
 
 
 

 
 
 

 
 
 
 
 
 

 
Uncovering novel biomarkers for Parkinson’s disease 

and its prodromal stages 

 
Marta Soto Gimeno 

 
 
 
 
 
 
 

 
 

 

 

 
 

 
ADVERTIMENT. La consulta d’aquesta tesi queda condicionada a l’acceptació de les següents condicions d'ús: La difusió 
d’aquesta tesi per mitjà del servei TDX (www.tdx.cat) i a través del Dipòsit Digital de la UB (diposit.ub.edu) ha estat 
autoritzada pels titulars dels drets de propietat intelꞏlectual únicament per a usos privats emmarcats en activitats 
d’investigació i docència. No s’autoritza la seva reproducció amb finalitats de lucre ni la seva difusió i posada a disposició 
des d’un lloc aliè al servei TDX ni al Dipòsit Digital de la UB. No s’autoritza la presentació del seu contingut en una finestra 
o marc aliè a TDX o al Dipòsit Digital de la UB (framing). Aquesta reserva de drets afecta tant al resum de presentació de 
la tesi com als seus continguts. En la utilització o cita de parts de la tesi és obligat indicar el nom de la persona autora. 
 
 
ADVERTENCIA. La consulta de esta tesis queda condicionada a la aceptación de las siguientes condiciones de uso: La 
difusión de esta tesis por medio del servicio TDR (www.tdx.cat) y a través del Repositorio Digital de la UB (diposit.ub.edu) 
ha sido autorizada por los titulares de los derechos de propiedad intelectual únicamente para usos privados enmarcados en 
actividades de investigación y docencia. No se autoriza su reproducción con finalidades de lucro ni su difusión y puesta a 
disposición desde un sitio ajeno al servicio TDR o al Repositorio Digital de la UB. No se autoriza la presentación de su 
contenido en una ventana o marco ajeno a TDR o al Repositorio Digital de la UB (framing). Esta reserva de derechos afecta 
tanto al resumen de presentación de la tesis como a sus contenidos. En la utilización o cita de partes de la tesis es obligado 
indicar el nombre de la persona autora. 
 
 
WARNING. On having consulted this thesis you’re accepting the following use conditions:  Spreading this thesis by the TDX 
(www.tdx.cat) service and by the UB Digital Repository (diposit.ub.edu) has been authorized by the titular of the intellectual 
property rights only for private uses placed in investigation and teaching activities. Reproduction with lucrative aims is not 
authorized nor its spreading and availability from a site foreign to the TDX service or to the UB Digital Repository. Introducing 
its content in a window or frame foreign to the TDX service or to the UB Digital Repository is not authorized (framing). Those 
rights affect to the presentation summary of the thesis as well as to its contents. In the using or citation of parts of the thesis 
it’s obliged to indicate the name of the author. 



Biomedicine PhD program of the Universitat de Barcelona 

Uncovering novel biomarkers for Parkinson’s 

disease and its prodromal stages 

This thesis has been realised in the laboratory of Parkinson’s disease 

and other movement disorders of the Institut d’Investigacions Biomèdiques 

August Pi i Sunyer (IDIBAPS) – Hospital Clínic de Barcelona 

PhD Student: Marta Soto Gimeno

Supervisors: Dr. Mario Ezquerra Trabalón & Dr. Rubén Fernández-Santiago 

Tutor: Dr. Cristina Malagelada Grau 

M. Soto    Dr. M. Ezquerra     Dr. R. Fernández-Santiago      Dr. C. Malagelada 



1 

CERTIFICATE OF DIRECTION 

Dr. Mario Ezquerra Trabalón and Dr. Rubén Fernández-Santiago 

CERTIFY: That the work "Uncovering novel biomarkers for Parkinson’s disease and 
its prodromal stages" written and presented by Marta Soto Gimeno to qualify for 
Doctor in Biomedicine for the University of Barcelona has been done under our 
direction and the supervision of her tutor Cristina Malagelada Grau and meets all 
requirements to be presented and defended in the presence of the corresponding 
thesis committee. 

The original research articles that comprise this thesis in order of publication and 
their impact factor are the following: 

[Article 1]. Serum MicroRNAs Predict Isolated Rapid Eye Movement Sleep 
Behavior Disorder and Lewy Body Diseases. Mov Disord. 2022; 37: 2086-2098. 
(JCR’21 IF: 9.698 Q1) 

[Article 2]. Differential serum microRNAs in premotor LRRK2 G2019S carriers from 
Parkinson’s disease. NPJ Parkinsons Dis. Status: accepted (JCR’21 IF: 9.304 Q1) 

[Article 3]. Combined CSF α-SYN RT-QuIC, CSF NFL and midbrain-pons planimetry 
in degenerative parkinsonisms: From bedside to bench, and back again. 
Parkinsonism Relat Disord. 2022; 99: 33-41. (JCR’20 IF:4.891 Q1) 

Article 1 and 2 have not been included in any other thesis, nor will they in the 
future. Article 3 will also be part of the future thesis of Cèlia Painous Martí 
supervised by Dr. Yaroslau Compta Hirnyj. In that study the PhD candidate of the 
current thesis, Marta Soto Gimeno, set up and performed the RT-QuIC 
experiments and NFL ELISAs and strictly the methodological aspects of these 
techniques are the topics included in the current thesis; for her part Cèlia Painous 
Martí collected the demographic and clinical data, took part in the lab 
experiments and performed the statistical analysis in that article, with the clinical 
aspects of the differential diagnosis between parkinsonisms using these 
biomarkers in combination, along with their clinical and imaging correlates being 
the focus of her impending thesis. 

Dr. M. Ezquerra   Dr. R. Fernández-Santiago     Dr. C. Malagelada



2 
 

ACKNOWLEDGMENTS 

Realitzar aquesta tesis no m’hagués estat possible sense l’ajuda i el suport de 

totes les persones que han estat al meu voltant durant aquests 4 anys, tant a 

nivell professional com personal. 

En primer lugar, quiero agradeceros, Mario y Rubén, la oportunidad que 

me habéis dado y el apoyo continuo durante todo este tiempo. Agradezco mucho 

vuestra dedicación e implicación que me está permitiendo cerrar este proyecto 

cumpliendo todos mis objetivos y con muy buenos resultados. Teneros a los dos 

como directores y trabajar con vuestros puntos de vista complementarios ha sido 

muy enriquecedor y me ha ayudado a crecer como científica. Vull agrair també a 

la meva tutora, Cristina Malagelada, l’eficiència amb que sempre m’ha respost.  

També vull agrair a totes les persones que han contribuït a fer-me un petit 

lloc a la unitat de Parkinson i altres trastorns del moviment. Al Dr. Compta per 

haver-me brindat l’oportunitat de reenganxar-me al laboratori quan semblava 

complicat i per la confiança que has dipositat en mi des del primer dia. A la Dra. 

Martí pel suport continuat durant tots aquests anys. Al Dr. Iranzo, l’Alicia i la Cèlia, 

perquè el treball conjunt ha estat una part fonamental d’aquests projectes i una 

experiència molt enriquidora. A la Laura Maragall, gràcies per fer-me un cop de 

mà sempre que pots i ajudar-me a desxifrar informació impossible. A la Marina, 

la Donina i després la Carlota, l’Ana, la Sandra i l’Almudena per tots els moments 

de bon rollo quan veniu al vostre moment “zen” al laboratori.  

A la familia del 3B. La verdad que lo pienso y que paciencia habéis tenido 

todos para aguantar todas mis quejas e indignaciones, por la tesis, pero también 

por la RENFE, el metro, los patinetes, el gas, la burocracia, los alquileres de pianos, 

y cualquier cosa, vaya.  

Los primos de AD. Cris, parece que queda muy lejos cuando estabas aquí 

de compi de mesa. Gracias por amenizarme los días durante los primeros años de 

tesis, gracias por inculcarme la importancia de comer a la hora, por no dejarme 

sola ante las tomaduras de pelo de Paqui y Manel, por los viernes to guapos y 



3 
 

todas las clases de yoga. Guada, gracias por ese hooooolaaa! característico 

trayendo siempre alegría y buen rollo al laboratorio. Óscar, mi compi de 

doctorado, dicen que mal de muchos, consuelo de tontos ¡y nosotros muy tontos! 

Muchas gracias por todos los consejos y el apoyo diario. 

También quiero dar las gracias a Paula Melón, por haber sufrido conmigo 

las extracciones de los dichosos microRNAs y haberte fiado de que te enseñase. 

A Jésica, siempre poniendo una sonrisa al día con tu carácter alegre y buen 

sentido del humor. A Idoia, con los del labo que pareces ya una más de lo que te 

gusta venir a vernos. Gracias por los cafés, las reformas compartidas, los 

momentos de hacernos perder el tiempo mutuamente y también los de 

escucharnos con nuestras rayadas.  

A las nuevas incorporaciones que, aunque hayamos coincidido tarde, no 

habéis dudado en echarme una mano en esta última etapa. Lorena, gracias por 

compartir tu sabiduría y experiencia desde el primer día. Guillem, gracias por 

saber escuchar y transmitir esta despreocupación que unas veces pone nerviosa, 

pero otras es tan necesaria. Dani, jozú, poz que te voy a decí a ti, gracias por 

dejarme imitarte mal y hacernos sesiones de risoterapia diarias, pero también por 

ayudar siempre que puedes. Y las supernenas, gracias por habernos distraído a 

mí y a mi cabeza prácticamente a diario con chorrocientas actividades durante 

esta última etapa, me ha dado mucha fuerza, ya lo sabéis. Ana, gracias por 

compartir mis indignaciones y estreses, pero siempre poniendo templanza. Laura, 

gracias por estar siempre dispuesta a lo que haga falta y por tu característica de 

alegría (y buen día). 

Manel y Paqui, ya debe hace más de 5 años que me tenía que ir la primera 

vez y aquí sigo, unas cuantas quejas y pinchos de tortilla después. ¡ni con agua 

caliente! Paqui, me adoptaste como hija del lab antes incluso de aprenderte mi 

nombre, cuando aún era la niña, gracias por todos los momentos compartidos, el 

apoyo y las risas diarias. Manel, desde el día cero cuando me encontraste en la 



4 
 

puerta sin poder entrar no has dejado de ayudarme en todo lo que has podido, 

gracias, creo que no hubiese llegado a hacer esta tesis sin tu ayuda. 

Esti y Jon, gracias por los cafés, masajes y visitas tan reconfortantes. Marc 

Espina, Anna Sancho, Anika, Laura, Mattia gràcies per totes els moments de respir 

a les converses de passadís donant suport quan cal i creant sempre bon ambient. 

I a la vida més enllà de la feina, però no patint menys el doctorat, Laia, 

Xavi, Arnau i l’AMCV en general, gràcies per donar-me lucidesa al kebab cada 

divendres i per la paciència i el suport a “l’altra feina”.  Les meves Vaquetes (VP) 

gràcies per estar sempre presents tot i les dificultats per coincidir, sembla que ara 

estaré una mica més disponible.  

I per acabar, com no, a la meva família. Carlitos, gràcies per recolzar-me, 

entendre’m i escoltar totes les meves xapes durant tot el doctorat i sobretot en 

aquest últim any de convivència. Joan, gràcies pel suport i aguantar els meus 

atabalaments cada vegada que li passa alguna cosa a l’ordinador. Mama i papa, 

gràcies per animar-me sempre a seguir treballant i esforçar-me i per posar-m’ho 

tot més fàcil per poder tirar el doctorat endavant.  

Per acabar, vull dedicar aquest treball a la iaia Eusebia que segur que 

estaria molt contenta i molt orgullosa de veure on soc. 

 

 

 



5 
 

TABLE OF CONTENT 

ABBEVIATIONS ........................................................................................................ 7 

1. INTRODUCTION ................................................................................................ 10 

1.1 Parkinson’s disease - a growing disease ................................................... 11 

1.2 Parkinson’s - clinicopathological spectrum ............................................... 13 

1.3 Parkinson’s disease – as an α-synucleinopathy ........................................ 16 

1.4 Parkinson’s genetics - driving mechanistic discovery ............................... 18 

1.5 Premotor Parkinson’s - novel opportunities for the early intervention ... 22 

1.6 Parkinson’s biomarkers - a contextualised synopsis ................................. 26 

2. OBJECTIVES ....................................................................................................... 30 

3. PUBLICATIONS .................................................................................................. 32 

3.1 Article 1 ..................................................................................................... 34 

3.2 Article 2 ..................................................................................................... 64 

3.3 Article 3 ................................................................................................... 106 

4. RESULTS SUMMARY ....................................................................................... 118 

5. DISCUSSION .................................................................................................... 121 

6. CONCLUSIONS ................................................................................................ 130 

7. REFERENCES ................................................................................................... 132 

ANNEX ................................................................................................................ 157 

 

 
 

 

 

 



6 
 

SUMMARY 

Parkinson’s disease (PD) is the most common neurodegenerative movement 

disorder characterised by loss of dopaminergic neurons and the accumulation of 

aggregated α-synuclein. Clinical diagnosis is based on the appearance of the 

cardinal motor symptoms, yet neurodegeneration begins years before. In 

addition, any imaging or laboratory test can diagnose PD or discriminate PD from 

other parkinsonisms conclusively. In this work, we investigated candidate 

diagnostic and early progression biomarkers of PD and related parkinsonisms 

with a particular focus on the early stages of the disease. More specifically, we 

explored microRNA expression levels as early progression biomarkers in serum 

samples from two longitudinal cohorts of premotor PD and PD at-risk subjects to 

assess their potential applicability. In addition, we also set up an α-synuclein real-

time quacking-induced conversion (RT-QuIC) assay to investigate the presence of 

misfolded α-synuclein aggregates in cerebrospinal fluid of PD and related 

parkinsonisms. In PD at-risk and premotor PD cohorts, we identified specific 

serum miRNAs that hold potential as early PD progression or pheno-conversion 

biomarkers. In addition, we implemented the α-synuclein RT-QuIC technique in 

our laboratory with high diagnostic accuracy for PD. Altogether, our findings 

advance the current state-of-the-art in the development of early PD biomarkers 

and have implications for disease prediction and early detection, even at 

premotor stages. 
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1. INTRODUCTION 

1.1 Parkinson’s disease - a growing disease 

Parkinson’s disease (PD) is the most common age-related1 neurodegenerative 

movement disorder, with a prevalence of 2-3% among the population over 65 

years.2 Ageing is indeed considered the principal risk factor,3  and the incidence 

is higher in men than women (ratio 1.37).1,4 Nowadays, PD is the fastest-growing 

neurological disorder.5 Over the past two decades, worldwide PD prevalence has 

more than doubled4 and is expected to still increase, exceeding 12 million people 

by 2040.6 Besides the increase in life expectancy and the longer disease duration, 

other environmental factors could be contributing to the increment of PD cases. 

Furthermore, PD entails a large economic burden, estimated at €17.000 per year 

per patient in Spain in 2013,7 and a total of $51.9 billion in the US in 2017.8  

PD was first described by the English apothecary-surgeon, geologist, 

palaeontologist, and political activist Mr James Parkinson in An Essay on the 

Shaking Palsy (1817). Parkinson made a description of 6 cases of 'paralysis 

agitans', a long-duration nervous disorder characterised by resting tremor of 

limbs, decreased muscular strength, and a stooped posture associated with gait 

impairment,9 which remains valid today. Later, Jean-Martin Charcot coined the 

term ‘Parkinson’s disease’ and described the disease more deeply, distinguishing 

bradykinesia as a separate cardinal symptom and recognising a cognitive 

component.10 In 1957, Arvid Carlsson discovered the functional role of 

dopamine11 but it was not until three years later that Oleh Hornykiewicz’s 

laboratory linked a deep dopamine deficit to PD and introduced dopamine 

replacement through intravenous injections of levodopa as therapy.12 After this 

discovery, the clinical trial with orally administered levodopa by George Cotzias 

in 1967 introduced the chronic oral levodopa treatment, which remains the 

cornerstone of symptomatic treatment of PD.13   

 



12 
 

Nowadays, PD is considered a progressive neurodegenerative disorder 

clinically characterised by both motor and non-motor features resulting from the 

early prominent death of midbrain dopaminergic neurons (DAn) in the substantia 

nigra pars compacta (SNpc).14 The causes of the disease are still largely unknown, 

and no treatment is currently available that changes the natural history of the 

disease. 
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1.2 Parkinson’s - clinicopathological spectrum  

The characteristic neuropathological hallmarks of PD are midbrain SNpc 

depigmentation due to progressive loss of DAn and accumulation of aggregated 

α-synuclein into Lewy bodies into the few surviving neurons (Figure 1a-b). The 

striatal dopamine deficit in PD leads to increased inhibitory GABAergic outputs 

from basal ganglia (GPi) to the thalamus by two mechanisms: reduced activity of 

the direct pathway from the striatum to GPi and increased activity of the indirect 

pathway.15 The overstimulation of the subthalamic nucleus in the indirect 

pathway and the over-inhibition of the thalamus to the cortex due to the lack of 

dopamine are associated with the PD cardinal motor symptoms of bradykinesia, 

muscular rigidity, and resting tremor.16,17 Yet, by the time motor symptoms 

emerge, the neural loss has been estimated at 30% of the DAn and 60% of their 

axon terminals.18 Other neurotransmitter systems beyond the dopaminergic, i.e., 

the cholinergic, noradrenergic, glutamatergic or serotonergic, are also affected in 

PD and have been related to non-motor features19,20 such as hyposmia, rapid eye 

movement (REM)-sleep behaviour disorder (RBD), constipation or depression. 

PD diagnosis can only be confirmed by neuropathological post-mortem 

evaluation. However, in clinical practice, the diagnosis is based on neurological 

examination following the International Parkinson and Movement Disorders 

Society (MDS) diagnostic criteria.21 The prerequisite to applying the MDS-PD 

criteria to establish PD is the diagnosis of parkinsonism, i.e., bradykinesia with 

rigidity and/or resting tremor. Yet, comorbidities and the misclassification 

between parkinsonisms can hinder an accurate PD diagnosis, estimated at 80%,22 

reaching 90% in specialised services.23 Overall diagnostic accuracy of all 

parkinsonisms, i.e., multiple system atrophy (MSA) progressive supranuclear 

palsy (PSP) and corticobasal degeneration (CBD) is estimated at 71%,24 with a 

particularly challenging differential diagnosis at the early stages when the overlap 

of symptoms is high.17 To date, any imaging or laboratory test can diagnose PD or 

discriminate between parkinsonisms conclusively. 
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Neuropathologically, in 2003, Braak and colleagues proposed a staging 

model for the progressive nature of PD that hypothesises a cauda-rostral spread 

of the Lewy pathology performed in 6 different stages (Figure 1c). According to 

Braak et al., Lewy body lesions begin in the enteric nervous system and the dorsal 

motor nucleus of the vagus, and the anterior olfactory nucleus in the olfactory 

bulb (stage 1), progress to the locus coeruleus and Raphe in the pons (stage 2) 

and reach the DAn of the SNpc in the midbrain (stage 3). Later, pathology affects 

the basal forebrain, amygdala, and medial temporal lobe structures (stage 4) and 

extends to multiple cortical regions, including the association cortex and primary 

motor cortex areas (steps 5 and 6).25 In addition, Braak’s staging model reflects 

the clinical course of the disease. First, the apparition of the premotor symptoms 

of autonomic dysfunction and hyposmia corresponding with stage 1, followed by 

RBD and depression in stage 2.26 Then, stages 3 and 4 when cardinal motor 

features appear, and finally, with the presence of significant gait symptoms and 

dementia at stages 5 and 6, relating to severe PD. However, Braak’s staging model 

is mainly valid for PD cases with young onset and long duration with motor 

symptoms but does not explain other PD cases such as those with late-onset and 

rapid curse or those of individuals without neurological signs in life that show 

Braak stage 6 postmortem.27,28 
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Figure 1 | Neuropathology of Parkinson’s disease. (a) Macroscopical transverse section of the 
midbrain, showing depigmentation of the SNpc due to the neural loss of DAn. (b) Hematoxylin 
eosin-stained section of SNpc with a pigmented Pale body surrounded by neuromelanin and α-
synuclein immunostained section of SNpc with a Lewy body. Images courtesy of the Neurological 
Tisue Bank (BTN) of the Hospital Clínic de Barcelona. (c) Progression of Parkinson’s disease brain 
pathology according to Braak staging model. Adapted from Neurobiol Aging. 2003; 24: 197-211.
DAn = dopaminergic neurons; SNpc = substantia nigra pars compacta.
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1.3 Parkinson’s disease – as an α-synucleinopathy    

The accumulation of misfolded α-synuclein is a central pathogenic process in PD. 

The α-synuclein protein consists of three regions: the N-terminal domain, 

comprising an amphipathic region which contains the three known missense 

mutations causing familial PD; the central hydrophobic region associated with the 

capacity to form fibrils; and the acidic C-terminal tail containing negatively 

charged residues in which post-translational modifications can influence the 

propensity of the protein to aggregate.29 The α-synuclein protein is located at 

presynaptic terminals, where it regulates neurotransmitter release, synapsis 

formation and plasticity.30 Physiologically, native α-synuclein exist as monomers 

and protective α-helical tetramers,31 whereas pathological forms occur as toxic 

oligomers with β-sheet structure and subsequent fibrils or strains.32  

Lewy pathology is characterised by misfolded α-synuclein aggregates in 

the cell body, Lewy bodies, and the neural process, Lewy neurites, producing 

proteinaceous inclusions.33 The α-synuclein aggregated species seems to be 

capable of initiating PD pathological processes.34 Thus, cell culture and animal 

model studies revealed that the aggregation capacity of α-synuclein spread in a 

prion-like manner.35–37 This concept has been reinforced with the advent of the 

new α-synuclein seeding aggregation assays (SAA) that exploit the aggregating 

properties of α-synuclein to detect pathogenic species.38,39 Lewy pathology has 

been detected in different brain regions but also in the spinal cord and peripheral 

organs, e.g., retina, skin, submandibular glands, or bowels, indicating systematic 

pathology.40 Yet, neurons containing neuromelanin, such as DAn, are particularly 

susceptible.41 Neuromelanin is a derivative of oxidised dopamine that stores iron 

and other toxins, apparently as a neuroprotective response.41,42 However, 

abnormally high levels of intracellular neuromelanin have been associated with 

dopaminergic death and motor phenotypes in rodents,43,44 possibly caused by the 

increased levels of neuromelanin-bound iron.45 Thus, age-dependent 

neuromelanin accumulation could be another cause of neural loss in PD. 
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Beyond PD, the accumulation of misfolded α-synuclein involves a 

spectrum of disorders known as α-synucleinopathies, i.e., dementia with Lewy 

bodies (DLB) and MSA.46 Comparatively, in PD and DLB, misfolded α-synuclein is 

located in the neuronal cytoplasm and axonal processes, while in MSA, affects 

most prominently the oligodendroglia.47 Remarkably, a recent study revealed 

different conformational strains of pathogenic α-synuclein in PD and MSA.48 

Phenotypically, all α-synucleinopathies share common symptoms, including 

parkinsonism but also prodromal signs such as RBD, often with clinical 

heterogeneity. Thus, DLB begins with dementia, also present in 45% of PD cases 

within ten years from the diagnosis,49 and later progresses to parkinsonism.50 Per 

contrary, MSA is characterised by autonomic dysfunction with motor subtypes of 

predominant parkinsonism or cerebellar.51 Collectively, a deeper understanding 

of the pathophysiology underlying α-synucleinopathies is crucial for the 

development of biochemical markers that allow their differential diagnosis. 

In addition, α-synucleinopathies and specific tauopathies share 

parkinsonian symptoms and are classified altogether as atypical parkinsonisms, 

yet the neuropathological substrate is different. Thus, PSP and CBD are 

tauopathies involving abnormal deposition of 4-repeat tau in neurons, 

oligodendrocytes, and astrocytes, differing in the astrocytic tau morphology.52 

PSP usually presents with supranuclear gaze palsy and early postural instability. 

Yet, in early stages, cases without gaze or with clear parkinsonism, sometimes 

with response to levodopa, can be misdiagnosed as PD. CBD features 

asymmetrical parkinsonism with apraxia or cortical sensory disturbance, with 

cognitive deficits ranging from aphasia to multidomain dementia being possible. 

In clinical practice, the misdiagnose of parkinsonisms is common even by 

movement disorders specialists (15%),23 particularly during early disease stages, 

and no specific biomarker for conclusive diagnosis is yet available.22 Thus, 

developing new tools for an accurate diagnosis is critical for predicting prognosis 

and planning particular treatments. 
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1.4 Parkinson’s genetics - driving mechanistic discovery 

For long, PD was considered an environmental disease with little familial 

segregation. For instance, in 1982, exposure to the synthetic heroin, 1-methyl-4-

phenyl-1,2,3,6-tetrahydropyridine (MPTP) was identified as a cause of PD-

inducing53 dopaminergic loss by oxidative stress, mitochondrial apoptosis, 

inflammation and excitotoxicity.54 However, in 1997, mutations in the SNCA gene 

were identified for the first time as the first genetic cause of PD.55,56 This discovery 

was instrumental for understanding the aetiology of PD, allowing the 

identification of α-synuclein as the main component of the Lewy bodies,33 and 

the subsequent development of the Braak progression model.25 After SNCA 

identification, pesticides such as rotenone or paraquat,57 extended exposure to 

manganese,58 or traumatic brain injury,59 were subsequently linked to PD. Yet, 

the genetic discovery in PD has also continued. Currently, PD is considered a 

complex multifactorial disease, in which idiopathic PD (iPD) represents 90-95% of 

the cases, whereas 5-10% are monogenic forms linked to mutations that 

segregate with the disease.   

Despite its marginal percentage of cases, the monogenic discovery has 

been key to modelling disease mechanisms, which might share common traits 

with iPD. In addition, monogenic forms represent an exceptional opportunity to 

establish a definitive diagnosis in life, expand our knowledge of the 

pathophysiology of PD, and develop new therapeutic strategies.60  To date, 23 

PD-causative genes have been associated with inherited forms of parkinsonism 

(Table 1).61 Thus, mutations in SNCA, LRRK2 (leucine-rich repeat kinase 2) and 

VPS35 genes have been unequivocally associated with autosomal dominant PD, 

whereas mutations in PRKN, PINK-1 and DJ-1 cause early-onset autosomal 

recessive PD. In addition, mutations at the GBA gene, which encodes for the 

lysosomal enzyme β-glucocerebrosidase, are considered the most significant 

genetic risk factor for sporadic PD.62  
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Among the monogenic PD forms, LRRK2-associated PD is of high research 

interest since it is the most frequently known cause of late-onset genetic PD and 

clinically closely resembles iPD. Thus, findings in the disease mechanisms or 

therapeutic strategies in LRRK2-associated PD could also apply to iPD. 

Interestingly, LRRK2 mutations are detected not only in a relatively large number 

of autosomal dominant familial PD cases,69,70 but also in apparently sporadic PD.88 

This is explained by mechanisms of incomplete penetrance influenced by still 

largely unknown additional genetic or environmental modifying factors.89,90 From 

the mechanistic point of view, pathogenic missense variants identified in the gene 

are consistent with a toxic gain of function mechanism related to a 

hyperactivation of the kinase activity of the protein.91 A total of 7 LRRK2 variants 

(p.N1437H, p.R1441C/G/H, p.Y1699C, p.S1761R, p.G2019S, p.I2012T and 

p.I2020T), located at the enzymatic core of the protein, have been established as 

pathogenic by linkage and biochemical studies.88,92  

LRRK2 gene encodes a 2.527-amino acid protein whose enzymatic core 

comprises two distinct domains, a Ras-of-complex (ROC) GTPase with its C-

terminal domain (COR) and a serine/threonine kinase domain. The most frequent 

LRRK2 mutation is p.G2019S which is responsible for up to 6% familial and 3% 

sporadic PD cases in Europeans,93,94 up to 20% of the total cases among 

Ashkenazy Jews95 or 40% in North African Berbers.96 The founder event of the 

G2019S mutation, associated with the most common haplotype, was probably 

3.800 years ago in North Africa.97 The penetrance of G2019S is reduced but 

increases with age, being estimated at 25%-42% at the age of 80.98,99 Clinically, 

LRRK2 G2019S-associated PD is characterised by initial asymmetric tremor, good 

response to levodopa and slow and benign progression, thus largely resembling 

common iPD.100 Recently, the reduction of LRRK2 expression and activity has 

been identified as neuroprotective. Consequently, current therapeutic 

approaches for LRRK2-associated PD, which could also be applied to iPD, are 

exploring the use of LRRK2 kinase inhibitors as neuroprotective drugs.101  
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Given its high frequency, LRRK2 non-manifesting mutation carriers 

represent an exceptional condition for studying individuals at-high-risk of PD 

before the onset of motor symptoms and the ideal window to administrate 

neuroprotective therapies. However, the variability and uncertainty in LRRK2 

mutation penetrance represent an obstacle to identifying asymptomatic LRRK2 

carriers who will end up developing PD. Further hampering the prediction of PD 

development, non-motor symptoms preceding the motor manifestation of the 

disease seem to be scarce in LRRK2-associated PD,102,103 and there are still no 

other predictive markers available.  

Beyond the rare variants with high effect sizes, causative of familial or 

monogenic PD forms, the genetic contribution to PD also involves common 

variants with small effect sizes, commonly identified in iPD and considered 

genetic risk-modifying factors.104,105 The advent of genome-wide association 

studies (GWAS) has transformed the understanding and detection of the genetic 

risk factors in PD by identifying multiple genetic risk loci. A recent PD GWAS meta-

analysis in individuals of European ancestry has identified 90 significant 

independent risk signals that explained 16-36% of the heritable risk of PD.106 

Statistically compiling the effect of multiple genetic markers from GWAS, 

polygenic risk scores (PRS) estimate the genetic propensity of an individual for 

the disease or a particular characteristic.107 PRS holds the potential for classifying 

individuals according to their disease risk, identifying those with a high 

predisposition to PD, and predicting age-dependent clinical outcomes. In 

addition, searching for epistatic interactions involving polymorphism that could 

be hidden in conventional analyses offers new possibilities, specifically in 

PD.108,109 The interaction-based prediction model could also be used to 

outperform the PRS.110 Yet, to successfully implement PRS in clinical practice, 

further investigation is needed.111  
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1.5 Premotor Parkinson’s - novel opportunities for the early intervention 

Premotor PD is recognised as an early disease phase in which neurodegeneration 

is already in progress, but cardinal motor symptoms have not yet appeared.112 By 

the time of clinical PD diagnosis, approximately 30% of the DAn has already been 

lost.18 Early non-motor symptoms include constipation, RBD, hyposmia, or 

depression,113,114 and can appear ten or even twenty years before the onset of 

motor symptoms (Figure 2).113,115,116 Thus, the premotor stage represents an 

opportunity to explore the molecular and physiological mechanisms underlying 

PD onset and to understand the earliest events of the disease progression. 

Nowadays, premotor PD is closely linked to disease prediction ahead of motor 

manifestation.117–119 Ultimately, the premotor stage offers an exclusive and time-

limited window to stop the neurodegeneration and prevent the development of 

more disabling and potentially irreversible motor symptoms when most DAn are 

still preserved. Therefore, the premotor periods are the ideal targets for testing 

disease-modifying therapies to prevent or delay the neurodegenerative process. 

However, identifying individuals at the premotor PD stage is complex due to the 

wide range of premotor symptoms and their low specificity in most cases. 

In recent years, more than 15 PD prodromal symptoms and signs have 

been described in prospective studies.114,120 Despite showing predictive value for 

PD appearance, the sensitivities of all these markers are highly variable, and the 

specificity is low in most cases. Thus, hyposmia exhibits the highest sensitivity of 

more than 80%, followed by autonomic dysfunction (50-80%), RBD (40%), and 

depression (30%).112 Symptoms such as RBD, constipation or hyposmia are 

considered premotor signs of α-synucleinopathies, mainly PD and DLB but also 

MSA.121,122 Yet, RBD is the premotor symptom with the highest risk of developing 

manifest α-synucleinopathy and is therefore considered the strongest prodromal 

PD predictor nowadays.112 Presence of other prodromal PD symptoms, such as 

hyposmia, depression and constipation, have also been concomitantly described 

in RBD cases.123  
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Figure 2 | Progression of Parkinson’s disease clinical symptoms. Diagnosis of Parkinson’s disease 
is based on the onset of the cardinal motor symptoms, yet the preclinical and premotor stages 
precede it. The premotor stage is characterised by non-motor symptoms, which still emerge in the 
manifested disease. In more advanced stages, besides axial motor symptoms, long-term treatment 
complications appear, increasing the disability. MCI = mild cognitive impairment 
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RBD is a widely studied clinical marker of the premotor stage of PD and 

related α-synucleinopathies, specifically MSA or DLB.124–126 Thus, investigating 

RBD can help to understand early disease mechanisms and identify early 

progression and pheno-conversion biomarkers. Idiopathic RBD (iRBD) is a rare 

parasomnia characterised by a pronounced motor activity during REM sleep due 

to the absence of REM sleep-related muscle atonia.127 More specifically, iRBD 

activity involves dreaming enactment behaviours, such as talking, gesturing, 

grabbing, or punching, that may cause physical damage to either the patient or 

the bed partner. The diagnosis of RBD requires altered polysomnography (PSG), 

measuring muscle activity by electromyogram (EMG) during REM sleep, and 

ruling out mimics.128 In an average of 14 years from iRBD diagnosis, longitudinal 

studies revealed that more than 80% of the patients develop an α-

synucleinopathy, mainly Lewy pathology spectrum (with PD and DLB as two ends 

of this spectrum), but also MSA, a non-Lewy glial predominant 

synucleinopathy.116,129 Yet, only 30% of PD patients have iRBD at the onset of 

motor symptoms, and neither the time to pheno-conversion nor the specific 

clinical outcome could be predicted before the development of motor symptoms.  

In normal sleep, skeletal motoneurons are tonically hyperpolarised 

during REM sleep, leading to muscular atonia. Functional and pharmacological 

studies showed that GABA and glycine induce the hyperpolarisation of the 

motoneurons and their consequent inhibition. Moreover, atonia is also mediated 

by decreased motoneuron excitation due to diminished glutamatergic, 

noradrenergic, serotoninergic, dopaminergic and hypocretinergic activity. 

Therefore, abnormal motor activity in RBD could be explained by the breakdown 

of inhibitory GABA and glycine circuit function, reinforced by activation of the 

typically silent excitatory mechanisms.130 Neuroanatomically, distinct brainstem 

structures such as subcoeruleus complex (glutamatergic activity), 

gigantocellularis reticular nucleus (GABAergic activity), dorsal raphe nucleus, and 

pedunculopontine nucleus are affected in iRBD.131,132  
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Genetically, there is a partial overlap between iRBD and α-

synucleinopathies. Of the two genes most commonly associated with PD, GBA 

and LRRK2, mutations in GBA have been described as the strongest genetic factor 

associated with iRBD,133,134 while mutations in LRRK2 are not related to iRBD.135 

Indeed, LRRK2-associated PD is negatively associated with prodromal features of 

iPD, such as iRBD or hyposmia. In addition, diverse variants in the SNCA gene have 

been associated with iRBD and PD.136 Both iRBD and GBA-associated PD are linked 

to a gait impairment phenotype with more severe autonomic dysfunction and 

dementia.137–139 These differences in the genetics of PD and iRBD, and particularly 

the absence of LRRK2 mutations in iRBD patients, highlight the possibility that 

independent processes could ultimately converge into a typical PD motor 

phenotype. Still, the study of iRBD could improve the prognostic accuracy at 

prodromal stages of the different parkinsonisms associated with RBD (PD, MSA 

and DLB), ultimately aimed at effective and personalised management of the 

disease. 
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1.6 Parkinson’s biomarkers - a contextualised synopsis 

Early detection is essential in PD for implementing early neuroprotective 

interventions to slow, prevent or halt disease progression. In this context, a 

biomarker is defined as ‘a characteristic that is objectively measured and 

evaluated as an indicator of normal biological processes, pathogenic processes, 

or pharmacological response to a therapeutic intervention’.140 Besides the 

interest as clinical and diagnostic tools, biomarkers also have a key role as 

surrogate endpoints in clinical trials.141 Early PD detection in the premotor phases 

is not yet possible since there is a long latency between the onset of 

neurodegeneration and motor manifestation. Therefore, searching for reliable 

diagnostic or early progression PD biomarkers has become a focus of increasing 

interest. Current candidate biomarkers of PD include neuroimaging, olfactory 

testing, genetic susceptibility, and tissue and biofluid molecular compounds.142 

Nevertheless, there is still no definitive biomarker to predict or conclusively 

diagnose PD or atypical parkinsonisms.143  

Neuroimaging biomarkers, including single-photon emission computed 

tomography (SPECT), positron emission tomography (PET), magnetic resonance 

imaging (MRI) and transcranial sonography (TCS), have been evaluated to 

distinguish PD and atypical parkinsonisms.144 None of these tests can discriminate 

among degenerative parkinsonisms, yet they can aid as adjuvant tools for the 

diagnosis.145 For example, while dopamine levels cannot be determined directly, 

SPECT or PET allow the testing for dopaminergic innervation.146 SPECT using 

dopamine transporter (DaT) ligands (DaT-SPECT) can measure the decline in DaT 

density, which strongly correlates with the loss of striatal dopamine nerve 

terminal function. Therefore, DaT imaging is informative of presynaptic 

dopaminergic deficit and is considered an imaging marker of nigrostriatal 

degeneration. Thus, DaT imaging differentiates degenerative parkinsonism from 

secondary causes, such as vascular or drug-induced parkinsonism and essential 

tremor.147,148 Indeed, a reduced striatal uptake has been observed by DaT-SPECT 
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in LRRK2-associated PD and iRBD cases, even antedating the motor 

manifestation.149,150 In addition, the DaT deficit appears less intense in iRBD than 

in manifest PD, supporting DaT-SPECT as a valuable tool to measure disease 

progression.151,152 However, not all iRBD patients show concordance with these 

findings. On the other hand, MRI has exhibited reduced midbrain and pons areas 

in PSP and MSA, respectively, contributing to the distinction between 

parkinsonisms. Overall, imaging markers are used as adjuvant tools for the 

differential diagnosis of parkinsonism, yet with some controversies, mainly when 

correlating neuroimaging with clinical changes over time in early disease.153,154 

Regarding molecular biomarkers, peripheral tissue and biofluids are 

suitable sources given the minimally invasive sampling procedure.155 Beyond the 

central nervous system, α-synuclein pathological changes have been described in 

several PD tissues, such as skin, colon, and salivary glands, even in early stages, 

providing new diagnostic approaches.40 Given its significant role in PD, levels of 

α-synuclein in plasma and cerebrospinal fluid (CSF) have been widely studied, yet 

with a lack of discrimination power and specificity in some cases.156–158 Recently, 

SAA, which exploits self-aggregation properties of the prion proteins, have been 

successfully implemented as a diagnostic test for prion diseases.159 As aggregated 

α-synuclein propagates in a prion-like manner,35 α-synuclein SAA aim at the 

clinical assessment of α-synucleinopathies using CSF and peripheral tissues such 

as skin160,161 or olfactory mucosa.162,163 SAA include the protein misfolded cyclic 

amplification (PMCA) assay38 and the real-time quaking-induced conversion (RT-

QuIC) assay.39 Overall, CSF α-synuclein RT-QuIC discriminant analysis (Figure 3) in 

PD showed high sensitivity and specificity, 89% and 96%, respectively, while 

results in MSA are more inconsistent.119,164,165 Despite the good perspectives, the 

methodology needs standardisation, especially regarding the recombinant 

substrate, which may be the main limitation of the technique nowadays. 
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Other candidate molecular biomarkers are also under investigation. For 

instance, the neurofilament light chain (NFL) concentration has been extensively 

studied in CSF as an unspecific biomarker of aggressiveness of 

neurodegeneration. Increased levels of NFL demonstrated high accuracy in 

discriminating PD from atypical parkinsonism but are unspecific among atypical 

parkinsonism.166 Mounting evidence supports the measurement of NFL in blood 

as its plasma levels significantly correlate with CSF NFL levels.167  

In addition, in blood and its derivatives, cumulative evidence has revealed 

that the expression levels of circulating microRNAs (miRNAs), which are small 

non-coding RNAs regulating gene expression by mRNA cleavage or translation 

repression,168 are altered in PD.169–173 MiRNAs are considered promising 

candidate biomarkers for neurodegenerative diseases as they are easily 

accessible, well preserved in fresh frozen specimens, less expensive and time-

consuming than other markers, and applicable with standard laboratory 

equipment.174 However, the overlap of differentially expressed miRNAs between 

studies is still limited, owing to methodological differences and population-

specific effects.175 Thus, circulating miRNAs are promising biomarkers for PD, but 

further efforts are required to improve our knowledge and to be able to apply it 

in clinical practice.  
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Figure 3 | Amplification cycle of α-synuclein real-time quaking-induced conversion (RT-QuIC) 
assay. Test CSF samples (seed) are added to the solution of recombinant monomeric α-synuclein 
(substrate) and fibril-sensitive dye thioflavin T. The seeds bind the substrate and induce their 
conformational conversion into misfolded oligomers and the subsequent fibrils formation. 
Thioflavin T binds the fibrils and emits fluorescence that is read by the plate reader. Then, a 
quacking event fragment the longer fibrils into new seeding surfaces, responsible for the 
exponential growth kinetics. Inspired in Nat Protoc 2016; 11: 2233-2242.  
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2. OBJECTIVES 

In this work, I investigated candidate PD diagnostic and progression biomarkers 

using biofluids from PD and other related α-synucleinopathies, with a special 

focus on the early stages of these diseases. The main objectives of this thesis 

included: 

1. To elucidate whether serum miRNA deregulation in iRBD can antedate the 

diagnosis of PD by performing a longitudinal study in different progression 

stages of RBD characterised by DaT-SPECT imaging and assessing the 

predictive performance of differentially expressed miRNAs. 

2. To assess serum miRNA expression in a longitudinal cohort of PD at-risk 

LRRK2 G2019S non-manifesting carriers stratified by DaT-SPECT status, with 

a special focus on identifying miRNAs related to pheno-conversion into 

LRRK2-associated PD. 

3. To set up the CSF α-synuclein RT-QuIC technique to investigate the presence 

of misfolded α-synuclein aggregates in PD and related α-synucleinopathies. 
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ABSTRACT: Background: Isolated rapid eye movement

sleepbehavior disorder (IRBD) is awell-establishedclinical risk

factor for Lewy body diseases (LBDs), such as Parkinson’s

disease (PD) and dementiawith Lewybodies (DLB).

Objective: To elucidate whether serum microRNA

(miRNA) deregulation in IRBD can antedate the diagnosis

of LBD by performing a longitudinal study in different pro-

gression stages of IRBD before and after LBD diagnosis

and assessing the predictive performance of differentially

expressed miRNAs by machine learning–based modeling.

Methods: Using genome-wide miRNA analysis and real-

time quantitative polymerase chain reaction validation,

we assessed serum miRNA profiles from patients with

IRBD stratified by dopamine transporter (DaT) single-

photon emission computed tomography into DaT-

negative IRBD (n = 17) and DaT-positive IRBD (n = 21),

IRBD phenoconverted into LBD (n = 13), and controls

(n = 20). Longitudinally, we followed up the IRBD cohort

by studying three time point serum samples over

26 months.

Results: We found sustained cross-sectional and longi-

tudinal deregulation of 12 miRNAs across the RBD con-

tinuum, including DaT-negative IRBD, DaT-positive IRBD,

and LBD phenoconverted IRBD (let-7c-5p, miR-19b-3p,

miR-140, miR-22-3p, miR-221-3p, miR-24-3p, miR-

25-3p, miR-29c-3p, miR-361-5p, miR-425-5p, miR-4505,

and miR-451a) (false discovery rate P < 0.05). Age- and

sex-adjusted predictive modeling based on the 12 differ-

entially expressed miRNA biosignatures discriminated

IRBD and PD or DLB from controls with an area under

the curve of 98% (95% confidence interval: 89–99%).

Conclusions: Besides clinical diagnosis of IRBD or imag-

ing markers such as DaT single-photon emission com-

puted tomography, specific miRNA biosignatures alone

hold promise as progression biomarkers for patients with

IRBD for predicting PD and DLB clinical outcomes. Fur-

ther miRNA studies in other PD at-risk populations, such

as LRRK2 mutation asymptomatic carriers or hyposmic

subjects, are warranted. © 2022 The Authors. Movement

Disorders published by Wiley Periodicals LLC on behalf of

International Parkinson and Movement Disorder Society

Key Words: isolated REM-sleep behavior disorder

(IRBD); dopamine transporter single-photon emission

computed tomography (DaT-SPECT); biomarkers; dis-

ease prediction; Parkinson’s disease (PD)
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Rapid eye movement (REM) sleep behavior disorder

(RBD) is characterized by the lack of REM sleep–

related muscle atonia, disinhibited motor activity, and

dream-enacting behaviors. The isolated form of RBD

(IRBD) represents the prodromal state of the syn-

ucleinopathies because, after 14 years of follow-up,

91% of the patients with IRBD are diagnosed with

Parkinson’s disease (PD) and dementia with Lewy bod-

ies (DLB), collectively known as Lewy body disorders

(LBDs), and rarely with multiple system atrophy

(MSA).1 Yet, predicting disease progression in IRBD is

challenging given that time to phenoconversion is vari-

able and the resulting clinicopathological phenotype is

heterogeneous, being DLB and MSA rapidly progres-

sive diseases compared with PD. Thus, investigating

IRBD can help assess the earliest molecular changes

occurring at prodromal stages of α-synucleinopathies

and identify potential diagnostic or prognostic bio-

markers for these diseases.
MicroRNAs (miRNAs) are small noncoding RNAs

that regulate gene expression by mRNA cleavage and
translation repression.2 Cumulative evidence showed
serum or plasma miRNA deregulation in patients
with PD and related α-synucleinopathies,3-8 includ-
ing its prodromal phases such as IRBD.9,10 Yet,
miRNA studies in premotor cohorts are still scarce,
and longitudinal follow-ups in seriated IRBD pro-
gression stages are needed. In this study, we charac-
terized the serum miRNA expression profiles of a
Spanish IRBD cohort without motor and cognitive
impairment and segregated by dopamine transporter
single-photon emission computed tomography (DaT-
SPECT) into DaT-negative IRBD, DaT-positive
IRBD, IRBD phenoconverted into PD and DLB, and
controls. We used this method to stratify IRBD into
successive disease progression stages, given that
abnormal DaT-SPECT represents a short-term marker
for developing PD and DLB in less than 5 years.11-13

Cross-sectionally, we identified novel differentially
expressed miRNAs (DEmiRs) associated with IRBD
and α-synucleinopathy, which we subsequently vali-
dated using three longitudinal follow-up serum sam-
ples from DaT-negative and DaT-positive IRBD.
Lastly, by applying machine learning modeling algo-
rithms, we assessed the disease prediction ability of
the identified DEmiR to discriminate IRBD and PD or
LBD patients from controls alone. The goal of the
study was to investigate potential miRNAs as prog-
nostic biomarkers for α-synucleinopathies.

Subjects and Methods

Subjects

All subjects provided written informed consent, and
the Ethics Committee of Institut d’Investigacions

Biomèdiques August Pi i Sunyer (IDIBAPS)-Hospital
Clínic de Barcelona approved the study. The IRBD
diagnosis required a history of dream-enacting behav-
iors, audiovisual-polysomnographic confirmation of
excessive electromyographic activity in REM sleep, and
absence of motor and cognitive impairment.1 All the
participating IRBD subjects were characterized by
dopamine transporter single-photon emission computed
tomography (DaT-SPECT) imaging using 123I-2β-
carbomethoxy-3β-(4-iodophenyl)-N-(3-fluoropropyl)-
nortropane as previously described.13 Overall, the
cross-sectional cohort consisted of 51 patients with
IRBD recruited and diagnosed at the Sleep Centre of
the Neurology Service at the Hospital Clínic de Barce-
lona, Spain. Of these, 38 patients with IRBD were free
of neurodegenerative disease, 17 of which had normal
DaT-SPECT (DaT-negative IRBD) and 21 abnormal
DaT-SPECT (DaT-positive IRBD). The remaining
13 patients were initially diagnosed with IRBD, and
clinical follow-up showed the phenoconversion into
LBD, PD (n = 8), and DLB (n = 5), fulfilling accepted
criteria.14,15 The study included 20 healthy control
patients without evidence of neurological or sleep disor-
ders from the Parkinson’s Disease and Movement Dis-
orders Unit at the Hospital Clínic de Barcelona
(Table 1). Basal RBD and LBD medication is summa-
rized in Table S1. All patients with IRBD were clinically
followed up every 3–12 months, and serum samples
were collected for at least three time points over
26 months (Table S2). During this period, three DaT-
positive IRBD subjects (14%) were diagnosed with PD,
one between the first and the second time point and
two between the second and the third.

Serum miRNA Isolation

For each subject, we collected 5 mL peripheral blood
in tubes with a clot activator (#366468; BD
Vacutainer), preserved it for 30 minutes at room tem-
perature, and centrifuged at 1500g for 10 minutes at
4�C. Serum volumes of 2 mL were removed from the
supernatant, aliquoted in polypropylene CryoTubes
(#121263; Greiner Bio-One), and stored at �80�C. We
mixed 200 μL serum from each sample with 2 μL of
yeast transfer RNA (tRNA) (#AM7119; Invitrogen) at
a final concentration of 10 μg/mL as a carrier for
nucleic acid precipitation. Following the manufacturer’s
instructions, total RNA enriched in miRNAs was iso-
lated using the miRNeasy Serum/Plasma Kit (#217184;
QIAGEN). The RNA concentration was determined on
a NanoDrop ND-3300 fluorospectrometer (Thermo
Scientific). We performed an electropherogram analysis
using an Agilent Small RNA Kit in n = 22 random
samples as quality control for 6- to 40-bp miRNA-
enriched fractions and observed high-quality miRNA
enrichment for all studied samples (Fig. S1).
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Genome-Wide miRNA Profiling

We explored the genome-wide miRNA expression
profiles in serum using the Affymetrix GeneChip
miRNA 4.0 Array, which interrogates the levels of
4603 human miRNAs, including 2578 mature miRNAs
and 2025 pre-miRNAs (#902413; Thermo Fisher)
(Product datasheet: https://www.thermofisher.com/).
Serum miRNAs from individual subjects were hybrid-
ized onto the probe set separate arrays for 42 hours
and scanned using an Affymetrix GeneChip Scanner
3000 7G following the manufacturer’s instructions.
Data files generated by the Affymetrix GeneChip Com-
mand Console were processed with the Expression
Console software to determine the data quality. Expres-
sion raw data were analyzed using the Partek Genomic
Suite v7.0 software (Partek Inc.) applying the robust
multiarray average background correction model,
which permits the relative comparison of miRNA abun-
dance in different arrays. Only miRNAs with detection
values greater than 2.4 arbitrary luminescence units in
at least 50% of all samples, patients, and controls and
a significant expression value above the background
signal (P < 0.05) were considered as expressed in
serum. In line with previous reports,16 we observed that
approximately 10% of the mature human screened
miRNAs were expressed in serum from our cohort.
Adjusting by sex and age, we used the global mean of
all expressed serum miRNAs as a reference to define
candidate differentially expressed miRNAs (DEmiRs)
and the sign of the fold-change difference. Under a
2-tailed Student t test, we applied the criteria of a com-
bination of a fold-change > j1.5j and P < 0.05 to select
candidate miRNAs from the array for subsequent real-
time quantitative polymerase chain reaction (RT-qPCR)
validation (Table S3).

RT-qPCR Validation

miRNA samples were reverse transcribed into cDNA
and preamplified using the TaqMan Advanced miRNA
cDNA Synthesis Kit (#A28007; Thermo Fisher Scientific)
in a Veriti 96-well Thermal Cycle (Applied Biosystems).
cDNA preamplified products were quantified per dupli-
cate using TaqMan Fast Advanced Master Mix
(4444557; Thermo Fisher Scientific) and TaqMan
Advanced miRNA Assays (A25576; Thermo Fisher
Scientific) (Table S4). Reactions were plated with evenly
balanced group samples in 96-well RT-qPCR plates at a
final volume of 10 μL on a TaqMan StepOnePlus RT-
qPCR System (Applied Biosystems). We used two endog-
enous and one exogenous miRNA simultaneously for
normalization in all RT-qPCR comparisons.17,18 As
endogenous normalizers, we selected hsa-miR-320a-3p
and hsa-miR-6727-5p among the most stable miRNAs
from the array across all samples as identified using the
NormFinder software19 in other α-synucleinopathiesT
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studies in our population, i.e., MSA20 and
LRRK2-associated PD (Marta Soto, Manel Fern�andez,
Paloma Bravo, Alicia Garrido, Antonio S�anchez-
Rodríguez, María Rivera-S�anchez, María Sierra, Paula
Mel�on, Anna Naito, Bradford Casey, Eduardo Tolosa,
María-José Martí, Jon Infante, Mario Ezquerra and
Rubén Fern�andez-Santiago). As an exogenous normal-
izer, we used the Caenorhabditis elegans miRNA cel-
miR-39-3p added to all serum samples at a final concen-
tration of 5 pM.18 To assess miRNA relative expression,
we used the DataAssist v3.0 software (Applied Bio-
systems), setting the maximum allowable cycle threshold
value at 35 cycles. Statistical significance levels for
DEmiRs were set at a fold-change > j1.5j and a false dis-
covery rate (FDR) adjusted P < 0.05 under a 2-tailed Stu-
dent t test. Using commercially available assays, we
tested 22 miRNAs and discarded 7, which did not show
an amplification signal. Of the remaining 15 miRNAs
(Table S4), 10 were selected among the top candidate
miRNAs found by array (let-7c-5p, miR-1207-5p, miR-
1227-5p, miR-140-3p, miR-24-3p, miR-25-3p, miR-
361-5p, miR-3613-5p, miR-425-5p, and miR-451a)
(Table S5). The remaining five miRNAs were candidates
earlier reported in PD alone (miR-22-3p, miR-29c-3p,
miR-221-3p, and miR-4505)7,21,22 or both PD and IRBD
(miR-19b-3p).8,9 Lastly, as quality control, we repeated
the entire RT-qPCR experiment in all samples for three
of the identified DEmiRs (miR-140-3p, miR-19b-3p, and
miR-29c-3p) to discard potentially confounding effects of
cDNA synthesis or preamplification (Table S6) and found
a Pearson correlation of 78% (P = 1.36 � 10�4), thus
validating findings.

Predictive Modeling Through Machine Learning

Analysis

To predict each patient’s probability of having the
disease (ie, IRBD, DLB, or PD) versus being a control,
we computed binary classification analyses using the
caret framework in R, specifying age, sex, and
RT-qPCR expression values of the 12 validated serum
DEmiRs as predictors. Multifold imputations of missing
data were performed by the predictive mean matching
method implemented in the mouse R package. Numeri-
cal variables were centered and normalized, resulting in
a standard distribution of mean 0 and variance 1. The
gradient boosting machine (GBM) algorithm in the
gbm package (v.2.1.8) was employed to classify
patients in the two groups (disease vs control), using
leave-one-out cross-validation to cut for potential over-
fitting. Variable selection was applied to each training
dataset using the least absolute shrinkage and selection
operator (Lasso) method in the glmnet package
(v.2.0-18) (Table S7) so that only those features with a
regression Beta greater than 0 were subsequently down-
streamed to the GBM classifier. To address imbalanced

class distributions, we performed random upsampling
of the minority class on each training data fold so that
the two classes acquired the same frequency using the
upSample function from the caret. To evaluate the pre-
dictive performance of this model classifier, we inferred
the accuracy, sensitivity, specificity, and positive and
negative predictive values using the crossval package.
We assessed discriminative ability by calculating the
area under the curve (AUC) on a receiver operating
characteristic (ROC) curve using the pROC package.

Biological Enrichment Analysis

To investigate the biological functions and localiza-
tion of the identified DEmiR, we performed a restrictive
overrepresented biological enrichment analysis using
only the 12 DEmiRs that were deregulated at all longi-
tudinal time points of both DaT-negative and DaT-
positive IRBD and also in LBD (let-7c-5p, miR-19b-3p,
miR-425-5p, miR-140-3p, miR-22-3p, miR-4505, miR-
221-3p, miR-24-3p, miR-25-3p, miR-29c-3p, miR-
361-5p, and miR-451a). To this end, we used the
GeneOntology option from the miEAA 2.0 software,
applying gene annotations from the miRTarBase data-
base as earlier described23 and the localization
(RNALocate) (https://ccb-compute2.cs.uni-saarland.de/
mieaa2).

Results

We first profiled overall miRNA levels in serum sam-
ples from patients with IRBD and healthy control
patients as an approach to screen global miRNA expres-
sion variation and identify specific candidate miRNAs
for validation. Compared with control patients, by
genome-wide miRNA expression analysis, we found
116 candidate miRNAs in DaT-negative IRBD patients
and 50 miRNAs in DaT-positive IRBD patients, which
surpassed the fold-change threshold greater than j1.5j
and a P value <0.05 (Table S3, Fig. S2). Given the higher
sensitivity of RT-qPCR,24,25 we defined DEmiRs based
only on the stringent criteria of RT-qPCR validation with
a fold-change > j1.5j and an FDR adjusted P < 0.05. To
this end, we selected a total of 10 miRNAs among the
topmost deregulated miRNAs identified at the genome-
wide profiling, including seven miRNAs from DaT-
positive IRBD patients (let-7c-5p, miR-140-3p, miR-
24-3p, miR-25-3p, hsa-miR-361-5p, miR-425-5p, and
miR-451a) and three from DaT-negative IRBD patients
(miR-1207-5p, miR-1227-5p, and miR-3613-5p).
Next, by RT-qPCR, we quantified the relative expres-

sion levels of the selected miRNAs in DaT-negative
IRBD, DaT-positive IRBD, and LBD phenoconverted
patients (PD and DLB), all compared with healthy con-
trols (Table 2). Of these, we validated seven DEmiRs in
DaT-negative and DaT-positive IRBD patients (let-7c-
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FIG. 1. Longitudinal microRNA (miRNA) expression levels in serum from patients with dopamine transporter (DaT)-negative idiopathic rapid eye move-

ment sleep behavior disorder (IRBD), DaT-positive IRBD, and LBD compared with healthy controls. Dashed line, DaT-positive IRBD; dotted line, DaT-

negative IRBD. LBD, Lewy body disease (Parkinson’s disease and dementia with Lewy bodies).
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FIG. 2. Differential expression and diagnostic accuracy of the 12 miRNA biosignatures. (A) Receiver operating characteristic (ROC) curve showing the

discriminative ability from the 12 miRNA biosignatures to predict the subject probability of disease, IRBD, or PD/DLB versus being a healthy control

subject (n = 71). Table showing performance metrics obtained through machine learning analysis for binary classification of individuals within the dis-

ease or control groups. (B) Unsupervised hierarchical clustering displaying real-time quantitative polymerase chain reaction expression levels of the

12 miRNA signatures. Red pixels indicate miRNA overexpression, and green decreased expression levels. AUC, area under the curve; CI, confidence

interval; DEmiR, differentially expressed microRNA; DLB, dementia with Lewy bodies; IRBD, idiopathic rapid eye movement sleep behavior disorder;

LBD, Lewy body disease (PD and DLB); NPV, negative predictive value; PD, Parkinson’s disease; PPV, positive predictive value. [Color figure can be

viewed at wileyonlinelibrary.com]
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5p, miR-1227-5p, miR-24-3p, miR-25-3p, miR-361-5p,
miR-425-5p, and miR-451a). All of these DEmiRs were
also deregulated in LBD phenoconverted patients,
except miR-1227-5p. Of the remaining three,
miR-140-3p was differentially expressed in LBD and
DaT-positive IRBD patients, but not in DaT-negative
IRBD patients. In addition, miR-1207-5p and miR-
3613-5p were not validated in any group. Besides can-
didates from the array, we also quantified the serum
expression levels of five miRNA candidates earlier
associated with PD alone (miR-22-3p, miR-221-3p,
miR-29c-3p, and miR-4505)7,21,22 or with PD and
IRBD (miR-19b-3p).8,9 We found that miR-19b-3p,
miR-22-3p, miR-221-3p, and miR-29c-3p were
DEmiRs in all DaT-negative IRBD, DaT-positive IRBD,
and LBD patients. Of these, miR-19b-3p and miR-29c-
3p were topmost deregulated in most comparisons
(Table 2). In addition, miR-4505 was a DEmiR only in
LBD, but not in IRBD. Globally, by cross-sectional
analysis, we identified 13 DEmiRs showing continued
deregulation across the entire RBD continuum, includ-
ing DaT-negative IRBD, DaT-positive IRBD, and IRBD
patients who phenoconverted into PD/DLB.
Subsequently, we performed a follow-up miRNA

expression analysis by RT-qPCR using longitudinal
serums from DaT-negative and DaT-positive IRBD
patients. Beyond baseline, we used two additional sera
covering 26 months (Table 2, Fig. S3). Compared with
controls, we found consistent longitudinal miRNA
deregulation of 10 DEmiRs in DaT-negative and
DaT-positive IRBD patients (let-7c-5p, miR-19b-3p,
miR-22-3p, miR-221-3p, miR-24-3p, miR-25-3p, miR-
29c-3p, miR-361-5p, miR-425-5p, and miR-451a).
Overall, fold-change expression values were larger at
time points 2 and 3 than baseline, and expression dif-
ferences were stronger in DaT-positive than DaT-
negative IRBD (Fig. 1). We also observed that miR-
140-3p and miR-4505, which were not deregulated at
baseline, emerged as DEmiR in the longitudinal follow-
up. Lastly, miR-1207-5p, miR-3613-5p, and miR-
1227-5p did not show longitudinal expression differ-
ences, so we excluded these miRNAs from the enrich-
ment analyses. Altogether, we found longitudinal
miRNA expression changes of 12 DEmiRs in DaT-
negative and DaT-positive IRBD, which had consistent
deregulation in PD/DLB-converted patients (let-7c-5p,
miR-19b-3p, miR-140, miR-22-3p, miR-221-3p, miR-
24-3p, miR-25-3p, miR-29c-3p, miR-361-5p, miR-
425-5p, miR-4505, and miR-451a).
With the goal of discerning patients with the disease

(n = 51; i.e., IRBD and PD or DLB patients) from con-
trols (n = 20) and evaluating the discriminative poten-
tial of miRNAs, we performed predictive modeling
based on the serum expression levels of the 12 experi-
mentally validated DEmiRs identified in the cross-
sectional analysis, adjusted by age and sex. During

leave-one-out cross-validation, predictor features
selected by Lasso in 100% of the training sets were age,
sex, miR-1227-5p, miR-425-5p, and miR-451a
(Table S7). The 12-DEmiR-based model classified
67/71 patients in the correct group (94% accuracy;
95% confidence interval [CI]: 89–99%), with a sensitiv-
ity for true disease cases of 98% (95% CI: 91–100%)
and a specificity for true controls of 86% (95% CI: 68–
96%). In terms of discriminative ability, ROC curve
analysis showed an AUC of 0.98 (95% CI: 0.96–1)
(Fig. 2A). Regarding individual miRNAs, age- and sex-
adjusted AUC values ranged from 0.54 up to 0.85
(Table S8), and the topmost discriminant individual
miRNAs distinguishing IRBD or LBD were miR-29c-
3p, miR-1227-5p, and miR-24-3p, with AUCs of 0.85,
0.76, and 0.76, respectively. In summary, by predictive
modeling, we found a biosignature of 12 DEmiRs,
which alone, without further clinical or DaT-SPECT
imaging inputs, efficiently predicted IRBD and PD or
DLB clinical outcomes.
To further test the miRNA biosignature discrimina-

tive power for unbiased subject classification, we per-
formed an unsupervised hierarchical clustering
analysis using R. Consistent with the clinical status,
we observed clear segregation into three main sub-
clusters, including controls, patients with IRBD, and
PD/DLB phenoconverted patients (Fig. 2B). Driven by
these results, we next interrogated specific miRNA
differences occurring within the IRBD continuum. We
found no miRNA level differences between DaT-
negative and DaT-positive IRBD, indicating no main
relation between miRNA levels and DaT-SPECT sta-
tus. However, we observed statistically significant
expression differences for all 12 biosignature miRNAs
between DaT-positive IRBD and PD/DLB patients,
thus suggesting an association between the identified
12 miRNAs and the clinical phenoconversion into
α-synucleinopathy (Table S9). These findings indicate
that IRBD exhibits differential serum miRNA
profiles compared with controls and PD/DLB phen-
oconverted patients, supporting that the identified
serum miRNA biosignature can be informative as a
disease progression biomarker for IRBD-initiated
α-synucleinopathies.
Lastly, we conducted a biological enrichment analysis

to explore the functionality of the genes targeted by the
miRNAs differentially expressed at all longitudinal time
points. We found substantial deregulation at biological
terms previously involved in clinically manifested PD,
such as ubiquitin-dependent protein degradation, inosi-
tol triphosphate signaling, apoptosis,26 myelin sheaths,
synaptic transmission, postsynaptic assembly, synaptic
maturation, and synaptic vesicles, among others.
Regarding localization, we found exosomes, micro-
vesicles, and extracellular vesicles among the top terms
(Table 3).
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TABLE 3 Functional enrichment of the predicted genes targeted by the 12 differentially expressed microRNAs in patients with IRBD showing the 15 top

enriched terms

Enriched terms P value Adj. P value

Subcategory: Gene Ontology (GO) biological processes

Positive regulation of ubiquitin-dependent protein catabolic process 5.8 � 10�9 4.9 � 10�5

Positive regulation of TRAIL-activated apoptotic signaling pathway 4.2 � 10�8 1.9 � 10�4

Inositol-1,3,4,5-tetrakisphosphate 3-phosphatase activity 3.8 � 10�7 2.4 � 10�4

Myelin sheath adaxonal region 2.9 � 10�7 2.4 � 10�4

Negative regulation of keratinocyte migration 2.9 � 10�7 2.4 � 10�4

Negative regulation of synaptic vesicle clustering 2.9 � 10�7 2.4 � 10�4

Neuron–neuron synaptic transmission 2.0 � 10�7 2.4 � 10�4

Phosphatidylinositol-3,4,5-trisphosphate 3-phosphatase activity 3.0 � 10�7 2.4 � 10�4

Phosphatidylinositol-3,4-bisphosphate 3-phosphatase activity 2.9 � 10�7 2.4 � 10�4

Postsynaptic density assembly 9.9 � 10�8 2.4 � 10�4

Prepulse inhibition 4.0 � 10�7 2.4 � 10�4

Regulation of cellular component size 2.9 � 10�7 2.4 � 10�4

Rhythmic synaptic transmission 4.0 � 10�7 2.4 � 10�4

Synapse maturation 3.4 � 10�7 2.4 � 10�4

Brain morphogenesis 7.2 � 10�7 2.4 � 10�4

Subcategory: KEGG pathways

Amyotrophic lateral sclerosis (ALS) 1.3 � 10�4 0.0112

Apoptosis—multiple species 1.5 � 10�4 0.0112

Carbohydrate digestion and absorption 2.1 � 10�4 0.0112

Epithelial cell signaling in Helicobacter pylori infection 2.5 � 10�4 0.0112

Fc epsilon RI signaling pathway 2.1 � 10�4 0.0112

GnRH secretion 1.5 � 10�4 0.0112

Toll-like receptor signaling pathway 1.0 � 10�4 0.0112

PD-L1 expression and PD-1 checkpoint pathway in cancer 3.6 � 10�4 0.0145

Central carbon metabolism in cancer 6.7 � 10�4 0.0238

African trypanosomiasis 0.0010 0.0247

C-type lectin receptor signaling pathway 9.5 � 10�4 0.0247

Proteasome 0.0011 0.0247

Pyrimidine metabolism 0.0010 0.0247

Salmonella infection 8.3 � 10�4 0.0247

TGF-ß signaling pathway 0.0012 0.0247

TNF signaling pathway 0.0012 0.0247

Subcategory: localization (RNALocate)

Exosome 2.0 � 10�8 2.0 � 10�7

Cytoplasm 1.3 � 10�7 6.5 � 10�7

Microvesicle 6.9 � 10�7 2.3 � 10�6

Mitochondrion 1.4 � 10�5 3.5 � 10�5

Nucleus 2.2 � 10�5 4.3 � 10�5

Extracellular vesicle 2.8 � 10�5 4.6 � 10�5

Circulating 4.8 � 10�5 6.9 � 10�5

Nucleolus 1.5 � 10�4 1.9 � 10�4

Exosome 0.0167 0.0185

Microvesicle 0.0194 0.0194

IRBD, isolated rapid eye movement sleep behavior disorder; KEGG, Kyoto Encyclopedia of Genes and Genomes; TGF-ß, transforming growth factor ß; TNF, tumor necrosis

factor; TRAIL, tumor necrosis factor-related apoptosis-inducing ligand; GnRH, Gonadotropin-Releasing Hormone; PD-L1, programmed cell death ligand 1; PD-1,

programmed cell death 1.
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Discussion

We profiled serum miRNA levels in a Spanish IRBD
cohort stratified into the seriated disease progression
stages of DaT-negative IRBD, DaT-positive IRBD with
a dopaminergic deficit,27 and PD/DLB phenoconverted
patients in which the disease had been initiated with
IRBD. We uncovered a 12-DEmiR biosignature that
shows sustained and differential deregulation profiles
across prodromal DaT-negative and DaT-positive IRBD
(including their longitudinal follow-up), and patients
with manifest PD or DLB (let-7c-5p, miR-1227-5p,
miR-19b-3p, miR-140-3p, miR-22-3p, miR-221-3p,
miR-24-3p, miR-25-3p, miR-29c-3p, miR-361-5p,
miR-425-5p, and miR-451a). The identified miRNA
biosignature exhibited high diagnostic accuracy for dis-
criminating patients with IRBD and PD or DLB from
controls, achieving an AUC of 98%.
To the best of our knowledge, this is the first miRNA

study in patients with IRBD characterized by DaT-
SPECT with longitudinal follow-up, but two previous
studies explored miRNAs in IRBD. A first study using
candidate miRNAs reported the deregulation of miR-
19b-3p in IRBD serum (n = 104) up to 5 years before
α-synucleinopathy diagnosis.9 Another deep sequencing
study using whole blood from a mixed cohort of IRBD
and hyposmic subjects (n = 223) reported
500 miRNAs.10 Four of the 12 biosignature miRNAs
here were topmost deregulated in the earlier reports
(miR-19b-3p, miR-29c-3p, miR-221-5p, and miR-
140-5p).9,10 Complementing these studies, we found a
miRNA biosignature informative for all IRBD progres-
sion stages, including IRBD and PD/DLB phen-
oconverted patients. Our findings align with studies
showing early molecular deregulation in prodromal
stages of α-synucleinopathies. Thus, recent works in
IRBD observed misfolded α-synuclein in the cerebrospi-
nal fluid (CSF) before developing motor and cognitive
impairment.28 Another study in IRBD showed the pres-
ence of phosphorylated α-synuclein aggregates in the
minor labial salivary glands.29 Akin to these studies,
our findings support that early molecular changes asso-
ciated with α-synucleinopathies occur at early IRBD
prodromal stages and can antedate the clinical manifes-
tations of PD and DLB.
In PD and DLB, developing disease prediction strate-

gies ahead of the motor and cognitive manifestations is
a challenge for the early neuroprotective interven-
tion.30,31 By machine learning, we evaluated the disease
prediction capacity of the combined expression levels
from the 12 miRNA biosignatures adjusted by age and
sex to estimate each proband’s probability of disease,
IRBD and PD/DLB versus being control and without
any further clinical or imaging input. The miRNA bio-
signature achieved a high discriminative capacity with

an AUC of 98% (95% CI: 89–99%) and distinguished
prodromal and manifest PD or DLB from controls
more accurately than other previously proposed candi-
date biomarkers, including α-synuclein.8,32-35 The pre-
dictive model also accurately classified both positive and
negative individuals (94% accuracy), specifically identify-
ing true positives (98% sensitivity). However, while the
fraction of false negatives was only 2%, the false-positive
rate was 14% (86% specificity). Therefore, it is impor-
tant to emphasize the need to develop more specific strat-
egies to capture true negatives. In this sense, regarding
the most clinically relevant miRNAs detected by the
Lasso algorithm using a feature importance selection,
only four of the six miRNAs selected in more than 90%
of training folds displayed AUC scores greater than 75%
at the individual level (miR-1227-5p, miR-425-5p, miR-
451a, and miR-221-3p).32,33 Altogether, these findings
support the proof-of-principle that, beyond clinical or
imaging markers such as DaT-SPECT, specific serum
miRNA deregulation alone can be informative to predict
the presence of IRBD and PD or DLB.
Based on our findings, an exciting interpretation is

that the identified biosignature could hold potential as
progression or phenoconversion biomarkers for
patients within the LBD spectrum. Our miRNA find-
ings are novel in IRBD but largely consistent with pre-
vious studies in manifest PD. Ten of the
12 biosignature miRNAs were earlier deregulated in
different PD or DLB biospecimens. In LBD peripheral
tissues, miR-19b-3p,8,36,37 miR-29c-3p,7,8,37,38 miR-
221-3p,6,7,37 miR-24-3p,5,36 and miR-451a37 were
reported in PD serum; miR-19b-3p, miR-29c-3p, and
miR-361 in PD or early-stage PD peripheral blood
mononuclear cells33,39,40; miR-451 in PD leukocytes41;
miR-25 in DLB platelets42; and miR-22,21 miR-4505,22

and miR-140-3p10 in PD whole blood. Other bio-
signature miRNAs were described in the central
nervous system (CNS), such as miR-19b-3p, miR-22,
miR-29c,43 and miR-2444 in PD CSF; or miR-221 and
miR-425-5p45,46 in PD brain. Lastly, let-7c was not
described in PD previously, but other members of the
let-7 family showed deregulation in PD.32,43,47-49 In
summary, most of the 12 biosignature miRNAs were
earlier reported in α-synucleinopathy.5-7,10,21,22,33,36-42

This is relevant given that, if validated, our findings
may have implications for other PD at-risk cohorts,
such as individuals with hyposmia or LRRK2 or GBA
asymptomatic mutation carriers.
Functionally, the target genes from the 12 longitudinal

DEmiRs are involved in ubiquitin-dependent protein deg-
radation, inositol triphosphate signaling, apoptosis,26 and
neural terms such as myelin sheaths, synaptic transmis-
sion, postsynaptic assembly, synaptic maturation, or syn-
aptic vesicle. Although the function and origin of serum
miRNAs are not clear,50 the terms found collectively
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support a plausible role in the CNS. Conceptually, brain-
derived exosomes crossing the brain–blood barrier repre-
sent a potential biomarker source for neurodegenerative
diseases,51 which is in line with our finding of exosome
as the top localization term. In this context, the biological
enrichment analysis in our study pinpointed a plausible
brain or CSF origin of at least some of the biosignature
miRNAs, thus supporting the concept that minimally
invasive serum miRNAs could mirror pathophysiological
processes occurring at the CNS in α-synucleinopathies.
Future neuronal exosome studies in PD serum should
address this question, especially if interrogating PD pro-
dromal stages. Illustratively, a recent study reported
increased α-synuclein at neuronal exosomes from IRBD
serum preceding the diagnosis of PD, persisting during
disease progression, and predicting PD clinical outcomes
versus atypical parkinsonisms.52

Despite the promising identification of a novel
miRNA biosignature that is informative of different dis-
ease progression stages in α-synucleinopathies, our
study has limitations. First, we performed a restrictive
miRNA expression analysis filtering in only miRNAs
validated by RT-qPCR, but additional candidates could
also be nominated for validation. Second, our miRNA
analyses have not been corrected for IRBD medication,
such as melatonin, which has been shown to interact
with specific miRNAs in mice.53,54 Third, ours is the
first serum miRNA longitudinal study in IRBD charac-
terized by DaT-SPECT, but the follow-up (26 months)
was limited. Fourth, the power to discriminate between
subtypes of α-synucleinopathy in our predictive model-
ing requires larger LBD sample sizes. Indeed, given the
retrospective character of this study, further validation
analyses in independent, larger cohorts of patients are
warranted to ensure the predictive ability of this serum
miRNA biosignature. Lastly, it has to be mentioned
that the reproducibility of PD miRNA to date has been
limited because of ancestry differences, lack of gold
standard normalization methods, and reduced cohort
sizes. In the absence of gold standard normalizers
across populations,18 we applied both endogenous and
exogenous controls17,55 as an improved strategy that
can increase cross-laboratory miRNA reproducibility.
In summary, we identified a serum miRNA bio-

signature that is informative in discriminating healthy
controls, patients with IRBD, and patients with
PD/DLB and holds potential as a disease progression
biomarker. If validated, our findings may have implica-
tions for disease prediction strategies and early detec-
tion of α-synucleinopathies such as PD and DLB.
Further studies in other prodromal PD/DLB or PD/DLB
at-risk cohorts are warranted.
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4. RESULTS SUMMARY  

In [article 1], using genome-wide miRNA analysis and RT-qPCR validation, 

we profiled serum miRNA expression levels from DaT-negative iRBD, DaT-positive 

iRBD, iRBD pheno-converted into PD/DLB, and controls. Longitudinally, we 

followed up the iRBD cohort at three-time points over 26 months. Overall, we 

found sustained cross-sectional and longitudinal deregulation of 12 miRNAs 

across the RBD continuum, including DaT-negative iRBD, DaT-positive iRBD, and 

PD/DLB pheno-converted iRBD. In addition, we uncovered a 12-miRNA 

biosignature that alone, without any clinical or imaging input, can discriminate 

iRBD and PD/DLB from controls (AUC = 0.98; 95% CI = 0.89-0.99). Thus, we 

identified a specific serum miRNA biosignature capable of discerning iRBD and 

PD/DLB from controls, and that holds potential as an early disease progression 

biomarker.  

In [article 2], we performed an 8-year longitudinal miRNA assessment of 

serum samples from LRRK2 G2019S asymptomatic carriers stratified by DaT-

SPECT into DaT-negative and DaT-positive, G2019S LRRK2-associated PD, iPD, and 

controls. We observed dynamic miRNA expression profiles across the progression 

stages and identified 8 deregulated miRNAs in DaT-negative LRRK2 asymptomatic 

carriers, 6 in DaT-positive, and one in LRRK2-associated PD. Between groups, the 

highest differences occurred between DaT-positive LRRK2 asymptomatic carriers 

and LRRK2-associated PD. By longitudinal follow-up of asymptomatic G2019S 

carriers, we detected 11 miRNAs with sustained variation compared to baselines. 

Our study identifies novel miRNA alterations in premotor stages of PD co-

occurring with progressive DaT-SPECT decline before motor manifestation, 

whose deregulation seems to attenuate after the diagnosis of L2PD. Moreover, 

we found 4 miRNAs with relatively high discriminative ability (AUC=0.82) between 

non-pheno-converted DaT-positive G2019S asymptomatic carriers and pheno-

converted LRRK2-associated PD patients (miR-4505, miR-8069, miR-6125, and 

miR-451a), which hold potential as early progression biomarkers for PD. 
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 In [article 3], we set up the CSF α-synuclein RT-QuIC technique at our 

laboratory in a cohort including patients with the α-synucleinopathies PD and 

MSA, the tauopathies PSP and CBD, and neurologically unimpaired controls. 

Under the criteria of having at least two of the three replicates amplifying above 

the threshold, we found 15 of the 20 (75%) PD patients positive for RT-QuIC. On 

the contrary, in MSA, only 4 of the 37 (12%) patients were positive. Moreover, 

any of the 19 controls and only 4 of the 36 tauopathies exhibited positivity, thus 

showing an overall specificity of 93%. Other results in the article, particularly the 

ones concerning the combination of biomarkers, are not included in the present 

thesis as they are part of the thesis in preparation by the candidate Cèlia Painous. 

In addition, during my doctoral thesis, I have also actively contributed to 

other original research articles in the laboratory as a co-author, as summarised in 

Annex 1. 
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5. DISCUSSION 

During my doctoral thesis, I investigated candidate diagnostic and progression 

biomarkers of PD with a particular focus on the premotor stages of the disease. I 

explored serum miRNA expression levels as early progression biomarkers in two 

longitudinal cohorts of premotor PD and PD at-risk subjects, i.e., iRBD and LRRK2 

G2019S asymptomatic carriers, to assess the potential applicability of these 

biomarkers. In addition, I also set up an α-synuclein RT-QuIC assay as a means to 

investigate the presence of misfolded α-synuclein aggregates in PD and related 

α-synucleinopathies. 

In [article 1], we performed the first serum miRNA study in a well-

established prodromal stage of PD encompassing iRBD patients characterised by 

DaT-SPECT imaging and with longitudinal follow-up. In line with two previous 

miRNA studies in iRBD,176,177 we found deregulation of specific miRNAs in iRBD 

and PD/DLB pheno-converted patients, confirming that early molecular changes 

associated with α-synucleinopathies can antedate the clinical manifestation of 

the disease. More specifically, we defined a 12-miRNA biosignature able to 

distinguish iRBD and PD/DLB from controls with a high discriminative capacity 

that accurately classified patients with 98% sensitivity and 86% specificity. This 

serum miRNA biosignature distinguished premotor and manifest PD/DLB from 

controls more accurately than other proposed candidate biomarkers but needs 

independent validation.117,178–181 Similarly, earlier studies in iRBD observed 

misfolded α-synuclein in the CSF182 or phosphorylated α-synuclein aggregates in 

the minor labial salivary glands183 before the pheno-conversion. Further studies 

in longitudinal and larger independent cohorts are needed to validate this 

signature and explore its ability to discriminate between specific α-

synucleinopathies. 
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Several miRNA studies in blood derivatives have pinpointed specific 

miRNAs as potential biomarkers in PD cohorts,172,175,184–187 yet miRNA studies in 

premotor stages of PD are still scarce.176,177 In this context, iRBD is a well-

established early non-motor PD symptom which presents the highest risk of α-

synucleinopathy.112 Given that hyposmia and constipation are also well-

characterised premotor symptoms of PD, evaluating the performance of our 

miRNA signature in these conditions would allow to expand our findings and 

assess potential pheno-conversion in other prodromal stages of PD. To achieve 

this aim, and given the lower specificity of these prodromal signs, performing 

prospective studies with long-term follow-ups with serial measurements in well-

powered cohorts characterised by DaT-SPECT imaging is crucial. Indeed, 

expanding these studies to other miRNA signatures and candidate biomarkers 

evaluated simultaneously may lead to the identification of the most accurate 

disease predictors. Overall, identifying accurate biomarkers in the different PD 

prodromal stages is needed to anticipate the diagnosis, which could assist in 

managing patients and developing neuroprotective therapies. 

Ours is the first longitudinal serum miRNA study in iRBD characterised by 

DaT-SPECT status as an indicator of ongoing nigrostriatal DAn loss. Compared to 

controls, we found longitudinal miRNA expression changes in DaT-negative and 

DaT-positive iRBD with consistent deregulation in α-synucleinopathy pheno-

converted patients. In addition, fold-change expression variation was increased 

in longitudinal time points compared to baseline and was stronger in DaT-positive 

than DaT-negative iRBD. Yet, our follow-up period was limited to 26 months. 

Longer follow-ups, including the pheno-conversion, could enhance our 

understanding of the miRNA changes through the PD prodromal stage. Indeed, a 

recent study revealed that the number of circulating miRNAs deregulated in PD is 

age-dependent.177 Thus, the additional follow-up of healthy controls and pheno-

converted patients would also be helpful in further validation studies of our 

findings.  
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In [article 2], we profiled serum miRNAs in PD at-risk asymptomatic LRRK2 

G2019S carriers stratified by DaT-SPECT. We found a more pronounced miRNA 

deregulation in iPD than in LRRK2-associated PD and specific miRNA profiles for 

each PD type, as previously reported in monogenic PD with mutations in LRRK2, 

SNCA, or GBA.177,188 Moreover, asymptomatic G2019S carriers exhibited overall 

more miRNA changes than symptomatic carriers. These results align with studies 

describing early molecular changes in individuals at-risk of PD that attenuate after 

motor manifestation. Thus, two transcriptomic studies showed higher 

deregulation in LRRK2 asymptomatic carriers (64%)189 and prodromal PD (32%)190 

than in symptomatic carriers and manifest iPD. One possible explanation is that 

early molecular changes, such as miRNA deregulation, could reflect potential 

compensatory mechanisms in PD at-risk subjects.191,192 In addition, as the LRRK2 

protein directly interacts with Argonaute-2, a central component of the miRNA 

machinery, another possibility is that the G2019S effect on miRNA levels was 

mediated by the alteration of the miRNA regulation resulting from the pathogenic 

LRRK2 function.193,194 Overall, specific miRNA changes in G2019S asymptomatic 

carriers, specifically those with a dopaminergic deficit, hold the potential as 

candidate biomarkers of early PD progression before motor manifestation. 

To our knowledge, ours is the most comprehensive miRNA study 

following asymptomatic LRRK2 mutation carriers. During our 8-year study, 4 out 

of 20 (20%) DaT-positive G2019S asymptomatic carriers pheno-converted into 

PD, in line with the penetrance estimates of 26-42% described at ages above 

80.98,99 We exploratorily compared the 16 non-pheno-converted DaT-positive 

G2019S carriers with all the pheno-converted subjects of the study and found 4 

significant miRNAs. These miRNAs showed a relatively high discriminative ability, 

thus holding potential as pheno-conversion biomarkers in LRRK2 G2019S carriers. 

Given that predicting PD development in LRRK2 asymptomatic carriers is not yet 

possible, our results, if validated, could have implications for disease prediction, 

early PD detection in subjects at-risk, and patient stratification for clinical trials. 
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The discovery of LRRK2 mutations increasing LRRK2 kinase activity has led 

to the development of LRRK2 kinase inhibitors as potential disease-modifying 

therapies for LRRK2-associated PD and potentially iPD,101 as LRRK2 variants can 

increase susceptibility to iPD.195–197 LRRK2 mutation carriers represent an ideal 

target for the initial efficacy trials, particularly the subjects at the prodromal 

stage. Thus, our findings, if validated, would assist in the identification and clinical 

follow-up of individuals who will develop PD before their pheno-conversion. 

Furthermore, it could be a significant step in the field since the early experimental 

drug administration in asymptomatic carriers who will not develop PD could be 

avoided, thus avoiding the potential side effects in the lungs and kidneys.198 

Overall, identifying biomarkers able to predict pheno-conversion of LRRK2 

mutation carriers is urgently needed for neuroprotective trials.  

Collectively, both [article 1] and [article 2] explore the use of serum 

miRNAs as disease biomarkers. However, the reproducibility of specific miRNAs 

in the literature has been limited. This could result from the variety of 

biospecimens, the different populations, and the techniques used, but also from 

the need for more standardisation in miRNA normalisation methods.199 

Endogenous miRNA controls are usually selected for each study among the most 

stable miRNAs among all individuals, yet it hinders inter-laboratory validation. 

Moreover, finding a universal reference miRNA is difficult as miRNA expression 

varies among tissues and development stages, the origin of circulating miRNAs 

needs to be clarified, and the diverse preparation methods may interfere in 

different ways. Nevertheless, approaches for more accurate case-specific 

normalisation procedures have been proposed to improve reproducibility.200,201 

In our case, we used the same endogenous controls in both miRNA studies to 

have consistent results, with the advantage of including an exogenous control for 

additional technical normalisation in [article 1]. Overall, the accurate selection of 

the normalisation method is a critical step in miRNA studies, especially when 

considering its potential application as progression biomarkers. 
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In addition, LRRK2 G2019S carriers and iRBD subjects are both at an 

increased risk of PD,126,202–205 yet the absence of LRRK2 mutations in iRBD 

patients135,206 suggests that iRBD and LRRK2 pathogenic mutations represent two 

independent processes which can ultimately converge into a similar PD 

phenotype.207 In line with this idea, comparing data from [article 1] and [article 

2], we found overall different miRNA expression in LRRK2 G2019S carriers and 

iRBD subjects, as well as between LRRK2 G2019S carriers and iPD patients. 

Looking at the candidate miRNAs from the genome-wide discovery analyses 

(Annex 2), we detected that 20 of the 45 (44%) miRNAs identified in iPD were also 

commonly deregulated in iRBD (including both DaT-positive and DaT-negative). 

In contrast, only 4 of the 45 (9%) miRNAs were also present in asymptomatic 

LRRK2 G2019S carriers. Overall, our findings align with the hypothesis that both 

iRBD and asymptomatic LRRK2 G2019S carrier conditions represent two 

independent forms of PD onset. Recognising the different prodromal PD subtypes 

and understanding their underlying disease mechanisms would be relevant for 

identifying and validating efficient biomarkers for each PD subtype and even 

designing specific mechanism-based treatments. In addition, early identification 

of the PD subtype could be the first step for implementing personalised medicine 

strategies in PD, similar to those currently used in other human diseases, such as 

specific neoplasias.208–210 

In [article 3], we set up the α-synuclein RT-QuIC to detect the presence of 

aggregated misfolded α-synuclein in CSF of patients with α-synucleinopathies. 

We found positive seeding activity in most PD cases (75%) and some MSA cases 

(12%). In addition, we also tested healthy controls and patients with tauopathies 

and found specificities of 100% and 89%, respectively (overall 93%). These results 

align with previous α-synuclein SAA studies showing high sensitivity and 

specificity in α-synucleinopathies.39,119,211–213 Yet, 4 of the 36 tauopathies showed 

unexpected positivity, which could be possibly explained by the presence of co-

pathology. Thus, RT-QuIC seems to detect the presence of Lewy body pathology, 
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which has been shown as co-pathology in non-α-synucleinopathies 

neurodegenerative disorders such as PSP214 or AD.215 After our study, longitudinal 

studies, including follow-up and autopsy of patients with parkinsonism, are 

warranted to determine and improve the accuracy of the CSF α-synuclein RT-

QuIC. Overall, we found that the CSF α-synuclein RT-QuIC analysis is an 

informative biomarker that can improve the diagnosis of PD and related 

parkinsonisms, i.e., MSA, PSP, CBD. Remarkably, driven by our study, CSF α-

synuclein RT-QuIC has been introduced in the clinical practice at Hospital Clinic 

Universitari de Barcelona as an ancillary test in the differential diagnosis of PD 

compared to other parkinsonisms.  

As mentioned above, CSF α-synuclein RT-QuIC holds high promise for the 

detection of PD, but, as an emerging field, several questions remain to be 

answered. First, the use of qualitative, instead of quantitative, approaches is 

partially attributed to the variations observed in seeding activity between 

biospecimens, plate readers, laboratories, or even experiments depending on the 

recombinant batch or the reaction environment.39,160,212,216 Indeed, in our 

experience and based on the available literature, the CSF α-synuclein RT-QuIC 

experimental conditions must be specifically set up in each laboratory even using 

the same recombinant α-synuclein, plate reader, and type of sample. Therefore, 

future studies should aim at optimising and standardising the assays for more 

efficient replication of findings across diagnostic laboratories. As a next step, 

quantitative RT-QuIC methods are currently investigated for α-synucleinopathies 

using endpoint dilution analyses,217 as previously shown in prion disease.213 Thus, 

the development of quantitative RT-QuIC could improve the stratification of 

patients in PD subtype populations for more personalised management of the 

disease and even play a significant role as a drug response biomarker for clinical 

trials.  
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Second, the high sensitivity and specificity of α-synuclein RT-QuIC in PD 

patients with overt disease pave the way out for exploring potential applicability 

in the early stages of premotor PD or mutation carriers at-high-risk of PD. In this 

regard, an accurate early PD detection in the premotor phase could help to 

determine each individual's prognosis and even allow its enrolment in future 

neuroprotective clinical trials, e.g., anti-α-synuclein immunotherapies.218 Indeed, 

the first CSF α-synuclein RT-QuIC studies in iRBD patients have recently provided 

promising results with sensitivities and specificities of about 90%-100%.182,212 

Contrarily, a CSF α-synuclein RT-QuIC study in LRRK2 mutation carriers has 

reported a positive response in only 40% of LRRK2-associated PD and 19% of 

LRRK2 non-manifesting carriers,219 thus suggesting that the sensitivity of this 

technique could depend on the PD subtype. Therefore, early PD detection in 

different premotor PD subtypes could be informative of the prognosis of the 

patient and the basis for implementing advanced personalised medicine in PD.220 

Lastly, the α-synuclein seeding activity is more inconsistent in MSA 

despite being an α-synucleinopathy.119,164,212 A possible explanation could involve 

the neuropathological differences between PD and MSA, recently demonstrated 

by the discovery of distinct conformational strains of aggregated α-synuclein with 

different average periodicities of fibrils helical twists.48,221 Thus, the seeding 

proprieties could be disease-specific, requiring other experimental conditions for 

PD and MSA. Studies including different α-synuclein recombinants, different RT-

QuIC experimental conditions and inter-laboratory validations should be 

performed to elucidate potential sources of variation to establish future 

standardised protocols for MSA. In summary, the CSF α-synuclein RT-QuIC assay 

set up in our study showed remarkable accuracy for PD detection. Moreover, α-

synuclein RT-QuIC can aid in improving clinical PD diagnoses, even at premotor 

stages, and could help to stratify patients for disease-modifying clinical trials. 
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Numerous neuroimaging and biofluid measurements have been 

investigated as potential biomarkers for PD, such as MRI, DaT-SPECT, levels of CSF 

α-synuclein, CSF NFL or circulating miRNA. However, specificity, sensitivity and/or 

costs are still not optimal to be applied in clinical practice. Thus, given that finding 

a single biomarker that discriminates between all parkinsonism or covers all the 

different PD subtypes alone has proven difficult, a possible strategy may be the 

use of panels combining multiple biomarkers, either of the same or different 

types, to improve the predictive value of the model.222 In this context, in [article 

3], we combined different types of measurement, including CSF α-synuclein RT-

QuIC, CSF NFL and midbrain/pons planimetry to discriminate parkinsonisms and 

found that most biomarkers signatures fitted with the clinical classification (these 

results are part of the thesis in preparation by Cèlia Painous). Thus, encompassing 

multiple types of measurements could maximise the field of application to 

diverse parkinsonisms or PD subtypes.222,223 Yet, new analysis methods able to 

precisely merge the various criteria are needed. Moreover, in [article 1], we 

identified a serum miRNA biosignature combining the expression levels of 12 

miRNAs that efficiently predicted iRBD and PD/DLB clinical outcomes with high 

discriminative capacity. These findings represent a proof-of-principle that, 

beyond clinical or imaging markers, a panel of specific serum miRNAs alone can 

be informative to predict the presence of iRBD and PD or DLB. Similarly, other 

groups suggested panels combining five172 and four224 serum miRNAs or five CSF 

miRNAs117 as potential biomarkers for early PD diagnosis. Finally, in [article 2], we 

identified a combination of 4 miRNAs with good discriminative ability between 

G2019S asymptomatic carriers and pheno-converted LRRK2-associated PD 

patients that hold the potential as candidate pheno-conversion biomarkers. 

In summary, the findings uncovered in this thesis advance the current 

state-of-the-art in the development of early PD biomarkers. Our findings have 

implications for disease prediction and early detection of α-synucleinopathies, 

even at prodromal stages. 
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6. CONCLUSIONS 

 

1. Dynamic serum miRNA expression changes occur at the iRBD prodromal 

stage of α-synucleinopathies. Specifically, a 12-serum miRNA biosignature is 

informative in discriminating iRBD and PD/DLB patients from healthy 

controls, holding potential as an early progression biomarker for α-

synucleinopathies. 

2. Specific miRNA changes occur in LRRK2 G2019S carriers with and without 

clinical PD and are more prominent in PD at-risk LRRK2 non-manifesting 

carriers and attenuate in LRRK2-associated PD patients. Specifically, miR-

4505, miR-8069, miR-6125 and miR-451a hold potential as pheno-

conversion biomarkers and could be prioritised in further validation studies. 

3. CSF α-synuclein RT-QuIC was implemented in the laboratory with high 

diagnostic accuracy for PD and has been introduced as an ancillary test in 

clinical practice at our university hospital. 
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ANNEX 2. Common and specific differentially expressed miRNAs compared to 

controls from the discovery analyses of [article 1] and [article 2]. 

iRBD and L2NMC groups include both DaT-negative and DaT-positive results. iRBD = idiopathic REM-

sleep behaviour disorder; L2NMC = LRRK2 non-manifesting carriers; L2PD = LRRK2-associated PD; 

iPD idiopathic Parkinson’s disease
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