons using a simple protocol
described by Borgs et al. (2016). This protocol enabled the generation expandable neural
progenitor cells that co-expressed PAX6, SOX2 and Nestin, which could be easily and
rapidly differentiated into TH-expressing DA neurons (Fig. 22A and B). As early as 7-10
days of terminal maturation some TH+ neurons could be observed in the plate.
Immunofluorescence analysis confirmed the expression of TH at the protein level in those
cells positive for mOrange (both live and after probing them with an anti mRFP1 antibody)
(Fig. 20B).
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Figure 211: Generation of TH reportes iPSC lines using CRISPR/Cas9-mediated gene editing.

A) Scheme describing the recombination steps given during the edition process. Blue arrows represent the
primers used for the PCR screening procedure. Black triangles represent LoxP sites sorrounding the
selection cassette

B) Molecular analysis of the correctly targeted clones to confirm proper P2A-mQOrange cassette integration and
selection cassette excision in a control and a L2-PD iPSC lines. In the lower gel, the increase in size of the
edited is due to the P2A-mOrange cassette plus the remaining LoxP site.

C) Sanger sequencing, confirmed successful excision of the LoxP site-flanked cassette.

D) Immunofluorescence analysis of representative colonies of TH reporter control and L2-PD iPSC lines stained
positive for the pluripotency-associated markers NANOG. OCT4 and SOX2 (green). TRA-1-81. SSEA3 and
SSEAA4 (red).

E) Normal karyotype from TH reporter control and L2-PD iPSC clones.

93



RESULTS

NPC NPC NPC DA neuron
~— Selection | Expansion | Ventralization differentiation
I Dual-SMAD Inhibition | N2B27 l N2B27 | N2B27
Day 0 PO/Lam Day 10 FGF2+EGF Day 17 SHH+FGF8 pay 24 GDNF+BDNF

B PO/Lam Matrigel Matrigel

Figure 22: DA differentiation of TH reporter iPSC line gives rise to

fluorescent TH+ DA neurons

A) Scheme showing the multistep differentiation procedure to generate
expandable NPCs and terminally differentiated DA neurons.

B) Immunofluorescence of TH reporter control iPSC derived NPCs and
differentiated neurons. NPC stained positive for PAX6 (red) and
Nestin (green) and for SOX2 (red). Differentiated DA neurons
stained positive for mOrange (red), TH (green) and MAP2 (green).
Image on the right shows live imaging signal from mOrange
fluorescent neurons prior to fixation.
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Purified mOrange+ cells survive after FAC sorting and restart neuritogenesis.

Following the successful derivation and characterization of the reporter lines, tested
whether the reporter could be used to purify DA neurons by fluorescence-activated cell
sorting (FACS). After 10 days of terminal differentiation, differentiated neurons were gently
disaggregated, FACsorted and subsequently reseeded in a matrigel-coated plate (Fig.
24A-C). Live and immunofluorescence analysis conducted 1 and 7 days post-sorting,
confirmed the preservation of the DA phenotype and robust post-sorting survival (Fig. 24C).
Newly extended neurites could be readily observed 1 day after sorting and the neuronal
network continued gaining complexity during the following days (Fig. 24C), therefore
demonstrating that mOrange+ DA neurons are amenable to FAC sorting procedures while
remaining viable and conserving their DA phenotype. Flow cytometry analysis of the sorted
mOrange+ cells confirmed successful enrichment. While only 5% of the differentiated
population was positive for mOrange in the initial cell sorting, it increased to 65% when the
sorted cells were reanalysed 7 days after. The negative population may arise from the
sorting of false-positive mitotic cells that had proliferated after the first sorting.
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After confirming that fluorescent DA neurons could be sorted and successfully replated, the
protocol was slightly modified to study neurite branching in sorted neurons. Instead of
seeding collected cells in matrigel-coated slides, the DA neurons were directly sorted onto
multi-well plates pre-seeded with human astrocytes. They were seeded at clonal density in
order to prevent neurite crosslinking. Sorted neurons were fixed and stained 7 days after
sorting. Sholl analysis indicated increased branching in DA neurons differentiated from TH
reporter L2-PD iPSC (Fig 25A and B) compared to control DA neurons. This increment was
more evident for the proximal part (Fig. 25A). Previous studies have observed both, the
same (Borgs et al. 2016), and the opposite phenotype (with significantly less branching) in
aged neurons (Sanchez-Danés et al., 2012) or upon mutant LRRK2 overexpression in other
neuronal subtypes (MaclLeod et al, 2007). Further studies are needed to understand this
early phenotypic difference between control and L2-PD DA neurons.
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Figure 12: mOrange+ DA neurons are amenable to FACS-mediated purification and survive after sorting.

A) Experimental procedure followed for FACsorting mOrange+ DA neurons in different substrates.

B) Cytograms from FACS of mOrange+ cells from differentiated TH-reporter control SP_11 line. Purified cells
were seeded after sorting and re-analyzed after 7 days.

C) Tracking mOrange+ DA neurons sorted and reseeded on matrigel. Neurons were imaged live one day after
sorting and after immunofluorescence 1 and 7 days post sorting. For this latter analysis, neurons were co-
stained for TUJ1 (green), TH (grey) and mOrange (red). Nuclei were counterstained with DAPI
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Figure 13: Application of the TH reporter iPSC lines in neurite morphology analysis.

A) Sholl analysis in FACSorted mOrange+ DA neurons and seeded on the top of human astrocytes. Asterisk
denotes statistically significant differences (*: p<0.05; **: p<0.01).

B) Immunofluorescence images of FACSorted mOrange+ DA neurons and seeded on the top of human
astrocytes and co-stained for TUJ1 (green) and mOrange (red).

C-E) Number of branch points, neurites and length of the longest neurite of FACSorted neurons reseeded on
the top of human astrocytes. Asterisk denotes statistically significant differences (*: p<0.05).

mOrange+ DA neurons present less number and slower mitochondria compared to
Synapsin-EGFP+ neurons.

The DA neurons derived from TH reporter lines were also used to examine mitochondrial
motility. We compared mitochondrial motility using a pan-neuronal marker (LV-Synapsin-
EGFP) (Hioki et al. 2007) with that of the mOrange+ DA neurons. Unexpectedly, we
observed that mitochondrial motility, but not the proportion of motile mitochondria, was
severely reduced specifically in DA neurons in comparison with other neuronal subtypes
(Fig 26 A, B). Depending on mitochondrial speed it can be inferred whether these are
moving along microtubules (speed > 1 uym/s) or along F-actin filaments (speed = 0.29-1
um/s). Synapsin-GFP+ neurons had a much higher proportion of mitochondria moving
along microtubules while F-actin was the main platform for motile mitochondria in
mOrange+ DA neurons (Fig. 26B). Furthermore, mitochondria from mOrange+ neurons had
an overall smaller size compared to those of Synapsin-EGFP+ neurons (Fig.26C). Another
aspect thath should be noted is the low variability observed among mOrange+ DA neurons
in terms of mitochondrial speed. This may be explained in part by the reduced
heterogeneity in the sampled neurons. mOrange+ cells reflect just one specific subtype of
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neurons (DA neurons). Furthermore, the fact that most visible mOrange+ DA neurons are
those that have the highest TH expression, they may also reflect a specific maturation
stage. This differential mitochondrial motility suggests that every neuronal subtype may
perform very differently in certain biological processes.
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Figure 14: Application of the TH reporter iPSC lines in neurite morphology analysis

A) Live imaging of neurons positive for Synapsin-l expression (green) or DA neurons positive for
TH::mOrangeexpression (red). Mitochondrial were labelled with mitotracker red and green respectively.

B) AQuantification of mitochondrial motility from kymographs elaborated from recordings of control SP_11
neurons (Synapsin-EGFP+) or in DA neurons (mOrange+). Data is the average of at least three-independent
experiments. Synapsin-EGFP+, 19 DA neurons from SP_11; mOrange+, 19 DA neurons from SP_11.
Asterisk denotes statistically significant differences (**: p<0.01).

C) AQuantification of mitochondrial size in those same kymographs recorded from control SP_11 neurons
(Synapsin-EGFP+) or in DA neurons (mOrange+). Data is the average of at least three-independent
experiments. Synapsin-EGFP+, 19 DA neurons from SP_11; mOrange+, 19 DA neurons from SP_11.
Asterisk denotes statistically significant differences (*: p<0.05).
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Patient-specific iPSC for familial PD modeling and the importance of generating

genetically-matched controls

Cell models based on hiPSC (and hESC) are becoming an indispensable tool to study the
genetic component of complex polygenic diseases (Yoon et al. 2014; Marchetto et al. 2016;
Soldner et al. 2016; Young et al. 2015). They are particularly suited for this sort of studies
for two main reasons: patient-specific hiPSCs recapitulate the genetic complexity of the
donor subject and are free from any epigenetic mark acquired during the life of the
individual. The former aspect is of crucial importance since much disease-related genetic
variation is not associated to coding sequences and the mechanism of action is commonly
ascribed to the regulation of proximal gene expression (Coetzee et al. 2016; Nalls et al.
2014a; Vermunt et al. 2014; Soldner et al. 2016).

To address the contribution of low risk variants there is an urgent need to count on
genetically controlled experimental systems. This is relatively recently made possible
through the successful application of gene editing techniques to mammalian cells and to
human PSC in particular (reviewed in detail in Hockemeyer & Jaenisch, 2016). The
possibility of generating genetically-matched controls in which the sole genetic difference
is the polymorphism under study allows to detect even very subtle molecular alterations
(Soldner et al. 2016).

The generation of isogenic clones also circumvents another drawback associated to iPSC-
based disease modeling: the inherent variability associated to the technology. This
variability affects crucial experimental parameters such as differentiation efficiency towards
the cell type of interest, but also the presentation of specific phenotypes associated to the
disease being modeled (mitochondrial activity, autophagy performance,
electrophysiology...). The origin of the variability has been investigated thoroughly and has
been attributed to several sources such as: extensive in vitro cell culture (Lee, Bendriem,
Kindberg, Worden, Lupski, et al. 2015; Baker et al. 2007), somatic mutations acquired by
the somatic cell before reprogramming, donor subjects genetic background (Rouhani et al.
2014; Burrows et al. 2016) or mutations acquired during the reprogramming process
(Carcamo-Orive et al. 2017; DeBoever et al. 2017). Thanks to the gene-editing tools such
as TALENs or CRISPR/Cas9, genetically matched controls can be generated allowing to
address the specific contribution of certain genetic variants in a uniform genetic
background.

An experimental platform for modeling the reduced penetrance of LRRK2 G2019S

using non-manifesting carrier-specific hiPSC

In this particular project, a previously described patient-specific iPSC PD model has been
adapted to the study of a pressing question: the intriguingly variable penetrance of a
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Mendelian PD mutation —LRRK2 G2019S- (Hentati et al. 2014) previously thought to be
highly penetrant (Jennifer Kachergus et al. 2005).

In this line, our patient-specific iPSC model has demonstrated not only to be able to model
the disease in vitro, but also other clinically-relevant disease features such as the reduced
penetrance of the mutation in the selected NMC. However, the extent of protection is not
the same in the different NMC. While L2-NMC SP_20 presented an overall protection
against cell death and against other LRRK2 G2019S pathogenic effects, L2-NMC SP_19
and SP_22 were only resistant to the former but demonstrated to be susceptible to
morphological alterations and alpha-synuclein accumulation as the L2-PD lines.
Interestingly, we were able to confirm the leader role of the LRRK2 mutation in the
phenotypes under study. Correction of the mutation in L2-PD lines reversed the
neurodegenerative phenotypes whereas introduction of the mutation recapitulated them.
This notion reinforces the idea that L2-NMC subjects carry additional protective genetic
variants that prevent or delay disease onset.

Penetrance estimates are often biased due to the fact that these are obtained from studies
in affected families in which the penetrance is higher (Sierra et al. 2013; Healy et al. 2008).
A recent study designed to avoid such sampling bias by including relatives of sporadic
LRRK2 G2019S PD patients, found a penetrance of 42.5% to age 80 for non-Ashkenazi
Jewish carriers (Lee et al. 2017). This is the case even in rare and devastating childhood
diseases (Chen et al. 2016). These cases may be explained, at least in part, by one or
several modulatory variants whose protective effect on disease presentation is at least as
potent as the risk conferred to the disease-causing mutation. The identification of such
modulatory genetic variants provides precious information that could be harnessed for
designing preventive therapies. This is very important in the case of LRRK2 G2019S
associated PD, since it is clinically indistinguishable from sporadic disease.

Identification of variants associated with AAO in LRRK2 G2019S non-manifesting

carriers

The identification of genetic modulators of the penetrance of LRRK2 G2019S parkinsonism
has been assessed by others. Latourelle J. C. and collaborators found association between
two LD blocks in 1g32.1 and 16g12.1 and AAO in LRRK2 familial mutation carriers blocks.
Unfortunately no SNPs reached genome-wide significance within those regions (Latourelle
et al. 2011). Trinh J. and coworkers detected that common variation in the DNM3 locus
explained a large extent of the variation in AAO particularly in the Tunisian Arab Berber
population but also in other Caucasian populations (Trinh et al. 2017). A similar approach in
the same ethnic group, but focusing in coding variation is being undertaken in the
framework of a MJFF-funded project (https://www.michaeljfox.org/foundation/grant-
detail.php?grant_id=797). These tasks, despite sharing the same aim, they represent two
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different but complementary strategies to unveil modulators of AAO. The former two studies
seek for common variation mostly located in non-coding regions while the latter focuses in
the coding genome. The genetic approach described here is severely underpowered to
find protective variants due to the very low number of NMC involved. This constraint also
led us to choose whole exome sequencing to address this issue. Despite that, it benefits
from the availability of a genetically customizable cell model that allows testing selected
candidate genetic variants. Moreover, other researchers have observed increased
frequency of rare code-altering variants not only in sporadic (Spataro et al. 2015) but also
in Mendelian PD (Lubbe et al. 2016).

Whole exome sequencing of our cohort provides a large amount of genetic information but
its interpretation is rather challenging. Different approaches have been carried out in order
to find clues regarding the genetic variants that would explain the picture observed in vitro.
Disease manifestation does not seem to correlate with a supplementary increase of
pathogenic variants in L2-PD versus L2-NMC. Though it cannot be ruled out that specific
variants in certain genes more than an overall increase in risk is responsible for the
effective penetrance of LRRK2 G2019S. In any case, two interesting genetic variants were
selected as possible candidates for conferring protection.

The Asp1297Asn variant in the J-domain of GAK represents a firm candidate since this
proteins has been previously shown to participate in a pathological pathway leading to
Golgi apparatus clearance along with LRRK2 and other PD susceptibility genes (Beilina et
al. 2014). The J-domain is responsible for binding Hsc70 and initiate a cascade leading to
clathrin disassembly from newly evaginated vesicles either from the Golgi or from the
plasma membrane. Several lines of evidence point to the possibility of a reduced function
of the GAK protein being protective against PD. The first of them is the fact that surrogate
SNPs of the GWAS top-hit with an OR<1 are linked to reduced GAK expression. The
second is the experimental confirmation by Beilina and coworkers of the pathological
interaction between both proteins. Indeed, silencing of either protein abrogates the
pathogenic effect of the overexpression of the other protein. Therefore, explaining why L2-
NMC DA neurons present a higher resistance to LRRK2 G2019S pathogenic effects than
the other two L2-NMC. Third, despite not reaching significance, the mutation is linked to a
later onset of the disease in both sporadic and LRRK2 G2019S almost reaching
significance when both groups are analyzed jointly. Indeed, there is a slightly higher
frequency of the allele among non-manifesting carriers and those carrying the alternative
allele in homozygosis were older than the non-carriers (47.09 vs. 56.33 years). Finally we
have observed increased Golgi apparatus size in the homozygote for the mutation L2-NMC
SP_20 DA neurons.

Despite these promising indications, some other facts should be taken into consideration.
Despite showing a trend towards increased AAO for the homozygote carriers of the
mutation, the SNP itself is linked to the disease status in the Catalan population but not in
the PDgene database. Moreover, transcriptional information derived from PD brains shows
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apparently contradictory data. PD brains presented an increased expression of GAK 3’
exons (vs. controls) while carriers of the GWAS risk allele had a reduced expression of 3’
proximal exons (coding for the J-domain). In any case, we should take into account that the
SNP analyzed here is not in LD disequilibrium with the top-hit described in Nalls et al.
(2014). Therefore it cannot be discarded that the mechanism of increased risk of the GWAS
hit differs from a putative protective mechanism of the Asp1297Asn mutation.

Finally, clathrin disassembly processes have been related to PD genetics in several
settings: loss of function DNAJC6 mutations being responsible for AR-PD (Edvardson et al.
2012) gain-of-function DNAJC 13 mutations being causative for AD-PD (Vilarifio-Guell et al.
2014), GAK being a susceptibility gene, genetic variation in DNM3 being a major modifier
of LRRK2 G2019S age at onset (Trinh et al. 2017), genetic variation in AAK1 (a well-known
GAK interactor) being associated to AAO in sporadic PD (Latourelle et al. 2009).

Further in vitro studies are necessary to ascertain the specific contribution of the GAK
mutation described here to the presentation of PD-related phenotypes.

The candidate variant selected for the other L2-NMCs caused a Met159Thr substitution in
LIMP-2 (the protein encoded by the SCARB2 gene). LIMP-2 is the lysosomal receptor for
GCase. Variation in this gene has been related both to reduced risk in PD and DLB (Nalls et
al. 2014a; Do et al. 2011; Bras et al. 2014), and to disease modification in GD (Velayati et
al. 2011). Interestingly, the mutation described in Velayati et al. seems to induce a shift from
GD type | to type lll, the most severe and with neurological involvement. Mutations in
SCARB2 also cause action myoclonus-renal failure syndrome (AMRF). A disease that
presents with myoclonus epilepsy, storage material in the brain and renal failure (Berkovic
et al. 2008).

The mutated position lies in the coiled-coil motif that interacts with GCase (Zunke et al.
2016). LIMP-2 binds GCase since very early steps of the secretory pathway until they both
are finally targeted to the lysosome, where the drop in pH causes the dissociation of the
complex. One of the AA claimed to transduce the effects of the pH drop is Ala158,
immediately adjacent to the Met159 residue (Zunke et al. 2016). GCase activity and
consequently, overall lysosomal activity closely correlate to alpha-synuclein pathogenic
accumulation. Indeed, a bidirectional pathogenic loop has been observed between
reduced GCase activity and alpha-synuclein accumulation (Mazzulli et al. 2011). According
to this work, pathological alpha-synuclein accumulation blocks GCase import into the
lysosomes by blocking ER-to-Golgi transport, therefore causing even lesser alpha-
synuclein lysosomal degradation. Likewise, reduced GCase activity caused by either loss
of function mutations or by lack of lysosomal targeting reduces lysosomal fitness thereby
resulting in alpha-synuclein accumulation. In line with this finding, LIMP-2 dysfunction has
been linked to reduced GCase activity and alpha-synuclein accumulation (Rothaug et al.
2014). Studies in patients have proven that slightly higher levels of GCase activity has been
correlated with a milder course of PD (Alcalay et al. 2015). Some investigators are also
considering the employment of GCase chaperones as a treatment for PD (McNeill et al.
2014; Migdalska-Richards et al. 2016)
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Therefore, our hypothesis is that Met159Thr improves GCase targeting to the lysosome and
consequently improves overall lysosomal activity. Therefore, despite not specifically protect
against LRRK2 G2019S-mediated dysfunction it could be delaying the terminal
neurodegeneration by improving proteostasis. If this would be the case, it would be the first
report of coding variation in the SCARBZ2 gene modifying PD risk.

In any case, we cannot dismiss that these NMC carriers may remain asymptomatic due to
the exposure to environmental protective factors. Several habits have been consistently
related to a lower incidence of PD. Among them, tobacco, coffee and NSAIDs stand out
due to their significative protective effect (see environmental risk factor section in the
Introduction). L2-NMC SP_19 and SP_22 declared coffee consumption and L2-NMC
smoked too. However, the L2-NMC that revealed as the most protected individual in vifro
did not smoke nor drink coffee. This means that none of the well-known environmental
protective factors could be applied to L2-NMC SP_20. Furthermore, no variants were found
in the GRINZA gene. A SNP in this gene has been shown to interact with coffee
consumption drastically reducing the risk of suffering PD (OR: 0.43-0.51) (Hamza et al.
2011; Yamada-Fowler et al. 2014). Another alternative mechanism of protection could rely
in the simultaneous co-inheritance of two or more specific variants that interact epistatically.
This is the case for SNPs in PARK16 and LRRK2 (MaclLeod et al. 2013; Pihlstram et al.
2015; Gan-Or et al. 2012). However, after sequencing those SNPs we were not able to
observe any specific pattern that would suggest protection given what is published in the
literature

We strongly believe that the approach described here could be applied to other clinical
genetic entities and that the results obtained would be very informative in the design of
therapies aimed to counter the molecular mechanism of the disease.

Generation of a genetic reporter of the TH gene to circumvent iPSC-inherent

variability

The generation of genetic reporter systems is of great usefulness in experimental biology.
They allow tracking a myriad of cellular processes ranging from mitochondrial features,
autophagy flow or even cell differentiation or the control of gene expression. They make
possible to study them in real-time providing a much more detailed information of the
temporal execution of those events.

Here, we have described the generation of Tyrosine Hydroxylase reporter iPSC lines using
gene editing tools. A very bright fluorescent protein preceded by a self-excisable P2A
peptide was fused to the last exon of the endogenous TH gene. We believe that the
exceptional brightness explain the successful visualization of living cells when others failed
in a very similar approach (Cui et al. 2016). Another factor that may explain such difference
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may be the different TH gene expression reached by differentiated DA neurons from
different iPSC lines since we also noticed reduced fluorescence in the L2-PD SP_12 DA
neurons when compared to the control ones. We have then employed these lines to
demonstrate their applicability in different experimental procedures. We have been able to
successfully sort mOrange+ DA neurons and resume in vitro culture while preserving their
dopaminergic identity. We have been able to enrich the culture in DA neurons by 13-fold
(5% versus 65% 7 days after cells sorting). The lack of 100% purity, 7 days post-sorting,
may be due to the presence of autofluorescent mitotic cells with the ability to expand after
the initial cell sorting. Several actions can be undertaken to eliminate such contamination:
sorting a more mature population, adding cytostatic drugs...

In a separate experiment, these neurons were sorted on the top of human astrocytes, they
extended long and branched neurites, which were perfectly suited for Sholl analysis. Using
this analysis we have reproduced the increased neurite branching in the short term
observed by others (Borgs et al. 2016). Further experiments using isogenic controls will
shed more light on the specific contribution of the LRRK2 G2019S to the observed
differences between allogeneic iPSC-derived DA neurons. Moreover, we have observed
that the performance of DA neurons in mitochondrial motility studies is different to the one
presented by other neuronal subtypes. The characterization of these differences is
important to understand the increased susceptibility of DA neurons to undergo
neurodegeneration (Surmeier et al. 2017) .

We strongly believe that the application of this reporter line in different experimental
settings will help to reduce the inherent variability associated to the iPSC technology and to
gain further insight into the processes associated to DA biology and disease.

Future directions

The initial aim of the present thesis was to verify whether the model described in Sanchez-
Danés et al. (2012b) could be applied to model the variable penetrance observed for the
LRRK2 G2019S mutation. The successful results obtained in this regard motivate us to
interrogate the genome of our cohort in an attempt to ascertain the genetic determinants of
the variable penetrance of LRRK2 G2019S mutation. Despite the difficulty in establishing
trustworthy prioritization criteria, we selected some variants that could behave as protective
due to their link either to LRRK2 biology (GAK) or because of being related to protective
variation in GWAS (SCARB2).

Currently, genetically matched isogenic clones are being derived from the homozygotes for
the alternative allele, SP_20 for GAK Asp1297Asn and SP_19 for LIMP-2 Met159Thr, in
which the alternative allele will be reverted to the reference allele. Likewise, the alternative
allele of both genes is being introduced in homozygosis in the bona-fide manifesting L2-PD
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SP_12 line. This way we will have an experimental platform specifically suited to test the
relative effect of both mutations in the phenotypes observed in vitro and to verify the
suspected molecular mechanism behind such effect.

Finally, in case we succeed in identifying the mechanisms leading to a decreased
penetrance of LRRK2 G2019S we would seek to identify of therapeutic agents that could
reproduce the genetic protection and will test them in our in vitro model of the disease.
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Part I: Investigating the genetic component of Parkinson’s disease through the use of

human induced pluripotent stem cells and gene editing.

We generated 3 iPSC lines representing aged non-manifesting carriers of the LRRK2
G2019S pathogenic mutation.

We generated isogenic clones differing in the presence of LRRK2 G2019S mutation by
gene edition in 3 mutant and 1 control line.

We found that DAns derived from NMC are more resistant to neurodegeneration
compared to those derived from patients carrying LRRK2 mutation:

- DA neurons from L2-NMC do not die after long-term culture as L2-PD DA
neurons do.

- DA neurons from L2-NMC show a variable degree of neuritic aberration with L2-
NMC SP_20 resembling the control lines and L2-NMC SP_19 and SP_22
resembling the L2-PD lines.

- L2-PD and L2-NMC SP_19 and SP_22 DA neurons present increased alpha-
synuclein accumulation in the short term, which results in mislocalization and
cytosolic accumulation in the long term. Contrarily, L2-NMC SP_20 alpha-
synuclein levels and synaptic localization resembles that of the control line.

- Correction of the LRRK2 G2019S mutation alleviates the aforementioned
phenotypes in L2-PD DA neurons. Conversely, introduction of the mutation in
healthy control lines recapitulates the disease phenotypes. Altogether
confirming the leading role of LRRK2 G2019S mutation in the phenotypes
observed.

We did not observe any increased burden of variants predicted as pathogenic between
L2-PD and L2-NMC. Alternatively, we identified two candidates’ variants —in GAK and
SCARBZ2 genes- for conferring protection against LRRK2 G2019S pathogenic effects in
L2-NMC subjects.

- Genetic testing in the Catalan population showed a significant association of
the SNP in GAK with the case status and a trend towards delayed AAO
under a recessive model.
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- The SNP in SCARB2 was associated towards delayed AAO under a
dominant model

Part II: Generation of a Tyrosine Hydroxylase reporter hiPSC line

* Two TH reporter cell lines have been generated from one parental control and one
L2-PD iPSC line respectively.

* The fidelity of the reporting system has been confirmed by verifying its co-
expression  with  the  endogenous Tyrosine  Hydroxylase  gene by
immunofluorescence.

*  We have demonstrated its applicability in purifying DA neurons from heterogeneous
cultures and in live imaging studies.

* We have corroborated the importance of performing phenotypical tests in defined
and homogenous neuronal populations.
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Patient-specific IPSC are being intensively exploited as
experimental disease models. Even for late-onset diseases of
complex genetic influsnce, such as Parkinson's disease (PD),
the use of IPSC-based models is beginning to provide
impartant insights into the genetic bases of PD heritability.
Here, we present an update on recently reported genetic risk
factors associated with PD. We discuss how iPSC technology,
combined with targeted edition of the coding or noncoding
genome, can be used to address clinical observations suchas
incomplete penetrance, and variability in phanoconversion or
age-at-onset in familial PD. Finally, we also discuss the
relevance of advanced IPSC/CRISPR/Cas9 disease models to
ascertain causality in genotype-tb-phenotype comelation
studies of sporadic PD.
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iPSC-based modeling of human diseases

The groundbreaking discovery of induced pluripotent
stem cells (iPSC) by Kazutoshi Takahashi and Shinya
Yamanaka [1] is revolutionizing many aspects of biology
and medicine. The ability to generate virmal ly unlimited
amounts of patient-specific cells has opened new vistas

W) e

for the design of cell replacement thempies and drug/
toxicity testing, as well as for the creation of genuinely
human models of disease (reviewed in [2,3]). In the case
of disease modeling, the possibility of capruring the
genetic peculianties of a padent in a dish is changing
the way in which genetic disecases may be approached.
Monogenic diseases of early onset or congenital have
proved o be espedally amenable w iPSC-based model-
ing, as shown by the success of this strategy with dozens of
discases thus far (reviewed in [23]). In spite of the
shortcomings of this approach, such as the relative sim-
plicity of cell-based models and immaturity of iPSC-
derivarives, the generation of disease-relevant cell types
from patient-specific iPSC provides disease models that,
in many cases, supersede previously available alterna-
dves. In this way, it is now possible to recapitulate the
onset and progression of diseases with a strong genetic
contribution, in the specific cell type(s) affected by the
discase, and having the precise genetic makeup (includ-
ing mutatdons and variants) of the patients themselves.
This is in sharp contrast with previously available animal-
based or cell-based models, in which researchers maost
often had t choase either studying discase-relevant cells/
tissues, or maintaining the patient’s genetic complexity.
Whereas iPSC-based models of monogenic, early-onset
diseases ap pear relatively straightforward, modeling late-
onset diseases of complex genetic influence is much more
challenging [4], but potentially more rewarding as well.
Successful efforts in this regard will be discussed below.

Limitations inherent to iPSC technology

Arguably, the single mast important functional character-
istic of pluripotent stem cells is their multi-lineage dif-
ferentiadon ability. It is widely accepted that iPSC
present considerable variability in differentiaton poten-
tal among lines derived, not only from different subjects,
but also among clones from the same subject [56]. There
have been several attempts to charactenze the sources of
such variability. Extensive passaging and maintenance of
hESC has been shown o induce certain chromasomal
alterations, in particular duplication of chromosomes
12 and 17 [7]. A sepanate study found that recument
amplifications in the 17q21.31 chomosomal region spe-
cifically affected neural (mesodiencephalic) differentia-
don properties of hPSCs [8]. Age-related mutations of the
reprogrammed somatic cells (blood cells, fibroblasts, etc.)
could also bea source of genetic vanation. We should take
into account that, for many disease conditions, somatic
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cell samples would be obtained from aged individuals.
However, the mast in-depth examinaton of iPSC van-
ability sources comes from the studies of DeBoever er al.
[9] and Carcamo-Orive & al. [10].

DeBoever et al. performed a genome-wide chamctenza-
tion of the eQTL present in a compilation of 215 iPSC
genomes, and found that these influenced the transcrip-
tion of nearby stem cell-related genes such as NANOG and
POUSFI. In most of the cases, these ¢QTL, both SNV
and indels, were located in putatve transcription factor
binding sites. The authors also observed that other types
of polymorphisms, such as CNV and mare variants, also
affected gene expression in these cells. This fact is
interesting given that rare vanants are more likely ©
arise during the reprogramming process or the subse-
quent cell culmure expansion. In line with these findings,
X chmmosome reactivaton was found to be not complete
among the different lines, the extent of completon
potentially representing an extra source of vanaton
among iPSC lines [9].

Carcamo-Onve & a/. pursued a similar approach using
317 iPSC lines from 101 individuals. The authors were
able to ascribe ~50% of the variation found among
different lines to inter-individual vanaton, associated
to ¢QTL mastly controlling the expression of pluripo-
tency-related genes [10]. They also identified the differ
ential retenton allelic imbalance at imprinted and other
loci o be a source of inter-individual variability, since
clones from the same individual displayed a more con-
stant pattern. Regarding intra-individual variability, the
authors found that it mosdy affects gene networks related
to differendation processes. Network analysis identified
targets of the Polycomb repressor complex as key drivers
of those processes. Given that the role of this complex is
of central importance for the erasure of somatdc cell
identity during reprogrammin g, the authors hypothesized
that the reprogmmming process is a primary determinant
of both inter-individual and intra-individual vanatdon
[10]. In the light of these findings, controlling the sources
of genetic vanability would be of the utmast importance
when it comes to smdy complex diseases in which the
different genetic components confer relatively low risk.

The advent of CRISPR/Cas9

The aforementoned sources of variability may also com-
plicate ascrbing disease-related cellular phenotypes ©
specific genotypes. A straighdorward manner to counter-
ing that variability would be to utilize (engineer) appro-
priate controls. In this regard, the use of designer
nucleases as gene-editing tools enables researchers o
generate isogenic controls that only differ in the presence
of one (or more) genetic vanants. The realization that
DNA double strand breaks (DSB) enhance homology-
directed repair (HDR) [11] opened a race for the gener-
tion of sequence-specific nucleases for the introduction of
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sequence-specific DSB. The first two sequence-specific
nucleases t enter the scene, zinc-finger nucleases
(ZFNs) and transcn ption activator-like effector nucleases
(TALENS), were used by some highly skilled laboratories
todemonstrate proof-of-concept for margeted gene edition
in iPSC (recently reviewed in [12]). However, acmal
democratzation of gene editing procedures in human
iPSC was made paossible thanks to the development of
CRISPR/Cas9 technol ogy. This bactenal immune system
consists on two RNA molecules, one of them determining
DNA sequence specificity by base pairing, and a nuclease
that introduces a DSB in the DNA paired by the RNA.
Both RNAs were later joined in a single guide RNA,
which could be easily redirected to virtually any DNA
sequence [13] by modifying a part of this RNA termed
spacer.

The vemadlity of targeting almost any locus in the
genome by simple changing the spacer sequence has
enabled any cell biology laboratory with minimal molec-
ular biology equipment to generate their desired targeted
genetic modificadons. Natunally, the extent of the iso-
genicity achieved with targeted genome edition becomes
crucal for the interpretaton of the results. It is not
comparable, neither in terms of technical simplicity nor
in the mechanistic interpretation, mutatng a coding
DNA sequence with editing an enhancer that contains
a SNP. In order to sorengthen genotype-phenotype rela-
tion, the latter (which may have secondary consequences
unrelated to the SNP)should be carefull ycontrolled. The
reproduction of the exact vanation under smdy, indeed,
allows a much more accurate reproduction of the genetic
mechanisms #n vitro. The very recent introduction of
CRISPR/Cas9 and single-stranded oligodeoxynucleo-
tides as donor templates currently allows applying preci-
sion gene edition on a routine basis for modeling purposes
[14,15].

Mendelian forms of PD

Parkinson's disease was long believed t have an envi-
ronmental etiology. However, the discovery that mre
mutatons in SNCA, the gene encoding the a-synuclein
protein that is found accumulated in PD, caused familial
forms of the disease brought about a paradigm shift in the
study of PD etology. Since then, overa dozen of genes —
LRRK2, SNCA, VPS35, PINKI, PARK2, DJ-1, ATPI3A2,
PIA2G6, FBXO7, DNAJC6, SYNII, UCHLI, GIGYF2,
HTRAZ, and EIF4GI — have been shown to cause PD
with a Mendelian pattern of inheritance [16]. And the list
keeps growing thanks to the applicaton of new sequenc-
ing techniques [17-19] (Table 1).

Despite the initial debate on the suitability of iPSC-based
models to model a late onset neurodegenerative disease
such asPD [4], numerous reports have shown the appear-
ance of discase-specific phenotypes in patient-specific
iPSCderived neurons carrying pathogenic familial PD
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Table 1
Genes linked to Mendelian PD
PARK CODE Gene name Chromosome location Inheritance Onset
PARK1, PARKA SNCA 4q21 AD EOPD
PARK2 PREN 6q28 AR EOPD
PARKS™ UCHLT 4q13 AD LOPD
PARKS PINKT 1p38.12 AR EOPD
PARK7 D1 1p3823 AR EOPD
PARKS LRRK2 12q12 AD LOPD
PARK9 ATP13A2 1p38.13 AR JPD
PARK11* GIGYR2 2q37 1 AD LOPD
PARK13* HIRA2 2p131 AD LOPD
PARK14 PLA2GS 229131 AR JPD
PARK15 FBXO7 229123 AR JPD
PARK17 WS35 16g11.2 AD LOPD
PARK18™ EF4G1 3271 AD LOPD
PARK19A/B DNAJCS 1p313 AR JPD (A, EOPD (B)
PARK20 SYNJT 21222 AR EOPD
PARK21® DNAXC13 3q2.1 AD LOPD
PARK21® TMEM230 20p12 AD LOPD
PARK22* CHCHDZ pn2 AD LOPD
PARK23 WS13C 15q22.2 AR EOPD
™R 19251 AD LOPD
TNK2 3q29 AD LOPD

* These assodiations am controversial; same of them have nat baing confirmed i separate replication sludies. However reduced panetmnce coud

account for the discardances in most cases.

® Thess assocasons am conficting since ey were found in the same lirge multiplex kindred. Furher studies am advised.

mutations (recendy reviewed in [20]). However, the
number of PD cases explained by mutations in these
genes is very limited and most cases remain classified as
idiopathic. Altogether, these Mendelian mutatons only
account for approximately 30% of familial and 3-5% of
sporadic cases of PD [21]. Among sporadic PD cases,
mutations in GBA are gaining special attention due w©
their relatively high prevalence and their associated risk.
Cellular models have demonstrated how mumant GBA
reduces lysosomal function, thus favoring a-synuclein
accumulation, which in mrn disrupts ER-to-Golgi trans-
port of newly synthesized proteins, such as the lysosomal
ones including GCase [22]. This ‘toxic bi-directional
loop" has also been observed in patient-specific iPSC-
denved neurons and importantly, the model has been
used to assay new drugs to counter the dedine in ER-to-
Golgi transpore [23].

It should be noted that some of the aforrmentoned
familial PD mutations are not fully penetant. This is
the case for the most common mutation found in familial
PD: LRRKZ%91%S Furthemore, there is wide variation in
terms of age-at-onset (AAQ) among different camiers of
the mutation, and even among different ethnic groups
[24]. AAO variability may be explained by gcnctic and/or
environmental factors. In the case of gene-gene interac-
tions, AAQ modifiers of PD associared to LRRKZ*"%
have been found, as well as risk modifiers of LRRKZ nsk
vanants. Certin haplotypes at the PARK/6 locus have
been shown to protect against PD in certin populations,

and to epistatically interact with LRRKZ rx1491942, re-
ducing risk [25,26]. This genetic interaction was experi-
mentally explored in a study by Macleod & a/. [27]. In
that study and a later work by Beilina & 4/ [28%), an
interaction network dealing with vesicle trafficking and
sorting was drawn around LRRKZ2. Surprisingly, it incim-
inated other PD genes such as VPS35, RAB7LT and GAK
27 ’H’] Genetic variability in DNM3 has been linked to
pmtectlon against PD associated to LRRKZ“?" in the
North-African Arab-Berber population, and replicated in
IRRKZ%%™ carriers from different origins [29°].

Genetic bases of sporadic PD forms

The familial PD forms discussed above — Mendelian and
GBA-related — have a strong and defined genetic com-
ponent that is suffident to manifest in oo, But, what
happens with the majority of sporadic PD cases that are
not associated to (known) penetrant diseasecausing
mutations? To which extent their genetic component
could also be captured in vitro in IPSC-based models?
There are very few reports describing the denvadon of
iPSC from sporadic PD patients, and even less recapitu-
lating disease-related phenotypes in vigro. In this regard,
the fist study showing PD-related cellular phenotypes in
neurons from sporadic PD patdent-specific iPSC was
reported by our laboratories [30°]. In this work, a large
collection of iPSC lines derived from LRRKZ“"*_a50-
ciated PD patients, sporadic PD patients, and healthy
individuals were differentdated towards dopaminergic
neurons. Neurons denved from sporadic PD patients
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showed increased susceptbility to undergo neurodegen-
enation after long-term culture, similar to neurons derived
from LRRKZ“* gssociated PD patients [30°]. Inde-
pendent evidence for PD-related cellular phenotypes
in iPSC derived from sporadic PD patients came from
the analysis of mitochondrial dynamics. Abemrant seques-
tration of mitochondria was found in iPSC-denved dopa-
minergic neurons from LRRKZ*'* associated PD
patients, but also from sporadic PD padents [31]. More-
over, feamres of neurodegenemtion and dysregulated
expression of the splicing factor RBFOX1 were found
in iPSC-denved dopaminergic neurons carrying familial
PD mutations (in LRRKZ, SNCA, or PARK?), as well as
from a sporadic PD padent [32]. Taken together, these
reports demonstrate that, at least for the sporadic PD
patients being modeled, the predisposition to suffer the
disease is genetically encoded and, importantly, it can be
captured in iPSC and manifest as measurable PD-related
cellular phenotypes in iPSCderived neurons. Table 2
summarizes these and other reports in which sporadic PD
patient-specific iPSC were investigated.

Modern genome interrogation techniques such as whole-
genome genotyping, or whole<xome/genome sequenc-
ing have identified a large list of genetc loci associated
sporadic PD. A mew-analysis of different GWAS de-
scribed 28 independent risk loci that reached genome-
wide significance [33™"). Many of these loci contain genes
that had been previously linked to familial PD, support-
ing the idea that familial and sporadic PD share to some

ANNEX I: REVIEW ARTICLE

extent their genetic component. Moreover, the analysis of
copy number vanation (CNV) in the context of PD has
found linkage of specific CNVs w both familial and
sporadic forms of the discase [34,35%]. Overall, these
approaches seek for common genomic vanations that
confer a very small risk of suffering PD, or rare dominant
variants that segregate with the disease. Alernadvely, a
recent study analyzed the paricipation of very mre or
even de nove variants in disease-related genes. By using
targeted in-depth sequencing of 38 PD-related genes, the
authors found an enrichment of rare and low frequency
variants specifically of familial PD genes in sporadic PD
cases, compared with healthy individuals [36°], revealing
an even greater degree of complexity in the genetic bases

of PD

Interestingly, most of the genetic vanation linked to PD
risk is not found in coding regions [37]. Results from
recent reports support the notion that some GWAS hiws
lying in the non-coding genome affect the function of
gene regulatory regions such as enhancers or promoters.
Vemuntand colleagues generated a vast library of distal
enhancer regions that are active in diverse regions in the
human brain as judged by ChIP-seq results [38%). To
gain insight into how these enhancers were collectively
regulated, the authors smdied whether there were pat-
terns of co-regulaton of different sets of en hancers, either
in mult ple regions or specifically in particular brain areas.
They found enhancer networks associated to certain
neuroglial funcdons that could be general or cell

Table 2
iPSC-based models of sporadic PD
Repont Pasents induded Phenotypes dbserved
Pak ef al, 2008 |50 1 idopatic PD patient and patients fom cther  Not studied
conditions
Soldner et &, 2009 [51] Not studied

Sinchez-Danés et al, 2012 [307]

7 opathic PD patients and pasents fram oter
conditons
7 idopatic and 4 LARK2 G2019S PD pasents

Incmased apopiosis, reduced newrite length and

and 4 hedty contols branching nd immired aubphagasane-loy saane
fusion in DA neurons
Woodard ef &, 2014 [52] 1 idopatic PD 2 mnozygetic wine  Abha-synuckin and GCase leveks similar 1o those of
camying N370S GBA mutaion and discordantfar  the control and reduced dopamine syntiesis ablity h
PD dagnosis and 2 healthy controls DA neurens
Ferndndez-Santiago et al, 201553 6 idopatic and 4 LARK2 G2019S PDpasents  Aberrant DNA metytation in DA newrons derived fom
ad 4 hedity contols both iiopatic and LRAK2 PDiPSC
Nenasheva ef al., 2016 [54] 1idopatic, 1 LARK2 G2019S, 1 LARK2G2019S  Different expression of dffemnt im genes during the
and GBA N370S, 1 GBANI70S and1 Parkin  transifion from fibroblast 1o IPSC, NPC and newrons
compaund heterozygate PD pasents and
3 hedithy controls
Hsieh e al, 2016 [31] Sidbpatic, 3 LAAK2 G2019S, 1 LARK2 Y1699C  Falum 1 arrest and dear mitachandida sfer
1LARK2 A1441G, 1LARK2 R1441C PD putients  depciadzason
and 4 hedty contols
Chang e &, 2018 [55] 1idopatic (EOPD) carying a heterozygous  Abnormal dipha-synuden accumulation and down-
Ex5cel PARK2 and 1 healthy cantrol requision of fie prataasame and mE-oxdative
patiways rendering themmare sensifive to these insulls
LUin et al, 2016 32 1 idopatic, 6 LRAK2 G2019S, 1 SNCA Incmased cel daat, increased dpha-synuden

riplication, 1 Parkin ¢ 255d¢A PD pasients and

3 hedthy controls

expression (ANA) and demguisted expression of the
splicing factor RBFOXT
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type-, region-, or context-specific (such as response
hypoxia or nutrient levels). With this camlogue of brain
enhancers at hand, the authors checked if two of the major
PD-related loci, the one conmining the SNCA gene and
PARK16, lied within any brain-specific enhancer region.
In the case of SNCA, GWAS hits were in tight linkage
disequilibrium (LD = 1) with other two SNPs located in a
putative enhancer in intron 4. The analysis of 3D inter-
actions by chromosome conformation capmre-on-chip
(4C-seq) showed that this putative enhancer not only
regulated the transcription from the SNCA promoter,
but also regulared the expression of nearby genes. More-
over, the authors used a murine reporter system and
found overall enhancer activity at E11.5 thoughout the
mouse brain, with greater signal in the posterior hind-
brain-midbrain boundary and domal root ganglia, two

regions with evident implicatons in the disease process
[38*].

Surprisingly, other PD GWAS hits fall in enhancer
regions with no evident activity in the bmin. Coetzee
et al. [39°"] analyzed 21 PD nsk SNPs from previous
GWAS smudies [33%], of which 12 were related to gene
regulatory regions (enhancer or promoter) in any one of
the 77 cell types or tissues from the Roadmap Epige-
nomics Mapping Consortium (REMC [40]). Finally, only
four ennched loci passed the authos’ very stringent
significance crtena: 4q21.1 (enrichment in liver and fat
cells), 8p22 (BMP4 treated ES-derived mesoendoderm),
12q12 (CD19-B lymphocytes), and 14q24.1 (CD19-B
lymphocytes and dopaminergic neurons). Crossing data
from the Genotype-Tissue Expression consorium
(GTEx) with REMC data allowed establishing Expres-
sion Quantitadve Trait Loci (eQTL) for two of the loci.
In the case of the nskallele 4¢27.7 56812193, correlation
with decreased expression of CCDCTAS, FAM4TE, NAAA,
and NUP54 in different tissues, including liver and fat,
was found. For risk allele 74¢24.7 rs76904798, the authors
found correlation with increased expression of the familial
PD gene LRRK2 [39**]. These findings highlight the
importance of considering the involvement of tssues
other than the brain when investigating PD pathogenesis.

The results of Vermunt & 4/ [38™] (but also those of
Coetzee & al. [39%"]) underscore the notion that 3D
chromatin structure is critically important for ap propriate
transcriptome orchestration. Chromatn is organized in
megabase-scale regions known as ‘topological ly associat-
ed domains’ (TADs). The spatal organization imposes a
cerain transcriptional regulation of the genes contained
within a given TAD. Disruption of TAD spatal bound-
aries (associated to transcriptonal insulators) can cause
diverse pathogenic conditions, and might represent an
alternative disease mechanism for GWAS hits located in
non<coding regions. Fortunately, CRISPR/Cas9-based
strategies can also be exploited to investigare the causa-
tive role this type of polymorphisms [41]. Another insight
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gained from the study of Vermunt eza/. [38™ ]is that many
enhancer networks appear to be ‘context-dependent”. In
other wordss, their epigenetic state and transcription factor
occupancy is also a result of the interaction with the
environment. Many environmental factors have been
described o modulate PD risk, and some of them have
even been described to interact with specific polymor-
phisms, such as the case of caffeine and a SNP located
near the glutamate receptor GRIN2A gene [42,43). There-
fore, a conceivable alternative disease mechanism could
be that risk variants render regulatory elements unrespon-
sive to environmental cues. In any case, smdies addres-
sing such punative alternatve disease mechanisms will
require a great deal of amention w avoid influence from
eventual genetic abemrations acquired during reprogram-
ming and/or expansion of cell culmures.

Approaching complex genetic questions by
combining gene editing and iPSC

The neurpsychiatric field has pioneered the use of iPSC-
based models to address the complex genetics of disease
(Table 3), on account of the very few cases of Mendelian
inheritance and the availability of many risk loci associ-
ated to this type of discases [44]. As early as 2014, padent-
spedfic iPSC were used to characterize risk loci associat-
ed t schizophrenia [45%). Specifically, Yoon er a/. dis-
sected a risk locus for schizophrenia and autism that is
commonly affected by CNVs in these disorders. Of the
several genes present in the locus, CYFIPI was identified
as the one responsible for the abnormal cytoskeleton
dynamics that caused defective apical polarizatdon in
neural rosettes s witro and the cordcal developmenml
defects in vivo [4577).

Taking this approach one step further, Marchetto er a/.
[46™] investigated the genetic bases of some specific
cases of autism stratified by the presence of macroence-
phaly during the three first years of life, and subsequent
normalization of the brain size. CNV analysis and exome
sequencing identified an enrichment of muntions in
several members of the Wnt/B-catenin pathway as well
asin genes previously linked with autsm. Patent-specific
iPSCderived neural progenitor cells showed increased
proliferation rates compared to controls, concomitant with
reduced Wnt/B<catenin transcrptional actvity, and re-
duced synaptogenesis and functional alterations in neu-
ronal networks. The availability of an iPSC-based model
of the disease enabled the authors to dissect the molecu-
lar mechanisms underdying the various cellular pheno-
types. The ovemll picture that emerged from those
studies suggests that autistic neural progenitor cells un-
dergo premature differentiation, but do not complete
mamration as normal progenitors do [46%°). The stradfi-
caton of a heterogeneous patient group according to
spedfic discase signs made possible in this case the
identification of genetic defects in specific ontologies.
Deriving iPSC from thase patents allowed the authors to

www.sciencedirect.can

145

Current Opinion in Genetics & Development 2017, 46:123-131



128 Cell reprogramming

ANNEX I: REVIEW ARTICLE

Table 3
Using iPSC to disentangle genetic risk
Reference Disease Locus/vakant Gene Assocated effect PSCs Gene adifng
Shcheglovitov Phelan-McDermid  22q13dd SHANKS Imguired excitatory 6 clnes from No
etal, 2013 5§ Syndrome (PMDS) transmission due © 2 PMDS patient iPSC  (LV-meadisted
reduced gutamate  and 2contol iIPSC  gene
receptors and and 1 contol ESC complementation)
synapse number
Yoonet s, Schizephrenia 15q11 264 CYFP1 CYRP1 loss 3iPSC Ines from No
2014 [45™] negatvely requistes  cardes of the (LV-medisted
the stabilly of he  deefonand 3 control  gene
WAVE compiex, nes complementation)
impaidng the
fosmason of
adherens unctions,
and neuml grecusar
polarity
Young ef al, Spomadic SORLT gene SORLT Protectve dldes in 7 SAD and 8 control  No
2015 [57] Azheieres mgion 3 inked SNPs nes (Piggy-back/
Disease (SAD reduced SORLT LV-meadisted gene
expression complamentation/
siencing)
Griesi-Olveia Non-syndeomic Trarslocaton TRPCS TRPCS reductonor  1iPSC Ine fom a No
etal, 2015 58 aussm 3:11)(p21:922) haploinsufiiGency carder of the (LV-madisted
causes tmnsbeation and gene
deveopmental 8 control nes complementation)
defects and neuronal
morphologicdl and
functional deficits
Soldneret al., Spomdic SNPs in a dstsl SNCA 106-foldincease in - WIBR3 hESC Yes
2018 [47™] Parkinson’s ehancer of he alpha-synuclen Deletion of
Disease 4th intron of he expression enhancer and
SNCA gene exchange of
variants
L s, Schizephrenia Fisk alieles albng  ASIMT and Incmeased expression 1 control IPSC and No
2018 [59] e 102432 BORCS7 of BORCS7 sndofa 1hESC lines
beus spedfic isdosn of
ASIMT termed d243
Marchetto efal,  Non-syndmomic Hgh mutatind = Genes of he  Abnormal 8ASD patert and ~ No
2016 [45™] ausem baddetected in - Wrt/fcatenin  prolferation rates of 5 control iPSC lines
genes of he patiwayand NPCand
Wnt'-catenin other ASD misbalanoced
pathway and ofher  genes genemtion of
ASD genes exclatory vs.
inhibitory

test the specific hypotheses mised from the genetic
studies.

In the field of PD research, Soldner and colleagues very
recently described a strategy t unveil the effectofa PD-
related SNP in the SNCA locus [47%°]. By crossing GWAS
data from SNPs spanning the SNCA locus with epigenetic
signatures characteristic of enhancer clements, the
authors identified a candidate variant in a distal enhancer
located in intron 4. Using CRISPR/Cas9-mediated gene
editing of a control hESC line, they generated a collecton
of isogenic lines representing an allelic series of the SNP
of interest, including clones hemizygotc for both enhanc-
er variants and enhancer-depleted clones. Increased
SNCA expression in neurons was associated to the pres-
ence of the G allele in =356168, consistent with the

GWAS protective signal detected for the alternagve A
allele (OR = 0.79). Further investigation by ChIP-RT-
qPCR of the transcrption factors differentally binding
the nsk alleles revealed two possible candidates: EMX2
and NKX6-1. Both of them showed preferential binding
for the A allele, suggesting that the risk allele results in
increased SNCA expression by decreasing the bindingand
transcriptional repression of EMX2/NKX6-1 [47°°].

Complementary strategies to address complex genetic
traits in PDD may benefit from high-throughput screening
approaches. Commercially available libraries of CRISPR/
Cas9 guide RNAs could be employed to screen for
maodifiers of PD phenotypes (expressivity, penetrance,
etc.). No studies have been published to date using such
strategies, but high-throughput screens have identified
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Strategies to dissect he genetic contibution 1 spomdic PD. Sporadic PD results fram a compiex interplay between mullipk small-effect genetic
and environmental factars. The former imply geneic variation of different natume, ranging fram single nudeotide variation 1 krge genamic
rearmngemeants. The genatic contibution is anemabie © hvesigation usihg IPSC models combined with CRISPR/Cas9. However, given the
polygenic natum of he genetic predispostion, each genetic vafant may contibute to the disease phenotypes 1o a diffrent extent. Two
alemative agproaches have been highlighted n his mview to dssect he genetic canponent. The first one (PD construction) represents the
approach fdlowed by Soldner ef 8. [38™] o dissect the association signal in fhe 3’ region of the SNCA gene. By using a ‘ndive’ WPSC ne, the

introduction of dissaserelited variantsin a led

o B e o
iground pe

infamason about the specific contibution of such varant

The cpposite appraach (PD de-construcion) would consist on editihg the gename of sparadic PD masent-spedfic iPSC o mplace PD risk-

assodisted vakants with hose of low sk, Causslity would be fien
phenatypes in his case.

d by the presence/ab

of PDredated callar or maecula

interesting correlations between genes related w GWAS
hits and disease-related phenotypes, including altered
mitophagy [48] and mitochondnal fragmentation [49].

Future directions: constructing and
deconstructing PD

The study by Soldnereral. [47°"] demonstrates the power
of combining PSC-based models and directed genome
edition to examine the causal link between GWAS signals
— cither SNPs or CNVs — and disease phenotypes. In
their approach, which we refer to as ‘constructing PD’ in
Figure 1, small-effect genetic variants are introduced into
a healthy genome, and the resultng cellular and/or mo-
lecular phenotypes analyzed. It should be possible, and
perhaps even more sensitive, to address causality with the
oppaosite approach, that is ‘deconstructing PD’ (Figure 1).
In this case, editing putative small<ffect risk variants
from sporadic PD patient-specific iPSC into theirlow-risk
counterparts, could prevent the appearance of PD-rele-
vant cellular/molecular phenotypes, thus sup porting cau-
sality. In either approach, the combination of CRISPR/

Cas9-mediated genome edition and patient-specific iPSC
will surely accelerate the pace at which genetc risk (or
protective) factors are put together to complete the cur-
rent jigsaw that is the missing henmbility of PD.
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In this article the simple organism C elegans was primarily used to demonstrate a
relevant role of the small GTPase RACT (ced-10 in the worm) in maintaining
dopaminergic function and survival in the presence of alpha-synuclein, in addition to
decreasing alpha-synuclein inclusions. Furthermore, ced-10 function is associated with
autophagy impairment. Thioflavin S staining in human neuroblastoma cells expressing
constitutively alpha-synuclein, reveals that RACT function decreased the amount of
amyloidogenic alpha-synuclein. Finally, all these results are compiled altogether in
induced pluripotent stem cell-derived dopaminergic neurons from Parkinson’s disease
patients with LRRK2 mutation. In this model we show that human RAC1 activity is
essential in the regulation of dopaminergic neuron cell death, alpha-synuclein
accumulation, participates in neurite arborization and modulates autophagy.

This manuscript describes original work and is not under consideration by any other
journal. All authors approved the manuscript and this submission.
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Abstract

Parkingon’s disease is associated with intracellular a-synuclein accumulation and
ventral midbrain dopaminergic neuronal death in the Substantia Nigra of brain patients.
The Rho GTPase pathway, mainly linking surface receptors to the organization of the
actin and microtubule cytoskeletons, has been suggested to participate to Parkinson’s
disease pathogenesis. Nevertheless, its exact contribution remains obscure. To unveil
the participation of the Rho GTPase family to the molecular pathogenesis of
Parkinson’s disease, we first used C elegans to demonstrate the role of the small
GTPase RACT (ced-10 in the worm) in maintaining dopaminergic function and survival
in the presence of alpha-synuclein. In addition, ced-70 mutant worms determined an
increase of alpha-synuclein inclusions in comparison to control worms as well as an
increase in autophagic vesicles. We then used a human neuroblastoma cells (M17)
stably over-expressing alpha-synuclein, and found that RAC1 function decreased the
amount of amyloidogenic alpha-synuclein. Further, by using dopaminergic neurons
derived from patients of familial LRRK2-Parkinson’s disease we report that human
RAC1 activity is essential in the regulation of dopaminergic cell death, alpha-synuclein
accumulation, participates in neurite arborization and modulates autophagy. Thus we
determined for the first time that RAC1/ced-10 participates in Parkinson’s Disease
associated pathogenesis and established RAC1/ced-10 as a new candidate for further
investigation of Parkinson's Disease associated mechanisms, mainly focused on
dopaminergic function and survival against a-synuclein-induced toxicity.

Keywords: Parkinson's disease; dopaminergic neurons; alpha-synuclein
accumulation; autophagy impairment, RAC1/ced-10
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Introduction

Parkinson's disease (PD) is the second most frequent neurodegenerative disorder in
the elderly. While most of cases are sporadic, monogenic PD caused by pathogenic
point mutations in PD-associated genes occurs in less than 10% of cases (reviewed in
[1]). The common neuropathological hallmarks of PD include a selective loss of the
dopaminergic neurons (DAn) in the Substantia Nigra pars compacta and aggregation of
the protein alpha-synuclein (a-SYN) in the surviving DAn and in the so called Lewy
bodies (LB) and Lewy neurites (LN) which are found in the few surviving DAn
(reviewed in [2]). a-SYN is intrinsically misfolded in pathological conditions such as PD
[3] and forms muitiple conformations, including amyloidogenic oligomers [4, 5]
implicated in a-SYN toxicity [6].

There exist evidences of an essential role of actin cytoskeleton disruptions in both DAn
cell death [7, 8] and a-SYN accumulation [9]. In fact, the cytoskeleton is an important
target of a-SYN [10] and neuronal microtubule-kinesin function could be impaired by a-
SYN oligomers [11]. Actin cytoskeletal organization is regulated by small GTPases of
the Rho family encompassing Rho, Cdc42 and Rac subfamily members [7]. More
specifically, RAC1 activity is mainly associated with cellular processes involving the
regulation of actin polymerization such as cell migration, lamellipodia extension or the
phagocytosis of dead cells or enguifment [12]. In addition, RAC1 participates in the
extension and retraction of neurites [13] and, together with other members of the Rho
family, govern changes in neuronal morphology and the dynamics of neuronal
processes (reviewed in [8])

RAC1 function has been associated with two PD-related genes. We have previously
shown in C elegans that RAC1 is ubiquitylated by PARKIN [14], mutated in the juvenile
variant of PD. Likewise, Leucine-rich repeat kinase 2 (LRRK2), in which mutations
cause the most common form of familial PD [15], strongly and selectively binds to
RAC1 [16). Furthermore, neuronal apoptosis induced in DAn in vitro is comrelated with
decreased RAC1 activity [17]. In contrast, in a monkey model of PD, it was suggested

5
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that aberrant activation of RAC1 in microglia may contribute to enhanced production of
ROS underlying the death of neighboring DAn [18]. Therefore understanding the
cytoskeletal mechanisms associated with DA cell death and o-SYN degradation is
important to elucidate other causative agents of the PD pathophysiology.
Autophagic flux is profoundly disrupted in PD patients (reviewed in [1] and o-SYN is
nomally degraded by autophagy [19]. Indeed, autophagy has been associated with PD
pathogenesis through several genes, such as LRRK2 [20], ATGSA [21] or ATG&LC3
[22], and cellular processes such as lysosomal disruption [23, 24]). In addition,
autophagy-related gene products are required for apoptotic clearance, either in dying
cells or through a role in engulfment, in where RAC1 has a pivotal role [25-27].
In the present study we have systematically investigated RAC1 function in three
disease models of PD including: a) C elegans models of PD, b) human derived
neuroblastoma BE(2) (M17) cells stably over-expressing a-SYN, wherein amyloidigenic
accumulation of @-SYN is induced by sodium butyrate, and c) iPSC-derived DAn
generated by cell reprogramming of somatic skin cells from patients with monogenic
LRRK2-associated PD [20]. Using these models we determine for the first time that
RAC1/ced-10 participates specifically in PD associated pathogenesis and establish
RAC1/ced-10 as a new candidate to be considered for the investigation of PD
associated mechanisms, mainly focused on DA function and survival against a-SYN-
induced toxicity.
Results
RAC1/ced-10 cell-autonomous depletion in DAn hampers dopamine- associated
behavior in the presence of a-SYN and accelerates a-SYN induced DAn death in
C elegans
We first investigated the role of RAC1/ced-10 in DAn function, by performing behavioral
assays through analyzing the DA behavior in ced-10(n3246) mutant animals. The
mutation ced-10(n3246) is a G-to-A transition resulting in a change of glycine 60 of
CED-10 to arginine (G60R) which results in non-null altered function [28, 29]. The
6
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severity of this allele is stronger in contrast to other ced-10 alleles (11). To explore the
role of ced-10 in PD pathogenesis, all the experiments included in this study involving
the ced-10 gene were performed in a ced-10{n3246) mutant background. To simplify,
ced-10(n3246) is named ced-10 from here on.

The basal slowing response is a DA dependent behavior widely used in C elegans for
analyzing the functionality of the DA system [30-32]. Briefly, worms decrease
locomotion speed when in physical contact with a food source whereas the tum
frequency increases when worms leave the food source [31, 33]. The cat-2 gene
encodes the enzyme tyrosine hydroxylase required for the synthesis of dopamine.
Accordingly, cat-2(e1112) mutant worms have decreased levels of dopamine and
altered DA behavior [30, 33] and were used as positive control.

The locomotion speed of the nematodes, represented by the body bends every 20
seconds, was measured in the absence/presence of bactenia (+/-) (Fig 1a). In a wild
type background (wt background), both wild type and ced-10 animals decreased the
locomotion speed in the presence of food, thus showing unaltered basal slowing
response. In confrast, in caf-2(e1172) mutants the locomotion speed was not
significantly decreased by the presence of food (Fig 1a wt background, and Table 1).
Similarly to the slow basal response, avoidance against ethanol is a sensory
behavior associated with DA signaling [34]. A slight decrease was observed in the
ethanol avoidance test performed in ced-70 mutant animals in a wt background (Fig
1b wt background and Table 2).

The absence of significant dopaminergic behavioral alterations observed in ced-10
mutants might be the consequence of compensating mechanisms existing in the
worm that mask the effect of ced-10 function specifically in DAn. To discard any
effect of ced-10 function onto DA responses, ced-10 was depleted conditionally in
DAn by RNAI, in a C. elegans PD model in which DAn undergo age-dependent
neurodegeneration following human a-SYN overexpression [35]. In this model, animals
express both a-SYN and GFP in DAn. Importantly, this is a neuronal-sensitive RNAI

7
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strain whereby the impact of RNAi knockdown targeting gene candidates can be
selectively examined exclusively in the DAn [36] To simplify, this strain is called Pdat-
1::0-SYN + Pdat-1::GFP herein. Animals exposed to ced-10 RNAiI showed a mild but
significant altered slow response assay (Fig 1a and Table 1). In addition, selective
depletion of ced-70 in DAn resulted in similar avoidance against ethanol as cat-2
depleted animals in the ethanol avoidance test (Fig 1b and Table 2). Therefore, in the
presence of a-SYN, ced-10 function is specifically necessary in C elegans DAn to
execute a correct DA behavioral regponse.

This negative impact of ced-70 depletion on DAn behavior brought us to explore the
relevance of ced-10 deficiency in DAn cell death in the above mentioned strain Pdat-
1::a-SYN + Pdat-1::GFP_There exist 4 pairs of DAn in C elegans hermaphrodites, 3 of
them (CEPD, CEPV and ADE) located in the anterior part, and 1 pair, the PDE, located
in the posterior part of the nematode [37]. In this nematode, when human a-SYN is
expressed in DAn, the six DAn within the anterior region of the womm display
progressive degenerative characteristics [38]. To draw parallels between human PD
evidenced in aged populations and this worm model, we sought to determine the
relevance of ced-10 depletion at 9 days (L4+7) post hatching. Cell bodies and neuronal
processes were assessed to determine whether these structures were normal or
displayed degenerative changes, and consequently considered wild type neurons (Fig
2). After feeding worms with EV RNAI, 24.93 % + 2.54 of animals showed the six
anterior wild type DAn. In confrast, ced-10 RNAi knockdown significantly enhanced DA
neurodegeneration (8.33 % * 1.67 (*** P< 0.001)) in comparison with EV control (Fig
2a-b). Animals expressing the fusion protein, CFP::CED-10, under ced-10 promoter,
rescued a-SYN induced-neurodegeneration (*** P< 0.001) (Fig 2a-b). We found that
neurodegeneration was accelerated already at days 3 and 5 (L4+1 and L4+3
respectively) post-hatching (Online Resource 1) thus corroborating the impact of ced-
10 in a-SYN-induced DA cell death at younger ages.

CED-10 expression decreases a-SYN inclusions formation in C elegans
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The term phagocytosis refers also to the mechanism by which certain cells enguif and
digest other cells and also larger particles or even anomalous inclusions or aggregates
[39, 40]. RAC1/ced-10 is the converging gene of the enguifment machinery mobilizing
actin pseudopodia in phagocytic cells [12]. Therefore, we considered the possibility of
ced-10 playing a role in the clearance/phagocytosis of a-SYN inclusions. We used a
nematode model of PD, in which human a-SYN is fused to the yellow fluorescent
protein (YFP) under control of the body wall muscle unc-54 promoter, transgene
pkis2386 [Punc-54::a-SYN::YFPF] [41]. With this approach we examined changes in
apparent aggregate density or aggregate count of pathogenic a-SYN conjugated to
fluorescent YFP in muscle cells [42], without considering neuronal side effects.
Accordingly, ced-10 animals were crossed with pk/s2386 worms and the number of a-
SYN aggregates was evaluated in aged worms at 7 days post hatching. This ced-10
mutation increased to 1.5 units the apparent density of a-SYN inclusions in comparison
to control worms (0.9 = 0.06 vs 1.49 + 0.06 respectively; ** P < 0.001) (Fig 3 a-b) thus
suggesting a deleterious effect of the ced-10 mutation in the generation of a-SYN
aggregates. Importantly, the increase in a-SYN apparent aggregates was abolished in
transgenic ced-710 mutants expressing the CFP::CED-10 fusion protein (amay
baEx167[Pced-10::CFP::ced-10]) (0.42 +0.03 in worms expressing CED-10 wild type
vs 1.49 + 0.06 in ced-10 mutant worms respectively and Fig 3a-b, *** P < 0.001),
showing that the lack of ced-10 is confributing to a-S'YN accumulation.
The number of body thrashes or thrashing have been used extensively to identify
modifiers of protein aggregation [41, 43]. Thrashing in C elegans can be measured in
liquid media by counting the number of body bends per unit of time [44]. Using this
method, we confirmed the observed damaged motility (Fig 3¢ and Online Resources
2-4) of the PD worms in a ced-10 background. Whereas a decrease of 27 % in the
bending are observed in animals expressing YFP::a-SYN in comparison to the wild
type N2 wild type strain (55.01+7.5 vs 75.96 + 2.8 bends/min respectively), the number
of bends decreases almost 90% in animals harboring the ced-710 mutation in a
9
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YFP::SYN background in comparison with N2 wild type animals (7.93 #4.4 vs 75.96 +
2.8 bends/min respectively) and 70% in comparison with worms expressing YFP::SYN,
without the ced-70 mutation (7.93 #4 .4 vs 55.01%7.5 bends/min respectively). Thus,
increased a-SYN in muscle with its concomitant locomotion decrease in ced-10
mutants, indicate the involvement of RAC1/ced-10 in the process of a-SYN
accumulation in C. elegans.

a-SYN variants that form oligomers and protofibrils are associated to the most severe
DAn nigral loss in PD models [1, 6]. To identify the biochemical nature of the apparent
a-SYN aggregates increased by this ced-10 mutation, worm lysates from pk/s2386
womms without and with the ced-10 mutation at L4+ 5 days of development, were
sequentially extracted by detergent-containing buffers [45] and the amount of a-SYN
extracted in each fraction was assessed by immunoblotting (Fig 3d). A faint band of 19
kDa was detected in the Tris-HCI fraction, most probably comresponding to the a-SYN
monomer staining. The number of oligomeric species is increased in ced-10 mutant
animals within all analyzed fractions.

Autophagic markers are increased in ced-70 mutant animals

Autophagy is considered one of the main pathways involved in a-SYN clearance [19,
46]. Given the role of RAC1/ced-10 detected in a-SYN levels and in a-SYN-induced
DAn cell death, we further sought to determine the participation of ced-70 in the
modulation of autophagy in C elegans. To this end, we first crossed ced-10 mutant
animals with those camying the array adls2122 [Pigg-1::gfp::igg-1]. The gene Igg-1
encodes a ubiquitindike protein belonging to the Atg8/LC3 protein family, and the
respective GFP::LGG-1 translational fusion thus allows to monitor autophagosome
formation via fluorescence microscopy [47]. To explore the role of ced-10 in autophagy,
we manually counted the number of GFP::LGG-1 puncta present in the seam cells [48].
At the L3 stage, the number of puncta present in the seam cells were increased in
animals harboring the ced-70 mutation, in comparison to animals without the mutation,
in where the GFP::LGG-1 pattern is mainly diffuse (Fig 4a and b). An increase in the
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number of GFP::LGG-1 puncta may result from either elevated or impaired autophagic
flux [48, 49]. Therefore, we investigated the involvement of RAC1/ced-10 in autophagic
pathways by analyzing the impact of the ced-70 mutation in the autophagy- associated
reporter strain bpls51 [Psgst-1::sqst-1:gfp + unc-76(+)] : The C.
elegans SeQueSTosome-related protein, SQST-1, exhibits sequence similarty to
mammalian SQSTM1/p62 and is degraded by autophagy [48, 50]. As such, autophagy
impairment is often associated with SQST-1::GFP accumulation [48-50]. Similarly to
the results obtained with the GFP::LGG-1 reporter, ced-10 mutant animals displayed
increased SQST-1::GFP intemal density (Fig 4c-e). Whereas SQST-1::GFP staining
was barely detected in wild type animals (Fig 4 c,d upper panels, and e), ced-10
woms displayed SQST-1:GFP accumulation (Fig 4 c,d bottom panels, and e).
Cumulatively, these results suggest a role of RAC1/ced-10 in the regulation of
autophagy.

Human RAC1 expression reduces a-SYN accumulation and amyloidogenic
aggregation in a neuroblastoma cell line

We further explored the effect of RACT on a-SYN accumulation using a stable BE(2)-
M17 neuroblastoma cell line over-expressing wild type a-SYN. As previously reported
[51], differentiation with retinoic acid (RA) and treatment with the histone deacetylases
inhibitor sodium butyrate (SB) increased a-SYN expression by 2-fold and induced the
accumulation of small a-SYN cytoplasmic aggregates (Online Resource 5a-b).
Differentiated cells treated with SB were transduced with a lentiviral vector (LV)
expressing either RAC1 wild type (WT)-GFP or RAC1 constitutively active (CA)-GFP
and analyzed 4 days post-transduction, using the empty vector (Control-GFP) as a
control. Infection with both, RAC1 (WT) and RAC 1(CA) decreased a-SYN expression
level (Online Resource 5b) and aggregation, as shown by Thioflavin S (ThyoS) dye
(Fig 5), which specifically stains cross-beta sheet fibrils, such those forming amyloid
aggregates [52]. The area covered by ThyoS -positive a-SYN aggregates per cell was

1"

167



ANNEX II: RESEARCH ARTICLE

310

311

312

313

314

315

316

317

318

319

320

321

322

323

324

325

326

327

328

329

decreased by 80 % in RAC1(WT) and RAC1(CA) infected cultures (Fig 5) thus
suggesting a role of RAC1 in either the formation or clearance of toxic a-SYN species

and corroborating the data obtained by western blot in the nematode.

High RAC1 activity reduces a-SYN levels and increases neurite arborization in
PD patient-specific midbrain iPSC-derived DAn

Lastly, to connect the nematode data with the human PD, we differentiated DAn upon
cell reprogramming of skin fibroblasts into induced pluripotent stem cells (iPSC) from
PD patients carrying the G2018S (G/S) mutation in the LRRK2 gene. While preserving
the patient genetic background, this model exhibits some characteristic features and
cellular phenotypes of PD including reduced axonal outgrowth, a-SYN accumulation,
a-SYN-induced DAn cell death, and impaired autophagy [20]. Therefore, it represents
a suitable tool to contextualize and compare the nematode encountered data.

At 30 days of differentiation, patient iPSC-derived DAn do not show overt
morphological signs of neurodegeneration [20]. However, almost 40% of DAn positive
for the DA marker tyrosine hydroxylase (TH) showed detectable amounts of a-SYN
[20]. For this reason, and to explore early events affecting PD, we next investigated the
contribution of RAC1 in PD by rescuing a-SYN accumulation in DAn. For this purpose,
PD-iPSC derived midbrain DAn (at 30 days of differentiation when a-SYN accumulation
is already evident), were transduced with lentivirus (LV) expressing either RAC1 wild
type (RAC1 (WT)-GFP or a highly active form of RAC1 (RAC1 (CA-GFP), and LV-GFP
as control (Control-GFP) (Online Resource 6a, ¢ and d), and analyzed 7 days after
transduction. We found that LRR2-PD derived DAn, transduced with Control-GFP
showed significant increase in a-SYN content in comparison with non-PD derived DAn
(Fig 6a, first and second panels, and scatter dot plot) confirning previous results [20].
A 18% decrease in a-SYN accumulation was observed in PD-derived cells infected
with RAC1 (WT)-GFP, and it was even stronger (48.15%) in PD-derived cells infected

with RAC1 (CA)-GFP (Fig 6a, third and fourth panels, and scatter dot plot, *** P <
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0.001). By analyzing the number and length of neurites, to explore the capacity of
Rac1 in rescuing neuronal degeneration (Online Resource 7), we found a decrease in
neurite arborization in PD-derived DAn (Fig 6b), confirming previous reports showing
reduction in neurite length/branching and defects of Rac signaling in LRRK2-
associated parkinsonism (53). Importantly, overexpression of RAC1 (CA)-GFP, but not
RAC1 (WT)-GFP, was associated with significant increase of neurite arborization (Fig
6b, fourth panel and left graph), consistent with a role for RAC1 in organizing the actin
cytoskeleton (58). The neurite length was not rescued in any of the conditions tested
(Fig 6b, right graph).

By transcriptome analysis we have previously reported that iPSC-derived DAn from PD
patients exhibited a large number of gene expression changes. More specifically, we
identified 437 differentially expressed genes (DEGs) in PD vs. controls of which 254
were up-regulated in PD patients and 183 were down-regulated [54]. Here, to gain
further insight into the canonical pathways affected by differential gene expression
detected at early PD, we performed a biological enrichment analysis at 30 days of
differentiation, by using the software and databases of Ingenuity Pathway Analysis
(IPA). We found that the signaling by Rho family GTPases pathway was the top-1
statistically most significant canonical pathway in PD patients compared to controls (P
= 2.56x10*) (Online Resource 8). From the total of 245 members comprised in this
pathway, we found 16 DEGs of which 9 genes were up-regulated and 7 down-
regulated in PD DAn (Online Resource 9). Interestingly, the top-2 statistically most
significant canonical pathway was the related Rho GDI pathway (P = 7.91x10%).
Overall, the results from this unbiased biological enrichment analysis identifies Rho
family GTPases as top deregulated canonical pathway in iPSC-derived DAn from PD
patients.

RAC1 activity increases the long-term survival of PD-patient derived DAn and

alleviates the impairment of autophagy
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To assess whether the protective effect of RAC1 in reducing a-SYN levels correlated
with increased survival rates over time, neurons were further cultured for 75 days
(Online Resource 6b) by co-culturing them over a monolayer of mouse post-natal
cortical astrocytes [55], which supported viable cultures of DAnN for up to 75 days [20].
After this time span, differentiated cultures from genetic LRRK2-PD- patient dernved
DAn showed higher numbers of apoptotic DAn when compared to those derived from
healthy subjects [20] and Fig 7a-b and e. Overexpression of both RAC1 (CA)-GFP and
RAC1 (WT)-GFP prevented cell death by reducing the amount of DAn positively
stained for cleaved caspase-3 to the levels of the non-PD patient derived DA cells (Fig
7 cd and e). We and others have described that LRRK2 G2018S mutation has
negative effects in the autophagic flux by seemingly impairing autophagosome-
lysosome fusion [20]. In this specific case, RAC1 CA (LV-RAC1-(CA) but not RAC1
wild type (LV-RAC1-(WT) displayed autophagosome vesicle numbers similar to those
of the non-PD patient derived neurons (Fig 7). Therefore, these results suggest a
mechanism by which a better performance of the autophagic clearance promoted by
RAC1 alleviates the accumulation of aggregation-prone proteins, such as a-SYN, thus
contributing to increase the survival of DAN.

In conclusion, these results obtained in DAn derived from LRRK2-associated PD
patients are in line with findings in the nematode models of PD, where RAC1 activity is
directly involved with DAn survival in the presence of a-SYN, a-SYN inclusions
formation and autophagic mechanisms.

Discussion

Here we demonstrate in C elegans and in human-derived PD cells that RAC1/ced-10
participates in the main pathogenic manifestations of PD such as DAn death, a-SYN
accumulation and impaired autophagy. Besides, the results obtained in the nematode,
suggest a role of ced-10 modulating DA behavior in the presence of a-SYN.

Furthermore, RAC1 function is associated with the considered toxic a-SYN species.
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Overall, in this manuscript we propose RAC1/ced-10 as a potential therapeutic target
for the treatment of PD-related disorders.

RAC1/ced-10 and DAn death

Previous research has shown that Rac GTPases play an essential neuroprotective and
pro-survival role in neuronal models and diseases [17, 56-58]. Indeed, our in depth
analysis of the RAC1 signaling pathway arose from the transcriptomic data in human
iPSC-derived DAn from PD patients, showing altered Rho signaling as top deregulated
pathway, points to this same direction (Online Resources 8-9). However, Rac
GTPases modulation in different cell types is much more complex. Loss of RAC
GTPase activity may contribute to the death of DAn while increased Rac-GTP activity
in microglia may contribute to the formation of toxic ROS [58]. Hence, this complicated
RAC1 modulation depending upon the tissue and the ROS state, might explain the
behavioral differences observed between whole ced-10 mutant animals and RAC1/ced-
10 specifically depleted in DAn in the presence of a-SYN (Fig 1). Interestingly, a cell
non-autonomous function for hypodermal RAC1/ced-10 in the maintenance of axonal
survival has been recently proposed in C. elegans [60]. Consequently, the influence of
RAC1 activity in the neighboring tissues cannot be obviated.

There exist positive correlation between neuronal apoptosis and decreased RAC1
GTPase activity [17]. Very different cellular models, such as human lymphoma cells or
primary cerebellar granule neurons, suggest the inhibition of caspase-induced
apoptosis by RAC1, whereby AKT-dependent pro-survival pathways and the
consequent Bcl-2-associated death protein (BAD) phosphorylation were downstream
and activated by RAC1 [59, 61].

The activation of the AKT by RAC1, also participates in the cytoskeleton reorganization
and cellular growth [B2, 63] and a failure to maintain the integrity of DAn after they are
formed could cause DAn death [64]. Accordingly, RAC1-modulated processes involved

in the maintenance of cell integrity, might be crucial for cell survival.
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LRRK2-PD patient derived DAn show increased neurite numbers after being
transduced with RAC1 (Fig 7), thus expanding the role of this GTPase in the
maintenance and in the generation of new neurites [13], and thus contributing
accordingly to DAn survival (Fig 7). Therefore, our results are in accordance with
LRRK2 inducing neurite retraction through diminished RAC1 GTPase activity [16].
Surprisingly, neurite length was not rescued with any of the infected RAC1 constructs
in the present manuscript. Differences between results can be explained based on the
different cellular models used in both laboratories, since our results are provided
directly from PD-derived cells, whereas the neuroblastoma cell line SHSY5Y is the
model used by Chan et al. [16]. In addition, the existing actin-microtubule cross talk in
the process of neurite outgrowth and elongation has to be considered [65, 66].
Microtubules are the main cytoskeletal components of neurites [66] and decreased
stability of microtubules is a common feature of neurodegenerative diseases [B67].
Interestingly,. LRRK2-PD varants are characterized by defects in microtubule
associated processes [68] and LRRK2 regulates microtubule stability [69]. However,
extension and navigation of neurites are normally driven by actin-rich growth cones and
inhibition of microtubules dynamics does not stop neurite outgrowth [86). Thus, our
results are consistent with cellular dysfunction in PD, with RAC1 modulating actin-
associated mechanisms better than in microtubule linked processes.

RAC1/ced-10 and a-SYN accumulation

One of the main factors linked with DAn death in PD progression is a-SYN
accumulation. a-SYN overexpression in model systems, and its concomitant
aggregation and deposition precede neuronal cell death. In the case of DAn, its
degeneration is influenced by intracellular and extracellular a-SYN accumulation,
mainly in its oligomeric form [70]. Interestingly, extracellular oligomeric a-SYN impairs
RAC1 activity in neuroblastoma cells [70]. Considering the increased intracellular a-
SYN aggregates together with increased oligomeric a-SYN species observed in ced-
10 mutant animals, we hypothesize that altered RAC 1/ced-10 function might accelerate
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a-SYN accumulation and the formation of a-SYN oligomers which might bind
concurrently RAC1/ced-10 [70] thus increasing the severity of RAC1/ced-10 altered
function. Moreover, and considering the modulation of the actin cytoskeletal dynamics
by a-SYN [71]. a synergistic regulation between RAC1 and a-SYN cannot be excluded.
Additional experiments, where the amount of a-SYN could be tightly controlled, will
provide some clues about the relevance of RAC1/a-SYN interaction in the progress of
PD.

a-SYN accumulation in PD patients is associated with failure of the two major protein
breakdown pathways, the ubiquitin proteasome system (UPS) and autophagy [72-74],
which . in cooperation, reduce the misfolded protein burden [75]). Stably increased
levels of a-SYN can lead to impaired proteasome function [76] and ced-10 is
proteasome regulated in the phagocytosis of dead cells [14]. Hence, we hypothesize
that increased a-SYN in a ced-10 mutant background might reinforce the severity of the
ced-10 mutation in the degradation of a-SYN, due to the interaction of a-SYN with the
proteasomal machinery.

Overexpression of a-SYN results in the inhibition of autophagy [77]. Here we suggest
RAC1/ced-10 being necessary for autophagy to occur (Fig 3 and 7). Accordingly, a-
SYN accumulation, due to ced-10 impairment, might increase the severity of ced-10
mutation. Therefore we add RAC1 to the already proposed feedback loop between
proteasome activity and autophagy [1] and we propose that a tight regulation of RAC1
function is required to avoid excess of a-SYN accumulation and the concomitant cell
death.

Impaired autophagy associated with LRRK2 mutations are already reported [78, 79],
with the G2019S mutation showing less autophagic activity [80]. In the context of
LRRK-2 induced phenotypes, we propose RAC1-LRRK2 interaction as relevant factor
favoring autophagy to occur, and helping in the clearance of a-SYN aggregates, thus

warranting the proper neurite growth and maintenance.
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Future scientific research is needed to unravel the mechanisms associated with PD-
related disorders for finding efficient therapies. In light of our results the
phamacological modulation of RAC1 and RAC1-derived signaling pathways could be

of therapeutic value.

Experimental procedures

Worm experiments:

C. elegans strains

Nematodes were maintained using standard procedures [81]. We obtained the strains
CB1112 cat-2(e1112), NL5901, unc-119(ed3) lli; [pkis2386 (Punc-54:a-SYN:YFP;
unc-119(+))]. DA2123 adls2122 [Plgg-1::igg-1::GFP. rol-6({zu1006)] and HZ589,
bpls151 [Pegst-1::3qst-1::GFP; unc-76(+)] IV; him-5(e1490) V from the Caenorhabditis
elegans Genetic Center (CGC). The strain BR3579, ced-10(n3246) was a generous gift
from Dr Ralf Baumeister (Albert-Ludwing University, Freiburg/Breisgau, Germany).

The strain BR3579 was crossed with NL5801 animals to generate the strain EDC101,
unc-119(ed3) Il; pkis2386 [Punc-54::a-SYN::YFP; unc-119(+)]; ced-10(n3246).

The following strains is used to analyze the DAn degeneration as reported in
Harrington et al., 2010 [36] Pdat-1::a-SYN +Pdaf-1::GFP from the main text is named
UA186, with the genotype: sid-1(pk3321); baln33 [Pdat-1::sid-1; Pmyo-2::mChermry];
baln11 [Pdat-1::a-SYN; Pdat-1::GFP].

For autophagy experiments, males from the DA2123 strain [Plgg-1::lgg-1::GFP; rol-
6(su1006)] were crossed with ced-10(n3246) hermaphrodites. Males a from the HZ589
bpls151 [Psgst-1::8qst-1:GFP; unc-76(+) IV]; him-5(e1490) V] strain, expressing
SQST-1::GFP crossed with ced-10 (n3246) hermaphrodites.

N2 (Bristol) was used as the C. elegans wild-type (wt) strain. Hermaphrodites were
used throughout of the study.

RNAi feeding
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For feeding RNAI bacteria, egg lay from gravid adults were directly transferred to NGM
plates containing 1 mM of isopropyl B-D-1-thiogalactopyranoside/ IPTG (referred to as
RNAI plates) seeded with 20X concentrated bacteria containing 50 pg/ml ampicillin,
carrying desired plasmid for RNAI of a specific gene (ced-10 or caf-1, depending upon
the experiment) or bacteria camrying empty (EV) pL4440 as control and allowed to grow
on plates for approximately 50 h to reach the L4 stage and then another 16 h for the
conduction of actual experiment.

Note: Bacterial clones for RNAI feeding protocol were obtained from the Ahringer
library (Source Bioscience, Nottingham, UK) [82] and were then streaked on LB-
Tetracycline-Ampicillin plate which was then incubated at 37°C. Individual colonies
from this freshly streaked plate were grown for 10-12h constantly shaking at 37°C in LB
medium containing 50 pg/ml ampicillin.

Blinding of experiments and replicates

All behavioral studies were completed such that the experimenter was blind to the
genotype of the worms. Strains were given letter codes by another member of the
laboratory and the code was not broken until all of the replicates for a particular assay
were completed. For all assays, we completed a minimum of three biological replicates
per strain.

Behavioral experiments

Locomotor rate assay

Locomotor rate assay was performed as described in [33]. Briefly, assay plates were
prepared by spreading the E. coli strain OP50-1 in a ring on NGM agar [81] in 5§ cm
petri plates. Assay plates were always freshly spread with bacteria, incubated overnight
at 37°C, and allowed to cool to room temperature before use. Plates for measuring
locomotor rate in the absence of bacteria were also incubated at 37°C. Only
synchronized young adult hermaphrodites (16 h after the late L4 larval stage) were
tested. For well-fed animals, locomotor rate was measured by removing 5 animals from

plates with ample bacteria, washing the animals twice in S basal buffer [81], and
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transferring them to an assay plate in a drop of buffer using a capillary pipette. The
drop of buffer used to transfer the animals was absorbed with a Kimwipe. Five minutes
after transfer, the number of body bends in 20 s intervals was sequentially counted for
each of the 5 animals on the assay plate and then repeated the same thing for next set
of animals in a different assay plate.

Ethanol avoidance assay

Ethanol avoidance assay was performed as described [34]Cooper et a, 2015).
Synchronized young adult hermaphrodites (16 h after the late L4 larval stage) were
transferred to assay plates, which are divided into four quadrants: two quadrants
seeded with 50 pl of 100% ethanol and the others without. Worms are placed in the
center of the assay plate and allowed to move for 30min at which point the entire plate
is imaged and the worms are scored for their quadrant of preference. Ethanol
avoidance is calculated as [(number of worms in control quadrants) — (number of
womms in ethanol quadrants)}) total number of worms.

Generation of the rescue construct Pced-10:: CFP::ced-10

Pced-10::CFP::ced-10 plasmids were co-injected into worm strain EDC101 and UA196
to generate UA281, baEx167 [Pced-10 ::CFP::ced-10, rol-6(su1006)]. [Punc-54:a-
SYN:YFP;ced-10(n3246)] and UA282, baEx167 [Pced-10::CFP:ced-10; rol-
6(su1006)); sid-1(pk3321). baln33 [Pdat-1::sid-1, Pmyo-2::mCherry]. baln11[Pdat-1 ::a-
SYN; Pdat-1 ::GFP]). Hermaphrodites were used throughout of the study.

Site-directed mutagenesis

The construct Pced-10::GFP::ced-10 was provided by Erik Lundquist (University of
Kansas, Lawrence, KS, USA) as a gift. TagMaster Site-directed mutagenesis (GM
Biosciences, Rockville, USA) was used to create mutations (YB86W, Y145F, and
M153T) in GFP sequence for changing fluorescence marker as CFP. The product
plasmid Pced-10::CFP::ced-10 was sequenced (Eurofins Genomics, Huntsville, AL,
USA) to confirm the presence of the desired mutations.

C. elegans neurodegeneration assays.
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Worms were analyzed for DA neurodegeneration as described previously [38]. Briefly,
10 L1-stage womms (neuron-specific RNAIi worm strain with a-Syn UA196 were
transferred to the plates (empty vector (EV) and ced-10 RNAI) and grown at 20°C until
adulthood. Adult worms were then transferred to corresponding freshly made RNAI
plates and allowed to lay eggs for 8 h to synchronize. a-SYN-induced DA
neurodegeneration was scored at the indicated days after hatching (L4+7; L4+3; L4+1).
To investigate the effect of CED-10 overexpression on a-SYN -induced DA
degeneration, the strain UA282 was analyzed at L4+7 days of aging. Worms were
considered normal when all six anterior DA neurons (four CEP (cephalic) and two ADE
(anterior deirid)) were present without any visible signs of degeneration. If a worm
displayed degeneration in at least one of the six neurons, it was scored as exhibiting
degeneration. In total, at least 50 adult worms were analyzed for each independent
transgenic line or RNAI treatment.

Aggregate quantification

The quantification of aggregates was performed as previously described [83]. Briefly,
NL5801animals without and with ced-10{n3246) mutation, together with the EDC101,
were age-synchronized by bleaching with NaOCIl and left overnight to hatch. L1
animals were transferred onto individual NGM plates seeded with Escherichia coli.
Aggregates were counted for each animal staged at L4 + 5 days. Images were
captured using a Leica SP5 confocal microscope with an x40 oil immersion lens (HCX
PL APO CS). The number of a-syn aggregates was determined in the mid body of each
animal, taking the vulva position (V) as a reference. Aggregates were defined as
discrete, bright structures, with boundaries distinguishable from surrounding
fluorescence. Measurements on inclusions were performed using ImageJ software
taking into consideration the area dimensions.

Thrashing assays.

At L4 + 5 days, animals from the strains N2 wild type, NL5801 [unc-119(ed3) II;
pkis2386 [Punc-54::a-SYN::YFP; unc-119(+)] and EDCO1 unc-119(ed3) Il; pkis2386
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[Punc-54::a-SYN::YFP; unc-119(+)] . ced-10 (n3246) were placed in a drop of M9
buffer and allowed to recover for 120 s (to avoid observing behavior associated with
stress) after which the number of body bends was counted for 1 min. Movies of
swimming worms were recorded using a Leica MZFFLIII stereomicroscope at nominal
magnification of 30X and the Hamamatsu ORCA-Flash 4.0LT camera at 17 frames per
second (17 fps) for 1 min. Bends per minute were obtained with the Worm Tracker
pluggin (wrMTrck), from the ImageJ software [84]. Thirty animals were counted in each
experiment unless stated otherwise. Experiments were camied out in triplicate.
Statistical analysis was performed using Graphpad Prism version 6.00 for Windows,
GraphPad Software, La Jolla California USA).

Detergent fractionation

a-SYN oligomeric species were isolated by detergent fractionation as described
(Kuwahara et al, 2012) with slight modifications. Briefly, worms were washed three
times with M8 buffer, collected as a 100 pl pellet, and the pellet was snap-frozen in
liquid nitrogen. The pellets were homogenized in 1 mL of 50 mM Tris-HCI buffer at pH
7.5 with complete protease inhibitor mixture (Roche Applied Science) by brief
sonication. Sonicates were centrifuged two times at 1000 X g for 5 min to remove
debris of worm tissue. The supemnatant was then ultracentrifuged at 350,000 X g for 15
min, and the supernatant was collected as a Tris-HCI soluble fraction. The resulting
pellet was subsequently extracted by sonication in 500 pl of Triton X-100 (Tris-HCI
buffer with 1% TritonX-100), 200 pl of Sarkosyl (Tris-HCI with 1% Sarkosyl). and pl 100
of SDS (TrisHCI with SDS sample buffer containing 2% SDS) followed by centrifugation
at 350,000 X g for 15 min. The Tris-HCI fraction containing 20 pg of total proteins,
along with equal volumes of Triton X-100, Sarkosyl, and SDS fractions to the Tris-HCI
fraction, were loaded onto the acrylamide gel and separated by SDS-PAGE.
Immunoblotting

20 yl of protein per strain were loaded from each sample and fraction on Novex
NuPAGE 4-12% Bis-Tris Gels (Thermo Fisher) an run in MES SDS buffer at 200 V for
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40 min. Resolved proteins were transferred onto 0.45 pm nitrocellulose membranes
(Amersham) at 200 mA for 1 h. Blocking was done in 5% milk powder in PBS for 1 h,
followed by overnight incubation at 4°C with a mouse monocional antibody against o-
synuclein (1:1000, BD Biosciences, #310787) diluted in 2% bovine serum albumin
(BSA)/PBS. Incubation with a donkey anti-mouse (1:5000, Amersham) secondary
antibody diluted in 1% milk powder/PBS was performed for 1 h at room temperature.
Membranes were developed using Supersignal West Femto (Thermo Scientific) in a
ImageQuant RT ECL Imager (GE Healthcare).

Autophagy measurements

For measuring the involvement of ced-10(n3246) mutation in autophagy. we followed
specific C elegans protocols [48, 85] LGG-1:GFP foci were analyzed in the
hypodermal seam cells at L3 stage of development. Images were not considered for
quantification where the hypodermis was not clear. In total, at least 40 total regions
were quantified from 30 different worm samples per genotype.

To confirm the involvement of ced-10 in impairing autophagy. we followed the protocol
described in [86]). Pictures of L1 animals (whole animal) and L4 animals (whole
intestine), were analyzed by using a 63X objective. The GFP intemal intensity (Fl),
corresponding to SQST-GFP foci, was quantified at L4 stage of development. The
presence of the ced-10 mutation was checked by PCR as described [14]. The
presence of the GFP reporter was double checked by PCR using the gfp primers, and
under the fluorescence microscope.

Microscopy and imaging

For neurodegeneration assays and aggregates quantification animals were mounted
with a coverslip on a 4% agarose pad in M9, containing 10 mM of sodium azide.
Confocal microscopy was performed using a Leica TCS-SP5 confocal spectral
microscope (Leica, Barcelona, Spain) and analyzed using ImageJ software (NIH, ver.
1.43, Schindelin, 2015). Animals were examined at 100X magnification to examine a-
SYN induced DA cell death and at 40X to examine a-SYN apparent aggregates.
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For autophagy measurements, animals were placed in a 5 pL drop of 10 mM solution
of levamisole (Sigma-Aldrich, Madrd, Spain). For each independent experiment,
between 20-30 7-days old worms of each treatment were examined under a
Nikon EclipseTE2000-E epifluorescence microscope equipped with a
monochrome camera (Hamamatsu ORCA-ER) coupled to the Metamorph software
(Molecular Devices Corp., Sunnyvale, CA). The system acquires a series of frames at
specific Z-axis position (focal plane) using a Z-axis motor device.

Cell culture experiments in BE(2)-M17 neuroblastoma cell line

Cell culture

Human neuroblastoma cell line BE(2)-M17 over-expressing wild type o-SYN were
maintained at 37°C and 5% CO2 in Optimem medium (Gibco) (Thermo-Fisher
Scientific, Madrid, Spain) supplemented with 10% fetal bovine serum (Gibco) (Thermo-
Fisher Scientific, Madrid, Spain) ., 500 ug/ml G418 (Geneticin) (Sigma-Aldrich, Madrid,
Spain) and Penicilin/Streptomycin  (Sigma-Aldrich, Madrid, Spain). For
immunofluorescence, 2x10* cells/ well were seeded in 24-well plates on coverslips
coated with poly-D-lysine. a-SYN aggregation was induced as previously reported ([51]
by differentiation with 10 uM retinoic acid (Sigma-Aldrich, Madrid, Spain) for 10 days,
followed by treatment with the histone deacetylases inhibitor sodium butyrate (SB)
(Sigma-Aldrich, Madrid, Spain) at a concentration of 10 mM for 36 h. To analyze the
effect of RAC1 on a-SYN aggregation, cells were transduced 24 h before SB treatment
with either the lentiviral empty vector or with the wild type or the constitutively active
isoforms of RAC1 at an estimated multiplicity of infection (MOI) of 5.
Immunofiuorescence

BE(2)-M17 cells were fixed in 4% paraformaldehyde (PFA) (Sigma-Aldrich, Madrid,
Spain) in phosphate saline buffer (PBS) for 30 min at 4°C and permeabilized with Tris-
buffered saline (TBS) containing 0.5% Triton X-100 (Sigma-Aldrich, Madrid, Spain) for

5 min. Cells were then blocked with 3% normmal goat serum (NGS) (Vector
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Laboratories, Palex Medical, Sant Cugat del Vallés, Spain) in TBS for 1 h and
subsequently incubated with the comresponding primary antibody in in 1%NGS/TBS
overnight at 4°C. The following primary antibodies were used: mouse anti-a-SYN
(610787; 1:500) (BD Biosciences, Madrid, Spain), rabbit anti-a-SYN (2642; 1:500) (Cell
Signaling, Leiden, The Netherlands). Incubation with goat secondary antibodies
conjugated with Alexa488 (anti-mouse, A11001; or Alexa584 (anti-mouse, A11005;
anti-rabbit, A11012) (Themno-Fisher Scientific, Madrd, Spain) was done in 1%
NGS/TBS for 1h at RT. Between each incubation period cells were rinsed three times
in TBS.

Thioflavin S staining

After incubation with the antibodies, coverslips were immersed in 0.005% thioflavin S
(Sigma-Aldrich, Madrid, Spain) in PBS for 8 min and then rinsed twice in ethanol 70%
and once in PBS. Only after thioflavin S staining, nuclei were counterstained with
Hoechst 33342 (Thermo Fisher Scientific, Madrid, Spain, 1:10000 in PBS) for 10 min.
Microscopy and IF quantification

Cells were coverslipped using Dako Cytomation Fluorescent Mounting Medium (Dako,
Sant Just Desvern, Spain). Immunofluorescence images were acquired using standard
filter sets using an Olympus FluoView TM FV1000 confocal microscope and the
FV10_ASW 4.2 visualization software.

a-SYN fluorescence intensity for each condition was analyzed in an average of 150
cells from 6 different random fields at an objective magnification of 40x. Quantification
of Thioflavin S positive aggregates in each condition was analyzed in an average of 20
cells from 3 different random fields by measuring the fluorescent area per cell. All
quantification analyses were done using ImageJ software (NIH, USA).

Cell culture experiments with iPSC cell lines derived from human patients
Previously generated iPSC lines SP-11.1 (from control) and SP-12.3 (from patients
with familial PD with the LRRK2 G2019S mutation) were used and culture and

differentiation were carried out as described, (34), following a protocol approved by the
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Spanish competent authorities (Commission on Guarantees concemning the Donation
and Use of Human Tissues and Cells of the Carlos Il Health Institute). Briefly, hiPSC
were cultured on matrigel (Coming Limited, Life Sciences, UK) and maintained in
hESC medium, consisting on KO-DMEM (Invitrogen, Thermo Fisher Scientific, Madrid,
Spain) supplemented with 20% KO-Serum Replacement (Invitrogen, Thermo Fisher
Scientific, Madrid, Spain). 2 mM Glutamax (Invitrogen, Thermo Fisher Scientific,
Madrid, Spain), 50 pM 2-mercaptoethanol (Invitrogen, Thermo Fisher Scientific,
Madrid, Spain). non-essential aminoacids (Cambrex, Nottingham, UK) and 10 ng/ml
bFGF (Peprotech, London, UK)). Medium was preconditioned ovemight by irradiated
mouse embryonic fibroblast and hiPSC were maintained on Matrigel (Coming Limited,
Life Sciences, UK) at 37°C, 5% CO2.

For DAn differentiation, iPSC were transduced with LV.NES.LMX1A.GFP and
processed as previously described (79). Briefly, confluent iPSC 10 cm dishes were
disaggregated with accutase and embryoid bodies (EB) were generated using forced
aggregation method in V-shaped 96 well plates. Two days later, EBs were patterned as
ventral midbrain by culturing them in suspension for 10 days in N2B27 supplemented
with 100ng/ml SHH (Peprotech, London, UK), 100ng/ml FGF8 (Peprotech, London,
UK) and 10ng/ml FGF2 (Peprotech, London, UK). Then, for a-SYN and neurite
analysis, differentiation to midbrain DAn was performed on the top of PAG murine
stromal cells for 3 weeks (78). To analyze a-SYN levels, neuronal cultures were gently
trypsinized and re-plated in matrigel-coated slides for 3 days, then transduced with the
two different RAC1 isoforms or the control LV, at an estimated MOI of 10. Cells were
fixed and analyzed 7 days after transduction. For long-term culture studies, EBs were
mechanically dissociated by repeated pipetting after the induction step. Salient EB
fragments were transduced with the two different RAC1 isoforms or the control LV at
an estimated MOI of 3. 3 days post transduction, the aggregates were seeded on
primary murine astrocytes and cultured for 8 weeks.

Lentiviral vectors
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RAC1 wild type (WT) and constitutively active (V12) (CA) forms were amplified by
means of PCR from expression plasmids kindly provided by (Dr Francisco Sanchez-
Madrid; Spanish National Center for Cardiovascular Research (CNIC), Madrid, Spain).
Subsequently, RAC1-(WT) and RAC1-(CA) cDNA were cloned under the human
phosphoglycerate kinase (PGK) promoter of pCCL.cPPT-hPGK-IRES.eGFP-WPRE
lentiviral transfer vector. High-titer vesicular stomatitis virus (VSV)—pseudotyped LV
stocks were produced in 293T cells by calcium phosphate—-mediated transient
transfection of the transfer vector, the late generation packaging construct pMDL, and
the VSV envelope—expressing construct pMD2.G, and purified by ultracentrifugation as
previously described [87]. Expression titers, determined on Hela cells by fluorescence-
activated cell sorter (FACS) analysis (FACSCalibur, Becton Dickinson), were: LV-
RAC1 (WT) 2,60 - 10*8 TU/mL; LV-RAC1 (CA): 2,24 - 10*8 TU/mL; LV-PGK-GFP:
5,08 - 108 TU/mL

Immunofiuorescence for iPSC-derived cells

iPSC-derived cells were fixed with 4% paraformaldehyde (PFA) in Tris-buffered saline
(TBS) buffer for 20 min and blocked in 0.3% Triton X-100 (Sigma-Aldrich, Madrid,
Spain) with 3% donkey serum for 2 h. In the case of a-SYN and LC3 staining, Triton X-
100 was kept at 0.01% for the blocking and antibody incubation steps. The following
primary antibodies were used: mouse anti-a-SYN (610787; 1:500) (BD Biosciences,
Madrid, Spain), rabbit anti-TH (sc-14007; 1:500) (Santa Cruz Biotechnology. Madrid,
Spain), chicken anti-GFP (1020; 1:250) from Aves Labs (Cosmo Bio, AbBen SL.,
Bellaterra, Spain), rabbit anticleaved Caspase3 (9664; 1:400) (Cell Signaling) and
LC3B (2775; 1:100) (Cell Signaling). Images were acquired using a Leica SP5 confocal
microscope.

a-SYN and neurite analysis

a-SYN and neurite analysis were performed after a total of 4 weeks of differentiation
plus 1 week after LV transduction on iPSC-derived DA neurons. DA neurons were
randomly selected, using a Leica SP5 confocal microscope, and analyzed with ImageJ
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for a-SYN intensity levels and with the ImageJ plugin NeuronJ to determine the number
of neurites per cell, number of terminals and branch points.

Apoptotic cell number and autophagosome accumulation and analysis
Autophagosome accumulation and apoptotic cell number analysis were performed after
a total of 9 weeks of differentiation on iPSC-derived DAn grown on murine astrocytes.
DA neurons were randomly selected, using a Leica SP5 confocal microscope, and
analysed with ImageJ to determine the fraction of the neuronal soma area covered by
LC3-positive particles.

Statistical analysis

All data are presented as mean £ SEM as stated. Group means were compared with
either the Student’s t-test or ANOVA. All P values were two tailed, and a P value of less
than 0.05 was considered statistically significant. All statistical analyses were analyzed
using GraphPad Prism (San Diego, CA, USA) software.

Outlier values were identified with the Grubbs' tests and excluded from the analysis.
Differences among means were analyzed either by 1- or 2-way analysis of variance
(ANOVA), as appropriate, using the post-hoc Tukey’s multiple comparison test. In all
cases, the null hypothesis was rejected at the 0.05 level.

Biological enrichment analysis

Transcriptomic analysis of iPSC-derived DAn from PD patients (n=10) and healthy
controls (n=4) was done as previously described [54]. Identified differentially expressed
genes (DEGs) after multiple testing adjustment of P values (n=437) were subjected to
biological enrichment analysis. To this end, we used the Core Analysis module of the
Ingenuity® Pathway Analysis (IPA) software (Qiagen, Redwood City,
www.giagen.comfingenuity) to identify biological enrichment of canonical pathways
deregulated in iPSC-derived DAn from PD patients. More specifically, we used the
Ingenuity Knowledge Base of Genes, and considered only direct molecules and/or
relationships for humans. Statistical significance of canonical pathways was computed
by using the Fischer's exact test and significance levels were set at P below 0.05.
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Using IPA we also calculated Z-score values which consider the directional effect of

one molecule on another molecule or on a process, and also the direction of change of

molecules in the dataset and provide predictions about whether the pathway

is predicted to be activated orinhibited, or if the pathway is ineligible for such an

assessment.

Tables

Table 1:

Genotype w/o food with food Significance
endai20 sec) penda20 sec) | (Fvalue)

wild type 20.00+ 0423 |9.55+0.328 P < 0.001

ced-10(n3246) 18.05+0.211 [ 13.00:x0.145 |P < 0.001

cat-2 (e1112) 21.00+0.191 | 20.00£0.182 (ns

UA186 on EV 18.40 £0.255 | 9.20+0.257 P < 0.001

UA1860on ced-10 | 16.00£0.254 | 13.15+0.382 | P < 0.001

RNAI

UA186 on cat-2 17.25+0.502 | 1640+0689 (ns

RNAI

Table 1: Slow dose response quantifications: Mean and SEM reported, n=20. One-

way ANOVA

Table 2: Ethanol avoidance

Genotype Avoidance N Significance
(% of worms) (P value )

wild type 71.21£ 2,120 155 -

ced-10(n3246) | 57.80 £ 3.957 o4 P<0.05

caf-2 (e1112) 26.67 £3.335 80 P < 0.001

UA186on EV | 70.35+1.213 122 -

UA186 on ced- | 12.95 £ 1.328 95 P < 0.001

10 RNAI

UA186 on cat- | 10.902 + 1.524 175 P < 0.001

185
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Table 2: Ethanol avoidance quantifications: Mean and SEM reported. One-way
ANOVA

Figure legends

Figure 1: DAn function is hampered by specific depletion of RAC1/ced-10 in DAn
expressing a-SYN in C elegans: (A) Modulation of the locomotor rate. Well-fed
animals were transferred to assay plates without or with a bacterial lawn (- /+) and 5
minutes later, the locomotor rate (body bends every 20 seconds) of each animal was
analyzed. Statistical significance shows comparison of the bending within same
genotype animals (wild type, ced-10(n3246) and cat-2 (e1112)) without (-) or with (+)
bacteria. RNAi experiments indicate Pdat-1::a-SYN +Pdat-1:: GFP worms fed with EV
(empty vector) or with the indicated RNAI clones (B) Test of ethanol avoidance. The
percentage (%) of ethanol avoidance was analyzed at the indicated genotypes.
Statistical analysis shows comparisons between wild type animals and mutants, and
Pdat-1::a-SYN +Pdaf-1:: GFP worms fed either with EV (empty vector) or with the
indicated RNAI clones. caf-2 (e1172) mutant worms were included as positive controls
for both assays. Slow response assay and ethanol avoidance behaviors were
hampered in ced-10 depleted animals and not in ced-10(n3246) mutants. Data are
mean + SEM. * P <0.05, * P<0.01, *** P<0.001, ns: non-significant. Statistics: One
way-ANOVA, Tukey post hoc test for multiple comparisons. Between 20- 30 worms
were used in three independent replicates.

Figure 2: CED-10 protects DAn from a-SYN-induced DA cell death in C elegans.
Representative RNAi empty vector (EV) fed worms expressing GFP and a-SYN
specifically in DAn (Pdaf-1:: a-SYN + Pdat-1:: GFP) at L4 + 7 days (8 days post
hatching) and fed with empty vector (EV) or ced-10 RNAi clones. Filled white
arrowhead labels healthy neurons whereas degenerated or missing neurons are
labeled with an open arrow. (A) ced-10 depletion reduces the amount of DAn per worm

and the expression of the CED-10::CFP transgene {baEx167 [Pced-10::CFP::ced-10]}
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delays the DA cell death at the same age. Magnification bar is 30 pm. (B) Percentage
of Pdat-1:: a-SYN + Pdat-1:: GFP worms non- depleted and ced-10 depleted by RNA,
that had the full complement of six anterior DAn at day 7 post L4. The transgenic
derivative strain UA281 expressing CFP::CED-10 (CED-10 wild type). camying the
array baEx167 [Pced-10::CFP::ced-10] ameliorates the DA cell death. Data are mean =
SEM. Statistics were obtained by comparing ced-10 RNAI depleted worms or worms
containing the CFP::CED-10 array with the corresponding EV fed animals. Statistics:
*** P< 0.001, one way ANOVA, Tukey's post hoc test. Number of animals is 30-35 per
condition, and the experiment was repeated 3 times independently.

Figure 3: ced-10 decreases a-SYN inclusions in C elegans (A) Representative
confocal pictures obtained from animals containing the genomic array pk/s2386 [Punc-
54 a-SYN:YFP] expressing a-SYN in body wall muscle cells at L4 + 5 days of
development (7 days posthatching). Green staining in all figures represents o-
SYN:YFP inclusions in muscle cells. The vulva (V, thick arrow) was used as a
reference to analyze the same central section in all worms. A representative area was
highlighted and expanded in each panel, to better visualize the o-SYN:YFP
accumulation. (A, first panel) a-SYN inclusions were detected in a C. elegans model
of a-SYN miss folding in which a-SYN is expressed under the control of the unc-54
promoter. (A, second panel) a-SYN apparent aggregates are increased in ced-
1(n3246) mutant nematodes. (A, third panel) CFP:CED-10 expression (array
baEx167 [Pced-10::CFP::CED-10]) decreased the number of a-SYN inclusions in a
ced-10(n3246) background. (A, fourth panel) The blue fluorescence marker (CFP)
represented the endogenous expression of CED-10 in a ced-10(n3246) background for
rescuing a-SYN accumulation. Magnification bar is 10 pm (B) Quantification of the
number of a-SYN inclusions per area. Data are mean * SEM. Between 30-35 animals
were analyzed per genotype. Three different transgenic lines expressing CFP::CED-10
were generated and analyzed independently. Statistics: One-way ANOVA with a Tukey
post hoc test. *** P < 0.005 (C) The movement of YFP::a-SYN animals is hampered by
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the mutation ced-10n(3246). Thrashing behavior (bends/minute) was video recorded
and the resulting images were analyzed by the ImageJ software. Data are mean =
SEM. Between 20 and 30 animals were recorded per experiment and the same
experiment was repeated 3 independent times. (D) Immunoblotting analysis of protein
extracts from 5 days post L4 old YFP::a-SYN synchronized animals, using anti-a- SYN
antibody without and with the ced-10(n3246) mutation (wild type and ced-10
respectively). The amount of a- SYN insoluble species was increased by the ced-
10(n3246) mutation.
Figure 4: Autophagic markers accumulate in ced-10 mutant worms (A) L4 worms
expressing the reporter GFP:LGG-1 (adl=s2122 [Plgg-1::GFP::igg-1; rol-6{su1006)] in
hypodermal seam cells, without (left panel, wild type) and with (right panel) the ced-
10(n3246) mutation. GFP::LGG-1 puncta are labeled with an filled arrow. Magnification
bar is 5 pym. (B) The bar graph indicates the number of GFP::LGG-1 foci per cell at the
indicated genotypes. These results are mean £ SEM of three independent experiments
performed in triplicate. Statistics is Student's t-test. *** P = 0.001. (C-D) Wormms
expressing the autophagy reporter SQST-1::GFP (bpls151[Psqst-1::2qsf-1::GFP]) were
crossed with ced-10(3246) animals and the GFP fluorescence intensity (FI) was
analyzed under a fluorescence (C) or a confocal (D) microscope. (D, upper panel) L4
animals expressing the array SQST-1::GFP without induction of the GFP reporter in
normal conditions. (D, bottom panel) The ced-10(n3246) mutation increased GFP
intensity and aggregation. Magnification bar is 20 pm. (E) Normalized fluorescence
intensity (Fl) observed in SQST-1::GFP animals without and with the ced-10(n3246)
mutation. 30 animals were analyzed per genotype. Data are represented as the mean
+ SEM and were obtained by comparing wild type animals (without the ced-10(n3246)
mutation) with ced-10 mutated animals. Statistics, *** P < 0.001, Student’s t-test.
Figure 5: Rac1 activity decreases a-SYN accumulation and aggregation in the
neuroblastoma cell line BE(2)-M17. (A) Representative confocal images of a-SYN
over-expressing cells induced with 10 uM retinoic acid (RA) and treated with 10 mM
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sodium butyrate (SB) for 36 h. Cells were transduced with Control -GFP (upper row),
RAC1 (WT)-GFP (middle row) and RAC1 (CA)-GFP (bottom row) and co-stained for
Thioflavin S (green) and a-SYN (red). Arrows indicate Thioflavin S positive aggregates
with amyloidal structure. (B) Bar graph showing the quantitative analyses of the
neuronal soma area (in percentage %) covered by Thioflavin S positive stain in
individual cells transduced with (WT)- or (CA) RAC1 or with the comresponding control.
N =14 (EV), N= 25 (WT) and N = 24 (CA), from at least 3 independent experiments.
Data are presented as mean * SEM. Statistics, *** P<0.001, One-way ANOVA with
Bartlett's test comrection followed by post hoc Tukey test. Scale bars represent 10 pm.

Figure 6: Rac1 activity rescues a-SYN accumulation and neurite degeneration in
early LRRK2-PD-derived DAcells. (A)_First row: Confocal images of non-PD (first
panel) and LRRK2-PD iPSC-derived DAn (second, third and fourth panels) at 30 days
of differentiation transduced with Control -GFP (first and second panels), RAC1 (WT)-
GFP (third panel) and RAC1 (CA)-GFP (fourth panel), and co-stained for GFP (green),
Tyrosine hydroxylase (TH) (red) and a-SYN (grey). Second row: Confocal images
representing the expanded pictures of the corresponding above neurons highlighted
within the white dashed square, evidencing a-SYN staining. Dot plot shows the
quantification of the average (in %) of a-SYN fluorescent intensity in every analyzed
neuron positive for TH and GFP. Statistical analysis is the result of comparing a-SYN
staining intensity of non-PD with LV-transduced DAn. Data are presented as mean
SEM. Statistics is One-way ANOVA with a Tukey's post hoc analysis ** P<0.01. (B)
Representative confocal micrographs of single DAn derived from non-PD (first panel)
and LRRK-2PD patients, transfected with Control-GFP (second panel), RAC1 (WT)-
GFP (third panel) or RAC1 (CA)-GFP (fourth panel). Extension bars are 10 pm. (Left
graph) This bar graph represents the number of neurites per neuron (primary,
secondary and tertiary), according to the indicated transduction, in non-PD and in PD-
derived cells. Statistical analysis is the result of comparing neurite number non-PD
with LRRK2-PD derived DA cells transduced with RAC1 (WT)-GFP or RAC1 (CA)-
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GFP. Data are presented as mean + SEM. Statistics is One-way ANOVA " P <0.05
and ** P<0.01. (Right graph) Quantitative analyses of the neurite length (in pym) in DAn
derived from non-PD and LRRK2-PD derived patients. Statistical analysis is the result
of comparing neurite number non-PD with LRRK2-PD derived DA cells transduced with
RAC1 (WT)-GFP or RAC1 (CA)-GFP. Data are presented as mean £ SEM. Statistics is
One-way ANOVA. *** P <0.001.

Figure 7: RAC1 activity increases the long-term survival of PD-derived DAn and
alleviates autophagy impairment. (A-D) Confocal images of non- PD (A) and PD-
iPSC derived DA cultures transduced with Control -GFP (B), RAC1 (WT)-GFP (C), and
RAC1 (CA)-GFP (D). stained for GFP (green), TH (red) and cleaved Caspase-3 (grey).
PD derived cells transduced with Control -GFP (second panel) showed increased
numbers of triple positive TH/GFP/Caspase 3 staining in TH+ neurons in comparison to
the other conditions tested, where cells were non-PD (first panel left) or transduced
with RAC1 (WT)-GFP and RAC1 (CA)-GFP (third and fourth panels respectively ).
Extension bar from A-D is 20 pym. (E) Bar graph showing the quantification of the
number of TH/GFP double-positive neurons presenting cleaved Caspase-3 staining
from 2 independent experiments. Data are presented as mean + SEM. Statistics, *
P<0.05, ** P < 0.01 and *"** P< 0.001, Two-way ANOVA, Tukey post hoc test. (F)
Confocal images of non-PD (left panel) and PD iPSC derived DA cultures transduced
with Control-GFP (second row), RAC1 (WT)-GFP (third row), and RAC1 (CA)-GFP
(fourth row), stained for GFP (green), TH (red) and LC3 (grey). Non-PD celis (first row)
and PD cells transduced with RAC1 (CA)-GFP (fourth row) showed similar amount of
LC3-ll positive vesicles in TH+/GFP+ neurons. Extension bar is 5§ pm. (G) Bar graph
showing the quantification of the neuronal soma area (in percentage %) covered by
LC3-ll positive vesicles in at least 15 DA neurons from 2 independent experiments.
Data are presented as mean * SEM. Statistics, * P<0.05, Two-way ANOVA, post hoc

Tukey test
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ABSTRACT

MicroRNA (miRNA) misregulation in peripheral blood has been linked to Parkinson
disease (PD) but its role in the disease progression remains elusive. We performed an
explorative genome-wide study of miRNA expression levels in dopaminergic neurons
(DAn) from PD patients generated by somatic cell reprogramming and induced
pluripotent stem cells (iPSC) differentiation. We quantified expression levels of 377
miRNAs in DAn from three sporadic PD patients (sPD), three monogenic LRRK2-
associated PD patients (L2PD) (total six PD), and four healthy controls. We identified
differential expression of ten miRNA of which five were up-regulated in PD (miR-9-5p,
miR-135a-5p, miR-135b-5p, miR-449a, and miR-449b-5p) and five down-regulated (miR-
141-3p, miR-199a-5p, miR-299-5p, miR-518e-3p, and miR-519a-3p). Changes were similar
in sPD and L2PD. Integrative analysis revealed significant correlations between
miRNA/mMRNA expression. Moreover, up-regulation of miR-9-5p and miR-135b-5p was
associated with down-regulation of transcription factors related to DNA
hypermethylation of enhancer elements in PD DAn (FOXA7 and NR3C17). In summary,
miRNA changes are associated with monogenic L2PD and sPD and co-occur with
epigenetic changes in DAn from PD patients.

KEYWORDS

Parkinson disease (PD); microRNA (miRNA); leucine-rich repeat kinase 2 (LRRK2);
dopaminergic neuron (DAn); transcription factor (TF)
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1. INTRODUCTION

Parkinson disease (PD) is a progressive neurodegenerative disorder characterized by
dopaminergic neural loss in the substantia nigra pars compacta (SNpc) and a related striatal
dopamine (DA) deficit leading to the classical motor symptoms of bradykinesia, rigidity, and
tremor (Lang and Lozano, 19983, b). The vast majority of PD cases are sporadic (sPD) and are
believed to result from a complex interplay between genetic and environmental risk factors of
which aging is considered the most important known disease risk (Reeve et al., 2014). Yet
around 5% encompass monogenic cases caused by Mendelian mutations segregating with
disease in affected families (Gasser, 2009). Of these, missense mutations in the leucine-rich
repeat kinase 2 (LRRK2) gene including the toxic gain-of-function G2019S located in the kinase
domain are the most frequent cause of monogenic PD. Interestingly, LRRK2 mutations have
been identified not only in familial LRRK2-associated PD (L2PD) but also in many sPD cases
suggesting reduced penetrance determined by additional modifiers of their pathogenic
expressivity (Healy et al., 2008). Since L2PD can resemble clinically and neuropathologically
sPD (Marmras et al., 2016) this form is being widely used to model common sPD and to gain
novel insights into the molecular alterations occurring in disease.

MicroRNAs (miRNAs) are small non-coding regulatory RNAs controlling gene
expression by the translational inhibition and degradation of their target mMRNAs (Bartel, 2009).
MIRNA alterations have been shown to contribute to the pathophysiology of neurodegenerative
disorders (Abe and Bonini, 2013; Dimmeler and Nicotera, 2013). Mounting evidence has
demonstrated differential miRNA expression changes in peripheral tissues from PD patients
such as whole blood (Alieva et al., 2015; Margis et al., 2011; Martins et al_, 2011; Serafinet al.,
2015; Soreq et al., 2013), plasma (Cardo et al., 2014; Khoo et al., 2012), and serum (Botta-
Orfila et al., 2012; Vallelunga et al., 2014) even at PD prodromal stages before clinical
manifestation of motor symptoms (Fernandez-Santiago et al., 2015b). These studies have
suggested a potential role of miIRNAs as candidate biomarkers for the diagnosis and prognosis

214



ANNEX IlI: RESEARCH ARTICLE

27
28

2 8 B

X8 5 R BB

8 &

41

42

43

45

47

49

51
52

of PD (Danborg et al., 2014). However, miRNA studies in the central nervous system (CNS)
have been hindered by the inaccessibility to dopaminergic neurons (DAn) from live patients. Yet
reports in post-mortem PD brain tissue have also shown that miRNA deregulation of at least
some specific miRNAs also occurs at advanced stages of disease (Fuchs et al., 2009; Kim et al.,
2007). Due to this limiting cell inaccessibility, the miRNA expression profile of DAn from PD
patients at more initial stages of the neurodegenerative process remains unknown until date.

Upon cell reprogramming of skin fibroblasts from patients with sPD and L2PD into
induced pluripotent stem cells (iPSC) and their differentiation into dopaminergic neurons (DAn)
we have previously generated and characterized a patient-derived disease-specific DAn model
of PD (Femandez-Santiago et al., 2015a; Sanchez-Danes et al., 2012b). In these iPSC-derived
DAnR cells, we have reported large epigenomic changes consisting in an aberrant DNA
methylation profile which was associated with both sPD and L2PD as compared to healthy
subjects (Femandez-Santiago et al., 2015a). We also reported that epigenomic changes
detected in these PD iPSC-derived DAN antedated disease-specific phenotypes emerging upon
long-term culture which included reduced axonal outgrowth, impaired autophagic vacuole
clearance, and accumulation of alpha-synuclein (SNCA) (Sanchez-Danes et al., 2012b). The
same patient DAn cell lines from these two previous studies were used here to further perform
an unbiased genome-wide miRNA expression study interrogating the expression levels of 377
miRNAs in three sPD patients, three L2PD patients, and four healthy controls. More specifically
here we have investigated whether specific miIRNA expression modifications occur in iPSC-
derived DAN from sPD as well as familial L2PD and concurrently we have also explored a
potential functional relation between miRNA and global gene expression changes observed in
our model.
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2. MATERIAL AND METHODS

2.1 Study Approval

The study conformed to the principles of the Declaration of Helsinki and the Belmont Report. All
participants gave written informed consent, and the study was approved by the Commission on
Guarantees for Donation and Use of Human Tissues and Cells of the Instituto de Salud Carlos
1l (ISCIII) and the ethics committee from the Hospital Clinic de Barcelona. Personal data was
anonymized and subject samples were codified to preserve confidentiality.

2.2 Subjects and generation of iPSC-derived DAn cell lines

Studied individuals included three patients with sPD reporting no family history of disease who
were negative in the LRRK2 mutational screening, three patients with familial L2PD who carried
the LRRK2 G2019S mutation, and four genetically unrelated healthy controls without familial
history of neurological disease. Clinical details from the patients and controls are summarized in
Table 1. Skin biopsies of 3 mm of diameter were performed in the alar surface of the forearm of
subjects and primary cultures of somatic skin cells (keratinocytes and fibroblasts) were
established. Cell reprogramming of somatic cells into iPSC was done based on the retroviral
delivery of a cocktail of three reprogramming factors including OCT4, KLF4, and SOX2.
Differentiation of iPSCs into DAn was carried out by the lentiviral delivery of the AS-subtype DAn
pattering factor LMX1A which enriches by 4-fold the yield of DAn, and co-culture with mouse
PAG feeding cells. Reprogramming and differentiation protocol (Sanchez-Danes et al., 2012a)
and cell line characterization of the DAN used in the present study have been previously
described elsewhere by our group (Ferandez-Santiago et al., 2015a; Sanchez-Danes et al.,
2012b). After 30-days of differentiation, resulting iPSC-derived DAn were subjected fo miRNA
expression profiling and also to the genome-wide gene expression and DNA methyiation
analyses previously published (Femandez-Santiago et al., 2015a).
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2.3 miRNA isolation

Total RNA containing enriched small RNAs (18 nucleotides upwards) was isolated from one
million cells using the miRNeasy Kit (QIAGEN) according to manufacturer instructions, and
resuspended in 30 yl of RNase-free water. Total RNA concentration and quality were
determined in a Nanodrop instrument. Average RNA yield using this method was of 10 ug ata
mean concentration of 300 ng/ pl per sample.

2.4 miRNA expression analysis

Retro-transcription of 400 ng of RNA samples enriched in miRNA into cDNA was performed
using the Megaplex RT Primer Pools - Human Pool A (Applied Biosystems, product datasheet:
hitps:/ftools.thermofisher.com/content/sfs/manuals/4399721c¢.pdf) in a PTC-200 thermocycler

(MJ Research). We mixed 6 pl of each cDNA product with a total of 394 pl of nuclease-free
water and 400 pl of TagMan Master Mix and loaded 100 pl of the RT-PCR reaction mix in each
port of the TagMan Array Human MicroRNA A Cards v2.0 (Applied Biosystems, product
datasheet: hitps://tools_thermofisher.com/content/sfs/manuals/cms 042326 pdf), also known as

TagMan Low Density Array (TLDA). Samples were centrifuged two times at 110 g during 1 min
and miRNA amplification was performed in a Viia7 1.0 Real-Time PCR system (Applied
Biosystems). Raw data was filtered out using the Expression Suite v1.0 software (Applied
Biosystems). Out of the 377 miRNAs included in the array, we considered for subsequent
analyses only the Cq values from miRNAs expressed below cycle 35 resulfing in 240 miRNAs.
Relative quantification of miRNA expression levels was done using the -ACt algorithm in the
DataAssist software v3.0 (Applied Biosystems). As endogenous normalizating controls, we
selected miRNAs showing the best normalization score (MammU6, RNU48, miR-26a, miR-484,
miR-744, and miR-26b) according to a method which has been previously described
(Vandesompele et al., 2002).
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2.5 Identification of differentially expressed miRNAs

We performed pair-wise comparisons between the groups of study - sPD, L2PD, total PD, and
controls - using a 2-tailed Student T-test. For each miRNA, we calculated the difference
between the expression levels in the two groups under comparison as relative quantity (RQ)
values (equivalent to fold-change values). We set the statistical significance threshold for
differential miRNA expression at P below 0.05 after multiple testing adjustment of raw P values
by false discovery rate (FDR) cormrection (Table 2). We used the DataAssist v3.0 pipeline for
hierarchical clustering analysis of differentially expressed miRNAs (DEmiR) using the average
linkage as clustering algorithm and the Pearson comrelation coefficient as distance measure
(Figure 1).

2.6 Biological enrichment analysis of genes targeted by miRNAs

We explored the genes targeted by the identified DEmIR using the sofiware DIANA-miRPath
v3.0 (Vlachos et al., 2015b). The tool predicts miRNA / target gene interactions
(http://www._microrna.gr/miRPathv3) and is based on more than half a million of experimentally

reported interactions and the DIANA-TarBase v7 algorithm (Vlachos et al., 20153a).
Subsequently, we performed a miRNA-target gene biological enrichment analysis and identified
affected canonical pathways using the DAVID extension (htips://david.ncifcrf.gov) of DIANA-

miRPath v3.0. To this end, we used both the union analysis mode including the summatory
effect of independent miRNAs, and also the more conservative gene intersection mode
considering only genes simultaneously targeted by at least three different miRNAs
(Supplemental Table 1).

2.7 Association of miRNA and gene expression changes

We overlapped DEmIR expression data with global gene expression data from 437 differentially
expressed genes (DEGs) identified previously in the same DAn cell lines from PD patients by a
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genome-wide transcriptomic analysis covering 96% of the transcriptome (Femandez-Santiago
et al,, 2015a). These DEG data are deposited in the Gene Expression Omnibus (GEO) under
accession number GSE51922. For identifying specific DEmiR / DEG pairs, we used the MAGIA
software (Sales et al., 2010) (http://genc omp.bio.unipd.it/magia/start/). The MAGIA pipeline

detects miRNA / mRNA significant correlations based on both predictive and experimentally
observed comelations. We considered only DEmIR / DEG interactions identified simuitaneously
by three independent algorithms including miRanda (sfringency score 20), PITA (stringency
score 300), and Targetscan, with a Spearman comrelation coefficient (r) above |0.60|, and with a
multiple testing adjusted P below 0.05 (Supplemental Table 2).

2.8 Functional network analysis of miRNA and gene expression changes

We used the DEmiIR and DEG interaction data described above to build interaction networks by
using the MAGIA software. For network visualization we used the Cytoscape software
(www.cytoscape.org) (Shannon et al., 2003). In the DEmiR / DEG network, yellow nodes

represent DEmiRs whereas white nodes represent DEGs, the size of nodes are proportional to
the number of direct interactions, and the thickness of edges are proportional to the degree of
correlation (Figure 2). We also performed a biological enrichment analysis of identified DEmiR /
DEG pairs by using the DAVID software (https://david.ncifcrf.gov) (Table 3).
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3. RESULTS

We performed a comprehensive genome-wide analysis of miRNA expression levels in iPSC-
derived DAn from PD patients and controls. Out of the 377 screened miRNAs, a total of 240
miRNAs showed detectable and quantifiable expression levels in our samples. Prior to statistical
analysis, unsupervised hierarchical clustering of expression values from these 240 miRNAs
showed expression profiles which mostly differentiated between PD patients (L2PD and sPD)
and healthy controls suggesting overall miRNA expression differences between these two
groups (Supplemental Figure 1). We then first compared the sPD and L2PD groups under a
multiple testing adjusted P below 0.05 and found no differentially expressed miRNA (DEmiR) in
between these two forms of disease indicating similar miRNA expression profiles. Using the
same conditions of ahove, we further identified ten differentially expressed microRNA (DEmIR)
in the PD group as a whole as compared to controls (Table 2). Of these, five DEmiR were
significantly up-reguiated in PD (miR- miR-9-5p, 135a-5p, miR-135b-5p, miR-449a, and miR-
449b-5p) whereas five were down-regulated (miR-141-3p, miR-199a-5p, miR-299-5p, miR-
518e-3p, and miR-519a-3p) (Figure 1). Collectively, these data indicate that DAn from PD
patients show alterations in miRNA expression compared to healthy controls. They also indicate
that sPD and L2PD share similar miRNA expression changes.

We next explored the molecular functions regulated by the identified DEmIR by
performing an in-silico biological enrichment analysis of their predicted target genes. To this end,
we overiapped the PD-associated DEmiR data with experimentally validated miRNA / target-
gene interaction data which are publically available at the DIANA-miRPath database (Vlachos et
al., 2015b). We used the union analysis mode which considers the summatory effect of
independent DEmIR, and also the more conservative intersection mode considering only genes
simuitaneously targeted at least by three different DEmiRs. Significantly enriched gene ontology
(GO) biological processes and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathways
included canonical pathways involved in cancer including melanoma, extracellular matrix (ECM),
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cytoskeleton dynamics, and PI3K kinase / Akt cell signalling (Supplemental Table 1). These
resulits suggest an effect of the PD-associated miRNA expression changes on the cytoskeleton,
axonal transport, cell adhesion, and cell survival in PD.

We then analyzed the relationship between PD differential miRNA expression and
previously observed gene expression changes from the same DAn lines (Femandez-Santiago
et al., 2015a). We found a significant association of 590 DEmIR / differentially expressed gene
(DEG) pairs under a Spearman correlation coefficient (r) above |0.6] and a multiple testing
adjusted P below 0.05 (See Material and Methods). Of these, 285 associations were inverse
and affected to a total of 167 different genes, whereas 305 were positive (Supplemental Table
2). On the other hand, apart from expected direct negative associations mediated by the direct
binding of DEmiR to specific motifs at the 3-UTR of regulated genes, positive associations have
also been previously reported in the literature (Ritchie et al., 2009). These positive associations
are thought to operate by indirect interactions through the binding and degradation of DEmiR to
intermediate molecules such as transcription inhibitors operating between the DEmiR and the
controlled genes, thus leading to their up-regulation (Ritchie et al., 2009). Overall, our findings
suggest that miRNA expression changes occurring in PD play a role in regulating gene
expression, both inversely and positively.

We further performed a functional network analysis of DEmiR and DEG correlating pairs.
We focused only in inverse DEmIR / DEG associations to specifically analyze classical direct
down-regulation effects of mIRNA on RNAs. We found two independent clusters (Figure 2).
Cluster 1 encompassed the PD down-regulated DEmiRs miR-141-3p, miR-199a-5p, miR-299-
5p, miR-518e-3p, and miR-519a-3p, and associated DEGs which interestingly, were largely
involved in specific neural functions such as neuron differentiation, neural projection
development, or axonogenesis among others (Table 3). In addition, cluster 2 included the PD
up-regulated DEmiRs miR-135a, miR-135b, miR-449a, miR-449b-5p, miR-9-5p, and associated
DEGs which were related to diverse homeostatic functions such as regulation of response to

1"
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external stimulus, endocytosis, or metabolic processes. Previously we have shown that PD up-
regulated DEGs were overall involved in neural functions whereas down-regulated DEGs in
different homeostasis processes (Femandez-Santiago et al., 2015a). Thus our miRNA data
here complements these previous expression observations in PD DAn by adding a new layer of
molecular data suggesting that the down-regulation of specific miRNA is related to
enhancement of specific neural functions, whereas the up-regulation of other miRNA is
associated with the down-regulation of basic homeostasis in PD.

We then dissected specific DEmiIR / DEG inversely associated pairs. We found that the
PD up-regulation of miR-9-5p was associated with the expression down-regulation of the
transcription factor (TF) FOXA1 (r=-0.87, adj. P=0.0052) whereas, in the same direction, the up-
regulation of miR-135b-5p was related to the down-regulation of the TF NR3C1 (r=-0.71, adj.
P=0.0308) (Supplemental Table 2). We previously showed that the gene expression deficit of
FOXA1 and NR3C1, among other TFs, was related to the DNA hypemmethylation of enhancer
elements in iPSC-derived DAn from PD patients (Femandez-Santiago et al., 2015a).
Contrariwise, we also found that the down-regulation of miR-199a-5p was associated with the
gene expression up-regulation of ZIC1 (r=-0.93, adj. P=0.0012), NELL2 (r=-0.90, adj. P=0.0024),
and OTX1 (r=-0.87, adj. P=0.0052) whereas, in the same direction, the down-regulation of miR-
519a-3p was related to the up-regulation of DCC (r=-0.90, adj. P=0.0062). Previously we
reported that ZIC1, NELL2, OTX1, and DCC among others are top DEGs involved in neural
functions showing differential gene expression up-regulation in PD (top-20 list of 437 DEGs)
(Femandez-Santiago et al., 2015a). Altogether these data suggest that the specific miRNA
expression changes in PD could be related to the aberrant DNA methylation mediated by the
deficit of key TFs FOXA1 and NR3C1 and also to specific gene expression changes observed in
our DAn model.
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4. DISCUSSION

We report the first explorative genome-wide study of miRNA expression levels in iPSC-derived
DAn from PD patients, with either sPD or monogenic L2PD, and unrelated healthy controls.
After multiple-testing adjustment, we identified differential expression of ten miRNA in PD
patients as compared to controls of which five DEmiR were up-regulated in PD (miR- miR-9-5p,
135a-5p, miR-135b-5p, miR-449a, and miR-449hb-5p) whereas five were down-regulated (miR-
141-3p, miR-199a-5p, miR-299-5p, miR-518e-3p, and miR-519a-3p).

Among PD up-regulated DEmIR, changes in miR-9-5p and miR-135b-5p expression
were previously associated with PD in samples from patients but miR-135a-5p, miR-449a, and
miR-449b-5p have also been linked to disease in earlier studies. MicroRNA miR-9-5p was found
to be up-regulated in peripheral blood from PD patients (Alieva et al., 2015). Moreover, up-
regulation of miR-9 was associated with down-regulated expression of glial cell line-derived
neurotrophic factor (GDNF), a key neurotrophin which increases the number of adult DAn in the
SNpc and promotes survival of DAn both in-vivo and in-vitro (Kumar et al., 2015). MicroRNA
miR-135a-5p is invoived in delimiting the dorso-ventral extent and allocation of DAn progenitors
by targeting LMX18 and other genes of the Wnt signalling pathway during midbrain
development (Anderegg et al., 2013). Also, this miRNA has been reported to be compensatorily
protective in aduit DAn of a 1-methyi-4-phenyl-1,2,3 6-tetrahydropyridine (MPTP) subacute
mouse model of PD (Liu et al., 2016). In addition, expression levels of the functionally closely
related miR-135b-5p (Anderegg et al., 2013) were found to be deregulated in SNpc from PD
patients (Cardo et al., 2014) and also in cerebrospinal fluid (CSF) from Alzheimer disease (AD)
patients (Liu et al., 2014). Finally, miR-449a and miR-449b are involved in normal brain
development and microtubule dynamics (Wu et al., 2014) and have been predicted to target a-
synuclein, the major aggregating protein found in Lewy bodies (LB) from PD patients (Heman-
Ackah et al., 2013). In addition, another study has shown deregulation of miR-9 and miR-449b
in putamen and also in CSF from PD patients (Hesse and Arenz, 2014).
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Regarding DEmiR down-regulated in PD, abnormally reduced expression of miR-141-3p,
miR-199a-5p, and miR-299-5p was already reported in biological samples from PD patients in
recent studies whereas miR-518e-3p and miR-519a-3p misregulation have not been earlier
related to PD. MicroRNA miR-141 expression levels were significantly reduced in serum
samples from PD patients at early Hoehn&Yahr motor stages | and Il (Dong et al., 2016).
Moreover, a recent study applying a systems biology approach has identified miR-141-3p as
hub miRNA in a TF-miRNA-mRNA regulatory network involved in PD and postulated this
miRNA as potential biomarker and therapeutic target in PD (Chatterjee et al., 2014). MicroRNA
miR-199a-5p has been shown to be down-regulated in peripheral blood mononuclear cells
(PBMCs) from PD patients (Martins et al., 2011) and this miRNA was also predicted fo target a-
synuclein (Heman-Ackah et al., 2013). In addition, expression levels of miR-299-5p have also
been found to be down-regulated in SNpc from PD patients (Cardo et al., 2014). Finally, miR-
518e-3p and miR-519a-3p have shown up-regulated expression in specific types of cancer (Flor
et al., 2016; Wei et al_, 2016) but their potential involvement in neurodegenerative diseases has
not been previously reported.

We showed that genes targeted by the identified DEmiIR were involved in regulating
cytoskeleton dynamics, axonal transport, cell adhesion and cell survival, comprising canonical
pathways previously shown to be altered in PD (Edwards et al., 2011; Grunblatt et al., 2004;
Mandel et al., 2005; Mutez et al., 2011). This is in line with reports linking LRRK2 function to
Rho GTPases which play a critical role in neurite growth by the remodeling of actin cytoskeleton
(Chan et al., 2011; Habig et al., 2013) and also imbhalances in the related Akt/ PI3k pathway
regulating survival in PD (Romani-Aumedes et al., 2014). For instance, miR-135a-5p has been
shown to target the 3-UTR and inhibit mRNA franslation of Rho-associated protein kinase 2
(ROCK2) which promotes neurodegeneration during the progression of PD in neuronal cells,
acting as a compensatory mechanism (Liu et al., 2016; Saal et al_, 2017). It is important to
mention that the PD DAn cells studied here showed reduced axonal outgrowth and survival via
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caspase 3 cleavage, among others phenotypes, upon the 75-days long-term culture (Sanchez-
Danes et al., 2012b). Although we do not provide a functional link of these long-term funtional
alterations with early miRNA deregulation at 30-days culture, it is plausible that these processes
could be related.

We also found that DEmiR identified in PD are associated with gene expression
changes suggesting a role in regulating gene expression, which we observed can occur both
inversely and positively. Focusing in classical direct inverse DEmIR / DEG associations, we
found two miRNA / mRNA clusters including Cluster 1 which encompassed PD down-regulated
DEmIRs and associated DEGs which were largely involved in specific neural functions, and
cluster 2 comprising PD up-regulated DEmiRs and associated DEGs which were related to
diverse homeostatic functions. This finding adds a new layer of complexity to our PD DAn
system providing additional molecular changes of miRNA expression correlating with previously
observed gene expression changes (Femandez-Santiago et al., 2015a). Our data also show
that PD DEmIR alterations co-occur in early 30-days DAn cultures with large PD-associated
DNA methylation changes encompassing an hypermethylation of genomic enhancer elements
which was related to a deficit of a network of TF relevant to PD (FOXA1, NR3C1, HNF4A and
FOSL2) (Femandez-Santiago et al., 2015a). More specifically, we found that up-regulation of
miR-9-5p and of miR-135b-5p were associated with down-regulation of FOXA1 and NR3C1
respectively, suggesting a functional link between miRNA changes of gene expression of TF
which are important for the correct epigenetic patteming of DAn in PD.

miRNA profiles were largely similar in sPD and L2PD which overall did not show
differences in miRNA expression between each other. This finding is in line with previous
transcriptomic, epigenomic (Femandez-Santiago et al., 20153a), and phenotypic changes
(Sanchez-Danes et al., 2012b) previously observed in PD DAn which were also largely common
in sPD and L2PD. Our resuits also agree with previous reports showing that, yet with specific
differences (Marras et al., 2016), L2PD largely resembles common sPD clinically and
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neuropathologically (Healy et al., 2008). In addition, our study uncovers changes of miRNA
expression which are associated with PD and co-occur with transcriptomic and epigenomic
changes antedating late PD neurodegenerative phenotypes. Altogether these data suggest that
multi-layered molecular changes occur simuitaneously in PD, a concept which is compatible
with the well-accepted complex multifactorial character of disease. Moreover, our PD DAn
model exhibited mIRNA expression alterations which were previously reported in other
biological samples from PD patients such as PD peripheral blood (miR-9-5p), PD serum (miR-
141-3p), PBMCs (miR-199a-5p), SNpc (miR-135b-5p, miR-299-5p), and putamen and CSF
(miR-9 and miR-449b). Finally, our study also indicates that iPSC-derived DA from PD patients
can prove a useful humanized cell system which, while preserving the patient genomic
background, can recapitulate molecular alterations occurring in PD providing a unique tool fo
model disease at the cellular level.
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APPENDIX A. SUPPLEMENTARY DATA

Supplemental data to this article can be found at attached appendix.
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Table 1

Clinical details of PD patients and iPSC-derived DAn cell lines characterized by genome-wide miRNA expression analysis

ANNEX IlI: RESEARCH ARTICLE

Celline %%  gupect (RRK2  Famiy Ageat  Ageat  Inital L-oops Selecled Celirafo = Celalio
e — LRRIC  history  Gender b ot e PSC  TWI'DAP  THTUNI'
study* of PD FeSponse  one (neurons)* (DA neurons)

co1 SP15  Contol  No No Female 47 - R - 15-2 U7 450

c02  SP11 Contol No No Female 48 - - - 111 400 500

C03  SP08  Contol No No Male 66 - - - o4 522 555

C04  SP17  Contol No No Male 52 - - - 172 540 858

PDO1  SP-13  L2PD  G20195  Yes Female 88 57 T Good 134 470 852

PD-04 SP-16  sPD No No Female 51 48 B N/A 18-2 21 552

PD05 SP06  L2PD  G20195 Yes Male 44 2 T Good 62 400 8190

PDO7  SP12  L2PD  G20195 Yes Female 63 40 T Good 123 427 80.0

PD08  SPD1  sPD No No Female 63 58 TandB  NA 11 22 440

PD-10___ SP08 _ sPD No No Female 86 80 T Good &1 418 87.1

Key: sPD, sporadic PD; L2PD, LRRK2-associated PD; N/A, not assessed; T, tremor; B, bradykinesia; D, foot dystonia; iPSC, induced pluripotent

stem cell; DAn, dopaminergic neuron; miRNA, microRNA.

* Ratio of neurons / total cells, calculated by immunofiucrescence as the ratio of TUJ1 (neuron-specific class |1l b-Tubulin)-positive cells/ DAPI-

positive cells.

® Ratio of iPSC-derived DAn / total neurons, calculated by immunofiuorescence as the ratio of TH (tyrosine hydroxylase)-positive cells / TUJ1

positive cells.

* Sanchez-Danes, A, et al., 2012b. Disease-specific phenotypes in dopamine neurons from human iPS-based models of genetic and sporadic

Parkinson's disease. EMBO Mol Med. 4(5):380-85.

Fernandez-Santiago, R., et al., 2015a. Aberrant epigenome in iPSC-derived dopaminergic neurons from Parkinson's disease patients. EMBO Mol

Med. 7, 1520-46.
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Table 2
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Differentially expressed microRNAs (DEmiR) associated with PD ordered by statistical significance

Differencs

Assay

mean 2°¢

mean 27

expressed Commercial expression expression Fold Expression P-value me
microRNA Code levels + SD. levels £ S.0. (FC) change adj. P-value
(DEmiR) (ABI) nPD in controls

hsa-miR-135a-5p 4373140 0.300 +0.140 0.011 £ 0.005 26.78 Up-regulated 0.000017 0.004
hsa-miR-135b-5p 4385372 0.313+0.060 0.058 +0.013 528 Up-regulated 0.0001 0.008
hsa-miR-448a 4373207 0.380 £ 0.250 0.007 + 0.005 51.76 Up-regulated 0.0001 0.007
hsa-miR-449b-5p 4381011 0.150 £+ 0.095 0.003 + 0.002 4097 Up-regulated 0.0001 0.007
hsa-miR-199a-5p 4373272 0320:0.145 0.822+0414 3.3 Down-regulated 0.0008 0.035
hsa-miR-209-5p 4373188 0.001 +55E-5 0.003 + 0.001 -333 Down-regulated 0.0000 0.035
hsa-miR-518e-3p 4395508 0.0026 + 0.001 0.067 + 0.060 -2430 Down-regulated 0.0011 0.035
hsa-miR-8-5p 4373285 2280+2.130 0.018+0.015 133.068 Up-regulated 0.0012 0.035
hsa-miR-141-3p 4373137 0.000 +0.004 0.026 + 0.007 -294 Down-regulated 0.0014 0.035
hsa-miR-519a-3p 4395526 0.003 £+ 0.0000 0.054 £ 0.042 -17.00 Down-regulated 0.0016 0.035

Key: S.D, standard deviation.
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Table 3
Biological enrichment analysis of DEmiR / DEG pairs from interaction clusters 1 and 2 identified in PD. Key:
DEmIR, differentially expressed miRNA; DEG, differentially expressed gene.

Cluster 1 terms (down-regulated DEmiR. up-regulated DEG) :;};:fs 2:':’ P Value g;’_";";::‘e
G0:0030182~neuron differentiation 13 63 5.68E-07 4 59E-04
G0O:0048858~cell projection morphogenesis 10 63 1.58E-08 6.43E-04
G0:0032980~cell part morphogenesis 10 63 2.20E-08 6.18E-04
G0:0031175~neuron projection development 10 63 2.20E-08 6.16E-04
G0:0048667~cell morphogenesis involved in neuron differentiation e} 63 4 GOE-06 9.47E-04
G0:0048812~neuron projection morphogenesis e} 63 5.40E-08 8.72E-04
GO:0030030~cell projection organization 1 63 5.90E-08 8.06E-04
GO:0000904~cell morphogenesis involved in differentiation e} 63 1.46E-05 0.0017
G0:0048666~neuron development 10 63 2.21E-05 0.0022
G0:0007409~axonogenesis 8 63 2.73E-05 0.0025
G0O:0000902~cell morphogenesis 10 63 3.24E-05 0.0026
G0:0032988~cellular component morphogenesis 10 63 7.55E-05 0.0055
GO:0060562~epithelial tube morphogenesis 5 63 2.47E-04 0.0165
G0:0021915~neural tube development 5 63 2.62E-04 0.0161
GO:0001843~neural tube closure 4 63 3.41E-04 0.0185
GO:0060608~tube closure 4 63 3.41E-04 0.0185
GO0:0014020~primary neural tube formation 4 63 4 53E-04 0.0241
G0O:0048588~embryonic morphogenesis 8 63 4 80E-04 0.0244
GO:0001841~neural tube formation 4 63 8.03E-04 0.0374
Cluster 2 terms (up-regulated DEmiR, down-regulated DEG) :ern:fs ;::‘aelsd P Value E;’_";"J'an;‘e
GO0:0044057~regulation of system process e} 64 8.80E-05 0.0850
GO:0006780~sulfur metabolic process 6 64 1.93E-04 0.1038
GO:0051094~positive regulation of developmental process 8 64 2.97E-04 0.1083
GO:0045597~positive regulation of cell differentiation 7 64 6.60E-04 0.1730
GO0:0032101~regulation of response to external stimulus [} 64 8.55E-04 0.1764
GO:0006898~receptor-mediated endocytosis 4 64 0.0018 0.3035
G0O:0019915~lipid storage 3 64 0.0031 0.3968
G0O:0048754~branching morphogenesis of a tube 4 64 0.0034 0.3852
G0:0006887~endocytosis 6 64 0.0038 0.3617
G0O:0010324~membrane invagination 6 64 0.0038 0.3617
GO:0001568~patteming of blood vessels 3 64 0.0042 0.3822
GO:0006937~regulation of muscle contraction 4 64 0.0048 0.37685
GO0:0001763~morphogenesis of a branching structure < 64 0.0049 0.3735
GO0:0051241~negative regulation of multicellular organismal process 5 64 0.0071 0.4841
GO:0016044~membrane organization 7 64 0.0084 0.4870
GO:0048661~positive regulation of smooth muscle cell proliferation 3 64 0.0091 0.4993
G0:0048878~chemical homeostasis 8 64 0.0095 0.4905
GO:0042127~regulation of cell proliferation 10 64 0.0102 0.4870
G0O:0006940~regulation of smooth muscle contraction 3 64 0.0135 0.5748
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Fig. 1.

Identification of differentially expressed miRNA (DEmiR) in PD. (A) Volcano plot showing up-regulated
DEmIR in upper right and down-regulated DEmIR in upper left cuadrants. Honzontal axis represents
relative miIRNA expression levels between PD and confrols whereas vertical axis represents P-value.
(B) Heatmap showing the ten DEmiIR associated with PD and density color code for miRNA
expression levels showing discrimination between PD either sPD or L2PD, and healthy controls. Key:
DEmIR, differentially expressed miRNA; sPD, sporadic PD; L2PD, LRRK2-associated PD.
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ANNEX III: RESEARCH ARTICLE
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Fig. 2.

Interaction network of differentially expressed miRNA (DEmiR) and differentially expressed genes
(DEG) identified in PD showing two interaction clusters which encompass Cluster 1 of PD down-
regulated DEmiR, and Cluster 2 of PD up-regulated DEmIR, and their respective interacting DEGs.
DEmIR are represented in yellow, and DEG in white. The size of DEmIR / DEG nodes are
proportional to the number of direct DEmiR / DEG interactions, and thickness of edges from DEmIR to
DEG are proportional to the degree of correlation. Key: DEmiR, differentially expressed miRNA; DEG,

differentially expressed gene.
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