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Resumen 
 
La enfermedad de Parkinson (EP) es la segunda enfermedad neurodegenerativa más común tras 
la enfermedad de Alzheimer afectando a alrededor del 1% de la población mayor de 60 años. 
Causa una incapacidad progresiva en los pacientes con una importante afectación de las 
funciones motoras y en la mayoría de los casos desemboca otras disfunciones no motoras como 
depresión, ansiedad, trastornos de la función autonómica 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 formación de acúmulos 
proteicos en los cuerpos y las neuritas de las neuronas supervivientes. Estos acúmulos, que 
reciben el nombre de cuerpos de Lewy, están compuestos principalmente por la proteína alfa-
sinucleína. 
 
Pese a los hallazgos genéticos de las últimas décadas, la mayoría de los casos son clasificados 
como idiopáticos. Sin embargo, cerca del 15% de los casos presentan una historia familiar y en 
cerca del 30% de los mismos se conoce la mutación 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 mutación más común, la sustitución Gly2019Ser (G2019S). Inesperadamente, esta 
mutación también se encuentra en el 1-2% de los casos esporádicos y está asociada a un 
parkinsonismo clínicamente indistinguible del de los casos idiopáticos (Bardien S. et al., 2011). La 
mutación presenta una penetrancia incompleta que varía entre poblaciones y que está 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 característica interesante de la sustitución G2019S es que en familias 
con historia de EP hay una frecuencia aumentada de fenocopias, esto es, miembros afectados no 
portadores de la mutación (Latourelle J. C. et al., 2008). Finalmente, la relación entre LRRK2 y la 
EP esporádica no sólo se limita a la mutación -rara- G2019S. Estudios de asociación a escala 
genómica han implicado también a polimorfismos frecuentes situados en el locus de LRRK2 en la 
enfermedad esporádica (Nalls M. A. et al., 2014). 
 
Por todo ello, la determinación de los mecanismos protectores frente a la acción patogénica de 
LRRK2 son de gran interés desde el punto de vista terapéutico, ya que pueden ayudar a combatir 
no sólo los casos de EP asociados a mutaciones en LRRK2 sino también los casos idiopáticos. 
Para ello, en el contexto de este proyecto hemos analizado la penetrancia de la mutación G2019S 
en nuestro modelo in vitro de la EP, confirmando que la protección in vivo de los individuos 
portadores asintomáticos se reproduce in vitro e iniciando una aproximación para determinar los 
factores genéticos responsables de dicha protección. 
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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 α-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 Ctrl-iPSC. We have also identified mutation-linked phenotypes such as α-
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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GWAS: genome-wide association study 
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LRRK2 G2019S mutation 

L2-PD: PD patient carrying the LRRK2 
G2019S mutation 
MPTP: 1-methyl-4-phenyl-1,2,3,6-
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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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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 19th 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 (Peñas 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). 
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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 (Iranzo 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 (MAO-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 (Hernán 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 Italian 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; Muñoz et al. 1997; Vaughan et al. 1998). In the years that followed, many 
other alpha-synuclein mutations (Krüger et al. 1998; Zarranz et al. 2004) and locus multiplications 
(Ibáñez 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 (PARK6) (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 PARK8 was identified. Several coding mutations were found to segregate with the 
disease in 3 Basque and 1 English families (Paisán-Ruíz 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 Italy 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 (Vilariño-Güell et al. 2011; Zimprich et al. 2011), TNR and TNK2 (Farlow et al. 2016), 
CHCHD2 (Funayama et al. 2015), TREM230 (Deng et al. 2016) and DNAJC13 (Vilariño-Güell 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.  
 

  

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 
CODE 

Gene 
name 

Chr. 
location 

Inheritance Onset Histopathology Proposed pathway 

PARK1, 
PARK4 

SNCA 4q22.1 AD EOPD LB+ Multiple 

PARK2 PRKN 6q26 AR EOPD Absence of LB in most 
of the cases 

Mitochondrial 

* PARK5 UCHL1 4q13 AD LOPD N/R Proteostasis 

PARK6 PINK1 1p36.12 AR EOPD LB+ in a few cases Mitochondrial 

PARK7 DJ-1 1p36.23 AR EOPD N/R Redox 

PARK8 LRRK2 12q12 AD LOPD Mutation-dependent 
LB+, tauopathy in few 
G2019S cases 

Vesicle trafficking, 
lysosome 

PARK9 ATP13A2 1p36.13 AR JPD LB N/R, iron deposition Lysosome 

*PARK11 GIGYF2 2q37.1 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 
of the cases 

Lipid metabolism 

PARK15 FBXO7 22q12.3 AR JPD N/R Mitochondrial 

PARK17 VPS35 16q11.2 AD LOPD LB- Vesicle trafficking 

*PARK18 EIF4G1 3q27.1 AD LOPD LB+ Translation control 

PARK19A/B DNAJC6 1p31.3 AR JPD (A), 
EOPD 
(B) 

N/R Vesicle trafficking 

PARK20 SYNJ1 21q22.2 AR EOPD N/R Vesicle trafficking 

**PARK21 DNAJC13 3q22.1 AD LOPD LB+ Vesicle trafficking 

**PARK21 TMEM230 20p12 AD LOPD LB+ Vesicle trafficking 

*PARK22 CHCHD2 7p11.2 AD LOPD N/R Mitochondrial 

PARK23 VPS13C 15q22.2 AR EOPD LB+ Mitochondrial, vesicle 
trafficking 

- ***TNR 1q25.1 AD LOPD N/R Neurite growth, cell 
adhesion and Na 
channel functioning 

- ***TNK2 3q29 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)  

 
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 Ramírez 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 Bag5, 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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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. 
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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 
LRRK2, 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. Philstrøm 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 (Pihlstrøm 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 1q32.1 and 16q12.1 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 1q23.3 to 1q24.3. 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 querying 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-ữ, 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. 
Simón-Sánchez 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 (Simón-Sánchez 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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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; Lupiáñez 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 PARK3, 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 PARK3 were related to 
AAO. The latter association was detected with a SNP located in the AAK1 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 neurodegeneration 
 
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. SREBF1 is 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 (Ivatt 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; Vilariño-Güell 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; Brüggemann 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. 
 



	
 

	

	
INTRODUCTION 

	
	 	

42 

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). 



	
 

	

	
INTRODUCTION 

	
	 	

43 

 
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-β (hPDGF-β) 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-β:hα-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 



	
 

	

	
INTRODUCTION 

	
	 	

45 

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 Klf4. 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 H2O2 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 Sánchez-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 Sánchez-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 Sánchez-
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. Sánchez-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 Sánchez-Danés et al. (2012) 
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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)		
	

	
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 Sánchez-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 17q21.31 
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).  
TALENs 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, ß-gal). Many successful cases have been described in the 
literature. In the case of such as reporters for Synapsin-I (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 PITX3EGFP/wt 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 PITX3EGFP/wt 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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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 III 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 µM 2-mercaptoethanol (Invitrogen), non-essential 
aminoacids (Lonza) and 10 ng/ml bFGF (Peprotech). Cultures were maintained at 37°C, 5% 
CO2, 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 FokI 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 pSpCas9(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 BbsI 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 KpnI-XhoI 
(5’HA) and SpeI-NotI (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 SalI-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 KpnI-ApaI (5’HA) and SpeI-XbaI (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 ApaI-XhoI sites of the pBS-5’HA-3’HA 
plasmid. Finally pRex1-Neo-SV40 was inserted between the XhoI and SpeI 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 µM Y-
27632 (RI; Miltenyi-Biotech), disaggregated to small clumps using Accutase 
(eBiosciences), resuspended in ice-cold chESC medium supplemented with RI and 
containing 15 µg of each TALEN monomer-coding plasmids and 30 µg 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 µF 
(time constant should be between 10 and 14 milliseconds). After being pulsed, cell 
suspension was seeded in 10-cm plates coated with Matrigel containing RI-supplemented 
chESC medium. 72 hours post-transfection, 50 µg/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 μM of Y-27632 
(Milteny-Biotech), 100 nM of LDN 193189 (120-10C Peprotech), 10 μM 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 µg/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 ImageJ 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 ImageJ cell counter plug-in (NIH). 
 

Exome sequencing 
A total of 3 healthy controls, 7 sporadic PD patients, 4 LRRK2 G2019S PD patients 
described elsewhere (Sánchez‐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 QIAamp mini DNA kit 
(Qiagen). Whole exomes were captured with the SureSelect V5 kit (Agilent) and were 
sequenced on an Illumina 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 TaqMan 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 AAO 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 µ-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 CO2 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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Figure 11: Recruitment of aged NMC of the LRRK2 G2019S mutation and iPSC generation and 
characterization.  
A) 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 
SSEA4 (red).  

B) 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 α-fetoprotein. green. and FOXA2. red) and mesoderm (stained for smooth 
muscle actin. SMA. red). 

C) Normal karyotype from selected L2-NMC iPSC clones. 
D) RT-qPCR 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. 
E) Bisulphite genomic sequencing of the NANOG and OCT4 promoters showing demethylation in L2-NMC 

iPSC lines. 
F) Sanger sequencing of LRRK2 exon 41 revealed the presence of the G2019S in heterozygosis. 
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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 
Sánchez-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 I assay (Fig. 12B and C). 
 

	
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 T7EI 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. 
A) Scheme of the experimental procedure followed in order to correct the G2019S mutation using TALENs. 
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). 
 
 

	
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. Sánchez-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). 
 
 

	
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) Quantification 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 Sánchez-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) Scheme depicting the in vitro DA neuron differentiation protocol for 

long-term studies.  
C) 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 Sánchez-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-I 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) Quantitative 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 SYNJ1 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 LRRK2 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 AAO 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. 

		

	
	
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 AAO in different groups under a dominant model. 
F) Case-control association study of rs143655258 in different groups. 
	 	

GAK rs1134921 association with AAO under a recessive model

Cohort Genotype n AAO mean 
(S.E.) Difference (95% CI) P-value

L2-PD 
(n=171)

C/C-C/T 166 55.59 (1.02) -
0.35

T/T 5 62.8 (1.78) 5.55 (-6.07 - 17.18)

sPD
(n=144)

C/C-C/T 140 56.37 (1.05) -
0.12

T/T 4 65.75 (4.91) 9.80 (-2.48 – 22.08)

L2-PD+sPD 
(n=315)

C/C-C/T 306 55.95 (0.73) -
0.072

T/T 9 64.11 (2.26) 7.69 (-0.67 - 16.06)

GAK rs1134921 association with case-control status

Cohort Genotype
Frequency

P-value
Control (n=383) Case*

L2-PD+L2-
NMC

(n=225)

C/C 0.78 0.75 
0.022 C/T 0.22 0.22 

T/T 0.01 0.03 

sPD
(n=160)

C/C 0.78 0.75 
0.016 C/T 0.22 0.22 

T/T 0.01 0.03 

L2-PD
(n=168)

C/C 0.78 0.75 
0.073 C/T 0.22 0.23 

T/T 0.01 0.02 

L2-NMC
(n=57)

C/C 0.78 0.74 
0.017 C/T 0.22 0.21 

T/T 0.01 0.05 

* In the case of L2-NMC. they are considered as case despite they 
are not diagnosed with PD.
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SCARB2 rs143655258 association with AAO under a dominant model

Cohort Genotype n AAO mean 
(S.E.) Difference (95% CI) P-value

L2-PD 
(n=164)

T/T 160 55.69 (1.02) -
0.03

C/T 4 71.25 (2.25) 14.32 (1.52 - 27.13)

sPD
(n=143)

T/T 141 56.61 (1.05) -
0.54

C/T 2 61.5 (6.5) 5.54 (-12.01 – 23.09)

L2-PD+sPD 
(n=307)

C/C-C/T 301 56.12 (0.73) -
0.028

T/T 6 68 (3.01) 11.50 (1.31 – 21.70)

SCARB2 rs143655258 association with case-control status

Cohort Genotype
Frequency

P-value
Control (n=383) Case*

L2-PD+L2-
NMC

(n=222)

T/T 0.97 0.96 
0.6 

C/T-C/C 0.03 0.04 

sPD
(n=160)

T/T 0.97 0.98 
0.4 

C/T 0.03 0.02 

L2-PD
(n=168)

T/T 0.97 0.98 
0.58 

C/T 0.03 0.02 

L2-NMC
(n=57)

T/T 0.97 0.91 
0.054 

C/T-C/C 0.03 0.09 

* In the case of L2-NMC. they are considered as case despite they 
are not diagnosed with PD.
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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.  
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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-mOrange 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/Cas9 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-mOrange 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 
SSEA4 (red).  

E) Normal karyotype from TH reporter control and L2-PD iPSC clones. 
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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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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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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 (Sánchez-Danés et al., 2012) or upon mutant LRRK2 overexpression in other 
neuronal subtypes (MacLeod et al, 2007). Further studies are needed to understand this 
early phenotypic difference between control and L2-PD DA neurons. 
 

	
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 µm/s) or along F-actin filaments (speed = 0.29-1 
µm/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.  
 

 
	
Figure 14: Application of the TH reporter iPSC lines in neurite morphology analysis 
A) Live imaging of neurons positive for Synapsin-I expression (green) or DA neurons positive for 

TH::mOrangeexpression (red). Mitochondrial were labelled with mitotracker red and green respectively. 
B) Quantification 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) Quantification 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 1q32.1 and 16q12.1 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 DNAJC13 mutations being causative for AD-PD (Vilariño-Güell 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 I to type III, 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 SCARB2 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 vitro 
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 GRIN2A 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 (MacLeod et al. 2013; Pihlstrøm 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 Sánchez-
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 
SCARB2 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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