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Abstract 

Synaptic dysfunction is an early alteration in multiple neurodegenerative disorders. 

Parkinson’s disease (PD) is characterised by the accumulation of α-synuclein (αsyn) in pathological 

inclusions known as Lewy bodies and Lewy neurites. αsyn is involved in synaptic vesicle trafficking, 

and SNARE complex formation at the nerve terminals. In pathological conditions, it is associated with 

alterations of synaptic function. Interestingly, αsyn also occurs in the nucleus where it induces 

epigenetic changes. RNA-mediated processes contribute to synaptic remodelling by RNA 

translocation to the synaptic compartment. This is particularly relevant for microRNAs (miRNAs) that 

can regulate mRNA expression by complementary binding. Here, we sought to identify miRNAs 

associated with synaptic processes that may contribute to synapse degeneration.  

We performed small RNA-Sequencing of the midbrain of 6-month-old transgenic mice 

expressing A30P mutant αsyn, present in familial forms of PD. Gene ontology (GO) functional 

annotation and pathway analysis of differentially expressed genes and miRNAs revealed several 

deregulated biological processes linked with the synaptic compartment. A negative correlation 

between deregulated miRNAs and gene targets highlighted the top interacting miRNAs and identified 

miR-101a-3p as a prominent regulator of synaptic plasticity. MiR-101a-3p was validated by qPCR in 

the transgenic mouse midbrain and in the cortex of Dementia with Lewy Bodies (DLB) patients. 

Confocal imaging of primary cortical neurons overexpressing miR-101a-3p showed reduced dendritic 

length and altered spine morphology. Further correlation with synaptic plasticity was provided by 

wild-type mice exposed to enriched environment which showed reduced levels of miR-101a-3p. 

Finally, exposure of primary cortical neurons to recombinant αsyn species showed a direct effect of 

αsyn on miR-101a-3p levels.  

Our data support the emerging role of specific microRNAs as key regulators of gene 

expression alterations associated with αsyn. Identification of RNA based processes leading to 

synaptic compromise may reveal novel targets for therapeutic intervention in synucleinopathies, and 

may also result in the development of novel biomarkers. 
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1. Introduction  

1.1. Synucleinopathies 

Synucleinopathies is an umbrella term for a group of neurodegenerative diseases with 

accumulation of misfolded αsyn as a shared pathological characteristic (Maria Grazia Spillantini et al. 

1997; M G Spillantini 1999). αsyn is a small protein of unknown biological function, mainly localised 

in presynaptic terminals, cell bodies, and axons of neuronal cells, and consists the major component 

of abnormal deposits in synucleinopathies known as Lewy bodies (LBs), Lewy neurites (LNs), and glial 

cytoplasmic inclusions (GCIs) (Iwai et al. 1995; M G Spillantini et al. 1998; M G Spillantini 1999). 

Synucleinopathies comprise Parkinson’s disease (PD), dementia with Lewy bodies (DLB), multiple 

system atrophy (MSA) and pure autonomic failure (PAF). 

 

1.1.1. Parkinson’s disease 

PD is a progressive motor disorder clinically characterised by resting tremor, rigidity and 

bradykinesia in primary stages, while in later stages non-motor symptoms like cognitive and 

psychiatric impairments, constipation, hyposmia, and rapid eye movement (REM) sleep behavior 

disorder (RBD) can develop (Jenner et al. 2013; Gibb and Lees 1988; Poewe et al. 2017). The 

pathological hallmark of PD is the progressive loss of dopaminergic neurons in the substantia nigra 

(SN) which project to the putamen and caudate nucleus, thus leading to impairments in motor control 

(William Dauer and Przedborski 2003). The progressive nature of the disease was highlighted by 

Braak and colleagues who reported stepwise spreading of αsyn pathology in brain starting from the 

olfactory bulb, anterior olfactory nucleus, and the dorsal motor nucleus of the vagus nerve and finally 

reaching the neocortex affecting primary sensory functions (H Braak et al. 2003). 

The 90% of PD cases are idiopathic and are attributed to aging and environmental factors 

while the smaller percentage of familial cases are linked with autosomal dominant genetic variations 

(Billingsley et al. 2018; Pan-Montojo et al. 2012; Saito et al. 2003). In line with this, large cohort 

genome wide association studies (GWAS) have identified genetic loci as risk factors for idiopathic PD 

in addition to the highly penetrant genetic variations (Mullin and Schapira 2015).  

Primarily SNCA, the gene encoding for αsyn, exhibits the missense mutations: A53T 

(Polymeropoulos et al. 1997), A30P (Krüger et al. 1998), E46K (Zarranz et al. 2004), H50Q (Appel-

Cresswell et al. 2013), G51D (Lesage et al. 2013), A53E (Pasanen et al. 2014), A53V (Mohite et al. 

2018) and A30G (H. Liu et al. 2021) (Figure 1). In addition to mutations, SNCA duplications and 
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triplications are included to familial disease causality (Ibanez et al. 2004; Singleton et al. 2003). Other 

PD associated genes termed as PARK and count 1-23, including SNCA as PARK1, have been associated 

with autosomal forms of parkinsonism with different degrees of inheritance certainty (Bonifati 2014; 

Aasly 2020). Variability in genes additional to the PARK group include glucocerebrosidase (GBA) and 

microtubule-associated protein tau (MAPT) genes causing Gaucher’s disease and Frontotemporal 

dementia respectively, both manifesting parkinsonism symptoms (Neudorfer et al. 1996; Skipper et 

al. 2004). Some of these genetic variants are also associated with other synucleinopathies (Al-Chalabi 

et al. 2009; Chiba-Falek 2017; Blandini et al. 2019).  

 

1.1.2. Other synucleinopathies 

Other more rare forms of synucleinopathy share common characteristics with PD but differ 

on the succession and severity of symptoms as the Lewy pathology is observed in distinct brain 

regions in different disease stages (Kahle 2007). DLB is characterised by cognitive decline and 

dementia prior motor symptom onset as Lewy pathology prevails in the neocortex (Mayo and 

Bordelon 2014). Often well-established PD pathology after the development of cognitive 

impairments is referred to as PD Dementia (PDD) (Vasconcellos and Pereira 2015). GCI prevalence is 

evident in MSA where aggregates are formed in oligodendrocytes leading striatonigral and 

olivopontocerebellar degeneration while clinical symptoms exhibited are motor weakness, cognitive 

decline and autonomic failure (Fanciulli and Wenning 2015; M G Spillantini et al. 1998). PAF often 

precedes PD, DLB and MSA and is characterised by sympathetic and parasympathetic lesions caused 

by LBs and LNs in sympathetic ganglia and peripheral autonomic nerves (Hague et al. 1997; Arai et al. 

2000). Finally, as RBD can develop in PD, patients with RBD often develop synucleinopathies, 

sometimes with evident Lewy pathology thus considered as synucleinopathy (Vilas et al. 2016; 

McKenna and Peever 2017). 

 

1.2. Alpha-synuclein in physiology and pathology 

1.2.1. Structural properties 

αsyn is the central player of synucleinopathies and attempting to understand the diverse roles 

in physiology and disease the sequence and the structure of the protein have been extensively 

studied. αsyn is 140 amino acids long and consists of a folded amphipathic helix in the amino-

terminus (N-terminus), a highly acidic dynamic carboxyl-terminus (C-terminus) and the non-amyloid-
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β component (NAC) in the middle (Davidson et al. 1998; Eliezer et al. 2001; Giasson et al. 2001).The 

NAC domain was first isolated from amyloid plaques from AD patients’ brain and is suggested 

responsible for αsyn oligomerisation (Ueda et al. 1993).  

Upon oligomerisation, αsyn structure changes from α-helix to a β-sheet, often polymerised 

to form protein aggregates resembling amyloids (Vilar et al. 2008). Native αsyn is soluble in aqueous 

solutions and also binds on membrane, small vesicles and micelles that can act as condensation spots 

leading oligomerisation (Ouberai et al. 2013; Narayanan and Scarlata 2001; Eliezer et al. 2001). On 

the contrary to native αsyn, β-sheets are highly hydrophobic and interact with each other. Native 

αsyn and β-sheets exist in equilibrium, aggregation starts when this equilibrium is lost and amyloid 

fibrils are formed (Uversky, Li, and Fink 2001; H. T. Li et al. 2002; Vilar et al. 2008). Recent data point 

out that the process of aggregation is leading toxicity instead of aggregates themselves (Mahul-

Mellier et al. 2020). The oligomers formed in this process can display different structure, aggregation 

capacity and toxicity possibly correlating with the different disease phenotypes (Bousset et al. 2013). 

Figure 1. Schematic representation of the polypeptide sequence of αsyn. N-terminus, amino acids 1–61 

(blue), functions as apolipoprotein and holds all known mutations A30P, E46K, H50Q, G51D, A53E, and A53T  

leading familial synucleinopathies. The non-amyloid-β component (NAC), amino acids 61–95 (light blue), are 

linked with αsyn oligomerisation. The C-terminus, amino acids 95–140 (orange), is highly plastic and polar, 

interacting with other proteins and metals. The C-terminus includes the majority of tyrosines (Y) where 

phosphorylation (P) and nitration (N) are installed. αsyn truncations, known to mediate aggregation are 

evident in the C-terminus as well. Acetylation (A) is installed at N-terminus, while SUMOylation (S), 

ubiquitination (U) and glycation (G) are usually installed at the N-terminus but can be found in other regions 

as well. (Brás, Xylaki and Outeiro, 2020) 
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Several αsyn post-translational modifications (PTMs) have been described and can affect the 

aggregation process and toxicity of produced species (Figure 1). Phosphorylation, the most studied 

PTM, and particularly phosphorylation at S129 (pS129) is identified in almost 90% of aggregated αsyn 

(Fujiwara et al. 2003). PS129 is shown to aggravate toxicity but the effect on αsyn fibrillation remains 

highly debatable (Tenreiro, Eckermann, and Outeiro 2014; Karampetsou et al. 2017). αsyn 

monoubiquitination seems to drive oligomer formation while polyubiquitination and SUMOylation 

seem to promote αsyn degradation (G. K. Tofaris et al. 2011; Rott et al. 2017). αsyn glycation, a 

spontaneous reaction, promotes oligomer but not fibril formation, contributing to toxicity (Paik et al. 

2004; Vicente Miranda and Outeiro 2010). Additional modifications include nitration, interaction with 

metal cations and truncations of the C-terminus and lead to accelerated fibril formation (Hodara et 

al. 2004; Uversky et al. 2002; Hoyer et al. 2004). 

 

1.2.2. Cellular localisation  

Soma 

αsyn was first described as a nuclear and synaptic protein, the synaptic presence of αsyn has 

been extensively studied due to its implication in neurodegenerative disorders while the nuclear role 

is still poorly understood (Maroteaux, Campanelli, and Scheller 1988; Gonçalves and Outeiro 2013). 

Apart from synapse and nucleus αsyn is highly abundant in the cytosol due to its high solubility and 

interacts with several organelles due to the lipophilic α-helix (Snead and Eliezer 2014). 

αsyn interacts with mitochondrial membranes via a specialised domain with KAKEGVVAAAE 

repeats, and is able to further diffuse towards the inner mitochondrial membranes (Zigoneanu et al. 

2012; Devi and Anandatheerthavarada 2010). Accumulation of αsyn inside the mitochondrion can 

disrupt the membrane architecture and physiological function, an event that is evident in synaptic 

mitochondria prior the somatic mitochondria (Chinta et al. 2010; Nakamura et al. 2011; Szegő et al. 

2019). αsyn also interacts with mitochondria-associated membranes (MAMs) in the endoplasmic 

reticulum (ER) and disturbs both mitochondria and ER related processes (Guardia-Laguarta et al. 

2015; Gómez-Suaga et al. 2018). Apart from ER membranes, αsyn interacts with several chaperones 

and ER proteins and can accumulate inside the ER inhibiting its proper function (Bellucci et al. 2011; 

Rodrigues et al. 2014). Downstream effects on the Golgi apparatus are also observed (Paiva et al. 

2018).  
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αsyn peptide sequence contains a VKKDQ motif that is recognized by the lysosomes and 

internalized for degradation, thus abnormal accumulation in the lysosomes leads αsyn-induced 

autophagy impairments. Similar events apply for the proteasome complex which physiologically 

degrades αsyn but upon αsyn mutation or oligomerisation the proteasome degradation system 

displays dysfunctions or completely shuts down (George K. Tofaris, Layfield, and Spillantini 2001; 

Emmanouilidou, Stefanis, and Vekrellis 2010).  

Finally, a couple of physiological cytoskeletal interacting partners of αsyn have been identified 

and although the role of interaction is not yet clear in physiology it clearly contributes to pathology. 

αsyn interacts with both actin and tubulin and can inhibit their proper polymerization process thus 

leading cytoskeletal impairments (V. L. Sousa et al. 2009; Leo Chen et al. 2007). A detrimental 

interaction is that of αsyn with tau which leads misfolding of both proteins (Jensen et al. 1999).  

 

Nucleus 

Considering the size of nuclear pore and that of αsyn, it is easy to assume that αsyn can 

passively diffuse in the nuclear space (Specht et al. 2005). Mutant forms A30P, G51D, and A53T lead 

increased nuclear localisation and nuclear topology seems to increase pS129 αsyn (Kontopoulos, 

Parvin, and Feany 2006; Pinho et al. 2019). PS129 αsyn was shown to hold an important role on DNA 

damage response as it is recruited to the damage cites to modulate DNA repair (Pinho et al. 2019; 

Schaser et al. 2019). αsyn interacts physiologically with histones and inhibits histone acetylation thus 

directly affecting gene expression (Goers et al. 2003; Kontopoulos, Parvin, and Feany 2006). In line 

with this, several epigenetic processes have been proposed in synucleinopathies (Sturm and 

Stefanova 2014; Pavlou et al. 2016). 

 

Synapse  

αsyn is immanent in synaptic pathogenesis of synucleinopathies and the physiological role of 

αsyn in synapse has been extensively studied and is implicated in synaptic vesicle cycle and 

neurotransmission release (Maria Grazia Spillantini and Goedert 2006; Abeliovich et al. 2000; Nemani 

et al. 2010). Most studies use models overexpressing different forms of αsyn or ablating αsyn to 

observe the synaptic phenotypes. Collectively, αsyn does not seem to affect synaptic biogenesis but 

a fine balance of the protein levels is required for proper synaptic function.  
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αsyn is critical for soluble N-ethylmaleimide-sensitive factor (NSF) attachment protein 

receptor (SNARE) complex formation through its interaction with synaptobrevin-2 (Burré et al. 2010). 

Ablation of αsyn leads to accelerated neurotransmission and inhibits the SNARE complex assembly 

thus disturbing exocytosis (Abeliovich et al. 2000; Burré et al. 2010). On the contrary, upon 

overexpression of αsyn, SNARE disturbances introduced by ablating other chaperons like cysteine-

string protein-α (CSPα) can be rescued (Chandra et al. 2005). Of course overexpression is not always 

beneficial as it is shown to reduce reuptake of synaptic vesicles and may lead to mislocalisation of 

SNARE proteins SNAP-25, syntaxin-1 and synaptobrevin-2 (Nemani et al. 2010; Garcia-Reitböck et al. 

2010). Similarly, αsyn aggregates can bind synaptobrevin-2 in a manner similar to the monomer and 

obstruct vesicle docking (B. Choi et al. 2013). 

Undoubtedly, αsyn plays an important role on the different steps of a synaptic vesicle’s life 

cycle. Overexpression of αsyn in cell models seems to reduce the reserve pool of vesicles and inhibit 

the vesicle priming resulting in inhibition of neurotransmitter release (Larsen et al. 2006; Nemani et 

al. 2010). Studies in transgenic animals expressing αsyn showed redistribution of synaptic vesicles in 

sites further from the active zone, which is observed to be longer but with reduced post synaptic 

density (Janezic et al. 2013). In another study, overexpression of αsyn in hippocampal neurons seems 

to result in dispersed synaptic effects mediated by loss of synaptic proteins and vacant enlarged 

vesicles (Scott et al. 2010). The mechanism leading the abnormalities in synaptic vesicle priming, 

docking, and fusion remains unknown.  

Increased αsyn levels seem to directly disrupt dopaminergic neurotransmission by 

modulating the activity of tyrosine hydroxylase (TH), the rate limiting enzyme in dopamine 

production (Kirik et al. 2002; Perez et al. 2002). In addition to this, αsyn can bind the dopamine active 

transporter (DAT) and inhibit dopamine reuptake (Paxinou et al. 2001; Wersinger and Sidhu 2003). 

Based on recent findings showing that dopamine can induce αsyn oligomerisation, the event of αsyn 

and dopamine accumulation in the synaptic cleft can be detrimental (Mor et al. 2017). Lastly, 

oligomeric αsyn was found to interact with vesicles in a manner that introduces pores in the surface 

of the vesicles resulting in neurotransmitter leakage inside the synapse. In the case of dopamine 

leakage, further αsyn oligomerisation and oxidative stress in the site of synapse is expected (Volles 

et al. 2001; Mosharov 2006). 

Upon the initial identification of NAC domain as a substance of the amyloid aggregates in AD 

patients’ brains, αsyn was proposed to lead a synaptic pathology towards neurodegeneration (Iwai 
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et al. 1995). Indeed, small aggregates instead of LBs are evident in synapses prior to LBs formation, 

indicating that the pathology progresses from the synapse to the cell body (Marui et al. 2002; Kramer 

and Schulz-Schaeffer 2007). Important mechanistic evidence showed that exposure of primary 

cortical neurons to αsyn fibrils exhibited a pathology similar to LNs that advanced to LBs-like 

aggregates in the soma (Volpicelli-Daley et al. 2011). Similar data are obtained from genetic and 

pathogenic mouse models of synucleinopathies corroborating that synaptic dysfunction precedes 

neuronal death (Schirinzi et al. 2016). Upon fibril formation neuronal cells seem to completely “shut 

down” as synapses are lost, dendritic spines are withdrawn and synaptic activity is impaired (Q. Wu 

et al. 2019). Lastly, it was recently shown that the synaptic impairment is gradually developed parallel 

to the LB formation (Mahul-Mellier et al. 2020). 

 

1.3. Epigenetic mechanisms in synucleinopathies 

Despite extensive research on αsyn physiology and pathology, we still lack detailed 

understanding of the mechanisms and sequence of events initiating and progressing pathology. 

Moreover, genetics do not fully explain the majority of idiopathic PD cases implicating an 

environmental interplay. At this point epigenetic research may contribute to further understand the 

disease. Epigenetic mechanism is considered any process modulating gene expression without 

affecting the genome sequence (Dupont, Armant, and A. Brenner 2016). Epigenetics comprise of 

chemical modifications of DNA and histones and a wide variety of RNA mediated processes, resulting 

in altered genomic readout and site-specific cellular phenotypes (Figure 2). 
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Figure 2 Epigenetic mechanisms. Epigenetic gene expression modulation is established by DNA methylation, 

histone modifications, or ncRNAs. DNMT enzymes regulate 5-Methylcytosine (5mC) modification on DNA. This 

modification is mediated by S-adenosyl (SAM) converting to S-adenosyl-homocysteine (SAH). 5mC can be 

oxidised by ten-eleven translocation (TET) enzymes to 5- hydroxymethyl cytosine (5hmC), 5-formylcytosine 

(5fC), and 5- carboxyl cytosine (5caC), to restore cytosine, conversing the methylation code. The histone code 

includes methylation and acetylation, usually installed on lysine residues (K) of histones (H2, H3, H4). Histone 

modifications are mediated by covalent bonds and can be reversed. Acetyl groups (ac) installed by histone 

acetyltransferases (HATs) can be removed by histone deacetylases (HDACs). Methyl groups (me) installed by 

histone methyltransferases (HMTs) can be removed by histone demethylases (HDMs). Histone acetylation 

leads an increase in transcription, whereas methylation effect depends on the modification site. LncRNAs, 

circRNAs, and miRNAs, well-studied RNA-based processes in the brain mediate their functions by regulating 

gene expression or other RNA molecules. LncRNAs can supress whole chromosomes or genes or activate small 

RNAs. CircRNAs are considered molecular sponges, binding and suppressing mRNAs and miRNAs. MiRNAs 

usually bind complementary mRNAs and block their translation or promote their decay. (Xylaki, Atzler and 

Outeiro, 2019) 
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1.3.1. DNA modifications 

DNA methylation is the most studied DNA modification and conventionally represses gene 

expression. It is installed during aging, disease and exposure to environmental factors and can be 

inherited to offspring (Leonhardt et al. 1992). Methylation occurs primarily on cytosine-phosphate-

guanine (CpG) islands, it is replicated by enzyme DNA methyltransferase 1 (DNMT1) and newly 

installed by DNMT3 (Bestor et al. 1988; Okano et al. 1999; Woodcock, Crowther, and Diver 1987).  

DNMT1 was found to interact with αsyn, resulting in restriction of the enzyme to the cytosol 

and reduced methylation on SNCA intron 1 leading higher gene expression. Interestingly, reduced 

intron 1 methylation was identified in idiopathic PD and DLB patients shedding light to a novel disease 

etiology (Desplats et al. 2011; Jowaed et al. 2010; Funahashi et al. 2017). SNCA is not consistently 

found hypomethylated in idiopathic PD highlighting the diversity of epigenetic mechanisms 

accountable to pathology (De Boni et al. 2011). Alterations in DNA methylation pattern have not been 

reported in MSA (Sturm and Stefanova 2014). 

Genome wide DNA methylation profiling in large PD cohorts has identified several 

hypomethylated genes including the synuclein alpha interacting protein (SNCAIP), fibroblast growth 

factor receptor 3 (FGFR3), and solute carrier family 7-member 11 (SLC7A11). Such methylation 

changes alter the expression of key proteins in neuronal susceptibility and response to αsyn toxicity 

(Dashtipour et al. 2017; Vallerga et al. 2020; Tsuchida et al. 2018). 

 

1.3.2. Histone modifications 

In addition to direct DNA modifications, the histones (H1/H5, H2A, H2B, H3, and H4) around 

which DNA is packed are subject to PTMs that can alter their structure, function and DNA storage 

and availability. These PTMs are both dynamic and diverse thus affecting gene expression in so many 

ways that are often termed as the histone code (Jenuwein 2001). PTMs include acetylation, 

phosphorylation, methylation, ubiquitination and sumoylation.  

Histone acetylation is the most widely studied due to its dynamic nature. Histone acetylation, 

which results in chromatin relaxation and increased transcription, is installed by histone 

acetyltransferases (HATs) and deacetylation is mediated by histone deacetylases (HDACs) (Strahl and 

Allis 2000). Histone methylation is also irreversible and modulated by the enzyme multifamily of 

histone methylases and demethylases. In contrast to acetylation, methylation effect on gene 
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expression is unambiguous and depends on the methylated residue and the degree of methylation 

(Sims, Nishioka, and Reinberg 2003).  

As previously mentioned αsyn can bind histones and interfere with the enzymes modulating 

the histone PTMs. αsyn was first shown to reduce H3 acetylation, inducing toxicity that was alleviated 

by HDAC inhibitors (Kontopoulos, Parvin, and Feany 2006). In line with this, treatment of neuronal 

cells with HDAC inhibitors like valproic acid, sodium 4-phenylbutyrate and trichostatin A was found 

to induce αsyn and offer protection against excitotoxicity (Leng and Chuang 2006). On the other 

hand, the HAT p300, that co-aggregates with αsyn was found downregulated in αsyn expressing 

models suggesting a role of αsyn in histone modification regulation (Kirilyuk et al. 2012; Huajun Jin 

et al. 2011). In another study, paraquat-induced synucleinopathy was correlated with epigenetic 

changes mediated by increased histone acetylation (Song et al. 2011). αsyn overexpression is also 

correlated with increased histone methylation suppressing gene expression and modulating 

important synaptic partners (Sugeno et al. 2016). These studies highlight the multiplicity and 

complexity of αsyn-histone interactions and the effects on toxicity. 

Apart from αsyn–histone interactions, other proteins identified by GWAS in synucleinopathies 

have been implemented in histone remodeling. LRRK2 and Pink1 have been implemented in 

promoting histone deacetylation by regulating the HDAC3 localisation and phosphorylation, 

respectively. In both cases aberrant histone modifications are observed affecting neuronal survival 

(Han et al. 2017; H. K. Choi et al. 2015). The opposite regulation is evident in case of MAPT where the 

expression of disease associated variants are linked with histone methylation (Prendergast et al. 

2012). This provides proof that events apparently irrelevant to PD pathology, can lead processes 

affecting PD-related genes. Finally, PD progression has been linked with an increase of 

hypermethylated HDAC4 gene thus suppressing the expression of the protein and consequently 

increasing overall histone acetylation (Henderson-Smith et al. 2019). This is confirmed by several 

studies identifying progressive increase on histone acetylation levels in PD brains, accompanied by 

decreased HDAC levels following disease progression (Gebremedhin and Rademacher 2016; Park et 

al. 2016).  

 

1.3.3. RNA-mediated processes 

Considering only 2% of RNA is transcribed to mRNA and results in protein production it is of 

great importance to highlight the function of the rest of the genome transcribed to non-coding RNAs 
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(ncRNAs). NcRNAs consist of a diverse group and have proven to be extremely important modulators 

in gene expression and genomic programming (Mattick 2003; Yan et al. 2019; Cech and Steitz 2014). 

The list of ncRNAs is continuously growing and new functions are attributed to the different classes. 

The most studied RNAs are long ncRNAs (lncRNAs), circular RNAs (circRNAs), and microRNAs 

(miRNAs) that are highly enriched in the nervous system (Derrien et al. 2012; Smalheiser et al. 2008; 

Rybak-Wolf et al. 2014). RNA based epigenetic processes lay on mechanisms such as RNA transport, 

local storage, and translation, all of which are dependent on RNA-binding proteins (RBPs) (J. A. Briggs 

et al. 2015; Salta and Strooper 2012; Liu-Yesucevitz et al. 2011; Glanzer et al. 2005).  

LncRNA are known for regulating transcription via chromatin and RNA interactions. Although 

they were listed as non-coding RNAs, the amplitude of their function is still under investigation as 

they were shown to encode small peptides with significant biological function (Andrews and 

Rothnagel 2014). Most lncRNAs identified in synucleinopathies are linked with apoptosis induction. 

LncRNAs NEAT1 and RNA-p21 were found to directly induce apoptosis and αsyn expression in cellular 

models (Y. Liu and Lu 2018; Xu et al. 2018). LncRNA activated by DNA damage (NORAD) upregulated 

in MPP+ treated cells and lncRNA Hox transcript antisense intergenic RNA (HOTAIR) upregulated 

along with Leucine-rich repeat kinase 2 (LRRK2) in primary neurons are both promoting caspase 

activation (S. Wang et al. 2017; Sang et al. 2018). Our understanding of lncRNAs is still poor but 

studying them can be insightful for understanding pathways leading sporadic PD and other 

synucleinopathies. 

MiRNAs regulate gene expression by complementary binding to mRNA and result in 

translation inhibition or mRNA degradation. These ncRNAs are extensively studied due to their 

unique size of 19-22 nucleotides and specialised protein machinery supporting their function (Jonas 

and Izaurralde 2015). MiR-7, miR-153 and miR-34b/c downregulate SNCA by binding the 3’UTR, 

therefore suggesting a strong regulatory role in synuclein induced pathologies (Doxakis 2010; 

Miñones-Moyano et al. 2011). Of those, miR-7 has been extensively studied and is proposed for 

miRNA replacement therapy in synucleinopathies to reduce synuclein production and the 

consequent accumulation and oligomerisation of the protein (Titze-de-Almeida and Titze-de-Almeida 

2018).  

Apart from miRNAs targeting SNCA directly, several key miRNAs in synucleinopathy 

development have been identified by next generation sequencing in patient material and animal or 

cellular models (Heman-Ackah et al. 2013). In addition, miRNAs are identified in CSF as well as 
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circulating in the blood and are considered potent biomarkers (Fyfe 2020; Marques et al. 2017). 

Highlighting miRNA signatures in PD and other synucleinopathies and putting efforts to identify the 

miRNA functions and their correlation with disease initiation and progression is of great importance 

for diagnosis and novel therapeutic approaches. The first miRNA discovered, let-7, and the cluster 

miRNAs let-7a to let-7-k, miR-98 and miR-202, consist of one family upregulated in PD brain and CSF 

of PD patients (C. E. Briggs et al. 2015; Gui et al. 2015). This miRNA family is linked with apoptosis, 

negative regulation of axon guidance and regeneration, and immune response leading 

neurodegeneration (Li Li et al. 2017; X. Wang et al. 2019; Lehmann et al. 2012). The miR-30 family: 

miR-30a, miR-30b, miR-30c-1, miR-30c-2, miR-30d and miR-30e, is upregulated in substantia nigra 

and cingulate gyri of PD brain and is associated with neuroinflammation and disease progression 

serving as potent biomarker (C. E. Briggs et al. 2015; Tatura et al. 2016; D. Li et al. 2018). The miR-29 

family: miR-29a, miR-29b-1, miR-29b-2 and miR-29c, is also upregulated in cingulate gyri of PD brain 

and is modulated by L-Dopa treatment providing insights to medical disease manipulation. In 

addition, miR-29 family regulates processes related to apoptosis, neuronal survival and epigenetic 

processes (Roshan et al. 2014; Schwienbacher et al. 2017; Tatura et al. 2016). Finally, another 

important miRNA family, miR-26a-1, miR-26a-2 and miR-26b, is found upregulated in PD brain 

substantia nigra and rodent PD model striatum (C. E. Briggs et al. 2015; Horst et al. 2018). Of note, 

miR-26 seems to be indirectly linked with GWAS classified PINK1, thus correlated with familial PD 

(Huse et al. 2009; Pickrell and Youle 2015). Moreover, miR-26 is correlated with long term 

potentiation (LTP) induced gene expression upon neuronal activity thus linking this miRNA with 

neuronal function impairments prior to neuronal loss (Gu et al. 2015). 

Most circRNAs are produced from protein coding sequences and are implicated in 

transcription regulation and protein coding (Pamudurti et al. 2017). A circRNA emerging from SNCA 

has been identified as a miR-7 sponge thus promoting αsyn expression (Sang et al. 2018). This 

indicates a feedback loop of SNCA-circSNCA-miR7 positively regulating αsyn expression, in addition 

to the previously mentioned αsyn-DNMT1-SNCA, highlighting the complexity of interactions in 

molecular level. Similar to miRNAs, circRNAs have been proposed as potent biomarkers for diagnosis 

and disease progression due to their high stability (D’Ambra, Capauto, and Morlando 2019). Research 

towards this direction has identified circRNAs deregulation signatures by transcriptomic profiling in 

MSA brain and PD patients and mouse models (Ravanidis et al. 2021; E. Jia et al. 2020; B. J. Chen et 

al. 2016). Identification of such transcriptomic profiles may provide novel pathogenesis mechanisms 

in addition to biomarker development.  
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1.3.4. RNA at the synapse in physiology and neurodegeneration 

Coding and non-coding RNAs are localised at synapses and modulate synaptic physiology by 

local transcript processing and protein translation (Steward and Schuman 2001; Tiedge and Brosius 

1996). Partially, synaptic gene expression regulation is mediated by mRNA binding proteins (RBPs) 

that can bind different mRNA regions and control stability and translation or transcript localisation 

(Martin and Ephrussi 2009). In addition to mRNA transport at synapses, primary miRNAs are actively 

transported to pre- and post-synaptic compartment and then locally processed by miRNA machinery 

components that are expressed on site (Lugli et al. 2008, 2005). Increasing research highlights the 

importance of miRNAs on synaptic development, function and plasticity (Cohen et al. 2011; Lugli et 

al. 2008).  

In the case of neurodegenerative disorders, dysfunction of synaptic homeostasis and 

plasticity lead to progressive loss of structural and functional properties of neurons eventually 

resulting in neuronal death. Extensive post mortem studies and animal research propose synaptic 

dyshomeostasis is an early event in the pathogenesis of synucleinopathies (Bellucci et al. 2016). At 

the very early stages of αsyn aggregation and seeding phenomena in neurons, transcriptome 

dysregulation of synapse-related RNA and protein levels is evident at synapses suggesting 

synaptopathy is a primary event in PD and other synucleinopathies (Mahul-Mellier et al. 2020). 

Transcriptome dysregulation can be partially attributed to miRNAs that are highly enriched at 

synapses and hold the potential of manipulating mRNAs. In addition, certain miRNA signatures at 

synapses have been linked with PD (Fiore et al. 2011; Boese et al. 2016).  

Accumulating evidence link miRNAs with synucleinopathy pathogenesis and progression. The 

catalogue of synaptic miRNAs is rapidly increasing and the study of individual miRNAs allows for 

understanding of unique mechanisms linked to pathology. This mode of research is slow yet valuable 

as the synaptic presence of miRNAs provides leads to a targeted view of events compared to whole-

cell epigenetics that often include complicated interactions. The interface between epigenetics and 

synaptic function is undoubtedly valuable for understanding the establishment of well-studied 

biochemical phenomena in PD and neurodegeneration in general. Ongoing and future studies will 

undoubtedly shed light into these processes, and may open novel avenues for diagnostics and even 

therapeutic intervention in synucleinopathies.  
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1.4 Objectives 

In this study, we focused on PD which is characterised by gradual loss of dopaminergic 

neurons in the substantia nigra leading primarily to motor deficits and secondarily to cognitive 

dysfunctions (Heiko Braak et al. 2003). One of the hallmarks of PD is the aberrant accumulation of 

the presynaptic protein αsyn. αsyn is physiologically associated with synaptic vesicles, control of 

synaptic vesicle trafficking, and SNARE complex formation at the nerve terminal while in pathological 

conditions, it is implicated in the alteration of synaptic functions (Vekrellis, Rideout, and Stefanis 

2004; Vekrellis et al. 2011). One of the most important characteristics of the synapse is its dynamic 

nature, termed synaptic plasticity. RNAs are known to reside at synapses and to actively participate 

in synaptic remodelling by regulating local protein synthesis. This is particularly true for mRNA 

(Sutton and Schuman 2006; Lugli et al. 2012) and ncRNAs such as miRNAs that can regulate mRNA 

expression by complementary binding (Fiore et al. 2011; Lugli et al. 2008). Synaptic compromise is 

observed in PD parallel to αsyn aggregation and accompanied by transcript deregulation (Mahul-

Mellier et al. 2020). In this study we aimed to identify and quantify RNAs affecting synapses, and then 

investigate the role of selected RNAs in mechanistic studies that will contribute to the definition of 

the role of RNAs in synapse function and dysfunction. We used the mouse as our model organism, 

and specifically addressed the question of whether RNA-based processes contribute to synaptic 

dysfunction in the context of PD. 

 

Aim 1. Assess the effect of αsyn on miRNA signatures  

For the first aim, small RNA sequencing and differential expression analysis was performed 

on the midbrain of mice expressing human mutant [A30P] αsyn at an early time point prior synapse 

loss to investigate changes parallel to αsyn aggregation and disease progression. 

 

Aim 2. Investigate the effect of miRNAs on transcript regulation and synaptic pathways 

To investigate the effects of deregulated miRNAs we correlated the predicted targets with 

known deregulated mRNAs from our previous study (Paiva et al. 2018). Negative miRNA-mRNA 

interactions indicated the truly affected target and following pathway analysis highlighted the 

affected synaptic pathways. 
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Aim 3. Understand the role of selected RNAs in synaptic plasticity and neurodegeneration  

In order to understand the effect of selected RNAs, proposed pathways were investigated in 

the mouse model and the RNAs were manipulated in vitro to characterise their action on neuronal 

cells and investigate their role in PD pathogenesis. 
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2. Materials and Methods 

2.1. Human samples  

RNA samples extracted from human cortex were provided by the Newcastle Brain Tissue 

Resource, Institute of Neuroscience, Newcastle University, Campus for Ageing and Vitality, Newcastle 

upon Tyne, UK. Detailed information for the samples is presented in Table 1. 

Case 
Number 

NBTR 
Number 

Diagnosis age gender PMD pH 

26383 19830263 Control 76 F 24 6,11 

30783 19830307 Control 93 F 10 6,27 

98089 19890980 Control 85 M 23 # 

87887 19870878 Control 81 F 32 6,23 

96288 19880962 Control 34 F 103 # 

103688 19881036 Control 79 F 26 6,4 

103689 19891036 Control 79 F 26 6,4 

5690 19900056 Control 51 M 25 # 

1991 19910019 Control 54 M 12 # 

22991 19910229 Control 53 M 12 # 

29391 19910293 Control 65 F 17 # 

31991 19910319 Control 67 M 36 6,56 

2793 19930027 Control 84 F 7 6,55 

5095 19950050 DLB 76 F 23 6,03 

20292 19920202 DLB 66 M 31 6,54 

10498 19980104 DLB 86 M 41 6,08 

13798 19980137 XCBD 85 M 39 6,23 

131 96 19960131 DLB 77 F 23 6,24 

703 20030007 DLB 88 F 16 5,92 

10504 20040105 PDD/DLB 68 M 11 6,15 

Table 2. Human Samples  

 

2.2. Animal samples and procedures 

2.2.1. Animals 

This study employed wild-type C57BL6/J mice provided by Charles River laboratories, 

Wilmington, MA or Central Animal Facility University Medical Center Gottingen and transgenic 

animals carrying the human mutant [A30P] αsyn (B6;Tg(Thy1-SNCA*A30P)18Pjk) (Kahle et al. 

2000)provided by the Central Animal Facility University Medical Center Gottingen. For tissue 

sampling wild-type and transgenic animals were sacrificed at ages of 4,6,8, and 12 months and for 

preparation of primary cortical cultures female wild-type and transgenic animals were sacrificed for 

donation of mouse embryos on embryonic day 15.5. All animals were housed in groups of 5 animals 
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in individually ventilated cages under a 12hour dark-light cycle and ad libitum access to food and 

water. All experiments were performed according to the national German animal protection law and 

employment of mouse embryos was performed under the project 19/3213. 

 

2.2.2. Animal sacrifice and tissue collection 

Adult animals were sacrificed by deep anesthesia with CO2 administration followed by 

cervical dislocation. Confirmation was by checking spine break and paw pain reflex. Dissection was 

performed to harvest embryos or heart, spleen, lungs, and brain. Following dissection, brain tissue 

was rinsed with ice-cold phosphate buffered saline (PBS) and used directly for histology protocols or 

placed on ice for microdissection to harvest midbrain, hippocampus, striatum, and cortex. Tissue was 

collected in vials, snap frozen in liquid N2 bath and stored in -80˚C for future use. 

 

2.2.3. Preparation of tissue for immunohistochemistry 

For the preparation of brain tissue for sectioning and immunohistochemistry, mice were 

perfused quickly after sacrifice. In short, heart was exposed by a rib cage cut and a 20G perfusion 

cannula was inserted in the left heart ventricle, animals were perfused with 50 ml ice-cold PBS 

followed by 50 ml ice-cold freshly prepared 4% paraformaldehyde (PFA) with the help of a peristaltic 

pump (Miniplus 3 Peristaltic Pump, F155001, Gilson). After perfusion, brain was dissected and 

incubated in falcon tubes in 4% PFA for 24 hrs at 4˚C followed by sequential incubations for 24 hrs at 

4 ˚C in 15% and 30% sucrose (59378, Sigma-Aldrich, MO, USA) solutions in PBS. Finally, tissue was 

snap frozen in -30˚C isopentane bath cooled with dry ice and stored at -80˚C until sectioning. 

 

2.2.4. Preparation of embryonal cortical cultures 

For the preparation of primary cortical cultures, embryos were harvested on embryonic day 

15.5 and placed in ice-cold Hank’s Balanced Salt Solution (HBSS, HBSS (10X), no calcium, no 

magnesium, phenol red, 14180046, Gibco, Austria) with pH 7.4 adjusted with sodium bicarbonate 

(S8761, Sigma-Aldrich, MO, USA). Brain tissue was collected and cortex was micro dissected with the 

help of a stereoscope (Leica S6 E Stereomicroscope, Leica, Germany). Tissue was digested for 20 mins 

at 37˚C in HBSS containing 1 ml0.25% trypsin (15090046, Invitrogen, CA, USA). Following addition of 

100 μl DNAse (5 mg/mL, 11284932001, Roche, Switzerland) and 100 μl fetal bovine serum (FBS)(P30-
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1502, PAN-Biotech, Germany), tissue was transferred to 1 ml FBS and dissociated by 20 ups and 

downs with a 1 ml pipette tip, leftover debri were allowed to precipitate for 1 minute, supernatant 

cell suspension was transferred to a new tube and centrifuged at 300 x g for 5 mins. The resulting 

pellet was resuspended in neuronal culture medium (Neurobasal,21103049, Gibco, Austria; 

Glutamax 125 μL 200 mM,35050 061, Gibco, Austria;1ml B27 Supplement 50x, 17504 044, Gibco, 

Austria; 500μl Penicillin/ Streptomycin, P06 07 100, PAN-Biotech, Germany), cells were counted with 

a Neubauer chamber and seeded on poly-L-ornithine (PLO, Poly-L-ornithine hydrobromide, P3655-

1G, Sigma-Aldrich, MO, USA) coated plates. 

 

2.3. Cell culture  

2.3.1. Immortalised cell lines – growth conditions and treatments 

Human embryonic kidney 293 (HEK 293) cells were grown at standard conditions at 37 ˚C and 

5.5% CO2 in DMEM containing 10% FBS and 1% Penicillin/Streptomycin solution (10,000 U/ml 

Penicillin, 10 mg/ml Streptomycin, P06-07050, PAN-Biotech, Germany). For transfection with nucleic 

acids, cells were seeded in 48 well plates at a density of 20.000 cells/well. Transfection was with 

plasmid DNA (1 μg/ml culture medium) and microRNA mimic (4 nM final concentration) in a 1:3 ratio 

with FuGENE® HD Transfection Reagent (E2311, Promega, WIS, USA). For this, nucleic acids and 

transfection reagent were diluted in two different tubes containing 25 μl Minimal Essential Medium 

(MEM) (Opti-MEM™ Reduced Serum Medium, 31985-047, Invitrogen, CA, USA) at room temperature. 

The nucleic acid solution was added to the transfection reagent solution and incubated for 30 mins 

at room temperature prior dropwise application on the cell culture medium. Following transfection, 

cells were incubated for 24 hrs prior collection for downstream analysis. 

 

2.3.2. Primary neuronal cultures – growth conditions and treatments 

Primary cultures were grown at standard conditions of 37 ̊ C and 5.5% CO2 in neuronal culture 

medium. In mass primary cortical cultures, cells were seeded in 24 well plates onto PLO coated 

coverslips (VD100, Y1A.01, Knittel Glass, Germany) for imaging purposes or PLO coated wells for RNA 

extraction at a density of 150.000 cells/well. For protein isolation purposes cells were seeded in PLO 

coated 6 well-plates at an 800.000/well density and for recombinant αsyn treatment at a 

400.000/well density. In mass primary cortical cultures, cells were allowed to attach to substrate for 

24 hrs prior infection. For mass cultures infection was with 1 μl viral particles per 500 μl culture 
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medium. For recombinant αsyn treatment cells were allowed to grow for 5 days in vitro before 

treatment with 100 nM monomeric recombinant αsyn, oligomeric recombinant αsyn species or pre-

formed fibrils (PFFs).  Cells were allowed to mature without any media change for 14 days in infected 

mass cultures, and for 25 days in recombinant αsyn treated mass cultures.  

 

2.3.3. Seeding in microfluidic devices 

For optimal separation of neuronal cell bodies and dendrites, cells were cultured in custom 

made microfluidic devices (MFDs) (detailed description of MFDs and production protocol in section 

7). After isolation, neuronal cells were diluted to a concentration of 200.000 cells per 60 μl that were 

added to the top well on one side of the MFDs.  After a 10 mins incubation cells have moved to the 

lower well through the channel and stabilized enough for addition of 300μl neuronal culture medium 

per well. Infection was done after one day by removing the media from the bottom well, addition of 

1μl viral particles per 500 μl medium and reapplication on the top well so that viral particles are 

enriched in the culture channel. MFDs are incubated in petri dishes with a smaller dish with sterile 

double distilled H2O (ddH2O) to prevent media evaporation from the device. In case evaporation is 

observed media is added from a sister mass neuronal culture in a standard plate treated in the same 

manner. Neurons grow in the MFDs for 10 days before further processing for imaging purposes.  

 

2.4. Molecular biology and biochemistry techniques 

2.4.1. Cloning and virus preparation 

Plasmid isolation and bacterial transformation 

For this project, a vector was generated to express the miRNA miR-101a-3p or a scrambled 

miRNA sequence. pLKO.3G (Plasmid #14748, Addgene, MA, USA) was used as a backbone vector. 

First the plasmid was eluted from the commercial filter paper by soaking the paper for 30 mins in 

30μl Ultra-Pure Water (400000, Cayman Chemical Company, MI, USA) and 2 μl of the extract were 

used for the transformation of 500μl chemically competent bacteria (One Shot™ Stbl3™ Chemically 

Competent E. coli, C737303, Invitrogen, CA, USA) by heat-shock on a heating block (Thermomixer 

comfort, Eppendorf, Germany). Bacteria-plasmid mixture was first incubated for 30 mins on ice, 

followed by heating at 42 ˚C for 45 sec, again on ice for 2 mins followed by addition of 500 μl SOC 

medium (15544034, Invitrogen, CA, USA) and incubation at 37˚C for 1 hr. Finally, mixture was applied 
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on LB-agar (X9653, Carl Roth, Germany) plate supplemented with 100 μg/μl ampicillin (Ampicillin 

Sodium Salt CellPure, HP62, Carl Roth, Germany) and grown at 37 ˚C overnight. The following day, 

single colonies were picked and grown in 5 ml LB medium supplemented with 100 μg/μl ampicillin 

(A9518, Sigma-Aldrich, MO, USA) at 37 ˚C overnight. Plasmid was isolated with NucleoBond™ Xtra 

Midi kit for plasmid DNA (740410, Macherey-Nagel, Germany) according to manufacturer’s 

instructions. Diagnostic digestions were performed to confirm correct plasmid isolation prior cloning 

of the desired sequences. 

 

Clonings 

For the production of the plasmids expressing miRNAs the vector pLKO.3G was selected. 

PLKO.3G was digested at 37˚C for 30 mins by incubating 5μg of the plasmid with 2 μl FastDigest Green 

Buffer (B72, Thermo Fisher Scientific, MA, USA), 1 μl restriction enzymes Pac1 (ER2202, Thermo 

Fisher Scientific, MA, USA) and EcoR1 (ER0271, Thermo Fisher Scientific, MA, USA) in a final volume 

of 20μl.  After digestion, the linearised plasmid was loaded on a 1.5% agarose gel (35-1020, PEQLAB 

Biotechnologie, Germany) in TAE buffer (Tris-acetate-EDTA, 1 mM EDTA, 20 mM acetic acid (6759,1, 

Carl Roth, Germany), 40 mM Tris (Trizma base, 93362, Fluka Analytical, Germany), pH 8.5) 

supplemented with 0.5 μg/μl ethidium bromide (OC476872, Merck, Germany). Electrophoresis was 

done with a PowerPac Universal Power Supply (BioRad) at 120 V, the DNA band was visualised in a 

FUSION Xpress chamber (PEQLAB Biotechnologie, Germany) supplemented with a UV 

transilluminator (VWR) and the band required for cloning was excised from the gel with a scalpel. 

Plasmid was extracted from the agarose gel using the QIAquick® Gel Extraction kit (28706, Qiagen, 

Germany) according to the manufacturer’s instructions. 

The desired DNA-inserts (Table2), obtained from Metabion, Germany, were phosphorylated 

and annealed prior cloning. The reaction mixture consisted of 100 μΜsense and antisense 

oligosmixed with 1μl T4 ligation buffer (B0202, ΝΕΒ) and 0.5μl T4 polynucleotide kinase (M0201, New 

England Biolabs, MA, USA) at a final volume of 10μl. Reaction was performed on MasterCycler 

Gradient Thermal Cycler (5331, Eppendorf, Germany) at 37˚C for 30mins, 95˚C for 5 mins and then 

ramp down to 25˚C at 5˚C/min. The products of the reaction were diluted with 200 times volume in 

sterile water prior ligation reaction.  

For the ligation reaction,50ng of the linearised vector were mixed with 1 μl annealed oligos, 

2 μl DNALigase buffer, 1 μl Ligase (EL0013, T4 DNA Ligase, HC, Thermo Fisher Scientific, MA, USA) at 
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a final volume of 20 μl and incubated at 16 ˚C overnight. Ligation was performed for miR-101a-3p 

and scrambled insert as well as without insert as control reaction. Following ligation transformation 

was performed as described previously with the use of 2 μl ligation reaction. Isolated plasmids were 

digested to confirm insert existence and sent for sequencing at Microsynth Seqlab GmbH, Göttingen, 

Germany. 

For the production of the plasmids expressing the 3’-untranslated regions (UTRs) of the 

miRNA targets mRNAs, vector pCMV-Gluc-KDEL was selected. The 3’-UTR sequences (Table2), 

obtained from BioCat by custom gene synthesis, were delivered in pUC57 vector including KpnI and 

BamHI restriction sites. pCMV-Gluc-KDEL and the desired sequences were digested at 37˚C for 30 

mins by incubating 5μg of the plasmid with 2 μl FastDigest Green Buffer (B72, Thermo Fisher 

Scientific, MA, USA), 1 μl restriction enzymes KpnI (ER0521, Thermo Fisher Scientific, MA, USA) and 

BamHI (ER0051, Thermo Fisher Scientific, MA, USA) in a final volume of 20 μl. After digestion, 

electrophoresis and gel extraction of the DNA fragments was performed as described above.  

For the ligation reaction, 500 ng of the vector was mixed with 2μl DNA fragments, 2 μl DNA 

Ligase buffer, 1μl Ligase (EL0013, T4 DNA Ligase, HC, Thermo Fisher Scientific, MA, USA) at a final 

volume of 20 μl and incubated at 16 ˚C overnight. Ligation was performed for all 3’-UTRs fragments 

and without a DNA insert as control reaction. Following ligation transformation was performed as 

described previously with the use of 2 μl ligation reaction. Isolated plasmids were digested to confirm 

proper insert ligation. 

 

Viral production 

Lentivirus production was performed according to Follenzi and Naldini (Follenzi and Naldini 

2002). In short, 293FT HEK cells were transfected with CaCl2, HBS buffer and plasmid mix consisting 

of pMD2-VSV-G, pCMV-delta 8.9 (Trono lab, EPFL, Switzerland) and the respective pLKO.3G vector in 

a 1:2.7:2.5 ratio. Media was collected after 48 hrs, mixed with PEG-it Virus Precipitation Solution 

(LV825A-1-SBl, BioCat, Germany) and viral particles were isolated according the manufacturer’s 

instructions. The viruses were tested on primary cortical neurons for transduction efficacy and 

toxicity and viral titers were determined using qPCR. 
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Name Sequence (5'-3') 

Mature mir101a-3p 
Anti-Sense Oligo 

CAAAAATACGTACTGATAACGAACTGCAGTTCAGTTATCACAGTACTGTA 

Scramble mir Anti-
Sense Oligo 

CAAAAAATAGTATGCAATTCGAAGATCCTGCAGGATCTTCGAATTGCATACTA 

DAG1 3'-UTR 
fragment 

TTCATAGAAAAGTCTTCGCTGCGTTTTTTGATGGCTCTGAAGCACTGTTTGAGTAGAGGTAG
AAGGAGGGAGCGAGGAACCGTGAATGAACTCGCAGGCAGTGCTGGGCGGCCCCAGCTCTC
TGCATTTTGCCTTTAACACTAACTGTACTGTTTTTTCTATTCACGTGTGTCTAGCTGCAGGATG
TAACATGGAAAACAGTAGCTAAAGATTACATTCAAAGGACTTTCAGAAATTAAGGTTAAGTT
TTTACATTTAATCTGCTGTTTACCTAAACTTGTACGTATAATTTTTGGGTGG  

DLGAP3 3'-UTR 
fragment 

CCCGCCCGGGCCGCCCAGTCCGACCCGGGCCCGCGGTTTTCTACCCGTACTGTACACCCAGC
GTCGAGGTCACTGTGAACGCGGGCAGCTCCGTGCGCCCGCCCTGCCGGCACCGCACGCCCC
GGCTTCTGCCCGCCGCGCTTTCGTGGGTTTTTTACCTTCCTGATCCCACGCAAAGGCGCCCGG
GCTAGGCTGGGGGTCGTGCCTCTCCGCCCTGCGCCCCTCACTTGGAACTCCCATCTTCCTGGT
CCGACGCTTTGACCCCCTCACCTTTTTCCCCCCATGGGCACCATCTCTGCC  

GABRB2 3'-UTR 
fragment 

ATTTCCTTCATATGACTTTTTTTTTTTTAAATTTGCCAGCCAACAGTCACCATTCTGAAATAAAT
AATACAGGGTACTGAACATCTCTCTCAGCAAATCAATGCCTACAGTTCCTAAGAACATTGCAC
AGTTTGACTCTACAATAGTACTGTACCTCAGAATATGAGATGTTAACTAGTGTCTGCATTGCT
TGTCAAATATCCATTTGTTCTTTTAAAGGACACAGATAACACTATCCATTGGTGATTTAAAAT
TGAAAAAAAAATTAGGAAAATGGGGAAAAATCCTCTTGAGAGGAGG  

SHISA6 3'-UTR 
fragment 

ATTTTGTAGTAAGGAATTCTTGAAATTCTCTAATAAAAGGCAATTCTTACTGTAACATTTTTA
GTTTGGGGACACAATTTCCTAATGGGGGTTAAGGCACATTTTTACTCATTAGCTGGATTTATG
GATTCTATGTTTATTATATGGTAGTATTATGAAAAGTACCTTTCTATCTGTACCTCTGCAGTTT
CTCCATCACTCACAGGCCTCCATTACTGCTTCTGTACAAAGTCACCATTCTCCTTTCCTGTCAA
AGCACACCCTATGTGTACTGTAAACAGAGATTGCTTCAGTAAGATT  

Table 3. Cloning Sequences 

 

2.4.2. Isolation of total RNA from solutions, cell cultures and tissue 

RNA isolation was performed with TRIzol reagent (15596026, Invitrogen, CA, USA) according 

to the manufacturer’s instructions. For solutions equal volume of liquid sample and TRIzol were 

mixed. For cell culture, media was aspirated and 0.5 ml TRIzol was added directly to the culture plate 

for cell lysis. For tissue, 1 ml TRIzol and ceramic beads (1.4 mm diameter ceramic beads, 91-PCS-

CK14B, PEQLAB Biotechnologie, Germany) were added in the vials with frozen tissue. Tissue 

homogenisation was performed with the Precellys 24 tissue homogenizer (P000669-PR240-A, Bertin 

Instruments) at 65.000 x g for 2x30 sec runs with a 30 sec break in between. TRIzol containing cell 

lysates or tissue homogenate was transferred in Eppendorf tubes and mixed with CHCl3to separate 

into a lower organic phase and an upper aqueous phase containing the RNA. The aqueous phase was 

then collected and transferred to a new tube where it was mixed with isopropanol to precipitate 

RNA. RNA pellet was then washed 2 times with 70% EtOH to remove solvent residues and left to air-
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dry for a few minutes. Finally, RNAse-free water was added to the RNA pellet, samples were 

incubated on a heating block at 55 ˚C for 10 mins to promote RNA solubilisation, and RNA 

concentration and quality was estimated with NanoDrop 1000 spectrophotometer (Thermo Fisher 

Scientific, MA, USA) by measuring absorption at 260 nm and the ratios 260/280 nm and 230/280 

respectively. 

 

2.4.3. Reverse transcription PCR and Real time quantitative PCR 

Reverse transcription (RT) for complementary DNA (cDNA) synthesis from total RNA was 

performed for both mRNAs and miRNAs using the QuantiTect RT Kit (205311, Qiagen, Germany) and 

miScript RT II Kit (218160, Qiagen, Germany) respectively according to the kit manuals. For both 

miRNA and mRNA 300 ng of isolated RNA were used per reaction. For the miRNA RT the miScript 

HiSpec Buffer was selected for specific transcription of mature miRNAs. The reactions were 

performed on MasterCycler. Produced cDNAs were diluted with 3 times volume RNAse free water 

prior real-time quantitative PCR (qPCR). 

Quantification of relative mRNA and miRNA levels was performed with QuantStudio3 Real-

Time PCR system (Applied Biosystems, CA, USA). For the miRNA qPCR the miScript SYBR Green PCR 

Kit (218073, Qiagen, Germany) was used with miScript primer assay (Table 3) and the miRNA 

expression was normalised to endogenous control RNU6. For the mRNA qPCR the Mesa blue qPCR 

Mastermix plus for SYBR assay (SY2X-03+WOUB, Eurogentec, Belgium) was used with custom primers 

(Table 3) and the mRNA expression was normalised to ACTB. A dissociation (melting) curve analysis 

was included in every run and relative expression levels (fold change, FC)were calculated using the 

Livak method (Livak and Schmittgen 2001). 

 

Primers Sequence/ID Company 

ACTB forward GCG AGA AGA TGA CCC AGA TC Metabion 

ACTB reverse CCA GTG GTA CGG CCA GAG G Metabion 

DAG1 forward TTG ACA GGG TAG ATG CCT GG Metabion 

DAG1 reverse ATA CAT GAG CTG GCT GTT GG Metabion 

GABRB2 forward GCC TGC ATG ATG GAC CTA AG Metabion 

GABRB2 reverse CCT GTG GAG AAA ACA ACT TTC TTG Metabion 

DLGAP3 forward GCT CCT CCT TCA ACT TCA GA Metabion 

DLGAP3 reverse GGA CTG GCT CGG GGT GG Metabion 

SHISA6 forward AGT TCG AGT GCA ACA ACA GC Metabion 
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SHISA6 reverse AGT TGG TCT TGT CCT TCT CC Metabion 

Hs_RNU6-2_11 miScript Primer Assay MS00033740 Qiagen 

Mm_miR-101a_3 miScript Primer Assay MS00011011 Qiagen 

Table 4. Primer List 

 

2.4.4. Small RNA sequencing and analysis of sequencing data  

Small RNA sequencing was performed in the lab of Prof. Dr. André Fischer (DZNE, Göttingen) 

on an Illumina HiSeq 2000 system. Small RNA libraries were prepared from 1 µg total RNA using the 

Illumina TruSeq Small RNA Sample Preparation kit. Analysis of sequencing data was performed by the 

group of Prof. Dr. André Fischer (DZNE, Göttingen) using custom pipelines. For quality check and 

demultiplexing the CASAVA 1.8.2 software (Illumina) was used. For alignment the basic local 

alignment search tool (BLAST) was used. Reads were aligned to MiRBase version 19 with a cut off 

score of p < 5 x 10-7 and a single mismatch allowed. In order to compare the miRNA expression levels 

between samples, a differential expression analysis was performed using R and the DESeq package. 

Heatmaps were created using the ggplot2 package. Computational miRNA target prediction analysis 

was performed using TargetScanMouse 6.2 (Lewis et al. 2005). For functional annotation of predicted 

miRNA targets the Panther database (version 15.0) was used (Thomas et al. 2006).  

 

2.4.5. Synaptosome Isolation 

Synaptosomes were isolated from pooled midbrain tissue of two 6 month old Wt mice 

according to Carlin and colleagues (Carlin et al. 1980) with some modifications. Freshly dissected 

tissue was homogenised in 3 ml homogenisation solution (0.32 M sucrose, 1 mM 4-(2-hydroxyethyl)-

1-piperazineethanesulfonic acid (HEPES, 9105.4, Carl Roth, Germany) pH 7.4, 1 mM MgCl2 (63033, 

Fluka Analytical, Germany), 0.5 mM CaCl2 (C3306, Sigma-Aldrich, MO, USA) in a 5ml glass-Teflon 

homogenizer with 12 strokes at 900rpm on a motorised stirrer (D-91126, Heidolph Instruments). 

Homogenate was transferred to a falcon tube and centrifuged at 1.400 x g for 10mins at 4 ˚C. 

Supernatant was transferred to a fresh falcon tube and pellet was resuspended with 3 ml 

homogenisation solution and re-homogenised (5 strokes, 900rpm) to ensure maximum synaptosome 

extraction. The new homogenate was centrifuged at 710 x g for 10mins at 4 ˚C, supernatants were 

pooled and centrifuged at 13.800 x g for 10mins at 4 ˚C. Pellet was collected, resuspended in 2ml 

resuspension solution (0.32 M sucrose, 1 mM HEPES pH 7.4) with the use of the homogeniser (5 

strokes, 900 rpm) and loaded on a sucrose gradient. Sucrose gradient was prepared in centrifuge 
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tubes (Ultra-Clear, 344059, Beckman Coulter) with 4 ml 1.2 M sucrose, 3 ml 1.0 M sucrose and 3ml 

0.85M sucrose. Ultracentrifugation was performed at 82.000 x g for 2hr at 4 ˚C in a TH641 swinging 

bucket rotor in an ultracentrifuge (Sorvall Discovery 90SE Thermo Fisher Scientific, MA, USA) and the 

synaptosome fraction, concentrated at the 1.0 / 1.2 M sucrose interface, was collected with a syringe 

to an Eppendorf tube. All solutions were supplemented with RNase inhibitor (ProtectRNA™ RNase 

Inhibitor 500× Concentrate, R7397, Thermo Fisher Scientific, MA, USA). Purified synaptosomes were 

immediately processed for RNA extraction. 

 

2.4.6. Preparation of protein lysates from cell culture and tissue 

Cell culture protein extracts were prepared by washing the culture wells with ice cold PBS and 

addition of ice-cold RIPA buffer (50 mM Tris pH 8.0, 150 mM NaCl (3957,2, Carl Roth, Germany), 0.1% 

Sodium-Dodecyl-Sulphate (SDS, CN30.2, Carl Roth, Germany), 1% Nonidet NP40 (74385, Fluka 

Analytical, Germany), 0.5% Sodium-Deoxycholate (3484,3, Carl Roth, Germany), and protease 

inhibitor (cOmplete™ Protease Inhibitor Cocktail, 11836145001, Roche, Switzerland)) to harvest the 

cells. Cell lysate in RIPA buffer was then transferred to a tube and incubated on ice for 20 mins to 

allow complete protein extraction from cell membranes. Cell lysates where then centrifuged at 

13.000 x g for 15mins at 4 ˚C to pellet debri and supernatant was transferred to a new tube. For tissue 

protein extracts, 100μl RIPA buffer / 10 mg tissue was added to vials along with ceramic beads and 

tissue was homogenized with the Precellys 24 tissue homogenizer at 65.000 x g for 2 x 30 sec runs 

with a 30 sec break in between. Following homogenization, the sample was allowed to rest for 20 

mins on ice to allow protein extraction and transferred to ultracentrifuge tubes. Ultracentrifugation 

was performed to remove debri at 100.000 x g for 1hr at 4 ˚C in a Micro-Ultracentrifuge (Sorvall™ 

MTX 150, 46962, Thermo Fisher Scientific, MA, USA) and supernatant was collected to a new tube.  

Protein concentration was estimated with the Bradford assay(Bradford 1976). The assay was 

performed by mixing 1 µl of protein extract with 49 µl ddH2O, and 150 µl of dye (Bio-Rad Protein 

Assay Dye Reagent Concentrate, 5000006, Bio-Rad Laboratories, Inc., Hercules, CA, USA). A standard 

curve was prepared with standard concentrations of bovine serum albumin (BSA, Albumin Bovine 

Fraction V, MB04603, Nzytech, Portugal). Triplicates of all samples and standards were measured at 

595 nm using the plate reader Infinite M200 PRO (Tecan Ltd., Maennedorf, Switzerland). 
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2.4.7. Protein electrophoresis and Immunoblotting 

Electrophoresis was performed with equal amount of total protein for each sample in 

denaturing conditions according to Laemmli (Laemmli 1970). Protein extracts were mixed with 

Laemmli buffer (250 mM Tris pH 6.8 (9090,3, Carl Roth, Germany), 10% SDS, 1.25% Bromophenol 

Blue (B0126, Sigma-Aldrich, MO, USA), 5% β-mercaptoethanol (63690, Fluka Analytical, Germany), 

50% Glycerol (G5516, Sigma-Aldrich, MO, USA)) and incubated at 95 °C for 5 mins. Sodium dodecyl 

sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) was performed with the use of 12 or 15% 

separating gels with 7.5% stacking gels (ROTIPHORESE®Gel 30 (37,5:1) (3029,1, Carl Roth, Germany), 

0.01 % SDS in ddH2O, 0.1 % tetramethylethylenediamine (TEMED, A1148,0100, Applichem, 

Germany), and 1% ammoniumperoxodisulfate (APS, 9592,2, Carl Roth, Germany). Samples and a 

marker for protein molecular weights (PageRuler™ Prestained Protein Ladder, 10 to 180 kDa, 26617, 

Thermo Fisher Scientific, MA, USA) were electrophoresed in Tris-Glycin-SDS buffer 

(ROTIPHORESE®10x SDS-PAGE, 3060.2, Carl Roth, Germany) in vertical apparatus (Mini PROTEAN 

Tetra-Cell, 1658000EDU, Bio-Rad Laboratories, Inc., Hercules, CA, USA) with constant voltage 

provided by the PowerPac Universal Power Supply until the dye front reached the bottom of the gel. 

Following electrophoresis proteins were transferred onto nitrocellulose (IB23001X3, Thermo 

Fisher Scientific, MA, USA) or polyvinylidene fluoride (PVDF) membranes (IB24002X3, Thermo Fisher 

Scientific, MA, USA) using the iBlot 2 Gel Transfer device (IB21001, Thermo Fisher Scientific, MA, USA) 

by applying 20 V constantly for 10 mins. After transfer, the membranes were incubated at ambient 

temperature for 1 hr in blocking buffer (5 % skim milk (70166, Fluka Analytical, Germany) or 5% BSA 

in tris-buffered saline-tween (TBS-T, 10 mM Tris-HCl, 150 mM NaCl (3957,2, Carl Roth, Germany), 

0.1% Tween-20 (P2287, Sigma-Aldrich, MO, USA)) followed by incubation with the primary antibodies 

(Table 4) in blocking buffer at 4°C overnight. The next day, membranes were washed in TBS-T 3 times 

for 10 mins each and incubated with the secondary antibodies at ambient temperature for 1 hr. After 

performing washes again, membranes were shortly incubated with Immobilon Western 

Chemiluminiscent HRP Substrate (WBKLS0500, Millipore, MA, USA) and the protein bands were 

visualized with a chemiluminescence imaging system (Fusion FX, Vilber Lourmat, Marne-la-Vallée, 

France). Semi-quantitative analysis of protein levels was performed with densitometric quantification 

using the Fiji software (Schindelin et al. 2012). 
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2.4.8. Luciferase and β-galactosidase activity assay 

HEK cells were transfected with the vectors expressing Gaussia luciferase including the KDEL 

sequence, an endoplasmic reticulum retention signal which causes retention of the Gaussia luciferase 

in the endoplasmic reticulum and results in high levels of intracellular luciferase expression. Cells 

growing in 48 well plates were rinsed with PBS and 100μl Glycylglycin lysis buffer (25 mM Glycylglycin 

pH 7.8 (G1002,Sigma-Aldrich, MO, USA), 1% Triton X-100, 15 mM MgSO4 (M7506, Sigma-Aldrich, MO, 

USA), 4 mM EGTA (03780, Sigma-Aldrich, MO, USA), 0.3% DTT (A1101, AppliChem, Germany), 1x 

protease inhibitors (Pefabloc® SC,11429868001, Roche, Switzerland and cOmplete™, 11697498001, 

Roche, Switzerland) was added to the wells and left for 15 mins at ambient temperature to ensure 

cell lysis. Lysates were transferred to Eppendorf tubes, centrifuged for 15 mins at 15.000 x g at 4 °C 

and the supernatant was collected.  

For the luciferase assay, 20 μl of cell lysate was added in a 96 well plate and luciferase activity 

was estimated by measuring luminescence on the plate reader Infinite M200 PRO after injecting the 

Luciferase Assay Reagent (E1483, Promega, WIS, USA) with the Te-Inject™ reagent injector. 

For the β-galactosidase assay, 20 μl of cell lysate was added in a new Eppendorf tube and 280 

μl of β-galactosidase reagent (1 mg/ml o-nitrophenyl-β-D-galactopyranoside (ONPG, 34055, Thermo 

Fisher Scientific, MA, USA), 25 mM Sodium Phosphate pH 7.1 (S9638, Sigma-Aldrich, MO, USA), 2 μM 

MgSO4) was added to the tube and incubated at ambient temperature until colour development was 

evident. Reaction was stopped with the addition of 500μl 0.5 M Sodium Carbonate (S5761, Sigma-

Aldrich, MO, USA), 150 μl of the reaction mixture was transferred to a 96 well plate and absorbance 

at 420 nm was measured on the plate reader Infinite M200 PRO. 

 

2.4.9. Immunocytochemistry 

Cells grown on coverslips were fixed with 2% PFA at ambient temperature for 20 mins.  

Following incubation with blocking buffer (3% BSA, 0.1% Triton-X100 (T9284, Sigma-Aldrich, MO, 

USA), PBS) at ambient temperature for 1 hr, primary antibody (Table 4) diluted in blocking buffer was 

added and incubated at 4 °C overnight. The next day cells were washed 3 times with PBS and 

secondary antibody (Table 4) diluted in blocking buffer was incubated at ambient temperature for 

2hr or at 4 °C overnight for the MFDs. For visualisation of the nuclei cells were then incubated with 

at ambient temperature for 10 mins with Hoechst (1:5000 Hoechst (Hoechst 33258, pentahydrate 

(bis-benzimide), H-1398, Thermo Fisher Scientific, MA, USA), PBS). Finally, cells were washed 3 times 
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with PBS, coverslips were mounted on glass slides (VA113001FKB.01, Knittel Glass, Germany) with 

Mowiol mounting medium (1.18 M 1,4 Diazabicyclo (2.2.2) octane (D2522, Sigma-Aldrich, MO, USA), 

3.6 M glycerol, 0.13 M Tris pH 7.2) and MFDs were stored with PBS at 4°C until imaging.  

 

 

 

2.4.10. Immunohistochemistry 

Serial coronal 30 μm thick brain sections were produced from fixed frozen tissue with a 

CM3050 S cryostat (Leica, Germany) and stored free floating in PBS containing 0.03% NaN3 (K305.1, 

Carl Roth, Germany). Sections were incubated at ambient temperature for 1 hr in blocking buffer (2% 

natural goat serum (B15-035, PAA Cell Culture Company, Germany), 0.2% Triton-X100, PBS) prior 

Antibody Species Company Cat- Nr 

Primary detection 

β-actin mouse Sigma A5441 

Dystroglycan-α mouse Millipore 05-298 

GABA A receptor β2 rabbit Abcam ab186875 

MAP2 rabbit Proteintech 17490-1-AP 

PSD-95 rabbit Cell Signalling 3450X 

SAPAP3 rabbit Abcam ab67224 

SHISA6 rabbit Novus Bio NBP1-93747 

SNAP-25 rabbit Synaptic System 111002 

Synapsin 2 mouse Synaptic System 106-002 

Synaptophysin mouse Sigma S5768 

Syntaxin goat Santa Cruz SC-7562 

α-Synuclein mouse BD 610787 

α-Synuclein (211) mouse Santa Cruz SC-12767 

α-synuclein phospho S129 rabbit Abcam ab51253 

Tyrosine Hydroxylase mouse Millipore AB152 

α-tubulin rabbit Cell signalling 5335S 

Secondary detection Western blot 

HRP conjugated anti-mouse IgG sheep Amersham NXA931 

HRP conjugated anti-rabbit IgG donkey Amersham NA934V 

AP anti-goat IgG donkey Santa Cruz sc 2022 

Secondary detection Immunofluorescence 

Alexa Fluor 488 anti-rabbit IgG donkey Invitrogen A21206 

Alexa Fluor 555 anti-rabbit IgG goat Invitrogen A21428 

Alexa Fluor 488 anti-mouse IgG goat Invitrogen A11029 

Alexa Fluor 555 anti-mouse IgG goat Invitrogen A21422 

Table 5. Antibody List 
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incubation with the primary antibody (Table 4) diluted in blocking buffer at 4°C for 48 hrs. After that, 

sections were washed 3 times 10 mins each with PBS and incubated with the secondary antibody 

(Table 4) diluted in blocking buffer at ambient temperature for 2hrs. Finally, sections were incubated 

with Hoechst at ambient temperature for 30 mins to stain the nuclei and washed again with PBS 3 

times for 10 mins each prior mounting on glass slides. Mounting was on SuperFrost Plus™ Adhesion 

slides (10149870, Thermo Fisher Scientific, MA, USA) and sections were allowed to dry for 24 hrs 

prior addition of Mowiol mounting medium and 1mm thick coverslips (VD12560Y1A.01, Knittel Glass, 

Germany).  

 

2.5. Histology – Golgi Cox staining 

Visualisation of the dendritic spines in mouse midbrain was performed with the Golgi-Cox 

staining (Golgi 1873) according to the step by step protocol published by Zaqout and Kaindl (Zaqout 

and Kaindl 2016). Freshly dissected brain tissue was washed once with H2O, cut in sagittal halves and 

each half was incubated in a glass vial with Golgi Cox solution (5% w/v K2Cr2O7 (1.04862, Merck, 

Germany), 5% w/v HgCl2 (KK04.2, Carl Roth, Germany), 5%K2CrO4 (HN33.2, Carl Roth, Germany)) 

overnight at room temperature in the dark. The next day tissue was transferred in fresh Golgi Cox 

solution in a new vial and incubated for 10 days at room temperature in the dark. After that tissue 

was transferred in a new vial and incubated with tissue protection solution (0.87 M sucrose, 1% w/v 

polyvinylpyrrolidone (PVP40, Sigma-Aldrich, MO, USA), 30% v/v ethylene glycol (E-9129, Sigma-

Aldrich, MO, USA), 0.05 M phosphate buffer pH 7.2 (8461.0005, Geyer, Germany)) at 4°Covernight in 

the dark. The next day, tissue was transferred to fresh tissue protection solution in a new vial and 

incubated at 4°Cfor 5 days. Tissue sectioning was performed with a vibratome (Leica VT1000 S 

Vibrating blade microtome, Leica, Germany). Tissue was embedded in 4% agarose (35-2010, PEQLAB 

Biotechnologie, Germany) blocks, glued (Super glue 35, 7341, World Precision Instruments, Germany) 

on the vibratome plate and the vibratome chamber was filled with tissue protection solution. 

Sections were produced sagittal, 100 μm thick, on vibration frequency 60 Hz, at a speed of 15 mm/s, 

collected with a brush and placed onto gelatin coated glass slides. Sections were blotted by pressing 

absorbent paper moistened with tissue protection solution and left to dry overnight. For developing 

the staining, glass slides were placed on racks in histological staining boxes and incubated according 

to the following procedure. Slides were first washed in distilled water twice for 5 mins, then 50% 

EtOH for 5 mins and developed by 8 mins in 3:1 ammonia solution, washed with distilled water twice 
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for 5mins and 5% sodium thiosulfate for 10 mins in the dark following by a quick 1 min wash with 

distilled water. Slides were then dehydrated in sequential 6 min incubations with 70, 95, 100% EtOH 

and xylol. Lastly, when the slides dried, a few drops of Eukitt (quick-hardening mounting medium; 

03989, Fluka Analytical, Germany) were added and the cover glass was applied with light pressure. 

Slides were left for 48 hrs in the dark to dry and brightfield images were acquired with confocal 

microscope.  

 

2.6. Microscopy 

2.6.1. Epifluorescence 

Imaging of MFDs was performed with a Leica DMI6000 B microscope equipped with a Leica 

DFC320 colour camera and LAS Application Suite software (Leica, Germany). All images in one 

experiment were acquired with the same exposure time. Images were analysed with the Fiji software.  

 

2.6.2. Confocal microscopy 

Imaging of primary cell culture and brain sections was performed with a TCS SP5 confocal 

microscope (Leica, Germany) at the Light Microscope facility of the Max Planck Institute for 

Experimental Medicine. Images were analysed with Fiji software and dendritic spine analysis was 

done with Imaris V 5.1.1, Imaris XT, Bitplane AG, software available at http://bitplane.com. 

 

2.7. Preparation of microfluidic chambers 

2.7.1. Photolithography 

MFDs were manufactured from polymethylsiloxane (PDMS, DOWSIL™ 5-7222 LF Emulsion, 

Dow, Germany) with soft-lithography(Duffy et al. 1998; Quake and Scherer 2000) in a clean room at 

the IV Physics Institute, Georg-August-University Göttingen. MDFs consist of 2 chambers connected 

with microgrooves (500 x 7500 μm). To construct the microgrooves a SU-8 3025 resist (MicroChem, 

MA, USA) was spin-coated on a silicon wafer (one side polished, CZ Test grade, diameter 50,8+/-

0,5mm, Silchem, Germany) by spinning at 500 rpm for 15 sec at 100 ramp followed by 4000 rpm for 

45 sec at 200 ramp to achieve a 10 μm height for the microgrooves. The microgrooves pattern was 

baked on the resist layer by photolithography using a 20.000 dpi printed transparency mask (provided 

by the Fischer lab, DZNE, Göttingen) and a mask aligner (Karl SUSS MJB4, Suss MicroTec, Germany) 

http://bitplane.com/
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with exposure to 200-Watt UV light for 7 sec. To construct the chambers and perfusion channels a 

SU-8 3050 resist (MicroChem, MA, USA) was spin-coated on top of the microgroove layer by spinning 

at 500 rpm for 15 sec at 100 ramp followed by 1500 rpm for 45 sec at 200 ramp to achieve a 80 μm 

height for these compartments. Similar to the microgrooves pattern the chambers and perfusions 

pattern was baked using an appropriate mask and the mask aligner with exposure to 200-Watt UV 

light for 17 sec. Design was developed by incubating the wafer for 10mins in developer (mr-DEV 600, 

Micro Resist Technology, Germany).  

 

2.7.2. Moulding, mounting and coating 

Wafers were placed in 10 cm dishes and coated with trichlorosilane (175552, Sigma-Aldrich, 

MO, USA) to prevent polymer from sticking on the surface. To prepare the polymer one volume of 

catalyst was mixed with 9 volumes of PDMS and after degassing it was poured on the molds. 

Following backing at 60 °C for 2 hrs polymer was hardened, the PDMS design was cut out of the 

moulds, washed with soap water overnight, rinsed excessively with water, washed with EtOH for 2 

hrs and mounted on glass slides by plasma application with a tesla coil. After mounting MFDs were 

washed with water, EtOH, incubated under UV light to sterilise and coated with PLO by incubating at 

37 °C overnight. Finally, coating medium was aspirated, MFDs were washed with water and culture 

medium and left with culture medium to equilibrate at 37 °C at least for 2 hrs prior cell seeding.  

 

2.8. Statistical analysis 

For statistical analysis was performed using the Graphpad software version 5.03 for Windows 

(GraphPad Software, La Jolla California USA, www.graphpad.com). For group comparisons, one-way 

ANOVA with Dunnet´s post-hoc test was used, while comparisons of two groups of means were done 

with Wilcoxon-Mann-Whitney test. All data are expressed as mean ± SEM. Differences are considered 

significant with p < 0.05(* p-value < 0.05, ** p-value < 0.01, ***p-value < 0.001). Statistical tests, 

number of values, and degree of significance are indicated in each figure legends. 

  

http://www.graphpad.com/
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3. Results 

3.1. Small RNA profiling and pathway analysis in [A30P] αsyn mice  

In order to identify RNA based processes affecting synapses in PD, we employed a mouse PD 

model, namely the [A30P] αsyn mice that will be referred as Tg mice onwards for simplicity. Previous 

studies demonstrated that these mice display motor and cognitive impairments at 12 months while 

abnormal αsyn accumulation at cell bodies and neurites is already evident at 6 months (Freichel et 

al. 2007; Kahle et al. 2000). We have previously performed transcriptional analysis through RNA-seq 

of the midbrain of this mouse at 6 months and identified downregulation of biological pathways 

related to neuronal development and synaptic signaling (Paiva et al. 2018). Thus, we decided to 

pursue further analysis through small RNA-seq using the same RNA samples from which RNA-seq was 

performed. Small RNA-seq and bioinformatical analyses were performed in collaboration with the 

Lab of Prof. Dr. André Fischer.  

 

3.1.1. Small RNA profiling 

The majority of small RNA mapped reads in all samples consisted of miRNAs accounting for 

90.27 % of reads, 5.62 % other small RNAs and 3.98 % was ribosomal RNA (rRNA) left over (Figure 

3A). Clustering of samples was evaluated by principal component analysis (PCA) which showed a clear 

separation between Wt and Tg animals (Figure 3B). The first step to differential expression analysis 

was the visualisation of microRNAs in a scatter plot, known as MA plot, depicting data as M (log ratio) 

on y axis and A (mean average) on x axis (Figure 3C). MA plot showed the proportion of differentially 

expressed miRNAs as well as the tendency of their majority being downregulated. The differential 

expression analysis was based on statistical significance (padj ≤ 0.05) and levels of expression defined 

by a strict log2FC cut-off (±1.00). In total 124 miRNAs were found differentially expressed (Figure 3D), 

99 downregulated and 25 upregulated. The top 10 upregulated are: miR-690, miR-582-3p, miR-183-

5p, miR-101a-3p, miR-182-5p, miR-184-3p, miR-143-3p, miR-467a-5p, miR-7a-5p, miR-10a-5p and 

the top 10 downregulated are: miR-702-3p, miR-1188-5p, miR-491-5p, miR-7080-5p, miR-29b-2-5p, 

miR-339-5p, miR-503-3p, miR-107-3p, miR-1982-3p, and miR-23b-5p.  

  



 

45 

 

 

 

Figure 3. miRNAome changes revealed in midbrain of [A30P] αsyn mice by small-RNA-seq. A. Pie chart 

depicting average percentages of the different RNA classes detected in the small RNA libraries as a 

readout for quality of the sequencing technique; B. Principal component analysis (PCA) plots showing 

the clustering of Wt and Tg; C. MA plots visualise the differential expression analysis of microRNAs by 

plotting data data as M (log ratio) on y axis and A (mean average) on x axis; D. Heatmap of deregulated 

miRNAs for Wt and Tg mice. The color key indicates expression levels ranging from lower (blue) to higher 

(red) expression. The dendrograms indicate hierarchical clustering based on expression levels among 

miRNAs and individual mice.  

A B C

D

miRNA = 90.27 %

piRNA = 3.44 %
rRNA = 3.98 %

other sncRNA = 0.64 %
snoRNA = 1.54 %

PCA (A30P, A30PCT) MA Plot (A30P, A30PCT)



 

46 

 

 

3.1.2. Functional pathway analysis 

After profiling the miRNA signatures in Tg mice, the target genes of these miRNAs were 

identified to obtain data on the affected pathways. For this, the predicted target genes of the top 20 

upregulated and downregulated miRNAs were identified and gene set enrichment analysis (GSEA) 

was performed using ToppGene Suite (J. Chen et al. 2009). We selected the top 20 significant 

pathways from each category, namely biological process, cellular component, and molecular function 

and ranked them based on the enrichment ratio. The enrichment ratio indicates the degree of 

representation of a gene set to the entire gene set (Subramanian et al. 2005).It is important to note 

that as upregulated miRNAs target their complementary genes to prevent their function the 

predicted pathways of upregulated miRNAs are expected to be prevented as well and contrariwise 

for downregulated miRNAs. 

Analysis of the biological processes linked to the top 20 upregulated miRNAs (Figure 4.1.A) 

revealed processes related to development and morphogenesis. This finding is striking as αsyn has 

not been linked to any gross morphological deficits as demonstrated by mouse models lacking αsyn 

(Abeliovich et al. 2000) or expressing different αsyn variants (Fernagut and Chesselet 2004). 

Nevertheless, αsyn has been implicated in impairments of adult neurogenesis (Winner et al. 2012) 

and Notch-1 signaling (Crews et al. 2008)thus pointing out biological processes that may be worth 

investigating. On the contrary, the top 20 downregulated miRNAs (Figure 4.1.B) seem to target genes 

that in the vast majority are regulating secretion and in particular protein exocytosis. 

The cellular component ontology indicated neuronal spines and post synapses for both 

upregulated and downregulated miRNA target genes (Figure 4.2). This consistency pointed the post 

synapse as the compartment mostly affected by miRNA mediated processes in the Tg mice.  

Finally, the molecular component of the top 20 upregulated miRNAs (Figure 4.3.A) revealed 

processes related to kinase activity/binding and transmembrane transporters. The top 20 

downregulated miRNAs (Figure 4.3.B) indicated protein and DNA related processes. The protein part 

regards components like Ras guanosine-5'-triphosphatase (GTPase) binding and kinase activity 

indicating the deregulation of one of the Ras signaling pathways affecting the cytoskeleton integrity 

or cell proliferation, adhesion, migration and apoptosis. The DNA related processes regard DNA 

binding and RNA polymerase II activity which transcribes DNA to messenger RNA (mRNA), small 

nuclear RNA (snRNA) and miRNA. Collectively, these data indicate miRNA driven changes in the 
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midbrain of 6-month-old Tg animals. These changes confirm an early post synaptic phenotype and 

exocytosis impairments.  
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Why use 4.1, 4.2, 4.3, etc, and not simply Fig. 4, Fig 5, Fig 6… it would seem more logical… 

Figure 4.1. miRNAome changes affect biological function. Top 20 biological processes of top 20 A. 

upregulated (red) and B. downregulated (blue) miRNA target genes in Tg mouse midbrain with the 

respective enrichment ratio. 
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Figure 4.2. miRNAome changes affect cellular components. Top 20 biological cellular components of 

top 20 A. upregulated (red) and B. downregulated (blue) miRNA target genes in Tg mouse midbrain 

with the respective enrichment ratio. 
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Figure 4.3. miRNAome changes affect molecular function. Top 20 molecular functions of top 20 A. 

upregulated (red) and B. downregulated (blue) miRNA target genes in Tg mouse midbrain   
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3.2. MiRNA effects on transcript regulation and synaptic pathways 

3.2.1. Confirmed miRNA - mRNA interactions in [A30P] αsyn mice  

For the next step of analysis the miRNA data were correlated with the mRNA data we have 

previously acquired from the exact RNA samples (Paiva et al. 2018). Correlation of the predicted 

target mRNAs of significant deregulated miRNAs with the significant deregulated mRNAs identified 

the significant confirmed deregulated target mRNAs. From this data set, the negative interactions 

were filtered i.e., the downregulated target mRNAs of each upregulated miRNA and the upregulated 

target mRNAs of each downregulated miRNA (Figure 5.1.A). Next the miRNAs were filtered according 

to the number of target mRNAs (Figure 5.1.B) and the levels of expression (Figure 5.1.C). A highly 

expressed miRNA with small number of target mRNAs holds the potential of producing a strong 

phenotype. Based on this, miR-543-3p and miR-101a-3p were selected as the most effective miRNAs 

showing high expression and few target mRNAs. In particular, miR-543-3p has 2133 reads on average 

in all samples and 53 target mRNAs and miR-101a-3p has 1424 reads on average in all samples and 

60 targets.  

  



 

52 

 

 

 

m
m

u-le
t-7

b-3
p

m
m

u-m
iR

-4
86a-3

p

m
m

u-m
iR

-1
01a-3

p

m
m

u-le
t-7

c-
1-3

p

m
m

u-m
iR

-3
44d-3

p

m
m

u-m
iR

-5
43-3

p

m
m

u-m
iR

-3
0c-

2-3
p

m
m

u-m
iR

-7
047-3

p

m
m

u-m
iR

-6
958-3

p

m
m

u-m
iR

-8
73a-3

p

0

50

100

150

n
u

m
b

e
r 

o
f 

ta
rg

e
t 

ge
n

e
s

m
m

u-m
iR

-5
43-3

p

m
m

u-m
iR

-1
01a-3

p

m
m

u-m
iR

-3
0c-

2-3
p

m
m

u-m
iR

-3
44d-3

p

m
m

u-m
iR

-8
73a-3

p

m
m

u-le
t-7

b-3
p

m
m

u-m
iR

-4
86a-3

p

m
m

u-le
t-7

c-
1-3

p

m
m

u-m
iR

-7
047-3

p

m
m

u-m
iR

-6
958-3

p

0

500

1000

1500

2000

2500

n
u

m
b

e
r 

o
f 

re
ad

s

B C

A

Figure 5.1. Identification of confirmed significant negative correlations in miRNA-mRNA expression. 

A. Heatmap of negative interactions among deregulated miRNAs and mRNAs. The color key indicates 

expression levels ranging from lower (blue) to higher (red). The dendrograms indicate hierarchical 

clustering based on expression levels. B. Histogram plotting top interacting miRNAs according to number 

of confirmed target mRNAs. C. Histogram plotting top interacting miRNAs according to number of reads 

indicating expression levels.   
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3.2.2. Functional pathway analysis of most effective miRNA 

Next, GSEA was performed as previously described for the confirmed target genes of miR-

543-3p and miR-101a-3p. The top 10 significant pathways were selected for each category based on 

the enrichment ratio (Figure 5.2 A).  

The cellular component for both miRNAs indicated the dendritic spines and post synapses as 

the affected compartments in agreement with the cellular component from the bulk data set.  

Analysis of the biological process linked miR-101a-3p to cytoskeletal and synaptic structural 

changes and amyloid-beta response. Interestingly, miR-101a-3p targeting of amyloid beta and 

amyloid beta effect on synaptic plasticity have been confirmed (Long and Lahiri 2011; Parihar and 

Brewer 2010). On the other hand, miR-543-3p was linked to biological processes regulating rectifying 

potassium channels and morphogenesis. Rectifying potassium channels are highly expressed in 

cardiac and skeletal muscle, blood vessels, brain, and kidney supporting cell depolarisation (Hibino 

et al. 2010). Dopaminergic neurons are particularly vulnerable to ion dyshomeostasis and even small 

changes in the potassium equilibrium can trigger PD (Duda, Pötschke, and Liss 2016).  

Finally, the molecular component analysis identified protein kinase A catalytic subunit binding 

as the affected pathway for miR-101a-3p, indicating that the affected biological processes are 

potentially mediated by the deregulation of a kinase. Molecular component analysis for miR-543-3p 

did not identify any molecular pathways. 

Collectively, functional pathway analysis of the most effective miRNAs included several of the 

components identified in the bulk analysis highlighting these miRNAs are driving strong phenotypes. 

As both miRNAs affect the postsynapse and their deregulation sings are opposite they can possibly 

drive opposite effects. For this, the validated target genes of both miRNAs were compared and no 

overlap was found, excluding this possibility. 
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Figure 5.2 Mir-543-3p and mir-101a-3p are the most effective miRNAs. A. Top 10 significant pathways of 

cellular components, biological processes, and molecular functions with the respective enrichment ratio for 

mir-543-3p and mir-101a-3p. B. Validation by real time qPCR of mir-543-3p and mir-101a-3p levels in Wt (n = 

8) and Tg (n = 7) mouse midbrain. All data are expressed as mean ± SEM; Student’s t-test; * p-value < 0.05, ** 

p-value < 0.01, ***p-value < 0.001);  
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3.2.3. Real-Time qPCR validation of the most effective miRNA 

The levels of miR-543-3p and miR-101a-3pwere validated by real time qPCR to confirm the 

small RNA-seq data (Figure 3.2 B). Confirmation on the direction of deregulation was sought with this 

validation, as the two quantification methods are based on different analysis. Fold change of RNA-

seq data is calculated based on absolute expression levels that are correlated between groups while 

fold change of real-time qPCR data is calculated based on expression levels relevant to an 

endogenous control and then correlated between groups. The relative levels of miR-101a-3pin Tg 

mice compared to Wt mice were found significantly increased (3.19 ± 0.56 FC, p = 0.0002), in 

agreement with the small RNA-seq data (7.78± 1.71FC, p = 0.0006). Similarly, the relative levels of 

miR-543-3p in Tg mice compared to Wt mice were found significantly decreased (0.68 ± 0.13FC, p = 

0.0064), in agreement with the small RNA-seq data (0.26± 0.085FC, p = 0.00005). The relevant levels 

of miR-543-3p in Wt mice showed high variation resulting in high average (1.563 ± 0.6420 FC) thus 

compromising the validity of qPCR. Based on this, miR-101a-3p was selected for investigating 

downstream pathways and phenotypes. 

 

3.2.4. Validation of miR-101a-3p predicted target genes by luciferase reporter assay  

The focus of this study was set on the post synaptic compartment as the data analysis 

indicated. Four downregulated miR-101a-3p target mRNAs identified from RNA-seq: DAG1 (0.70 ± 

0.06 FC, p = 0.00017), DLGAP3 (0.66 ± 0.07 FC, p = 0.0012), SHISA6 (0.53 ± 0.05 FC, p = 0.000001), and 

GABRB2 (0.48± 0.07 FC, p = 0.000001) were associated with the post-synapse (Figure 5.2.B).  

In order to verify the miRNA-mRNA interactions we tested the interaction of miR-101a-3p and 

its targeting sequence in the 3′-UTR of the target mRNAs by the Gaussia luciferase reporter assay. 

The luciferase assay was performed for transfected HEK cells expressing the luciferase alone or under 

the control of the 3’-UTR of the miRNA target genes. In parallel, β-gal expression was used as an 

internal standard to normalize expression between replicates. MiR-101a-3psuccessfully targeted all 

four genes’ 3’-UTRs as shown by the reduced expression of Gaussia luciferase (Figure 6.1).  
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3.2.5. Levels of miR-101a-3p target genes do not follow RNA-seq pattern 

These mRNAs were validated with real-time qPCR (Figure 6.2.A). mRNA levels were calculated 

relative to the expression of ACTB that encodes for β-actin and was not found deregulated in the 

RNA-seq dataset. mRNA levels were found significantly downregulated only for GABRB2 and DLGAP3 

(DAG1 (1.19 ± 0.06 FC, p=0.29), DLGAP3 (0.60 ± 0.06 FC, p< 0,0001), SHISA6 (1.28± 0.11FC, p=0.045), 

and GABRB2 (0.64 ± 0.14 FC, p=0.01)). 

  

Figure 6.1. MiR-101a-3p targets 3’-UTRs of target mRNAs. A. Validation by Gaussia luciferase assay of mir-

101a-3p targeting the 3’UTRs of genes DAG1, GABRB2, DLGAP3, and SHISA6 (n = 6). Luciferase activity is 

normalised to β-galactosidase expression.  All data are expressed as mean ± SEM; Student’s t-test; * p-value 

< 0.05, ** p-value < 0.01, ***p-value < 0.001);  
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3.2.6. MiR-101a-3p target gene encoded proteins are downregulated 

Translation of target genes was evaluated by immunoblotting analysis (Figure 6.2.B, C). Shisa 

6 was not detected in both Wt and Tg animals probably due to low enrichment in the brain tissue 

lysate. Dystroglycan showed only a slight decrease in Tg animals accounting to 12% of the levels 

detected in Wt mice. GABA(A)b2 and SAPAP3 showed significant decrease of 53% and 64% 

respectively. In order to verify this decrease is due to the miRNA effect and not due to cell or synapse 

loss, further analysis was performed.  

To quantify dopaminergic neurons, TH+ cells were counted at four different bregma levels 

(Figure 6.3.). Quantification did not show any cell death in Tg animals at 6 months. Immunoblotting 

analysis (Figure 6.4.) did not show any changes of TH levels supporting no evidence of dopaminergic 
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Figure 6.2. MiR-101a-3p regulates target mRNAs and proteins. A. Validation by real time qPCR of mir-101a-

3p target genes DAG1, GABRB2, DLGAP3, and SHISA6 levels in Wt (n = 8) and Tg (n = 7) mouse midbrain. B. 

Quantification of target protein levels in Wt (n = 4) and Tg (n = 4) mouse midbrain by immunoblotting analysis 

and C. representative immunoblots. All data are expressed as mean ± SEM; Student’s t-test; * p-value < 0.05, 

** p-value < 0.01, ***p-value < 0.001);  
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neuron loss or neurotransmitter imbalance. Moreover, the post synaptic marker PSD95 validated no 

loss of post synaptic compartments in Tg animals indicating the downregulation of protein levels is 

due to miRNA mediated process affecting only the targeted proteins.  

Accordingly, pre-synaptic proteins, markers of synaptic vesicles (synaptophysin and 

synapsin2) and Soluble NSF-attachment proteins Receptor (SNARE) complex (syntaxin and SNAP25), 

were quantified. Quantification showed no significant changes in Tg mice compared to Wt animals 

(Figure 4.4) indicating no loss in presynaptic structures.  
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Figure 6.3. No evidence of dopaminergic cell death in substantia nigra at 6 months. A. Quantification of TH+ 

positive cells at levels -2.26, -2.8, -3.34, and -3.88 from bregma (n = 8 x 4 bregma levels) and B. representative 

images of level -3.34 from bregma for Wt and Tg animals; TH - green; MAP2 - red; scale bar =100 µm.  All data 

are expressed as mean ± SEM; Student’s t-test; * p-value < 0.05, ** p-value < 0.01, ***p-value < 0.001);  
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3.2.7. MiR-101a-3p expression peaks at 6 months and is specific for midbrain 

In order to further characterise miR-101a-3p, the expression pattern in different time points 

and tissues was analysed by real time qPCR. In particular, in order to associate the miRNA with a 

specific timeframe of the phenotype development miR-101a-3p levels were assessed at 4, 8, and 12 

months. miRNA was found elevated at 4 months (1.58 ± 0.24 FC), it peaks at 6 months and at 8 and 

12 months it drops to basal levels (Figure 6.5.A). At 6 months when the miRNA levels peak, neuronal 

plasticity deficits are already evident (Heinrich Schell et al. 2012) and at 8 months the first 

dopaminergic deficits appear (Ekmark-Lewén et al. 2018). 

Relevant expression levels of miR-101a-3p in different time points were assessed by 

comparing the difference in cycle time (ΔCt) for miR-101a-3p and the endogenous control RNU6 

(Figure 6.5.D). The higher the ΔCt the longer it takes for miR-101a-3p to be detectable compared to 

the endogenous control so the lesser the levels. In addition, based on the calculations of the Livak 

method each ΔCt corresponds to 2 folds change in expression. In Wt mice we observe reduced ΔCt 

values with ageing (ΔCt4 = 4.39±0.26, ΔCt6 = 3.57±0.28, ΔCt8= 3.01±0.22) interpreted as a stable 

increase of the miRNA with time. This pattern is followed in Tg mice as well only the increase rate is 

higher from 4 to 6 months (ΔCt4 = 3.93±0.23, ΔCt6 = 2.82±0.06, ΔCt8 = 3.01±0.20). These data present 

miR-101a-3p increase as a normal phenomenon in the ageing midbrain while the abrupt increase in 

Tg animals provides indications of early senescence or degeneration.  

miR-101a-3p levels assessment in other brain regions at 6 months showed no differences in 

cortex or hippocampus but an insignificant increase is observed in striatum (1.62 ± 0.28 FC) (Figure 

6.5.B). This indicates either the miRNA is overexpressed in striatum as well or it is transported via the 

nigrostriatal pathway by axonal transport.  

Finally, in order to evaluate the specificity of the observation thus far, the levels of miR-101a-

3p were evaluated in other tissues, namely the heart, lungs, and spleen (Figure 6.5.C). MiRNA levels 

were not altered in the organs indicating brain specificity and particularly midbrain specificity of miR-

101a-3p increase.  
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Figure 6.5. MiR-101a-3p expression pattern. Real time qPCR quantification of mir-101a-3p in A. midbrain of 4 

(n = 4), 8 (n = 4) and 12 (n = 4) month old animals; B. different brain regions at 6 month old animals (n = 4), 

and C. different tissues at 6 month old animals (n = 4). D. Comparative expression of miR-101a-3p ΔCt; 

difference in cycle time of detection to endogenous control in midbrain at different time points; All data are 

expressed as mean ± SEM; Student’s t-test; * p-value < 0.05, ** p-value < 0.01, ***p-value < 0.001);  
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3.3. The role of miR-101a-3p in synaptic plasticity and neurodegeneration 

3.3.1. MiR-101a-3p is enriched in synapses 

Considering miR-101a-3p affects primarily post synapses we next asked whether it is enriched 

in the specific cellular compartments. For this we isolated midbrain cytosol and synaptosome 

fractions of 6-month-old Wt mice. RNA was extracted form samples and miR-101a-3p was quantified 

by real time qPCR. To assess the miRNA levels in synaptosomes vs cytosolic fractions the enrichment 

ratio was calculatedas the fraction of the synaptosomal or cytosolic ΔCt to the total homogenate ΔCt 

as in Lugli et al (Lugli et al. 2012). Cytosolic miRNA levels were found similar to those in total 

homogenate while miRNA levels in synaptosomes were found enriched by 2-fold (2.42 ±0.26) (Figure 

6.6). This highlights that miR-101a-3p has a regulatory role near synapses even in physiological 

conditions. 

 

3.3.2. Midbrain neurons display altered dendritic morphology 

The cellular component of functional pathway analysis indicated the dendritic spines and post 

synapses as the affected compartments of miR-101a-3p, thus we sought to visualise the dendritic 

spines with the Golgi-Cox staining (Figure 6.7.C). Quantification was performed manually by 

inspection of at least 10 dendritic spine segments of 10 μm per mouse. Absolute number of dendritic 

spines was not different among Wt (6,471 ± 0,1583 / 10 μm) and Tg (6,485 ± 0,3969 / 10 μm) animals 
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Figure 6.6. MiR-101a-3p is enriched in midbrain synaptosomes of 6 month old Wt mice. A. Bar graph of miR-

101a-3p enrichment ratio in cytosol and synaptosomes compared to total homogenate and B. representative 

immunoblot of synaptic markers in the crude midbrain homogenate (hom), cytosolic fraction (cyt) and purified 

synaptosomes (syp).  
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(Figure 6.7.A). Further classification of dendritic spines to mushroom, thin and stubby revealed 

significant differences in the Tg mouse midbrain (Figure 6.7.B). Mushroom and thin spines are 

reduced by 24% (p = 0,0429) and 35% (p = 0.0007) respectively, while stubby spines are increased by 

69% (p = 0.0002). Mushroom spines are considered mature structures forming strong synaptic 

connections with bigger head relative to the thin spines that are considered more plastic structures 

(Bourne and Harris 2007). Stubby spines are considered immature structures, sparse in adult brain, 

while their increase is correlated with loss of mushroom spines (Hering and Sheng 2001). Decrease 

of mushroom and thin spines indicates an early phenotype of synaptic failure and impairments of 

synaptic plasticity.  
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Figure 6.7. Dendritic spine morphology is altered in Tg mouse midbrain. A. Quantification of total dendritic 

spine number and B. classification of mushroom, thin and stubby dendritic spines per 10 μm dendrite in Wt (n 

= 3) and Tg (n = 3) mice. (n ≥ 45 x 10 μm segments per condition manually counted with Fiji software). C. 

Schematic of the analysed brain region; sagittal level 14; lateral level 1.35 mm; scale bar = 2000 µm; Image 

credit: Allen Institute; and representative images of the analysed brain region in Wt mouse; brightfield; scale 

bar = 200 μm; and dendritic spine segments of Wt and Tg animals; brightfield; total length = 20 μm. All data 

are expressed as mean ± SEM; Student’s t-test; * p-value < 0.05, ** p-value < 0.01, ***p-value < 0.001); 
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3.3.3 MiR-101a-3p effects in vitro 

In order to assess whether the observed effect on dendritic spines is attributed to miR-101a-

3p increase we tested the effect of the miRNA overexpression in primary cortical mouse neurons. 

Neurons were infected with viral particles that induced the expression of miR-101a-3p or a scrambled 

miRNA as control. The scrambled miRNA was designed so that it showed no homology to the mouse 

genome excluding the possibility of RNA binding and downstream effects. Both viruses expressed 

green fluorescent protein (GFP) as a reporter for gene expression and for this, a virus expressing only 

GFP was used as an additional control. The analysis was focused on the miRNA target genes levels 

and neuronal morphological effects. 

 

3.3.4. MiR-101a-3p induced expression in primary cortical neurons 

MiR-101a-3p expression was induced on day in vitro (DIV) 1 and cells were allowed to grow 

until DIV 14. The relative levels of miR-101a-3p were quantified by real time qPCR to confirm miRNA 

induction. MiR-101a-3p was found significantly increased in miR-101a-3p induced neurons (1.33 ± 

0.11 FC) compared to scrambled induced neurons (0.92 ± 0.13 FC) (Figure 7.1.A). In order to verify 

the validity of these data the infection efficiency was estimated by calculating the percentage of 

infected neurons in the mass cultures and estimating the expressed levels of GFP per condition. 

Fluorescent images of the infected cultures (Figure 7.1.C) were used to calculate the percentage of 

infected cells counted as GFP positive cells to the total number of neurons stained with the neuronal 

marker microtubule-associated protein 2 (MAP2) positive cells. The percentages of infected cells 

showed consistency among the three conditions (control 65%, scrambled 72% and miR-101a-3p 67%) 

indicating that similar numbers of cells are infected in each condition (Figure 7.1.B). In addition, the 

percentage of infected cells is high enough to exclude the possibility of diluted observed effects. The 

levels of expressed GFP were estimated by immunoblotting analysis to verify all viruses are expressed 

in similar levels. GFP showed no significant changes among the three conditions (Figure 7.1.D, E). 

Collectively these data verify the scrambled miRNA and the miR-101a-3p are expressed in similar 

levels with the GFP control, in a comparative number of neurons.  

 

 



 

64 

 

 

3.3.5. MiR-101a-3p targets are downregulated  

The levels of target genes were validated again in this system to test the miRNA-mRNA 

interaction (Figure 7.2.A.). DAG1 was not altered upon miR-101a-3p expression (0.92 ± 0.11 FC) and 

SHISA6 showed similar increase with scrambled miRNA expression (miR-101a-3p (1.33 ± 0.28 FC) and 

scrambled (1.41 ± 0.29 FC)) compromising the validity of this interaction. Similar to the data from the 

mouse model, DLGAP3 and GABRB2 mRNAs were found significantly downregulated as expected 

(DLGAP3 (0.61 ± 0.20 FC, p=0.049) and GABRB2 (0.51 ± 0.24 FC, p=0.02)). 

Translation of target genes was evaluated by immunoblotting analysis (Figure 7.2.B, C). 

Dystroglycan was not detected in primary cultures. Shisa6 showed only a slight decrease upon miR-

101a-3p expression accounting to 15% of the levels detected in neurons expressing only GFP. Despite 
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Figure 7.1. Viral induction of mir101a-3p in vitro. A. Mir-101a-3p levels quantified by real-time qPCR in 

neurons infected with control vector expressing only GFP (control) (n = 4), vector expressing GFP and 

scrambled miRNA sequence (scrambled) (n = 4) and vector expressing GFP and miR-101a-3p (mir101a-3p) (n = 

4). B. Quantification of infected neurons in mass primary cultures expressed as the percentage of GFP positive 

cells to total neuron number. C. Representative image of infected mass cultures (infection with control vector 

is depicted); GFP - green; MAP2 - red; scale bar = 50 µm. D. Quantification of GFP levels in infected neurons by 

immunoblotting analysis and E. representative immunoblots. All data are expressed as mean ± SEM; Student’s 

t-test; * p-value < 0.05, ** p-value < 0.01, ***p-value < 0.001); 
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the observed effect in mRNA levels of neurons expressing scrambled miRNA, there was no evident 

change in the protein levels minimising the significance of the result. GABA (A)b2 and SAPAP3 showed 

significant decrease of 54% and 30% respectively confirming the downregulation of miR-101a-3p 

targets in vitro in a similar manner as the in vivo data. This confirms miR-101a-3p targets GABRB2 and 

DLGAP3. In order to validate miR-101a-3p has no gross effect on the synaptic compartment in vitro, 

the post synaptic marker PSD95 and pre-synaptic marker synaptophysin were quantified by 

immunoblotting and no significant changes were observed (Figure 7.2.D, E) in agreement with the in 

vivo data. For further investigation of the miRNA correlation with αsyn pathology we asked whether 

αsyn levels are increased in vitro upon miR-101a-3p induction. It was previously reported that miR-

101a-3p regulates autophagy (Frankel et al. 2011), a major culprit in synucleinopathies, leading αsyn 

accumulation (Ebrahimi-Fakhari et al. 2011). In addition, miR-101a-3p was shown to block autophagy 

and increase αsyn levels in oligodendroglial cells indicating its role in multiple system atrophy 

pathology (Valera et al. 2017). For this, levels of αsyn were assessed by immunoblotting but showed 

no alterations in neuronal cells expressing miR-101a-3p (Figure 7.2.D, E). This finding confirms a 

specific role of miR-101a-3p towards the postsynapses of neuronal cells and highlights the distinct 

effects of single miRNA in different cellular backgrounds. 
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Figure 7.2. MiR-101a-3p regulates target mRNAs and proteins but not synaptic proteins in vitro. A. Validation 

by real time qPCR of mir-101a-3p target genes DAG1, GABRB2, DLGAP3, and SHISA6 levels in neurons infected 

with control vector expressing only GFP (control) (n = 4), vector expressing GFP and scrambled miRNA 

sequence (scrambled) (n = 4) and vector expressing GFP and miR-101a-3p (mir101a-3p) (n = 4). B. 

Quantification of target protein levels in infected neurons by immunoblotting analysis and C. representative 

immunoblots. D. Quantification of synaptic protein levels in infected neurons (n = 4) by immunoblotting 

analysis and B. representative immunoblots. All data are expressed as mean ± SEM; Student’s t-test; * p-value 

< 0.05, ** p-value < 0.01, ***p-value < 0.001);  
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3.3.6. MiR-101a-3p reduces dendritic length and alters dendritic spine morphology  

To assess the dendritic effects upon miR-101a-3p induction in vitro neurons were cultured in 

the custom made MFDs. This device allows the separation of neuronal bodies from dendrites which 

are growing through microgrooves towards a different compartment and can be easily visualised with 

fluorescent microscopy with the MAP2 marker (Figure 7.3.A). Using this approach, the dendritic spine 

length was assessed by measuring the dendritic length starting from the point of exist to the empty 

compartment, counting in the length of the microgrooves. miR-101a-3p induction upon DIV1 resulted 

in significantly shorter dendrites (537.2 ± 17.4 μm) compared to GFP control and scrambled miRNA 

(749.1 ± 21.77 μm and 683.8 ± 22.11 μm respectively) (Figure 7.3.B-C). Considering those account 

only for the distal dendrites that can grow past the microgroove compartment, neurons were 

sparsely grown in order to assess the length of apical dendrites as well. Similarly, dendrite length was 

found significantly shorter upon miR-101a-3p expression (54.6 ± 2.8 μm) compared to GFP control 

and scrambled miRNA (160.0 ± 10.61 μm and 136.6 ± 6.7 μm respectively) (Figure 7.3.D-E).  

For the dendritic spine assessment, the spines were visualised with the MAP2 marker with 

confocal microscopy at an x 120 magnification. Quantification was performed manually by inspection 

of at least 30 dendritic spine segments of 10 μm per condition. Interestingly, in this isolated in vitro 

system absolute spine number was significantly decreased upon miR-101a-3p expression (5.8 ± 0.4/ 

10 μm) compared to GFP control and scrambled miRNA (7.2 ± 0.4/ 10 μm and 7.3 ± 0.3/ 10 μm 

respectively) (Figure 7.3.F). Further classification of dendritic spines to mushroom, thin and stubby 

revealed significant differences in the miR-101a-3p group (Figure 7.3.G). Mushroom spines were 

significantly reduced by 30% (Figure 7.3.D) while thin and stubby spines did not show any alterations. 

Reduced mushroom spines implicate an early phenotype of synaptic failure similar to the in vivo data 

while the increase of stubby spines in vivo, which is not observed here, is probably due to a 

compensatory mechanism. 

  



 

68 

 

 

 

m
ush

ro
om

th
in

st
uby

0

1

2

3

4

control

scrambled

mir101a-3p

**

sp
in

e
 n

u
m

b
e

r 
p

e
r 

10


m

co
ntro

l

sc
ra

m
ble

d

m
ir1

01a-3
p

0

50

100

150

200

***


m

co
ntro

l

sc
ra

m
ble

d

m
ir1

01a-3
p

0

2

4

6

8

10

*

sp
in

e
 n

u
m

b
e

r 
p

e
r 

10


m

A

D control scrambled mir101a-3p

F D

G control scrambled mir101a-3p

co
ntro

l

sc
ra

m
ble

d

m
ir1

01a-3
p

0

200

400

600

800

1000

***


m

B C

E

control scrambled mir101a-3p



 

69 

 

 

 

3.3.7. MiR-101a-3p is induced by αsyn species  

A direct correlation between αsyn levels and miR-101a-3p levels was sought. For this, primary 

neurons on DIV 5 were exposed to recombinant monomeric and oligomeric αsyn species as well as 

pre-formed fibrils (PFF) and incubated for 20 days according to recently published protocol (Mahul-

Mellier et al. 2020). MiR-101a-3p levels were quantified by qPCR (Figure 7.4.A) following the 

incubation period and a significant increase was identified in neuronal cells exposed to monomeric 

and oligomeric αsyn species (1.75 ± 0.38 FC and 1.75 ± 0.09 FC respectively). On the contrary, miR-

101a-3p increase was not observed in the PFF exposed group at DIV25 (1.02 ± 0.06 FC). This coincides 

with synaptic loss, as shown by reduced PSD95 and synaptophysin estimated by on immunoblots 

(Figure 7.4.B). This observation suggests either PFFs fail to induce miRNA increase or the miRNA is 

lost along with the synapses. Interestingly, the PFF exposure seems to increase αsyn phosphorylation 

at Ser129 (Figure 7.4.C).  

  

Figure 7.3. MiR-101a-3p reduces dendritic length and alters dendritic spine morphology in vitro. A. Photo of 

the custom made MFD; upper wells and chamber are filled with red dye and the bottom with blue dye. 

Fluorescent image of neurons cultured in the bottom chamber and the dendrites growing to the upper 

chamber through the microgrooves; MAP2 - red; scale bar =200 µm. B Bar graph of average length (μm) of 

distal dendrites growing through the microgrooves of MFDs of neurons infected with control vector expressing 

only GFP (control), vector expressing GFP and scrambled miRNA sequence (scrambled) and vector expressing 

GFP and miR-101a-3p (mir101a-3p) (n = 3 individual experiments x 3 MFDs per condition). C. Representative 

images of dendrites at the exit point to the upper chamber of the MFDs; MAP2 - red; scale bar = 50 µm. D. Bar 

graph of average length (μm) of apical dendrites in sparsely cultured infected neurons (n ≥ 25 cells from 4 

individual experiments per condition). E. Representative images of single infected neurons; GFP – green; MAP2 

- red; Hoechst – blue; scale bar = 10 µm. F. Quantification of total dendritic spine number and D. classification 

of mushroom, thin and stuby dendritic spines per 10 μm dendrite of infected neurons (n ≥ 32 x 10 μm segments 

per condition manually counted with Fiji software). G. Representative images of the dendritic spine segments; 

MAP2 – red; scale bar = 50 μm. All data are expressed as mean ± SEM; Student’s t-test; * p-value < 0.05, ** p-

value < 0.01, ***p-value < 0.001);  

 



 

70 

 

 

 

mir-101a-3p expression levels

PBS

m
onom

ers

olig
om

ers
PFF

s

0.0

0.5

1.0

1.5

2.0

2.5

*

*

fo
ld

 c
h

an
ge

-β-actin

-α-synuclein

kDa

250 -

100 -
70 -
55 -

35 -
25 -

15 -

co
n

tr
o

l 

m
o

n
o

 

o
lig

o
 

P
FF

co
n

tr
o

l 

m
o

n
o

 

o
lig

o
 

P
FF

Triton-X soluble SDS-soluble

-Phospho S129

100 -
70 -
55 -

35 -
25 -

15 -

co
n

tr
o

l 

m
o

n
o

 

o
lig

o
 

P
FF

kDa

100 -

35 -

25 -

42 -

- PSD95

- synaptophysin

- β-actin

BA

C

Figure 7.4. Primary neurons exposed to exogenous αsyn species show increased mir101a-3p. A. Mir-101a-

3p levels quantified by real-time qPCR in neurons exposed to monomeric and oligomeric αsyn species and 

PFFs. B. Immunoblot of synaptic markers in neurons exposed to the different αsyn species. C. Immunoblot of 

αsyn and phospho S129 αsyn sequentially extracted with detergents Triton-X100 and SDS from neurons 

exposed to the different αsyn species. 
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3.3.8. MiR-101a-3p is a negative modulator of synaptic plasticity 

Evidence so far indicates a direct negative role of miR-101a-3p in dendrite development and 

synaptic plasticity, to further validate this, we tested the levels of miR-101a-3p upon environmental 

enrichment which is known to exert the opposite effects in neurons. We quantified miR-101a3p in 

midbrain of 12-month-old mice grown in enriched environment (EE) and identified a significant 

reduction (0.6235 ± 0.02611 FC) (Figure 8) confirming the dynamic role of miR-101a-3p on synaptic 

phenotype. 

 

3.3.9. MiR-101a-3p is increased in the cortex of patients with Dementia with Lewy Bodies 

Finally, to validate the importance of our findings we assessed the miRNA levels in RNA 

samples isolated from cortex of 8 Dementia with Lewy Bodies (DLB) patients: 2 females and 6 males, 

aged 77.5 ± 8.2 years and 23±11.8 hrs post-mortem delay and 14 healthy individuals: 8 females and 

6 males aged 73 ± 16.3 years and 26±23.8 hrs post-mortem delay (Tissue from Newcastle University 

NBTR) (Table 1). Quantification of miR-101a-3p was with qPCR and showed significant increase in DLB 

samples (4.994 ± 0.93 FC) compared to the healthy individuals (1.728 ± 0.5134 FC) (Figure 9). This 

increase in cortex of DLB patients highlighted the potential miR-101a-3p as biomarker or therapeutic 

target. 
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Figure 8. Midbrain of mice grown in EE shows decreased mir-101a-3p levels. A. Mir-101a-3p levels quantified 

by real-time qPCR in midbrain of mice grown in standard environment (n = 4) or enriched environment (n = 4). 

All data are expressed as mean ± SEM; Student’s t-test; * p-value < 0.05, ** p-value < 0.01, ***p-value < 0.001);  
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Figure 9. MiR-101a-3p is increased in the cortex of patients with Dementia with Lewy Bodies. A. Mir-101a-

3p levels quantified by real-time qPCR in cortex of 8 DLB patients and 14 control samples of healthy individuals; 

p = 0.0027; All data are expressed as mean ± SEM; Student’s t-test; * p-value < 0.05, ** p-value < 0.01, ***p-

value < 0.001);  
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4. Discussion 

4.1. Small RNA profiling and pathway analysis in [A30P] αsyn mice 

PD is a chronic neurodegenerative disease only second  to AD in incidence rate (de Lau and 

Breteler 2006). Research over the past decades has pointed out that PD is a multifactorial disorder 

(Rocha, De Miranda, and Sanders 2018; Navarro-Sánchez et al. 2018). Since the 70’s the only 

treatment available is the pharmacological supplementation of dopamine with L-DOPA, that only 

slows down the motor symptoms arising from the pathology, without rescuing disease progression 

(Lees, Tolosa, and Olanow 2015; You et al. 2018). PD treatment inefficiency is mostly due to the late 

diagnosis which comes when motor symptoms appear and brain degeneration is already at an 

advanced stage (Postuma et al. 2015). After extensive studies on PD and other synucleinopathies’ 

pathogenesis and mechanisms of disease progression, investigation is focusing on biochemical and 

molecular changes in early disease stages. (Schirinzi et al. 2016; Ghiglieri, Calabrese, and Calabresi 

2018). As the disease is multifaceted, so are the studies evaluating early pathology with part of them 

focusing on gene expression analysis (Urbizu and Beyer 2020).  

Genetic factors have been extensively studied in synucleinopathies, and GWAS have 

associated several genes with the different disease forms. Mutations in one or more of the PARK 

genes induce familial forms of PD and other synucleinopathies while other polymorphisms identified 

by GWAS lead to higher chances of developing familial or sporadic PD (Y. I. Li et al. 2019). These 

extensive genetic studies provide hints on the susceptibility of certain population to develop PD and 

other synucleinopathies. In order to fully understand the genetic impact on PD development, 

underlying epigenetic changes in early stages need to be studied (Jakubowski and Labrie 2017; Pavlou 

et al. 2016). In this study, we focused on epigenetic regulation by RNAs and presented small RNA 

deregulation in a mouse model of familial PD at an early stage, prior neuron loss and phenotype 

onset. 

PD is characterised by progressive loss of dopaminergic neurons in the SN. The majority of PD 

mouse models aiming to replicate a robust cell loss employ the use of toxins like 6-hydroxydopamine 

(6-OHDA), MPTP, paraquat, and rotenone (Betarbet et al. 2000; Meredith and Rademacher 2011; 

Manning-Bog et al. 2002; Ungerstedt 1968) or injection of αsyn species in different brain regions (Luk 

et al. 2012; Mason et al. 2016; Paumier et al. 2015). These models offer acute neurodegeneration 

replicating many phenotypic characteristics of PD but their major disadvantage is they do not 

replicate the chronic progressive development of disease. On the contrary, transgenic mouse models 
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expressing high levels of human Wt αsyn or mutant αsyn forms show a middle age onset with gradual 

development of neuropathology and phenotype (Masliah et al. 2000; Kahle et al. 2000; Giasson et al. 

2002). 

The mouse model expressing human mutant [A30P] αsyn has been well charaterised in terms 

of neuropathology and phenotype. This model expresses [A30P] αsyn under the Thy-1 promoter and 

shows two-fold αsyn expression relative to endogenous levels and accumulation of the protein in 

both soma and neurites of neurons in SN, cerebellum, neocortex and brainstem (Kahle et al. 2000). 

Misfolded phosphorylated αsyn formations resistant to proteinase K digestion with amyloid 

characteristics start appearing at 8 month-old mice, accompanied by locomotor impairments and 

reduced TH levels (Neumann et al. 2002). Fine motor impairments and hyperactivity are already 

evident at 2 month-old mice and progressively deteriorate till later age (Ekmark-Lewén et al. 2018; 

Freichel et al. 2007). Phenotype fully features at 12 months when mice show severe locomotor 

impairments and cognitive decline (Freichel et al. 2007). Collectively, this model resembles age-

dependent neuropathology of synucleinopathies and cognitive impairments simulating DLB.  

The [A30P] mouse biochemistry is obviously extensively studied. However, epigenetic studies 

in this model are still minimum. Phosphorylated αsyn species were shown to accumulate in nucleus 

and differential αsyn DNA binding was observed accompanied by transcriptional deregulation (Paiva 

et al. 2018; H. Schell et al. 2009). One study has looked into RNA based processes in this model by 

identifying miRNA signatures by chip analysis in the brainstem of 12-month-old mice (Gillardon et al. 

2008). The brainstem is abundant of accumulated αsyn but not affected by neuronal cell loss thus 

the effect of αsyn burden and cell stress is identified in this study. Here we analysed the midbrain 

miRNAome by small RNA-seq at 6-month-old Tg mice and littermate controls. Based on the 

characterisation of this model at this time point αsyn has already started to aggregate to amyloid-

like species and neuronal function is disturbed while neurons and synapses are intact. Assessing the 

neurons known to degenerate from αsyn burden before this happens provides the possibility to 

identify processes that lead to cell loss. To our best knowledge, this study is the first attempt to assess 

miRNAs at an early age in [A30P] mouse midbrain. We identified significant deregulation of 

microRNAs (Figure 1) highlighting the epigenetic potential on phenotype development. The 

deregulated miRNAs from our dataset showed some consistency with data sets from PD patients and 

other PD models (Singh and Sen 2017; Mouradian 2012; Gillardon et al. 2008), while many novel 

miRNAs were identified.  
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The majority of upregulated miRNAs target genes related to development and morphogenesis 

while the downregulated miRNAs target genes related to secretion and exocytosis (Figure 2.1.). As 

previously mentioned, αsyn is not traditionally producing gross developmental deficits (Abeliovich et 

al. 2000; Fernagut and Chesselet 2004) although the protein has been implicated in some 

developmental processes. The direction of the effect is still not clear as αsyn was shown to negatively 

regulate development of enteric neurons and primary midbrain neurons (Swaminathan et al. 2019; 

Koch et al. 2015) and enhance development of corticostriatal glutamatergic projections (Schechter 

et al. 2020). Interestingly, the role of αsyn in these neuronal subtypes correlates with their 

susceptibility to the protein as enteric and dopaminergic neurons are known to degenerate in 

synucleinopathies while the corticostriatal pathway is only indirectly affected (Baumuratov et al. 

2016; W Dauer and Przedborski 2003). These pathways are probably attributed to the top 

upregulated miRNAs miR-690, miR-582-3p and the cluster miR-183-5p, miR-182-5p, all of which are 

increased upon neuronal injury and correlated with dendritic and/or neuronal development 

(Hunsberger et al. 2013; Roser et al. 2018; Fang et al. 2015).  

Lastly, we should note that the process showing the highest enrichment is the “regulation of 

telomere maintenance”. One study in this mouse model has identified shorter telomere size as an 

important factor accelerating αsyn pathology (Scheffold et al. 2016). Telomere size assessment in 

patients with PD and DLB indicated shorter telomeres in comparison with healthy population which 

is indicative for both accelerated senescence and accelerated disease progression (Kume et al. 2012; 

Jing et al. 2008). 

The implication of downregulated miRNAs target genes in secretory pathways indicate a 

responsive role of ncRNAs in processes like protein secretion and synaptic transmission. Αsyn is 

clearly implicated in SNARE exocytosis, synaptic vesicle cycle and neurotransmission release (Maria 

Grazia Spillantini and Goedert 2006; Abeliovich et al. 2000; Nemani et al. 2010). The protein itself is 

secreted to the extracellular space as it is found incorporated in exosomes and synaptic vesicles 

(Emmanouilidou et al. 2010, 2016; El-Agnaf 2003). Both monomers and oligomers are incorporated 

into vesicles due to the high affinity of the protein to membranes of high curvature leading to 

disturbances in vesicle-related pathways like the ER-Golgi secretory pathway (Ouberai et al. 2013; 

Credle et al. 2015; H. J. Lee, Patel, and Lee 2005). In addition to that, ER-Golgi pathway is impaired 

by αsyn accumulation that triggers the activation of a defense mechanism known as the unfolded 

protein response (UPR) leading to neuronal death (Bellucci et al. 2011; Colla 2019). MiR-702-3p, miR-
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339-5p, and miR-29-5p identified in the top downregulated miRNAs are downregulated by ER stress 

and are implicated in UPR and apoptosis (Mcmahon, Samali, and Chevet 2017; Berry, Lal, and 

Binukumar 2018; Long, Ray, and Lahiri 2014). Of note, miR-29-5p has been previously linked with 

neurodegeneration as it is found downregulated in blood serum of PD patients and brain of AD 

patients (Bai et al. 2017; Shioya et al. 2010; Roshan et al. 2014). In addition, the miR-491-5p and miR-

7080-5p are both defined as negative modulators of neurotransmission (Sun et al. 2018; X. Jia et al. 

2016). 

In terms of cellular localisation of the miRNA target genes, the synapse was strongly projected 

either as pre- or post-synaptic compartment (Figure 2.2.). This correlation validated our initial 

strategy for identifying pathways implicated in synaptic impairment prior neuronal loss. 

Neurodegenerative disorders are often classified as synaptopathies, meaning synaptic impairments 

are evident prior neuronal degeneration (Schirinzi et al. 2016; Spires-Jones and Hyman 2015; Fogarty 

2019; J. Y. Li, Plomann, and Brundin 2003). Synaptic dyshomeostasis is seen as an early event in the 

pathogenesis of synucleinopathies in both human studies and animal models (Bellucci et al. 2016). 

The unique characteristic of synapse is its dynamic nature. The fine-tuned homeostatic 

mechanisms leading neuronal plasticity which can maintain or alter neuronal networks are vital for 

synapses. Minor synaptic imbalances can render this characteristic the major cause of susceptibility 

to synaptic damage. Biological pathways identified from the target genes of miRNAs indicated 

changes in neuronal development and transmission, both disturbing synaptic plasticity (Picconi, 

Piccoli, and Calabresi 2012; Ghiglieri, Calabrese, and Calabresi 2018). Synaptic plasticity requires local 

dendritic protein synthesis which is partially controlled by local post-transcriptional regulation 

(Sutton and Schuman 2006). MiRNAs and the machinery for their biogenesis is present in dendritic 

spines providing a new dimension on the identified cellular components related to terms such as 

“spine” and “postsynapse” which may be indicative of local events (Lugli et al. 2008, 2012). 

Moreover, two of the cellular components identified drew our attention. The first is related 

to upregulated miRNA target genes and is about glutamatergic synapse. Midbrain is rich in 

glutamatergic neurons but they have not been reported to degenerate in midbrain upon αsyn 

mediated stress (Morales and Root 2014). On the contrary, studies on animal models and PD patients 

indicate significant glutamatergic synapse loss, dendritic spine pathology and microcircuit 

impairments in the striatum, which is considered an indirect effect mediated by dopamine loss 

(Villalba, Mathai, and Smith 2015). It would be interesting to study whether glutamate neurons suffer 



 

77 

 

 

prior the dopamine neurons leading the imbalance that eventually causes dopaminergic neuron loss. 

The second component is listed in the downregulated miRNA target genes where the highest 

enrichment ratio is for Schaffer collateral. The Schaffer collateral is an integral part of memory 

formation and requires midbrain dopamine neurons for the long-term potentiation (LTP) (Rosen, 

Cheung, and Siegelbaum 2015). This is particularly interesting considering the memory deficits 

displayed by our mouse model.  

Finally, the majority of the enriched molecular processes linked with both upregulated and 

downregulated target genes correlated with Ras pathway, kinases and GTPases. Leading proteins of 

the Ras signalling pathway have been correlated with PD and synucleinopathies (E. K. Kim and Choi 

2010; Bohush, Niewiadomska, and Filipek 2018; Obergasteiger et al. 2018). Ras pathway includes 

many kinases and GTPases but we cannot exclude the possibility of independent kinases regulated 

by miRNA processes. Many kinases have been implemented in PD pathogenesis and are even 

considered promising therapeutic targets (Tönges et al. 2012; Valente et al. 2004; Price et al. 2018; 

Tatenhorst et al. 2016). In addition to these components a great percentage of the genes targeted by 

downregulated miRNAs were DNA-related processes. Although αsyn physiology has been implicated 

in DNA damage response, the link with neurodegeneration and PD development is still not clear but 

holds great potential (Schaser et al. 2019; Pinho et al. 2019; Merlo et al. 2016). 

 

4.2. MiRNA effects on transcript regulation and synaptic pathways 

MiRNAs target mRNAs and mediate gene silencing by complementary binding of a 6-8 

nucleotide region (Brennecke et al. 2005). Although silencing mechanisms are well studied accurate 

prediction of target genes is still a challenge. Factors like stereochemistry and thermodynamics affect 

the stability of mRNA and accessibility of the complementary site defining the actual binding and 

outcome (J. T. Roberts and Borchert 2017). Despite the different computational methods employed 

and the development of different tools for miRNA target gene prediction, about 30% of the predicted 

targets are false positives (Enright et al. 2003; Hsu et al. 2011; Lewis et al. 2003). To bypass this issue 

and increase the confidence of predicted miRNA effects we integrated the transcriptomic data set 

previously produced from RNA seq of the same RNA samples (Paiva et al. 2018). Correlating the 

miRNAome with the transcriptomic profile we identified the predicted miRNA target genes in the 

transcriptomic data set and selected the negative miRNA-mRNA interactions (Figure 3.1.A). This 

means, only downregulated mRNAs were appointed to upregulated miRNAs and contrariwise. Only 
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those valid miRNA-mRNA interacting pairs were considered for downstream analysis. Finally, in order 

to select the most relevant pairs the miRNAs were filtered according to number of target genes 

(Figure 3.1.B) and expression levels (Figure 3.1.C). This approach obviously restricted the candidate 

miRNAs but significantly increased the confidence of validity, reducing the possibility of identifying 

mRNAs targeted via non-canonical interactions or low proficiency matches with low biological impact 

(Agarwal et al. 2015; Garcia et al. 2010). 

The downregulated let-7b-3p and miR-486a-3p were identified as the top interacting miRNAs 

with 138 and 104 upregulated target mRNAs respectively (Figure 3.1.B). Those miRNAs showed a low 

number of reads (Figure 3.1.C) indicative of lower expression in the mouse midbrain reducing the 

chances of producing a strong phenotype alone. Considering the large number of targets, we cannot 

exclude the possibility of synergistic effects from other miRNAs targeting the same genes to produce 

the phenotype.  

Let-7 is very well conserved across species and shows a high homology in mouse and human 

(Pasquinelli et al. 2000). Let-7a-g, let-7i, and let-7k share the same sequence for target recognition 

but are produced from different genomic locations (Roush and Slack 2008). As previously mentioned, 

let-7 is an important regulator of immune response in PD related to apoptosis and axon guidance (X. 

Wang et al. 2019; Lehmann et al. 2012). Let-7 was found downregulated in Caenorhabditis elegans 

PD models and in a manganese induced synucleinopathy cellular model (Asikainen et al. 2010; He et 

al. 2017). On the contrary, different let-7 homologues, including let-7b, have been found upregulated 

in human CSF and brain tissue from synucleinopathy patients (C. E. Briggs et al. 2015; Gui et al. 2015; 

Tatura et al. 2016; Dorval et al. 2014; Burgos et al. 2014). Interestingly, let-7 is found downregulated 

in blood of PD patients only before they start treatment (Lei Chen et al. 2018). This could be the 

reason behind the disagreement on let-7 deregulation results coming from synucleinopathy models 

and studies from PD patients. Similar discrepancy is observed in AD studies and it would be 

interesting to investigate whether drug related effects apply in this case as well (Gámez-Valero et al. 

2019).  

miR-486a-3p has not been studied in the context of αsyn pathology but has been previously 

linked with Amyotrophic Lateral Sclerosis and Huntington´s disease which indicates it might be an 

interesting player in the context of neurodegeneration (Hoss et al. 2016; Waller et al. 2018). 

Following the top 2 interacting miRNAs, a group of 4 miRNAs showed comparable number of 

target genes. The upregulated miR-101a-3p with 60 target genes and the downregulated let-7c-1-3p, 
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miR-344d-3p, and miR-543-3p with 57, 55, and 53 target genes respectively (Figure 3.1.B). Of those, 

miR-543-3p and miR-101a-3p are the miRNAs with highest expression levels providing confidence of 

producing a strong phenotype. This is partially confirmed by cellular component analysis for both 

miRNA target genes (Figure 3.2.A) indicating dendritic spines as the affected compartments which is 

reflected to the bulk data set (Figure 2.2). 

MiR-543 has not been extensively studied in the context of neurobiology, regardless it was 

found highly expressed in mouse midbrain (Figure 3.1.C). One study in MPTP treated mice identified 

miR-543 inhibition has neuroprotective effects implicated in glutamate excitotoxicity (X. Wu et al. 

2019). Downregulation of miR-543 has been previously linked with increased NF-κB expression and 

mediated pro-inflammatory response which decreased the level of apoptosis and promoted the 

release of nerve repair factors. (Zhao, Cui, and Zhang 2021). In addition, phosphatase and tensin 

homolog on chromosome 10 (PTEN) is a direct target of miR-543. MiR-543 downregulation can 

elevate PTEN which is a crucial regulator of neuronal development, neuronal survival, axonal 

regeneration and synaptic plasticity. (Ismail et al. 2012; G. Liu, Zhou, and Dong 2019). Collectively, 

these data indicate downregulation of miR-543 as a compensatory mechanism in a cellular attempt 

to escape early injury and enhance neuronal survival.  

MiR-543 target genes, all of which were upregulated due to the negative correlation analysis, 

indicated a positive regulation of potassium channel activity and dendrite morphogenesis (Figure 

3.2.A). These findings are not surprising as potassium channels are highly expressed in neuronal 

dendrites and key players in synaptic plasticity (Yuan and Chen 2006; Johnston et al. 2003). In 

agreement with our finding, potassium channels are upregulated in surviving neurons in PD brain 

indicating electrical activity is enhanced to compensate for neurotransmitter loss (Schiemann et al. 

2012; Dragicevic, Schiemann, and Liss 2015). This compensatory mechanism may offer harmful 

effects as enhanced activity of potassium channels and the subsequent depolarisation may activate 

calcium channels leading calcium overload which in turn results in excitotoxicity and further αsyn 

secretion creating a deleterious feedback loop (Chan et al. 2007; Chan, Gertler, and Surmeier 2009; 

Emmanouilidou et al. 2010). MiR-543 seems to modulate a network of great interest in synapse 

physiology and synucleinopathy. 

In contrast to miR-543, miR-101 has been studied in the context of physiology and pathology 

of nervous system. Expression of miR-101 in the postnatal hippocampus was shown to regulate 

GABAergic signaling maturation to limit spontaneous activity and block uncontrollable dendritic 
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growth. In addition to that, it regulates glutamatergic synapses by preventing pre-synaptic 

components from increasing synaptic density (Lippi et al. 2016). High levels of miR-101 are identified 

in the postnatal cortex as well, suggesting the observed effects may apply to other regions of 

postnatal brain (Chi et al. 2009). Studies focusing on miR-101 in the adult brain indicated modulation 

of different pathways highlighting the miRNA has distinct roles in postnatal and adult brain (Vilardo 

et al. 2010; Y. Lee et al. 2008). 

While miR-101 shows a physiological role in postnatal brain, it is linked with 

neurodegenerative disorders in the adult brain. miR-101 participates in the posttranscriptional 

regulation of mutant ataxin1 gene and effectively results in reduction of the abnormal accumulation 

of polyglutamine-expanded ataxin1 which is implicated in spinocerebellar ataxia (Y. Lee et al. 2008). 

In addition, miR-101 targets Ras homolog enriched in striatum (Rhes), a small GTP-binding protein 

implicated in Huntington’s disease (Mizuno and Taketomi 2018). Considering there are only a few 

known polyglutamine disorders including Huntington´s and spinocerebellar ataxia, it would be 

interesting to further investigate the effect of miR-101 in this context (Dong and Cong 2019).  

Amyloid-Precursor-Protein (APP) is also a target of miR-101, rendering the miRNA a potent 

modulator of amyloid beta (Αβ) accumulation and fibril formation (Vilardo et al. 2010; Long and Lahiri 

2011). MiR-101 is further identified as a modulator of neuroinflammation by targeting 

cyclooxygenase-2 which is an important player in neurodegeneration modulating both protein 

aggregation and inflammation (Tanaka et al. 2009; Gresa-Arribas et al. 2012; Figueiredo-Pereira et al. 

2014). In microglia, miR-101 seems to induce their development by blocking mitogen-activated 

protein kinase (MAPK) and promote the expression of pro-inflammatory cytokines like interleukin-6 

(IL-6) and tumour necrosis factor (TNFα) (Gao et al. 2014; Saika et al. 2017). Similar effects are 

observed in macrophages indicating miR-101 is a positive regulator of inflammatory processes (Q.-Y. 

Zhu et al. 2010).  

MiR-101 was also studied in the context of synucleinopathy, with increased expression 

identified in the striatum of MSA patients. MiR-101 was further found to inhibit autophagy in 

oligodendrocytes and promote αsyn accumulation (Valera et al. 2017). In addition, αsyn was found 

to downregulate lncRNA-T199678, which acts as a miR-101 sponge. In this study, αsyn overexpression 

was correlated with increased miR-101 and neuronal injury but downstream gene targets were not 

studied (Bu et al. 2020).  
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The downregulated gene set targeted by miR-101 includes Αβ related processes confirming 

APP targeting as in previous studies. In addition, downregulation of genes related to biological 

processes like cytoskeletal anchoring, synapse assembly and synaptic plasticity resemble events 

observed in miR-101 studies in postnatal stages. Interestingly, both APP and Αβ regulate synaptic 

plasticity while Aβ pathology is associated with cognitive decline in PD, and a phenotype in our mouse 

model (Lim et al. 2019; Parihar and Brewer 2010; Jendroska et al. 1996). MiR-101 is tightly correlated 

with early neuronal physiology while in later age it seems to enhance neurodegeneration. Moreover, 

the distinct effects observed in different cells highlight the dynamic nature of miRNAs and the 

diversity of posttranscriptional regulation programmes.  

Collectively miR-543 and miR-101 are excellent candidates for mechanistic studies in the 

context of synucleinopathy. In order to validate these findings with a second method, the levels of 

both miRNAs were assessed qPCR on independent biological replicate samples (Figure 3.2.B). 

Deregulation was confirmed for both miRNAs but miR-543 expression showed high variability in 

midbrain of Wt mice so this study was focused on miR-101a-3p. The target genes of miR-101a-3p 

were filtered for dendritic localisation in order to identify processes taking place locally at synapses 

at this early disease stage (Figure 3.2.C). The dendrite-relevant differentially expressed genes 

targeted by miR-101a-3p were DAG1, DLGAP3, SHISA6, and GABRB2.  

DAG1 encodes for α- and β-dystroglycan, two major structural proteins and cell adhesion 

receptors expressed in the nervous system and found within the PSD of dendritic spines (Durbeej et 

al. 1998; Dansie and Ethell 2011). Dystroglycan is essential for embryonic development and 

participates in synaptic plasticity by facilitating LTP (Satz et al. 2010; Williamson et al. 1997). In 

addition, it is implicated in axon guidance and synapse formation (Sato et al. 2008; Wright et al. 2012). 

There is a discrepancy between studies on the importance of dystroglycan in dendritic spines, 

attributed mainly on the different cell types used. Data so far indicate dystroglycan is a key player in 

dendritic formation of inhibitory neurons (Bijata, Wlodarczyk, and Figiel 2015; Lévi et al. 2002; Satz 

et al. 2010; Levy, Omar, and Koleske 2014). There are several disorders related to DAG1 mutations 

which can completely eliminate dystroglycan expression resulting disrupted nervous system 

development and progressive muscular dystrophy (Cormand et al. 2001; Barresi and Campbell 2006). 

One study has linked dystroglycan with PD and AD, identifying higher levels of the protein in CSF of 

patients compared to healthy controls (Yin et al. 2009). While this does not correlate with our 
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observation in the mouse model, several parameters including the species, disease stage and cohort 

characteristics need to be considered in addition to further studies to confirm such findings.  

DLGAP3 encodes for synapse-associated protein 90 (SAP90)/postsynaptic density protein 95 

(PSD95)-associated protein 3 (SAPAP3), a guanylate kinase associated protein that participates in 

purine metabolism (E. Kim et al. 1997). SAPAP3 mRNA is targeted to dendritic spines and is mainly 

identified in excitatory synapses (Welch, Wang, and Feng 2004a). SAPAP3 interacts with many 

proteins at the PSD serving both as an anchoring protein maintaining the structure of PSD by 

concentrating its components to the membrane but also as a signaling complex via interactions with 

signaling molecules thus exerting many functions (Takeuchi et al. 1997; E. Kim and Sheng 2004; 

Welch, Wang, and Feng 2004b). Blocking the synaptic interaction of SAPAP3 with PSD95 was shown 

to have a negative effect on dendritic spine development in cultured neurons (J. Zhu et al. 2017). Due 

to the multiple functions of SAPAP3 in synaptic morphology and plasticity, mutations and deletion of 

the protein lead to psychiatric disorders and neurodevelopmental diseases (Grant 2012; Marín 2012). 

In particular, it is linked with neuropathology of Autism Spectrum Disorders, Obsessive-Compulsive 

Disorders, and Tourette’s syndrome in humans (Bienvenu et al. 2009; Crane et al. 2011; Züchner et 

al. 2009). DLGAP3 has been identified as a promising candidate gene for PD by microarray-based gene 

expression profiling of human blood samples (S. Liu et al. 2016). Interestingly, PD patients often 

develop Obsessive-Compulsive Disorder due to impairments of the basal ganglia circuitry (Alegret et 

al. 2001; Mallet et al. 2002). 

SHISA6 encodes for another protein interacting with PSD95, the homonymous Shisa6. Little is 

known about Shisa6 physiology. It is enriched in dendritic spines and is identified as an auxiliary 

subunit of α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA) receptors and regulates 

the stability of the receptor at the active site preventing desensitization during excessive neuronal 

activity (Klaassen et al. 2016). Shisa6 modulates synaptic function while in the absence of the protein 

significant impairments develop in memory formation (Sa sa Peter et al. 2020). One study in stem 

cells reported Shisa6 is a Wnt inhibitor, indicating an important role in development (Tokue et al. 

2017). This is further validated by several studies associating Shisa6 with eye and neuronal 

development in persons with myopia (J. Li et al. 2015; Oishi et al. 2013; Kiefer et al. 2013). Finally, 

RNA seq of blood samples from PD patients identified Shisa6 downregulation as an aggravating gene 

in PD pathology (Xue et al. 2020).  
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Lastly, GABRB2 encodes for Gamma-Aminobutyric Acid (GABA) Type A Receptor Subunit 

Beta2 (GABA(A)b2) that is necessary but not sufficient for the formation of the multi-subunit chloride 

channel that mediates the fast inhibitory neurotransmission (Enna 2007). GABA is an important 

player in maintaining a healthy neurotransmission pace (Taketo and Yoshioka 2000; Barbin et al. 

1993; Behar et al. 1996). Different GABA receptor compositions have the dynamic to induce changes 

in neuronal migration, differentiation, proliferation and outgrowth (Hong Jin et al. 2003; Y. Wu et al. 

2007). GABRB2 knock out in mice results in loss of more than 50% GABA A receptors and results in 

hyperactivity, memory deficits, and anxiety (Yeung et al. 2018; Sur et al. 2001). GABA release in early 

postnatal stages mediates dendritic spine formation via GABA A receptor activation while in adult it 

regulates competitive interactions between enlargement and shrinkage of spines (Oh et al. 2016; 

Hayama et al. 2013). PD is characterised by lower GABAergic neurotransmission as shown by both PD 

models and patient CSF (Feng et al. 2014; Teychenné et al. 1982; Abbott, Pye, and Nahorski 1982; 

Manyam 1982; B. M. Roberts et al. 2020; Mograbi et al. 2017).  

The identified miR-101a-3p target genes are all potent modulators of synapse function and 

formation and dendritic spine development thus modulating synaptic plasticity. Interestingly, they 

have all been previously correlated with PD or other neurodegenerative and neurodevelopmental 

disorders indicating their importance in neuronal physiology. Since all four genes display interest in 

regards with PD pathology and synaptic function we decided to proceed with further validation. A 

targeting sequence for miR-101a-3p was identified in the 3’-UTR of the mRNAs and the interaction 

was tested with an adapted luciferase reporter gene assay for the effect of microRNAs (Y. Jin et al. 

2013). With this, we validated all 4 mRNAs are effectively targeted by the miRNA (Figure 4.1). We 

identified significant downregulation of DLGAP3, SHISA6, and GABRB2. DAG1, was also decreased but 

did not display statistical significance. Of note, the 3’-UTR of SHISA6 includes 2 target sequences for 

miR-101a-3p but this did not correlate with increased mRNA targeting and/or reduction. This 

validation certified our initial filtering criteria for selecting only true miRNA-mRNA interactions. 

Proceeding to the quantification of the target gene levels by qPCR for second degree 

validation we found downregulation of GABRB2 and DLGAP3 as expected based on the DESeq 

analysis (Figure 3.2.C) and Luciferase assay (Figure 4.1). In particular, GABRB2 and DLGAP3 showed a 

significant decrease in Tg mouse midbrain compared to Wt mice and DAG1 and SHISA6 showed a 

slight change with no statistical significance (Figure 4.2.A). To validate the effect of miR-101a-3p in 

mRNAs translation, protein levels were estimated by immunoblotting analysis. We found that GABA 
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Ab2 and SAPAP3 are highly reduced, dystroglycan is not affected, while Shisa6 was not detected at 

all in mouse midbrain (Figure 4.2.B, C). Interestingly, both luciferase assay and qPCR verified miR-

101a-3p effect on DAG1 is milder compared to the other genes. Next, we verified there is no evident 

neuronal loss (Figure 4.3) or any robust changes in presynaptic or postsynaptic components (Figure 

4.4) at this early time point. This is in agreement with previous characterisation of the mouse model 

(Neumann et al. 2002) and indicates the synaptic compartment is still intact although possibly already 

affected by the downregulation of GABA A receptor and SAPAP3.  

Finally, in order to further characterise miR-101a-3p we sought to identify the expression 

pattern in different time points and tissues. Assessment of miR-101a-3p in different brain regions 

(Figure 4.5.B) and tissues (Figure 4.5.C) at 6-month-old mice showed that the miRNA increase is 

specific for midbrain. Then we looked at the midbrain in different time points and found in Tg mice 

the expression of miR-101a-3p is already increased at 4 months, it peaks at 6 months and is equalised 

with Wt mice at 8 and 12 months (Figure 4.5.A). Correlating the different ages in Wt and Tg mice we 

found out that the miRNA levels equalised at 8 months because miR-101a-3p is physiologically 

increased with age (Figure 4.5.D). In our PD mouse model, a faster increase is observed starting 

already at 4 months indicating miR-101a-3p mediates faster senescence or affects common pathways 

in neurodegeneration and ageing. PD is known for developing neuronal senescence of early onset 

(Martínez-Cué and Rueda 2020) and here we show for the first time miR-101a-3p is not only 

correlated with disease in adult brain (Vilardo et al. 2010; Y. Lee et al. 2008) but is also related with 

the ageing brain. Further studies will be needed to identify the physiology of miR-101a-3p and the 

transcripts modulated from postnatal stages to the ageing brain. 

 

4.3. The role of miR-101a-3p in synaptic plasticity and neurodegeneration 

The list of miRNAs involved in synaptic development, function and plasticity is continuously 

increasing and so are the miRNAs identified in pre- and post-synaptic compartment (Cohen et al. 

2011; Lugli et al. 2008, 2005). Identification of miRNA processing machinery at the synapse 

highlighted that the local action of miRNAs in remote cellular compartments is one of their core 

features (Steward and Schuman 2001; Tiedge and Brosius 1996). We speculated miR-101a-3p 

localises at synapses due to the direct link with synaptic processes. Previous studies identified miR-

101a-3p enrichment in synaptosomes prepared from hippocampus of 3-month-old mice and 

forebrain of 11-month-old mice (Zongaro et al. 2013; Epple et al. 2021). Here we confirmed miR-
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101a-3p is enriched in synaptosomes prepared from midbrain of 6-month-old mice (Figure 4.6). 

These findings confirm miR-101a-3p localises at mouse brain synapses in different ages and regions 

highlighting its importance in synaptic physiology. Despite the findings in mouse, one study identified 

miR-101a-3p is less abundant in synaptosomes from human frontal cortex. In this study, the 

contradicting result could be due to the different species but synaptosomes were prepared from 

frozen tissue and the quality of synaptosomes as well as the miRNA stability are questionable 

(Yoshino, Roy, and Dwivedi 2021). 

Several miRNAs residing at synapses have been correlated with synaptic plasticity and 

dendritic spine morphology in AD and prion diseases (Boese et al. 2016; Reza-Zaldivar et al. 2020). 

Accumulating evidence implicate dendritic spine dysfunction in the pathogenesis of 

neurodegenerative disorders but this is a common observation in normal ageing (Mostany et al. 

2013). Dendritic loss is mediated by alterations of the presynaptic input or changes in neuron-

autonomous functions. Apart from evident spine loss which alters dendritic spine numbers, dendritic 

spines can change in terms of shape or cytosolic and membranous content (Herms and Dorostkar 

2016) 

In PD, dopaminergic neurotransmission blockage by αsyn accumulation and impairments in 

synaptic vesicle cycle are potent events for altering dendritic spine number and morphology (Nemani 

et al. 2010). Although in PD the most common hypotheses regarding synaptic plasticity concentrate 

in presynaptic mechanisms mediated by abnormal αsyn species, other mechanisms are gradually 

unravelled. For example, αsyn oligomerisation increases glutamate subunit receptor 1 (GluR1) 

suggesting imbalances in GluR1 and GluR2 subunit ratio which is critical for LTP induction and 

maintenance, consequently affecting dendritic spine morphology (Diogenes et al. 2012; Pozo and 

Goda 2010). Mutant A53T αsyn was correlated with reduced dendritic plasticity upon ageing. In Wt 

mice reduction of dendritic spines during ageing was compensated by an increase in spine head size 

while this was not evident in Tg mice expressing mutant A53T αsyn (Parajuli et al. 2020). An 

established impairment in synaptic plasticity was also observed in mice expressing mutant A30P αsyn, 

where newly formed neurons in olfactory bulb failed to develop normal dendritic branches and 

spines (Neuner et al. 2014). Studies in both animal models and postmortem human samples showed 

reduction in spine density along with changes in spine morphology in striatum either due to loss of 

neurotransmitter input or due to αsyn burden (Villalba and Smith 2010; McNeill et al. 1988; Zaja-

Milatovic et al. 2005). 
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The cellular component analysis and biological relevance of miR-101a-3p target genes 

indicated the dendritic spines as the affected site. Interestingly, both proteins downregulated by miR-

101a-3p, namely GABA Ab2 and SAPAP3 are linked with alterations in dendritic spine morphology. 

Reduction of GABA A receptor has been correlated with increased elimination of existing dendritic 

spines and reduction of SAPAP3 results in reduction of mature spines (J. Zhu et al. 2017; Y. Chen 

2014). Here we show the absolute number of dendritic spines in mouse midbrain was not affected 

(Figure 4.7.A) while the shape of spines differed significantly among Wt and Tg mouse midbrain 

(Figure 4.7.B). Mature mushroom spines and plastic thin spines were substituted by immature stubby 

spines. Normally, stubby spines are increased as a compensatory mechanism upon mushroom spine 

loss (Hering and Sheng 2001). These observations can be attributed to the downregulation of the 

proteins based on existing literature and are indicative of synaptic failure and synaptic plasticity 

impairments prior to synapse loss.  

Bioinformatic analysis indicated miR-101a-3p is the most potent modulator of transcripts in 

the midbrain affecting the dendritic spines although the deregulation of several miRNAs and mRNAs 

cannot exclude the possibility of the observed phenotype being a synergistic effect of other miRNAs 

or biochemical processes. In order to identify whether the observed effects in dendritic morphology 

are mediated by miR-101a-3p we delivered the mature miRNA sequence via a viral vector in primary 

cortical neurons to analyse the produced phenotype. The mode of expression and virus load we 

selected resulted in moderate upregulation of the miRNA (Figure 5.1.A) close to the endogenous 

levels so that we exclude the possibility of off-target effects. Excessive upregulation of the miRNA 

could favour non-specific binding and ectopic expression at concentrations greatly exceeding 

physiology (Witwer and Halushka 2016).  

Similar to the in vivo analysis, miR-101a-3p upregulation in neuronal culture resulted in 

downregulation of GABA Ab2 and SAPAP3 without producing any gross changes in synapses (Figure 

5.2). A novel observation in this system was the significant reduction of dendrite length. Both apical 

and distal dendrites appeared much shorter in primary neurons expressing miR-101a-3p (Figure 

5.3.B, C). This finding resembles a well-established phenotype in synucleinopathies. Overexpression 

of Wt αsyn and mutant A53T αsyn was associated with negative impact on dendrite development 

leading reduced dendrite length and complexity (Winner et al. 2012; Czaniecki et al. 2019). Decrease 

of dendritic length is evident in dopaminergic neurons of the SN and medium spiny neurons of 

striatum in PD and in cortical neurons in DLB (Patt S et al. 1991; Zaja-Milatovic et al. 2005; Kramer 
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and Schulz-Schaeffer 2007). Dendritic morphology displays significant changes in many 

neurodegenerative, neurodevelopmental and psychiatric disorders (Yamada et al. 1988; Moolman et 

al. 2004; Dierssen and Ramakers 2006; Teskey et al. 2006; N. Sousa et al. 2000; Radley et al. 2004; 

Cook and Wellman 2004). Although changes in dendritic spine morphology occur in response to 

learning and enriched environment, dendrites display an incredible stability to sustain experience-

dependent changes of brain connectome and are only disturbed upon serious insults (Black et al. 

1989; Trachtenberg et al. 2002; Grutzendler, Kasthuri, and Gan 2002).  

Upregulation of miR-101a-3p in primary neurons, resulted in a significant reduction in the 

total number of spines attributed exclusively to the reduction of mushroom spines (Figure 5.3.F, D). 

Neurons in vivo show a reduction in mushroom and thin spines (Figure 4.7.B) while in vitro only 

mushroom spines are reduced (Figure 5.3.D). In addition, dendritic spine reduction in vivo is rescued 

by a compensatory increase of young stubby spines while this is not evident in vitro. Neurons in 

mouse brain are exposed to A30P αsyn and many other deregulated miRNAs possibly mediating a 

phenotype as well. The common finding of mushroom spine reduction can be attributed to miR-101a-

3p increase and GABA Ab2 and SAPAP3  decrease which are implemented in reduction of mature 

spines (J. Zhu et al. 2017; Y. Chen 2014). In addition to that, the lack of a compensatory mechanisms 

in vitro is expected as the neuronal network does not present the same complexity and glial-mediated 

processes favouring positive neuronal plasticity are missing (F. Wang et al. 2016). Lastly, neurons in 

vitro are growing upon the influence of miR-101a-3p upregulation while neurons in vivo are already 

mature when exposed to higher concentrations of miR-101a-3p (Figure 4.5.A) illustrating observed 

differences in dendritic plasticity.  

So far, we observed and discussed the effect of αsyn and miR-101a-3p at the synapse but it is 

still unknown whether a causal link among αsyn and miR-101a-3p exists. For this, we employed a 

neuronal culture model of synucleinopathy replicating αsyn pathology progression. There are many 

different ways to model synucleinopathies in vitro offering advantages and disadvantages, primary 

neurons have been used for studies on post-transcriptional regulation and αsyn pathology 

progression (Lázaro, Pavlou, and Outeiro 2017). These models used mainly recombinant αsyn species 

to study cell-to-cell transmission and produced very robust results unraveling many pathways 

involved in the pathogenesis of synucleinopathies (Volpicelli-Daley et al. 2011). A recent study 

presented a modified protocol using lower levels of recombinant αsyn species for longer incubation 

time replicated key events of αsyn pathology featuring disruption of cellular functions including 
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synaptic dysfunctions. They also present transcriptomic data of the PFF-treated neurons indicating 

differential expression of genes related to neurotransmission and synapse organization (Mahul-

Mellier et al. 2020).  

Based on this model, we chose to assess miR-101a-3p levels in primary neurons exposed to 

PFFs as well as recombinant monomeric and oligomeric αsyn for control in the same conditions. 

Interestingly, monomeric and oligomeric recombinant αsyn induced the upregulation of miR-101a-

3p verifying a direct link among the miRNA and the protein (Figure 5.4.A). In the PFF treated neurons 

we did not observe the upregulation of miR-101a-3p most probably due to the evident synapse loss 

mediated by fibril toxicity (Figure 5.4.A, B). Knowing the miR-101a-3p is enriched in synapses we can 

assume a portion of the miRNA is lost along with the lost synapses and this is reflected to the miRNA 

levels. Although PS129 αsyn is correlated with pathology and implicated in epigenetic processes 

(Pinho et al. 2019; Schaser et al. 2019; Kontopoulos, Parvin, and Feany 2006; Fujiwara et al. 2003; 

Tenreiro, Eckermann, and Outeiro 2014), we failed to observe a link with miR-101a-3p possibly 

indicating RNA processes at the synapse in this case are irrelevant or the phosphorylation state of 

the protein (Figure 5.4.C). 

Evidence so far indicate miR-101a-3p is upregulated in response to αsyn burden and acts as 

negative modulator of synaptic plasticity. MiR-101a-3p is linked with plasticity events in mouse 

postnatal brain physiology and adult brain disorders (Lippi et al. 2016; Y. Lee et al. 2008; Vilardo et 

al. 2010). We then asked if miR-101a-3p is linked with synaptic plasticity in adult brain physiology. 

Synaptic plasticity is mediated by enhanced motor and cognitive stimulation, which is modelled by 

EE caging i.e. bigger space, alternating objects, and running wheels (C.-J. Wang et al. 2019; Bayat et 

al. 2015). We assessed the midbrain of 12-month-old Wt mice grown in EE and found that miR-101a-

3p was downregulated compared to WT littermates grown in standard environment (Figure 6). This 

finding indicated miR-101a-3p is reduced to allow plastic events to occur. EE is reported to enhance 

production of synaptic proteins, brain neurotrophins and promote dendritic branching and 

synaptogenesis (Nithianantharajah and Hannan 2006; Frick and Fernandez 2003; van Praag, 

Kempermann, and Gage 2000). Accumulating research highlights the benefits of EE in 

neurodegenerative disorders mediated by both transcriptional and translational neuroprotective 

events (Lingzhi Li and Bor 2005; Laviola et al. 2008). In particular, many differentially expressed 

miRNAs have been identified following EE in both healthy animals and disease models (Kuznetsova 

et al. 2020).  
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Here we showed miR-101a-3p is decreased upon EE and increased in αsyn pathology 

indicating a dynamic role in neuronal plasticity in physiology and disease. While these findings are 

relevant in mouse, the translational potential to humans is always questionable (Burkhardt and 

Zlotnik 2013). For this we assessed miR-101a-3p levels in the cortex of DLB patients and healthy 

individuals and confirmed a significant increase in the DLB group (Figure 7). DLB cortex shows the 

highest pathology appearing in some regions in early stages and progressively developing in most 

cortical sub regions (Marui et al. 2002). Synapse loss and cognitive dysfunction of DLB patients is 

mediated by reduced dendritic spines due to presynaptic αsyn aggregates accumulation in the cortex 

(Kramer and Schulz-Schaeffer, 2007). Cortical pathology and cognitive impairments in the A30P 

mouse model resemble the DLB phenotype (Freichel et al. 2007; Kahle et al. 2000). In line with this, 

the reduction of mature dendritic spines we observed is now added to the list of DLB resembling 

pathological events. This phenotype seems to be mediated by miR-101a-3p possibly both in mouse 

model and human brain. MiR-101a-3p was upregulated in the striatum of MSA patients which also 

displays alteration in dendritic spine morphology (Zaja-Milatovic et al. 2005; Valera et al. 2017).  

These data indicate miR-101a-3p as a potent candidate for biomarker and therapeutic target. 

MiR-101a-3p holds the potential of developing an excellent biomarker since we show here it is 

increased in early stages of pathology prior symptom onset. Finally, targeting such miRNAs that lead 

synaptic deficits through the structural alteration of dendritic spines could form part of therapeutic 

strategies to improve synaptic plasticity and to ameliorate impairments in many neurodegenerative 

diseases.  
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5. Conclusions 

One of the major obstacles in PD treatment is the late diagnosis. Symptomatology develops 

when most of the dopaminergic neurons in the SN are irreversibly lost. Despite advancements in 

understanding mechanisms involved in PD initiation and progression we still lack the identification of 

critical events prior symptom onset that would lead the development of biomarkers for in-time 

diagnosis and prevention. Research so far points at the synapse as the compartment first affected in 

synucleinopathies.  

The present study provides further evidence synapse physiology is disrupted in early PD 

stages. We observed miRNA deregulation in response to αsyn expression in the midbrain of a mouse 

model of familial synucleinopathy resembling DLB. The miRNA signatures we identified prior 

phenotype onset regulated processes involved in neuronal development and plasticity. Bioinformatic 

analysis and correlation with mRNA signatures indicated miR-101a-3p as the most effective miRNA. 

MiR-101a-3p upregulation was confirmed in the mouse midbrain and in the cortex of DLB patients 

highlighting its importance in pathology establishment and progression.  

Analysis of miR-101a-3p levels in isolated synaptosomes indicated the miRNA is enriched in 

synapses. Study of the miR-101a-3p mediated phenotype in vivo and in vitro suggested it effectively 

targets GABA Ab2 subunit and SAPAP3 reducing significantly the protein levels. Both GABA Ab2 and 

SAPAP3 reduction are linked with alterations in dendritic spine morphology. Indeed miR-101a-3p 

expression resulted in reduced dendritic length and number of mushroom spines indicative of early 

synaptic damage and synaptic plasticity impairments. In addition, miR-101a-3p levels increased with 

age in the Wt mouse midbrain. Senescence is correlated with physiological reduction in synaptic 

plasticity. Further analysis of miR-101a-3p in midbrain of mice grown in EE, modelling enhanced 

synaptic plasticity, indicated a negative correlation. Our results provide strong evidence miR-101a-

3p is a negative modulator of synaptic plasticity.  

In addition, miR-101a-3p was directly modulated by αsyn levels in vitro as shown by the 

application of different species of recombinant αsyn. This indicates a direct effect of αsyn burden on 

synapses parallel to the miRNA increase. With this experiment we verified miR-101a-3p is increased 

upon αsyn mediated synaptic toxicity prior synapse loss as shown by neurons exposed to PFFs where 

synapses are lost and miR-101a-3p increase is not observed.  

Collectively, our data indicate miR-101a-3p is a synaptic miRNA induced by αsyn accumulation 

that acts as a negative modulator of synaptic plasticity. These findings highlight the emerging role of 
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miRNAs as key regulators of gene expression related to αsyn pathology. Unravelling RNA based 

processes implicated in synaptic compromise may point out novel targets for the development of 

biomarkers in synucleinopathies, and may also result in the design of novel therapeutic interventions. 
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