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ABSTRACT  

 

Parkinson’s disease (PD) is one of the most common long-term degenerative disorders that 

affect the nervous system. Clinical symptoms are bradykinesia, resting tremor and postural 

imbalance due to the loss of dopaminergic neurons in the substantia nigra pars compacta. 

Heterozygous mutations in the Leucine Rich Repeat Kinase 2 gene (LRRK2) have been 

identified both in familial and sporadic cases of PD. The most common variant is the 

p.Gly2019Ser substitution (c.6055G>A). To date there is no effective treatment available.  

The genome editing tool CRISPR/Cas9 has recently transformed the field of biotechnology and 

biomedical discovery, posing the basis for the development of innovative treatments. Using 

CRISPR/Cas9 technology and Homology Directed Repair, our project aims to validate gene 

editing as an alternative therapeutic approach for PD  through the genetic correction of the 

pathogenic p.Gly2019Ser LRRK2 mutation  restoring  the wild-type sequence both in human 

and mouse models. Specifically, we tested various strategies, based on the CRISPR/Cas9-based 

genome editing technique, for the correction of LRRK2 p.Gly2019Ser (c.6055G>A) variant in 

primary mouse and human fibroblasts with promising results. If the correction experiments in 

in vitro models will confirm the good efficiency of the approach, these experiments will 

represent a fundamental step for the subsequent evaluation of the potential of gene therapy for 

the treatment of PD  as well as other brain disorders for which no therapy is currently available. 
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1. INTRODUCTION 
 
 
1.1 Parkinson Disease  

 

Described for the first time by James Parkinson in 1817, Parkinson disease (PD) (OMIM 

#168600) also known as shaking palsy, is the second most common neurodegenerative disorder 

worldwide[1], accounting for the 4% of the population beyond 65 years of age; this percentage 

rises up to 8% with increasing age. Only 5-10% of the patients show a juvenile onset between 

21 and 40 years [1]. 

The disease, influenced by both genetic and environmental factors, is characterized by the loss 

of dopaminergic neurons in the substantia nigra pars compacta (SNpc) and the presence of 

intracytoplasmic inclusions called Lewy bodies (LB) mainly composed of ɑ-synuclein and 

ubiquitin [2,3]. ɑ-synuclein is normally present in synapses where it plays a role in the synaptic 

vesicle function [4]. An abnormal structure of ɑ-synuclein can result in  a misfolded protein, 

that becomes insoluble and creates amyloid aggregates. These aggregates acculumulate and 

precipitate  inside the cells forming intracellular inclusions: the LBs. LBs are involved in the 

impairment of several important pathways, such as lysosomal and mitochondrial functions, 

leading to dopaminergic neuronal degeneration (Fig.1) [5]. The ubiquitin-proteasome system, 

designed to break down the abnormal proteins, also seems to be impaired in this disorder. In 

fact, ɑ-synuclein clearance is not functioning properly promoting the accumulation of the 

misfolded and aggregated form [6,7]. 
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Fig 1: The molecular mechanism involved in Parkinson Disease. Schematic view of the major molecular 
pathways involved in Parkinson disease. Figure taken from Poewe et al. 2017 [5] 

 

The disease involves structures located in different brain regions, such as the basal ganglia 

(nucleus caudate, putamen) which are involved in the proper execution of movements [8]. The 

onset begins silently, in fact it has been proven that, at the time of the diagnosis, more than 

60% of dopaminergic neurons have already been lost [9]. In the terminal stage of the disease, 

LB are found throughout the brain, nerve cord and peripheral neurons [10]. During the 

progression of the disease, the loss of dopaminergic neurons results in the well known motor 

features such as tremor, bradykinesia, rigidity and postural instability with changes in posture 

and gait [11]. There are also non motor symptoms such as hyposmia, memory loss, depression 

and sleep disturbances [12]. Of the clinical features described above, bradikinesia is the most 

important character to be identified in order to make a diagnosis of PD.  
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During the disease progression the Hoen and Yahr scale is used to classify the stage of the 

disorder [13] (Fig.2). Death comes approximately 10 years after the beginning of the first 

symptoms and it is related to disease complications.  

 

 
Fig2: The Hoen and Yahr scale for PD progression classification. Explicative image of the stages of the Hoen 
and Yahr scale which set 5 different stages of injury and disability from unilateral damage, without major 
symptoms, to stage five, where the patient is not autonomous and confined in a wheelchair. The figure is taken 
from https://mobile.hksh.com/en/physio-our-services/neurological-rehabilitation/parkinsons-disease. 

 

Unfortunately, no definitive therapy is available; the gold standard is the usage of Levodopa, a 

dopamine precursor, which is able to cross the blood-brain barrier (BBB) and is then converted 

to dopamine in dopaminergic neurons in the Central Nervous System (CNS) [14].  Levodopa 

is usually associated with Carbidopa but they are only able to treat the symptoms, not providing 

a definitive cure for the disease. Alternative approaches such, as Deep Brain Stimulation (DBS) 

are also proposed as therapy, especially in young patients  [15]. 
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1.2 Genetics of PD  

Even if the majority of PD cases are sporadic, with unknown etiology, about 15% of the patients 

present a family history of Parkinson disease [16]. Starting from the discovery of a-synuclein, 

the first gene associated with PD, other genes have been associated with PD: parkin (PARK2), 

UCH-L1 (PARK5), PINK1 (PARK6), DJ-1 (PARK7), LRRK2 (PARK8), and ATP13A2 

(PARK9); but there are also GBA, VPS35, EIF4G1, PARK16 which have been suggested to be 

responsible for PD based on linkage analysis in familial cases [17]. Among these,6  genes have 

been strongly linked to PD (Table 1). 

Table 1: The main genes associated with Parkinson disease. In red squares the most common genes associated 
with PD. The table has been modified from Poewe et al. 2017 [5] 
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1.2.1 SNCA  

The a-synuclein (SNCA) gene, located on the long arm of chromosome 4 (4q21. 3-22) is the 

first gene that has been linked to PD,  with the first mutation ever identified: c.157c>A 

(p.A53T) [18]. More studies have identified other dominant mutations (p.A30P, p.E46K, 

p.H50Q, p.A53E) that definitely prove the linkage with PD [19-23]. Dominant mutations in 

SNCA are typically fully penetrant and linked to fast progressive disorder. These patients  show 

a rapid disease progression with early dementia and Lewy bodies pathology (DLB).  

1.2.2 GBA1 

The Glucocerebrosidase gene (GBA1), located on the chromosome 1 (1q21), encodes for a 

lysosomal enzyme which can degrade the glucocerebrosidase. GBA1 represents one of the most 

important known genetic risk factors for PD. Heterozygous GBA1 mutations are present in  

between 5 and 25% of PD patients. Mutations in GBA1 influence the aggregation of ɑ-

synuclein and interfere with the lisosomal clearance pathway [24]. 

1.2.3 PINK1 and PRKN 

Mutations in PTEN-induced kinase 1 (PINK1) and parkin RBR E3 Ubiquitin Protein Ligase 

(PRKN) genes, located respectively on chromosome 1 and 6, represent the major cause of 

autosomal recessive (AR) PD. Characterized by an early onset, they account for 77% of 

juvenile PD cases [25]. Mutations in these genes are linked to mitochondrial dysfunction. In 

fact, PINK1 kinase activity is required for the translocation of Parkin to mitochondria and for 

mitophagy [26,27]. 
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1.2.4 VPS13C 

Recessive mutations in vacuolar protein sorting 13c (VPS13C) gene (located on  chromosome 

15) have been reported for the first time in 2016 [28]. All patients show the same phenotype 

with asymmetric stiffness and a rapid progression with severe and early cognitive dysfunction 

[29]. Recessive mutations in this gene have been reported to alter mitochondrial functions and 

PINK1/parkin dependent mitophagy [30]. VPS13C has also been reported to be involved in 

lipid exchange between organelles; specifically, it is bound to the endoplasmic reticulum (ER) 

and tether lipids to late endosomes and lysosomes.  The absence of VPS13C has been 

associated to lysosomal dysfunction in protein degradation and to an altered lipid profile 

[31,32].  

 

1.2.5 The Leucine rich repeat kinase 2 gene (LRRK2) 

The Leucine rich repeat kinase 2  gene (LRRK2) is located on the long arm of chromosome 12, 

in 12q12, and encodes for an unusually large protein (2527 amino acids) known as Dardarin 

(Fig.3a).  

LRRK2 is a kinase protein composed by different domains (Fig. 3b): a Ras of Complex G-

domain (Roc) and a Carboxy terminal of ROC domain (COR)[33]; at the N and C termini of 

the protein there are protein-protein interaction domains: a conserved N-terminal armadillo 

(ARM) domain, and a C-terminal WD40 domain [34,35].  

The architecture of the gene and the presence of multiple protein-protein interaction regions 

(Fig.3b) suggests that LRRK2 may function as a scaffold protein, making an essential 

contribution to the formation of a multiprotein signaling complex [36]. 
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Fig 3: Location LRRK2 gene and protein domain composition. The LRRK2 gene is located on the long arm 
of the chromosome 12 (a, red arrow). The protein encoded by this gene is composed of several domains (b).  the 
picture also shows the  mutations identified in the different domains. The mutations in red are the one classified 
as  pathogenic while the light blue ones are classified as uncertains (clinVar).  
 

 

LRRK2 is widely expressed throughout the body, especially in the kidney, lungs and brain, and 

in particular in the putamen, target place of the neurons of the substantia nigra [37]; it  is also 

widely expressed in immune cells, such as B cells, microglia, macrophages and monocytes [38-

40] and its expression is tightly regulated by immune stimulation. Moreover, LRRK2 has been 

biochemically associated with inflammatory and autophagyc pathways [41]. In addition, 

polymorphisms in LRRK2 have been reported to be associated with inflammatory diseases, 

such as Inflammatory Bowel Disease (IBD) or  an increased susceptibility to leprosy [42,43].  

Dominant mutations in the LRRK2 gene (Fig. 3b) have a variable penetrance and patients show 

a late onset disease with dementia and early LB formations with a-synuclein-positive 

pathology.[44]. To date, only six of the 20 mutations identified in this gene have been proven 

to be pathogenic (Fig. 3b) [45]. The most common variant is the hotspot c.6055G>A 

(p.(Gly2019Ser)), located in the kinase domain of the protein, accounting for 4% of familial 

and 1% of sporadic cases of PD [46]. Patients carrying this mutation are more susceptible to 

develop Lewy body pathology [47]. Moreover, a recent study has shown that p.G2019S 

patients present a typical levodopa responsive parkinsonism with tremor as an early feature 
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[48]. p.G2019S mutation results in  a gain of function with an increased kinase activity [49-

51], leading to a reduced mitophagy in dopaminergic neurons and microglia [52]. LRRK2 

kinase hyper-activation leads also to an impairment of the late stages of endocytosis and 

lysosomal traffick [53-55]. Moreover, it has been linked also to an alteration of autophagosome 

axonal transport [56].  

 

  

 

1.3 The CRISPR/Cas9 system 

 

CRISPR is an adaptive bacterial immune system directed against viruses. It was first described 

in 1987 in E.coli genome as a locus containing repeated sequences with an unknown function 

[57]. In 2005, following the discovery of the Protospacers Adjustment Motif (PAM), Pourcel 

et al reported that CRISPR elements acquire new repeats from bacteriophage DNA [58,59]. In 

2007, Barrangou et al. demonstrated the association with the CRISPR-associated (Cas) gene 

and how they are used as an adaptive immunity which can provide resistance against 

bacteriophage infection [60]. 

 

The CRISPR/Cas9 adaptive immune system acts in three steps (Fig.4):  

- acquisition of CRISPR, where the invading nucleic acid is processed in small DNA 

fragments, called protospacers, which are then incorporated in the CRISPR Locus of 

the bacterial genome; each locus is separated by repeated sequences named 

Protospacers adjacent motifs (PAM) strictly associated with the type of Cas9 involved 

in the process [61]. 
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- crRNA biogenesis, where the entire CRISPR locus is transcribed in a long precursor, 

named the pre-crRNA, which is then cleaved by an endogenous RNase III. The cutting 

generates a mature crRNA consisting of one spacer and a repeated motiv [62]. 

 

- interference with invading DNA, where the mature crRNA guide the Cas9 protein to 

the adverse nucleic acids to cleave and degrade them [63]. 

 

 

 

Fig 4: The biogenesis and activation of CRISPR-Cas9 in bacteria. When a viral infection is coming out, the 
viral nucleic acid is cutted into small pieces and inserted inside the CRISPR locus in between a palindromic 
repeated sequence named PAM. The entire CRISPR locus is then transcribed giving rise to a pre-crRNA,  which 
is then processed by the RNaseIII (in green) and cleaved into small pieces of mature crRNA. At this point, the 
mature crRNA is able to guide the Cas9 protein to the viral DNA in order  to cleave and degrade it. Picture taken 
from Hryhorowicz, M. et al. 2017. [65] 
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1.4 CRISPR-Cas9 and genome editing  

 

In 2012 CRISPR became a revolutionary tool that researchers used in laboratories all over the 

world becoming a widely used system also for genome editing [66].  Indeed, CRISPR can be 

efficiently reprogrammed to be able to recognize a specific DNA sequence inside the cell’s 

DNA. This is possible by the generation of a single guide RNA (sgRNA) which is able to 

recruit the Cas9 nuclease and to guide it to a specific genomic location by a Watson-Crick base 

pairing [67]. A double strand DNA break (DSB) follows the pairing of the guide to its target 

sequence. The break can be repaired by nonhomologous end joining (NHEJ), which is an error-

prone process able to lead to the creation of insertions and deletions. In the presence of a donor 

sequence Homology-Directed Repair (HDR) can be exploited to precisely modify single 

nucleotides, for example to correct pathogenic mutations [68]. CRISPR/Cas9 editing coupled 

to HDR is currently being largely studied for therapeutic genome editing. In fact, recent studies 

show that it can be applicable to many disorders, including sickle cell anemia, β-thalassemia, 

muscular dystrophy and Rett Syndrome [69-72]. 

 

1.5 Gene therapy and Parkinson disease  

The current gold standard for PD treatment is represented by Levodopa, a dopamine precursor, 

or Deep Brain Stimulation (DBS) which is usually proposed in young PD patients [73]. 

Unfortunately, these treatments don't represent a definitive cure for PD, since they are only 

able to slow down the progression of the disease. Moreover, during disease progression, the 

efficacy of the pharmacological treatment is reduced, despite the increasing dosage of the 

drugs. 

Gene therapy approach was first described in 1972 [74]. From that date, we assisted to an 

extremely fast evolution in this field bringing us fastly to use gene therapy to treat diseases.  
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From the early 2000s there has been an increase in the number of gene therapy clinical trials 

all over the world and the first drugs start to be approved [75]. After 2015,the Food and drug 

administration (FDA) approved different drugs like Strimvelis ™ for Adenosine Deaminase 

deficiency (ADA-SCID), [76] or SpinrazaTM  and Exondys 51TM for the treatment of  Spinal 

Muscular Atrophy (SMA) and Duchenne Muscular Dystrophy (DMD), respectively [77,78].  

The first publications regarding a possible approach of gene therapy for neurodegenerative 

disorders, and in particular for Parkinson disease, came out in the early 2000s. The first attempt 

of gene therapy tried to use cells and tissue transplantation in order to increase the dopamine 

content [79-81]. In 2002, Muramatsu et al demonstrated how the intraputaminal gene delivery 

of dopamine-synthesizing enzymes, such as the Aromatic L-Amino Acid Decarboxylase 

(AADC), could result in  transgene expression and restoration of putaminal dopaminergic 

levels [82]. Subsequently,  viral vector technology was established as a  new method for the 

efficient delivery of genetic material to the target place [83]. The usage of Lentiviral vectors 

has even reached the clinical trials for enzyme replacement in PD [84]. 

Recently, gene editing tools such as CRISPR (clustered regularly interspaced short palindromic 

repeats) -Cas9 (CRISPR associated enzyme) have sparked a significant interest in this field. 

CRISPR-Cas9 appears in fact  to be one of the most promising gene-editing techniques 

available. The success of using CRISPR-Cas comes from its easy use, efficacy and capacity to 

edit several genes. This revolutionary technology thus seems to be a promising approach in PD 

gene therapy [85,86].  
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1.6 A new promising tool: The Base editor system   

In 2016 Komor et al published their work where they described their new tool: the “cytidine 

base editor” (CBE). CBE is able to induce the direct conversion of a C to a T or of a G to an A 

at a programmable target locus  using a naturally occurring deamidase enzyme, able to convert 

a target cytosine to uracil (fig 5a). Neither DSB nor Donor DNA areneeded in this process [87]. 

The next year David Liu et al. published a work describing another base editor: the Adenine 

Base Editor (ABE) which is able to efficiently convert an A to G or a T to C [88]. The ABE  

works with a modified deoxyadenosine deaminase (TadA) and an nCas9, a catalytically 

impaired Cas9 which is not able to make DSB (fig.5b). The CBE works in the same mode but 

using the Cytidine deaminase enzyme.  

The ABE system is basically  guided by an sgRNA to a target site where the TadA can convert 

the adenine (A) to inosine (I) which is replicated by the polymerase as a Guanine (G) [89]. 

In the subsequent period, BE capacities have been further exploited with the development of 

further generation of BE systems. [90] In fact, seven different generations of  base editors have 

been developed till now, applicable in both human and animal models [91,92].  
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Fig 5: Overview of the base editor technology Representative image of the working flow of the Cytosine base 
editor (a) and the Adenine Base editor (b) systems. The figure is modified from Zhang, X.,et al. Nat Biotechnol 
38, 856–860 (2020) [93]. 
 

 

Recently the applicability of the base editor systems started to be investigated also in gene 

therapy; for example ABEs have been used to efficiently rescue sickle cell disease in animal 

models and in Hutchinson-Gilford progeria syndrome (HGPS) patients [94,95]. On the other 

side, CBE has been investigated in Fanconi Anemia [96]. In conclusion, our knowledge of the 

potentiality of BE is still partial, but it seems to represent a very promising tool for the future 

of gene therapy.  
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2. AIM OF THE STUDY  
 
 
Parkinson disease (PD) is the second most common neurodegenerative disorder worldwide 

characterized by clinical motor symptoms such as bradykinesia, resting tremor and rigidity. PD 

it  has been associated with both genetic and environmental factors. During the last few years, 

several genes have been associated with PD and one of the most commonly altered is the 

LRRK2 gene.  

The overall goal of this study is to develop a CRISPR/Cas9-based approach in order to target 

the c.6055G>A p.Gly2019Ser recurrent mutation in LRRK2 gene and to validate the system in 

both mouse and patient-specific cell models.  Particularly we focused on: 

- Design of a CRISPR/Cas9 - based tool for  mutation correction by gene editing .  

- Validate the designed strategy in mouse and patient derived cell models.  

 

The results of this work will set a starting point for future studies for the development of a new 

gene therapy for Parkinson disease, representing a hope for the treatment of this disorder.  
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3. MATERIALS AND METHODS 

 

3.1 Cell line establishment and maintenance 

 

Mouse primary fibroblasts were obtained from sacrificed animal’s ears and tail (gently 

provided by Prof. M. Morari, University of Ferrara). Mouse ears were incubated in 70% ethanol 

for 5 minutes, then cutted in small pieces ( size 3-4 mm)  and incubated in enzymatic mix 

(0,01g pronase, 5uL TRIS buffer pH8.0; water til volume) at 37° for 90 minutes. The obtained 

digestion is then crushed with the plunger of a syringe, transfered in a 15mL falcon tube and 

centrifuged for 7 minutes at 580XG at 4 ° C. The pellet is  resuspended in 10mL of complete 

medium (FBS 10%, 500uL L-Glut, 500uL pen/strep, RPMI 1640 to volume). The resuspension 

is then plated in a 10cm dish and placed in an incubator at 37° with 5% CO2. The next day 

fibroblasts are attached on the bottom of the dish. Once cells reach confluence they are passed 

1:2 with Trypsin/EDTA (0.05%) solution (Irvine Scientific Santa Ana, California, US). From 

this point, Chang amnio medium (Irvine Scientific Santa Ana, California, US). completed with 

1% of pen/strep, is used. 

 

Three different human primary fibroblast lines harbouring  the p.G2019S mutation in LRRK2 

gene were used in this work. Two of them came from the “Cell Line and DNA Biobank from 

Patients Affected by Genetic Diseases”, member of the Telethon Network of Genetic Biobanks 

(http://biobanknetwork.telethon.it; project no. GTB18001). The third one was obtained from a 

patient referred to the Medical Genetics Uniti (Azienda Ospedaliera Universitaria Senese) for 

genetic counseling. Primary fibroblasts were obtained from skin punch biopsy following  

informed consent signature. Human Fibroblasts were cultured in Chang Amnio Medium and 
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1% of antibiotics, according to the standard protocol, and routinely passed 1:2 with 

Trypsin/EDTA (0.05%) solution (Irvine Scientific Santa Ana, California, US).  

 

 

 

3.2 sgRNA and plsmids cloning 

 

We designed several systems both for mouse and human models. The system can be either 

based on two plasmids to be used in combination with a plasmid  carrying the Cas9 coding 

sequence and another containing the sgRNA, under the control of the U6 promoter, the donor 

DNA which is used for HDR and an mCherry/EGFP system to detect the Cas9 activity;  

alternatively we also designed an all in one plasmid carrying the Cas9 coding sequence, the 

sgRNA, the Donor and an EGFP system to detect the entrance of the plasmid inside the cell.    

The variant-specific sgRNA was designed using the MIT CRISPR Design Tool 

(http://crispr.mit.edu).    

 

3.2.1 Mouse model plasmids 

The oligonucleotides used for the cloning are listed in table 2 .  

A wild type Donor DNA (#1) was designed as 108bp centered on the mutated nucleotides, 

where a Protospacer Adjacent motif (PAM) has been identified. The variant specific sgRNA 

was obtained by annealing and subsequent phosphorylation of single-strand oligonucleotides ( 

#2; #3). The px330 Addgene plasmid encoding Streptococcus pyogenes Cas9 (SpCas9) was 

used for Cas9 cloning.  
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Table 2 : Oligonucleotides used for mouse specific plasmid construction  
      
 

3.2.2 Human model plasmids 

The oligonucleotide used for the cloning are listed in table 3. 

Targeting construct and the genetic loads were inserted between the two Inverted Terminal 

Repeats (ITR). A wild type Donor DNA (#1) was designed as 121bp centered on the mutated 

nucleotide, where a Protospacer Adjacent motif (PAM) has been identified. The variant 

specific sgRNAs were obtained by annealing and subsequent phosphorylation of single-strand 

oligonucleotides (#2; #3; #4; #5). For Cas9 plasmid, the PX551 plasmid encoding SpCas9 

under the control of the MECP2 promoter [97] was used as the backbone for the cloning of the 

XCas9.  

For Adenine Base editor strategy the Addgene #108382 plasmid was used to carry the dXCas9. 

For this strategy an EGFP fluorescent reporter was inserted outside the ITR.  

Table 3: Oligonucleotides used for human specific plasmid construction   
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3.3 Plasmid extraction 

Plasmids were transformed in STBL3 Competent Escherichia coli cells and grown in standard 

Luria-Bentani (LB) medium [98]. Plasmids were purified with the Plasmid DNA purification 

(Nucleobond Xtra Midi/Maxi) kit (Macherey-Nagel, Duren, Germany). All constructs were 

verified using Sanger sequencing using the Big dye Terminator Cycle Sequencing Kit on the 

ABI Prism 3130 Genetic analyzer sequencer (Applied Biosystem, Foster City, USA). The data 

have been analyzed with the Sequencer 4.9 software.  

 

3.4 Transfection 

HEK293 cells were seeded at a density of 5x104 cells/well the day prior to transfection, in order 

to obtain cells at 70-90% confluency on the day of transfection. Transfection were performed 

using LipofectamineTM 2000 Transfection Reagent (ThermoFisher Scientific) according to the 

manufacturer’s protocol. Cells were transfected with 100 ng of targeting plasmid and 400 ng 

of Cas9 encoding plasmid. Cells were left at 37° for 6 hours, after that time, the medium 

containing the Lipofectamine reaction reagents medium was replaced with a new one (DMEM 

with 20% of FBS, supplemented with L-Glutammine).  

Fibroblasts, once they have reached the 80-90% of confluences, were harvested with Trypsin 

Solution and counted using the Burker chamber, 1X106  cells were needed for each sample. 

Cells were transfected with 9ug of total DNA in a 1:3 ratio (1ug of Reporter and 3ug of Cas9). 

Fibroblasts were transfected using the Neon Transfection System with 10ul and 100ul tips 

(ThermoFisher Scientific) according to the manufacturer’s protocol. The following parameters: 

1700V 20” 1P were set on the NeonTM instrument according to the manufacturer's protocol. 

For each experiment, cells transfected with an empty vector and cells transfected with GFP 

encoding plasmids were used respectively as a negative and positive control to monitor the 

transfection efficacy.  
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3.5 Evaluation of Red and Green fluorescent cells using FACS 

The transfection efficiency was assessed starting 24 hours post-transfection by fluorescence 

microscopy. 48 hours after treatment, cells were detached with Trypsin EDTA 1%. Washed 

twice with 1mL of Phosphate buffered saline (PBS). EGFP and mCherry positive cells were 

subsequently quantified with a Cytoflex flow (Beckman Coulter) cytometer with blue (488nm) 

and a yellow (560nm) lasers, using a 530/30 (EGFP) and a 585/42 (mCherry) filter. For each 

experiment, non-transfected cells and cells transfected with an EGFP-encoding plasmid were 

used as negative and positive controls, respectively, to monitor transfection efficiency. 

 

3.6 Flow cytometry analysis and cell sorting  

Cells were analyzed and sorted on a fluorescent-activated cell sorter FACS Aria II (Becton 

Dickinson) using FACS Diva software version 8.0.1 (BD Biosciences-US). To isolate EGFP-

positive cells for subsequent analyses, fibroblasts were detached, resuspended in PBS/EDTA 

3mM/Trypsin 2.5% (Gibco) and placed on ice. The cellular suspension was filtered through a 

70 μm filcon filter (BD Biosciences). Fibroblasts were sorted using a 100 um nozzle and an 

event rate of 1000/sec. 

 

3.7 DNA extraction 

 

Total DNA was extracted from sorted cells using using QIAMP DNs Micro Kit (QIAGENR, 

Hilden, Germany) according to the manufacturer’s protocol. The DNA concentration was 

assessed by QubitTM 3.0 fluorometer (Thermofisher) according to the manufacturer’s protocol.  
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3.8 Ion Torrent S5 sequencing and NGS analysis 

The Ion AmpliSeq 2.0TM Library Kit (Life TechnologiesTM, Carlbad, CA) was used for library 

preparation. Libraries were purified using Agencourt AMPure XP system and quantified using 

the QubitR dsDNA HS Assay Kit reagent (Invitrogen Corporation, Life Technologies), pooled 

at an equimolar ratio, annealed to carrier spheres (Ion spheres Particles, Life Technologies) and 

clonally amplified by emulsion PCR (emPCR) using the Ion Chef systemTM (Ion Chef, Life 

Technologies). ION 510TM; 520TM; or 530TM chip where loaded with the spheres carrying 

single stranded DNA templates and sequenced on the Ion Torrent S5 instrument (Life 

TechnologiesTM, Carlsbad, CA) using the Ion S5TM Sequencing kit, according to the 

manufacturer’s protocol. For each sample, the FASTQ files of transfected cells and relative 

controls were downloaded from the sequencing platform (S5 Torrent Server VM) and uploaded 

to the online analysis tool Cas-Analyzer [99] together with the sgRNA and the Donor in order 

to obtain the percentage of HDR achieved. For the samples treated with the Adenine Base 

editor method FASTQ files of transfected cells and relative controls were uploaded to the 

online tool BE analyzer [100] a JavaScript-based instant assessment tool for NGS data of 

CRISPR base edited cells. 

3.9 Immunoblot 

               

Proteins both from patient-derived and mouse derived fibroblasts and neuronal precursors were 

extracted with RIPA buffer (Tris-HCl 50 mM, NP-40 1%, Na-Deoxycholate 0.5%, SDS 0.1%, 

NaCl 150 mM, EDTA 2mM, pH 7.4). Protease inhibitor cocktail (Sigma, Milano, Italy) was 

added to all lysates. Lysates were cleared by centrifuge at 20.000 g for 30 min at 4 °C. Protein 

concentration was assessed with the quantum protein assay kit (Euroclone) combining 980 ul 

of A reagent with 20ul of the B reagent. 2ul of cell lysate was added to the solution. Protein 

concentration was assessed with Epoch TM microplate spectrophotometer (Agilent). 30 ug of 
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protein were loaded on Blot Bis Tris Plus precast gel 4-12% (Thermofisher scientific TM ) in 

buffer MES (Invitrogen) and runned at 150 V for 30-40 min. Proteins are transferred on 

nitrocellulose membrane using the iBlot TM 2 gel transfer device according to the 

manufacturer’s protocol. The membrane was then stained with Ponceau Red (Sigma Aldrich) 

in order to assess the correct protein transfer. 

The membrane was then washed twice with PBS + Tween at 0.002 % for 10 minutes. The 

membrane is then saturated with PBS-T 0.002% with 5% milk for 1 h at RT, washed twice in 

PBS-T for 10 minutes. The membrane was then incubated overnight at 4°C with the following 

primary antibodies: : anti β-Actin (Santa Cruz, Biotechnology, Inc #sc-47778); anti EGFP 

(Abcam ab184601); anti LRRK2 (Abcam ab133518); anti SaCas9 (Thermofisher Scientific 

Ref. 61787).  

After two washes in PBS-T 0,002%, the membrane is incubated with a horse-radish peroxidase 

(HRP)-conjugated secondary antibody (mouse or rabbit according to the primary antibody 

production site) with a 1:1000 dilution. The chemiluminescent signal is then developed with 

the enhanced chemiluminescence method (Chemidoc™ ). 
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4. RESULTS 

 

4.1 Plasmid design  

 

In order to validate the CRISPR/Cas9 application for the correction of the LRRK2 c.6055G>A 

(p.(Gly2019Ser)) variant we have designed a single guide RNA (sgRNAs) able to target the 

mutated allele and an appropriate DNA Donor carrying the WT sequence.  

We designed a strategy based on two plasmids to be used in combination: the first plasmid 

expressing the Cas9, under the control of a CMV promoter, and the second one harboring the 

sgRNA and the DNA Donor together with a dual fluorescent mCherry-eGFP system (Fig.6).  

 
Fig.6: Plasmid design and strategy. Representation of the plasmids and of the selection strategy. a) The reporter 
plasmid with the sgRNA, the Donor DNA and the mCherry/EGFP fluorescent system under the CMV promoter. 
b) the Cas9 plasmid with the Cas9 coding sequence, flanked by an sgRNA + PAM for autocleaving. In the middle, 
an enlargement of the fluorescent reporter system.  
 

 

The fluorescence system is designed to visualize and monitor the cells post transfection. It is 

composed by mCherry, which is constitutively expressed, and an eGFP gene which requires 

the expression and the activation of the Cas9 to be activated. Indeed, a target sequence was 

inserted between the two fluorescent markers (Fig.6, central panel). Once expressed, Cas9 is 
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able to recognize and target the sequence between mCherry and eGFP bringing this latter back 

in frame and resulting in the expression of both red and green fluorescence.  A variant-specific 

gRNA has been cloned on both sides of the Cas9 CDS in order to induce autocleaving and 

avoid prolonged expression.  

 

4.2 Validation of sgRNA specificity for the mutated allele.  

In order to test the functionality of our system, we selected two different sgRNAs that 

exclusively target the mutated locus: one for the human model where an adjacent XCas9 PAM 

(NG) was identified, and a second one for the mouse model, where, in order to obtain the 

same amino acid substitution, a di-nucleotides have been mutated (GGG→TCG). Here an 

adjacent SpCas9 PAM sequence (NGG) was present [101].  

We transfected human embryonic kidney 293 cells (HEK293) with mutation-specific plasmids 

designed for human and mouse models.  Specifically, HEK293 were transfected either with the 

dual plasmid system where the target sequence in between mCherry/EGFP encoding for wt and 

mutated sgRNA. If the wt sgRNA is present, no green cells were detected (fig.7a;b) on the 

contrary, when the mutated sgRNA is present, the activation of the EGFP is evidencenced 

(fig.7a,b), confirming the specificity of the variant specific sgRNAs.  
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Fig.7:  Validation of sgRNA spcificity in HEK293. FACS analysis of HEK293 cells transfected with the 
mCherry/EGFP reporter and Cas9 plasmids  a ) sgRNA specificity in the human model. On the left is reported  
transfection results with the WT sgRNA resulting in 68.44% of red cells; on the right is reported the transfection 
with the mutated sgRNA resulting in 31.36% of red cells, of which, 29.68% are also green.  b) sgRNA specificity 
in the mouse model. On the left is reported  transfection results with the WT sgRNA resulting in 36.31% of red 
cells; on the right is reported the transfection with the mutated sgRNA resulting in 22.83% of red cells, of which 
16.31% are also green. 
 
 

In figure 7a transfection results with plasmids specific for human cells are shown. Transfection 

with the WT sgRNA resulted in 68.44% of red cells and no EGFP + cells (Fig.7a left); on the 

contrary, the transfection with the mutated sgRNA (Fig.7a right) resulted in 31.36% of 

mCherry positive cells, of which 29.68% are also EGFP+.  

For the mouse model (Fig 7b), transfection with the WT sgRNA resulted in 36.31% of mCherry 

positive cells. On the contrary, cells transfected with  the mutated sgRNA resulted in 22.83% 

of mCherry positive cells, of which 16.31% are also EGFP+.  

Taken in their entirety, these results confirm the specificity of the variant-specific sgRNAs.  
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4.3 Validation of plasmid functionality in primary fibroblasts. 

 

4.3.1 The mouse model  

 

In order to assess the functionality of our plasmid design in mutated cells we have made a 

preliminary transfection test with both reporter and Cas9 plasmid in mouse primary fibroblasts, 

isolated from tail and ears (gently provided by prof. M. Morari Lab, University of Ferrara) 

(fig.8). The experimental conditions included  a negative control (fig.8a) transfected with an 

empty plasmid, a positive control (fig.8b) transfected with an EGFP plasmid (gently provided 

from TIGEM lab in Pozzuoli), and a sample treated with both Reporter and Cas9 plasmids 

specific for our mutation (fig.8c).  48h post transfection, the EGFP expression was assessed by 

FACS analysis.  

No green cells were found in the negative control (fig.8a lower part), 72.9% of green cells were 

present in the EGFP transfected cells (fig.8b lower panel) and 17% of green cells (fig.8c lower 

panel) was obtained in the sample treated with the designed plasmid.  

Fig.8:Plasmid functionality validation. Preliminary transfection test results in mouse primary fibroblasts. a) 
results for the cells transfected with an empty plasmid as negative control; b) cells transfected with the EGFP 
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plasmid as positive control . Result evidence 72.9%  EGFP + cells ; c) transfection with the correction plasmid is 
shown indicating 18.3% of EGFP + cells.  
 

In order to assess the editing capacity of our system, we performed a new transfection 

experiment with both the Cas9 and the reporter plasmids in mutated mouse fibroblasts. 

mCherry positive cells were already visible 24 hours post transfection. EGFP+ cells were 

recovered 48hours post transfection using FACS. Only 0.1% of green cells were recovered in 

two independent experiments (fig.9).  

 

 
Fig.9: Cell sorting report. FACS sorter report is shown resulting in 0.1% of EGFP+ recovered cells (red square).   
 

Taking into account the previous results, we decided to repeat the preliminary transfection 

experiment (fig.9) to verify again the functionality of the plasmids. In order to do this, we did 

a new transfection. 48h post transfection the green fluorescence was assessed via FACS. The 

results showed a much lower activation of the system, in fact we obtained  3.19% of red cells 

(fig.10) of which, 4.39% were also green (fig 10). 
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Fig.10: FACS analysis on transfected primary fibroblasts. The graph shows the FACS analysis on  transfected 
mouse primary fibroblasts. On the left, the red fluorescence is evidenced (red box) with a 3.19% of red cells, of 
which, only the 4,39% are also green (right in the green box).   
 
 
 
 
 
4.3.1.1 A new strategy for the mouse model 

 

Taking into account the obtained results and that there wasn’t any other available sgRNA for 

spCas9, we decided to switch to an all in one system. Using the Streptococcus Aureus Cas9 

(SaCas9) we were able to design a single plasmid containing the sgRNA, the Donor, the human 

U6 promoter and the SaCas9 (fig.11). The activation of the plasmid inside the cells was 

confirmed by the expression of an EGFP fluorescence .  
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Fig.11: the SaCas9 plasmid design. The all in one plasmid system design is shown. The plasmid is composed 
by the SaCas9 coding sequence (in yellow) under the control of MECP2 promoter (blue); the Donor is evidenced 
in green and  the sgRNA in light blue. The EGFP fluorescent reporter CDS is located outside from the ITR (light 
blue).  
 

 

In order to evaluate the transfection efficiency of this new plasmid we performed a preliminary 

transfection experiment in mutated mouse fibroblasts. 48h after transfection, the green 

fluorescence was assessed by FACS analysis. As expected, no EGFP + cells were present in 

the negative control (fig.12) while we got 39.6% of EGFP + cells in the positive control (fig.12) 

transfected with the EGFP plasmid. For the sample transfected with the correction plasmid, 

12.8% of green cells were observed (fig.12).  
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Fig.12: FACS analysis on transfected mouse fibroblasts. 48h post transfection, EGFP fluorescence was 
estimated by FACS analysis. From the left side are shown: the negative control, the positive control, and the 
treated sample.  
 

Based on this result, a new editing experiment with the all in one plasmid was carried out. 

EGFP + cells were already visible 24 hours after the transfection. 48 hours later the EGFP + 

cells were recovered by FACS and the DNA was extracted and analyzed by NGS in order to 

characterize the targeted DNA region and to estimate the obtained HDR level. BAM and BAI  

files obtained from the NGS were uploaded into the Integrative Genomics Viewer (IGV 

(https://software.broadinstitute.org/software/igv/)  to verify the replacement of the mutated 

base and the presence of indel events in the neighboring sites. Results demonstrated that no 

correction was achieved  (fig.13).  
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Fig.13: IGV analysis of treated mouse fibroblasts. Representative image of control and treated sample of mouse 
fibroblasts. The control (upper panel) and the treated (lower panel) samples are indistinguishable, indicating that 
no correction was achieved..  
 
 

Following these results we decided to verify the expression of the SaCas9 in the mouse 

fibroblasts with Western Blot (WB) analysis. WB was performed on whole protein extract 

isolated from mouse fibroblasts and HEK293 cells both transfected with the SaCas9 plasmid. 

No expression of the protein was detected in fibroblasts (fig.14).  
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Fig.14: Western Blot analysis for SaCas9 expression. Western blot analysis for SaCas9 on HEK293 cells and 
mouse fibroblasts shows the presence of the protein exclusively in the HEK293 cells (right). β-actin was used as 
loading control.  
 

 

4.3.1.2 Changing the promoter for the mouse model.  

 

Considering the absence of expression of SaCas9 in mouse fibroblasts, we substituted MECP2 

promoter with a stronger one: the EF1ɑ promoter [102]. Furthermore a puromycin resistance 

cassette, outside from the ITR, was added to the previous design (fig.15) in substitution of the 

EGFP cassette (fig.12).  

 

 

Fig.15: The new plasmid design with ef1ɑ promoter. The SaCas9 coding sequence (light green) is located under 
the control of the strong EF1ɑ promoter (dark blue). The puromycin resistance cassette is located outside from 
the ITR.  
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After cloning this new promoter inside the plasmid, we performed a Sanger sequencing  in 

order to verify its correct insertion in the backbone. Sanger sequencing demonstrated that the 

promoter was correctly inserted (fig.16) and there were no indels in the surrounding regions. 

 

 

Fig.16: Sanger sequencing for the insertion of the promoter.  The promoter reference sequence is shown above 
the chromatogram.  
 
 
 

Subsequently, we determined the most suitable puromycin concentration to select the cells that 

have correctly incorporated the new plasmid by performing a puromycin killing curve 

experiment. Mouse primary fibroblasts were transfected with a puromycin resistance plasmid 

(Addgene #22814); 48h post transfection 1,2,5,10 ug/mL of puromycin was added to the 

culture. Cell death was visually evaluated  with a light microscope after 48 (fig.17a) and 72h 

(fig.17b). 48 hours after the beginning of the selection with puromycin, the cells treated with 

10 ug/mL were all dead; we continued the selection with the other puromycin concentrations 

up to 72h. The survival rate of the cells made us select the concentration of 5ug / mL as the 

most suitable for our purposes (fig.17b).  
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Fig.17: Puromycin killing curve. Representative images of the selection carried out at different puromycin 
concentrations. a) Pictures taken 48 hours after the beginning of the selection.+ b) Pictures taken 72 hours after 
the beginning of the selection. From the left to the right we have 0ug/mL; 1ug/mL; 2ug/mL and 5ug/mL 
puromycin.  
 

Considering these results, we carried out a new editing experiment. 48 hours post transfection, 

cells have been treated with 5ug/mL of puromycin. 48 hours later, DNA has been extracted. 

NGS deep sequencing experiment is ongoing.  

 

4.3.2 The human model  

 

For the human model we have chosen  the XCas9 (Addgene #108279) to target the 

c.6055G>A(p.(G2019S)) mutation. Due to the  XCas9 size, we have selected a dual plasmid 

approach. The first plasmid encodes the Cas9 protein flanked by two target sequences (fig. 

19b). The second one is composed by the sgRNA under the control of the U6 promoter, a WT 

Donor of 500bp, and the mCherry/eGFP reporter system as described above (fig.6).   
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In order to assess the functionality of our design we made a preliminary transfection test on 

these cells with a negative control (fig.18a), transfected with an empty plasmid, an EGFP + 

control (fig.18b) and two samples transfected with both plasmids (biological replicates) (fig.18 

lower panel). 48 hours post transfection red and green fluorescence was assessed by FACS 

(fig.18).  

Fig.18: FACS analysis in primary fibroblasts. FACS analysis on human primary fibroblasts. In the upper left 
panel (a) the negative control is shown; the upper right panel (b) shows the EGFP + control; the lower panels (c) 
show duplicate  samples transfected with both the Reporter and the Cas9 plasmids.  
 

Neither red nor green cells were found in the negative control (fig.18a); for the positive control, 

transfected with an EGFP plasmid, we obtained 57.76% of EGFP  + cells (fig.18b). For the two 

edited samples, 5,69% of red cells were obtained 0.45% of which were also green (fig.18c).  

 

In order to further analyze this low efficiency, and to verify the presence of some differences 

with a different method, we carried out a WB analysis in control, mutated and treated cells 

(fig.19a) evaluating the expression of the EGFP, together with the expression of the total level 

of LRRK2 protein (fig.19b).  
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Fig.19: WB analysis in control and treated human primary fibroblasts. WB analysis in control, non-treated 
and treated human primary fibroblasts is shown. β-actin was used as loading control. On the left (a) the image of 
the nitrocellulose membrane with two WT controls, (non treated and treated) and three mutated samples ( not 
treated, EGFP + control and treated with the correction plasmids); from the bottom, LRRK2, GFP and β-actin 
blots are shown for each sample.On the right (b) the analysis of the total expression levels of LRRK2. The values 
on the y axis are the averages of percentage of proteins relative to WT normalized to β-Actin expression The analysis has 
been done in collaboration with the University of Ferrara.  
 

Total LRRK2 levels are higher in the mutant samples with respect to the control one 

(Fig.19a,b). No difference between treated and untreated mutated cells was observed. For what 

concern the expression of EGFP, we  confirmed it is expressed in the treated cells, although at 

low levels.  

Therefore,  we decided to proceed with an editing experiment. After transfection, both the 

control and the treated DNA were analyzed using NGS. BAM and BAI  files obtained from the 

NGS were uploaded into the IGV. No correction  was observed in the treated sample compared 

to the control one (fig.20).  
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Fig.20: IGV analysis of the NGS experiment. IGV analysis on both control (upper) and treated (lower) samples 
are shown in the image. No  correction is present.  
 

 

 

 

4.3.2.1 Adenine Base Editor for human PD model  

 

Taking into account the previous results, we decided to test a new strategy for our mutation: 

the Adenine base editor (ABE) approach.  

We designed a dual plasmid approach with a first plasmid carrying the ABE system (Addgene 

#108382) (fig.21a) and a second one carrying the sgRNA under the human U6 promoter. 

(fig.21b). The presence of the plasmid inside the cell is confirmed  by a fluorescent reporter 

system with the EGFP CDSunder the control of the CMV promoter (fig.21b). 
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Fig.21: the ABE plasmid design. On the left side (a) the plasmid carrying the ABE system that was obtained 
from Addgene; on the right side (b) the plasmid with the sgRNA and the eGFP fluorescent reporter system under 
the CMV promoter.  
 
 
 
 
In order to test the ABE system, we performed a first preliminary transfection test. 24 hours 

later, EGFP + cells were already visible under the microscope (Fig 22a) while 48 hours later, 

green fluorescence was assessed by FACS (Fig 22b) resulting in 26% of EGFP + cells.  

Fig.22: Microscope and FACS analysis of the transfected fibroblasts. Preliminary transfection experiment 
results are shown. a) Fluorescence microscope image of the transfected fibroblasts taken 24 hours after 
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transfection; the red arrows evidence the same cell under light and fluorescent microscopy, showing EGFP 
expression. b) FACS analysis results on  both control and treated sample.   
 
 

Based on this result, we performed a first editing experiment. For the selection of the 

transfected cells, a third plasmid, encoding  puromycin resistance (Addgene #22814), was 

added to the mix.  

48 hours post transfection, cells have been treated with 5ug/mL of puromycin, determined as 

described above (fig.17). 24 hours after the beginning of the selection the DNA was extracted 

and an NGS sequencing was performed. BAM and BAI files  for both control and treated 

samples were uploaded on the IGV. (Fig.23). The analysis showed no base replacement in the 

treated sample (fig.23b). To further analyze the targeted region we uploaded the FASTQ files 

from control and treated samples to an online analysis tool: the BE analyzer, a javascript based 

tool for NGS data of CRISPR base edited cells (http://www.rgenome.net/be-analyzer/) [102]. 

The BE analysis confirmed that no substitution was present in the treated sample with respect 

to the control one (Fig 23).  
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Fig.23: ABE results. ABE experiment results are shown; in the upper panel (a) the IGV image of both the control 
(up) and treated (down) samples. In the lower panel (b) the obtained results from the BE analyzer online tool.  
 

 

 

4.3.2.2 SpCas9 strategy for G2019S mutation.  

 

Considering the negative results with both saCas9 and BE, we designed another strategy with 

the help of MIT CRISPR Design Tool (http://crispr.mit.edu). We selected two different 

sgRNAs that overlap on the mutation site (fig.24a) and we set up a new dual plasmid strategy 

composed by a first plasmid which carry the SpCas9 under the control of the CMV promoter 

(fig.24b) and a second one which carries the two sgRNAs under the U6 promoter  and a 1kb 

donor (fig.24c). The expression of the plasmid inside the cell can be confirmed by  EGFP 

expression (fig.24c).  



 43 

 

 

Fig.24: Design of sgRNAs and plasmids for the dual sgRNa strategy. a) The sgRNA1 (red box) and the 
sgRNA2 (green box) sequences are shown. p. Gly2019Ser mutation is evidenced in red. b) The SpCas9 plasmid 
with the main components outlined. c) The plasmid carrying the 1Kb donor, the two sgRNAs (sg1 and sg2) and 
the eGFP reporter with the CMV promoter.  
 

 

To analyze the functionality of this new system in human primary fibroblasts, a transfection 

test was performed. 48 hours post transfection the green fluorescence was assessed by FACS 

analysis (fig.25).  
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Fig.25: Preliminary FACS analysis on primary fibroblasts. a) the negative control, transfected with an empty 
plasmid ; b) the treated sample, transfected with both the Reporter and the Cas9 plasmids.  
 

 

For the selection of the transfected cells, we used again a third plasmid which express the 

antibiotic resistance. 48 hours post transfection, the DNA was extracted and analyzed by NGS. 

For both control and treated sample, the BAM and BAI files were loaded on the IGV and the 

replacement of the base was inspected together with possible indels (fig.26a). FASTQ files 

from treated and control samples were loaded on CasAnalyzer  to visualize the percentage of 

homology directed repair (HDR). In this case our system resulted to be efficient (fig.26b) with 

an HDR of 75%.  
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Fig.26: Efficient editing is reached on primary fibroblasts. a)NGS results for edited fibroblasts. On the left 
side the control and on the right the treated sample, with the replacement of the correct base,  is shown. b) 
CasAnalyzer results evidencing the 75% of perfect edited alleles.  
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5. Discussion and future perspectives 

 

Parkinson's disease is a slowly progressive neurodegenerative disorder of the nervous system 

which mainly affects the motor system. It is characterized by tremor, stiffness, slowing of 

voluntary movements and difficulty in maintaining balance; a subset of patients also display 

cognitive impairment [1]. Several mutations associated with PD have been identified in 

Leucine Rich Repeat Kinase 2 (LRRK2) gene; among them, the most common is the hotspot 

p.Gly2019Ser (c.6055G>A) variant.  

Despite the growing interest in this field, no definitive treatment is available; Levodopa 

coupled with Carbidopa unfortunately are only able to slow down the progression of the 

disease. These treatments indeed present an efficacy which decreases during time, requiring a 

progressive increase of the drug dosage in order to reduce the symptoms. Unfortunately, in 

about 5 years from the starting of the treatment, the maximum dosage that can be administered 

is reached. As a consequence,  symptoms are no longer under control. Moreover, these 

treatments suffer from different important side effects, such as fluctuation, dyskinesias or 

toxicity [103]. In young patients also deep brain stimulation (DBS) is proposed as a possible 

therapy. [104] 

For PD linked to LRRK2 mutations, which result in Serin1292 hyper-phosphorilation,  the 

possibility to achieve a successful therapy comes out with LRRK2 kinase inhibitors, which are 

currently in phase IIb clinical trials. These molecules have been designed to counterbalance the 

increased LRRK kinase activity and have the  advantage of having a good brain permeability 

with the capacity to efficiently cross the BBB. Kinase inhibitors have resulted to be 

neuroprotective in preclinical models of PD. [105] Actually, published data show that kinase 

inhibitors have the potential to correct lysosomal dysfunction in patients with PD at a dosage 

which is generally well tolerated [106] However, they present important selectivity problems 
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and side effects, especially in lungs and kidneys. Moreover, LRRK2 protein degradation has 

been also reported in animal models.[107,108] 

 

In this scenario, gene therapy seems to be a very promising alternative approach to provide a 

definitive therapy for PD. In the past years, it has been demonstrated how the CRISPR/Cas9 

bacterial immune system can be engineered, becoming an efficient solution to revert disease 

causative variants and, therefore, to cure genetic disorders [69,70]. Moreover, our group has 

previously published the feasibility of the application of CRISPR/Cas9 system for different 

genetic disorders both in human primary fibroblasts, iPSC-derived neurons and in podocyte 

lineage cells [71,72,87]. Taking into account these premises, the overall goal of this work is 

the application of CRISPR/Cas9-based gene editing for the correction of the hotspot 

c.6055G>A (p.(Gly2019Ser)) variant in LRRK2 gene.  

The fact that the brain is our target organ is quite challenging for obvious reasons. However, 

considering the important limitations and of available treatments, if we would be able to  

identify the patients harbouring LRRK2 mutations prior to disease manifestation, we could 

potentially be able to correct the mutation before the onset of the disease and thus prevent, or 

significantly delay, neuronal damage and symptoms onset. Indeed, even if our approach should 

not correct 100% of the cells,, a partial correction  could be enough to delay disease progression 

so that treatment with Levodopa and Carbidopa will start belatedly and the maximum dosage 

of administrable drug might not be reached allowing a better management of the condition and 

an important amelioration in patients quality of life.  

Based on our previous results and different studies demonstrating that it is possible to apply 

the CRISPR/Cas9 gene editing approach in human primary fibroblasts [109], we decided to 

validate our approach in primary fibroblasts obtained from a mutated patient and from  the KI 

mouse model harbouring the corresponding mutation. In order to apply the system both in 
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mouse and in human primary fibroblasts we selected two different guides. The choice to use 

different sgRNAs and Cas9 for the animal and human model derives from the fact that in the 

mouse genome two adjacent nucleotides have been mutated in order to obtain the same 

aminoacid substitution present in the patients: GGG becomes TCG, affecting the first and 

second bases of the triplet [110]. 

For the mouse model, we started to test the strategy using a dual plasmid approach with a first 

plasmid carrying the Streptococcus pyogenes Cas9 (SpCas9) and a second one which carries 

the sgRNA, a donor DNA and a specifically designed fluorescent mCherry-EGFP fusion 

protein that allows the quantification and the selection of the cells through flow cytometry. Our 

system revealed 17% of EGFP positive cells which in a second independent experiment 

decreased to 0.1%. A successive test confirmed again a very low percentage of green cells 

(0,45%).  This could be explained by a low efficiency of the Cas9 to cleave the target sequence 

between the two fluorescent markers (mCherry-EGFP). In our previous works on Rett and 

Alport syndrome we have demonstrated that this double reporter system strategy is effective 

and we could recover a good percentage of EGFP positive cells. However, the real efficiency 

of this cut is not predictable and it might be influenced from the specific target sequence or 

from other features influencing the accessibility of the sequence in the specific plasmid.  

Moreover, we must also consider the hypothesis that a self-cut could preferentially occur on 

the plasmid harbouring the Cas9 itself and not on the Reporter plasmid. Finally, we can not 

rule out the possibility that the selected sgRNA, there only available for spCas9 on the mutated 

sequence, is not efficient in driving Cas9 to the mutated target sequence. For these reasons, we 

switched to an “all in one” plasmid. The generation of a single plasmid is possible thanks to 

the small size of the SaCas9, which leaves enough space inside the plasmid for the insertion of 

the sgRNA, the Donor DNA and a selection system. Moreover, the SaCas9 has been proved to 

be able to edit the genome with an efficiency which is equiparable to the SpCas9 being 1kb 
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shorter [111]. Unfortunately, despite a good preliminary test showing 12.8% of EGFP + cells, 

NGS analyses didn’t evidence any base replacement. This could be explained by the absence 

of of  SaCas9 expression in the mouse fibroblasts as shown by the WB analysis.  This can be 

justified by literature findings which underline that the selected Mecp2 promoter has a low  

expression in mouse fibroblasts [112]. We thus decided to substitute the Mecp2 promoter with 

the stronger EF1a promoter which  is reported to drive strong gene  expression in different cell 

types including fibroblasts [113]. The correct insertion of the promoter in the plasmid backbone 

was confirmed by Sanger sequencing. Further analyses are ongoing to verify the effective 

correction ability of this new design.  

For the human model, the only sgRNA that we could design on the mutated sequence was  for 

the XCas9 variant which recognizes an NG PAM sequence [101]. The XCas9 shows promising 

potential in improving targeting specificity and broaden the target range of the system. It 

exhibit an almost equivalent editing efficiency compared to the canonical SpCas9 [114]. Due 

to the large dimension of the XCas9, also int this case we decided to split the system into 2 

plasmids composed by a reporter plasmid with the sgRNA, the Donor and the dual mCherry-

eGFP fluorescent reporter, and a second one carrying the Xcas9.  The system resulted to be 

inefficient in targeting and correcting the desired locus.  

Literature findings have demonstrated that Adenine Base editor (ABE) has the ability to 

efficiently convert a targeted A•T base pair into G•C [89]. Moreover Chang K. et al have 

recently demonstrated that this system is able to revert the p.Gly2019Ser mutation in iPSCs 

with a 24.5% of correction [115]. Following these published results,  we decided to test in our 

cells the XCas9 ABE system with a dual plasmid approach. The difference with the other 

experiments resides in the fact that the correction system doesn't need a donor DNA. This 

change can be easily explained by the different chemistry used for the correction. In fact, in 

ABE a modified deoxyadenosine deaminase is used together with a functioning one for the 
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conversion of the Adenine (A) to an inosine (I) which is recognized by the polymerase system 

as Guanosine (G). This could make the system able to efficiently revert our hotspot 

p.Gly2109Ser mutation. However, despite the 26 % of EGFP + transfected cells found in 

preliminary tests, this system wasn't able to edit p.Gly2019Ser mutation.  This is in contrast to 

results reported by Chang and colleagues, that obtained an efficient correction. However, we 

must consider that they worked on different cells, namely iPSCs. Many factors, including 

different chromatin accessibility in different cell types, different capacity to efficiently express 

the plasmid or different plasmid design, might explain this difference and additional studies 

are surely needed to assess the real potential of ABE base editor for the correction of the 

p.Gly2109Ser LRKK2 variant. 

In parallel,  we have decided to also try to use SpCas9. For this new strategy we designed two 

different overlapping sgRNAs, positioned at the opposite ends  of the mutation. These two 

sgRNA were inserted into a reporter plasmid containing an EGFP reporter and a 1kb Donor. A 

large  Donor has been selected in order to try to increase the correction efficiency of the system. 

The SpCas9 was expressed by a second plasmid. Results with this approach demonstrated 75% 

of perfect corrected alleles. Additional experiments are ongoing to validate this extremely 

positive result. 

In conclusion, our findings proved that our gene-editing based approach could effectively be 

used to target and correct the pathogenic variant c.655G>A p.Gly2019Ser in LRRK2 gene. This 

represents a promising starting point for the development of a new therapeutic approach for 

PD. Future studies will be focused on the confirmation of these results in  dopaminergic 

neurons derived from induced pluripotent stem cells (iPSCs).  
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7. List of Abbreviations  

 

PD = Parkinson Disease 

LB = Lewy bodies 

BBB =Blood Brain Barrier 

CNS = Central Nervous system 

DBS = Deep brain stimulation 

CRISPR = Clustered regularly interspaced short palindromic repeats 

Cas9 = CRISPR associated enzyme 

PAM = Protospacer adjacent motif 

DSB = Double strand break 

NHEJ = Non Homologous End Joining 

BE = Base Editor 

ABE = Adenine Base Editor 

CBE = Citosine Base Editor 

HEK = human embryonic kidney 

CMV = Citomegalovirus 

MECP2 = Methyl-CpG- binding protein 2 

EF1a = elongation factor 1 alpha 
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