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“… there appears to be sufficient reason for hoping that some remedial process may ere long 

be discovered, by which, at least, the progress of the disease may be stopped” 
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Abstract 

Movement disorders comprise a group of diseases of genetic and idiopathic origin that 

are characterized by impaired movement control. Affected individuals are disabled, their quality 

of life is significantly reduced and often their life expectancy is also shortened. Genetic causes 

have been identified for several of these disorders, including Parkinson's disease (PD) and 

spinocerebellar ataxias (SCAs).  

The α1-subunit of the human voltage-gated Cav2.1 (P/Q-type) Ca2+ channels has been 

associated with several rare autosomal-dominant neurologic disorders, including familial 

hemiplegic migraine type 1 (FHM1), episodic ataxia type 2 (EA2) and spinocerebellar ataxia 

type 6 (SCA6). On the other hand, PD is the worldwide second most common 

neurodegenerative disorder, characterized by motor dysfunction as the result of selective loss 

of dopaminergic neurons (DN) in the substantia nigra. Currently, there are no neuroprotective 

long-term treatments available for either disease group and their pathogenesis is still poorly 

understood. The experimental work shown in this thesis focusses in three aspects: genetic 

modifiers of incoordination, molecular interactors of LRRK2 and the molecular characterization 

of a PD patient’s brain, using the organism C. elegans and mammalian cells. 

To identify modifiers of incoordination in movement disorders, we performed a large-

scale functional RNAi screen, using the C. elegans UNC-2 mutant, which carries a truncating 

mutation in the unc-2 gene (e55), the worm ortholog for the human CACNA1A. We were able 

to expand the functional network of molecular pathways involved in CACNA1A-related ataxia 

to include Notch signaling. We also engineered a C. elegans strain to carry the G1876S 

mutation in the endogenous LRK-1 gene, the worm ortholog for the human LRRK2 G2019S 

substitution. These worms showed late stage degeneration of DN and minor movement 

dysfunction. Using both worms and mammalian cells, we identified two new LRRK2 physical 

interactors, HSP60 and spatacsin although the biological significance of these interactions is 

still undetermined. HSP60 does not appear to be a modifier of DA degeneration in the LRK-

1(GS) worm. Interestingly, HSP60 and spatacsin are themselves associated with movement 

disorders. 

We also molecularly characterized a PD patient, which we found to be homozygous for 

a novel deleterious variant (c.515T>A, p.L172Q) in the PARK7 gene, encoding DJ-1. We 

provide the first neuropathological report of a PARK7 brain that, although based on a single 

case study, suggests that loss of DJ-1 leads to diffuse α-synuclein pathology. We 

demonstrated that L172Q is highly unstable and was completely absent from the patient’s brain 

presumably due to rapid proteasomal degradation. Differential gene expression in DJ-1 KO 

SH-SY5Y cells highlighted deregulated biological processes primarily related to signal 



 x 

transduction, neuronal differentiation and cell growth with particular emphasis on AKT 

signaling, which may provide new clues into the molecular mechanisms involved in PARK7-

related PD.  

The search for novel molecular interactors and disease modifiers, together with the 

more in-depth study of a PARK7 PD patient, allowed us to expand the knowledge on the 

molecular interactors and functional networks associated with movement disorders. 
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Resumo 

As doenças do movimento englobam um grupo de doenças com origem genética e 

idiopática caracterizadas por dificuldades no controlo do movimento. Os indivíduos afetados 

por este tipo de doenças têm a sua qualidade de vida significativamente diminuída pela 

redução na mobilidade a que, por vezes, se associa também uma redução na esperança de 

vida. Para várias destas doenças, incluindo a Doença de Parkinson (DP) e ataxias 

espinocerebolosas (SCAs), já são conhecidas várias causas genéticas. 

A subunidade α1 dos canais de Ca2+ tipo P/Q (Cav2.1), dependentes de voltagem, já 

foi associada a várias doenças neurológicas raras, de transmissão autossómica dominante, 

incluindo a enxaqueca hemiplégica familiar do tipo 1 (FHM1), a ataxia episódica do tipo 2 

(EA2) e a ataxia espinocerebelar tipo 6 (SCA6). Por outro lado, a DP é a segunda doença 

neurodegenerativa mais comum em todo o mundo e é caracterizada por alterações motoras 

como resultado da perda seletiva de neurónios dopaminérgicos (ND) na substância nigra. 

Atualmente, nenhum destes grupos de doenças tem um tratamento neuroprotector de longo 

prazo, e, para alem disso, a patogénese destas doenças é ainda pouco conhecida. O trabalho 

experimental apresentado nesta dissertação foca-se maioritariamente em três aspectos: 

modificadores genéticos de descoordenação motora, interactores moleculares da proteina 

LRRK2 e na caracterização molecular de um doente com DP, recorrendo ao modelo animal 

C. elegans e a células de mamífero.  

Com o objectivo de identificar modificadores de descoordenação motora em doenças 

do movimento, realizamos um rastreio, em larga escala, de uma biblioteca de RNAi utilizando 

como modelo C. elegans mutantes para o gene unc-2, o ortólogo no nematode para o gene 

humano CACNA1A. Este rastreio permitiu expandir a rede funcional de vias moleculares 

associadas à ataxia por disfunção do gene CACNA1A à cascata de sinalização Notch. 

Focamo-nos também na criação de estirpes de C. elegans com a substituição G1876S no 

gene endógeno lrk-1 (LRK-1 G1876S) que corresponde à substituição mais comum 

encontrada no gene humano (LRRK2 G2019S). Estes nematodes, apresentavam 

degeneração dos ND e alguma disfunção motora. Embora o seu significado biológico ainda 

não seja conhecido, identificamos também dois novos interactores da proteína LRRK2, a 

HSP60 e a spatacsina, recorrendo ao modelo animal C. elegans e células de mamífero. A 

HSP60 não parece ser um modificador da degenerescência dopaminérgica no nematode 

LRK-1 (GS). No entanto e curiosamente, ambas as proteínas estão elas próprias associadas 

a doenças do movimento. 

Caracterizamos molecularmente de um doente com Parkinson, que demonstramos ser 

um homozigoto para uma nova variante deletéria (c.515T>A, p.L172Q) no gene PARK7, que 



 xii 

codifica a proteína DJ-1. Publicamos ainda a primeira descrição neuropatológica de um 

cérebro humano com PARK7, que sugere que a perda funcional da DJ-1 leva à apresentação 

de uma α- sinucleinopatia difusa, não esquecendo, no entanto, que se trata de um único caso 

estudado. Também demonstramos que a variante L172Q é altamente instável e que esta 

estava completamente ausente do cérebro do doente, presumivelmente devido à sua rápida 

degradação pelo proteossoma. O estudo da expressão genética em células SH-SY5Y KO 

para a DJ-1 destacou alguns processos biológicos desregulados, principalmente relacionados 

com transdução de sinal, diferenciação neuronal e crescimento celular, com particular ênfase 

na via de sinalização da AKT, o que nos pode dar novas pistas sobre os mecanismos 

moleculares envolvidos na DP relacionada com o locus PARK7. 

A busca de novos interactores moleculares e modificadores de doença, em conjunto 

com um estudo mais aprofundado de um doente com Parkinson associado ao locus PARK7, 

permitiu-nos alargar o conhecimento sobre os interactores moleculares e as redes funcionais 

associadas às doenças do movimento. 
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1. Neurodegeneration 

As a result of an increased life span, neurodegenerative disorders are the current major 

contributors to disability and disease, taking a toll on patients and their caregivers, and posing 

as such, a significant and ever-growing economic burden [1–3].  

Neurodegeneration affects neuronal activities at different levels. It can disrupt 

molecular pathways, synapses, neuronal subpopulations and local circuits in specific brain 

regions, as well as higher-order functional anatomic systems, causing a heterogeneous clinical 

and pathological expression (Figure 1). Abnormal network activities may result in a vicious 

cycle, further impairing the integrity and functions of neurons and synapses, for example, 

through aberrant excitation or inhibition [4]. Among others, excitotoxicity, inflammation, 

oxidative stress and failure to quality control and degrade proteins are some of the main 

mechanisms involved in these diseases [5]. The major hallmark of neurodegenerative 

disorders is progressive neuronal loss, however, neurological impairment may reflect an earlier 

dysfunction rather than the neuronal loss itself [6, 7]. 

 

Figure 1 – Neurodegenerative disorders affect neuronal activities at many 

levels. Neurodegenerative disorders can disrupt molecular pathways, synapses, neuronal 

subpopulations and local circuits in specific brain regions, as well as higher-order neuronal 

networks. Abnormal network activities may result in vicious cycles, further impairing the 

integrity and functions of neurons and synapses, for example, through aberrant excitation or 

inhibition. Reproduced from [4]. 

 

Abnormal protein function or even the lack of a normal one, seem to play an important 

role, by triggering vicious cycles of aberrant neuronal activity, compensatory alterations in 

neurotransmitter receptors and related signaling pathways, that eventually lead to synaptic 

deficits and the disintegration of neural networks, which in turn, result in failure of neuronal 

function [4]. 

Another feature of these disorders is chronicity, which is intimately related to the 

“degeneracy” of the neuronal system. The chronicity allows the brain to engage in 
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compensatory mechanisms which include, for example, increasing neuronal activity in the 

remaining undamaged region or drawing other brain regions into the network that are 

otherwise not usually involved [8–10]. The degeneracy of the nervous system, or in other 

words, its ability to pull structurally different elements to perform the same function, even in the 

absence of disease, may help to explain why, for example in Parkinson’s disease (PD), so 

many neurons in the substantia nigra (SN) can die before behavior deficits are seen at the 

clinical level, and why most neurodegenerative diseases progress so gradually [2, 11]. 

Nonetheless, over time, these compensatory mechanisms ultimately fail, and some of them 

may even turn out part of the problem by becoming pathogenic themselves [4]. 

Despite diverse clinical manifestations, which probably reflect loss of specific neurons 

and synapses in particular brain regions, neurogenerative diseases share common features 

and mechanisms. One such feature is protein aggregation or other atypical protein assemblies, 

and although their significance is still heavily debated, they seem to be strongly implicated in 

several neurodegenerative disorders, like Alzheimer’s, Parkinson’s disease or spinocerebellar 

ataxias, among others [4, 5]. These disorders, also known as proteinopathies, include various 

types of aggregates with different cellular localization, where the proteins can be predominantly 

aggregated in the cytosol, in the nucleus, in the endoplasmic reticulum, or be secreted and 

accumulate in the extracellular space [12, 13]. Although, generally, the large aggregates 

themselves are not considered toxic, it appears that the ability to aggregate correlates with 

disease pathogenesis [14]. The major drivers of neurodegeneration are ageing and disease-

associated Mendelian traits, however, several molecular mechanisms have been implicated in 

these forms of neurodegeneration. They include altered RNA homeostasis, organelle 

dysfunction, and neuroinflammation [1, 5]. 

Among neurodegenerative disorders there are hereditary movement disorders, 

comprising a group of genetically defined diseases characterized by an impaired control of 

movements, ataxia and/or spasticity. Affected individuals are disabled, their quality of life 

significantly reduced and often their life expectancy is also shortened. Several genetic causes 

have been identified for many of these diseases, including Parkinson's disease, Huntington's 

disease (HD), spinocerebellar ataxias (SCAs), recessive ataxias, hereditary spastic paraplegia 

(HSPs) and hereditary dystonias, among others [15, 16]. 

 

 

2. Ataxias 

The ataxias comprise a group of diseases of genetic and idiopathic origin. The term 

ataxia (“absence of order”) denotes a clinical syndrome of incoordination. Among the ones with 
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a genetic cause, the dominantly inherited ataxias, also known as spinocerebellar ataxias 

(SCAs), comprise a heterogeneous group of movement disorders mainly characterized by a 

slowly progressive cerebellar degeneration (especially the Purkinje cells), often accompanied 

by changes in the brainstem or other brain regions [17]. Clinically, SCAs show progressive 

ataxia of gait and limbs, that may be associated with ophthalmoplegia, pyramidal and 

extrapyramidal signs, dementia, pigmentary retinopathy and peripheral neuropathy [18, 19]. 

The most recent epidemiological data available indicates that the SCAs prevalence varies 

between 0 and 5.6/100 000 inhabitants [20], with age at onset between the third and fifth 

decades of life, although there are cases where either earlier or later onset has been observed 

[19]. 

To date, over 40 genetically distinct subtypes of SCAs have been identified, and they 

can be grouped in three major genetic classes [17]. The first group includes SCA1-3, SCA6, 

SCA7, SCA17 and dentatorubral-pallidoluysian atrophy (DRPLA), which together with 

Huntington’s disease and spinobulbar muscular atrophy (SMA) compose the polyQ disorders 

[21]. They are caused by CAG repeat expansions that encode a pure repeat of the amino acid 

glutamine in the disease protein. The second group – non-coding repeat expansion ataxias – 

includes SCA8, SCA10, SCA12, SCA31, SCA36 and SCA37 that are due to repeat expansions 

falling outside of the protein-coding region of the respective disease genes. Finally, the third 

group comprises SCAs, that instead of being caused by repeat expansions are due to 

conventional disease-causing variants (missense, nonsense, deletions, insertions, 

duplications or splice site mutations) in specific genes. The overall most important common 

feature is, perhaps, the pattern of neurodegeneration that is reflected in the clinical traits, 

although their distinction heavily relies on the extracerebellar signs of brain involvement [22]. 

 

2.1. CACNA1A 

CACNA1A was first associated with human disease in 1996, when two independent 

families showing signs of episodic ataxia (type 2, EA2) and five families with familial hemiplegic 

migraine (type 1, FHM1) were mapped to the same locus on chromosome 19p13 and to the 

CACNA1A gene, formerly known as CACNL1A4 [23]. Shortly after, an expansion of a CAG 

repeat, predicted to encode a polyglutamine tract in the C-terminal region of the same gene, 

was identified in eight families with slowly progressive spinocerebellar ataxia (SCA6) [24].  

EA2 is the most common and more studied episodic ataxia. Clinically, it is characterized 

by recurrent episodes of poor coordination and balance (ataxia), vertigo and slurring of speech 

that can last from hours to days with a variable frequency [25, 26]. Attacks can also be 

associated with dysarthria, diplopia, tinnitus, dystonia, hemiplegia, and headache. Onset 

typically starts in childhood or early adolescence, but it also has been reported as late as age 
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61 [27, 28]. After years of episodic ataxia, individuals often develop interictal ataxia, and may 

essentially be indistinguishable from those with SCA6 [29]. 

FHM1 is the most common type familial hemiplegic migraine [30]. It is characterized by 

an aura of hemiplegia that is always associated with at least one other aura symptom such as 

hemianopsia, hemisensory deficit, or aphasia. Usually, the aura is followed by a moderate to 

severe headache, and symptoms may occur over minutes, up to hours, days and, more rarely, 

weeks. Migraine attacks typically start during the first or second decade of life, and often their 

frequency decreases with age. In most cases, the symptoms resolve after each episode [31]. 

SCA6 is characterized by a slowly progressive cerebellar ataxia, dysarthria and 

nystagmus. Age at onset is reported to be extremely varied, ranging from 19 to 71 years. It 

also inversely correlates with the repeat expansion size. The clinical presentation is varied, 

even in siblings with the same repeat size  and, although the disease has a progressive nature, 

SCA6 patients have a normal life expectancy [29]. Besides the core features, SCA6 also 

exhibits a wide heterogeneity of clinical symptoms and can even present with pure 

Parkinsonism without cerebellar dysfunction (reported in isolated SCA6 cases) [32–34]. 

Despite their well described phenotypes, SCA6, EA2 and FHM1 show overlapping 

clinical traits, which has fueled the theory that they are a manifestation of the same complex 

disease, with a large variability of symptoms. However, they are still classified according to the 

dominant feature [29]. 

The CACNA1A gene comprises 47 exons and encodes the pore forming α1A-subunit of 

P/Q-type voltage-gated calcium channels (Cav2.1), a large transmembrane protein of ~270 

kDa [23], heavily expressed in the cerebellum. The CACNA1A mRNA can also be alternatively 

spliced to encode isoforms that have distinct properties characteristic of P-type and Q-type 

channels. Also, the discovery of the CAG repeat tract at the 3′ end of the gene, led to the 

identification of a novel large isoform, α1A [24]. This glutamine stretch where CAG expansion 

has been detected in SCA6 patients is itself polymorphic, with normal alleles ranging from 4 to 

18 glutamines in length [29], while disease associated alleles contain uninterrupted CAG tracts 

of 19 or more triplet units. Currently, the disease associated alleles reported in the literature 

vary between 19 and 33 CAGs [35, 36]. Furthermore, the full length transcript of CACNA1A 

also encodes the C-terminus of the α1A-subunit (α1ACT), a functional 60-70 kDa protein that 

can be translocated into the nucleus [37, 38]. α1ACT has been shown to bind and regulate the 

expression genes like TAF1, BTG1, PMCA2 and GRN in neurons, via an AT-rich element. 

These genes are abundant transcripts in the Purkinje cells and may be involved in neurite 

outgrowth [38]. 
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It was initially suggested that different types of variants were associated with each 

disease within the spectrum of CACNA1A. Missense variants associated with FHM1, 

nonsense or splicing variants with EA2 and the CAG repeat expansion with SCA6 [23, 24]. 

However, a growing number of case reports indicates that these boundaries can be crossed 

and that this classification is not absolute, and therefore suggestive of a clinical continuum 

[29]. 

While there is some support for the view that SCA6, EA2 and FHM1, are 

channelopathies, the available data is conflicting [39–42]. Moreover, the identification of the 

transcription factor, α1ACT, encoded by a second cistron in the CACNA1A gene, brought 

forward the suggestion of transcription dysregulation in these disorders, especially SCA6 due 

to the expanded polyglutamine tract. As a transcriptional factor, α1ACT has been shown to be 

required for neurite outgrowth maintenance and an expanded polyglutamine version of this 

protein is cytotoxic, in an independent manner from the full-length α1A-subunit [37, 38]. Little is 

known in regards to physiological function of these two CACNA1A gene products (full-length 

α1A-subunit and α1ACT) and how their expression is regulated, which may be important in the 

SCA6, EA2 and FHM1 disease spectrum. 

 

 

3. Parkinson’s Disease 

PD is a common neurodegenerative disorder, characterized by motor dysfunction as 

the result of the selective loss of dopaminergic neurons often accompanied by the presence 

of Lewy bodies (LB) [43]. 

 

3.1. History in brief 

In 1817, James Parkinson provided the first clear clinical description for the disorder 

now known by his name in the publication “An Essay on the Shaking Palsy” [44]. Though old 

texts by several authors depict PD like accounts as early as BC [45]. In the essay, Parkinson 

described 6 patients presenting with a disease of progressive and disabling nature, associated 

with motor symptoms: resting tremor, postural instability and gait festination [46]. 

 It would take almost 100 years for Parkinson’s work to be truly recognized at the hands 

of the French neurologist Jean-Martin Charcot, who not only renamed the “shaking palsy” to 

Parkinson’s disease but also made important contributions, such as describing bradykinesia 

and rigidity as predominant features of this illness. The clear implication of the substantia nigra 

pars compacta (SNpc) in PD came from Tretiakoff in 1919. He studied the SN of human brains, 

and in six cases of hemi-“paralysis agitans” (PD), and one atypical case, he observed marked 
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loss of the pigmented nigral neurons accompanied by swelling of cell bodies, “grumous 

degeneration” and neurofibrillary alterations. In some of the surviving nigral cells, Tretiakoff 

found inclusion bodies that he called Lewy bodies (LB) in recognition of an earlier similar 

description by Fritz Heinrich Lewy [47]. He eventually reached the conclusion that the SN was 

always affected in Parkinsonism and that this finding was invariably associated with the senile 

changes and vascular pathology in other parts of the brain. Noting, however, that this was not 

specific of Parkinsonism and that the SN could be affected in other disorders associated with 

disturbances of the muscular tone [47]. 

Despite the evidence put forward, a consensus in the scientific community about the 

implication of the dopaminergic system in PD was only reached in 1953, at the hand of the 

prominent pathologist Joseph Godwin Greenfield. He found Lewy bodies in all of the 19 PD 

brains he studied, primarily in the SN and locus coeruleus (LC). He also noted nigral 

degeneration mostly in the zona compacta [48]. Much later (1988), McGeer and colleagues 

reported the presence of active microglia in the SN of PD brains, relating this aspect to the 

progressive nature of the disease [49].  

Two hundred years after Parkinson’s seminal description, we now know that PD is a 

progressive, chronic, age-related disorder involving a large number of alterations including 

other cell types than dopaminergic (DA). This complex neurodegenerative process is 

characterized by motor dysfunction as the result of a selective loss of DA neurons in the SN 

accompanied by other non-motor manifestations. These symptoms include resting tremor, 

postural instability, bradykinesia and muscle rigidity. Patients usually also present non-motor 

features like depression, hyposmia and sleep disturbances, among others, which often 

precede motor signs [50, 51]. One of the most debilitating ones is cognitive impairment, though 

it usually appears at significantly later stages of the disease [50]. 

Clinical diagnosis occurs when the disease is well underway, as symptoms do not 

become obvious until considerable neurodegeneration has occurred [11]. For all the amount 

of accumulated knowledge on this disease, there are currently no neuroprotective long-term 

treatments available and its etiology and pathogenesis are still poorly understood [52]. 

 

3.2. Epidemiology 

PD is the second most common neurodegenerative disorder after Alzheimer’s disease 

[50, 51]. It belongs to a wider group of disorders presenting with Parkinsonism, but even in this 

category PD is by far the most prevalent [53]. 

The prevalence of PD is estimated to be 0.3% of the world population. Although PD is 

rare before age 50, its prevalence sharply increases with aging, reaching >3% in those >80 

years old [54–56].  



 9 

The incidence may vary due to geographical location, race, ethnicity, genetic 

interaction and even exposure to certain environmental factors [57, 58]. Geography and race 

often correlate, so determining the relative contribution of each to PD risk is difficult. 

Furthermore, epidemiological meta-analysis studies have demonstrated that incidence and 

prevalence are different between genders, higher in women than in men [57].  

Additionally, there is a large variability in age at onset and disease course, 

accompanied by a wide clinical presentation. This has led to the controversial suggestion that 

PD may not be a single disease entity but rather a syndrome for which there are many distinct 

etiologies, and where disease outcome may depend on the "dose" of genetic predisposition in 

combination with the "dose" of environmental exposure [59, 60]. 

Over the last 100 years, average life expectancy has continuously increased in most 

countries, mainly as a result of declining mortality rates at older ages due to better access to 

medical care [61]. In light of this, the number of years lived after PD diagnosis have increased, 

and in turn, so have the PD prevalence and incidence, which keep growing and are expected 

to double by 2030, raising the personal, societal and economic load associated to it [62–66]. 

 

3.3. Etiology 

For a long time, the etiology of PD has been thought to involve environmental factors, 

and until genes causing familial PD were discovered, there had not been direct evidence to 

support either one as a causative factor [67]. The view on etiological factors in PD has 

remarkably changed since its beginning’s, from a basis of purely sporadic, to the view that both 

environmental and genetic factors contribute to the onset of the illness, up to a point where 

genetic predisposition has gained increased significance as a major contributor to the disease 

[68, 69]. Nevertheless, the one factor that most strongly relates to the onset of PD is age [70]. 

The most common explanation put forward is the increased vulnerability of DA neurons to toxic 

insults due to the presence of highly oxidizable dopamine combined with frequent intracellular 

calcium influxes (pacemaker-like property of DA neurons), and the increasing failure of normal 

cellular biochemical processes [71–73]. Actually, most conceptual models of PD ignore the 

contribution of aging, and the vast majority of experimental models use young animals [68]. 

In 1983, Langston and colleagues identified exposure to MPTP (1-methyl-4-phenyl-

1,2,3,6-tetrahydropyridine), an environmental toxin, as one cause of parkinsonism. They 

reported four patients who had developed typical parkinsonism after repeated intravenous 

injection of MPTP [74]. Furthermore, these patients responded to treatment with levodopa, 

similar to patients with idiopathic PD. Later, fluorodopa PET scans of these patients showed 

that transient exposure to this toxin led to progressive nigral degeneration [75]. Ensuing, 

neuropathological analysis of subjects with MPTP-induced parkinsonism, revealed moderate 

to severe DA neuronal degeneration without LBs in the SN, interestingly accompanied by 
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gliosis (clustering microglia around neuronal cells and extra-neuronal melanin), indicating 

active and continued neuronal degeneration [76]. Subsequent neuropathological studies 

suggested that an active neurodegenerative process was present years after subjects were 

exposed to MPTP. 

MPTP itself is non-toxic, however, it is highly lipophilic and therefore rapidly crosses 

the blood-brain barrier. Once in the brain, MPTP is rapidly metabolized into the cation MPP+ 

(1-methyl-4-phenylpyridinium), which is the active toxic compound, by MAO-B (enzyme 

monoamine oxidase B) in glial cells, more specifically astrocytes and serotonergic neurons. 

MPP+ is transported into dopamine neurons by the dopamine transporter, hence exhibiting 

selective toxicity to dopaminergic neurons. Furthermore, MPP+ accumulates in mitochondria 

and inhibits complex I, a component of the mitochondrial electron transport chain [69]. 

Notwithstanding, MPP+ has been shown to be toxic to other types of neuronal cells, by entering 

through the glutamate transporter [77]. Furthermore, sporadic PD patients have been reported 

to have decreased activity, and protein levels, of complex I, suggesting that, biochemical 

changes in DA neurons of sporadic PD patients were essentially similar to those who were 

exposed to MPTP [78]. 

In addition to MPTP, other environmental toxins, such as paraquat (herbicide) and 

rotenone (pesticide) have been shown to contribute to DA neuronal cell loss and parkinsonism 

[79].  

While paraquat increases oxidative stress, rotenone causes mitochondrial dysfunction, 

and because both processes are related, both pesticides ultimately play important roles in DA 

degeneration and consequently the development of PD [80]. 

 

 

Figure 2 – Illustration of the balance of genetic and environmental 

factors that contribute for Parkinson’s disease. Larger weights have 

been used for those factors with stronger epidemiological evidence. Factors 

included might or might not be causal. TBI, traumatic brain injury; CCBs, 

calcium channel blockers. Adapted from [81]. 

 



 11 

At least two main environmental/behavioral factors have been recognized to lower the 

risk for PD: cigarette smoking and coffee drinking. The mechanisms through which the first 

acts are largely unknown. On the other hand, caffeine is an adenosine receptor antagonist and 

its neuroprotective effect is well documented in experimental models of PD [81, 82]. 

Additionally, the literature provides other occupational and environmental exposures (Figure 

2), that have more or less been associated with PD risk, however, their relevance remains 

uncertain [81]. 

Given all this, it is unsurprising that the initial view on PD etiology was that the 

environment must play a significant role. However, this concept was reevaluated upon the 

discovery that single gene mutations cause familial PD. Generally, PD is considered familial 

when there is family history of the disease that can be eventually linked to a genetic cause, or 

idiopathic (sporadic) when there is no family history of the disease. Many researchers believe 

that the latter, is caused by a complex combination of genetic and environmental factors [83].  

The past 20 years have been marked by the discovery of mutations in at least 22 

disease segregating genes or loci responsible for various monogenic forms of PD (Table 1) 

[84]. Early studies used linkage analysis in kindreds showing parkinsonism with apparent 

Mendelian inheritance and the first gene to be identified was SNCA [85]. Disease-causing 

variants in this gene are associated with autosomal dominant PD, they include missense 

mutations, which result in amino acid substitutions, and multiplications of the gene [86, 87]. 

Pathogenic missense mutations or increased protein expression due to multiplications of the 

gene locus facilitate α-synuclein aggregation. Today we know that SNCA-related PD is rare, 

nonetheless, it was a seminal discovery that allowed the identification of α-synuclein as the 

major component of Lewy bodies and neurites [88]. This was the first gene of a growing list, 

that drove researchers to keep studying monogenic forms of PD [84]. 

Six genes have been associated with autosomal dominant forms of PD: SNCA, LRRK2, 

VPS35, EIF4G1, DNAJC13, and CHCHD2 (Table 1). Furthermore, variants in RAB39B have 

been described as causing X-linked intellectual disability plus, a phenotype indistinguishable 

from early-onset PD [89]. 

Besides the previously mentioned SNCA, LRRK2 encodes leucine-rich repeat kinase 

2 (LRRK2), and at least eight disease-causing variants have been identified in this gene [90–

92]. LRRK2 is a large multidomain protein involved in various cellular processes, including 

neurite outgrowth and synaptic morphogenesis, membrane trafficking, autophagy and protein 

synthesis. Its activity is mainly attributed to its dual enzymatic functions (GTPase and serine-

threonine kinase), where all pathogenic variants seem to cluster [90–92]. LRRK2 mutations 

are the most frequent cause of familial PD. Worldwide they represent about 4% of familial 

cases and account for 1% of idiopathic ones [91].  
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Homozygous or compound heterozygous mutations in each of the following genes 

PRKN, PINK1, and PARK7 are associated with autosomal recessive forms of PD (Table 1). 

Contrary to autosomal dominant forms, which tend to have an age at onset similar to sporadic 

PD, recessively inherited parkinsonism is more frequently associated with early-onset of the 

disease, meaning less than 40 years of age [93]. Variants in FBXO7 [94], DNAJC6 [95, 96] 

and VPS13C [97] have also been associated with autosomal recessive PD, however, they are 

quite rare [84]. 

The PRKN (parkin) gene encodes an E3 ubiquitin ligase. It is known that parkin-

mediated ubiquitylation contributes to the proteasomal degradation of misfolded or damaged 

proteins [98, 99]. It also appears to participate in the mitochondrial quality control through the 

selective lysosome-dependent degradation (mitophagy) of dysfunctional mitochondria [100]. 

Mutations in this gene have been associated with significant degeneration of DA neurons in 

the substantia nigra [101, 102]. It is thought that loss of E3 ubiquitin ligase function leads to 

the accumulation of damaged substrates, aggregation of unwanted proteins, that otherwise 

would be marked for degradation, along with reduced clearance of compromised mitochondria 

[103, 104]. Point mutations and large gene rearrangements in parkin are the most common 

cause of autosomal recessive PD [105]. They have been found to account for up to 50% of 

familial cases and ~15% of sporadic, if we consider PD patients with disease onset before 45 

years of age [106, 107].  

After PRKN, mutations in PINK1 [108] and PARK7 [109] are the second and third most 

common causes of autosomal recessive PD [110].  However, these genes seldom cause early-

onset sporadic PD (PINK1 1–8% and PARK7 1–2%) [111].  

PINK1 encodes a putative mitochondrial serine-threonine protein kinase, named 

(PTEN)-induced kinase 1 (PINK1) [108]. Biochemical and genetic studies have provided 

evidence that PINK1 and parkin function in a common pathway, controlling mitochondrial 

quality. PINK1 accumulates on the outer membrane of damaged mitochondria (low membrane 

potential) and recruits parkin to the dysfunctional organelle. Parkin then ubiquitinates outer 

mitochondrial membrane proteins to promote mitophagy [112]. In Drosophila models of PD, 

these proteins have been found to work in the same pathway to suppress mitochondrial 

damage, which results in the loss of DA neurons amongst other phenotypes [113–115]. 

In contrast, PARK7 encodes a dimeric, ubiquitous protein named DJ-1, whose PD-

related pathogenic variants have been associated with its loss of function [109]. DJ-1 has been 

implicated in various cellular processes, including homeostatic control of reactive oxygen 

species (ROS), transcription regulation and protein folding, though neuronal protection against 

oxidative stress is the most studied aspect and the more widely accepted function [116, 117]. 
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Cell cultures and animal models have shown that overexpression of DJ-1 confers 

neuroprotection against oxidative damage, while its knockdown leads to oxidative stress-

induced cell death, which may explain the early onset of PD symptoms [118–120]. The 

molecular mechanisms through which DJ-1 performs such a wide variety of functions remain 

largely unknown. 

Other genes associated with non-PD disorders also may present with parkinsonism, 

for example: ATP13A2 [121], PLA2G6 [122], SYNJ1 [123, 124], ATXN2 [125], ATXN3 [126], 

GCH1 [127], GRN [128], MAPT [129], C9ORF72 [130], CSF1R [131], TH [132], SPG11 [133] 

and ZFYVE26 [134]. Chromosomal loci (like PARK3 and PARK10 among others) have been 

identified using genome-wide approaches, as genomic regions associated with idiopathic PD, 

and may contain yet-to-be-identified PD genes [135]. Finally, there are also some genes whose 

variants have been suggested to cause PD: GIGYF2 [136], HTRA2 [137], UCHL1 [138][139], 

EIF4G1 [140], and SPR [141], however they either lack confirmation or there is conflicting 

evidence regarding their role as causative genes. 

Additionally, GWAS and meta-analyses have provided a long list (Table 2) of genetic 

loci associated with increased PD risk. The most significant PD risk factors are variants in 

SNCA and a couple of missense variants in LRRK2: p.G2385R and p.R1628P [142–145]. In 

addition to SNCA and LRRK2 that can be involved in monogenic disease and also act as risk 

factors, there is another significant risk locus: GBA [146, 147]. It encodes a lysosomal enzyme 

β-glucocerebrosidase with an important role in glycolipid metabolism. Homozygous disease-

causing variants in this gene are responsible for Gaucher disease, an inherited autosomal 

recessive disorder [148]. Interestingly, both homozygous and heterozygous GBA variants have 

been found to significantly increase PD risk and were found in 8%-14% of autopsy-proven PD 

cases [149, 150]. Further confirming this, relatives of patients with Gaucher disease carrying 

heterozygous GBA variants have increased incidence of PD [151, 152]. 

Single gene mutations are reported to account for a small portion of PD patients (~10%) 

[84]. Taken together, the complexity of interactions between environmental factors and genetic 

variants (both pathogenic or susceptibility), probably underlies PD onset and presentation, 

although this has been a difficult subject to tackle, in a case of “genetics loads the gun, 

environment pulls the trigger” [69]. 
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Table 1: Familial Parkinson’s Disease-associated genes and loci.  

Loci Gene Inheritance Reference Protein Location Possible pathways / pathological biological processes  

PARK1 SNCA AD [85] ⍺-synuclein 4q21 Synaptic function; mitochondrial function; 
autophagy/lysosomal degradation  

PARK2 PRKN AR [153] Parkin, E3 ubiquitin protein ligase 6q25.2-q27 Mitochondrial function/mitophagy; ubiquitination; synaptic 
function  

PARK3 Unknown Unknown [141] Unknown 2p13 Unknown 

PARK4 SNCA AD [86] ⍺-synuclein 4q21 Synaptic function; mitochondrial function; 
autophagy/lysosomal degradation  

PARK6 PINK1 AR [108] PTEN-induced putative kinase 1 1p36.12 Mitochondrial function/mitophagy 

PARK7 DJ-1 AR [109] Parkinson protein 7, deglycase 1p36.23 Inflammation/immune system; mitochondrial function 

PARK8 LRRK2 AD [90] Leucine-rich repeat kinase 2 12q12 Synaptic function; inflammation/immune system; 
autophagy/lysosomal degradation  

PARK9 ATP13A2 AR [121] ATPase type 13A2 1p36 Mitochondrial function; autophagy/lysosomal degradation 
Synaptic function; endocytosis 

PARK11 GIGYF2 Unclear [136] GRB10 Interacting GYF Protein 2 2q37.1 Unknown 

PARK14 PLA2G6 AR [122] Phospholipase A2, group VI 22q13.1 Mitochondrial function 

PARK15 FBXO7 AR [94] F-box protein 7 22q12.3 Ubiquitination; mitochondrial function/mitophagy 

PARK16 Unknown Unknown [142] Unknown 1q32 Unknown 

PARK17 VPS35 AD [127] Vacuolar protein sorting homolog 35 16q12 Autophagy/lysosomal degradation; endocytosis 

PARK18 EIF4G1 AD [140] Eukaryotic Translation Initiation 
Factor 4 Gamma 1 

3q27.1 mRNA translation; mitochondrial function 

PARK19A DNAJC6 AR [96] DnaJ (Hsp40) homolog, subfamily 
C, member 6 

1p31.3 Synaptic function; endocytosis 

PARK19B DNAJC6 AR [95] DnaJ (Hsp40) homolog, subfamily 
C, member 6 

1p31.3 Synaptic function; endocytosis 

PARK20 SYNJ1 AR [123, 124] Synaptojanin 1 21q22.2 Synaptic function; endocytosis 

PARK21 DNAJC13 AD [154] Receptor-mediated endocytosis 8 
(REM-8) 

3q22.1 Endocytosis 

PARK22 CHCHD2 AD [155] coiled-coil-helix-coiled-coil-helix 
domain containing 2 

7p11.2 Mitochondrial function 

PARK23 VPS13C AR [97] vacuolar Protein Sorting 13 
Homolog C 

15q22.2 Autophagy/lysosomal degradation; endocytosis 

- RAB39B X-linked 
dominant 

[89] Ras-Related Protein 39B Xq28 Vesicular trafficking 

- ATXN2 AD [125] Ataxin-2 12q24.12 mRNA translation 

AD, autosomal dominant; AR, autosomal recessive. 
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Table 2: Parkinson’s Disease-associated risk genes and loci.  

Loci Gene Inheritance Reference Protein Location Possible pathways / pathological biological processes  

PARK5 UCHL1 Unclear [138][139] Ubiquitin C-Terminal Hydrolase L1 4p13 protein degradation 

PARK10 Unknown ND [156] ND 1p32 ND 

PARK12 Unknown ND [157] ND Xq21-q25 ND 

PARK13 HTRA2 ND [137] ND 2p13.1 ND 

- GBA  AD [146, 147] Glucosidase, beta, acid  1q22  
Inflammation/immune system; autophagy/lysosomal 
degradation; metabolic pathways  

- MAPT AD [129] Microtubule-associated protein tau 17q21.1.31 Microtubule stabilization and axonal transport  

- C9orf72 ND [130] Guanine nucleotide exchange factor 9p21.2 RNA metabolism; G-protein activation 

- RAB7L1 ND [158, 159] 
RAB7, member RAS oncogene 
family-like 1 

1q32 Autophagy/lysosomal degradation 

- BST1 ND [142] Bone marrow stromal cell antigen 1 4p15 Immune system  

- HLA-DRB5 ND [160] 
Major histocompatibility complex, 
class II, DR beta 5 Cyclin-G-
associated kinase 

6p21.3 Inflammation/immune system 

- GAK ND [161] Cyclin-G-associated kinase 4p16  
Autophagy/lysosomal degradation; synaptic function; 
endocytosis 

- ACMSD ND [162] 
Aminocarboxymuconate 
semialdehyde decarboxylase 

2q21.3  
Tryptophan metabolism; metal ion binding; metabolic 
pathways 

- STK39 ND [162] Serine threonine kinase 39 2q24.3  
Inflammation/immune system; protein kinase binding; 
cellular stress response 

- SYT11 ND [162] Synaptotagmin XI 1q21.2  
Synaptic function; transporter activity; metal ion binding; 
substrate for PARK2 

- FGF20 ND [163] Fibroblast growth factor 20 8p22  Growth factor activity; FGF receptor binding 

- STX1B ND [164] Syntaxin 1B 16p11.2  
Synaptic function; SNAP receptor activity; protein domain-
specific binding 

- GPNMB ND [165] Glycoprotein (transmembrane) nmb 7p15  Integrin binding; heparin binding; cancer pathways 

- SIPA1L2 ND [166] 
Signal-induced proliferation-
associated 1 like 2 

1q42.2  GTPase activator activity 

- INPP5F ND [166, 167] 
Inositol polyphosphate-5-
phosphatase F 

10q26.11  Phosphoric ester hydrolase activity 

- MIR4697HG ND [168] 
MIR4697 host gene (non-protein 
coding) 

11q25   

- GCH1 ND [168] GTP cyclohydrolase 1 
14q22.1-
q22.2  

GTP binding; calcium ion binding; BH4 metabolism; 
metabolic pathways 
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Table 2: Continued. 

Loci Gene Inheritance Reference Protein Location Possible pathways / pathological biological processes  

- VPS13C AR [168, 169] 
Vacuolar protein sorting 13 homolog 
C 

15q22.2  Autophagy/lysosomal degradation; endocytosis 

- DDRGK1 ND [168] DDRGK domain containing 1 20p13  Protein binding 

- GPATCH2L AR [169] G-patch domain containing 2 like 14q24.3 RNA-binding? 

- UHRF1BP1L AR [169] UHRF1 binding protein 1 like 12q23.1 Vesicular trafficking from the endosome to the TGN 

- PTPRH AR [169] 
protein tyrosine phosphatase 
receptor type H 

19q13.42 Contact inhibition of cell growth and motility 

- ARSB AR [169] arylsulfatase B 5q lysosomal degradation 

- MCCC1 ND [162] 
⍺-Methylcrotonoyl-CoA carboxylase 
1  

3q27  
Biotin carboxylase activity; methylcrotonoyl-CoA carboxylase 
activity; metabolic pathways 

- SCARB2 ND [168, 170] 
Scavenger receptor class B, 
member 2 

4q21.1  
Autophagy/lysosomal degradation; receptor activity 
(lysosomal receptor for GBA targeting); enzyme binding 

- CCDC62 ND [162] Coiled-coil domain containing 62 12q24.31 Nuclear receptor coactivator; cancer pathways 

- RIT2 ND [171] Ras-like without CAAX 2 18q12.3 Synaptic function; calmodulin binding; GTP binding 

- SREBF1 ND [172] 
Sterol regulatory element binding 
transcription factor 1 

17p11.2 
Chromatin binding; cholesterol and steroid metabolic 
processes 

ND, non-determined; AD, autosomal dominant; AR, autosomal recessive. 
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3.4. Neuropathology 

Neurodegenerative diseases can be classified based on many aspects, like for 

example etiology (familial or sporadic as previously discussed) and also according to the 

molecular mechanisms involved in the disease pathology. The most common 

neurodegenerative disorders usually have onset in mid-to-late adulthood and show 

pathological intracellular accumulations of normal proteins within vulnerable neuronal 

populations. There are two molecular classes for parkinsonism: tauopathies and α-

synucleinopathies; based on the accumulation of the microtubule-associated protein tau or the 

presynaptic protein α-synuclein. They all show selective loss of DA neurons (Figure 3 a-d) in 

the SN [43].  

 

Figure 3 – Main neuropathology of Parkinson’s Disease. a - PD is defined by loss of 

pigmented neurons in the SN (right panel) compared with control (left panel). Microscopical (inset) 

transverse sections of the midbrain after immunohistochemical staining for tyrosine hydroxylase. 

There is selective loss of the ventrolateral parts of the SN with sparing of the more medial and 

dorsal regions. b-d H&E staining of the ventrolateral region of the SN showing a normal 

distribution of pigmented neurons in a healthy control (b) and moderate (c) or severe (d) 

pigmented cell loss in PD patients. e-g Immunohistochemical staining for α‐synuclein shows 

round, intracytoplasmic Lewy bodies (e, arrow); more diffuse, granular deposits of α‐synuclein (e 

and f); Lewy neurites and extracellular dot-like α‐synuclein structures (f) and α‐synuclein 

spheroids in axons (g). Reproduced from [56]. 
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In particular, PD is characterized by neuronal inclusions of α-synuclein, located in the 

neuronal soma, traditionally referred to as Lewy bodies (Figure 3e). Similar inclusions (Lewy 

neurites) are also common within neuronal cell processes (Figure 3f-g). These inclusions can 

be found not only in the nigrostriatal system but also widespread in the peripheral and central 

autonomic neurons, and even in the cerebral cortex [173]. 

From a macroscopic standpoint, there are not many aspects to note besides mild frontal 

atrophy in some cases. Sections of the brainstem usually reveal loss of the normally dark black 

pigment (neuromelanin) in the SN (Figure 3a) and locus coeruleus, which correlates with 

neuronal loss of DA neurons and noradrenergic neurons in these areas. 

From a microscopic standpoint, H&E staining reveals Lewy bodies as hyaline 

cytoplasmic inclusions (glassy looking structures) (Figure 3b), which can be distinguished from 

α-synuclein positive inclusions of the same nature in less vulnerable neuronal populations, 

such as the amygdala and cortex. These “cortical Lewy bodies” show paler and less defined 

edges [174]. Structures similar to cortical Lewy bodies, have also been found in DA neurons 

of the substantia nigra and locus ceruleus and are called “pale bodies” [175]. Both have been 

suggested to be early alterations that precede the classical LB, a pre-Lewy body [176]. 

Generally, α-synuclein is an abundant protein in the brain and a component of the 

presynaptic terminals, and its presence in cytoplasmic inclusions near the soma indicates 

mislocalization. The molecular factors that lead to α-synuclein aggregation are not entirely 

known, however, it is believed that posttranslational modifications such as phosphorylation, 

truncation, and oxidative damage are implicated in this process [177]. The composition of the 

dense granular material in Lewy bodies is also not entirely known, several different proteins 

have been shown to be present. They include neurofilament protein [178], ubiquitin [179], 

ubiquitin-binding protein p62 [180] and more rarely tau [181], amongst many others [182]. 

Besides selective neuronal loss, there are reactive changes in astrocytes and microglia. 

Astrocytes become hypertrophic and accumulate the intermediate filament protein GFAP (glial 

fibrillary acidic protein), while microglia show activation markers and morphology changes 

[176]. 

Because Lewy body pathology extends well beyond the nigrostriatal system, Braak and 

colleagues have proposed a progressive staging scheme for PD [173]. Although very 

controversial in its applicability, the proposed staging propelled the idea that α-synuclein 

aggregates would spread during the course of disease [183]. More recently, a new mechanism 

for the propagation of α-synuclein aggregation has been proposed. The prion-like hypothesis, 

theorizes that once α-synuclein aggregates have formed in one neuron, they can be 

transported intra-axonally to other brain regions, be released into the extracellular space, be 
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taken up by neighboring neurons or even glial cells, and seed aggregation of endogenous α-

synuclein once inside their new host cell [184, 185].  

 

 

4. PARK8/LRRK2 

4.1. Genetics and Clinical presentation 

New insights into PD arrived with the identification of a new autosomal dominant locus 

(PARK8) in a large Japanese family from the Sagamihara region [186]. This family cohort was 

composed by individuals from multiple generations presenting with progressive parkinsonian 

symptoms, very closely resembling classical PD with an average age at onset ~51 years and 

a pattern of “pure nigral degeneration” without Lewy bodies in six autopsied patients [187]. 

Genome-wide linkage analysis in this family along with several others with significant linkage 

to the same genomic region, in chromosome 12 (12p11.2-q13.1), not only allowed the 

refinement of the critical region but also evidenced incomplete penetrance of the underlying 

disease cause and a wide clinicopathological spectrum [186–190]. A couple of years later, two 

independent groups simultaneously identified variants that co-segregated with PD in a gene 

annotated as DKFZp434H2111, in several PARK8-linked families [90, 188]. The gene was 

renamed LRRK2, maps to the 12q12 locus (PARK8), and comprises 51 exons along an 

approximate length of 144 kb. The full-length ~9 kb transcript encodes leucine-rich repeat 

kinase 2 - LRRK2 (also known as dardarin from the Basque term dardara, meaning tremor). 

This large ubiquitous protein is expressed in most brain regions including the SN, although at 

very low levels [188]. 

Subsequently, several groups identified a single disease-causing variant (c.6055G>A; 

p.G2019S), which was present both in familial and sporadic PD, with an unprecedented high 

frequency. The available data shows that G2019S is the single most frequent genetic 

determinant of PD, and because of this, it is also the most studied [191–200]. 

It is estimated that G2019S penetrance varies from 24-100% worldwide [201, 202], and 

because this is a common observation, it implies that genetic and/or environmental modifiers 

are important for LRRK2-related PD. Several candidate genes, themselves involved in 

neurodegeneration, have been reported as LRRK2 modifiers, including MAPT [203] and SNCA 

[204]. 

To date more than 50 different LRRK2 variants have been reported in familial and 

sporadic PD cases, however only 6 can be classified as pathogenic: G2019S, R1441C, 

R1441G, R1441H, Y1699C and I2020T (Figure 4) [200]. The role of other variants remains 



 20 

unclear since often no family members are available to assess co-segregation and there are 

no functional studies supporting their pathogenicity. 

Many researchers wondered if common variants in this gene could represent a risk 

factor for developing PD. Two variants have been consistently associated with typical late-

onset L-dopa-responsive PD in the Asian population: R1628P and G2385R (Figure 4) [144, 

205–209]. While there is no functional data from R1628P, G2385R has been shown to impact 

LRRK2 function. Cell models show that G2385R causes a partial loss of kinase function and 

that it binds less efficiently to key pre-synaptic proteins, including actin and synapsin, impairing 

LRRK2 binding to these two major synaptic vesicle (SV) tethering elements and with SVs 

themselves. By abolishing LRRK2 physiological activity, G2385R behaves as a partial loss of 

function variant [210, 211]. 

On an individual basis, the clinical presentation of LRRK2-associated PD is often 

indistinguishable from that of idiopathic PD [91, 212–215].  

Autopsies of G2019S carriers with parkinsonism show that the most common pathology 

is the neuronal loss in the SNpc and LC and the presence of Lewy bodies. However, this 

observation may be biased, because LRRK2 G2019S can have a penetrance as low as 24% 

and brain banks tend to collect brains from patients showing signs of neurodegenerative 

disorders so the information on G2019S asymptomatic carriers is missing [216, 217]. 

Furthermore, brains with Lewy body pathology are more likely to be genotyped for LRRK2 

sequence variants, while most of the non-Lewy body brains have not been so [216]. LRRK2 

was also found to be a component of Lewy bodies [218, 219]. The presence of Lewy bodies 

has been associated with PD patients presenting non-motor features when compared with 

those showing a purer motor deficit with neuronal loss in the SN without Lewy bodies [220]. 

To date, no neuropathology from patients carrying the G2385R LRRK2 variant is available 

[217]. 

In summary, pathological features of different LRRK2 variants are considerably varied. 

The majority of G2019S carriers with PD present with Lewy body pathology, which may 

correlate with the presence of non-motor symptoms. Studying brains of individuals carrying 

LRRK2 variants without PD could contribute to better understand both disease pathogenesis 

as well as incomplete penetrance [217]. 

 

4.2. Catalytic activity, structure and turnover 

LRRK2 encodes a large multi-domain protein of 2527 amino acids (~290 kDa), 

containing both GTPase and kinase enzyme domains flanked by several protein-protein 
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interactive motifs (Figure 4). The N-terminus (1-1287aa) is composed of an armadillo-like 

domain followed by ankyrin-like repeats, and the namesake leucine-rich repeat domain [221, 

222]. It has been shown that it is dispensable for kinase and GTPase activities, however, it 

participates in the regulation of LRRK2 and contains a phosphorylation cluster [223]. The 

minimal catalytic fragment required for kinase activity comprises the remainder of the protein 

(1326-2527aa) [221]. This includes an active GTPase domain, named Ras of complex proteins 

(Roc); immediately followed by the C-terminal of ROC (COR) domain, from the ROCO protein 

family of which LRRK2 is a member [222, 224]; an adjacent kinase domain which bears 

similarity to mixed lineage kinases which are typically involved in kinase signaling cascades; 

and finally a WD40 domain at C-terminus that has been shown to be essential for kinase 

activity (ex. deletion of the last seven amino acids is sufficient to inhibit kinase activity) [221, 

225, 226]. 

 

 

Figure 4 – Schematic representation of the domain architecture of LRRK2. LRRK2 is a large protein 

with a dual catalytic core flanked by protein interaction domains. Established pathogenic variants are in red 

and known PD risk factors in blue. Sites of LRRK2 phosphorylation by upstream kinases are in green and 

in grey is the in vivo relevant auto-phosphorylation site. 

 

LRRK2-mediated signaling is regulated by the complex interaction of many aspects: 

autophosphorylation, LRRK2 protein monomer/dimer cycling, upstream kinases and 

GTPases, downstream phosphorylation substrates, GTPase effectors, and the participation in 

signaling complexes [221, 227–229]. LRRK2 catalytic activity is also dependent on subcellular 

localization and kinase activity has been reported to be higher at the membranes. PD-causing 

variants concentrate in the catalytic Roc-COR and kinase domains and have been shown to 

affect GTPase activity, kinase activity, and/or protein-protein interactions [230–233]. 

LRRK2 kinase activity is regulated by autophosphorylation of serine residues in the 

kinase activation loop [225, 234]. Over 35 autophosphorylation sites have been found 
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throughout LRRK2, including T1292 which has been confirmed in cells [158, 228, 235–237]. 

Furthermore, autophosphorylation of the Roc domain also affects kinase activity [238]. The 

S1292 autophosphorylation site in the LRR domain, confirmed in vivo, is dephosphorylated by 

the phosphatases PP1 and PP2A. These phosphatases are recruited upon loss of 14-3-3 

binding to LRRK2 hetero-phosphorylation sites. Moreover, the majority of LRRK2 disease-

causing variants show increased autophosphorylation at this site but decreased 

phosphorylation at other sites phosphorylated by upstream kinases (hetero-phosphorylation), 

in particular S935. Nevertheless, kinase inhibition leads to the dephosphorylation of auto- and 

hetero-phosphorylation sites [158, 236, 237]. For a long time, the absence of validated 

downstream substrates meant that autophosphorylation was the only available tool to measure 

LRRK2 activity in experimental settings [228]. However, this changed when Rab proteins were 

identified as LRRK2 substrates, with a particular focus on Rab8a, Rab10 and Rab29. By 

phosphorylating Rab proteins, LRRK2 affects their association to membranes and, therefore, 

mutations that increase LRRK2 kinase activity lead to an accumulation of inactive Rab proteins 

at the membrane [239–242]. 

LRRK2 GTPase activity is conferred by the Roc-COR tandem domain. The Roc domain 

is structurally very close to Ras proteins, and the COR domain enables LRRK2 dimerization, 

which is suggested to be essential for LRRK2 GTPase activity [243–245]. Several studies have 

favored the idea that LRRK2 Roc-COR domain functions as a molecular switch in cells. With 

GDP bound, LRRK2 is at rest. Upstream regulators activate LRRK2 by inducing exchange of 

GDP for GTP leading LRRK2 to bind and activate its effectors. LRRK2 is inactivated when it 

hydrolyzes GTP to GDP [246–248]. Though, the GDP/GTP state of dimerized LRRK2 is still 

controversial [245]. 

The GTPase function of the Roc-COR domain is also important for LRRK2 kinase 

function, but the exact mechanisms through which this happens are unclear [39]. Additionally, 

autophosphorylation in the Roc domain may affect protein-protein interactions and possibly 

influence the subcellular localization of LRRK2 [225, 240, 241, 249].  

In the context of PD, disease-causing variants in the RocCOR domain have been 

shown to increase GTP-binding, decrease intrinsic GTPase activity, and increase Rab 

phosphorylation in cells, but not intrinsic kinase activity [250–252]. Particularly, LRRK2 

G2019S (in the kinase domain) has no discernible effect on GTP binding or hydrolysis 

suggesting that its pathogenic effects are solely mediated through altered kinase activity [250–

252]. G2019S increases intrinsic kinase activity, but the reports on Rab phosphorylation in 

cells are conflicting [251, 253]. In contrast, Rab10 hyperphosphorylation was shown in G2019S 

knock-in mouse models [254]. On the other hand, G2385R (in WD40 domain) shows reduced 

intrinsic kinase activity, normal GTP binding but increased GTPase activity [248]. 
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It has been reported that inhibition of LRRK2 kinase activity reduces protein stability 

[255]. Furthermore, kinase inhibition leads to phosphatase (PP1) dependent LRRK2 

ubiquitination. PD causing mutations in LRRK2 that are dephosphorylated at the upstream 

kinase phosphorylation sites also show increased ubiquitination at a basal level. There seems 

to be an inverse relationship between phosphorylation and ubiquitination [255]. Ubiquitin is 

covalently linked to proteins through lysine residues as a form of post-translational 

modification, and this moiety can be conjugated to each other in a successive manner, creating 

chains of ubiquitin attached to a target protein [256]. Each monomer in the chain can be linked 

to the adjoining one through covalent bonds in lysine residues, therefore giving rise to a variety 

of chain architectures (most commonly known K48 and K63) with specific functions [256]. Both 

K48 and K63 ubiquitination has been observed in LRRK2, resulting in altered protein stability. 

LRRK2 has been shown to be degraded through at least three different mechanisms in cells: 

the ubiquitin-proteasome system (generally driven by K48 ubiquitin chains), the autophagy-

lysosome system (driven by K63 for aggregated proteins), and chaperone-mediated 

autophagy (a selective form of autophagy for long-lived cytosolic proteins) [255, 257–260]. 

Dysregulation in all these three forms of degradation has been implicated in the pathogenesis 

of PD, including LRRK2 [257, 259]. However, the phosphorylation and ubiquitination state of 

LRRK2 in disease is largely unknown, as are ubiquitin ligases that act on LRRK2 upon its 

dephosphorylation [228, 261]. 

The kinase domain is believed to be linked to LRRK2 toxicity. This has pushed forward 

efforts to develop kinase inhibitors as a form of potential pharmaceutical intervention. To date, 

highly potent, selective, and brain penetrant LRRK2 inhibitors have been reported. These 

drugs could benefit not only individuals bearing LRRK2 mutations but also may help manage 

other patients in whom LRRK2 activity is contributing to the disease. Notwithstanding, recent 

reports show that inhibition of LRRK2 kinase activity results in reduced LRRK2 levels and 

peripheral side effects, similar to those observed rodent models (LRRK2 knockout (KO) and 

kinase-dead) [261–263]. 

 

4.3. LRRK2-mediated signaling 

The presence of active kinase and GTPase domains surrounded by protein-protein 

interaction motifs in a large-size protein was, from the beginning, highly suggestive of LRRK2 

potential involvement in signaling pathways. Indeed, several signal transduction cascades 

have been associated with LRRK2 including MAPK, Wnt and TOR pathways (Figure 5). Signal 

transduction comprises the transmission of signals through molecules that are able to convey, 
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amplify, and translate information from a cell's exterior to its interior, ensuring an efficient and 

appropriate response. 

 

 

Figure 5 – Illustration of the many signaling pathways that have been associated with LRRK2 heath and 

disease. Some of these pathways are interconnected and red boxes depict the major cellular process affected by 

each signaling pathway. Reproduced from [264]. 

 

The mitogen-activated protein kinase pathways (MAPK) were one of the first to be 

identified. MAPK pathways are generally composed of layers of protein kinases able to activate 

each other sequentially. At the first layer is MAP3K that is able to phosphorylate and activate 

a MAP2K in the second layer, which subsequently activates the final MAPK, thus inducing a 

change in transcription. LRRK2 is able to bind to and phosphorylate MAP2K3, -4, -6 and 7 in 

vitro [265, 266]. A LRRK2 G2019S transgenic mouse model showed degeneration of 

dopaminergic neurons in the substantia nigra associated with hyperphosphorylation of 

MAP2K4 [267]. Activation of MAP2K3, -4, -6 and -7 is stimulated by stress, cytokines and 

growth factors, and leads to the activation of the downstream effectors JNK and p38, which 

are known to control cell proliferation and differentiation, apoptosis, inflammation, immune 

responses and the production of cytokines (Figure 5) [268]. Another MAPK pathway 

associated with LRRK2 is the MAP2K1 and -2 (also known as MEK1 and MEK2). Both kinases 

were found to be activated by LRRK2 G2019S, leading to hyperphosphorylation of their 
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effectors ERK1 and ERK2 respectively. Alteration of this MAPK pathway was considered 

responsible for the increase in basal autophagy mediated by LRRK2 G2019S [269]. 

The Wingless signaling pathway (Wnt) is responsible for the activation of the 

transcription factor -catenin, and it regulates nearly 400 genes involved in cell growth, 

apoptosis, immune functions and inflammation, synaptogenesis during embryonic 

development and synaptic maintenance in adulthood [268, 270]. LRRK2 has been reported to 

interact in vivo with key Wnt signaling proteins. It is recruited to membranes after Wnt 

stimulation and binds to the Wnt co-receptor low-density lipoprotein receptor-related protein 6 

(LRP6). LRRK2 bridges membrane and cytosolic components of Wnt signaling [271]. Changes 

in LRRK2 expression affect signal transduction, while pathogenic LRRK2 mutants have been 

reported to reduce both signal strength and LRRK2-LRP6 interaction. Therefore, decreased 

LRRK2-mediated Wnt signaling may contribute to neurodegeneration in PD [271, 272]. 

LRRK2 has been suggested to modulate nicotinic adenine acid dinucleotide phosphate 

(NAADP) receptors, with the consequent activation of a calcium signaling cascade (mediated 

by CaMKK) that would eventually activate adenosine monophosphate-activated protein 

kinase (AMPK) to coordinate different cellular functions related to nutrient homeostasis and 

energetic balance (Figure 5) [273].  

Altered mTOR expression has been observed in LRRK2 KO and transgenic knock-in 

mice [274]. 4E-BP is a downstream effector of the TOR pathway and its dephosphorylation 

during nutrient deprivation reduces protein synthesis. Human LRRK2 was proposed to 

phosphorylate eukaryotic initiation transcription factor 4E binding protein (4E-BP) in 

Drosophila, however, researchers have not been able to reproduce this in mammalian systems 

[275–277].  

Finally, the 14-3-3 scaffold proteins have been demonstrated to be LRRK2 interaction 

partners and to be involved in the regulation of LRRK2 localization [232]. These proteins are 

able to interact with numerous proteins and support the function of many signaling cascades 

like for example AMPK and TOR pathways (Figure 5) [278, 279]. 

LRRK2 has been related first and foremost with PD, but also with cancer and immune 

disorders. The diversity of signaling pathways that have been associated with it challenges our 

understanding of this protein both in health and disease. It may be the case that LRRK2 plays 

different roles depending on the cell type or organism in which it is expressed, or even in the 

context of different disorders. Moreover, the presence of mutations in LRRK2 may cause a 

gain of novel functions, further complicating data interpretation [264]. 
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4.4. LRRK2 and autophagy  

LRRK2 was initially associated with autophagy when it was shown that knocking down 

autophagy proteins Atg7 and Atg8 (effectively blocking macroautophagy), in SHSY5Y cells 

overexpressing LRRK2 G2019S, was sufficient to attenuate the mutants’ toxicity [280]. In a 

following report, LRRK2 localized to autophagic vesicles and multivesicular bodies, and the 

knock-down of endogenous LRRK2 was sufficient to induce macroautophagy in cell lines  

[281].  

Since then, many researchers have concentrated efforts to figure out LRRK2’s role in 

autophagy. Many different approaches and model systems have been used, but still, the 

answer is not clear, perhaps the role of LRRK2 in autophagy is cell-type specific. The results 

vary even when considering LRRK2 overexpression vs studies at endogenous levels in the 

context of autophagy. Although there is extensive literature implicating LRRK2 in autophagy, 

it is sometimes controversial [264]. 

LRRK2 was found to be a degradation substrate of chaperone-mediated autophagy 

(CMA), like α-synuclein [258, 282]. CMA is a selective form of lysosomal degradation of long-

lived cytosolic proteins bearing a specific recognition motif [282]. Overexpression of either 

LRRK2 WT or G2019S reduces CMA, promoting accumulation of α-synuclein, and other 

proteins that would be degraded by CMA [258]. This may be one way of LRRK2-mediated 

alteration of cellular proteolytic pathways.  

While CMA is a selective form of autophagy, macroautophagy, on the other hand, 

allows for bulk degradation of cellular contents. It involves the formation of a double-membrane 

structure (phagophore) which sequesters portions of the cytoplasm, including entire organelles 

and proteins, and seals to form a double-membrane vesicle or autophagosome, whose 

contents are afterward degraded in the lysosome [283].  

Altered macroautophagic flux was found in cellular models of LRRK2 overexpression, 

as well as LRRK2 knock-down and pharmacological kinase inhibitors [273, 284–286]. It is still 

debatable, however, whether LRRK2 has a positive or negative regulatory role in the control 

of macroautophagy and if this role resides early within the initiation steps or later in the 

clearance steps. This debate was pushed further with the study of LRRK2 KO animal models, 

that even though do not recapitulate the pathological hallmarks of PD, show a biphasic 

alteration of macroautophagy in the kidneys, with enhanced autophagy at young ages and 

reduced autophagy at old ages [287]. Fibroblasts of patients carrying LRRK2 G2019S were 

reported to have increased basal macroautophagy [269]. On the other hand,  fibroblasts with 

LRRK2 mutations in the catalytic core had impaired response to starvation-induced 
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macroautophagy [288], as well as iPSC-derived human dopaminergic neurons with LRRK2 

G2019S that also show a reduction in macroautophagy [289]. 

In light of the sometimes-confusing data, perhaps it may be useful to consider LRRK2’s 

dynamic ability to form complexes, discussed above, the scaffolding hypothesis may also help 

describe the role of LRRK2 in the context of autophagy. Different cell types and different protein 

contexts may be the basis of LRRK2’s interaction with different autophagy proteins, allowing it 

to regulate autophagy in different ways. Furthermore, specific roles for LRRK2 in the control 

of macroautophagy have been described when LRRK2 was part of particular protein 

complexes [290]. For example, the control of mitophagy through the interaction with Bcl-2 

protein [291], and the promotion of Golgi-derived vesicle clearance by interaction with BAG5, 

GAK and RAB7L1 [158]. Specifically, at the presynaptic terminal, LRRK2 is capable of 

controlling the recruitment of the autophagy machinery to the nascent autophagosome by 

phosphorylating Endophilin A (EndoA), which in turn modulates membrane curvature [292, 

293]. 

In summary, LRRK2 can be a positive and negative regulator of macroautophagy, and 

can have a role in both the initiation and the final phases of autophagy. LRRK2 kinase inhibition 

(by chemical inhibition or LRRK2 KO) produces similar outcomes and LRRK2 G2019S 

overexpression increases autophagic flux [290]. 

 

4.5. LRRK2 function in vesicle dynamics and retromer function 

An ever-growing amount of evidence suggests a role for LRRK2 in vesicle trafficking 

and retromer function. LRRK2 has been found associated with membranous structures and 

vesicles in the rodent brain and enriched in the Golgi complex. Furthermore, mice 

overexpressing LRRK2 wild-type and G2019S showed fragmentation of the Golgi complex 

[294, 295]. 

Endocytosis 

LRRK2 interacts with Rab5b, in a kinase-dependent manner, and co-regulates SV 

endocytosis. Rab5b is a small GTPase that regulates motility and fusion of early endosomes 

[296]. Also, either LRRK2 overexpression or it’s knockdown, in primary neuronal cells, 

significantly impairs SV endocytosis [297]. Similarly, LRRK2 G2019S also blocked synaptic 

endocytosis [293]. In mammalian cells, LRRK2 interacts with the dynamin GTPase 

superfamily, which are involved in membrane scission during clathrin-mediated endocytosis 

[298]. Efficient vesicle uncoating after fission is dependent on the recruitment of endophilin to 

clathrin-coated pit necks. Therefore, LRRK2’s ability to phosphorylate EndoA, affects EndoA-
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dependent membrane tabulation and consequently endocytosis [268, 293, 299]. Furthermore, 

the interaction between endophilin and Synaptojanin 1 is required for SV endocytosis. Also, 

recently it was found that LRRK2 phosphorylates Synaptojanin 1 which results in loss of 

interaction with endophilin [300]. 

Exocytosis 

LRRK2 has also been proposed to participate in the control of SV exocytosis by 

phosphorylating Snapin and preventing its interaction with SNAP-25, therefore regulating the 

SNARE complex function and late endosomal transport [301]. Furthermore, LRRK2 

phosphorylates NSF, an AAA+ ATPase that couples ATP hydrolysis to the disassembling of 

SNARE proteins, which allows them to enter a subsequent fusion cycle during synaptic 

exocytosis. Increased LRRK2 kinase activity leads to increased levels of NSF phosphorylation, 

meaning an increased rate of SNARE complex disassembly and consequently increased SV 

exocytosis [302]. Overexpression of LRRK2 G2019S in cells has been shown to alter the 

amount of readily releasable vesicles [301], and neuronal receptor trafficking [303]. In 

particular, LRRK2 G2019S impairs DRD1 (dopamine receptor D1) internalization, leading to 

an alteration in signal transduction. LRRK2 further affects dopamine receptor turnover by 

increasing the rate of DRD2 trafficking from the Golgi complex to the cell membrane [303]. 

Moreover, it has been described that LRRK2 N- and C-terminal domains have an 

opposite impact on SV dynamics, as different proteins have been shown to bind each 

extremity. For example, the N-terminus binds β3-CaV2.1, and the C-terminus binds β-actin 

and Synapsin I. Interestingly, the susceptibility variant G2385R (C-terminus) binds less 

efficiently to β-actin and Synapsin I, which increases SV fusion [211]. In fact, the β3-CaV2.1 

channel subunit is a fundamental component of the voltage regulated calcium channel and is 

a master regulator of exocytosis [304, 305]. Under resting conditions, SVs are tethered by the 

cross-linking of synapsin proteins to the actin cytoskeleton [306, 307]. LRRK2, therefore, 

brings together proteins executing opposite functions at the presynaptic site: it binds proteins 

supporting SV fusion as well as those preventing exocytosis [211]. 

ER-to-Golgi 

LRRK2 is also implicated in the anterograde ER-Golgi trafficking by anchoring Sec16A 

at the endoplasmic reticulum exit sites (ERES). Sec16A is an essential protein for the formation 

of ERES and it was found co-localizing with LRRK2. Loss of LRRK2 leads to a reduction in 

protein transport to the dendritic spine and consequent reduction of glutamate receptors in the 

synapse. LRRK2 R1441C affected the interaction of LRRK2 with Sec16A and also affected 

ER-Golgi transport, in a kinase-independent manner [308]. 

Endo-lysosomal trafficking 
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Expression of LRRK2 G2019S in primary neurons led to lysosomal swelling and 

accumulation of the cation-independent mannose-6-phosphate receptor (CI-MPR), a cargo 

protein of the retromer complex. CI-MPR is normally recycled between endo-lysosomes and 

the Golgi [159]. This defect could be rescued by overexpression of the retromer component 

VPS35, as well as the overexpression of Rab7L1 [159]. 

 Rab7L1 has been pointed as a PD risk factor, and it was also identified as part of a 

complex with LRRK2, that promotes clearance of Golgi-derived vesicles through the 

autophagy-lysosome system [158, 159]. Both LRRK2 kinase and GTPase activities are 

required for Golgi-derived vesicle clearance [158]. Furthermore, overexpression in Drosophila 

of the VPS35, a cargo-recognition subunit of the retromer complex, ameliorated LRRK2 I2020T 

eye phenotype [309]. The fact that disease-causing variants in the VPS35 encoding gene have 

been identified in PD families [127, 310], further implicates the disruption of retromer-mediated 

protein sorting in PD. 

Also, Drosophila Lrrk has been shown to regulate Golgi outposts (GOP) dynamics in 

dendrites. In order to build the dendritic arbor, neurons require the dynamic movement of 

GOPs, though most are stationary. Lrrk localizes to GOPs in dendrites and suppresses their 

movement by interacting with the golgin Lava lamp and inhibiting its interaction with the dynein 

heavy chain. Overexpression of the human LRRK2 G2019S promotes the retrograde 

movement of GOPs [311]. Specifically, in kidneys, LRRK2 binds the N-ethylmaleimide-

sensitive factor (NSF), and deficiency in either protein leads to a defect in trans-Golgi to 

lysosome protein trafficking and fragmentation of the Golgi, which compromises the capacity 

of lysosomes to degrade endocytic and autophagic cargo [312]. 

Studies in animal models of PD suggest that changes in SVs and axons represent the 

earliest detectable phenotypes [313, 314]. Also, early changes in dopaminergic terminals occur 

many years before cell loss is observable in the SN of PD patients [315]. In summary, LRRK2 

is implicated in vesicle endocytosis and exocytosis, opposing functions that seem to be 

mediated through the N- and C-terminal protein interaction domains, as well as ER-to-Golgi 

and endo-lysosomal trafficking. Recent studies show that LRRK2 can phosphorylate Rab 

proteins, which are important for membrane trafficking, and may link together all the 

aforementioned events [316–319]. It is tempting to suggest that homeostasis of membrane 

dynamics may be controlled by LRRK2.  

 

4.6. LRRK2, the mitochondria and ROS 

Both genetic and environmental causes of PD have highlighted the importance of 

mitochondrial dysfunction in the pathogenesis of PD. Mitochondrial impairment has been 
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observed in fibroblasts and iPSC-derived neural cells from PD patients with LRRK2 mutations, 

and LRRK2 has been shown to localize to mitochondria and to regulate its function [271]. 

LRRK2 interacts with several key regulators of mitochondrial fission/fusion, co-

localizing with them either in the cytosol or on mitochondrial membranes, which may indicate 

it has various regulatory roles [298, 320]. Besides directly affecting mitochondrial function, 

LRRK2 can indirectly regulate it through autophagy or cytoskeletal dynamics [321, 322]. Many 

studies support a role for LRRK2 in mitochondrial homeostasis. LRRK2 PD brains and several 

LRRK2 G2019S animal models show a collection of mitochondria-related alterations: reduced 

mitochondrial membrane potential and decreased ATP production, mitochondria DNA 

damage, mitochondria elongation and fragmentation, mitophagy and higher levels of oxidative 

stress along with altered calcium homeostasis [320, 323–329]. 

The majority of LRRK2 is present in the cytoplasm, though about 10% of it associates 

with the outer mitochondrial membrane [253, 295]. Most studies show that LRRK2 mutants 

cause mitochondrial fragmentation [320, 323, 324, 330, 331], while at least one describes 

mitochondrial changes consistent with arrested fission [326]. Research into how this happens 

has revealed that LRRK2 regulates mitochondrial dynamics through direct interaction with 

dynamin-like protein 1 (DLP1), which is a GTPase that regulates mitochondrial fission. LRRK2 

G2019S kinase activity also accelerated mitochondrial fission by recruiting the dynamin-related 

protein 1 (DRP1) to the mitochondria [320, 323, 331]. Also, very recently, a novel LRRK2 

variant E193K was found to alter LRRK2 binding to DRP1, therefore altering mitochondrial 

fission [332]. Furthermore, the optic atrophy 1 protein (OPA1), which controls mitochondria 

fusion, was found depleted in G2019S PD brains [298]. 

Another interesting finding is that lysosomal protein RAB7 participates in mitochondrial 

fission [333]. This work showed the existence of mitochondria-lysosome points of contact and 

these can regulate mitochondrial fission through RAB7 GTP hydrolysis [333]. Because RAB7 

has been previously identified as a LRRK2 interactor [158], there is the possibility that mutant 

LRRK2 perturbs mitochondrial dynamics by dysregulating RAB7. 

Mitophagy describes the clearance of damaged mitochondria and dysregulation of this 

process is heavily implicated in neurodegenerative diseases [334]. There is also substantial 

evidence suggesting that LRRK2 regulates autophagy [158, 258, 286, 325, 335–341]. 

While LRRK2 mutants have been shown to activate dendritic mitochondrial clearance 

[325], LRRK2 inhibition impairs autophagy and causes DRP1-mediated mitochondrial fission, 

resulting in mitophagy [284]. On the other hand, LRRK2 G2019S causes loss of mitochondrial 

membrane potential accompanied by an increase in autophagic flux and loss of mitochondrial 
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mass. The G2019S mutant further binds and phosphorylates Bcl-2, leading to excessive 

mitophagy [291, 331].  

LRRK2 has been shown to interact with microtubules potentially stabilizing them [158, 

342–345]. Tubulin acetylation is a post-translational modification that correlates with 

microtubule stability and has an important role in axonal microtubule structure and function 

[346–348]. Furthermore, microtubule acetylation promotes microtubule-dependent trafficking 

[349]. Peripheral blood mononuclear cells (PBMCs) of LRRK2 G2019 patients show reduced 

tubulin acetylation [347]. Alterations in the microtubule network can affect mitochondria 

trafficking in an indirect manner. In fact, mutant LRRK2 inhibits microtubule acetylation and 

mitochondrial transport in Drosophila and cell lines [346, 350]. 

iPS cells carrying the G2019S mutation are more sensitive to H2O2 exposure, and 

mitochondrial dysfunction has been related to increased ROS production in cells expressing 

mutant LRRK2 [324, 351]. LRRK2 mutations increase the inhibition of peroxiredoxin 3 

(PRDX3) through phosphorylation, promoting dysregulation of mitochondrial function and 

oxidative damage [352]. Furthermore, increased vulnerability to ROS has been observed in 

mutant LRRK2, whether the pathogenic mutation is inside or outside the kinase domain, and 

even in kinase-dead mutants [324, 352, 353]. Elevated reactive oxygen species (ROS) has 

been a common pathological feature of PD, however, how it directly associates with LRRK2 is 

not clear yet [354]. 

 

 

5. PARK7/DJ-1 

5.1. Genetics and Clinical presentation 

The PARK7 locus is amongst the first PD loci to have been identified [200]. This locus 

was initially mapped to chromosome 1p36, distinct from PARK6, in Italian and Dutch families 

with early-onset parkinsonism, compatible with autosomal recessive inheritance. These 

patients had the onset of classical PD symptoms before age 40, with no atypical features, and 

were L-DOPA responsive [355, 356]. Later, variants in the PARK7 gene (1p36.23), encoding 

DJ-1, were identified in two PARK7-linked families [109]. In the Dutch family, it was shown that 

PD was caused by a homozygous deletion of exons 1-5, whereas a homozygous missense 

variant (L166P) underlined disease in an Italian family [109]. Furthermore, PBMCs from 

patients carrying L166P showed a drastic reduction of DJ-1 levels, indicating early on, that loss 

of DJ-1 function is important for PD [109].  
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The PARK7 gene comprises 7 exons along an approximate length of 24 kb. The full-

length ~1 kb transcript encodes DJ-1, a small ubiquitous protein deglycase. DJ-1 is 189 amino 

acids long and is expressed in all tissues, but it registers higher expression in regions more 

affected in PD like the caudate nucleus, thalamus and SN [109].  

To date, more than twenty-three variants in PARK7 have been associated with early-

onset PD, and together they only account for a small percentage (approximately 1%) of PD 

patients [109, 357]. Therefore, this gene is a rare cause of PD; however, the data is over 15 

years old, and no recent epidemiological studies are available. No PARK7 variants have been 

reported that confer DJ-1 a gain of function, unlike some monogenic PD genes like for example 

SNCA and LRRK2 [85, 90, 188]. Also, common variants in PARK7 do not confer susceptibility 

to PD. Thus, the role of DJ-1 in PD appears to stem from the loss of protein function alone 

[358, 359].  

Clinically, patients carrying disease-causing variants in PARK7 show early asymmetric 

development of dyskinesia, hyperreflexia, rigidity, and tremor, with later psychiatric symptoms 

including, psychotic disturbances, anxiety and more rarely cognitive decline. They also show 

a good response to L-DOPA [109, 360, 361]. In fact, PARK7 patients are clinically 

indistinguishable from PARK2 and PARK6 patients [84]. 

In the normal human brain, DJ-1 shows neuronal staining and prominent 

immunoreactivity in astrocytes and astrocytic processes. Also, it has seldom been associated 

with LB pathology in idiopathic PD brains, and on the rare occasions it does, locates to the 

outer perimeter of the LB [362].  The only neuropathology report on a PARK7 PD brain 

surprisingly associates loss of DJ-1 with widespread α-synuclein pathology [363]. The L166P 

variant remains, to date, the most well-characterized mutation in DJ-1[364–366]. 

 

5.2. Catalytic activity, structure and function 

PARK7 encodes a small protein of ~20 kDa that belongs to the DJ-1/PfpI superfamily, 

which is present in most organisms from bacteria to humans [367]. Human DJ-1 is the most 

extensively studied member of this superfamily, due to its role in multiple diseases including 

PD [109], cancer [368], and more recently ischemia-reperfusion injury [368]. In fact, DJ-1 was 

first identified as an oncogene and implicated in cancer invasion and drug resistance through 

a gain of function [368, 369]. More recently, a considerable body of evidence points to human 

DJ-1 serving as a redox sensor and being involved in mitochondrial maintenance, however, 

the biochemical basis of its activity is not completely understood. Human DJ-1 has been 

proposed to have many functions including transcriptional regulation, anti-oxidative stress 
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function (by far the most studied), chaperone, protease, glycase and mitochondrial regulation 

[367]. 

 

Figure 6 – Schematic representation of DJ-1. DJ-1 is a small protein deglycase, whose activity is 

dependent on the sequencial oxidation (SOH, SO2H and SO3H) of cysteine residues 46, 53 and 106. These 

residues can be further modified, like for exemple with the addition of gluthatione (GSH), which marks DJ-1 

for degradation. Relevant pathogenic  variants are indicated in blue and the three cysteine residues in grey. 

Adapted from [336]. 

 

Contrary to LRRK2, the small size and high solubility of DJ-1 made it a popular target 

for structural and biophysical characterization. In fact, the DJ-1 structure was solved almost 

simultaneously by five independent groups [359, 370–373].  Its structure is very similar to other 

members of the superfamily, with the exception of the C-terminal portion, which has been 

shown to be important for DJ-1 dimerization. 

The combined analysis of structural data and sequence conservation allowed the 

identification of three conserved cysteine residues (C43, C54, and C106) that appear to be 

essential for DJ-1 function [359, 370–373]. Of those cysteines, C106 is highly sensitive to 

oxidative stress and is oxidized to SOH, SO2H and SO3H forms (Figure 6) [370, 373, 374]. 

The mutation of residue C106 results in a loss of DJ-1 activity [374–376]. Additionally, highly 

oxidized DJ-1 (which is inactive) has been found in the brains of patients with Parkinson’s and 

Alzheimer’s diseases [362, 377]. Furthermore, structural studies have provided an explanation 

why some PD-causing variants (L166P, L10P and ΔP158) lead to loss of function through 

destabilization of DJ-1 [358, 367]. It has been shown that L166P has a highly unstable 

conformation that is also unable to form dimers and is degraded in the proteasome [378, 379]. 

DJ-1 can also be modified by sumoylation (K130) [380], S-nitrosylation (C46 and C53) [380] 

and phosphorylation [380], all of which lead to altered function. 

DJ-1 has been described as a chaperone. Though, this activity is controversial, as it 

has been detected in some experimental works [381, 382] and not in others  [358]. 
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Nevertheless, it is generally accepted that DJ-1 acts like a chaperone and prevents α-synuclein 

aggregation in a C106 oxidation-dependent manner [370, 381–383]. 

DJ-1 also functions as a deglycase that repairs amino acids and proteins that have 

been glycated by glyoxals. Glycation is a process that has been implicated in aging and 

neurodegenerative disorders [384].  

In addition, a C-terminus truncated form of DJ-1 has been described to possess 

proteolytic function that is cytoprotective against oxidative stress-induced apoptosis. The 

activated DJ-1 functions as a cysteine protease with C106 and H126 as the catalytic residues. 

Furthermore, in dopaminergic cells, endogenous DJ-1 undergoes C-terminal cleavage in 

response to mild oxidative stress [385].  

 

5.3. DJ-1 as an antioxidant 

Redox homeostasis is an important process that ensures cell survival and function in 

the presence of an oxidative environment (oxygen) by balancing reactive oxygen species 

(ROS) with the help of the antioxidant systems. ROS are byproducts of oxygen metabolism, 

mostly produced by the mitochondria, that can have important roles in cell signaling. Yet, when 

ROS levels are increased, cells suffer oxidative stress, which can lead to detrimental cellular 

consequences such as cell death. In turn, the cell responds to high levels of ROS by 

expressing and activating antioxidant systems. The two most important antioxidant systems 

are the thioredoxin (Trx) and the glutathione (GSH) systems [386].  

Antioxidant systems maintain the intracellular redox homeostasis and their disruption 

has been shown to result in disease. In addition to Trx and GSH, there are various proteins 

with an antioxidant function in the cell, and they also contribute to the maintenance of redox 

homeostasis.  

It has become increasingly recognized that DJ-1 has antioxidant functions and provides 

cytoprotection against increased oxidative stress [120, 387]. DJ-1 has three redox-sensitive 

cysteine residues, which are involved in its dimerization and functional properties. A mildly 

oxidized form of DJ-1 has been shown to be the most active form, protecting cells from 

oxidative stress conditions (Figure 6) [359, 370–373]. DJ-1 has been shown to function as an 

antioxidant through a variety of mechanisms, including a weak direct antioxidant activity by 

scavenging reactive oxygen species [120, 388]. It also regulates a number of signaling 

pathways, including the inhibition of ASK1-induced apoptosis under oxidative stress conditions 

[389–391]. DJ-1 exerts indirect antioxidant activity through the upregulation of the transcription 
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factor Nrf2. Nrf2 boosts antioxidant gene expression including members of the thioredoxin and 

glutathione pathways, which in turn mediate an antioxidant protective function [392–394].  

Crosstalk between DJ-1 and both the Trx and GSH systems has also been identified. 

This may happen through direct interaction or via the upregulation of gene expression through 

the Nrf2 pathway [386, 395]. Thioredoxin reduces DJ-1 C53 to modulate its activity [396], while 

glutaredoxin1 (Grx1) de-glutathionylates DJ-1, preventing its degradation which results in its 

accumulation [397]. Besides being a target of Trx, C53 also mediates the association with 

peroxiredoxin-2 (Prdx-2), another oxidative stress-responsive protein [398]. It is suggested that 

Trx influences DJ-1’s ability to dimerize (which requires conformational change), which in turn 

affects the binding of other proteins to C106 and protects it from hyper-oxidation [398]. Under 

oxidative stress, DJ-1 was also shown to upregulate the activity of glutamate cysteine ligase 

(GCL) which is the rate-limiting step for glutathione synthesis [399]. 

DJ-1 antioxidant functions are key in protecting neurons from oxidative stress and have 

been postulated to participate in the prevention of neurodegenerative diseases like PD. 

However, on the reverse side, they also protect cells from undergoing oxidative stress-induced 

apoptosis and thus have been implicated in cancer invasion and drug resistance. 

 

5.4. DJ-1 and mitochondrial homeostasis 

DJ-1 has the potential to be neuroprotective by exerting a myriad of functions. In cells, 

it localizes to the cytoplasm, nucleus, mitochondria, and is even secreted [400–402]. DJ-1 

translocation into the mitochondria is dependent on C106 oxidation (SO2H) and stimulated by 

oxidative stress [374]. It also has been shown to protect the mitochondria against oxidative 

stress-induced cell death [403].  

The activity of mitochondrial complex I is decreased in PD patients. Furthermore, DJ-1 

KO mice and fly models show mitochondrial dysfunction [404, 405]. When the mitochondrial 

membrane potential is low, DJ-1 is translocated into mitochondria, resulting in the induction of 

mitophagy [406, 407]. Furthermore, loss of DJ-1 leads to impaired autophagy and the 

accumulation of dysfunctional mitochondria [406]. It appears that parkin and PINK1, together 

with DJ-1, control mitochondrial quality by regulating its fusion/fission as well as ROS 

production. Deficiency of any of these proteins affects mitochondrial morphology and dynamics  

[114, 408, 409], and these defects can be rescued by overexpressing any of the other three 

proteins [410]. It is thought that the cross-talk between these three proteins is mediated by 

mitochondrial fusion/fission proteins like Mfn1/2 or Fis1, or regulators of motility such as 

Miro1/2 [411–414].  
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5.5. DJ-1, signal transduction and transcriptional regulation 

One of the ways through which DJ-1 appears to contribute to cellular homeostasis is 

the modulation of signal transduction. For example, DJ-1 can mediate cell survival and 

proliferation by activating the extracellular signal-regulated kinase (ERK1/2) and the 

phosphatidylinositol-3-kinase (PI3K)/AKT pathways [415–417]. It can also inhibit apoptotic cell 

death by reducing activation of apoptosis signal-regulating kinase 1 (ASK1) as well as mitogen-

activated protein kinase kinase kinase 1 (MEKK1/MAP3K1) cascades [390, 391, 418]. It also 

modulates autophagy through many signaling pathways, a process that, depending on the 

circumstances, can mediate either cell survival or cell death [418–421]. 

The ERK1/2 pathway is a classic mitogen-activated protein kinase (MAPK) signaling 

cascade that regulates cell proliferation, growth, autophagy and differentiation [422]. This 

pathway can be activated by different stimuli, including growth factors, polypeptide hormones, 

neurotransmitters, chemokines and phorbol esters, which bind or activate a variety of receptors 

and proteins such as receptor tyrosine kinases (RTKs), G-protein coupled receptors (GPCRs) 

and protein kinase C (PKC) [423]. 

On the other hand, the ASK1 signaling cascade is important for stress-induced 

apoptosis, cell survival and differentiation. ASK1 is a mitogen-activated protein kinase kinase 

kinase (MAPKKK) that is activated by oxidative stress stimuli, which results in the activation of 

downstream pathways leading to apoptosis [424]. DJ-1 also appears to regulate ASK1 by 

regulating the death-associated protein 6 (Daxx), which is usually an ASK1 activator [425]. 

Besides this, DJ-1 also directly binds various transcription factors, and acts as a 

coactivator/corepressor in the regulation of their target genes, thereby affecting various cell 

functions [426]. It has been reported that DJ-1 interacts with several proteins directly/indirectly 

involved in dopamine synthesis. This includes the enzyme tyrosine hydroxylase (TH) that 

synthesizes L-DOPA from tyrosine; the L-DOPA carboxylase (DDC) which converts L-DOPA 

into dopamine [426]; and the vesicular monoamine transporter 2 (VMAT2), which imports 

dopamine into SVs, therefore protecting neurons from oxidized dopamine-induced toxicity. DJ-

1 regulates the TH gene by sequestering PSF, a splicing factor that promotes DNA strand 

invasion, from the TH gene promoter, repressing TH transcription [427]. DJ-1 also directly 

associates with TH and DDC and positively regulates their activity [428], in a C106 oxidation-

dependent manner. Because DJ-1 oxidation increases with aging (i.e. is inactivated), 

dopamine synthesis consequently lowers, and that may be an important factor for PD onset 

[426]. Also, DJ-1 binds and regulates VMAT2 expression both at mRNA and protein levels, 

contributing to dopamine reuptake into SVs via VMAT2 [426]. It has been shown that PD-

causing variants in DJ-1 lead to reduced expression of TH, DDC, and VMAT2 [427–429].  
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Furthermore, DJ-1 positively regulates the transcriptional activity of Nurr1, a 

transcription factor essential for dopaminergic neuron development and maturation. WT DJ-1, 

but not L166P, enhances the transcriptional activity of Nurr1 by directly binding to Raf and 

thereby activating the ERK pathway [365, 416]. Nrf2 is a master transcription factor for 

oxidative stress and anti-oxidative stress responses. Normally, it exists in the cytoplasm in 

complex with Keap1, a ubiquitin ligase, that constitutively targets it for degradation. However, 

under oxidative conditions, DJ-1 can bind and sequester Keap1 from Nrf2, which results in 

Nrf2 translocation to the nucleus and consequent activation of various anti-oxidative stress-

related genes. This allows the reduction of reactive oxygen species (ROS) levels [392–394]. 

 p53 is a tumor suppressor protein that regulates the cell cycle and plays important 

roles in senescence, apoptosis and mitochondrial homeostasis. DJ-1 directly binds p53 and 

regulates its activity in various ways: DJ-1 inhibits p53 activation [430] and, when the affinity 

of p53 to DNA is low, DJ-1 binds the DNA-binding region of p53, inhibiting p53 transcriptional 

activity which leads to cell cycle progression [430]. It has also been reported that DJ-1 inhibits 

apoptosis through p53-induced Bax expression [431]. Furthermore, DJ-1 also regulates p53 

transcriptional activity through binding to SIRT1 [432]  and inhibits the tumor suppressor PTEN 

phosphatase activity via direct interaction [417, 433]. 

In summary, DJ-1 interacts with major signaling cascades and regulates the 

transcriptional activity of several targets both directly and indirectly. Therefore, affecting 

important cellular pathways in PD like dopamine synthesis and the response to oxidative 

stress. 

 

6. Models of Parkinson’s Disease 

The use of animal models in disease allows us the ability to study both disease 

progression and explore possible treatments, as well as to explore particular molecular 

pathways that may be involved in disease onset or development. So far, PD experimental 

models have been either toxin-based or genetic models [434].  

The toxin-based models require the administration of neurotoxins which have been 

shown to affect nigrostriatal DA neurons, including 6-OHDA, MPTP, rotenone, paraquat and 

even methamphetamine. These toxins affect both mammalian and invertebrate model 

organisms like rats, mice, flies and worms [435–437]. 

The discovery of SNCA as a genetic cause of PD was the beginning of a new era of 

PD models. With the exception of α-synuclein, most familial PD genes have at least one 

homolog in the aforementioned model organisms [183].  
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For example, LRRK2-associated PD models have provided extraordinary insights into 

the potential mechanisms of LRRK2-mediated neurodegeneration such as regulation of protein 

translation, vesicle trafficking, autophagy, neurite outgrowth and cytoskeletal dynamics. None 

of them, however, reproduces all the key features of PD, with different LRRK2 animal models 

recapitulating different clinical and neuropathological aspects of the disease, including the 

degeneration of the nigrostriatal DA neurons, α-synuclein pathology, abnormal striatal DA 

neurotransmission and behavioral deficits [435, 438]. 

Invertebrate models, like Drosophila melanogaster, were also important in clarifying the 

role of DJ-1, parkin and PIKN1 in mitochondrial homeostasis. Although invertebrate models 

are considered to mimic more simplistic features, such as DA neuronal loss, they can also be 

a good option to understand the genetic network, molecular signaling, and even for a first round 

of screening (genetic or drug) that can be followed up with further work in mammalian models. 

In that sense, Caenorhabditis elegans is an interesting model in the context of 

neurodegenerative diseases. It is a transparent worm with complete cell lineage information 

and a fully sequenced genome. Besides a relatively short lifespan, it has a nervous system 

(302 neurons) that uses the most common neurotransmitters, including dopamine, and 

accordingly has 8 dopaminergic neurons (hermaphrodite) [436].  

Remarkably, the majority of genetic models of PD, in either rodents or invertebrates, 

show either no phenotype or fairly subtle ones, such as functional abnormalities of the 

nigrostriatal pathways [183]. Despite the lack of conclusive PD phenotypes, many of these 

genetic models have unquestionably opened new research avenues and have shed light on 

common PD mechanisms: mitochondrial dysfunction, failure of degradation systems, oxidative 

stress, neuroinflammation and altered gene expression [71]. 
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7. General overview and objectives 

The experimental work shown in this thesis dissertation focused on genetic modifiers 

of incoordination in movement disorders, molecular interactors of LRRK2 and the molecular 

characterization of an individual presenting with PD, using a variety of model systems (Diagram 

1).  

Our initial goal was to perform a genetic screen for modifiers of movement disorders, 

using C. elegans models of calcium channel-related ataxias and LRRK2-related parkinsonism.  

The genetic screen was initiated with the calcium channel mutant (unc-2 e55), which 

was already available. In parallel, we generated worm strains carrying single-copy LRRK2 

transgenes, or a mutation in the endogenous lrk-1 gene. Although we were successful in 

generating these strains, their mild phenotype proved them to be unsuitable for the genetic 

screen we had initially planned. 

We were also interested in identifying new LRRK2 interactors, so during the process 

of generating the endogenous lrk-1 mutant, we inserted an affinity tag so we could identify new 

potential interacting proteins through mass spectrometry analysis of LRK-1 co-

immunoprecipitants. 

Available data in the literature highly suggested that spatacsin may be a possible 

interactor of LRRK2. Since spatacsin does not exist in the worm, we turned to human cultured 

cells to test whether LRRK2 binds spatacsin. 

Next, we molecularly characterized the post-mortem brain of a patient with PD and a 

very unusual collection of neuropathological traits. 

The fact that we had access to a unique specimen of brain material led us to try to 

characterize cellular models of PARK7-related disease, as a way of generating hypothesis that 

we could confirm in the patient’s brain material. 

This search for both genetic modifiers and molecular interactors is driven by the widely 

recognized need not only to better characterize these disorders, but to also identify potential 

druggable pathways that could ultimately translate into a better quality of life for patients. 
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Diagram 1: Schematic representation of the conceptual approach used during the course of 

this thesis (discussed in detail in the following chapters). 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Chapter II – Genetic screening for phenotype modifiers  
 

 

This section has been published as: 

Conceição Pereira, Sara Morais, Jorge Sequeiros, Isabel Alonso. “Large-Scale 

Functional RNAi Screen in C. elegans Identifies TGF-ß and Notch Signaling Pathways as 

Modifiers of CACNA1A” ASN Neuro 2016 Mar 22; 8(2). 
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Chapter III – LRRK2: single-copy expression in C. elegans 
and interacting proteins 

 

 

 

 

 

 

 

 

 

 

 





 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

1. Evaluation of human LRRK2(G2019S) or endogenous LRK-1 
(G1876S) expression in C. elegans as a model for Parkinson's 

disease 
 

 

This section includes unpublished results which have been submitted for peer review: 

Conceição Pereira, Jorge Sequeiros, Reto Gassmann, Isabel Alonso. “Evaluation of 

human LRRK2(G2019S) or endogenous LRK-1(G1876S) expression in C. elegans as a model 

for Parkinson's disease” (In submission) 
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Evaluation of human LRRK2(G2019S) or endogenous LRK-1(G1876S) 

expression in C. elegans as a model for Parkinson's disease 

Conceição Pereira, MSc1,2, Jorge Sequeiros, MD, PhD1,2,3, Reto Gassmann, PhD4, Isabel 

Alonso, PhD1,2,3  

1UnIGENe, IBMC, i3S, Universidade do Porto, Porto, Portugal; 2ICBAS, Universidade do 

Porto, Porto, Portugal; 3CGPP, IBMC, i3S, Universidade do Porto, Porto, Portugal; 4Cell 

Division Mechanisms, IBMC, i3S, Universidade do Porto, Porto, Portugal 

 

Abstract 

Parkinson’s disease results from the loss of dopaminergic neurons and represents one of the 

most common forms of neurodegeneration. Caenorhabditis elegans models of LRRK2-related 

Parkinson’s disease have relied on overexpression of human transgenes and, although 

successful in reproducing neurotoxic effects, the variability of expression between worm 

strains complicates the interpretation of mutant phenotypes. 

Wild-type and G2019S LRRK2 were expressed from a single copy transgene inserted at a 

defined chromosomal locus using MosSCI, and the corresponding point mutation in 

endogenous LRK-1 was generated by CRISPR/Cas9-mediated genome editing. 

Single-copy LRRK2 transgenic mutants showed mild alterations in thrashing behavior without 

degeneration of DA neurons. Endogenous mutant lrk-1 shows late stage DA degeneration, 

mild alterations in expression of genes related to oxidative stress, vesicle trafficking and 

dopamine biosynthesis, and mild alterations in thrashing, egg laying and lifespan. Furthermore, 

we identified the mitochondrial heat-shock protein 60 kD (HSP-60) as a physical interactor of 

LRK-1. 

Expression of LRRK2 WT and G2019S at similar but low levels does not produce an easy to 

score phenotype scalable for large screens. At physiological expression levels, endogenous 

mutant LRK-1 is a better disease model than human LRRK2 and for small scale studies the 

thrashing analysis provides a robust and reproducible assay. 

 

Introduction 

Parkinson’s disease (PD) is the worldwide second most common neurodegenerative disorder, 

characterized by motor dysfunction as the result of selective loss of dopaminergic neurons 

(DN) in the substantia nigra. Motor symptoms include resting tremor, postural imbalance, 

bradykinesia and muscle rigidity [1]. There are currently no neuroprotective long-term 

treatments available for PD, and its pathogenesis is still poorly understood.  
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A prevalent form of autosomal dominant PD is caused by mutations in the leucine-rich repeat 

kinase 2 (LRRK2) gene, which is conserved from invertebrates to humans [2]. It encodes a 

large multi-domain protein kinase of ~2500 amino acids, which appears to be involved in 

pathways such as regulation of neurite outgrowth and vesicle trafficking [3]. LRRK2 is found in 

Lewy bodies along α-synuclein, a hallmark of PD. The G2019S substitution is the most 

common pathogenic variant, accounting for 4% of hereditary cases and 1% of sporadic cases 

[4], representing the most prevalent single mutation linked to PD worldwide. 

The model organism Caenorhabditis elegans has a single orthologue for LRRK2, lrk-1. 

Worm models for LRRK2-mediated PD have relied on multi-copy overexpression of human 

transgenes from extrachromosomal arrays or random genomic integrations [5–8]. Although 

successful in reproducing the neurotoxic effects of human LRRK2 mutants, the variability of 

expression complicates the interpretation of LRRK2 mutant phenotypes in these models. 

 

Results 

Uniform expression of human wild-type and mutant LRRK2 through single copy 

insertion in C. elegans 

We used a Mos1 transposon-based strategy (MosSCI) to generate two types of strains 

expressing mCherry-tagged human LRRK2 (WT and G2019S) under the control of the dat-

1 (dopaminergic) or unc-119 promoter (pan-neuronal) and the unc-54 3’UTR. These 

transgenic worms showed no discernable mCherry fluorescence under the microscope 

(Figure S1), which required us to generate another transgenic strain (Pdat-1::GFP on chrIV) 

in order to visualize DA neurons. 

Despite the apparent absence of mCherry fluorescence, RT-qPCR analysis showed that 

Mos1 transgenes were indeed expressed, as shown in Figure 1A and 1B for LRRK2 and 

GFP expressed from a single-copy insertion on chromosomes II and IV, respectively. 

Expression of the single-copy transgenes was uniform and substantially lower compared to 

previously reported integrated overexpression arrays LRRK2(WT) and LRRK2(GS) [6]. We 

found that LRRK2(GS) is more expressed than LRRK2(WT) in the overexpression array 

worms, consistent with the original description of these strains (Figure 1A and [6]). 
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Figure 1: Expression at physiological levels of LRRK2 and lrk-1 in C. elegans. A. Relative 

expression of transgenes LRRK2 and GFP; and endogenous lrk-1 with respect to the housekeeping 

gene act-1.  The Pdat-1::LRRK2(WT) strain was considered the reference group for the present 

analysis.  B. Amplification plot of the corresponding data to panel A. showing act-1, an abundant gene, 

endogenous lrk-1 less abundant, and MosSCI transgenes (LRRK2 and GFP) both showing lower 

expression than lrk-1. LRRK2 transgene expression from the single-copy (small arrow) and over 

expression array (large arrow) is also shown. C. LRK-1 expression showing that editing of the G1876 

position does not impact its levels. D. Immunoblot of worm extracts containing 3xFLAG at the C-

terminus, and exhibiting similar levels of LRK-1 protein. 

 

Generation of LRK-1(G1876S) using CRISPR/Cas9-mediated genome editing 

To model LRRK2 G2019S in C. elegans, the amino acid sequences of human LRRK2 and 

LRK-1  were aligned using Clustal Omega [9]. Despite poor sequence conservation overall 

(26% identity), the kinase activation loop is well conserved and it was possible to identify 

residue G1876 as the corresponding residue of human G2019 at the beginning of the 

activation segment [10] (Figure S2A). We used CRISPR/Cas9-mediated genome editing to 

create the LRK-1(G1876S) mutation with a single stranded oligonucleotide template 

containing the mutated sequence (Figure S2B). Due to the lack of LRK-1 antibodies, the 

same approach was used to insert a 3xFLAG tag at the C-terminus of LRK-1. To remove 

possible background mutations, all edited strains were backcrossed 6 times with the wild-

type N2 strain. LRK-1 is expressed throughout all developmental stages and in many 

tissues, including the alimentary system, body wall musculature, hypodermis, nervous 



 60 

system and reproductive system [8, 11]. RT-qPCR analysis (Figure 1B) showed that 

endogenous lrk-1 was more expressed than MosSCI transgenes but less than act-1, a very 

abundant transcript. RT-qPCR analysis showed that the G1876S substitution did not cause 

lrk-1 mRNA levels to change (Figure 1C), and immunoblotting for 3xFLAG confirmed that 

there was no difference between LRK-1 WT and G1876S at the protein level (Figure 1D). 

 

Transgene-encoded LRRK2(G2019S) does not cause DA degeneration while 

endogenous LRK-1(G1876S) produces a mild phenotype 

The C. elegans hermaphrodite possesses 8 dopaminergic neurons distributed into 3 

neuronal subtypes: 4 CEPs and 2 ADEs located in the head region and 2 PDEs posteriorly 

positioned [12], although in PD models only the head region is usually considered (Figure 

2A). Previous reports have established that DA degeneration can be monitored in live 

worms by tracking the morphological changes of DA neurons expressing GFP from the dat-

1 promoter (Pdat-1::GFP) [6, 7]. The toxic effects of MPP+ are considered to be the gold 

standard toxin‐based animal model in PD [13, 14]. Consistent with this, when we exposed 

Pdat-1::GFP worms to 1mM MPP+, we observed complete disintegration of DA projections 

towards the tip of the head at AD5 (Figure 2B, arrowheads). This demonstrated that it was 

possible to detect neurodegeneration using Pdat-1::GFP expressed from a single-copy 

insertion. We therefore introduced the Pdat-1::GFP allele into the strains expressing 

transgene-encoded LRRK2 or endogenous LRK-1(GS). Each worm strain generated was 

able to develop through all larval stages into adulthood without any noticeable 

abnormalities. 

We imaged the head region at days 5, 8 and 12 of adulthood. DA neurons were individually 

categorized according to their morphology as MPP+-like (Figure 2B) or not MPP+-like. For 

the strains expressing transgene-encoded LRRK2(GS), we did not find any significant 

increase in DA degeneration compared to the respective LRRK2(WT) strains. The control 

strain Pdat-1::GFP showed age-dependent changes such as shrinkage and reduced 

fluorescent intensity of the cell body, accompanied by thinning and blebbing of neuronal 

projections (Figure 2C and D). Surprisingly, even animals overexpressing LRRK2(GS) from 

arrays did not display more degeneration of DA neurons than the corresponding 

LRRK2(WT) (Figure 2C). However, a tendency towards old (AD12) LRRK2 transgenic 

strains to have more MPP+-like DA neurons was observed when compared to the control 

Pdat-1::GFP (not statically significant, Figure 2D). 

Conversely, at AD12 LRK-1(GS) is very reminiscent of the DA degeneration pattern 

observed after MPP+ treatment (Figures 2B and 2C, arrowheads). These strains show an 
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Figure 2: DA neuronal integrity and locomotor phenotype. A. Diagram showing the location of the 

eight dopaminergic neurons in the C. elegans hermaphrodite body. The head region (identified by the 

AD12 AD1 
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rectangle insert) contains four CEPs (cephalic sensilla neurons) and two ADEs (anterior deirid neurons), 

which are the most intensely studied in the context of PD; and two PDEs (postdeirid neurons) located 

in a posterior position. B. Control experiment showing DA degeneration upon exposure to 1mM MPP+ 

for 72h. C. Representative images of the worm head region at several time points throughout adulthood, 

showing GFP expression in the dopaminergic neurons as an indirect means to visually assess integrity 

of neuronal projections and cell bodies. At least twenty nematodes were imaged for each genotype. 

Scale bar: 25µm. D. Quantification of DA neurons affected by morphologic changes compatible with DA 

neuronal toxicity as shown in panel B (exposure to MPP+). Results are shown as percentage of MPP+-

like neurons. E. Thrashing analysis showing average body bends per second for each strain studied. At 

least 35 nematodes were assayed for each genotype. Error bars indicate SEM. Asterisks indicate 

significant differences *P≤0,05; **P≤0,01; ***P≤0,001. 

 

increased percentage of DA neurons affected by an MPP+-like degenerative pattern when 

compared with the GFP control (P=0.0079), presumably due to induced toxic changes in 

the presence of LRK-1(GS). We also combined transgenic LRRK2(GS) and endogenous 

LRK-1(GS) in the same strain but this did not produce additional changes in DA neuronal 

integrity (Figure S3A).  

Next, we assessed the ability of worms to move in liquid media at AD1. At this stage the 

adult worm is in its prime regarding locomotor behavior [15, 16]. As a control, we used a 

null allele (e1112) for cat-2, which encodes a homolog of the enzyme tyrosine hydroxylase, 

the rate-limiting enzyme in DA production [12, 17]. 

Strains carrying Punc-119::LRRK2(GS) and LRK-1(GS), as well as the cat-2 null, presented 

an increase in thrashing rate when compared to their respective WT controls (Figure 2E). 

We expected to see the contrary, as strains carrying overexpression arrays were shown to 

have motility deficits at an early stage [7]. We did not observe any change in thrashing rate 

in strains expressing Psnb-1::LRRK2. We conclude that strains expressing pan-neuronal 

LRRK2(GS) and endogenous LRK-1(GS) show increased motility at the adult day 1 stage, 

just like a cat-2 mutant that is incapable of dopamine signaling. This is consistent with the 

idea that the expression of transgene-encoded LRRK2(GS) and endogenous LRK-1(GS) 

might affect dopamine signaling. 

 

HSP-60 interacts with LRK-1 

To identify physical interactors of LRK-1(WT) and LRK-1(GS), we immunoprecipitated LRK-1 

using the C-terminal 3xFLAG tag followed by mass spectrometry. Both WT and GS yielded a  

 



 63 

 

Figure 3: hsp-60 is a candidate LRK-1 interactor and its downregulation does not affect LRK-

1(GS) phenotype. A. Proteins identified by mass spectrometry as co-immunoprecipitants of LRK-1. The 

total number of different peptides identified as belonging to a particular protein is plotted against the 

total coverage of that protein in the assay. The area of each point is directly proportional to the total 

number of peptides identified as belonging to that protein. B. Western blot showing the 

immunoprecipitation of endogenous HSP60 in lysates from HEK293T cells expressing GFP-LRRK2 

(WT; G2019S (GS); G2385R (GR)). Co-immunoprecipitation with LRRK2 occurs in both WT and mutant 

forms. C. Representative images of the worm head region at two time points during adulthood. No 

significant increase of degeneration was caused by downregulating hsp-60 in the presence of LRK-
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1(GS), but loss of hsp-60 alone is able to induce neurodegeneration. At least twenty nematodes were 

imaged for each genotype. Scale bar: 25µm. D. Thrashing analysis of RNAi fed strains reveals that 

downregulation of hsp-60 has no impact in the LRK-1(GS) phenotype presentation. It is capable on its 

own to increase the thrashing behavior of the worms. At least thirty-five nematodes were assayed for 

each genotype. Error bars indicate SEM. Asterisks indicate significant differences **P≤0,01. 

 

very similar pool of co-immunoprecipitated proteins, among them several known interactors 

such as actins, myosins, tropomyosins, and tubulins. Of these candidates, we chose to focus 

on HSP-60 (Figure 3A), because it was the most represented protein in the mass spectrometry 

results and, in the context of PD, mitochondrial homeostasis is a focal point of interest. We 

turned to a human cell culture system to validate this interaction. When endogenous HSP60 

was immunoprecipitated from GFP-LRRK2-expressing HEK293T cell extracts, it pulled down 

WT and mutant LRRK2, both the canonical G2019S and the susceptibility variant G2385R 

(GR) (Figure 3B). We wondered if perturbing hsp-60 expression in the LRK-1(GS) background 

would trigger a more severe neurodegenerative phenotype. To test this, we used a neuronal 

RNAi sensitive background (Neuronal RNAi), which allows specific depletion of proteins in 

neurons, because systemic RNAi for hsp-60 produces sterile worms. The neuronal RNAi 

strain caries an integrated array of the WT sid-1 gene, responsible for systemic RNAi, 

expressed from the pan-neuronal unc-119 promoter (Punc-119::sid-1) in the background of 

the sid-1(pk3321) null allele. Knocking down hsp-60 expression did not further aggravate 

dopaminergic degeneration in LRK-1(GS) compared to LRK-1(WT) (Figure 3C). However, hsp-

60(RNAi) on its own caused earlier (AD11) degeneration of CEP neurons (arrowheads). The 

liquid thrashing assay agreed with these findings, as increased thrashing rate was observed 

in hsp-60(RNAi) worms relative to the control hil-5(RNAi) worms (Figure 3D). Thus, the effects 

of knocking down HSP-60 are stronger than those caused by LRK-1(GS) toxicity and define 

the overall phenotype in the neuronal RNAi background. 

 

LRK-1(G1876S) in a neuronal RNAi background has reduced life span and altered 

fertility  

We conducted lifespan analysis and observed that all transgenic worm strains for single-

copy expression of human LRRK2 had lifespans indistinguishable from each other (Figure 

4A). The LRK-1(GS) mutant showed a tendency towards reduced life span, although it did 

not reach statistical significance (Figure 4B). The more sensitized neuronal RNAi 

background showed this difference significantly better (Figure 4B; P=0,003) demonstrating 

that the GS substitution of endogenous LRK-1 has a deleterious effect. Another altered 

behavioral aspect was egg laying, as LRK-1(GS) worms laid significantly more eggs than 
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WT (Figure 4C; P=0.0189). This difference was due to an increase in the number of 

unfertilized eggs laid by the mutant (Figure 4D; P=0.0156). We conclude that LRK-1(GS) 

influences worm fertility, as more eggs are produced, but the number of viable progeny is 

capped by the amount of sperm produced, which is presumably equal in both WT and LRK-

1(GS). 

 

 

Figure 4: LRK-1(GS) strains show mild behavioral and molecular phenotypes. A. Survival function 

for LRRK2 transgene strain, showing that the lifespan of these strains does not differ from each other. 

B. Survival function for endogenous LRK-1 strains showing that worms carrying LRK-1(GS) live less 

than their corresponding WT controls, in particular when this mutation is in the neuronal RNAi 

background. Tick marks denote censored worms. C. Fertility of LRK-1 GS worms is increased, especial 

in the neuronal RNAi background. This difference is due to the added number of unfertilized eggs laid 
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by LRK-1(GS) in this background (D). Error bars indicate SEM. E. LRK-1(GS) causes mild deregulation 

of expression of genes involved in response to oxidative stress, vesicle trafficking and neurotransmitter 

synthesis. Error bars indicate SD. Asterisks indicate significant differences **P≤0,01; ***P≤0,001. 

 

The insertion of the Punc-119::sid-1 array that allows for neuronal-specific RNAi maps 

closely to the right of dpy-11 gene. Because these worms are slightly dumpy, we wondered 

if some of the effects seen in the neuronal RNAi background could be due to perturbed dpy-

11 expression. RT-qPCR showed that there was no difference in dpy-11 expression between 

N2 and the neuronal RNAi specific strain TU3401 (Figure S4). However, the presence of LRK-

1(GS) marginally reduced dpy-11 levels. 

 

LRK-1(G1876S) causes mild transcriptional deregulation 

LRRK2 has been implicated as a potentially important protein in transcriptional and 

translational control by several studies, and experiments in various cell and animal models 

have demonstrated that downregulation/overexpression or the presence of mutant LRRK2 are 

associated with significant changes at the transcriptional level [18–21]. We therefore sought to 

examine whether LRK-1(GS) affected the worm at a transcriptional level. We selected a set of 

57 genes based on what is known about pathways involved in LRRK2-related PD and 

quantified expression levels by qPCR. The list (Table S3) included genes encoding for proteins 

in the oxidative stress response, heat shock response, vesicle trafficking to the Golgi, and all 

known orthologs of PD genes. Of those, 7 genes had significantly reduced expression (>20%) 

(Figure 4E), and apart from gba-2, all observed transcriptional differences were small (up to 

30%). golg-2 encodes a golgin orthologue of the known LRRK2 interactor lava lamp, that 

locates to the dendritic Golgi outposts [22]. glrx-10 and gst-9 encode a glutaredoxin and 

glutathione s-transferase, respectively, that protect the cell against oxidative stress [23–26]. 

unc-23 encodes a protein that exhibits heat shock protein binding activity and is an orthologue 

of BAG2 (BCL2 associated athanogene 2) [27, 28]. rab-39 and gba-2 encode an orthologue of 

RAB39A (Rab protein and PD associated gene) and β-glucocerebrosidase (GBA1), 

respectively, which are associated with PD risk [29–32]. Finally, cat-4 encodes an ortholog of 

human GCH1, an enzyme with GTP cyclohydrolase I activity that is involved in the synthesis 

of the dopamine and serotonin precursor tetrahydrobiopterin [33]. We conclude that LRK-

1(GS) causes mild transcriptional deregulation of genes involved in molecular pathways 

relevant in the context of PD. 
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Discussion 

The use of LRRK2-associated PD animal models has provided many insights into the 

potential mechanisms of LRRK2-related neurodegeneration such as regulation of protein 

translation, vesicle trafficking, neurite outgrowth, autophagy, and cytoskeletal dynamics. 

Yet, none of the currently available models reproduces all the key features of PD, with 

different models recapitulating different aspects of the disease [34].  

To our knowledge this is the first attempt at expressing human LRRK2 at near-physiological 

levels in C. elegans, and at introducing the most prevalent disease mutation, G2019S, into 

the worm orthologue LRK-1.  

Out of all strains generated, LRK-1(GS) showed the most phenotypical alterations: late 

stage DA degeneration, mild changes in expression of genes related to oxidative stress, 

vesicle trafficking and dopamine biosynthesis, and mild behavior alterations in thrashing, 

egg laying and lifespan. 

Overexpression of mutant human LRRK2 from multi-copy arrays has been shown to cause 

degeneration of the head dopaminergic neurons in the worm [6, 7], however, expression of 

mutant human LRRK2 at near endogenous levels does not seem to be sufficient to cause 

this phenotype, suggesting that the defects are dosage-dependent. Although these strains 

do not manifest DA neurodegeneration, they do present with locomotor dysfunction in the 

form of an increased thrashing rate when human LRRK2 is expressed pan-neuronally.  

Dopamine is a small signaling molecule widely used from bacteria to humans and it is 

responsible for an array of different behaviors. In C. elegans, dopamine has been shown to 

be responsible for gait switching from swimming to crawling [35]. In humans, gait 

dysfunction is a main symptom of PD and failure to modulate the behavior pattern through 

gait switching often leads to motor freezing episodes [36]. In this context, the worm altered 

thrashing rate is an interesting feature to be considered when studying PD-related worm 

models.  

The increase in thrashing behavior has been previously observed for the cat-2 null [7, 37] 

and also in an overexpression model of LRRK2 (arrayPdat-1::LRRK2) but likewise, it has 

mostly been an underrated feature [7, 38]. The presence of LRK-1(GS) is also enough to 

influence locomotion. LRK-1 is expressed in many worm tissues, including neurons, 

meaning many more cells than each transgene promoter we used allows (pan-neuronal: 

302 cells, DA: 8 cells). Curiously, the strain with most overall phenotypical alterations is 

LRK-1(GS), followed by Punc-119::LRRK2(GS). The small increase in egg laying may be 

related to the disturbance of dopamine/serotonin levels. Alternatively, it may reflect defects 
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in ovulation that the increased stress of carrying the GS mutation at 25ºC might bring 

forward independently from the exhaustion of the supply of active sperm [39, 40].  

Lifespan of C. elegans models of LRRK2-mediated PD has been controversia: some mutant 

models show a reduction in lifespan, while others are indistinguishable from controls [6, 7, 38]. 

The LRRK2 transgenes in this work did not affect lifespan. Mutating endogenous LRK-1 

caused a small reduction of lifespan when LRK-1(GS) was in a neuronal RNAi background 

(TU3401). The TU3401 genotype results in a dumpy and uncoordinated phenotype that might 

contribute to lifespan reduction in the presence of LRK-1(GS). 

Several studies show transcriptional deregulation in the presence of mutant LRRK2, while 

others did not observe this and the data seems conflicting [19–21, 41, 42]. All previous RNAseq 

studies put forward the standard cut off values of ± 1.5-fold and may therefore have missed 

small but statistically significant changes in gene expression. The small changes we report 

here, i.e. a decrease in anti-oxidant defense, a potential decrease of dopamine and serotonin 

synthesis along with small deficits in vesicle trafficking may contribute to the overall observed 

phenotype. 

We identified several known LRRK2 interactors through co-IP of LRK-1 (actins, 

tropomyosins, myosins, tubulins, HSP70/90, EF1A) [43–46]. Among the possible new 

candidates, we were able to confirm HSP60 as a physical interactor. To date, very little is 

known about hsp-60 in C. elegans, besides its role as a mediator in the mitochondrial 

ubiquitin proteasome response and more recently a role in anti-bacterial immunity [47, 48]. 

LRRK2 belongs to the ROCO family of multi-domain proteins sharing a conserved ROC-

COR supra-domain, as does MASL1 which has been confirmed to exist in complex with 

HSP60 [43]. The same authors also show that mutant MASL1 is cytotoxic, very reminiscent 

of LRRK2. HSP60 binds both WT and mutant LRRK2, and this interaction may be relevant 

given the central role of mitochondrial dysfunction in PD. Downregulation of hsp-60 by itself 

caused a progressive neurodegenerative phenotype in the DA neurons, which was not 

further exacerbated in the LKR-1(GS) background. HSPD1 is the human orthologue of hsp-

60 and missense mutations in this gene have been associated with autosomal dominant 

spastic paraplegia (SPG) 13 (OMIM 605280) and autosomal recessive hypomyelinating 

leukodystrophy (HLD) 4 (OMIM 612233), both of which are described to disturb 

mitochondrial dynamics and to cause mitochondrial impairment and fragmentation [49–52]. 

Because the absence of hsp-60 in C. elegans produces an embryonic lethal and sterile 

phenotype, it has not been possible to use the worm as a model to study the aforementioned 

diseases. The conditional knockdown of hsp-60 in neurons we describe here may be a 

useful tool as it presents with progressive neurodegeration. 
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In conclusion, we show that a mutation relevant for PD in LRK-1 causes DA degeneration. 

The strains described here also address the issue of variable expression between WT and 

mutant. Neither mutant human LRRK2 nor mutant LRK-1 produce an easy to score 

phenotype scalable for large genetic or pharma screens. However, at a smaller scale the 

thrashing analysis provides a robust and reproducible assay to score LRRK2-related PD 

worms. 

 

Methods 

Genetic models and phenotyping 

We generated C. elegans strains that express human wild-type and mutant LRRK2 at 

identical levels from a single-copy transgene insertion in a specific genomic location 

(MosSCI) [53, 54]. We also used CRISPR/Cas9-mediated genome editing [55, 56] to 

generate the variant G1876S (corresponding to human G2019S) in the worm orthologue 

LRK-1, which was also tagged with 3xFLAG tag at its C-terminus. Strains are listed in Table 

S1. 

The head region was imaged at 5, 8 and 12 days of adulthood to monitor  DA degeneration 

and motor behavior was assessed by measuring the worm's thrashing rate in liquid. Other 

behavior related phenotypes like life span and egg laying were also evaluated. Mass 

spectrometry was used in order to find possible physical interactors. Detailed materials and 

methods are available in Supplementary material. 
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Supplementary material 

Supporting figures and tables 

 

Figure S1: Head region of MosSCI strains evidencing dopaminergic neurons. Imaging of the head 

region of one day-old adult worms, showing GFP expression in the dopaminergic neurons (Pdat-1::GFP 

chr IV) and no discernable mCherry expression from neither the Pdat-1::LRRK2::mCherry nor Punc-

119::LRRK2::mCherry (chr II). Twenty nematodes were imaged for each genotype. Scale bar: 25µm. 

 

Figure S2: LRRK2 and lrk-1 alignment and knock in of G1876S by CRISPR. A. Clustal Omega 

alignment for human LRRK2 through several relevant species down to C. elegans lrk-1. The LRRK2 

kinase activation segment (highlighted in green) lies between conserved residues DYG and APE. 

LRRK2 G2019S mutation (residue indicated by orange arrow) changes a highly conserved glycine (G) 

at the beginning of the activation segment. Because this region is well conserved it is possible to identify 

C. elegans residue G1876 as the correspondent to human G2019. B. Electropherogram of the LRK-1 

p.G1876 region on the F1 generation showing heterozygous editing of the codon GGG (WT) for an AGC 

(G1876S). 
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Figure S3: Neuronal integrity of combined transgene and endogenous LRRK. Representative 

images of the worm head region at two time points of adulthood, showing that even when combining the 

endogenous mutated gene (LRK-1(GS)) with the transgene Pdat-1::LRRK2 WT and GS, worms do not 

show further changes in the integrity of neuronal projections and cell bodies at least up to AD5. Twenty 

nematodes were imaged for each genotype. Scale bar: 25µm  

 

Figure S4: dpy-11 expression levels Strains in the N2 and neuronal RNAi background have similar 

dpy-11 expression. Error bars indicate SEM. 

 

Extended Methods 

C. elegans strains and plasmids generation 

Worm strains (Table S1) were cultured at 20 °C on standard nematode growth media (NGM) 

plates seeded with E. coli strain OP50 unless stated otherwise. A Mos1 transposon-based 

strategy (MosSCI) was used to generate a strain expressing either Pdat-

1::LRRK2::mCherry::unc-548(3'UTR) or Punc-119::LRRK2::mCherry::unc-54(3'UTR) [1, 2]. 

To generate the final transgene, human WT LRRK2 cDNA was amplified from pDEST-LRRK2 

WT (addgene #25044) into pBluescript SK using KpnI site. Subsequently the dat-1 promoter 

region (716 bp) or unc-119 (2210 bp) was cloned upstream of LRRK2 using SacII, and, 

mCherry in tandem with the 3´UTR region of unc-54 (760 bp) was inserted downstream using 

NotI. LRRK2 G2019S mutation was introduced through DNA assembly in both constructs [3]. 

The pre-assembled transgene was then shuttled to pCFJ151 using BssHII, for insertion on 
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chromosome II (strain EG6429; locus ttTi5605). The same strategy was used to generate a 

strain stably expressing Pdat-1::GFP::StrepTagII::arp-1(3'UTR) (pCFJ356; strain EG6703; 

locus cxTi10816) on chromosome IV [1, 2]. All integrations were confirmed by PCR. 

Editing of the lrk-1 locus was performed by CRISPR-Cas9 using the CRISPR/Cas9 co-

conversion protocol [4, 5] to both generate the G1876S mutation and FLAG tag at the 3’ 

end. Two sgRNAs were designed (Table S2) for each target and cloned into pDD162. A 

repair oligonucleotide (ssODN) was synthesized either carrying mutations to prevent sgRNA 

cutting or to include a 3xFLAG sequence, flanked by at least 50bp (Table S2). Correct 

alteration was screened by PCR and confirmed by direct sequencing. Additional transgenes 

and alleles were subsequently introduced by mating. Other strains were provided by the 

Caenorhabditis Genetics Center (University of Minnesota).  

 

Immunoblotting 

100 adult hermaphrodites were collected into 1 mL M9 buffer and the worm lysates prepared 

as previously described [6]. 18 uL of worm extract roughly corresponding to 15 worms were 

resolved on a gradient Tris-Glycine acrylamide gel and transferred to a PVDF membrane which 

was blocked with 5% skimmed nonfat milk and incubated with one of the following primary 

antibodies: rabbit polyclonal anti-LRRK2 (Cell Signaling Technology #5559, 1:1000), mouse 

monoclonal anti-FLAG M2 (Sigma #F1804, 1:1000) and mouse monoclonal anti-α-tubulin 

B512 (Sigma #T5168, 1:5000). The following secondary antibodies were used: goat polyclonal 

anti-mouse IgG-HRP (SCB #sc-2005, 1:10000) and goat polyclonal anti-rabbit IgG-HRP (EMD 

Millipore #401393, 1:10000). Membranes were washed with PBS-T in between steps, and 

finally, their immunoreactivity was visualized, using the FemtoMax chemiluminescent Western 

blot kit (Rockland) in the ChemiDoc Imaging System (Bio-Rad Laboratories). Bands were 

quantified using Image Lab software, version 5.2.1 (Bio-Rad Laboratories) and α-tubulin was 

used as loading control. 

 

RNA extraction and qPCR 

Total RNA was isolated from three 55 mm plates full of mixed stage hermaphrodites per worm 

strain as previously described [6], using NZYol (NZYTech #MB18501) and the RNeasy Mini 

Kit (Qiagen # 74104). Strand cDNA was generated by priming 2 µg of total RNA with 

oligo(dT)20, using SuperScript III first-strand synthesis system (Invitrogen), according to 

manufacturer’s instructions. cDNA templates were diluted 10-fold and 1 µL was used with 

specific oligos spanning 2 exons (Table S3) along with the PowerUp™ SYBR™ Green Master 

Mix (Aplied Biosistems™). All reactions were performed in technical triplicates and replicated 
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on at least three separate plates using the 7500 Fast System (Aplied Biosistems™). Data was 

analyzed according to the 2-ΔΔCT method [7]. 

 

Worm phenotypic assays 

Drug induced DA toxicity 

Synchronous Pdat-1::GFP L1 worms were grown in liquid culture containing 1mM 1-methyl-

4-phenylpyridinium (MPP+) (Sigma) for 72h, at 20ºC, until they reached adult day 1 (AD1). 

They were then transferred to standard NGM plates and isolated from progeny by being 

transferred to new plates until AD5. At this stage they were visually assessed for 

morphological changes due to MPP+ toxicity under a standard fluorescent microscope. 

Neuronal integrity 

Once synchronous nematodes reached adult day 1 stage they were successively transferred 

to new plates in order to isolate them from their progeny. For RNAi experiments worms were 

transferred to new plates containing FUDR 40 µM, to prevent them from producing progeny, 

otherwise they would die a bag of worms around adult day 5. Adult worms were immobilized 

in a 10uL droplet of 50 mM sodium azide (5mM levamisole for RNAi experiment) on a fresh 

2% agarose pad. Standard fluorescent images of GFP expressing neurons in the worm’s head, 

were obtained with an Axio Observer microscope (Zeiss) equipped with an Orca Flash 4.0 

camera (Hamamatsu), a Colibri.2 light source and a 63x NA 1.4 Plan-Apochromat objective, 

all under the control of ZEN software (Zeiss). Neuronal integrity was visually assessed, 

regarding the presence and state of all CEPs and ADEs and corresponding neuronal 

projections.  

Mobility 

Time-lapse imaging of worms in liquid culture was used to assess changes in thrashing 

behavior of the C. elegans strains. A well-fed synchronous adult was placed in a 2µL droplet 

of M9 on a slide, and after 1 minute (allows the worm to acclimate to the new environment), 

thrashing was recorded for 60 s at 40 Hz, using a SMZ 745T stereoscope (Nikon) equipped 

with a QIClic CCD camera (QImaging), controlled by Micro-Manager open source 

microscopy software. A single thrash was defined as a complete change in the direction of 

the body down the midline. Raw imaging data were analyzed with open source wrMTrck 

plugin for Image J. 

Life Span 

Synchronized worms (though hypochlorite egg extraction) were maintained in NGM plates 

at 25°C until they reached the L4 stage. Ten L4s were transferred to fresh NGM plates and 
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replicates were made for each strain. The animals were cultured at 25 °C and picked to new 

plates every 1,5 days. Worms were scored as alive until there was no movement after 

repeated prodding and pharyngeal pumping had ceased; and censored if they crawled off 

the plate. At least 60 worms were analyzed per condition over 3 separate experiments.  

Egg laying  

Synchronized animals were maintained on NGM plates at 20°C until they reached the L4 

stage. Single L4 worms were placed on new mating plates (NGM plates with a small amount 

of OP50 bacteria) and left for 24h. Adult animals were transferred to a new plate every 24h 

until the end of the assay. The previous day plate was incubated for another 16h and live 

larvae and unhatched eggs were counted. 

 

RNAi by feeding 

We carried out RNAi feeding as previously described with some alternations [8]. The H115 

strain encoding dsRNA for hil-5 (control - previously reported to have no effect in the worm 

phenotype [9, 10]) and hsp-60 from the Ahringer library were grown in LB over night at 37º 

in the presence of ampicillin (100 mg/ml) and tetracycline (12.5 mg/ml). The next day 

bacterial lawn was seeded on NGM supplemented with 1mM IPTG to induce dsRNA 

expression. An average of 50 synchronous L1 larvae were placed on these plates and grown 

at 20ºC until they reached the young adult stage. Then, they were moved to new dsRNA 

plates further supplemented with 40µM FUDR to prevent progeny from forming and culture 

continued over time at 20ºC. RNAi for hsp-60 produced death by bag of worms at adult day 

5 in the background sensitive for neuronal RNAi only, hence the need to use FUDR to 

prevent premature death. 

 

Co-Immunoprecipitation 

Worm extracts and mass spectrometry 

3xFLAG tagged lrk-1 strains were cultured in large scale liquid culture (complete S-basal 

[11]) as previously described and synchronous adults were dropped frozen in worn lysis 

buffer using liquid nitrogen [12]. Around 5g of worm pellet were grinded in liquid nitrogen 

and further diluted in worn lysis buffer supplemented with cOmplete EDTA-free protease 

inhibitor tablet, β-Glycerophosphate 5mM and okadaic acid 100µM. The worm extracts were 

sonicated and pelleted at 20000xg to clear from debris and lipids, always at 4ºC. Processed 

lysates were incubated with 200µL of pre-glycine eluted anti-FLAG M2 Affinity gel (Sigma 

#A2220) for 1 h in a poly-prep chromatography column (BioRad). The beads were then 
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washed first with lysis buffer and afterwards with detergent-free lysis buffer. Bound proteins 

were eluted by competition with 150µg/ml 3xFLAG peptide in TBS. Eluates were TCA-

precipitated and the dried protein pellet was stored at -80. 20% of the IP was used to 

separate on SDS-PAGE and silver stain. The remaining 80% was subjected to mass 

spectrometry analysis.  

Human cell lines 

Human HEK293T cells were grown in DMEM high glucose GlutaMAX™ I supplemented with 

10% fetal bovine serum (FBS) and 1% Antibiotic-Antimycotic (all from Invitrogen) at 37ºC in 

a humidified 5% CO2 atmosphere. 2x106 cells were transiently transfected with 5μg of 

plasmid containing LRRK2 (pDEST53-LRRK2 WT, GS) and control using jetPRIME 

(Polyplus-transfection) following manufacturer’s instructions. After 72h cells were washed 

with HBSS (Lonza #10-547F) and collected in IP lysis buffer (50 mM Tris pH 8.0 / 120 mM 

NaCl / 0.5 % Triton X-100) supplemented with protease and phosphatase inhibitor cocktail 

(Pierce #A32959), incubated on ice, sonicated and pre-cleared for 1h at 4ºC with 10 μl of 

sheep anti-mouse IgG coated Dynabeads (Life Technologies #11201D). The day before, 2 μl 

of mouse monoclonal anti-HSP60 (Proteintech #66041-1-Ig) were added to 50 μl of sheep anti-

mouse IgG Dynabeads and incubated overnight in 0.1% BSA PBS. The pre-cleared lysates 

were then incubated for 2h with the washed beads with bound anti-HSP60 at 4ºC. The beads 

were then washed first with 0.1% BSA PBS and afterwards with PBS alone (3 washes). 

Bound proteins were eluted by boiling in Laemmli buffer and subjected to WB analysis. 

 

Statistical analysis 

Statistical analysis was performed using IBM SPSS software (version 22.0; IBM Corp., 

Armonk, NY) and statistical significance was considered when P<0.05. Comparisons between 

wild-type and mutant worms was carried out using t-test. Kaplan-Meier survival curves were 

estimated and compared using the Log-rank (Mantel-Cox) test. All quantitative data are 

expressed as mean ± standard error of the mean (SEM) of three independent experiments. 
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Table S1: C. elegans strains  

Strain 

Name 

Genotype Source 

N2 wild type (N2 Bristol) CGC 

EG6429 ttTi5605 II; unc-119 (ed3) III CGC 

EG6703 cxTi10816 IV; unc-119 (ed3) III CGC 

WLZ1 wlzIs1 [Psnb-1::Hsa-LRRK2; lin15(+)]? CGC 

WLZ3 wlzIs3 [Psnb-1::Hsa-LRRK2(G2019S) + lin15(+)] X CGC 

TU3401 unc-119 (ed3) III [sid-1(pk3321); uIs69 [pCFJ90 (myo-2p::mCherry) + unc-119p::sid-1] V CGC 

MP053 cat-2 (e1112) II; unc-119 (ed3) III*; [Pdat-1::GFP::StrepTagII::arp-1 3'UTR; cb-unc-119(+)] IV This paper 

MP055 unc-119 (ed3) III;* [Pdat-1::GFP::StrepTagII::arp-1 3'UTR; cb-unc-119(+)] IV This paper 

MP056 [Pdat-1::LRRK2:: mCherry::unc-54 3'UTR; cb-unc-119(+)] II; unc-119 (ed3) III;* [Pdat-

1::GFP::StrepTagII::arp-1 3'UTR; cb-unc-119(+)] IV 

This paper 

MP057 [Pdat-1::LRRK2(G2019S):: mCherry::unc-54 3'UTR; cb-unc-119(+)] II; unc-119 (ed3) III;* [Pdat-

1::GFP::StrepTagII::arp-1 3'UTR; cb-unc-119(+)] IV 

This paper 

MP058 [Punc-119::LRRK2:: mCherry::unc-54 3'UTR; cb-unc-119(+)] II; unc-119 (ed3) III;* [Pdat-

1::GFP::StrepTagII::arp-1 3'UTR; cb-unc-119(+)] IV 

This paper 

MP059 [Punc-119::LRRK2(G2019S):: mCherry::unc-54 3'UTR; cb-unc-119(+)] II; unc-119 (ed3) III;* [Pdat-

1::GFP::StrepTagII::arp-1 3'UTR; cb-unc-119(+)] IV 

This paper 

MP060 unc-119 (ed3) III;* [Pdat-1::GFP::StrepTagII::arp-1 3'UTR; cb-unc-119(+)] IV; wlzIs1 [snb-1p::Hsa-

LRRK2 + lin15(+)] ? 

This paper 

MP061 unc-119 (ed3) III;* [Pdat-1::GFP::StrepTagII::arp-1 3'UTR; cb-unc-119(+)] IV; wlzIs3 [snb-1p::Hsa-

LRRK2(G2019S) + lin15(+)] X 

This paper 

MP069 lrk-1 (p.G1876S) I** This paper 

MP071 lrk-1 (p.G1876S) I; [Pdat-1::LRRK2(G2019S):: mCherry::unc-54 3'UTR; cb-unc-119(+)] II; unc-119 

(ed3) III*; Pdat-1::GFP::StrepTagII::arp-1 3'UTR; cb-unc-119(+)] IV 

This paper 

MP072 lrk-1 (p.G1876S) I; [Pdat-1::LRRK2:: mCherry::unc-54 3'UTR; cb-unc-119(+)] II; unc-119 (ed3) III*; 

Pdat-1::GFP::StrepTagII::arp-1 3'UTR; cb-unc-119(+)] IV 

This paper 

MP074 lrk-1 (p.G1876S) I; unc-119 (ed3) III*; Pdat-1::GFP::StrepTagII::arp-1 3'UTR; cb-unc-119(+)] IV This paper 

MP075 lrk-1::3xFLAG I This paper 

MP076 lrk-1(G1876S)::3xFLAG I This paper 

MP077 unc-119 (ed3) III;* Pdat-1::GFP::StrepTagII::arp-1 3'UTR; cb-unc-119(+)] IV; uIs69 [pCFJ90 (myo-

2p::mCherry); unc-119p::sid-1] V 

This paper 

MP078 lrk-1 (p.G1876S) I; unc-119 (ed3) III;* Pdat-1::GFP::StrepTagII::arp-1 3'UTR; cb-unc-119(+)] IV; 

uIs69 [pCFJ90 (myo-2p::mCherry); unc-119p::sid-1] V 

This paper 

* unc-119(ed3) III was present in parental strains, but these strains have not been sequenced to determine whether the unc-119 gene still contains 

the ed3 mutation.  

** 6x outcrossed with N2.  
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Table S2: sgRNAs and repair templates  

Name Sequence 

lrk1_3xFLAG_sgRNA1 GTCTGGCGGACGGAAGAGTGGG 

lrk1_3xFLAG_sgRNA2 TGTCTGGCGGACGGAAGAGTGG 

ssODN_lrk1_3xFLAG GTTTCGTGGCTGAGGAGAAGCTTGCCGACGTCTATTCCATTGCTGTCTGGCGGACGGAAGA

GTGGGCTCTGGGATCTGGTGGAAGCGACTACAAAGACCATGACGGTGATTATAAAGATCAT

GATATCGATTACAAGGATGACGATGACAAGTGATAATTTCAAATAATTCCATTTTTGCATGGT

CTAATAGTTCTGATC 

lrk1_G1876S_sgRNA1 CTGATGTTCTATTGAAACTTGG 

lrk1_G1876S_sgRNA2 ATTGAAACTTGGAGATTACGGG 

ssODN_lrk1_G1876S GGAGATTTTGGAGATTTCCTGCTCCATTCAGTCCACAGACTGATGTTCTACTTAAGCTCGGA

GATTACAGCATATCAAGAAGTGTACTTCCATCAGGTGGAGCAAAGGGATTCGGAGGAAC 

 

 

 

Table S3: qPCR oligos  

Gene name Sequence Fw Sequence Rv 

LRRK2_2 AGCTTCCTCACGCAGTTCACTTT TCACTTAACTGCAGTGCTGGGTCT 

lrk_1 GCAAGAGCATCAAGAGGAGAGAG CGCAGAGGGTTTGAAGTGACAT 

act_1 CCCAATCCAAGAGAGGTATCCTT AGGTGTGATGCCAGATCTTCTCCA 

dpy-11 GGAGAGTGGATGATTGAAT CTGGATTGACGGTAACAT 

gfp TCTGTTATGGTGTTCAATGCTTCT GTGTCTTGTAGTTCCCGTCATC 

hsp-3 AGAAGGAGACCAAGTATG TGATTCTTAGCAGCATCT 

hsp-4 ATCTCGGAACAACCTACT CTCCAATAAGTCGCTCTC 

enpl-1 AAAGAAGAAACAAGAGAGGAA GCATCGGAAGCATTAGAA 

golg-2 GCGTTGTCAGTGAAGATT TGAATAAGCGGAATGAAGTT 

Y57G11C.33 CGTCGGATTTCACATCAG GTCATCTCGTGGAGTTTC 

gcc-2 CTCCTGAATCTTCAATATCT ATGAGCAACTTGTTTCTT 

gcc-1 CGGCTCAACTGACATCAA CCAGACTATTCGGCACAC 

unc-11 CGACTACCGAAGAAGTTATGG AATTGTGATGAGAGCCTTGTAA 

rme-8 TACCACCGATATACTTACACATTG ACGACGACTCCACGATTA 

rme-6 GTGATAACAAGCAGAATGAGGAT GTGGAAGCATTGGCAGAG 

jnk-1 CGTGGACACCTCAACAAT TACACTGATTGGCAACTATCC 

trpp-5 GTTGAAGCCATTCTTGAGA GAGCAATGACAGATTCGT 

F53A10.2 AATGTGAACAGTTGTGCCAGAT GAAGAAGTCGTGGTGCTCTC 

tba-5 CCACCGACTGTTGTTCCA CCATGCTTCTTGTATTGCTGTT 

mec-12 GACCACCCATACCACTTT AATCGTCTCATCGGTCAA 

gcc-2 TCCTATTCCACCTCTTCAT TTCTCCTCCGATAGTTCAT 

glrx-10 CGACGGACTTCTCCAATCTT GAGCAGCACGAGCCTTAT 

trx-4 TGTCTATCGCAATCAAGG CACTCGTCCACATCAATT 

gst-1 CCAATCCGTCTTCTTCTC GAACAATCTCCTCGTCTC 
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Table S3: continued 

Gene name Sequence Fw Sequence Rv 

gst-9 GAGAAATCGCTCGTCAAGTTT TGCCAGTTGTCTTCCATCA 

hsp-60 TGAAGTTGAAGTTGGAGAG TTGAGTGCTGTCAGAGAT 

hsp-1 ATGCTGCCAAGAATCAAGTT GCCAATGCTTCATGTCAGA 

unc-23 GGTAGTCGTGATTCTGGAA GGAGGTTAGTGGAGATGG 

unc-101 TCAATGTGTACGCCTGTC CTTCACCACGGTTGTTAATC 

unc-104 TGATGTTCCATATCCTCCAGTTG TGCTTCCAATCGTTGTCTGT 

snb-1 AGGTTGATGAAGTCGTCGGAAT GCTCGGTCGTCCAGTTGA 

sng-1 CAAGATGGTTATGGATACGGAGGA ATTGGTATGAGGATTGAGGTGGAG 

catp-6 TTCTGCGGTACACAAGTTCT ACAGGCTTCGGATACATAATTGA 

pdr-1 GCTAAGTCAACTGGAACGATT GCACATCTTGTACCACTCTATT 

djr-1.1 AGGTCATTATCACTGGAG TGGAAGAATCACAATATCG 

pink-1 AACGCTTCCTGCCGAGAA CGAGTTACAAGGCGAGCAATTC 

rab-39 GAAATCAGCGACCCAACT GCAAGGACTCCAACAGAAT 

vps-35 AGAGCGGATGATGTTGAT ATTATAGGAGGAAGCGTGTAT 

gba-1 ACTTCTGATTCTGGACGATAA GTCTTGATATGCGTGAACC 

gba-2 CAGAAGTACAACCACGATT GGTAGGTGTCTTGATTGG 

T04F3.3 GAGCCGTTCATCGTCAAG GCAACACTTTCAGACATAGGA 

C44H4.4 CAGAGGATGTTGCCGTAGTG AGTGTTAATTGGTCCAGGAACTT 

sul-3 GATGTGGATTGGAAGGATAG GGTAGTAGCCCGTCATAA 

unc-26 GCAGAGGAAGAGGCATTA GAACCAGTAAGCGTCAGA 

glo-1 TTACGCTGGAAGACTGATT TCCTCAATGCCAACACTT 

T08G11.1 AAGTCGGTCGTCACATCT GAGCCTTCTTCTTCTTGGATAA 

eat-6 CTATTGCCCAGGACTTGAC GACGAAGATGAGGATTGAGAAT 

vha-20 GTTGTTATTCTTGTTGTGGCTCTC CATTCTTGTGGTGGTCATACGA 

dnc-1 CACAGAAGGAAGCAGATAGAA ATAGGCACGGATGGAGAT 

dnj-25 TCTTCTCGGCTCACTTCA ATGCCTTGCGGTAATGTT 

ifg-1 GAGAGTTACACTTCCATCATC AGACCGAACCTTCTTACAA 

cat-4 TATCAGAGCATCATTCAACA ACAATAACCATCTCATCGT 

ptl-1 CGCTATTAGTACACCAAGACA CGTCATTCTTCCAACATTATCG 

ipla-2 GCAACACCGCACTTCACAA CCGCCGAAATGAGAAACTTTACA 

polg-1 CACGATTTGAGAACTCCTATT TAAGTGTCACAGAGCCATT 

kin-2 TTCCTCTCCAAGGTTCAA GAAGTCGCATCTCTCAAG 

cdf-1 GCCAGTGAAGTTCTCAATGTGTCT AGATCCGAAGGCATCCGACAA 

dat-1 GCAGTGTTCTGTGAAGCAATG GGCGGAATCCCATCATCTC 

taf-1 ACGGATTGAGATTGTTACGA CGCCTTCTCCTCATTCTT 

cat-2 ATCAGGCGTTAGAGTTCA ATCACCCAATTTCTCGTAG 

ubh-1 CGAATCCAAGTGTCATCAATC GGCTTCATAATCTCGTCAAC 
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Abstract 

Pathogenic variants in the LRRK2 gene are the most common cause of late-onset Parkinson’s 

disease. While the normal function of LRRK2 is not yet clear, it has been reported to be 

involved in various cellular processes, including membrane trafficking and autophagy. LRRK2 

has also been found to be a component of Lewy bodies, along with spatacsin (SPG11), a gene 

product associated with spastic paraplegia type 11, that is involved in autophagic lysosome 

reformation, and endo-lysosomal trafficking. Furthermore, SPG11 patients show molecular 

defects in the substantia nigra and sometimes present parkinsonism. 

Given this, we investigated whether SPG11 was an interactor of LRRK2 and if the G2019S 

and G2385R LRRK2 variants would also associate with spatacsin. For that, we co-expressed 

epitope-tagged versions of these proteins, and immunoprecipitated them from whole cell 

extracts.  

GFP-LRRK2 was able to pull down FLAG-SPG11 and vice versa. Also, LRRK2 G2019S and 

G2385R could still interact with SPG11. Furthermore, this interaction is mediated by the kinase 

domain of LRRK2 and at least both the N- and C-terminus domains of SPG11. Though the 

biological significance of this is still undetermined. 

We were able to establish SPG11 as a novel in vitro interactor of LRRK2. However, the normal 

functions of these proteins are unclear, as is the relevance of this interaction to Parkinson’s 

disease. One hypothesis could be that LRRK2 may mediate the recruitment of adaptor protein 

complexes to membranes (SPG11 exists in complex with AP-5). 

 

 

Introduction 

Pathogenic variants in the LRRK2 gene are the most common cause of late-onset Parkinson’s 

disease (PD) (OMIM # 609007), and the G2019S (GS) substitution has been identified as the 

most frequently mutated site, associated with increased protein activity [1–3]. Furthermore, the 

missense variant G2385R (GR) has been consistently pointed as a PD risk factor. Molecular 
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studies show that it can lead to partial loss of protein function [4, 5]. LRRK2 encodes a large 

multi-domain protein of 2527 amino acids (~290 kDa), comprising a catalytic core with both 

GTPase and kinase enzyme activities, flanked by several protein-protein interaction domains 

[6, 7]. LRRK2 has also been found to be a component of Lewy bodies, a major hallmark of PD 

[8, 9], and is involved in various cellular processes, including neurite outgrowth and synaptic 

morphogenesis, membrane trafficking, autophagy, and protein synthesis [6, 10, 11]. Its activity 

is mainly attributed to its dual enzymatic functions (GTPase and serine-threonine kinase), 

where all pathogenic variants seem to cluster [1–3].  

Over 70 proteins have been found in Lewy bodies, several of which are PD‐related gene 

products:  α‐synuclein, DJ‐1, LRRK2, parkin and PINK1, among other PD associated risk 

factors [12]. Another interesting protein that has also been found in LBs is spatacsin [13]. This 

protein is encoded by SPG11, a gene involved in at least three autosomal recessive 

neurological disorders: spastic paraplegia type 11 (OMIM #604360), juvenile amyotrophic 

lateral sclerosis type 5 (OMIM #602099) and axonal Charcot-Marie-Tooth type 2X (OMIM 

#616668) [14–16]. Furthermore, several SPG11 patients are reported to present levodopa-

responsive parkinsonism and tremor [17–21]. Like LRRK2, spatacsin (SPG11) is a large 2443 

amino acid protein (~270 kDa) that contains a unique signature domain in the C-terminus, the 

spatacsin_C, shared only by homologous spatacsin proteins from other species. Its secondary 

structure is predicted to contain α-helical solenoids, similar to those found in components of 

the vesicle coats, like clathrin heavy chain, the α- and β’- subunits of the COPI coat, and the 

Sec31 subunit of the COPII coat [22]. Also like the previous, SPG11 has a β-propeller-like fold 

that is preceded by an α-solenoid motif [22]. It is therefore possible that it functions as an 

atypical coat protein. Due to its size, we can expect spatacsin to potentially have many 

functions, and, so far, it has been associated with autophagic lysosome reformation, and endo-

lysosomal trafficking [23–26].  

Using these context clues, we investigated whether SPG11 was an interactor of LRRK2 and if 

perhaps it could be associated to PD pathogenesis.  

 

Results 

SPG11 interacts with wild type and mutant LRRK2  

SPG11 has been associated to autophagy and endo-lysosomal trafficking [23–26], both 

processes where LRRK2 has also been implicated [10, 11]. It has also been found to be 

part of Lewy bodies and patients carrying mutations in the coding gene also present 

molecular changes in the dopaminergic system [17–21]. We therefore, investigated the 

hypothesis of SPG11 as a potential interactor of LRRK2. First, we co-immunoprecipitated 

both full length proteins. HEK293T cells were co-transfected with epitope-tagged forms of 
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LRRK2 and SPG11 (FLAG-SPG11 and GFP-LRRK2 (WT, GS, GR)), and, after 48 hours, 

cell lysates were immunoprecipitated with an anti-GFP antibody and then probed for SPG11 

and vice versa. We show that GFP-LRRK2 could be reciprocally co-immunoprecipitated by 

FLAG-SPG11 and not in control conditions (Figure 1 A and B). Also, both LRRK2 GS 

(disease-causing variant) as well as LRRK2 GR (PD susceptibility) were able to co-purify 

with SPG11 and vice versa (Figure 1 A and B). Furthermore, among the co-

immunoprecipitants of FLAG-SPG11 are Bag5 and HSP70, two previously described 

LRRK2 interactors (Figure 1B). 

 

 

Figure 1: SPG11 interacts with LRRK2. A. Cell lysates from HEK293T cells co-transfected with GFP-

LRRK2 and FLAG-SPG11 were subjected to co-immunoprecipitation with anti-GFP, followed by anti-

FLAG and anti-GFP immunoblotting. B. Co-immunoprecipitation with anti-FLAG, followed by anti-GFP 

and anti-SPG11 immunoblotting. Blots were further re-probed for endogenous known LRRK2 interactors 

with anti-BAG5 and anti-HSP70. For the negative control, cell lysates co-transfected with empty vectors 

(-) were subjected to the same protocol. Blots are representative of three independent experiments. Cut 

blots have different exposure times. IB, immunoblotting; IP, immunoprecipitation. 

 

We then further explored the LRRK2-SPG11 interaction down to LRRK2 domain level 

(Figure 2A). SPG11 was able to pull down portions of LRRK2 containing the kinase and 

WD40, including ∆Heat (Figure 2B). ∆Heat contains the LRR repeats, Roc-COR, Kinase 

and WD40 domains. We also show that LRRs and COR domains alone are not able to 

interact with SPG11 (Figure 2B). The only domain we were not able to test individually was 

the Roc GTPase. Furthermore, interaction of full length SPG11 seems to be more efficient 

with ∆Heat than Kinase or WD40 alone, which might suggest that the dual catalytic core 

may be responsible for this interaction aided by WD40. This however requires further 

confirmation by a specific co-immunoprecipitation assay with the Roc domain alone and 

also the complete catalytic core (Roc-COR-Kinase). 
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Figure 2: LRRK2 interacts with SPG11 mainly though the kinase domain. A. Schematic 

representation of LRRK2 and SPG11 domains and the protein fragments used in the immunoblots 

bellow. LRRK2 also shows the location of the pathogenic (red) and susceptibility (blue) mutations used 

in this study. B. Cell lysates from HEK293T cells co-transfected with each Myc-LRRK2 fragment and 

FLAG-SPG11 were subjected to co-immunoprecipitation with anti-FLAG, followed by anti-Myc and anti-
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SPG11 immunoblotting. Blots show that the kinase domain of LRRK2 is mainly responsible for the 

interaction with full-length SPG11. C. Cell lysates co-transfected with Myc-Kinase LRRK2 fragment and 

each of the FLAG-SPG11 fragments were to co-immunoprecipitated with anti-FLAG, followed by anti-

Myc and anti-FLAG immunoblotting. Blots show interaction of every SPG11 fragment tested with LRRK2 

kinase. Blots are representative of three independent experiments. Cut blots have different exposure 

times. IB, immunoblotting; IP, immunoprecipitation, *, unspecific band. 

 

After narrowing down the specific portions of LRRK2 responsible for this interaction, we 

turned to SPG11 domains. The only two domains that are possible to identify in SPG11 are 

the N-terminus SPG11WD40, that contains the coat-like motifs, and the C-terminus 

Spatacsin_C of unknown function. Because SPG11 has a specific spatacsin domain, we 

hypothesized that the interaction with LRRK2 could be mediated by this motif. However, 

pull-down experiments show that both portions of SPG11 are able to pull down LRRK2 

kinase (Figure 2C). It is conceivable that both SPG11 N- and C-terminus are spatially close 

in the tertiary structure, so far unknown, and that both participate in this particular interaction 

with LRRK2. In light of these results, the center ~1500 portion of SPG11 warrants further 

investigation, as it would help to confirm specificity of SPG11WD40 and spatacsin binding to 

LRRK2 kinase. 

 

 

Discussion 

LRRK2 is a large protein predicted to have many functions through interaction with 

numerous binding partners. Because of LRRK2 relevance in PD, it is important to identify 

these partners, as they may help to better understand both LRRK2 normal function and its 

role in PD pathogenesis. Though multiple context clues, SPG11 appeared to be a good 

candidate protein for interaction with LRRK2. SPG11 (spatacsin), together with SPG15 

(spastizin), associate with AP-5, an ancient member of the family of adaptor proteins (AP) 

complexes, presumed to function in late endosomes and lysosomal trafficking [22]. We were 

able to confirm this interaction in vitro, however its biological significance is still missing.  

Loss of SPG11 causes neuronal dysfunction in humans, however there are organisms that 

have evolved without this protein [27] and, despite its ubiquitous expression, its absence only 

impacts the nervous system, likely indicating a subtle phenotype not relevant, unless in the 

case of highly specialized cells like neurons who heavily rely on long distance cargo trafficking. 

This is also the case for PD-associated LRRK2 variants.  

It is speculated that the AP-5/SPG11/SPG15 complex is a functional relative of the COPI 

and TSET coats, with SPG15 being responsible for cargo recognition, which is dependent 
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on PI3P (phosphatidylinositol 3-phosphate) binding [28]. While SPG11 is predicted to 

consist of a β-propeller followed by an α-solenoid, SPG15 is predicted to be mainly α-

solenoid with a FIVE domain (PIP3 binding), both reminiscent of coat cages [29]. It would 

be interesting to assess whether the remainder machinery of AP-5/SPG11/SPG15 also 

interact with LRRK2 and if SPG11 is a substrate of LRRK2 kinase activity. 

It is proposed that AP-5/SPG11/SPG15 complex is an alternative retrograde trafficking 

route, a backup pathway for retromer/sorting nexins and possibly other machinery. It may 

function as a last resort to recover Golgi-associated proteins from the late endosome, that 

are usually retrieved earlier, preventing them from reaching the lysosome where they are 

degraded [28]. Nonetheless, we cannot exclude that LRRK2-SPG11 interaction may occur 

in the absence of SPG15 and AP-5 because, despite the similarities between SPG11 and 

SPG15, they have been shown to be differently involved in autophagy and endocytosis [25]. 

LRRK2 has been shown to interact with AP-2 and AP-3 protein complexes [30–32], also, it 

has been suggested that this interaction may represent a general way of recruiting different 

AP complexes to the appropriate membrane surface [32]. This is a very attractive hypothesis 

as it would present a unified theory for LRRK2 association with many intracellular 

compartments.  

Additionally, expression of LRRK2 G2019S in primary neurons leads to lysosomal swelling and 

accumulation of the cation-independent mannose-6-phosphate receptor (CI-MPR), a 

component of the retromer complex [10]. CI-MPR is normally recycled between endo-

lysosomes and the Golgi. Furthermore, disease-causing variants in the retromer subunit, 

VPS35, cause familial PD (OMIM # 601501) [33, 34] and overexpression of wild-type VPS35 

is able to rescue the CI-MPR sorting defects in a Drosophila model of LRRK2 G2019S [10]. It 

has also been shown that knocking down either SPG11, SPG15 or any of the AP-5 subunits, 

like LRRK2, leads to altered trafficking of CI-MPR. It becomes trapped in endosomal 

clusters positive for EEA1 and the retromer subunit VPS26, and cannot return to the Golgi 

[22, 27]. In fact, the knockdown of members of the retromer complex (VPS26 or VPS35) 

boosts the recruitment of SPG15 and, presumably, AP-5/SPG11/SPG15 complex, to 

membranes as a way to compensate retromer loss [28]. Given this compensatory 

relationship between the retromer and AP-5/SPG11/SPG15 complex, it would be interesting 

to see if the overexpression of SPG11, or even other complex components, is able to rescue 

LRRK2 G2019S derived CI-MPR missorting, like VPS35. 

Neither LRRK2 nor SPG11 normal functions are clear though, judging by the available 

information LRRK2 may have a broader role in vesicle dynamics than SPG11. Although 

LRRK2 and SPG11 interact in vitro, and possibly converge on endo-lysosomal trafficking, 
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the molecular mechanisms through which it happens remain elusive, as the relevance of 

this interaction in the context of PD.  

 

Methods 

Plasmids 

The pDEST53-LRRK2-WT and pCMV-2xMyc-LRRK2 (∆Heat, LRRs, COR, Kinase and 

WD40) vectors were a gift from Mark Cookson (Addgene plasmid #25044, #25068, #25072, 

#25069, #25071, #25073) [35]. The G2019S and G2385R LRRK2 mutations were 

introduced by site-directed mutagenesis with the QuikChange II Kit (Agilent) using the 

following primer pairs: LRRK2_G2019S forward 5’- 

CAAAGATTGCTGACTACAGCATTGCTCAGTACTGC -3’ and reverse 5’- 

GCAGTACTGAGCAATGCTGTAGTCAGCAATCTTTG -3’; LRRK2_G2385R forward 5’- 

AGAAAACTGAAAAACTCTGTAGACTAATAGACTGCGTGCAC -3’ and reverse 5’- 

GTGCACGCAGTCTATTAGTCTACAGAGTTTTTCAGTTTTCT -3’. Partial and full length 

SPG11 was amplified from human SH-SY5Y cDNA and cloned into pFRT-TO-FLAGHA-

DEST using the Gateway system and the following PCR primers: SPG11 forward 5’- 

GGGGACAAGTTTGTACAAAAAAGCAGGCTTCATGGCTGCAGAGGAAGGGG -3’, 

SPG11 reverse 5’- 

GGGGACCACTTTGTACAAGAAAGCTGGGTCTAACCTGCTAGCATGTCCTTTAGACAGC 

-3’, SPG11_WD40 reverse 5’- 

GGGGACCACTTTGTACAAGAAAGCTGGGTCTACCTTCCCCAGCCATTGAGATGA -3’ 

and SPG11 Spatax forward 5’- 

GGGACAAGTTTGTACAAAAAAGCAGGCTTCAGCACACAGGGCCTTAAGCC -3’. Either 

pDEST53 or pFRT-TO-FLAGHA-DEST empty vectors were used as control plasmids in all 

experiments. All constructs were sequenced to verify their integrity. 

 

Cell Culture and transfection 

Human HEK293T cells were grown in DMEM high glucose GlutaMAX™ I supplemented with 

10% fetal bovine serum (FBS) and 1% Antibiotic-Antimycotic (all from Invitrogen) at 37ºC in 

a humidified 5% CO2 atmosphere. 2x106 cells were transiently transfected with a total of 

5µg of plasmid DNA (2.5 µg of each plasmid were used in the case of co-transfections) or 

control using jetPRIME (Polyplus-transfection) following manufacturer’s instructions. 

 

Co-Immunoprecipitation 

48h post transfection, cells were washed with HBSS (Lonza #10-547F) and collected in IP 

lysis buffer (50 mM Tris pH 8.0 / 120 mM NaCl / 0.5 % Triton X-100) supplemented with 
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protease and phosphatase inhibitor cocktail (Pierce #A32959), incubated on ice, sonicated 

and pre-cleared for 1h at 4ºC with 10 µl of sheep anti-mouse IgG coated Dynabeads (Life 

Technologies #11201D). The day before, 2 µl of primary antibody were added to 50 µl of anti-

mouse Dynabeads and incubated overnight in 0.1% BSA PBS. The pre-cleared lysates were 

then incubated for 2h with the washed beads previously bound to primary antibody, at 4ºC. 

The beads were then washed first with 0.1% BSA PBS and afterwards with PBS alone (3 

washes). Bound proteins were eluted by boiling in Laemmli buffer and subjected to western 

blot analysis. 

 

Immunoblotting 

2% of total cell extracts and total IP eluates were resolved on a gradient Tris-Glycine 

acrylamide gel and transferred to a PVDF membrane which was blocked with 5% skimmed 

nonfat milk and incubated with one of the following primary antibodies: mouse monoclonal anti-

GFP (Rockland #600-301-215, 1:1000), mouse monoclonal anti-FLAG M2 (Sigma #F1804, 

1:1000), mouse monoclonal anti-Myc (Cell Signaling Technology #2276S, 1:5000), rabbit 

monoclonal anti-Myc (Cell Signaling Technology #2278S, 1:2000), rabbit polyclonal anti-

SPG11 (Proteintech #16555-1-AP, 1:1000), rabbit polyclonal anti-BAG5 (Sigma # 

HPA016429, 1:12000) and mouse monoclonal anti-HSP70 (Santa Cruz Biotechnology #sc-

65521, 1:2000). The following secondary antibodies were used: goat polyclonal anti-mouse 

IgG-HRP (SCB #sc-2005, 1:10000) and goat polyclonal anti-rabbit IgG-HRP (EMD Millipore 

#401393, 1:10000). Membranes were washed with PBS-T in between steps, and finally, their 

immunoreactivity was visualized, using WesternBright Sirius ECL-HRP substrate (Advansta 

#K-12043-D10) in the ChemiDoc Imaging System (Bio-Rad Laboratories) equipped with Image 

Lab 5.2.1 Software (Bio-Rad). When necessary, membranes were stripped by incubation in 

stripping solution (62.5 mM Tris-HCl pH6.7, 2% SDS, 100 mM β-mercaptoethanol) at 50ºC for 

30 min, with gentle agitation. 
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Chapter IV – DJ-1-associated parkinsonism: from the 
patient’s brain to the molecular lab 

 

 

 

 

 

 

 

 

 

 

 





 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

1. DJ-1 linked parkinsonism (PARK7) is associated with Lewy body 
pathology 

 

 

This section has been published as: 

Ricardo Taipa, Conceição Pereira, Inês Reis, Isabel Alonso, António Bastos-Lima, 

Manuel Melo-Pires, Marina Magalhães. “DJ-1 linked parkinsonism (PARK7) is associated with 

Lewy body pathology” Brain 2016 Jun; 139(Pt 6):1680-7. 
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Supplementary material 

Video Legends 

Segment 1 – Patient at age of 35, 13 years after disease onset and under levodopa treatment. 

He presented a generalized dystonia prevailing in the craniocervical region (face, eyes, 

perioral and cervical muscles), a symmetrical parkinsonism with a predominant involvement of 

lower limbs and important postural instability. During walk there was a decrease on the normal 

swing of right upper limb and dystonic posture of the lower limbs. The myotatic reflexes were 

globally reduced with exception of a brisk pattelar reflex. Plantar reflexes were indifferent. 

Segment 2 – Patient at age of 40, after 12 hours without levodopa. We can recognize the 

progression of the disease (parkinsonism, postural instability and gait). The dystonia, namely 

craniocervical dystonia, improved with the stop of medication. 

Segment 3 – Patient at 46 years old. We can observe a parkinsonian patient bound to a 

wheelchair with bilateral pyramidal signs and important muscle wasting of the upper and lower 

extremities without fasciculations. 

 

Supplemental Videos are available at: 

https://academic.oup.com/brain/article/139/6/1680/1754053 
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Supplementary table 1. Semi-quantitative assessment and regional distribution of α-

synuclein pathology (- absent; + mild; ++ moderate; +++ severe). 
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Supplementary table 2. A) Clinical phenotype and genetic characteristics of reported DJ-1 cases; B) Detailed characteristics in the desease 

progression. 

A) 
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B) 
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Extended materials and methods  

Clinical characteristics  

The patient was investigated and followed longitudinally with regular assessment at 

approximately 6 month interval until death by experienced neurologists in movement disorders 

(A.B.L, M.M.) at the department of Neurology of Centro Hospitalar do Porto. Clinical and video 

records were reviewed and analyzed. Written consent was obtained and the study was 

approved by the Ethics Committee of Centro Hospitalar do Porto. 

Diagnostic workup 

Laboratory investigations included routine blood tests (haemoglobin, haematocrit, RCB count 

and morphology, WBC and platelet counts, erythrocyte sedimentation rate, glucose, urea, uric 

acid, erythrocyte sedimentation rate, glucose, urea, uric acid, total protein, protein 

electrophoresis, SGOT, SGTP, calcium, phosphorus, alkaline phosphatase, copper and 

coeruloplasmin, thyroid function tests, iron and ferritin) metabolic investigation (GM1 and GM2 

gangliosidosis, mucopolysaccharidosis, metachromatic leukodystrophy, amino acids, organic 

acids), sea-blue histiocytes on bone marrow biopsy, needle electromyography, muscle, nerve 

and skin biopsy, activity of enzymatic complex of mitochondrial, DNA mitochondrial mutations 

(MELAS 3243, MELAS 3271, MERFF-8344, MERFF-8356 and NARP/MILS-8993), Huntington 

disease, PARK2, PANK2, FRAXA genetic tests. Neuropsychological testing: Mini Mental State 

Examination (MMSE), Frontal Assessment Battery (FAB), Battery of Lisbon for the 

Assessment of Dementia (BLAD), Cambridge Cognitive Examination (CAMCOG), Token test 

(2001); Dementia rating scale (DRS) (2005); MMSE, Clock-drawing test, DRS, Wechsler Adult 

Intelligence Scale – III, Line cancelation test, Corsi, Stroop, Auditory Verbal Learning test 

(AVLT), Rey complex figure test, Barrow Neurological Institute (BNI) screen for Higher 

Cerebral Function, Grooved Pegboard test, Trail Making test, Wisconsin Card Sorting Test 

(WCST) (2006).  

Genetic analysis 

Next generation sequencing (NGS) was used to establish the molecular diagnosis of the case 

under study. The exonic and intronic flanking sequences of 8 autosomal recessive Parkinson-

related genes (ATP13A2, DNAJC6, FBXO7, PRKN, PARK7, PINK1, PLA2G6 and SYNJ1) 

were selected for targeted capture and sequencing. For library preparation, all amplicons were 

amplified with conventional primers, pooled, sheared and sequenced on the Ion Torrent PGM, 

with a minimum coverage of 40x. All variants were confirmed by Sanger sequencing. 

Bioinformatic analysis for pathogenicity prediction was performed using PolyPhen-2, SIFT and 

MutationTaster. 
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Neuropathological analysis  

Neuropathological examination was carried out by two of the authors (R.T., M.M.P.). 

Histological studies with hematoxylin and eosin (H&E), Klüver and Barrera (KB), and 

immunohistochemistry (IHC) were performed in 6μm paraffin-embedded formalin fixed 

sections from selected areas of cerebral hemispheres, cerebellum and brainstem. Following 

dewax and rehydration, sections were stained with H&E, KB or processed for IHC following 

the streptavidin-biotin immunoenzymatic antigen detection system procedure (UltraVision 

Detection System-HRP kit, Lab Vision, Fremont, USA). Sections processed for DJ-1, 

SQSTM1/p62, TDP-43 and GFAP IHC were pre-treated by microwaving for 20 min. in a low 

pH commercial solution (Lab Vision). Sections processed for α-synuclein and β-amyloid IHC 

were first pre-treated with formic acid and then microwaved for 20 min. in 

ethylenediaminetetraacetic (EDTA, pH8) buffer for α-synuclein IHC and low pH commercial 

solution (Lab Vision) for β-amyloid IHC. After incubation with UltraVision Hydrogen Peroxide 

Block and Ultra V Block solution (Lab Vision), sections were incubated with one of the following 

antibodies for 60 min. at room temperature: antibody to DJ-1 (D29E5, 1:2000, Cell Signaling, 

Danvers, USA), α-synuclein (KM51, 1:30, Leica Biosystems, Newcastle, UK), ubiquitin (Z 

0458, 1:200, Dako, Glostrup, Denmark), SQSTM1/p62 (1:50, Abcam, Cambridge, UK), TDP-

43 (60019-2-Ig, 1:250, Proteintech, Chicago, USA), GFAP (Z 0334, 1:2500, Dako), B-amyloid 

(6F/3D, 1:50, Dako), PHF-Tau (AT8, 1:1000, Thermo Scientific). Subsequently, the slides were 

incubated with Biotinylated Goat Polyvalent Secondary and with Streptavidin Peroxidase (Lab 

Vision) for 10 min. each at room temperature. The antigen localization was visualized with 3, 

3'-diaminobenzidine (DAB) and tissue sections were counterstained with Gill’s haematoxylin. 

To ensure the specificity of staining, a no primary antibody control in some sections was 

perform. 

The control case showed in DJ-1 immunohistochemistry study was from a 62-year-old male, 

with no neurological complaints, with the neuropathological diagnosis of mild small vessel 

disease. The post mortem delay was similar to the case report (12 hours). Additional DJ-1 

immunohistochemistry study was performed in different areas (neocortex, basal ganglia and 

midbrain) of the case report and also in other control cases (different ages, pathological 

diagnosis and post mortem delays) with the same results (not shown). 

Plasmids 

The pcDNA3.1/GS-DJ1-L166P-V5 vector was a gift from Mark Cookson (Addgene plasmid # 

29343). The P166L (wild-type version) and L172Q mutations were sequentially introduced by 

site-directed mutagenesis using the QuikChange II Kit (Agilent) using the following primer 

pairs: DJ1_P166L forward 5’-CAGCTTCGAGTTTGCGCTTGCAATTGTTGAAGCCC-3’ and 
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reverse 5’- GGGCTTCAACAATTGCAAGCGCAAACTCGAAGCTG-3’; DJ1_L172Q forward 5’- 

GCAATTGTTGAAGCCCAGAATGGCAAGGAGGTG-3’ and reverse 5’- 

CACCTCCTTGCCATTCTGGGCTTCAACAATTGC-3’. The pcDNA3.1/GS empty vector was 

used as a control plasmid in all experiments. All constructs were sequenced to verify their 

integrity. 

Cell Culture and transfection 

Human HEK293T cells were grown in DMEM high glucose GlutaMAX™ I supplemented with 

10% fetal bovine serum (FBS) and 1% Antibiotic-Antimycotic (all from Invitrogen) at 37ºC in a 

humidified 5% CO2 atmosphere. Cells were transiently transfected with each plasmid using 

Lipofectamine 2000 (Life technologies) following manufacturer’s instructions. In order to inhibit 

proteasome activity, cells were treated 24 hours post transfection with MG132 (5μM, EMD 

Millipore) or DMSO (Sigma-Aldrich) as a control. 

RNA extraction and real-Time PCR  

Total RNA was isolated from transfected cells using the TRIzol Reagent (Invitrogen) as per 

manufacturer’s recommendations. RNA quantification was performed using NanoDrop 2000 

(Thermo Scientific) and RNA quality was assessed using Experion (Bio-Rad). Strand cDNA 

was generated by priming 350ng of total RNA with oligo(dT)20, using SuperScript III first-

strand synthesis system (Invitrogen), according to manufacturer’s protocol. 

Templates were diluted 10-fold and used with oligos specific for the V5-tagged DJ-1 (forward 

5’- TCGAAGGTAAGCCTATCC-3’; reverse 5’- AATGGTGATGGTGATGATG-3’), and human 

β-actin (forward 5’- GCACTCTTCCAGCCTTCCTTC-3’; reverse 5’- 

GTGATCTCCTTCTGCATCCTGTC-3’); along with the iQ SYBR Green supermix (Bio-Rad). 

All reactions were performed in triplicates and replicated on at least three separate plates using 

the iQ5 Real-Time PCR detection system (Bio-Rad). Data was analyzed according to the 2-

ΔΔCT method (Livak and Schmittgen, 2001). 

Western Blotting 

Cells expressing target proteins were collected 24h and 48h after transfection. Briefly, cells 

were washed with ice cold PBS and collected, on ice, in 250 μL of RIPA buffer (Sigma) 

supplemented with cOmplete Protease Inhibitor Cocktail (Roche) and then sonicated. Total 

protein was measured with the DC Protein Assay (Bio-Rad) according to manufacturer’s 

instructions. 50 μg of total protein were electrophoresed in a 12% polyacrylamide denaturing 

gel using a mini-Protean system (Bio-Rad). The resolved proteins were transferred into PVDF 

membrane using iBlot (Invitrogen). The membranes were blocked with 3% skimmed milk (in 

PBS-T) for 1h at 4ºC, and then incubated overnight with, rabbit anti-V5 (1:1000) (Cell 
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Signaling) and mouse anti-β-actin (1:10000) (Sigma) for 30 min. at 4ºC. Secondary, goat anti-

mouse (Santa Cruz) and goat anti-rabit (Calbiochem), horseradish peroxidase-conjugated 

(HRP) IgGs, diluted 1:10000 in 3% PM PBS-T were incubated for 1h at 4ºC. Membranes were 

washed with PBS-T in between steps, and finally, their immunoreactivity was visualized, using 

the FemtoMax chemiluminescent Western blot kit (Rockland). After film exposure (GE), band 

quantification was performed on the GS-800 calibrated imaging densitometer (Bio-Rad). 
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Loss of DJ-1 leads to transcriptional deregulation and may impact major cell 
signaling pathways  

Conceição Pereira, MSc1,2, Lídia Pina, BSc3, Rui Fernandes, PhD3, Jorge Sequeiros, MD, 

PhD1,2,4, Reto Gassmann, PhD5, Isabel Alonso, PhD1,2,4  

1UnIGENe, IBMC, i3S, Universidade do Porto, Porto, Portugal; 2ICBAS, Universidade do 

Porto, Porto, Portugal; 3HEMs, IBMC, i3S, Universidade do Porto, Porto, Portugal; 4CGPP, 

IBMC, i3S, Universidade do Porto, Porto, Portugal; 5Cell Division Mechanisms, IBMC, i3S, 

Universidade do Porto, Porto, Portugal 

 

Abstract 

Variants in PARK7 have been found to be a rare cause of early-onset recessive Parkinson’s 

disease. PARK7 encodes DJ-1, a small ubiquitous protein that has been implicated in a 

multitude of cellular processes, including signal transduction and transcriptional regulation of 

genes associated with protection against oxidative stress. Despite this, the molecular 

mechanisms through which DJ-1 performs such a wide variety of functions are not well 

understood. We have previously identified a novel missense variant in PARK7 that results in 

total loss of DJ-1 in the human brain.  

We therefore generated DJ-1 KO cell lines carrying a deletion of 47bp in exon 3 of PARK7 that 

resulted in the total absence of DJ-1 in the cell. Preliminary characterization of DJ-1 KO cells 

showed cell adhesion and proliferation deficits, along with alterations in the major cell 

degradation pathways, but without loss of mitochondria membrane potential. When 

differentiated, SH-SY5Y DJ-1 KO cells also sow reduced neurite length and branching as well 

as changes in organelle abundance at the ultrastructural level. High-throughput RNA 

sequencing of both WT and DJ-1 KO cells highlighted biological processes primary related 

to signal transduction, neuronal differentiation and cell growth. 

Pathway analysis of the differentially expressed genes suggests that lack of DJ-1 may lead 

to deregulation of important pathways like PI3K-AKT, MAPK and calcium signaling. These 

results might provide new clues to better understand the molecular mechanisms involved in 

PARK7-related PD. 

 

Introduction 

Parkinson’s disease (PD) is a common neurodegenerative disorder, characterized by motor 

dysfunction as the result of the selective loss of dopaminergic neurons in the substantia nigra, 
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often accompanied by the presence of Lewy bodies [1]. Variants in PARK7 have been found 

to be a rare cause of early-onset recessive Parkinson’s disease [2]. 

PARK7 encodes a small ubiquitous protein of 189 amino acids that belongs to the DJ-1/PfpI 

superfamily, which is present in most organisms from bacteria to humans [3]. Human DJ-1 is 

the most extensively studied member of this superfamily, due to its role in multiple diseases 

including Parkinson’s, cancer invasion and drug resistance, and ischemia-reperfusion injury 

[2, 4, 5]. DJ-1 exists as a homodimer and, in cells it localizes to the cytoplasm, nucleus, 

mitochondria and is even secreted [6–8]. Cell cultures and animal models have shown that 

overexpression of DJ-1 confers neuroprotection against oxidative damage, while its 

knockdown leads to oxidative stress-induced cell death, which may explain the early onset of 

PD symptoms [9–11]. DJ-1 activity is dependent on the sequential oxidation of three key 

cysteine residues (C46, C53 and C106), especially C106, which are involved in its dimerization 

and functional properties. A mildly oxidized DJ-1 has been shown to be the most active form 

[12–14]. 

DJ-1 has been implicated in various cellular processes, including homeostatic control of 

reactive oxygen species (ROS), signal transduction and transcriptional regulation of genes 

associated with protection against oxidative stress, and mitochondrial morphology and 

dynamics [15–18]. Furthermore, it has been proposed to act as a chaperone, cysteine 

protease, glycase and to participate in anti-apoptotic signaling, all in a redox-dependent 

manner [3]. Despite this, the molecular mechanisms through which DJ-1 performs such a wide 

variety of functions are not well understood. 

We have previously identified a novel missense variant in PARK7 that results in total loss of 

DJ-1 in the human brain [19]. Furthermore, α-synuclein pathology was, for the first time, 

associated to PARK7-related PD. While access to such a unique human brain is an advantage, 

formalin-fixed and paraffin-embedded (FFPE) samples pose technical challenges in the 

retrieval of high-quality DNA/RNA, among others [20, 21]. As a way of generating in vitro 

hypotheses that could be tested in the available PARK7 brain material, we created CRISPR-

Cas9 knockout (KO) cell lines for DJ-1 and performed RNA sequencing. 

 

Results 

Cell models of PARK7-related PD  

The previously described PARK7 patient showed a complete absence of DJ-1 due to an 

L172Q missense substitution that resulted in the degradation of mutant DJ-1 [19]. Therefore, 

the best model to mimic this would be a DJ-1 knockout (KO) that would allow us to generate 
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hypothesis in vitro that could be afterward confirmed in the human specimen. To do so, we 

used guide RNAs targeting exon 3 of PARK7 and the CRISPR-Cas9 system [22] to generate 

DJ-1 KOs in two independent cell lines, the human embryonic kidney HEK293T and neuronal-

like SY-SY5Y (Figure S1A). We selected clonal cell lines carrying a 41 bp deletion near the 

beginning of exon 3 (c.105del41) that produced a frame-shift, resulting in the total absence 

of DJ-1 in immunoblots and immunofluorescence (Figure 1A and S1B). Neuropathology of 

the PARK7 brain showed the astrocytes to be severely affected [19]. That led us to try to 

knockdown DJ-1 expression in primary mouse astrocytes using the lentiviral delivery of 

shRNAs targeting exon 3 [23]. However, quantitative real-time PCR showed that the best 

shRNA (#2) had only 60% efficiency (Figure S1C), resulting in about 50% DJ-1 knockdown 

at the protein level. Given that we were not able to produce a near KO in these cells, all the 

following experiments used either HEK293T or SH-SY5Y clonal KOs for DJ-1. 

 

Lack of DJ-1 affects cell adhesion and proliferation but not cell viability 

Because HEK293T cells transfect and proliferate much better than SH-SY5Y, the DJ-1 KO 

was ready considerably earlier in these cells than in SH-SY5Y. Early on, there were two 

interesting aspects that caught our attention, DJ-1 KO HEK293T cells did not look to be 

more prone to dying under standard culture conditions, but they were, however, growing 

slower than their WT counterparts. We measured cell viability based on a luminescent assay 

that estimates the levels of ATP present in the cells and did not find a significant difference 

between WT and DJ-1 KO (Figure 1B). This was a pilot experiment that needs further 

validation, including the introduction of cellular stressors like hydrogen peroxide or 

rotenone, as it may be the case that DJ-1 KO is only less viable in the presence of a 

secondary trigger.  

Time-lapse imaging was used to assess cell proliferation in a period of 48h, which was 

consistent with our initial observation that DJ-1 KO HEK293T cells proliferate less than WT 

cells (Figure 1C-E). This assay also allowed us to evaluate the cell cycle (Figure 1D) and 

cell division duration (Figure 1E), both of which are increased in DJ-1 KO HEK293T cells. 

Furthermore, DJ-1 KO cells have adhesion deficits, as they are more easily detached with 

trypsin than WT from culture surfaces, and after dividing, cells remain aggregated in clumps, 

as can be observed for DJ-1 KO after 48h in culture (Figure 1C). This data, though 

preliminary, confirmed our empirical observations. However, the underlying molecular 

defects may stem from various cellular pathways. They may relate with impaired 

cytoskeletal dynamics, altered expression of cell adhesion proteins, or alterations in 

proteins directly involved in cell cycle progression and cell division.  
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Figure 1: Lack of DJ-1 affects cell proliferation, but not cell viability. A. Immunoblot showing 

lack of DJ-1 in both KO cell lines. B. Estimated cell viability shows no difference between WT and 

DJ-1 KO HEK293T cells (n=1). C. Representative field of the cell division assay showing cell density 

at the start of experiment (0h) and the end (48h). Scale bar: 150µm. DJ-1 KO HEK293T cells 

proliferate less than their WT counterpart (n=1). D. The cell cycle duration is increased in DJ-1 KO 

HEK293T cells (n=1, >100 cells). E. The entire process of cell division takes more time to occur in 

DJ-1 KO HEK293T cells (n=1, >100 cells). Cut blots have different exposure times. IB, 

immunoblotting; *P≤0,05; **P≤0,01. 

 

DJ-1 knockout cells show alterations of cellular degradation pathways  

A growing number of studies in disease models and patients have implicated dysfunction of 

the ubiquitin-proteasome system (UPS) and autophagy-lysosomal pathways in the 

pathogenesis of PD and related disorders [24]. In order to assay proteasomal activity, we 

individually measured the trypsin-, chymotrypsin- and caspase-like activities of the 

proteasome using synthetic peptides in a bioluminescent assay. DJ-1 KO HEK293T cells 
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were found to have decreased caspase-like activity when compared to WT (Figure 2A), and 

the caspase-like activity in these cells is more similar to that of the proteasomal inhibition 

control (WT cells treated with 5μM MG132). Given that proteasome activity seems to be 

altered in the absence of DJ-1 it would be interesting to check if there are changes to total 

protein ubiquitination in this condition. 

 

 

Figure 2: DJ-1 knockout cells show alterations of cellular degradation pathways. A. Estimated 

chymotrypsin-, trypsin- and caspase-like activities of the proteasome, show that DJ-1 KO cells have 

decreased caspase-like activity when compared to WT (n=1). B. Representative immunoblot of 

several autophagy related proteins showing increased LC3 expression in DJ-1 KO cells. C. 

Quantification of immunoblot experiments represented in B. D. Frequency of distribution of acidic 

vesicles per cell, showing an increased number of cells with a larger number of vesicles in the DJ-1 

KO condition. E. Average area of acidic vesicles. Cut blots have different exposure times. IB, 

immunoblotting; *P≤0,05; **P≤0,01. 
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To infer on the autophagy-lysosomal pathway we immunoblotted several related proteins 

and found only LC3 expression to be increased in DJ-1 KO cells (Figure 2B and C). 

However, when we immunostained these proteins and quantified a large number of cells for 

LAMP1 (>700), p62 (>700) and TOM20 (>4000) signal the DJ-1 KO cells showed a small 

increase in the expression of these proteins (Figure S2). This could be due to larger 

variability between samples inherent to the immunoblot technique, as immunoblot 

quantification of LAMP1 and TOM20 follow the trend of increased protein expression, 

though not statistically significant, and p62 shows large variability in the WT sample, which 

prevents us from any conclusion in its regards.  

Because there seem to be alterations to the autophagy-lysosomal pathway we also 

quantified the size and number of acidic vesicles using the LysoTracker dye. Although the 

mean vesicle area remains the same, there is an increased percentage of DJ-1 KO cells 

with more acidic vesicles per cell than WT, along with the corresponding reduction of the 

category of cells with a small number of acidic vesicles (Figure 2D and E, >5000 cells). The 

observed changes in autophagy-lysosomal markers may indicate either increased 

autophagic flux or impairment of this system. In the context of PD, it is more likely that 

increased endo-lysosomal markers represent the accumulation of components that are not 

being efficiently degraded, also consistent with reduced proteasomal activity and an overall 

clearance impairment. 

 

Mitochondrial membrane potential is unchanged in DJ-1 knockout SY-SY5Y cells 

Defects in mitochondrial respiration, in particular of complex I activity, have long been 

implicated in the etiology and pathogenesis of PD [25]. 

In a preliminary experiment, we evaluated mitochondrial membrane potential using 

MitoTracker CMROS which is a dye that stains mitochondria in live cells and its 

accumulation is dependent upon membrane potential, therefore mitochondria with 

compromised potential will stain less. DJ-1 KO SY-SY5Y cells show similar mitochondrial 

integrity (Figure 3A), and when KO cells overexpress WT DJ-1, mitochondria show 

increased retention of the fluorescent dye. However, when KO cells overexpress the D149A 

mutant, with comparable expression to WT but non-functional [26] (Figure 3B) they are no 

different from the KO alone. On the other hand, when KO cells overexpress the L172Q 

mutant (from the PARK7 patient in [19]), there is a reduction in the accumulation of cell dye 

(Figure 3A) presumably due to reduced mitochondrial potential, which indicates that if this 

mutant were not to be heavily degraded under endogenous conditions, it would have a gain 
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of toxic function in regards to depolarization of the mitochondria. Other DJ-1 mutations, 

including L166P, which seems to behave very similarly to L172Q [19], have been shown to 

be predominantly localized to the mitochondria and to a lesser extent the cytosol when 

compared to the WT [27]. This could justify the reduction of mitochondrial membrane 

potential in the presence of DJ-1 L172Q. It would be interesting to further confirm these 

findings with more experiments and to include other test conditions such as FCCP to fully 

depolarize mitochondria, as well as cellular stressors like H2O2 or rotenone.  

 

 

Figure 3: DJ-1 L172Q affects mitochondrial membrane 
potential. A. Relative fluorescence intensity of MitoTracker 

CMROS, in WT and DJ-1 KO SY-SY5Y cells stably 

expressing WT and DJ-1 mutants (n=1). B. Immunoblot 

showing expression of V5 tagged DJ-1 in DJ-1 KO SY-
SY5Y cells. C. Relative fluorescence intensity of 

MitoTracker CMROS, in WT and DJ-1 KO SY-SY5Y cells 

stably expressing ⍺-synuclein (n=1). Cut blots have 

different exposure times. IB, immunoblotting; **P≤0,01; 

***P≤0,001. 

 

The neuropathology of the available PARK7 brain showed extensive ⍺-synuclein inclusions, 

so we wondered if increasing the amount of intracellular ⍺-synuclein could trigger changes 

in the mitochondrial membrane potential of DJ-1 KO cells. We found that there is no 

difference between the mitochondrial membrane potential of DJ-1 WT and KO cells 

overexpressing ⍺-synuclein (Figure 3C). Although, expression of ⍺-synuclein alone leads to 

a reduction in mitochondrial membrane potential in both DJ-1 WT and KO cells stably 

expressing this protein when compared to the GFP control. Indeed, impairment of the 

complex I function and increased production of reactive oxygen species (ROS) have been 

observed in transgenic mice overexpressing WT ⍺-synuclein [28]. 
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Figure 4: Differentiated DJ-1 KO SH-SY5Y cells form a less intricate neuronal-like network. A. 

Representative images of differentiated WT AND DJ-1 KO SH-SY5Y cells. Nuclei is shown in red 

and extended neuronal-like projections in green. B. Quantification of neuronal-like network with 
MorphoNeuroNet showing reduction in length and complexity of DJ-1 KO projections (n=1). C. 

Relative abundance of mitochondria, ER and Golgi in differentiated SH-SY5Y cells after 

ultrastructural analysis. D. Percentage of cells showing endo-lysosomal vesicles and active 

mitophagy. E. Summary of preliminary findings in SH-SY5Y cells analyzed by electron microscopy. 

*P≤0,05. 

Absence of DJ-1 leads to structural changes of SY-SY5Y cells 

We differentiated WT and DJ-1 KO SH-SY5Y cells with retinoic acid and BDNF for 10 days 

and immunostained cells against the neuronal marker β3-tubulin (Figure 4A). While DJ-1 KO 

cells are able to differentiate, preliminary morphometric analysis of neurite projection and 
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branching in these cells shows that they have reduced neurite length and branching when 

compared to the WT control (Figure 4B, >3000 cells). 

In order to find out if the lack of DJ-1 would cause changes in the cells at the ultrastructural 

level, we prepared differentiated SH-SY5Y cells for electron microscopy and focused on 

intracellular organelles and the integrity of the neuronal-like projections. In regards to the 

latter, we experienced some technical difficulties that we are currently trying to solve. 

Cursory observation of a relatively small number of cells seems to indicate that indeed there 

are alterations at the level of mitochondria, Golgi, endoplasmic reticulum and lysosomes 

(Figure 4C-E) with an overall trend for reduction in abundance of these organelles, with the 

exception of lysosomes and mitophagy, which seem to be increased in DJ-1 KO cells. 

 

Global transcriptome analysis of DJ-1 knockout SH-SY5Y cells  

DJ-1 can bind to various transcription factors and act as a coactivator/corepressor in the 

regulation of their target genes, thereby affecting various cell functions [17]. We therefore 

investigated the global transcriptome changes caused by absence of DJ-1 using RNA 

sequencing (Figure 5-6). We restricted the analysis to those transcripts with significantly 

altered expression in DJ-1 KO cells when compared to WT control (log2fold change ± 0.58; 

p£0.05) (Figure 5A-B). Of the 17486 transcripts identified, a total of 2181 were found to be 

differentially expressed in DJ-1 KO cells (898 downregulated and 1285 upregulated; Figure 

5B). Gene ontology analysis of differentially regulated transcripts using PANTHER v14.1 

[29] showed over-representation of biological processes mostly associated with cell growth, 

cell differentiation and axonal guidance, intracellular transport and signal transduction 

(Figure 5C). Transcriptome data was validated by qRT-PCR in a selected subset of 7 genes 

(Figure 5D) and although the magnitude of fold changes is different between qRT-PCR and 

RNAseq, all genes follow the same trend in both technical approaches. Pathway analysis of 

differentially expressed transcripts, performed with iPathwayGuide [30], identified many 

signaling cascades-related pathways to be altered (Table 1) in the DJ-1 KO condition. Many 

of those, involve molecular signaling that depends on the PI3K-AKT pathway, including 

calcium and MAPK signaling. 
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Figure 5: Global gene expression analysis of DJ-1 KO SH-SY5Y cells. A. Volcano plot for 

differential gene expression of DJ-1 KO SH-SY5Y cells vs WT. All 2181 significantly differentially 

expressed genes (downregulated=blue; upregulated=red) are represented in terms of their 

measured expression change (log2FC) and the significance of the change. The dotted lines represent 

the thresholds used to select the differentially expressed genes: 0.58 for expression change and 
0.05 for significance. B. Histogram distribution of all differentially expressed genes 

(downregulated=blue; upregulated=red). C. Gene ontology term analysis of important biological 

processes enriched within the differentially expressed genes (p values FDR corrected). D. Validation 

of transcriptome data with qRT-PCR in the same samples used for RNA sequencing. The log2FC of 

each transcript in RNAseq is indicated underneath. 
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Table 1: Relevant pathways identified by iPathwayGuide impact analysis. 

Pathway name p-value 
(FDR) 

p-value 
(Bonferroni) 

Ribosome * 4.98E-14 4,98E-14 
Circadian entrainment 8.05E-04 0,002 
Neuroactive ligand-receptor interaction 8.05E-04 0,003 
PI3K-Akt signaling pathway 8.05E-04 0,003 
Alcoholism 8.05E-04 0,004 
Cell adhesion molecules (CAMs) * 9.27E-04 0,006 
ECM-receptor interaction 0.003 0,02 
Glutamatergic synapse 0.005 0,041 
Calcium signaling pathway 0.005 0,048 
Pathways in cancer 0.007 0,073 
Insulin secretion 0.008 0,089 
Morphine addiction 0.01 0,12 
Ras signaling pathway 0.01 0,125 
Dilated cardiomyopathy (DCM) 0.018 0,251 
Vascular smooth muscle contraction 0.02 0,319 
Pancreatic secretion 0.02 0,324 
Retrograde endocannabinoid signaling 0.021 0,357 
Hypertrophic cardiomyopathy (HCM) * 0.022 0,401 
Renin secretion 0.025 0,482 
Proteoglycans in cancer 0.025 0,494 
Systemic lupus erythematosus 0.033 0,703 
Axon guidance 0.046 1 
Endocrine and other factor-regulated 
calcium reabsorption 0.046 1 
MAPK signaling pathway 0.046 1 
cAMP signaling pathway 0.05 1 
Cholinergic synapse 0.05 1 

*over-representation only 

 

Indeed, the original PARK7 patient after which we designed the cell model presented with 

sleep disturbances. Consistent with this, perturbation of the circadian entrainment 

(synchronicity) was detected by pathway analysis, mainly due to increased expression of G-

proteins, and of several protein kinases in the MAPK signaling pathway (Figure 6A), both 

upstream of the period genes (PER1/2). This coincides with decreased expression of ARNTL 

(Log2FC:-1,51; adjp=4,43E-44) and CLOCK (Log2FC:-0,48; adjp=1,07E-5), which respectively 

encode BMAL1 and CLOK, a pair of heterodimeric, master transcription factors of the circadian 

clock [31, 32].  

Differential expression of several genes encoding proteins in the PI3K-AKT signaling pathway, 

such as extracellular matrix (ECM) proteins, cytokine, growth factor and G-protein-coupled 

receptors, and negative regulators of mTOR and cell cycle progression (Figure 6B) suggest 

that the loss of DJ-1 has a negative impact on PI3K-AKT signaling. Previous studies have 

suggested that DJ-1 is a positive regulator of the PI3K/AKT/mTOR pathway by negatively 

regulating the activity of PTEN [33, 34]. Therefore, we immunoblotted whole cell lysates from 

differentiated SH-SY5Y cells for both forms of phospho-AKT (Figure 7A-B) and although there 

is a tendency for decreased activation in the DJ-1 KO, it was not statically significant. The 

increase in intracellular ROS levels has been suggested to activate the AKT pathway [35]. It 

would therefore be interesting to check if DJ-1 KO cells would fail to activate AKT in the 

presence of a ROS stimulus. 
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Additionally, several genes associated with cell adhesion and calcium signaling were also 

found to be differentially expressed (Figure C-D). These alterations may be a direct 

consequence from the lack of DJ-1 or, are more likely related to the PI3K-AKT pathway 

deregulation. 

 

 

 

 

 

 

 

 

 

 

Figure 6: Pathway analysis 
of differentially expressed 
genes in DJ-1 KO cells 
highlights deregulation of 
major cell signaling 
pathways. A. Circadian 
entrainment pathway related 

genes differentially regulated 

in DJ-1 KO cells. B. PI3-AKT 

signaling related genes 

differentially regulated in DJ-

1 KO cells. C. Cell adhesion 

related genes differentially 
regulated in DJ-1 KO cells. 

D. Calcium signaling related 

genes differentially regulated 

in DJ-1 KO cells. 

Downregulated genes are in 

blue and upregulated genes 

in red. 
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Figure 7: AKT activation status in SH-SY5Y DJ-1 KO cells. A. Representative immunoblot of 

phosphor- and total-AKT. B. Quantification of AKT activation in immunoblots of whole cell extracts 

of SH-SY5Y DJ-1 KO cells. (n=5) Cut blots have different exposure times. IB, immunoblotting. 

 

Discussion 

The PARK7 patient we based our work on carried a novel missense variant in DJ-1 (L172Q), 

so unstable that it is rapidly cleared from the cytosol and completely absent in the patient’s 

brain, effectively rendering him a KO for DJ-1. Given this, the most straightforward way to 

reproduce these conditions in vitro was to generate a KO for DJ-1 expression, which we 

subsequently used to analyze global transcriptome changes. The differentially expressed 

genes in DJ-1 KO cells highlight the involvement, and probable deregulation, of major 

signaling pathways such as MAPK, calcium and PI3K-AKT. 

Interestingly, impact analysis identified circadian entrainment as one of the main affected 

pathways in DJ-1 KO cells. Circadian dysregulation has emerged as an important cause of 

sleep disruption in common neurodegenerative disorders, including PD, Huntington’s (HD) 

and Alzheimer’s (AD) diseases [36]. Dopamine is a neurotransmitter of major importance 

for the circadian system, and its metabolism and signaling activity are strongly influenced 

by the circadian clock. From a molecular perspective, the circadian clock is controlled by a 

group of genes that regulate their own transcription and translation over approximately 24h 

via a series of interacting negative feedback loops. The key loop involves the proteins 

BMAL1 and CLOCK, which form a heterodimer to regulate the expression of clock-

controlled genes, and therefore drive circadian output. In addition to regulating their own 

levels of expression, “clock” genes serve as transcription factors for other genes that 

regulate a variety of functions, including cell division, metabolism, immune responses and 

oxidative processes [37]. Analysis of differentially expressed genes in DJ-1 KO cells 

highlighted alterations to the circadian entrainment with changes in transcripts encoding 

signaling proteins upstream of the period genes and significant reduction of ARNTL 
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expression, a master transcription factor of the circadian clock. Consistent with this, 

decreased ARNTL expression has been found in peripheral leucocytes of PD during the 

night clock period when compared to healthy controls [38]. An additional study also reports 

a lack of time-dependent variation of ARNTL expression in PD patients [39]. In light of this, 

it would be useful to confirm whether decreased expression of both these master 

transcription factors also occurs in the PARK7 brain. 

Accumulating evidence links the circadian clock to the cell cycle, as the first is involved in 

controlling the expression of some cell cycle genes and DNA repair events, which also 

impact cell cycle progression [32]. While we can detect deregulated expression of some cell 

cycle genes, the observed changes are not consistent with the expected reduction in 

transcriptional activity of BMAL1/CLOCK, and consequent decrease of circadian clock gene 

target expression. In this case, altered expression of cell cycle genes is more likely not 

related with altered circadian rhythm. Furthermore, overall changes detected in cell cycle 

machinery components mostly correspond to a mild reduction in expression (fold difference 

<1.5; significant adjp value). This may correlate with preliminary findings regarding a small 

decrease in cell proliferation and an increase in cell division duration in DJ-1 KO cells. 

Other pathways identified by impact analysis in the DJ-1 KO cells transcriptome are 

alterations of cell-cell adhesion and of the interaction with ECM proteins. Cell-cell adhesion 

molecules play key roles in many aspects of neuronal development, including neuronal cell 

migration, axon-bundle and synapse formation, and the formation of complex of glial 

networks, which surround axons and synapses. These molecules interact with each other 

between the cells to activate various signaling pathways and bring the apposed cell 

membranes into contact [40]. The synapse is a fundamental unit for brain function, and 

accumulating evidence shows that several PD-related gene products, like ⍺-synuclein, 

LRRK2, parkin, PINK1 and DJ-1 are associated with synaptic dysfunction [41]. In particular, 

a small portion of DJ-1 has been found to localize to the synaptic membrane, and this affinity 

was lost by the L166P pathogenic variant [42]. Furthermore, DJ-1 KO mice showed no signs 

of LTD (long-term depression) in medium spiny neurons, due to inhibition of D2 receptors 

(dopamine G-coupled receptors, GPCRs) [42]. In line with this work, the identification of 

differentially expressed cell adhesion molecules, important for synapse establishment and 

maintenance, in the DJ-1 KO cells also supports the DJ-1 role in synaptic homeostasis. 

Further implicating cell adhesion with PD, the adhesion G-protein-coupled receptor B1 

(ADGRB1) has recently been found to be downregulated in MPP+ models of PD [43].  

Deregulation of the PI3K-AKT pathway was, however, the overall main finding of 

transcriptome analysis. This is an intracellular signal transduction pathway that promotes 

metabolism, proliferation, cell survival, growth and angiogenesis in response to extracellular 
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signals [44]. All these functions are carried out through the integration of upstream signals, 

which is mediated by the phosphorylation of a range of downstream substrates that 

culminates in the downstream control of gene expression. Because the PI3K-AKT pathway 

has many downstream effects its regulation is extremely important for cellular homeostasis 

[45]. As such, it is to be expected that even small changes to this very complex equilibrium 

can have significant consequences to the cell. Genetic screens in Drosophila have previously 

identified DJ-1 as a suppressor of PTEN phosphatase function, which is an antagonist of 

the PI3K-AKT cell survival pathway [46], and components of the PI3K-AKT signaling 

pathway as specific modulators of DJ-1A RNAi-induced neurodegeneration [47]. 

Furthermore, there is in vitro and in vivo evidence that DJ-1 promotes AKT phosphorylation 

in response to an oxidative stress stimulus [48]. 

While this work was underway, a combined proteomics and RNA sequencing experiment in 

DJ-1 KO mice was published [49], showing that loss of DJ-1 caused an age-dependent 

redistribution of hexokinase 1 (HK1) from mitochondria to the cytosol which was 

accompanied by a shift in glucose metabolism from glycolysis to the polyol pathway. The 

authors also noted PTEN accumulation and decreased AKT activity, which could account 

for the shift in HK1 trafficking and glucose metabolism. We did not find increased expression 

of PTEN at the transcript level, nevertheless, we still need to confirm protein levels and the 

activation status of several proteins along the PI3K-AKT signaling cascade. It will also be 

very important to asses HK1 redistribution in the patient’s brain. DJ-1 involvement in the 

regulation of energy and glucose homeostasis through modulation of the AKT pathway has 

also been found in the context of metabolic disorders [48]. In summary, DJ-1 has been 

extensively associated with AKT signaling, but not all KO models show decreased AKT 

activation [50]. 

The initial characterization of DJ-1 KO cells showed cell adhesion and proliferation deficits, 

along with alterations in proteasome degradation and autophagy. All these changes fit well 

within the scope of decreased AKT activity as its positive role in cell cycle progression is well 

established [51, 52], and it is also associated with the coordinated regulation of both protein 

synthesis and protein degradation. In human retinal pigment epithelial cells, proteasome 

inhibition led to the increase of protein levels of several autophagy-specific proteins and also 

enhanced the conversion of microtubule-associated protein light chain (LC3) from LC3-I to its 

lipidated form, LC3-II, through reduced activation of the PI3K-Akt-mTOR axis [53]. Another 

study has also shown that AKT phosphorylation of USP14, a major deubiquitinating enzyme 

that regulates the ubiquitin-proteasome system, leads to increased proteasome activity and 

consequently global protein degradation [54]. Therefore, decreased AKT signaling should 

negatively impact proteasome degradation. 
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It has been proposed that AKT-dependent recruitment of hexokinases to the mitochondrial 

membrane contributes to mitochondrial protection against ROS [55], and is a required step in 

the recruitment of parkin prior to mitophagy [56]. In this context, it would be expected that 

absence of DJ-1 and the consequent decreased AKT signaling would have a negative impact 

on cell viability and mitochondrial membrane potential which our preliminary assays did not 

suggest. However, these assays were performed using undifferentiated cells, actively dividing 

which could possibly dilute the potential deleterious effects on the mitochondria. Actually, 

preliminary analysis of the ultrastructure of differentiated SH-SY5Y DJ-1 KO cells, reveals 

decreased number and size of mitochondria, as well as increased mitophagy, consistent with 

previous reports [57, 58]. Of note, α-synuclein overexpression significantly reduces 

mitochondrial membrane potential and its basal expression is also significantly upregulated in 

DJ-1 KO cells (~1.8 fold). Put together, possibly compromised mitochondria along with the 

failure to effectively clear damaged cell components and the increased expression of α-

synuclein in the absence of DJ-1 may account for the extensive α-synuclein pathology 

observed in the PARK7 brain. 

The Golgi apparatus is a fundamental organelle for the secretory pathway. It bridges the 

delivery of proteins from their site of synthesis in the endoplasmic reticulum to their final 

destination (extracellular medium, plasma membrane or endo-lysosomes), and ensures 

their post-translational modification (glycosylation and/or proteolytic cleavage), acting as a 

sorting device. Structural changes to the Golgi are often accompanied by functional 

alterations, which affect vesicle transport in the early secretory pathway. This Golgi 

pathology has been noticed in several neurodegenerative diseases, including Parkinson’s 

[59]. In particular, mutations in the PD-associated proteins α-synuclein [60, 61], LRRK2 [62, 

63], parkin [64, 65], and VPS35 [66, 67] have been shown to affect Golgi structure or 

transport processes to and from the Golgi. However, little is known about the molecular 

mechanisms underlying the changes in the functional organization of the Golgi and 

especially their relevance for disease pathogenesis. 

Interestingly, the preliminary ultrastructural analysis of DJ-1 KO cells showed a decreased 

abundance of Golgi when compared to WT, which suggests that DJ-1 loss of function may 

also impact Golgi organization and possibly vesicle trafficking to- and/or from Golgi.  

In fact, DJ-1 has been previously shown to colocalize with GM130, a Golgi protein, and with 

synaptic vesicle proteins like synaptophysin and Rab3A. Also, DJ-1 shows similar cellular 

distribution to Rab proteins, which associated with membrane trafficking [42]. Rab3A, in 

particular, has been shown to associate with immature secretory granules from the trans-

Golgi network and positively influence exocytosis [68]. Put together, it would not be 
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surprising that another PD-related protein also had a role in vesicle trafficking. To be 

confirmed, this association would reveal a novel facet of the DJ-1 function in the cell. 

Because DJ-1 has been associated with many different functions, it is difficult to point which 

ones are physiologically relevant especially in PD pathogenesis. Among the many proposed 

functions for DJ-1, it has recently been proposed that the most relevant function in vivo is 

the promotion of AKT signaling [46, 47, 49]. Our transcriptome results support this 

hypothesis and it will be very interesting to confirm this in the human brain sample. 

The work shown here is incomplete and several aspects, especially pertaining to AKT 

deregulation, remain to be explored. We have meanwhile generated rescue neuronal-like 

cell lines stably expressing WT DJ-1 and other DJ-1 mutations (D149A and L172Q) that 

should prove to be useful both in confirming that a given alteration of a transcript is in fact 

due to the absence of functional DJ-1 and also to interfere with the AKT signaling pathway 

by having more experimental controls. Also, whenever possible, confirmation of these 

findings in the actual PARK7 patient’s brain remains one of our end goals. 

 

Methods 

Plasmids 

Guide RNAs targeting DJ-1 (Table S1) were cloned into pSpCas9(BB)V2.0, a gift from Feng 

Zhang (Addgene plasmid #62988) [22], using the BbsI restriction sites. The pLKO.1-puro 

Non-Target shRNA control was acquired from Sigma (SHC016-1EA). The three top ranking 

shRNA sequences targeting mouse PARK7 mRNA (determined by OligoWalk [69]) were 

cloned into pLKO.1-puro empty vector using EcoRI restriction sites (Table S1). The 

pcDNA3.1/GS-DJ1-L166P-V5 was a gift from Mark Cookson (Addgene plasmid #29343), 

and all variants were generated by site directed mutagenesis as previously described [19]. 

pEGFP-α-synuclein-WT was a gift from David Rubinsztein (Addgene plasmid #40822) [70]. 

All constructs were sequenced to verify their integrity. 

 

Cell Culture and transfection/transduction 

Human HEK293T cells were grown in DMEM high glucose GlutaMAX™ I and SH-SY5Y in 

DMEM/F12 (1:1) GlutaMAX™ I, both supplemented with 10% fetal bovine serum (FBS) and 

1% Antibiotic-Antimycotic (all from Life Technologies). Primary mouse astrocytes were a gift 

from João Relvas. Astrocytes were cultured in DMEM high glucose GlutaMAX™ I 

supplemented with 10% FBS and 1% Antibiotic-Antimycotic. Cells were kept at 37ºC in a 
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humidified 5% CO2 atmosphere. Cultures were transiently transfected with plasmid DNA or 

its respective control using FuGENE HD (Roche Diagnostics) following manufacturer’s 

instructions. HEK293T were used to package pLKO.1-puro vectors into lentiviral particles 

as previously described [23]. HEK293T cell supernatants containing lentiviral particles were 

used to transduce primary mouse astrocytes at a 1:1 ratio of DMEM:lentiviral supernatant. 

After 48h, transduced mouse astrocytes were selected with 1 µg/ml puromycin. 

 

 

CRISPR-Cas9 knockouts 

DJ-1 KO HEK293T and SH-SY5Y cell lines were generated using CRISPR-Cas9 [22].  

Plasmids containing Cas9 and single-guide RNAs were co-transfected (jetPRIME, Polyplus-

transfection) into HEK293T cells and electroporated (Nucleofector II, Lonza) into SH-SY5Y 

cells according to manufactures’ instructions. After 48h, single-cell sorting was performed 

in a FACS Aria II (BD Biosciences) to establish clonal cell lines. Clones were screened by 

PCR and candidate KOs were confirmed by direct sequencing followed by immunoblotting. 

Both DJ-1 KO clonal cell lines carry a 41bp deletion close to the beginning of exon 3 

(c.105del41). Furthermore, 16 sites predicted to be potential off-targets of the sgRNAs used 

were directly sequenced (Table S2) to confirm they were unchanged. 

 

Cell viability 

WT and DJ-1 KO HEK293T cells were plated in a 96-well culture plate (2x104/well) and 48h 

later cell viability was estimated using the CellTiter-Glo™ Luminescent Cell Viability Assay 

(Promega, #G7570) according to the manufacturer’s instructions. Luminescence was 

measured with Synergy™ Mx Monochromator-based Microplate Reader (BioTek). 

 

Cell division assay 

WT and DJ-1 KO HEK293T cells were plated in a 2-well µ-Slide chamber (Ibidi, #80286) at 

5x103 cells/cm2. The following day, 15 randomly picked, fixed positions were imaged using 

phase contrast microscopy every 5 min for 48h under controlled temperature (37ºC), and 

humidity (95%) and CO2 (5%) with a Leica DMI6000 B microscope (Leica Microsystems), 

equipped with an Orca Flash 4.0 camera (Hamamatsu) and a 20x NA 0.4 HCX PL FLUOTAR 

L-CORR Ph1 objective, all under the control of LAS X software v5.2 (Leica Microsystems). 

Time lapse imaging was used to measure cell cycle duration (anaphase to anaphase) and cell 

division rate (roundup to anaphase). 
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Proteasome activity 

WT and DJ-1 KO HEK293T cells were plated in a 96-well culture plate (2x104/well) and 72h 

later the chymotrypsin-, trypsin- and caspase-like activities were measured using the 

Proteasome-Glo™ Luminescent Assay (Promega, #G8531) according to the manufacturer’s 

instructions. As a positive control of proteasomal inhibition cells were exposed to 5μM 

MG132 (EMD Millipore) during the last 48h of the experiment. Luminescence was measured 

with Synergy™ Mx Monochromator-based Microplate Reader (BioTek). 

 

Immunoblotting 

Total cell extracts (50 μg) were resolved on a gradient Tris-Glycine acrylamide gel and 

transferred to a PVDF membrane which was blocked with 5% BSA and incubated with one of 

the following primary antibodies: rabbit monoclonal anti-DJ-1 (Cell Signaling Technology 

#5933P, 1:1000), rabbit monoclonal anti-LAMP1 (Cell Signaling Technology #3243S, 1:2000), 

mouse monoclonal anti-p62 (Proteintech #66184-1-IG, 1:200), mouse monoclonal anti-β-actin 

(Sigma #A5441, 1:10000) mouse monoclonal anti-TOM20 (BD Biosciences, #612278, 

1:1000), rabbit polyclonal anti-LC3B (Cell Signaling Technology #2775S, 1:1000), rabbit 

monoclonal anti-V5 (Cell Signaling Technology #13202, 1:2000), rabbit monoclonal anti-
panAKT (Cell Signaling Technology #4691T, 1:1000), rabbit monoclonal anti-T308AKT (Cell 

Signaling Technology #13038T, 1:1000), rabbit monoclonal anti-S473AKT (Cell Signaling 

Technology #4060T, 1:1000). The following secondary antibodies were used: goat polyclonal 

anti-mouse IgG-HRP (SCB #sc-2005, 1:10000) and goat polyclonal anti-rabbit IgG-HRP (EMD 

Millipore #401393, 1:10000). Membranes were washed with TBS-T in between steps, and 

finally, their immunoreactivity was visualized using WesternBright Sirius ECL-HRP substrate 

(Advansta #K-12043-D10) in the ChemiDoc Imaging System (Bio-Rad Laboratories) equipped 

with Image Lab 5.2.1 Software (Bio-Rad). When necessary, membranes were stripped by 

incubation in stripping solution (62.5 mM Tris-HCl pH6.7, 2% SDS, 100 mM β-

mercaptoethanol) at 50ºC for 30 min, with gentle agitation. Bands were quantified using Image 

Lab software, version 5.2.1 (Bio-Rad Laboratories) and β-actin was used as loading control. 

 

Immunofluorescence 

For immunofluorescence microscopy, cells were plated onto fibronectin coated glass 

coverslips (No.1, VWR), and fixed with 4% formaldehyde/4% sucrose (EMD Millipore, # 

104005, #1.07651). They were permeabilized with 0.3% Triton X-100 (AppliChem, #142314), 
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blocked with 10% FBS (Life Technologies, #10270-106) and labeled with primary, secondary 

or dye as indicated. The following antibodies were used: rabbit polyclonal anti-LAMP1 (Abcam, 

#ab24170, 1:200), mouse monoclonal anti-p62 (Proteintech, #66184-1-IG, 1:200), mouse 

monoclonal anti-TOM20 (BD Biosciences, #612278, 1:1000), rabbit monoclonal anti-β3-tubulin 

(Cell Signaling Technology, #5568S, 1:200), goat anti-mouse Alexa Fluor 488 (Thermo Fisher 

Scientific, #A-11029, 1:400), goat anti-rabbit Alexa Fluor 488 (Thermo Fisher Scientific, #A-

11008, 1:400) and goat anti-mouse Alexa Fluor 568 (Thermo Fisher Scientific, #A-11004, 

1:400). The following cell dyes were used according to manufacturer’s instructions: Hoechst 

33342 (Invitrogen, #H3570, 1:10000), LysoTracker® Red DND-99 (Life Technologies, #L7528) 

and HCS CellMask™ Deep Red Stain (Life Technologies, #H32721). PBS was used to wash 

cells in-between all steps and coverslips were mounted in ProLong™ Diamond (Life 

Technologies, #P36970). Standard fluorescent images were obtained with an Axio Observer 

microscope (Zeiss) equipped with an Orca Flash 4.0 camera (Hamamatsu), a Colibri.2 light 

source and a 40x NA 1.4 Plan-Apochromat objective, all under the control of ZEN software 

(Zeiss). At least 15 random fields were acquired per coverslip. Projected Z-stacks were used 

to perform automated cell analysis using CellProfiler v2.2.0 [71]. Briefly, Hoechst dye channel 

was used to identify the cell nucleus, and the CellMask™ channel to identify the cytoplasmic 

region that belongs to each nucleus. After removal of cell masks touching image borders, each 

cell defined area was analyzed for total fluorescent signal (p62 and TOM20) or particle size 

and number (LAMP1 and lysotracker). 

 

Mitochondrial membrane potential 

WT and DJ-1 KO SH-SY5Y cells, including stable cell lines expressing DJ-1 (WT, D149A or 

L172Q) or ⍺-synuclein, were plated in a 96-well culture plate (1x104/well) and, 24h later, 

were incubated with MitoTracker™ Red CMXRos (Life Technologies, #M7512) and Hoechst 

33342 (1:10000) according to the manufacturer’s instructions. Fluorescence intensity was 

measured with Synergy™ Mx Monochromator-based Microplate Reader (BioTek) for both 

fluorophores. Signal from Hoechst was used to normalize fluorescence intensity of 

MitoTracker to the number of cells present in each well. 

 

SH-SY5Y differentiation and  

SH-SY5Y cells were differentiated as previously described [72] with minor modifications. 

Briefly, cells were seeded at 1x103cells/cm2 and 24h later were exposed to 10 μM all-trans 

retinoic acid (RA) (Sigma, # R2625) in complete growth medium. Cells were maintained 

under these conditions for a period of 5 days, with media exchange every 2 days. 
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Afterwards, cells were washed three times with FBS free media to remove RA, and then 

incubated with 50 ng/ml of recombinant human brain derived neurotrophic factor (rhBDNF) 

(Peprotech, # 450-02) in FBS free growth media for the following 5 days, with media 

exchange every two days. The neuronal-like network formed by these cells was analyzed 

using the MorphoNeuroNet pluging for ImageJ [73]. 

 

RNA extraction RNAseq 

Total RNA was isolated from cultured WT or DJ-1 KO cells, using NZYol (NZYTech #MB18501) 

and the RNeasy Mini Kit (Qiagen #74104). RNA quantification was performed using NanoDrop 

2000 (Thermo Scientific) and RNA quality was assessed using Experion (Bio-Rad). Three 

independent RNA samples of each genotype were used for RNA sequencing. 

Preparation of the cDNA library as well as sequencing was carried out using an Illumina HiSeq 

platform via a commercial service (GATC, Germany). After quality control, directional paired-

end libraries were sequenced (2 × 150 bp) on an HiSeq 2500. Each sample contained ~40 

million reads and in all cases over 95% were mapped. Gene wise raw counts were obtained 

from inspecting genome alignments using featureCounts [74]. Gene annotations were based 

on gene model version gencode.v19/Ensembl v75. Genes having less than 10 reads on an 

average across all samples were removed. Differential gene expression (DGE) was performed 

using R/Bioconductor DESEq2 package [75] which essentially normalize the raw counts to 

account for observed variance (sequencing depths, replicates, dispersion) generating 

normalized gene counts. Statistical tests were performed for each gene to compare the 

distributions between conditions (WT vs DJ-1 KO) generating p-values for each gene. The final 

p-values were corrected by determining false discovery rates (FDR) using Benjamin–Hochberg 

method. GO term enrichment was calculated by PANTHER [29] v 14.1 using Fisher's exact 

test followed by False Discovery Rate (FDR) correction for multiple comparisons. Pathway 

analysis was performed with iPathwayGuide [30]. It scores pathways using the Impact Analysis 

method [76–78], which uses two types of evidence: i) the over-representation of differentially 

expressed genes in a given pathway and ii) the perturbation of that pathway computed by 

propagating the measured expression changes across the pathway topology. 

 

qPCR 

Strand cDNA was generated by priming 2 µg of total RNA with oligo(dT)20, using SuperScript 

III first-strand synthesis system (Invitrogen), according to manufacturer’s instructions. cDNA 

templates were diluted 10-fold and 1 µL was used with specific oligos spanning 2 exons (Table 

S3) along with the PowerUp™ SYBR™ Green Master Mix (Aplied Biosistems™). All reactions 
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were performed in technical triplicates and replicated on at least three separate plates using 

the 7500 Fast System (Aplied Biosistems™). Data was analyzed according to the 2-ΔΔCT 

method [79]. 

 

Electron Microscopy 

Cells were fixed in Karnovsky solution (2.5% glutaraldehyde, 2% paraformaldehyde in 0.1M 

sodium cacodylate buffer, pH 7.3) overnight at 4°C and post-fixed with 2% osmium tetroxide, 

also overnight at 4°C. Cell samples were then serially dehydrated in ethanol and embedded 

in Epon (Electron Microscopy Sciences). Sections approximately 60 nm thick were cut with 

an LKB ultramicrotome (Leica) and observed in a Jeol 100CXII transmission electron 

microscope (JEOL) equipped with an Olympus DP 25 camera and Cell B software.  

 

Statistical analysis 

Statistical analysis was performed using IBM SPSS v25.0 or GraphPad Prism v.6 and 

statistical significance was considered when P<0.05. Comparisons were made using Student’s 

t-test or one-way ANOVA followed by Tukey post-hoc test for multiple comparisons, or Kruskal-

Wallis test followed by Dunn post-hoc test for multiple comparisons for data that does not follow 

a normal distribution. Analysis of distribution of categorical variables was performed with 

Pearson's chi-squared (χ2) test, followed by Bonferroni correction for multiple comparisons.  

Unless stated, all quantitative data are expressed as mean ± standard error of the mean (SEM) 

of at least three independent experiments. 
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Supplementary material 

Supporting figures and tables 

 

 

Figure S1: DJ-1 knockout by CRISPR/Cas9 of HEK293T and SH-SY5Y cells strategy vs DJ-1 
knockdown in primary mouse astrocytes by shRNA. A. Schematic representation of the PARK7 

gene and the two strategies employed for DJ-1 ablation. Electropherogram shows the deletion of 41 

bp in exon 3 achieved with CRISPR/Cas9. B. Representative immunofluorescence images of WT 

and DJ-1 KO cell lines evidencing complete lack of DJ-1 staining. C. PARK7 expression in primary 

mouse astrocytes stably expressing shRNA#2 against DJ-1. 
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Figure S2: Immunofluorescence quantification of autophagy and mitochondria related 
proteins in DJ-1 KO HEK293T cells. A. LAMP1 expression. B. p62 expression. C. TOM20 

expression. ***P≤0,001. 

 

 

Table S1: sgRNAs, confirmation oligos and shRNAs against DJ-1 

Name Sequence 
DJ1_sgRNA#1_Fw CACCGTAGATTAAGGTCACCGTTGC 

DJ1_sgRNA#1_Rv AAACGCAACGGTGACCTTAATCTAC 

DJ1_sgRNA#2_Fw CACCGAGTACAGTGTAGCCGTGATG 

DJ1_sgRNA#2_Rv AAACCATCACGGCTACACTGTACTC 

DJ1_sgRNA#3_Fw CACCGAACATCTTTCTCGTAGATTA 

DJ1_sgRNA#3_Rv AAACTAATCTACGAGAAAGATGTTC 

DJ1_mshRNA#1_Fw CCGGGGAGGAGATGGAGACAGTGATTCTCGAGTCACTGTCTCCATCTCCTCCTTTTTG 

DJ1_mshRNA#1_Rv AATTCAAAAAGAGGAGATGGAGACAGTGATTCTCGAGTCACTGTCTCCATCTCCTCC 

DJ1_mshRNA#2_Fw CCGGTGCAGTGTAGCCGTGATGTAACTCGAGTTACATCACGGCTACACTGCATTTTTG 

DJ1_mshRNA#2_Rv AATTCAAAAATGCAGTGTAGCCGTGATGTAACTCGAGTTACATCACGGCTACACTGCA 

DJ1_mshRNA#3_Fw CCGGGGCTAAGGACAAAATGATGAACTCGAGTTCATCATTTTGTCCTTAGCCTTTTTG 

DJ1_mshRNA#3_Rv AATTCAAAAAGGCTAAGGACAAAATGATGAACTCGAGTTCATCATTTTGTCCTTAGCC 

*bold base-pairs indicate regions required for backbone ligation; mshRNA, shRNA targeting mouse DJ-1. 
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Table S2: PCR oligos used to sequence potential off-target sites. 

Gene Name Sequence Fw Sequence Rv 
IL1R1 TGAGCCTCTCTTTGCAGTTT GGAATTAAAGTTGTCCTGCTTGAG 

RREB1 CCAAAGGGCACTGAGGAAA AGGAGGACAGCGAGAATGA 

PDGFRA GACTTGGAACACTGAATTGCATAA GAAGTTGCCATGGGAAACAAATA 

TAGLN TCGAGAAGAAGTATGACGAGGAG TCTACCAGGCATAGGGCATAG 

LINC01164 GTGGTCAGGCATCAGAAGTC CTGTAAGGCAGGTTGGAAGAA 

GNL3L CCAGGACCAGCTTCTTGTT TACAGGGTTCCATTTCTTCAGG 

LIN9 GTGCATACTTTGAAGTTGCTGTAA ACCTCATGAGACAATGCCAAT 

SSR3 GCTTATTTGACAAACCATCAGTGT ACTATATTAGGAATATTCGGCTGATACC 

OGFOD1 GATCATGCTGGGCCTTAGAA CCACAATTGCAGGATGGAAAG 

TRPC6 AGATTACTGAAACCCAACTGTGA CCAACAGCAACTTCTCTCCA 

MRPS30 CCACATAACCCAGACTCTTACC CTTCGATGACCACGAGGAATAA 

FRMD4A CGCAAGCATTTATCGCTGAC GGTTGCTCCTGAAACTGACT 

GPR55 CAGCAGAAAGCCTGCATCTA CTGATGTTCATGCGGAATTCTTT 

SELE GCATAAATGCAAACACACAAAGG GAGCACCCTAACATACAGAAGAA 

MESDC2 TCTCAGTAGGGCTTCCTGATAC TGCCTGTGCCAGTTGAAA 

EFCAB6 GGTCTCAGTATTGGAGAAGACATAG GTTGGAGAATCAACAAGCCAAA 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Chapter V – Final considerations 
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In the past two decades, we have seen tremendous advances in the identification of 

genetic causes of human disease, including movement disorders, greatly due to the advent 

of next-generation sequencing, which has now become the leading method in the search 

for causes of Mendelian disorders. These diseases are rare but together amount to a 

substantial cause of morbidity and mortality worldwide. 

While genetics has been substantially successful in identifying new genes 

responsible for human disease, the translation of these findings into our understanding of 

disease mechanisms, and into the development of targeted therapies, has been much more 

challenging and has yielded fewer results. This can be partly attributed to the fact that 

sometimes the genetic cause does not provide obvious clues to the underlying pathogenic 

mechanism, and also because of the blood-brain barrier greatly impairing drug delivery to 

the central nervous system.  

The search for disease modifiers and direct interactors of the disease proteins stems 

from the need to expand our knowledge on the biological mechanisms involved in the 

disease pathogenesis, in hope that one day we may see the whole picture, and that it will 

allow the development of new therapies. In fact, for some movement disorders, such as 

spinal muscular atrophy, an antisense oligonucleotide has already passed phase 2 drug 

trials and has been approved by both the FDA and EMA [439]. Several other trials are 

ongoing in Huntington’s disease and other movement disorders [440].  

Significant progress has also been made by studying genetic modifiers in model 

organisms, and because movement disorders are often age-related and late-onset, most 

studies have used lower model organisms like Caenorhabditis elegans to screen for potential 

genetic modifiers. There are several examples of drug and genetic modifier screens in C. 

elegans, that have been successful in finding modifiers of movement disorders such as PD 

[441–450], SCA3 [451] and Huntington’s disease [452–454], among others. Likewise, we 

were able to expand the molecular pathways associated with CACNA1A loss of function. 

The advantage of such approaches is their unbiased nature. We were able to identify both 

the TGF-β pathway, which was previously known, and Notch signaling along with several 

genes whose products are involved in metabolic processes, thus reinforcing the relevance 

of signaling pathways in this disorder. 

The worm provides a number of advantages as an animal model for the study of 

movement disorders, which mainly include the wide array of genetic tools available and the 

ability to screen for disease modifiers in a rapid and cost-effective manner [436]. This, 

combined with complete lineage information and a well-defined nervous system (even if 

rudimentary), makes this transparent organism a very attractive tool in the study of 
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neurodegenerative disorders. A good example of the use of C. elegans in PD research is a 

fairly recent study where this model was used to prioritize loss of function variants that were 

found by whole exome sequencing in a large cohort of PD patients [169]. 

Despite all the advantages, this model also has some limitations, particularly in regards 

to PD modeling. First, C. elegans does not have an α-synuclein homolog, and PD patients 

harboring pathogenic LRRK2 variants frequently exhibit α-synuclein neuropathology in the 

form of Lewy bodies [216, 217]. Whether α-synuclein is required for LRRK2-mediated 

degeneration has not been proven, but, it might be a mediator LRRK2 toxicity [204, 455]. 

Actually, α-synuclein may be the ultimate disease modifier, it has been consistently associated 

with increased risk for sporadic PD [142, 456] and brain tissue from these patients has shown 

higher expression levels of α-synuclein when compared to controls [457]. We also observed 

significantly increased α-synuclein in DJ-1 KO SH-SY5Y cells (~1,8 fold diff., adjp=1.47E-13), 

and the PARK7 patient showed extensive α-synuclein pathology in the brain, further implicating 

α-synuclein in genetic PD forms besides PARK1/4 and PARK8.  

Like α-synuclein, many other human proteins do not have an ortholog in C. elegans. 

including the complex AP-5/SPG11/SPG15 [458] that we are trying to evaluate as an LRRK2 

interactor. Concerning PD, there are other examples in the literature, namely 17 of the 27 

candidate genes in the gene prioritization study (previously mentioned), have no ortholog in C. 

elegans [169]. 

Second, the worm only has one leucine-rich kinase protein (LRK-1), while humans 

have two (LRRK1 and LRRK2) [459], so we cannot exclude that LRK-1 may combine both 

functions of LRRK1 and LRRK2. Both have been associated with endo-lysosomal trafficking 

[319, 460]. However, the available literature suggests different patterns of expression. Studies 

in Drosophila, rodents and human tissue have found the lung, heart, skeletal muscle and lymph 

node tissue to have identical expression of both LRRK1 and LRRK2; with LRRK2 being more 

abundant in the kidney and brain, and LRRK1 in the stomach, liver, small intestine, thymus 

and smooth muscle tissue [461–463]. These differential expression patterns, in specific cell 

types and developmental stages, may help to explain why LRRK1 associates with 

osteosclerotic metaphyseal dysplasia and LRRK2 with PD [90, 464]. 

Third, models of LRRK2-related PD may not show an overt phenotype, which may be 

linked to the fact that disease-associated LRRK2 variants show partial penetrance in humans. 

Partial penetrance may also be the reason why dopaminergic degeneration varied 

considerably within worm strains. For example, at adult day 12, there were still some LRK-1 

(GS) worms with complete intact DA neurons, while others showed complete degeneration. 

Fourth, LRRK2 may underline small molecular defects that, in the relatively short life-
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span of a C. elegans, may not negatively impact the DA neurons enough for them to 

degenerate. Neurons are extremely specialized cells that heavily rely on cargo transport over 

long distances [465]. A human neuron is much longer in length than a C. elegans neuron so it 

also might be the case that small molecular defects do not produce a readily observable 

phenotype because neuronal transport does not have to occur over such long distances. 

Lastly, the contribution of glial cells is usually not considered in C. elegans models of 

PD. This is not a limitation of the model per se, as C. elegans actually do have glia (56 cells) 

[466], however, the most popular study designs of genetic PD models in worms have never 

contemplated glial cells [353, 436, 447, 467–477]. 

The C. elegans, although not a perfect model, is a versatile organism that will certainly 

continue to serve as an important experimental system in neurobiology of disease. 

Accumulating evidence suggests that disruption of astrocyte biology is involved in 

dopaminergic neuron degeneration in PD [478]. Astrocytes are the more abundant type of glial 

cells [479, 480], and have been shown to provide structural and metabolic support, and to 

regulate synaptic transmission, water transport, and blood flow within the brain [481]. Most PD 

cases are idiopathic, however many of the genes causing monogenic PD are expressed in 

astrocytes at similar levels to neurons, or in some cases higher than [482]. At least eight of 

them have a role in astrocyte biology: PINK1, parkin and DJ-1 regulate proliferation, and have 

all been shown to have a role in the maintenance of healthy mitochondria; α-synuclein 

regulates the uptake and distribution of arachidonic acid and extracellular α-synuclein can be 

endocytosed by activating TLR4 signaling; DJ-1 regulates the stability of lipid rafts and is 

involved in the termination of TLR4 signaling and the inhibition of the IFN-γ inflammatory 

response; iPLA2 is upregulated in response to TLR4 signaling and increases the calcium load 

in the endoplasmic reticulum; LRRK2 regulates fusion and/or degradation in the autophagy 

pathway and, together with ATP13A2 may have a role in the control of lysosomal pH [478]. 

DJ-1 is highly expressed in the brain and is enriched in astrocytes. Neuropathology of the 

PARK7 patient showed that loss of DJ-1 expression led to the presence of severely dystrophic 

astrocytes, as evidenced by GFAP staining, reinforcing the role of glial cells specifically in 

PARK7-related PD and in PD in general. 

Calcium (Ca2+) is a universal cell-signaling messenger that regulates a myriad of 

physiological processes in a spatial and temporal manner. It regulates the cell membrane 

potential through modulation of channels and ion transporters; binds kinases and transcription 

factors; activates signaling cascades that regulate gene expression; and participates in tissue 

network activity [483, 484]. Given that Ca2+ participates in a wide range of biological processes 

and that high levels of it are toxic to the cells [485], especially neurons, the intracellular 
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concentrations of this small messenger are under strict control via a number of Ca2+-channels, 

Ca2+-pumps and organelles [484, 486]. 

It is therefore unsurprising that dysfunctional Ca2+ signaling has been associated with 

a large variety of human genetic disorders [487]. In fact, this seems to be a transversal theme 

in movement disorders including PD [488, 489], SCAs [490, 491], HSPs [492, 493], and 

Huntington's disease [494] among many others [487]. Differential expression analysis in the 

DJ-1 KO cell line highly suggested the deregulation of calcium signaling as one of the main 

biological processes affected by the loss of DJ-1. This involved the altered expression of 

ligand- and voltage-gated ion channels, glutamate receptors, ion transporters and pumps, as 

well as intracellular mediators of calcium signaling, which include several Ca2+ binding kinases. 

Indeed, it has been proposed that large oscillations of cytosolic calcium, due to broad action 

potentials and autonomous peacemaking abilities, together with increased cytosolic calcium 

levels, whether they derive from increased flux from the extracellular environment or from 

intracellular stores, all contribute to the selective vulnerability of DA neurons [488]. 

We also associated loss of function of the α1A-subunit of P/Q-type voltage-gated Ca2+ 

channels with both the Notch and TGF-β signaling pathways. Notch signaling is an 

evolutionarily conserved pathway involved in the determination of stem-cell-fate, differentiation 

during embryonic development, and the regulation of tissue homeostasis [495]. Neurogenesis 

is a tightly regulated process, and the proper integration of developing neurons requires 

several important signaling pathways, including Notch [496]. Also, many developmental 

processes that are regulated by Notch signaling, are also under the control of the TGF-β family 

of ligands, resulting in frequent crosstalk between the two pathways. Furthermore, disease-

causing variants in the NOTCH3 gene are responsible for CADASIL (cerebral autosomal 

dominant arteriopathy with subcortical infarcts and leukoencephalopathy), a clinically 

heterogeneous disorder, often presenting with hemiplegic migraine, migraine with typical aura 

and progressive ataxia [497]. Interestingly, a patient presenting with signs of CADASIL was 

found to carry two heterozygous variants of uncertain significance in each CACNA1A and 

SCN1A genes [497]. Of note, SCN1A has been associated with several epileptic syndromes 

and familial hemiplegic migraine type 3 [498–500]. Additionally, the variant identified in the 

CADASIL patient had also been previously found in a family with idiopathic childhood epilepsy 

[501]. Besides extensive literature documenting crosstalk between TGF-β and Notch pathways 

[495], there are also reports describing a Notch-mediated activation of the TGF-β pathway 

[501, 502], further reinforcing the intricacy of this relationship. 

Neurodevelopment and neurodegeneration were initially thought of at opposite ends of 

the spectrum, however, this well-established concept, is nowadays controversial. An 

accumulating body of evidence shows substantial similarities between the cellular processes 
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involved in both of them [503–507]. Additionally, as a larger number of unbiased screens are 

performed, whether it is whole exome/RNA sequencing or proteomics, more pathways related 

with cell proliferation and differentiation are identified, namely disrupted Wnt and Notch 

signaling, both especially important for brain development and neuronal identity specification 

[495, 508]. This has been the case for SPG11 [509], SCA1 [510] and PD [511]. SNCA knockout 

mice have fewer DA neurons in the SN from the embryonic stage [512]. VPS35 has been 

reported to regulate hippocampal neurogenesis, specifically during neurite outgrowth and 

dendrite maturation [513]. LRRK2 is significantly expressed during embryonic neurogenesis 

[514] and has been reported to interact in vivo with key Wnt signaling proteins, scaffolding 

membrane and cytosolic components of this pathway [271, 272]. Indeed, DJ-1 KO cells 

showed proliferation and cell adhesion deficits, suggesting the possible involvement of DJ-1 in 

neurodevelopmental processes. It is conceivable that minor developmental defects could 

result in an entire brain system with reduced compensatory capacity and/or a lower threshold 

to insult. 

A living cell relies on the intracellular transport of proteins and organelles. This active 

transport is especially important for neurons, where the tightly packed environment and the 

geometry of their long axons and dendrites limit the effectiveness of passive diffusion, 

therefore posing a unique challenge to this particular cell. Neuronal survival, maintenance, 

growth and regeneration fundamentally depend on the active transport and accurate 

distribution of various cellular cargoes, including organelles, proteins and RNA [515, 516]. 

The information gathered from the proteins encoded by genetic forms of movement 

disorders, at a first glance, appears to be just a heterogeneous collection of pathways. Defects 

in nucleotide and lipid metabolism, organelle biogenesis, impaired mitochondrial function, 

axonal transport and microtubule dynamics, membrane trafficking and altered proteostasis, 

have all been associated with PD, SCAs and HSPs among other diseases. 

Though, whether we stand before a more upstream energy deficit or a more 

downstream protein directly associated with moving vesicles, they all ultimately impact vesicle 

dynamics. For example, several molecular motors and proteins involved in microtubule 

dynamics, which have been reported in PD and HSPs [517, 518], are required for active 

transport. This type of long-distance transport requires energy, and impaired mitochondrial 

function is a central theme in PD, SCAs and HSPs [518–522]. Furthermore, the number of 

proteins directly related to membranous structures, which have been consistently associated 

with disrupted membrane trafficking in PD, SCAs and HSPs, keep growing [518, 523–526]. 

From a molecular perspective, movement disorders are perhaps very aptly named, as 

the ever-growing amount of data suggests that these are ultimately disorders of moving 
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vesicles. 

With this work, we were able to expand the functional network of molecular pathways 

involved in CACNA1A-related ataxia and identified two new LRRK2 physical interactors, 

HSP60 and spatacsin although the biological significance of these interactions is still 

undetermined. At least, HSP60 is not a genetic modifier of DA degeneration in the LRK-1(GS) 

worm. Interestingly, both proteins, like various LRRK2 interactors, are associated with 

movement disorders. We also molecularly characterized a PD patient, which we found to be a 

caused by a novel homozygous deleterious variant in the PARK7 gene, encoding DJ-1. Further 

molecular study, demonstrated that this new variant was highly unstable, and was completely 

absent from the patient’s brain due to rapid proteasomal degradation. Differential gene 

expression in DJ-1 KO SH-SY5Y cells highlighted deregulated biological processes primarily 

related to signal transduction, neuronal differentiation and cell growth with particular emphasis 

on AKT signaling, which may provide new clues into the molecular mechanisms involved in 

PARK7-related PD. 

PD was first described a little over 200 years ago, but it has seen the most progress in 

recent years. Over half of the literature available was published within the last 10 years. Yet, 

the more we know, the more complex PD looks to be. We still do not know enough about it, no 

long-term neuroprotective treatment has been found yet and, like for several other movement 

disorders, there is ample room for further research.  
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