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Movement Disorders
Movement disorders are defined as neurologic syndromes in which there is either an 
excess of movements or a paucity of voluntary and automatic movements, unrelated to 
weakness or spasticity [1]. This group of disorders comprises neurological conditions 
that are clinically, pathologically, and genetically heterogeneous, but they all present 
with defective control, planning, or execution of movements. The frequency of these 
syndromes in the general population is very diverse but, overall, movement disorders are 
common neurological problems, with the most common conditions being restless legs, 
essential tremor, and Parkinson’s disease [2-4].

The majority of the movement disorders are associated with dysfunctions of the 
basal ganglia, a group of gray matter nuclei with a primary function in the control of 
movements, but having also cognitive, behavioral, and emotional functions. Exceptions 
to this general concept are disorders of movement due to pathologies of the cerebellum 
(ataxia, asynergia, and dysmetria). The role of basal ganglia and cerebellum is to orches-
trate the adequate control of movements, based on internal and external stimuli. Tradi-
tionally, only disorders of the basal ganglia and/or cerebellum with clear consciousness 
are listed as movement disorders. However, disorders of movement can also arise from 
pathologies of cerebral cortex, brainstem, and spinal cord (several forms of myoclonus 
and tremor) [5,6].

Movement disorders can be classified into syndromes with too little movements or 
syndromes with an excess of movements. The first group, the syndromes with too little 
movements, are commonly referred to as hypokinesias (decrease amplitude of movements), 
but the terms bradykinesia (slowness of movements) and akinesia (loss of movements) 
have also been used to describe this category. The most frequent hypokinetic syndromes 
are the parkinsonisms. The second group, the syndromes with an excess of movements, 
are referred to as hyperkinesias (excessive movements), but the term dyskinesia (abnormal 
movements) has been used interchangeably [6]. Many different neurological conditions 
are listed in this category, including tremor, dystonia, chorea, myoclonus, and tics.

Genetics of Movement Disorders
in the Next-Generation Sequencing Era
During the past few years, the advent of innovative and extremely powerful methods for 
sequencing nucleic acids (DNA and RNA) has produced a major boost in our under-
standing of the role of genes and genetic variability in biology and pathology, and is 
offering novel research and clinical opportunities for all fields of medicine, including 
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the movement disorders. These new methods, collectively called Next-Generation 
Sequencing (NGS) technologies, provide a way to rapidly generate an unprecedented 
amount of DNA or RNA sequences at very low costs. As a consequence, new research 
and diagnostic approaches have been made available for the exploration of the genetic 
bases of diseases. As a result of these novel approaches, the pace of discovery of novel 
disease-causing or disease-predisposing genes is accelerating (Table 1). Furthermore, the 
phenotypic spectra associated with previously-known disease-genes are expanding. For 
instance, ATP1A3 mutations, initially recognized as the cause of rapid-onset dystonia 
parkinsonism (DYT12), have been more recently identified also as the cause of alter-
nating hemiplegia of childhood, [7-9] and the phenotype of PRRT2 mutations, initially 
considered to consist of paroxysmal kinesigenic dyskinesias, has been later expanded to 
also include migraine and epileptic syndromes [10-12].

Last, the NGS technologies provide novel tools for rapid, cheap, and comprehensive 
genetic testing in the clinical setting.

There are great expectations about the opportunities offered by these novel technologies. 
However, their use in both research and clinical settings comes with certain challenges 
and limitations that should also be taken into account. Here, we provide an update 
on the current DNA sequencing technologies, focusing on their possible applications 
for gene-finding in both research and diagnostic settings in the field of the movement 
disorders.

The Landscape of NGS Technologies
The term NGS refers to a number of different technologies that are rapidly overcoming 
the traditional way of performing DNA and RNA sequencing (the so-called Sanger 
sequencing method, or first-generation sequencing) [13]. These novel technologies, 
also called massively parallel sequencing or second-generation sequencing, have a broad 
range of applications in disparate areas of biology and medicine. These include: I) 
sequencing of individual DNA species (single fragments, one gene, gene panels, up 
to entire genomes) for variants discovery by comparison to reference (normal) known 
sequences; this process is also termed resequencing, and represents the main application of 
NGS in human and medical genetics; II) de novo assembly of long DNA sequences (up 
to entire genomes) without the comparison to other, previously determined sequences; 
III) analysis of single-cell genomes, and of somatic DNA variation in normal tissues and 
cancer; IV) evolutionary genetics and species classification [14]; V) investigation of the 
entire set of mRNA transcripts (transcriptome) of an organism, a tissue, or a single cell 
(RNA sequencing) [15]; VI) characterization of the epigenetic modifications of DNA, 
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Table 1. Non exhaustive list of genes associated with movement disorders identified using NGS.

Gene Disease Inheritance
Independent 

replication
Reference

VPS35 Late onset PD (PARK17) AD Yes
Vilariño-Güell et al [48]; 

Zimprich et al [49]

DNAJC6 Juvenile atypical parkinsonism (PARK19) AR Yes Edvardson et al [42]

SYNJ1
Juvenile atypical parkinsonism (PARK20) and 

severe epilepsy with developmental delay
AR Yes

Quadri et al [43]; Krebs et 

al [44]

DNAJC13 Late onset PD (PARK21) AD Pending Vilariño-Güell et al [104]

CHCHD2 Late onset PD AD Pending Funayama et al [105]

COQ2 Multiple system atrophy (MSA1) AR Pending
Multiple-System Atrophy 

Research Collaboration [38]

ATP6AP2 Intellectual disability, epilepsy, and parkinsonism XR Pending Korvatska et al [106]

RAB39B Intellectual disability with early-onset PD XD Yes Wilson et al [40]

FUS Essential tremor (ETM4) AD Pending Merner et al [107]

HTRA2 Essential tremor AD Pending Unal Gulsuner et al [108]

TENM4 Essential tremor AD Pending Hor et al [109]

SCN4A Essential tremor AD Pending Bergareche et al [110]

WDR45
Neurodegeneration with brain iron 

accumulation (NBIA5) - BPAN
XD Yes Haack et al [57]

COASY
Neurodegeneration with brain iron 

accumulation (NBIA6) - CoPAN
AR Pending Dusi et al [111]

PDGFRB Idiopathic basal ganglia calcification (IBGC4) AD Yes Nicolas et al [50]

PDGFB Idiopathic basal ganglia calcification (IBGC5) AD Yes Keller et al [51]

ISG15 Idiopathic basal ganglia calcification AR Pending Zhang et al [112]

XPR1 Idiopathic basal ganglia calcification (IBGC6) AD Pending Legati et al [113]

PRRT2 Paroxysmal kinesigenic dyskinesia AD Yes

Chen et al [30]; Wang et al 

[31]; Li et al [32]; Lee Li 

et al [33]

HPCA Generalized dystonia (DYT2) AR Pending Charlesworth et al [45]

TUBB4A Cranial-cervical dystonia (DYT4) AD Yes
Lohmann et al [114]; 

Hersheson et al [115]

CIZ1 Cranial-cervical dystonia (DYT23) AD Pending Xiao et al [116]

ANO3 Cranial-cervical dystonia (DYT24) AD Yes Charlesworth et al [117]

GNAL Cranial-cervical dystonia (DYT25) AD Yes Fuchs et al [118]

KCTD17 Myoclonus-dystonia (DYT26) AD Pending Mencacci et al [39]

COL6A3 Cranial-cervical dystonia (DYT27) AR Pending Zech et al [119]

PD, Parkinson’s disease; AD, autosomal dominant; AR, autosomal recessive; XD, X-linked dominant; XR, 
X-linked recessive; BPAN, beta-propeller protein-associated neurodegeneration; CoPAN, CoA synthase protein-
associated neurodegeneration.
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promoter occupancy by transcription factors, and chromatin structure (methyl–seq, 
DNase–seq, ChIP–seq, and others) [16,17]; and VII) analysis of microbial genomes, 
for example, characterization of the entire intestinal microbiota (metagenomics) [18]. 
This introduction deals with the NGS applications in the area of DNA resequencing for 
investigating the genetic bases of disease, with a focus on the monogenic (Mendelian) 
forms of the movement disorders.

Concerning the target regions to be sequenced, one can distinguish whole-genome 
sequencing (WGS), whole-exome sequencing (WES), and more focused, targeted 
sequencing [19,20]. WGS is the most comprehensive approach and it is expected to 
become the method of choice in the near future. Nevertheless, WGS still has limita-
tions. Although prices are continuously dropping, the costs for WGS remain substantial 
for both sequencing and data storage. Moreover, interpreting the enormous amount 
of data generated by WGS poses major challenges. As a result, several protocols for 
target enrichment have been developed, which allow to sequence only specific genomic 
regions. WES is currently a cheaper and popular method to analyze the exome (the 
coding part, equal to ~2%, or ~50 millions of bases of the human genome). Targeted 
resequencing is a good strategy to screen panels of multiple candidate genes, and espe-
cially suitable for diagnostic purposes.

NGS includes different technologies and each of them is characterized by specific 
chemistries, sample preparation protocols, and data analysis [21]. Readers interested 
in the technological aspects are referred to dedicated reviews [21,22]. Moreover, for the 
purpose of this introduction, we will focus on the more broadly-used, and commercially 
available platforms, omitting the so-called third-generation sequencing (or single-mole-
cule sequencing) technologies, that have been reviewed elsewhere [23].

Despite their differences in chemistries and other technological aspects, all NGS tech-
nologies share a basic conceptual workflow in which an initial high-molecular-weight 
DNA sample (e.g., human genomic DNA) is shattered into a fragment library, and 
single-strand molecules are amplified and sequenced in parallel. First, DNA fragments 
(~150 to hundreds nucleotides) are generated by mechanical or enzymatic methods. 
In several applications, such as exome sequencing or resequencing of customized gene 
panels, an additional crucial step involves the enrichment of the target DNA fragments 
(capturing). Libraries are then obtained and platform-specific adaptors are added to both 
ends of each fragment. This step allows the fragments to be more easily PCR amplified 
using just one pair of primers, or to be hybridized to a surface using complementary 
adaptors. Then, the sequences of the fragments are read cyclically and in parallel using 
different chemistries that results, in most cases, in fluorescent or electrical signals.

Last, this signal is detected by an imaging or a different sensing system coupled with a 
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computer, which allows to simultaneously ascertain the sequences of millions of reads in 
parallel. The large amount of data generated is then processed using bioinformatic tools.

For DNA resequencing, the first step of the bioinformatic analysis is the alignment of 
the raw reads against the reference sequence (alignment). Second, the aligned reads are 
compared against the reference in order to obtain a list of genomic variations (variant 
calling). Finally, all the identified variants are compiled with various descriptive infor-
mation, such as name of the gene in which the variant is located, the predicted conse-
quence of the variant at protein level, the predicted effect on the protein function, the 
frequency of the variant in population databases, and others (variant annotation). This 
process allows to confidently identify and report single nucleotide variants (SNVs) and 
short insertions and deletions (Indels). Currently, larger genomic rearrangements and 
copy number variants (CNVs) can also be identified using NGS data by using dedicated 
software [24]. However, these events are more commonly genotyped using single nucle-
otide polymorphisms (SNPs) array-based technologies, which are still the method of 
choice, particularly in the diagnostic laboratories.

The currently available NGS platforms differ concerning throughput, read length, 
read accuracy, read depth, per-base costs, and other aspects [25,26]. Their choice is 
also determined on the basis of the experimental aims (e.g. de novo assembly or rese-
quencing projects, size of the target genomes, etc.). Of note, every platform has some 
biases inherent to the specific chemistry or other technical aspects, such as a reduced 
sequence quality in GC-rich target regions and long stretches of the same nucleotide 
(homopolymers), variable base quality along the reads, and difficulties in detecting short 
or long insertions and deletions [25-27]. Such types of complex genomic regions or vari-
ations are generally difficult to capture and to sequence, often generating false positive 
and false negative results.

These types of problems might have profound consequences for entire projects, such 
as failures in the identification of disease-causing mutations using NGS methods. For 
example, some of the PRRT2 mutations causing paroxysmal kinesigenic dyskinesia were 
missed by NGS-based approaches [28,29]; however, the first identification of this gene 
successfully relied on NGS [30-33]. Similarly, one of the SLC30A10 mutations causing 
the manganese transport disorder with dystonia/parkinsonism was originally missed by 
NGS, due to the combination of relatively low depth of coverage (the number of inde-
pendent reads per DNA base), and the mutation being in a very high GC-rich region 
in the first exon of the gene [34]. Because of strong publication bias, it is difficult to 
appreciate the real extent of these phenomena. One way to at least reduce the amount 
of false negative and false positive results is to increase the depth of coverage of the NGS 
projects which of course leads to higher sequencing costs. Depths of >100-150× were 
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often mentioned in recent reports of successful exome research projects.

NGS Applications in Medical Genetic Research
Genetic variants of interest for medical genetics are conveniently classified according 
to their population frequency and effect-size [35]. Highly-penetrant variants that cause 
disease in a Mendelian fashion are usually very rare (minor allele frequency, MAF, 
far below 1%), and these can be efficiently identified by traditional linkage-based 
approaches. On the other hand, risk factors of small effect-size (odds ratios <2) are 
common in the population (>5%) and most of these have been identified by genome-
wide association studies in the past 5–10 years. However, there is a remaining category 
of variants of intermediate frequency and effect-size, that remained out of reach using 
traditional linkage or genome-wide association approaches. With NGS, we have the 
unprecedented opportunity to investigate every type of medically-relevant variants. 
Of course, the experimental design should be chosen based on the type of variants, 
the frequency of the disease of interest, its mode of inheritance, penetrance, and other 
features (Figure 1). In this introduction, we focus on the strategies for the identification 
of highly-penetrant, disease-causing variants, that are of high relevance for the clinical 
neurologists and neuro-geneticists.

Mendelian mutations have been, and can still be successfully identified using linkage 
mapping and positional cloning (even, sometimes, candidate-gene) approaches [36]. 
Here, in principle, the power of NGS is not necessary, but it can be of great help. When 
multiple affected individuals from the same family are available, the genomic region of 
interest can be narrowed down dramatically by linkage mapping analysis (locus identifi-
cation), and the few genes located within the locus can be quickly investigated in just one 
run of a NGS instrument (Figure 1A) [37]. Several disease-causing genes have already 
been identified with such a combined (linkage + NGS) approach: COQ2 in multiple 
system atrophy,[38] KCTD17 in autosomal dominant myoclonus-dystonia,[39] and 
RAB39B in X-linked intellectual disability with early-onset PD,[40] to name just a few.

Similarly, in the case of autosomal recessive disorders, NGS can be complemented with 
homozygosity mapping, which is the traditional linkage method for the study of consan-
guineous pedigrees based on the analysis of homozygous regions identical-by-descent 
(Figure 1B) [41]. This combination has been successful when applied to movement 
disorders, allowing the identification of novel disease-causing genes for juvenile parkin-
sonism (DNAJC6 and SYNJ1),[42-44] dystonia (HPCA),[45] and many forms of cere-
bellar ataxia or hereditary spastic paraplegia [46,47]. NGS technologies can also speed 
up the analysis of candidate disease-causing or disease-predisposing genes, selected on 
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the basis of their known biological or physiological roles (Figure 1C). Of note, this 
approach has not been very fruitful in the past, at least if compared to the unbiased 
genome-wide approaches [36].

Besides their utility in complementing the traditional linkage mapping methods, the 
NGS technologies allow today novel experimental designs that were impossible during 
the first-generation sequencing era. One of such approaches consists in sequencing the 
exome or the genome of two distant relatives (e.g., first-cousins) affected by the same 
autosomal dominant disease, looking for shared candidate variants selected according 
to given filtering criteria (see below; Figure 1D and Figure 2). This approach represents 

Novel strategies
NGS required

Traditional strategies
NGS not required, but convenient

Cases vs controls
large NGS studies

Double-hit approach
(recessive inheritance)

E

Candidate gene

Gene A

Gene B

Gene C

C

Homozygosity
mapping

B

Linkage mapping

A

Direct sequencing
of distant relatives

D

Trio approach
(de novo mutations)

F

Multiple unrelated
patients or families

G

Identification
of novel 

disease gene

Locus identification

H

Figure 1. NGS strategies for gene finding. NGS-based strategies for the identification of novel disease-associ-
ated genes. The traditional mapping strategies and the novel NGS-based strategies are highlighted. Black symbols 
denote affected individuals; subjects to be sequenced using NGS are highlighted in yellow frame.
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a valid alternative to linkage mapping analysis for studying autosomal dominant 
traits, with the important advantage that it can be applied also when the number of 
affected relatives with DNA available is too small for a traditional linkage approach 
[37]. Examples of successes using such direct-filtering strategies have been provided by 
the identification of VPS35 mutations in PD [48,49] and of PDGFRB and PDGFB 
mutations in primary familial brain calcifications [50,51].

Another, new experimental design made possible by NGS, is represented by the 
“double-hit strategy” for studying autosomal recessive traits (Figure 1E). Here the exome 
or genome of a patient with a suspected autosomal recessive disease is interrogated for all 
the genes carrying two novel or otherwise likely-pathogenic mutations. This approach 
is ideally conducted when the genome of both the (unaffected) parents can also be 
sequenced, providing thereby the possibility to directly filter the genes carrying two 
mutations that have each been transmitted by a different parent (in trans configuration 
in the affected offspring), as dictated by the autosomal recessive mode of inheritance.

A third novel and important strategy is the search for mutations occurring de novo (i.e., 
a mutation present in the DNA of the patient but not detectable in the parents). This is 
undertaken by WES or WGS of family trio(s): the affected offspring and both unaffected 
parents (Figure 1F) [52]. De novo mutations are present by definition in patients who do 
not have a positive family history of the disease (sporadic presentation), and therefore 
cannot be studied by family-based linkage approaches [53]. The hypothesis of disease 
caused by de novo mutations is especially valuable when studying early-onset phenotypes 
that reduce the reproductive fitness of the affected individual, including for example, 
several severe neuropsychiatric phenotypes, such as autism spectrum disorders, intel-
lectual disabilities, and schizophrenia. Indeed, recent large-scale NGS studies using the 
“trio” approach have been successful in the identification of de novo mutations in these 
disorders [52,54]. A similar approach yielded the identification of a de novo ADCY5 
mutation as the cause of a movement disorder presenting with early-onset chorea and 
dystonia [55].

NGS can also be used to directly interrogate the exome or the genome of series of gene-
alogically-unrelated patients, searching for variants occurring in the same gene (Figure 
1G). This approach might be extremely powerful in finding the disease-causing gene 
when the phenotype of interest is very rare, because in this situation the underlying 
hypothesis is that only one (or very few) causative gene(s) are involved (limited genetic 
heterogeneity). In this scenario, it has been shown that even very few patients might 
be enough, because the number of genes carrying novel deleterious mutations, shared 
by unrelated patients is very small [56]. This strategy was instrumental for the identi-
fication of WDR45 as the disease-causing gene in a novel X-linked dominant form of 
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neurodegeneration with brain iron accumulation [57].

The genetics of complex diseases is not the focus of this introduction. However, it is 
worth mentioning that the continuous drop of WES and WGS costs will make large-
scale NGS case-control studies a reality in the near future (Figure 1H). This will offer 
the unprecedented opportunity to comprehensively explore the etiological role of every 
type of genetic variants (very rare, intermediate, and common) [58,59]. Our group 
recently reported the results of a first effort using this type of approach to identify novel 
genetic determinants of PD in an isolated population (Sardinia) [60]. Beside the high 
costs, large case-control exome or genome studies need novel statistical methods that 
consider the single gene, rather than the single variant, as the target for association 
with disease (“burden tests”) [61,62]. In addition to these tests, the study power can be 
further increased by differentially weighting distinct classes of genetic variants or testing 
larger collections of variants across functionally-related genes (pathways-based analysis) 

70’000–90’000
WES variants

~2’000–5’000

~500–700

~300–500

~110

Variants reduction

I) Rare in databases

II) Exonic or splicing

III) Nonsynonymous

IV) Predicted to be pathogenic

V) Mode of inheritance
VI) Experimental strategies (see figure 1)
VII) Functional studies

Disease-causing
variant

(MAF<0.5%)

Figure 2. Prioritization of NGS candidate variants. Variant prioritization progressively reduces the number 
of candidate variants identified by NGS. Schematic representation of a general filtering workflow for NGS vari-
ants. Of note, the number of candidate variants can be further reduced by filtering for variants that are totally 
absent from databases (instead of those that are present but rare, e.g. MAF <0.5%).
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[62]. Similar gene- and pathway-based approaches have recently led to the identifica-
tion of TUBA4A and TBK1 mutations in amyotrophic lateral sclerosis/fronto-temporal 
dementia [63-65] and 18 novel candidate genes for hereditary spastic paraplegia [66].

Prioritizing Variants and Evaluating Pathogenicity
The high throughput of NGS technologies is their main advantage but, at the same time, 
it creates technical challenges. The vast amount of data generated requires dedicated 
hardware, software, and trained personnel. More importantly, the interpretation of the 
large number of identified variants remains the biggest challenge in the NGS era.

When searching for a highly-penetrant disease-causing mutation, a typical NGS 
approach usually identifies a large number of candidate variants. A substantial amount 
of benign polymorphisms can be excluded from the list of disease-causing candidates 
using the filters related to the experimental designs described previously (e.g., variants 
shared by affected cousins). However, this is usually not enough, and dozens of candidate 
variants remain, requiring additional filtering strategies (Figure 2).

The common polymorphic variants that are frequently observed in the general popula-
tion are usually removed first. This fundamental step relies on large repositories of NGS 
data from thousands of individuals originating from different human populations. A list 
of the currently available reference databases is reported in Table 2. Moreover, data from 
large cohorts of individuals sequenced in-house are often used for the same purposes. 
There are some important issues to consider during this step. First, the frequency of 
most genetic variants (both benign polymorphisms and disease-related variants) differs 
between ethnicities and some variants are exclusive of certain populations. Of note, 
individuals of different ethnic groups are included in several publicly available databases. 
Therefore, it is essential that controls used to remove disease-unrelated variants are 
ethnically-matched to the cases in the best way possible. Second, it is crucial to consider 
that some public databases intentionally include known pathogenic variants, which are 
labeled with clinical flags. More importantly, there are substantial chances that very large 
databases (tens of thousands of subjects) include also pathogenic alleles present in the 
general population at very low, but detectable frequencies. This fact can create problems 
particularly if NGS data are filtered in the search for autosomal recessive mutations, 
or for dominant disease-causing variants with reduced penetrance [67]. For all these 
reasons, the database and the MAF cut-offs must be carefully chosen.

In order to facilitate the interpretation of candidate variants in known disease-causing 
genes, it is possible to exploit several well-curated repositories of known disease-causing 
variants and locus-specific databases (Table 2). The accuracy and completeness of these 
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Table 2. Publicly-available population and disease-specific databases.

Population databases

dbSNP
Database of short variants, based on multiple 

submitters
http://www.ncbi.nlm.nih.gov/snp

dbVAR
Database of structural variants, based on multiple 

submitters
http://www.ncbi.nlm.nih.gov/dbvar

1000 Genomes Project 
WGS of ~2,500 individuals from ~25 different 

populations
http://browser.1000genomes.org

Exome Variant Server
WES data from ~6,500 individuals recruited for 

several genomic studies
http://evs.gs.washington.edu/EVS

Exome Aggregation 

Consortium (ExAC)

A collection of WES data from ~60,000 

unrelated individuals recruited for several 

disease-specific and population genetic studies

http://exac.broadinstitute.org/

KAVIAR

A collection of single nucleotide variants from 

~70,000 individuals. It includes WGS data from 

about ~8,000 individuals

http://db.systemsbiology.net/kaviar/

Disease-specific databases

OMIM
Catalog of human diseases and

disease-related genes
http://www.omim.org

ClinVar Catalog of human pathogenic variants http://www.ncbi.nlm.nih.gov/clinvar

Human Gene Mutation 

Database

Catalog of published human pathogenic variants 

(fee required for certain content)
http://www.hgmd.org

Human Genome Variation 

Society 

It includes a list of locus-specific databases for 

many genetic disorders

http://www.hgvs.org/locus-specif-

ic-mutation-databases

Leiden Open Variation 

Database (LOVD) 

Locus-specific database for many genetic 

disorders. It also includes a useful list of 

third-parties locus-specific databases 

http://www.lovd.nl

PDmutDB
Manually curated database of pathogenic and 

benign variations at PD-related genes 
www.molgen.vib-ua.be/PDMutDB/

Parkinson’s Disease 

Mutation Database

Manually curated database of pathogenic and 

benign variations at PD-related genes
http://grenada.lumc.nl/LOVD2/TPI/

PDgene Compendium of genetic association results in PD http://www.pdgene.org/

UMD-THAP1 THAP1 gene mutation database http://www.umd.be/THAP1/

CACNA1A CACNA1A gene mutation database http://chromium.lovd.nl/LOVD2

SETX SETX gene mutation database http://www.LOVD.nl/SETX

SETX (UCLA) SETX gene mutation database http://149.142.212.78/LOVD/

ATM ATM gene mutation database http://www.LOVD.nl/ATM

Human DNA POLG 

Mutation Database
POLG gene mutation database http://tools.niehs.nih.gov/polg

WES, whole-exome sequencing; WGS, whole-genome sequencing; PD, Parkinson’s disease
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databases is a function of time, but it is anticipated that these tools will become more 
and more important in the future. The field of movement disorders would greatly benefit 
from the existence of well-curated disease-specific variant databases.

In addition, variants occurring deeply in intronic and in other non-coding genomic 
regions are usually removed from the candidate list, under the assumption that high-
ly-penetrant, disease causing-mutations should affect the coding region of the genome. 
Moreover, to determine whether and how a non-coding variant is pathogenic might be 
very complex and time-consuming. Nevertheless, it is good to remember that there are 
some risks in removing the non-coding variants. Most of the disease-causing mutations 
known so far are in coding regions [68]. However, the non-coding regions have rarely 
been investigated in the era of Sanger sequencing, and this might have biased the figures 
in favor of disease-causing coding alleles.

Additional strategies can be used to further prioritize the remaining candidate variants. 
One robust approach is the analysis of the evolutionary conservation of the nucleotide 
or amino-acid targeted by the variant (Table 3). The underlying principle is that novel 
deleterious variants tend to be removed by natural selection, while neutral variants are 
maintained in the genetic pool of the population during evolution. Therefore, highly 
conserved nucleotides (and amino acids) are usually very relevant for the gene (or 
protein) function [69].

Another common approach is based on the prediction of the functional damage caused 
by the mutated amino acid using in-silico tools (Table 3). A first group of these software 
relies on defined biological properties of deleterious mutations (often conservation) to 
classify variants in discrete classes of pathogenicity (first-principles approaches). A second 
group consists of classifiers that are trained to distinguish between a set of known dele-
terious mutations and a set of benign polymorphisms, using many potentially-relevant 
properties (trained classifiers). Both type of approaches have pros and cons, described 
elsewhere [70]. Last, the variants located in proximity to exon-intron boundaries (splice 
sites) should always be assessed using in-silico splicing prediction tools (Table 3) [71]. 
Overall, due to the incomplete reliability of both protein prediction (accuracy 60 to 
80%)[72] and splicing prediction tools (accuracy 75 to 95%),[73] the results of these 
in-silico analyses should always be evaluated with caution. The results of multiple tools, 
preferably based on different methods, should be taken into account.

Methods based on the functional predictions are particularly useful when looking 
for disease-causing variants acting by a loss of function. This is typically the case for 
recessive alleles, but also dominant alleles acting through haplo-insufficiency or 
dominant-negative effects.
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Table 3. A list of in-silico prediction tools.

Nucleotide conservation analysis

GERP++ http://mendel.stanford.edu/sidowlab/downloads/gerp/

PhastCons http://compgen.bscb.cornell.edu/phast/

PhyloP http://compgen.bscb.cornell.edu/phast/

SCONE http://genetics.bwh.harvard.edu/scone/

VISTA http://genome.lbl.gov/vista/

Damage prediction based on evolutionary conservation

SIFT http://sift-dna.org

FATHMM http://fathmm.biocompute.org.uk

MutationAssessor http://mutationassessor.org

PROVEAN http://provean.jcvi.org/

ConSurf http://consurftest.tau.ac.il

PANTHER http://www.pantherdb.org/ 

PhD-SNP http://snps.biofold.org/phd-snp/phd-snp.html

Damage prediction based on protein structure

SNPs&GO http://snps-and-go.biocomp.unibo.it/snps-and-go

Damage prediction based on protein structure and evolutionary conservation

PolyPhen-2 http://genetics.bwh.harvard.edu/pph2

MutationTaster http://www.mutationtaster.org

MutPred http://mutpred.mutdb.org

MAPP http://mendel.stanford.edu/SidowLab/downloads/MAPP/

Align GVGD http://agvgd.iarc.fr/agvgd_input.php

nsSNPAnalyzer http://snpanalyzer.uthsc.edu

PMUT http://mmb2.pcb.ub.es/PMut/

SAPRED http://sapred.cbi.pku.edu.cn/

SNAP http://www.rostlab.org/services/SNAP/

SNPs3D http://www.snps3d.org/

Damage prediction based on other/mixed methods

Condel http://bg.upf.edu/fannsdb/

CADD http://cadd.gs.washington.edu

Splicing-prediction tools

GeneSplicer http://www.cbcb.umd.edu/software/GeneSplicer/gene_spl.shtml

Human Splicing Finder http://www.umd.be/HSF/

MaxEntScan http://genes.mit.edu/burgelab/maxent/Xmaxentscan_scoreseq.html

NetGene2 http://www.cbs.dtu.dk/services/NetGene2

NNSplice http://www.fruitfly.org/seq_tools/splice.html

(Continues)
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Instead, in case of mutations with gain-of-function (usually dominant), the altered 
amino acids might introduce novel deleterious protein functions, and therefore they 
might not be predicted as deleterious by these tools. Here, filtering variants based on 
functional prediction is more risky. Some examples of highly-penetrant disease-causing 
mutations that are predicted as benign by the majority of the in-silico tools include the 
SNCA (PARK1) p.Ala53Thr, the PRKRA (DYT16) p.Pro222Leu, and the TARDBP 
p.Ala382Thr.

All the previously mentioned methods reduce the number of candidate disease-causing 
variants. Additional criteria are important for conclusively claim the pathogenicity of 
mutations in novel genes. These include: independent genetic evidence (identifica-
tion of independent patients/families with similar phenotype, carrying the same or 
other mutations in the same gene); biological plausibility (e.g., gene/protein should be 
expressed in the organ targeted by the disease; gene/protein might have a recognized 
role in a pathway already known to be involved in the disease); and functional studies 
(cell systems, model organisms). These traditional concepts remain and are even more 
valuable in the NGS era.

Despite the use of all the above-mentioned approaches, some of the variants identified 
by NGS are of more difficult interpretation. For these variants, also termed variants of 
unknown significance (VUS), the available evidence is not conclusive to claim pathoge-

(Follows)

Splicing-prediction tools

FSPLICE
http://www.softberry.com/berry.phtml?

topic=fsplice&group=programs&subgroup=gfind

GENSCAN http://genes.mit.edu/GENSCAN.html

SpliceView http://bioinfo4.itb.cnr.it/~webgene/wwwspliceview.html

SplicePredictor http://bioservices.usd.edu/splicepredictor/

ASSEDA http://splice.uwo.ca/

SplicePort http://spliceport.cbcb.umd.edu/

CRYP-SKIP http://cryp-skip.img.cas.cz/

SROOGLE http://sroogle.tau.ac.il/

Spliceman http://fairbrother.biomed.brown.edu/spliceman/

GERP, Genomic Evolutionary Rate Profiling; SCONE, Sequence CONservation Evaluation; SIFT, Sorting In-
tolerant from Tolerant; FATHMM, Functional Analysis through Hidden Markov Models; PROVEAN, Protein 
Variation Effect Analyzer; PANTHER, Protein ANalysis THrough Evolutionary Relationships; MAPP, Multi-
variate Analysis of Protein Polymorphism; PMUT, Pathogenic mutation prediction; SAPRED, Single Amino 
acid Polymorphisms disease-association PREdictor SNAP, screening for non-acceptable polymorphisms; Condel, 
CONsensus DELeteriousness score; CADD, Combined Annotation Dependent Depletion; ASSEDA, Automated 
Splice Site and Exon Definition Analyses; SROOGLE, Splicing RegulatiOn Online GraphicaL Engine.
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nicity nor to exclude pathogenicity. Clear and universally valid guidelines on how to 
deal with this type of variants in the clinical practice are not available yet. Functional 
studies using patient-derived material, in-vitro systems, or animal models, can help in 
interpreting the role of these variants. Such approaches could evaluate expression, local-
ization, and functionality of the protein(s). Very often, however, functional assays are 
not available simply because the role of the investigated protein-product is also unknown 
or unclear. The neurologist should keep in mind that the results of the functional tests 
might not always be conclusive.

In these scenarios, the clinicians should carefully explain to the patients that the inter-
pretation of these findings is currently unclear or inconclusive. Moreover, and very 
importantly, the patients should also be informed that the significance of the variant(s) 
might change in the future, as our clinical and genetic knowledge evolves over time.

Applications of NGS in the clinical practice
NGS technologies have recently entered the genetic diagnostic field. Many laboratories 
are implementing diagnostic NGS methods, or they are offering NGS solutions (such 
as diagnostic gene-panels, or diagnostic WES, or even WGS). Of course, these new 
NGS-based methods must adhere to the existing professional and regulatory quality 
standards required for the genetic testing in diagnostic laboratories [74,75]. Further-
more, the diagnostic application of NGS technologies raises novel important issues, 
among which, how to deal with incidental findings and long-term data storage for 
future reanalyses.

Incidental findings are those that are unrelated to the disease that has generated the 
request for diagnostic sequencing, but that are nonetheless of medical value for the 
patient. This is an important and complex issue when dealing with WGS and WES. Local 
or country-specific regulations might apply,[76] and guidelines have been proposed by 
the relevant genetic organizations [77-79]. According to these, the clinician ordering 
the analyses must be sufficiently trained and must inform the patients about the risk 
of incidental findings. For example, according to the American College of Medical 
Genetics and Genomics (ACMG), the diagnostic laboratory should seek and report to 
the clinician certain variants in a minimum set of 56 genes associated with 24 disorders 
that are considered clinically actionable, regardless of the age of the patient. Of note, no 
genes related to movement disorders are currently included in this list. In addition to 
the ACMG, also the European Society of Human Genetics and the Canadian College 
of Medical Geneticists have released their own recommendations about management of 
incidental findings [80,81].
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The storage and management of WGS and WES data for the purpose of future reanal-
yses (e.g., VUS, disease-associated genes that are yet-to-be discovered) is another relevant 
issue. In theory, NGS data can be periodically reanalyzed to identify pathogenic variants 
in novel genes, and/or re-assess the role of variants previously considered as VUS, but 
no clear recommendations for this reanalyses have been established. In addition to 
that, performing this work in a systematic way appears to be an untenable task for the 
diagnostic laboratories. According to the ACMG, the primary care physician would be 
responsible to inform the patient about the necessity to re-contact the clinical geneticist, 
who should discuss with the patient the possibility of reanalysis [75,82].

Although a debate about the clinical application of WGS or WES is ongoing, much 
of the current diagnostic work makes use of targeted resequencing panels [83]. These 
methods avoid the problem of incidental findings and are particularly cost- and time-ef-
fective when dealing with diseases associated with a high degree of allelic and locus 
heterogeneity (i.e., that might be caused by many types of mutations in different genes). 
This is the case of several movement disorders, but only very few studies have focused so 
far on the application of NGS technologies for diagnostic purposes.

Because of the high number of causative genes (>40), the use of resequencing panels 
would be well suited for the diagnosis of cerebellar ataxias patients [84]. In 2010, a first 
pilot study reported the feasibility of this approach by screening seven ataxia-causing 
genes in five patients with known mutations [85]. The results showed that the iden-
tification of causative variants was possible, but the depth of coverage was crucial to 
achieve enough sensitivity. Recently, another study investigated 118 genes (including 
established and candidate disease-causing genes) in a cohort of 50 familial or early-onset 
patients with ataxia, in whom mutations in the most common ataxia-causing genes 
had been previously excluded. An overall diagnostic rate of 18% was achieved, which is 
comparable to the diagnostic rate obtained by the analysis of the know ataxia-causing 
genes using WES [86,87]. Similar results have been reported also for the hereditary 
spastic paraplegias, and for PD [88,89].

Collectively, these studies show that targeted resequencing using panels of genes is a 
good compromise between reliability and throughput [90]. Nevertheless, NGS has 
limitations in detecting complex mutations, such as repeat expansions or large inser-
tions and deletions. Therefore, appropriate techniques should be used prior NGS for 
screening patients affected by such type of genetic conditions (e.g., ataxias due to DNA 
repeat expansions).

For these reasons, and for the relatively-low costs, NGS-based methods represent a 
valid alternative to traditional gene testing by Sanger sequencing. However, Sanger is 
still considered the reference “gold standard” for the confirmation of NGS findings, 
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because of its higher accuracy. Because NGS tests are expected to become much cheaper 
than other laboratory tests (e.g., imaging), their application in the near future might 
become more widespread, and the overall role of genetic testing in the clinical practice 
should increase. Targeted resequencing (WES in the short future and WGS later on) 
could become an important component in the differential diagnosis and personalized 
medicine.

New trends in data sharing and phenotyping
The pace of discovery of novel disease-related genes has been substantially increased by 
the advent of WES and WGS. This revolutionizing wave of gene discovery holds the 
promise to solve the genetic basis of all human Mendelian phenotypes within a few 
years (an estimated 50% of these conditions still lack a cause). However, although NGS 
has increased the success rate of cloning projects, finding a novel disease-causing gene is 
still a challenging endeavor (current success rates are estimated at ~25–30%) [91]. An 
important and emerging issue is that the disease-genes that still remain to be discov-
ered represent rare or extremely rare causes of the disease. Finding a second confirma-
tory family that carries the same or a different mutation in a given gene might be very 
difficult. In this scenario, sharing of unpublished information between research groups 
or organizations is becoming a key factor. To boost this process, web-based platforms 
such as GeneMatcher[92] or DECIPHER[93] have been created. These types of tools 
are already playing a fundamental role in the current research, but they are expected to 
gain even more value in the near future. Of note, when sharing NGS individual data, 
guaranteeing the anonymity and protecting the individual privacy are crucial issues that 
remain to be fully addressed, and currently hampers the effective data sharing between 
researchers [94,95].

The heterogeneous clinical description and the existence of overlapping phenotypes is 
another critical issue that is hampering the identification of novel disease-causing genes, 
particularly in the case of rare disorders. The use of univocal medical terms is crucial for 
the rapid recognition, description, and ascertainment of patients worldwide. Recently, 
there have been efforts to harmonize the phenotypic description of Mendelian disorders 
by creating a list of standard terms to describe human phenotypes [96]. Moreover, 
several software have been developed to assist in the generation of medical information 
in a standardize way, as PhenoTips [97] and PhenoDB [92]. These tools should provide 
assistance in clustering the patients with the same phenotypes and in understanding 
the disorder pleiotropy, and they will consequently facilitate the identification of novel 
disease-causing genes [98].
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A final word of caution
There are great expectations about the opportunities offered by the NGS technolo-
gies. However, their use in both research and clinical settings comes with certain chal-
lenges and limitations that should be taken into account (Table 4). Despite contin-
uous improvements, the overall accuracy and reproducibility of NGS methods remain 
sub-optimal, and the concordance between different platforms is still low, especially 
when analyzing WES or WGS data [99]. Furthermore, the quality of the data provided 
by different laboratories can be very variable. A recent study compared the performance 
of 30 different NGS laboratories in the identification and reporting of disease-causing 
mutations in three families with heritable genetic disorders. Despite the fact that all 
the laboratories started from the same data, only two of them were able to adequately 
complete the assigned task for all the families, highlighting the complexities inherent in 
the current analyses and report of NGS data [100].

Because the interpretation of the data remains a complex matter, genetic findings 
should be prudently reported. The analysis of WGS and WES data with the approaches 
described above can help to distinguish disease-causing variants from benign genomic 
variation, but the evidence is often not sufficient to conclusively declare the pathoge-
nicity of novel variants, and several variants remains labeled as VUS. Erroneous inter-
pretations might have serious consequences for the patient. To prevent such circum-
stances, the interpretation and reporting of variants in clinical settings should follow 
the guidelines of relevant genetic organizations [101]. Besides the direct consequences 
for a patient, erroneous assignments have a negative impact on the research field: up 

Table 4. Challenges of NGS that should be considered by the movement disorders specialist.

NGS pitfall Action/Solution

Incidental findings. Refer to country-specific regulations. Targeted 

resequencing panels might be a preferable NGS choice.

Variants of unknown significance. Consider functional studies, if possible.

Variants interpretation might change over time. Consider periodic reanalysis of the data.

Missing mutations due to regions with low depth of 

coverage.

Increase the depth of coverage, and monitor the quality 

of the coverage (particularly in the first exons of genes, 

and in high guanine-cytosine-rich regions).

Some type of mutations are currently not well detected 

or undetectable (copy number variants, long insertions/

deletions, structural variants, aneuploidy).

Different laboratory techniques should be used to 

investigate such type of mutations.
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to 27% of the genetic variants in the scientific literature have been estimated to have 
a misleading designation [102]. Claims of the identification of a novel disease-causing 
gene should be considered with caution, until confirmation is provided in independent 
datasets, or by independent, functional methods. This caveat is particularly important 
for claims of disease-causality based on findings in single patients or single pedigrees 
(examples are included in the table 1).

To avoid the proliferation of erroneously annotated variants, researchers have set up 
recommendations to declare variants pathogenicity. According to these recommenda-
tions, assignments of variants pathogenicity should include the overall genetic, bioinfor-
matic, and functional evidence, using most of the approaches already described in this 
chapter [103]. The application of these rules will hopefully help to prevent erroneous 
assignments in the future.

These are exciting times for those interested in the genetics of movement disorders. It 
is hoped that the application of NGS technologies will result in a fuller understanding 
of the genetic basis of movement disorders. This knowledge will ultimately provide the 
rationale for novel clinical and therapeutic interventions.
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Scope of the thesis
Movement disorders are a heterogeneous group of neurologic syndromes. In the past, a 
large number of genetic factors have been associated with Mendelian forms of movement 
disorders. Many of these genetic factors were recently identified using next-generation 
sequencing (NGS) technologies (chapter 1.1).

The scope of this thesis is the study of genetic factors involved in the etiology of 
movement disorders. We apply a combination of traditional positional cloning methods 
and novel NGS-based approaches to identify and characterize the genetic determinants 
of movement disorders.

In part II of this thesis, we investigate the genetic factors associated with Parkinson’s 
disease (PD). For the first time, we identify pathogenic DNAJC6 mutations in families 
with early-onset PD (chapter 2.1). Our work delineate a novel form of autosomal 
recessive early-onset PD, caused by mutations in the DNAJC6 gene, and has important 
implications for the diagnostic work-up of early-onset PD patients. In chapter 2.2, we 
report a novel family with triplication of the SNCA locus, a very rare form of early-onset 
parkinsonism. Finally, in chapter 2.3, we report a large exome sequencing study of 
PD in the isolated population of Sardinia. This work identifies a list of novel candidate 
genetic determinants of PD, a resource for replication in follow-up studies.

In part III, we use family-based strategies to study atypical forms of parkinsonism. First, 
by studying two siblings affected by early-onset atypical parkinsonism, we identify a 
novel form of parkinsonism caused by a homozygous mutation in the SYNJ1 gene 
(chapter 3.1). Then, in chapter 3.2, we report an additional family (the third known so 
far) with a milder clinical phenotype caused by the same SYNJ1 homozygous mutation 
and we suggest that the two mutations originated from different mutational events. 
Last, in chapter 3.3, we report a family with juvenile-onset atypical parkinsonism due 
to a homozygous mutation in the FBXO7 gene, contributing to the delineation of the 
genetic and clinical features of this rare form of parkinsonism.

In part IV of this thesis, we focus our attention on movement disorders other than 
primary parkinsonisms. We identify ECHS1 compound heterozygous mutations as 
the disease cause in two siblings with different dystonic disorders. This work shows 
that the broad phenotype associated with ECHS1 mutations can also include isolated 
paroxysmal exercise-induced dystonia (chapter 4.1). Moreover, we identify a recurrent 
C19orf12 mutation in Turkish patients with neurodegeneration with brain iron accu-
mulation, with implications for the diagnosis and genetic counseling of the patients 
with Turkish ancestry (chapter 4.2).

Finally, in the last chapter (chapter 5.1), we discuss the results of this thesis in a broader 
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context and examine how genetics studies are contributing to reshape our knowledge of 
the genetic and clinical aspects of movement disorders.
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Abstract
Objective DNAJC6 mutations were recently described in two families with autosomal 
recessive juvenile parkinsonism (onset age < 11), prominent atypical signs, poor or 
absent response to levodopa, and rapid progression (wheelchair-bound within ~10 
years from onset). Here, for the first time, we report DNAJC6 mutations in early-onset 
Parkinson’s disease (PD).

Methods The DNAJC6 open reading frame was analyzed in 274 patients with early-
onset sporadic, or familial PD. Selected variants were followed up by cosegregation, 
homozygosity mapping, linkage analysis, whole-exome sequencing, and protein studies.

Results We identified two families with different novel homozygous DNAJC6 mutations 
segregating with PD. In each family, the DNAJC6 mutation was flanked by long runs 
of homozygosity within highest linkage peaks. Exome sequencing did not detect addi-
tional pathogenic variants within the linkage regions. In both families, patients showed 
severely decreased steady-state levels of the auxilin protein in fibroblasts. We also identi-
fied a sporadic patient carrying two rare non-coding DNAJC6 variants possibly effecting 
RNA splicing. All these cases fulfilled the criteria for a clinical diagnosis of early-onset 
PD, had symptoms onset in the third-to-fifth decade, and slow disease progression. 
Response to dopaminergic therapies was prominent but, in some patients, limited by 
psychiatric side-effects. The phenotype overlaps that of other monogenic forms of early-
onset PD.

Interpretation Our findings delineate a novel form of hereditary early-onset PD. 
Screening of DNAJC6 is warranted in all patients with early-onset PD compatible with 
autosomal recessive inheritance. Our data provide further evidence for the involvement 
of synaptic vesicles endocytosis and trafficking in PD pathogenesis.
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Introduction
Parkinson’s disease (PD) is a progressive, neurodegenerative disorder manifesting 
with bradykinesia, resting tremor, muscular rigidity, postural instability, and a good, 
prolonged response to levodopa and dopaminergic agonists. The ongoing discovery of 
Mendelian forms of PD provides important clues to understand the disease pathogen-
esis. Mutations in Parkin, PINK1, and DJ-1 cause autosomal recessive forms of early-
onset PD (symptoms onset <age 45), which display slow disease progression, absence 
of atypical signs, and good response to dopaminergic therapies [1-3]. Different types 
of autosomal recessive parkinsonisms are caused by mutations in ATP13A2, PLA2G6, 
FBXO7, DNAJC6, or SYNJ1 [4-11]. Unlike the previous forms, mutations in these 
genes cause juvenile-onset (<age 20) parkinsonism with atypical clinical signs and poor 
or absent response to levodopa.

Mutations in DNAJC6 [DnaJ (Hsp40) Homolog, Subfamily C, Member 6] were recently 
described in two consanguineous families with juvenile-onset, atypical parkinsonism, 
termed PARK19 (MIM 615528). The patients from a Palestinian family carried a 
homozygous splice-site mutation, while those from a Turkish family had a homozygous 
truncating mutation [8-9]. In both families parkinsonism manifested during childhood 
(<age 11) and the disease progression was very rapid, leading to wheelchair-bound state 
within ~10 years from onset. The affected family members had poor or absent response 
to levodopa or additional prominent atypical signs (i.e., mental retardation, seizures, 
dystonia, and pyramidal signs). Furthermore, a 7-years-old patient carrying a homozy-
gous genomic deletion (including most of the DNAJC6 exons, but also two neighboring 
genes) was reported with early-onset obesity, mental retardation, and epilepsy [12]. No 
clinical signs of parkinsonism were present, but the patient was still very young and his 
clinical presentation possibly incomplete.

DNAJC6 encodes the brain-specific isoform of auxilin. Auxilins have a well-established 
role in the clathrin-mediated endocytosis (CME), the process responsible for the uptake 
of material into the cells through clathrin-coated vesicles. In neurons, CME is an 
important mechanism for the formation of new vesicles at the presynaptic terminal and 
synaptic vesicles recycling [13].

Previous mutational screenings of DNAJC6 in PD patients were negative, but they 
included only small numbers of patients or tested only a single variant [8,14,15]. The 
role and frequency of DNAJC6 mutations in PD remained therefore unknown.

Here, by combining direct sequencing, linkage analysis, whole-exome sequencing, 
and expression studies of the auxilin protein, we identify novel DNAJC6 pathogenic 
mutations in patients with early-onset PD. Our data delineate a novel monogenic form 
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of the disease and have broad implications for understanding the disease pathogenesis, 
and for improving the diagnostic work-up and the genetic counselling of early-onset 
PD.

Subjects and Methods
Subjects Included in the Study
We studied 274 unrelated probands with PD, including 92 cases with familial PD compatible 
with autosomal recessive inheritance (mean onset age: 54.65; standard deviation [SD], 12.34; 
range 19–84), and 182 patients affected by early-onset sporadic PD (mean onset age: 35.20; 
SD, 7.98; range 13–50). The diagnosis of clinically definite PD was made according to the 
criteria of the UK PD Society Brain Bank (with the exception that a positive family history of 
PD was not considered an exclusion criterion) [16]. The patients were examined and recruited 
in several movement disorder centers within the International Parkinsonism Genetics Network 
(members of the network are listed in the Supplementary Material). The patients originated from 
Italy (n=147), The Netherlands (n=78), Brazil (n=39), Portugal (n=7), Spain (n=2), and Turkey 
(n=1). Written informed consent was obtained from all the included individuals. This study was 
approved by appropriate Institutional Review Boards and complied with the legal requirements 
of the different jurisdictions involved.

DNAJC6 Sequencing
Genomic DNA was isolated from peripheral blood or saliva using standard protocols. DNA 
samples underwent Sanger sequencing of the entire DNAJC6 coding region and exons-intron 
boundaries (MIM 608375). Exons and intron-exon boundaries of the DNAJC6 gene were 
amplified using PCR (primers are reported in Suppl Table 1). Amplification reactions were 
performed in a total volume of 20 µl, containing 1× FastStart Taq DNA Polymerase buffer, 200 
µM of each dNTP, 0.5 µM forward primer, 0.5 µM reverse primer, 0.5 units FastStart Taq DNA 
Polymerase (Roche, Basel, Switzerland) and 40 ng of genomic DNA. PCR conditions: 5 min 
94°C initial denaturation followed by 30 or 28 cycles of 30 sec 94°C; 30 sec 60°C; 90 sec 72°C 
with a final extension for 5 min 72°C.
PCR reactions were purified using 5 units ExoI and 1 unit Fast AP (Life Technologies, Carlsbad, 
California), 45 min 37°C, 15 min 80°C. Direct sequencing was performed using Big Dye Termi-
nator chemistry ver. 3.1 (Life Technologies) as recommended by the manufacturer. Dye termi-
nators were removed using SephadexG50 (GE Healthcare, Little Chalfont, United Kingdom) 
and loaded on an ABI 3130XL Genetic Analyzer (Life Technologies). For sequence analysis the 
software packages Seqscape v2.6 (Life Technologies) and Sequencing Analysis v5.1 (Life Tech-
nologies) were used.
Variants identified were annotated according to the GenBank accession numbers 
NM_001256864.1 and NP_001243793.1, corresponding to the longest protein isoform 
(auxilin isoform 1).
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Additional Genetic Studies in DNAJC6 Variant Carriers
Variants were selected for further investigations if they were I) exonic or with a possible effect 
on splicing (< 100 base pairs [bp] from splice sites), II) rare in 1000 Genomes (allele frequency 
< 0.005), and III) segregating with PD (if additional family members were available). Patients 
carrying the selected variants were screened for mutations in genes known to cause autosomal 
recessive, early-onset PD (parkin, PINK1, and DJ-1) by DNA Sanger sequencing and copy number 
analysis using multiplex ligation-dependent probe amplification (MLPA) kits P051 and P052 
(MRC Holland, Amsterdam, The Netherlands). Furthermore, in these patients we sequenced 
DNAJC6 5’UTR  (untranslated region), 3’UTR, and promoter regions (1000 bp upstream of 
the translation initiation codon of NM_014787.3), and we performed DNAJC6 copy number 
analysis by real-time quantitative PCR (qPCR). Five qPCR assays targeting different exons (2, 
5, 10, 15, and 19) of the DNAJC6 gene were carried out. qPCR reactions contained 200nM 
primer, 1× KAPA SYBR FAST qPCR Master Mix (Kapa Biosystems, Wilmington, Massachu-
setts), and 20 ng genomic DNA. All reactions were performed in triplicates on a Bio-Rad CFX96 
Real-Time System. Data was analysed using CFX Manager Software v3.0 (Bio-Rad Laboratories, 
Hercules, California). The assays SEL1L and RBM11 were used as reference targets assuming to 
detect two chromosomal copies in all the tested samples. PCR conditions: 3 min 94°C initial 
denaturation followed by 30 cycles of 5 sec 94°C; and 30 sec 60°C with relative fluorescence 
units (RFU) data collection. qPCR primers are reported in Supplementary Table 2. All assays 
were validated by testing linearity over 3 orders of magnitude and by observation of a single 
peak in RFU data collected during a melting curve as a function of temperature. Intensities were 
compared to at least two control DNA samples from unrelated or unaffected individuals and two 
genome reference targets without copy number variations. All copy number values were defined 
within the normal range for relative quantity values between 0.8 and 1.2.

Genetic Studies of Families With DNAJC6 Biallelic Mutations
We identified two familial and one sporadic PD probands carrying biallelic DNAJC6 variants. 
To further support the pathogenicity of these variants, all available and consenting affected and 
unaffected relatives were examined and genomic DNA samples were obtained. The two families 
with biallelic DNAJC6 variants were investigated using homozygosity mapping, linkage analysis, 
and whole-exome sequencing.

Homozygosity Mapping
DNA samples of the two families underwent genome-wide SNP array genotyping. For the 
GPS-0313 family we used Illumina Infinium CytoSNP-850K BeadChip (Illumina, San Diego, 
California; 851,274 SNPs at a median distance of 1.8 Kb); the DNA samples of the two parents 
and the three siblings were included. For the PAL-50 family we employed Illumina HumanOm-
niExpress BeadChip (Illumina; 730,525 SNPs at a median distance of 2.1 kb); the DNA samples 
of four siblings were included.
Analysis of homozygosity was performed using Nexus Copy Number, Discovery Edition, v7 
(BioDiscovery, El Segundo, California). For the identification of regions of homozygosity shared 
between affected siblings, the minimum length for homozygous runs was set to 1 Mb.
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Linkage Analysis
SNP array data were used to perform parametric multipoint linkage analysis with the software 
MERLIN (v1.1.2) [17]. We assumed an autosomal recessive model, with the following settings: 
markers allele frequencies set to equal; disease allele frequency set to 0.0001; and penetrances set 
to 0.0001/0.0001/1.0.
Both the GPS-0313 and PAL-50 families are of white (Caucasian) ethnicity. In both families, the 
parents of the patients denied consanguinity within at least two previous generations. However, 
in both families the parents originate from very small villages in peripheral regions of The Neth-
erlands and South Brazil, respectively. Their offspring show several extended (>3Mb) runs of 
homozygosity, supporting parental consanguinity (Supplementary Table 3). For these reasons, 
the two families were modeled as consanguineous with the two parents being third cousins. Since 
the parents of the patients denied consanguinity within at least two previous generations, we 
considered unlikely a closer consanguineous loop (first or second cousins), and assumed a third-
cousins marriage as the closest relatedness. Of note, more distant relatedness between the parents 
would yield even higher logarithm of odds (LOD) scores at the linkage peak on chromosome 1.

Whole-Exome Sequencing
We performed whole-exome sequencing of one affected member of each family (GPS-0314 
and PAL-54) at BGI Europe. Sequencing was performed using in-solution capturing (Agilent 
SureSelect Human All Exon V5 50Mb, Agilent Technologies, Santa Clara, CA) and Illumina 
HiSeq2000, 90 bases paired-end sequencing (Illumina). Reads were aligned to the human 
reference genome hg19 (build GRCh37.p13) using Burrows-Wheeler Alignment Tool and 
variants were called using Genome Analysis Toolkit (GATK) [18,19]. Variants were filtered using 
Cartagenia Bench Lab NGS 4.0 (Agilent Technologies).
Genomic regions of interest were previously determined based on linkage and homozygosity 
mapping. We selected all the variants that were I) within the regions of interest, II) homozy-
gous, III) nonsynonymous exonic or close to splice sites (< 8 bases), and IV) rare in databases 
(allele frequency lower than 0.01 in 1000 genomes, Exome Variant Server ESP6500SI-V2, and 
dbSNP141).

Additional Linkage and Exome Data Analyses
To exclude the presence of additional novel likely-deleterious variants in the rest of the genome, 
in both the GPS-0313 and PAL-50 families we also performed genome-wide linkage analysis 
under autosomal recessive inheritance using the parameters set as above, but assuming no 
parental relatedness.
Regions with positive values of LOD scores were then inspected using whole-exome sequencing 
data (obtained in the GPS-0314 and the PAL-54 patient). We selected all the variants that were: 
I) within linkage regions; II) nonsynonymous exonic or close to splice sites (< 8 bases); III) absent 
from public databases (1000 genomes, Exome Variant Server ESP6500SI-V2, dbSNP141, 
Exome Aggregation Consortium); and IV) homozygous or double heterozygous (heterozygous 
variants located in genes with multiple heterozygous variants fulfilling criteria I, II, and III).
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In Silico and Structural Analysis
The effect of the missense variants identified in the study was investigated using five different 
protein damage prediction software: Sorting Intolerant From Tolerant (SIFT), PolyPhen-2, 
likelihood ratio test (LRT), MutationTaster, and MutationAssessor [20-24]. Moreover, variants 
with a possible effect on splicing were tested using five splicing prediction tools (SpliceSiteFinder-
like, MaxEntScan, NNSPLICE, GeneSplicer, and Human Splicing Finder) integrated in Alamut 
Visual v4.2 (Interactive Biosoftware, Rouen, France) [25-28].
The effect of the DNAJC6 missense mutation (p.Arg927Gly) was investigated using 
publicly-available X-ray crystallographic structures of the bovine auxilin J domain. The sequences 
of the auxilin protein homologs in Homo sapiens and Bos Taurus were aligned using the software 
T-Coffee [29]. The homologs were completely identical in the domain under study (J domain). 
Crystallographic structures of the auxilin J domain, and the complex between auxilin J domain 
and the ATPase domain of Hsc70 (AMPPNP form) were retrieved from the Protein Data Bank 
(PDB ID 1NZ6 and 2QWR) [30,31]. A modified structure with the mutant amino acid was 
generated with the UCSF Chimera package (v1.10.1). Chimera is developed by the Resource 
for Biocomputing, Visualization, and Informatics at the University of California, San Francisco 
(supported by NIGMS P41-GM103311) [32]. Molecular graphics and analyses were performed 
with the Pymol Molecular Graphics System v1.5.0.5 (Schrödinger, New York, New York).

Protein Expression Analysis
To investigate further the pathogenicity of the DNAJC6 variants identified, we analyzed the 
expression of the auxilin protein in patient-derived fibroblasts. Primary fibroblasts were obtained 
from skin biopsies of both the Dutch patients (GPS-0313 and GPS-0314) and one of the two 
Brazilian patients with novel homozygous DNAJC6 mutations (PAL-54), one unaffected relative 
of the Dutch family, who was a heterozygous mutation carrier (GPS-0315), and four unrelated 
unaffected control donors. The expression of auxilin was studied in protein extracts from fibro-
blasts using Western blotting.
Fibroblast cell lines were expanded in growth medium (Dulbecco’s modified Eagle’s medium, 
15% fetal calf serum, penicillin, streptavidin), and at 90% confluence lysed in RIPA lysis buffer 
(150 mM NaCl, 1.0% IGEPAL CA-630, 0.5% sodium deoxycholate, 0.1% SDS, and 50 mM 
Tris, pH 8.0.) containing protease inhibitor Complete (Roche). Lysates were cleared by spinning 
10,000g for 10 min. For Western blotting, proteins were precipitated using the TCA protein 
precipitation protocol, [33] separated on 4% to 15% Criterion TGX precast gels (Bio-Rad Labo-
ratories), and transferred to nitrocellulose using the Trans-Blot® Turbo Transfer System (Bio-Rad 
Laboratories). Blots were blocked using 5% Protifar (Nutricia, Amsterdam, The Netherlands) in 
phosphate-buffered saline (PBS), 0.1% (v/v) TWEEN 20 (Sigma-Aldrich, St. Louis, Missouri). 
Primary antibodies used were: rabbit anti-Auxilin (1:1000; a gift from Dr. Pietro De Camilli, 
Yale University, New Haven, Connecticut; of note, this antibody is validated for the detection 
of endogenous auxilin in Western blotting) [34]; rabbit anti-gamma-tubulin (1:2000; Sigma-Al-
drich T5192); mouse anti-vinculin (Clone V284; 1:5000; Santa Cruz Biotechnology, Dallas, 
Texas). After washing in PBS, 0.1% (v/v) TWEEN® 20, blots were incubated with fluorescently 
conjugated goat anti-mouse (IRDye 800) and goat anti-rabbit (IRDye 680) secondary antibodies 
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(LI-COR Biosciences, Lincoln, Nebraska). After washing in PBS, 0.1% (v/v) TWEEN 20, the 
blots were imaged and analyzed using an Odyssey Imaging system (LI-COR).
Images were analyzed by removing the median background from the total intensity of each 
band. Auxilin intensities were divided by intensities of the loading control vinculin and normal-
ized using the sum of all data points in each replicate [35]. Four independent biological repli-
cates of each individual were analyzed by signal quantification of multiple Western blots (12 
technical replicates in total). The technical replicates belonging to the same biological replicate 
were averaged and used for the statistical analysis. We performed one-way analysis of variance 
(ANOVA) using eight groups, one for each subject (four unrelated healthy donors, GPS-0313, 
GPS-0314, GPS-0315, and PAL-54). Post hoc tests between the control subjects and the 
remaining individuals were conducted using pair-wise t tests and correcting for multiple compar-
isons (Bonferroni’s correction). Statistical analyses were conducted in R v3.2.1 (R Foundation for 
Statistical Computing, Vienna, Austria).

Results
DNAJC6 Genetic Studies
The results of the DNAJC6 sequencing analysis in the 274 PD probands are displayed 
in Table 1 and Figure 2C. We identified 14 samples with a total of 15 exonic or possi-
ble-splicing variants passing our filtering criteria. To exclude the possibility that any 
of these variants was in linkage disequilibrium with other variants in the gene, we also 
screened the entire DNAJC6 5’UTR, 3’UTR, and part of the promoter in these 14 
samples, but no additional pathogenic variants were detected. Moreover, qPCR exper-
iments could not detect any copy number variants in DNAJC6. Also, none of these 14 
samples carried pathogenic variants in parkin, PINK1, and DJ-1.

Three probands carried DNAJC6 homozygous or double heterozygous variants (Fig 1). 
GPS-0313 and PAL-50, two patients with familial early-onset PD, carried novel homo-
zygous mutations in DNAJC6, while BR-2652, a patient with early-onset sporadic PD, 
carried two heterozygous variants with possible effect on splicing. The clinical features 
in these patients are reported in Table 2.

Family GPS-0313
A novel homozygous DNAJC6 c.2779A>G variant (predicted protein effect: p.Ar-
g927Gly) was present in GPS-0313, a Dutch proband with early-onset, familial PD 
compatible with autosomal recessive inheritance (Fig 2A). Sanger sequencing of his 
affected sister (GPS-0314) revealed the same homozygous mutation, while his parents 
and one healthy sibling were heterozygous mutation carriers (Fig 1A).

Genome wide-linkage analysis revealed a single, nearly-significant peak on chromosome 
1 (maximum LOD: 3.07) including the DNAJC6 locus. In this region, homozygosity 
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mapping showed a 10.7-Mb run of homozygosity (from rs6660751 to rs10789400) 
present in both affected siblings but absent from the unaffected family members (Fig 
3A,D). Exome sequencing in one of the affected siblings, GPS-0314, achieved an 
average coverage of 132×, with 91% of the target regions covered at least 10× (Supple-
mentary Table 4). According to our filtering criteria, the p.Arg927Gly was the only 
likely-pathogenic variant within the linkage region. Also, this variant was absent from 
all the databases tested, including the Exome Aggregation Consortium (ExAC; 121,412 
alleles), and was predicted to be pathogenic by all the prediction software (Supplemen-
tary Table 5) [36]. Notably, the variant was also absent in the Genome of The Nether-
lands (GoNL) database [37].

These two patients developed the first motor symptoms, bradykinesia and tremor, during 
the third decade of life. In one of them, GPS-0313, parkinsonism signs developed after 
six months of neuroleptic treatment, prescribed for psychotic disturbances since the age 
of 21. Over the years, the motor disorder progressed slowly. Their magnetic resonance 
imaging (MRI) and F-18 fluorodeoxyglucose/positron emission tomography (18F-FDG 
PET) were unremarkable, whereas 18F-DOPA PET imaging revealed nigrostriatal 
abnormalities compatible with PD. Supplementary Video 1and 2 display these patients 
after 27 and 16 years of disease evolution. GPS-0313 had more severe parkinsonism and 
was wheelchair-bound, while, remarkably, his sister had very little postural instability 
and relatively preserved gait. Of note, both patients responded well to dopaminergic 
therapies, but the dosages had to be limited to control psychiatric side effects.

Figure 1. Pedigrees of the PD patients with biallelic DNAJC6 mutations. The genotypes of the available 
family members are reported. To protect subjects’ privacy, the gender of some individuals has been disguised. Black 
symbols denote individuals affected by early-onset PD. PD = Parkinson’s disease; M = mutation; R = reference 
(normal sequence).
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Table 2. Clinical features in PD patients with biallelic DNAJC6 mutations.

Patient code GPS-0313 GPS-0314 PAL-50 PAL-54 BR-2652

Gender male female male female male

Age at last

examination (y.rs)

48 44 62 46 57

Onset age (y.rs) ~21 29 42 31 33

Disease duration (y.rs) ~27 15 20 15 24

Symptoms at onset motor slownessa

hand tremorsa

hand tremor motor slowness hand tremor hand tremor

Asymmetric onset - + + + +

Signs at examination

Hoehn-Yahr stage 5 3 3 3 4

Bradykinesia + + + + +

Rest tremor - + + + +

Rigidity + + + + +

Postural instability + + + + +

Levodopa response + + + + +

Motor fluctuations - - + + +

Levodopa-induced 

dyskinesias

- - + + +

Levodopa-induced 

hallucinations

+ + + - -

Pyramidal signs - - - - -

Cerebellar signs - - - - -

Autonomic signs - - - - -

Cognitive decline - - + - -

Seizures - - - - -

Brain MRI normal normal normal normal normal

Brain 18F-Dopa PET abnormalb abnormalb N/P N/P N/P

Brain FDG PET normal normal N/P N/P N/P

Surgical therapies none none none STN-DBS pallidotomy

+ present; - absent; N/P = not performed
a parkinsonism symptoms initially emerged after treatment with neuroleptics
b severe striatal uptake deficit, particularly at putamen level, as seen in PD
PD = Parkinson’s disease; MRI = magnetic resonance imaging; PET = positron emission tomography; 
FDG = F-18 fluorodeoxyglucose; STN-DBS - treated with deep-brain stimulation of the subthalamic nuclei.
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Family PAL-50
A different, novel DNAJC6 homozygous variant, c.2223A>T (p.Thr741=; Fig 2A), 
was present in PAL-50, a Brazilian proband with early-onset, familial PD compatible 
with autosomal recessive inheritance. This variant is located 5 bases before the end 
of exon 15. Sanger sequencing confirmed the mutation in homozygous state in the 
affected sister (PAL-54), while two unaffected siblings were heterozygous (PAL-56) 
or non-carriers (PAL-55; Fig 1B). Also in this family, linkage analysis identified a 
single, nearly-significant peak on chromosome 1 (LOD score 3.18), corresponding to 
a 16.1-Mb homozygous run (from rs3118027 to rs6672527; Fig 3B and D). Exome 
sequencing in PAL-54 achieved an average coverage of 141× with 91 % of the target 
regions covered at least 10× (Supplementary Table 4). Within this linkage region, exome 
sequencing revealed 2 additional homozygous variants besides the DNAJC6 c.2223A>T: 
a c.589A>G (p.Arg197Gly) in L1TD1 (NM_001164835.1) with an allele frequency of 
0.003 in 1000 genomes and ExAC, and a novel c.2065G>A (p.Gly689ser) in HOOK1 
(NM_015888.4). Both variants were excluded from further investigations because 
predicted to be benign by all the protein damage prediction tools, and because conser-
vation analysis showed that species other than humans carry the mutated amino acids 

G AAGGTGTA CGGGAAGGCTGT

c.2223A>T
p.Thr741=

ACCTTGGGACT CTAGGTACAA

c.2779A>G
p.Arg927Gly H.sapiens PVGMADLVTPEQVKKVYRKAVLVVHPDKATGQPYE

P.troglodytes PVGMADLVTPEQVKKVYRKAVLVVHPDKATGQPYE
M.mulatta PVGMADLVTPEQVKKVYRKAVLVVHPDKATGQPYE
C.lupus PVGMADLVTPEQVKKVYRRAVLVVHPDKATGQPYE
B.taurus PVGMADLVTPEQVKKVYRKAVLVVHPDKATGQPYE
M.musculus PVGMADLVTPEQVKKVYRRAVLVVHPDKATGQPYE
R.norvegicus PVGMADLVTPEQVKKVYRRAVLVVHPDKATGQPYE
G.gallus PVSMADLVTPEQVKKVYRRAVLVVHPDKATGQPYE
D.rerio PVGMADLVTPEQVKKVYRKAVLVVHPDKATGQPYE
X.tropicalis PVSMADLVTPEQVKKVYRKAVLVVHPDKATGQPYE

A
Arg927

B

5' 3'

1kb
c.2371C>T
p.Gln791*

c.2223A>T
p.Thr741=

c.2779A>G
p.Arg927Gly

c.801-2A>G

c.2038+3A>G

Isoform 1
NM_001256864.1
Isoform 2
NM_014787.3
Isoform 3
NM_001256865.1

C

DNAJC6

c.626T>C
p.Leu209Pro

c.1855C>T
p.Arg619Cys

c.1468+83del

c.2517del
p.Phe839Leufs*22

c.397A>T
p.Met133Leu

Figure 2. DNAJC6 mutations. (A) Electropherograms of the two DNAJC6 homozygous mutations.(B) 
Alignment of the auxilin protein homologs in different species (protein accession numbers are reported in 
Supplementary Table 8). Protein homologs in different species were aligned using the software T-Coffee [29]. 
The arginine at position 927 is also indicated. (C) Schematic representation of the DNAJC6 transcripts with the 
mutations previously identified in the two PARK19 families (bottom) and the novel mutations identified here in 
patients with early-onset PD (top). Mutations detected in homozygous or compound heterozygous state are bolded. 
PD=Parkinson’s disease.
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(Supplementary Table 6). On the contrary, the DNAJC6 c.2223A>T variant was absent 
from all the available databases, including the ExAC, and three out of the five prediction 
software suggested a splicing effect: the introduction of an aberrant splicing acceptor 
site one base after the constitutive donor site, at position 2227+1 (Supplementary Table 
7). These two patients developed PD symptoms at the age of 42 and 31, respectively. 
Their clinical course was typical for PD, including good response to levodopa and severe 
motor complications (wearing off and dyskinesia). Due to these, PAL-54 also underwent 
bilateral subthalamic nucleus DBS, with marked improvement. Supplementary Video 3 
and 4 display the patients at the age of 62 and 46 years old.

Proband BR-2652
Two DNAJC6 heterozygous variants, a novel c.2038+3A>G and a c.1468+83del with 
allele frequency of 0.004 in 1000 genomes, were present in BR-2652, a sporadic 
Brazilian patient with early-onset PD (Fig 1C). Genotyping of available relatives was 
consistent with the patient being compound heterozygous. Four out of five splicing 
prediction software suggested that the c.2038+3A>G variant may cause loss of the 
splicing donor site at position 2038, while the same analysis for the c.1468+83del did 
not suggest an effect on splicing (Supplementary Table 7). This proband developed PD 
at the age of 33, with right hand tremor. The parkinsonism was responsive to levodopa, 
and displayed a prolonged course. He also received left side pallidotomy in 2006 and 
right side pallidotomy in 2010. Supplementary Video 5 displays the patient at the age 
of 44, after 11 years of disease.

Additional Linkage and Exome Data Analyses
Our linkage analysis assuming no parental relatedness identified positive LOD scores in 
33 genomic regions (total 671 Mb, maximum LOD 0.23) in the GPS-0313 family, and 
32 regions (total 383 Mb, maximum LOD 0.24) in the PAL-50 family. The analysis of 
the whole exome sequencing data revealed the DNAJC6 c.2779A>G (p.Arg927Gly) as 
the only variant surpassing our filtering criteria in GPS-0314.

In PAL-54, this analysis revealed only two variants, which were already identified by 
our homozygosity-based strategy, within the chromosome 1 linkage peak: the DNAJC6 
c.2223A>T and the HOOK1 c.2065G>A (p.Gly689ser). Additional novel variants were 
not detected. Further inspection of the exome data revealed an heterozygous variant 
in the glucocerebrosidase gene (GBA) (NM_000157.3: c.1088T>C, p.Leu363Pro) in 
PAL-54, which was present also in PAL-50. GBA variants were not found in the exome 
data of GPS-0314. Heterozygous GBA variants are known to be risk factors for the 
development of PD. However, the p.Leu363Pro variant has never been reported in 
patients with this disease.
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Expression and Structural Studies of the Auxilin Protein
The results of our protein expression studies showed that, in primary fibroblasts, the 
steady-state levels of auxilin are markedly and significantly lower in patients with homo-
zygous DNAJC6 mutations than in control subjects (ANOVA p= 1.08×10-06, Table 3, 
Fig 4A,B). The unaffected heterozygous mutation carrier (GPS-0315) had auxilin levels 
intermediate between those of controls and patients.

Furthermore, our in-silico structural studies showed that the Arginine at position p.927 
(replaced by Glycine in the patients of the Dutch family) is located in the J domain, 
which is a known crucial functional domain of auxilin, and it is facing the interacting 
partner, Hsc70. The mutation has a drastic steric effect and reduces the charge potential 
of a positively-charged patch at the protein surface, a region possibly involved in the 
interaction with Hsc70, or with other molecular partners (Fig 4C,D).

Discussion
Our study reveals a novel role for DNAJC6 mutations in early-onset PD. Two out of the 
92 probands (2.2%) with familial PD compatible with autosomal recessive inheritance 
carried novel homozygous mutations.

Several lines of evidence support the contention that the two homozygous variants iden-
tified are disease-causing. First, each of these variants is located within the highest, and 
nearly-significant linkage peak obtained in the respective family (Fig 3A–C), and also 
supported by the results of the homozygosity mapping. Second, within these linkage 
regions, exome sequencing revealed no evidence of disease-causing variants in genes 
other than DNAJC6. Moreover, novel pathogenic variants were not found by exome 
sequencing in any other genomic loci detected in the two families under an autosomal 
recessive mode of inheritance, without assuming parental consanguinity. Third, both 
variants are absent from all the available databases (more than 120,000 alleles). Fourth, 
the two variants are predicted to be deleterious by our in-silico analyses. Last, the 

Table 3. Statistical analysis of DNAJC6 expression in subject-derived fibroblasts.

GPS-0313 GPS-0314 GPS-0315 PAL-54

Control 1 6.6×10-06 1.3×10-05 0.02702 1.7×10-04

Control 2 3.0×10-04 5.8×10-04 0.40799 0.00715

Control 3 2.3×10-05 4.5×10-05 0.07662 6.0×10-04

Control 4 1.3×10-06 2.5×10-06 0.00600 3.1×10-05

The table displays the p values for pair-wise t test comparisons between controls 
and subjects with DNAJC6 mutations. p values are not corrected for multiple 
testing. Values surpassing the Bonferroni-corrected threshold (p < 0.0125) are 
bolded.
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Figure 4. Protein analyses. (A) Auxilin expression in human fibroblasts; a representative Western blot is shown; 
vinculin and γ-tubulin are included as loading controls. (B) Quantitative analysis of auxilin levels in patients’ 
fibroblasts, expressed as percentage of the average expression in four unrelated control individuals. All data are 
from four biological replicates. The plots of the patients with DNAJC6 homozygous mutations are in red; the 
heterozygous carrier of the Dutch missense mutation (GPS-0315) is in gray; the control subjects are in blue.(C) 
Crystal structure of the bovine auxilin J domain with visualization of the electrostatic potential surface for the 
wild type (left) and mutant (right) proteins (PDB accession n. 1NZ6). The replacement of the Arginine-927 with 
a Glycine modifies a large positively-charged patch on the protein surface, with drastic sterical and electrostatic 
consequences. The more positively charged regions are displayed in blue, while negatively charged regions are dis-
played in red; the position of the residue homolog to the human Arginine-927 is indicated. (D) Crystal structure 
of the bovine auxilin J domain complexed with the Hsc70 ATPase domain and ATP analog (PDB accession n. 
2QWR). The residue homolog to the human Arginine-927 is located in the auxilin domain (red) that interacts 
with Hsc70 (blue). The Arginine-927 points towards Hsc70, suggesting a possible involvement in the interaction 
between the two proteins. 

steady-state levels of auxilin are markedly and significantly decreased in fibroblasts of 
patients from both families (Fig 4A,B), providing compelling experimental evidence 
for the pathogenicity of the DNAJC6 homozygous mutations. Of note, these results 
also delineate a loss-of-function mechanism for these mutations, in keeping with the 
recessive disease inheritance in these families.

The c.2779A>G (p.Arg927Gly) mutation is classified as disease causing by all the 
prediction tools, it replaces an amino acid which has been highly conserved in evolution 
(Fig 2B), and is located within the J domain. Moreover, the mutation appears to cause a 
substantial modification of the biochemical properties of the domain (Fig 4C,D). This 
could affect the protein stability, or binding to Hsc70, or both, and would be in keeping 
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with the observed decreased levels of auxilin protein in patients’ fibroblasts. The synony-
mous c.2223A>T is predicted to affect splicing by the majority of the prediction software 
tested. To investigate the effect of the c.2223A>T, we also undertook DNAJC6 mRNA 
expression analysis in fibroblasts, but the expression levels in control subjects were unre-
liable (data not shown). This is in keeping with the known fact that DNAJC6 mRNA 
expression is essentially brain-specific and very low in any other tissues (EST profile in 
NCBI UniGene: Hs.647643) [8,38]. Furthermore, we cannot exclude the possibility 
that this synonymous variant is in linkage disequilibrium with another causative variant 
located in introns or other non-coding regulatory elements of DNAJC6, which were not 
detectable by our screening.

We also identified a sporadic patient with early-onset PD with two rare, compound 
heterozygous DNAJC6 variants. Due to its novelty and the results of the splicing predic-
tion software, the c.2038+3A>G variant appear to be likely deleterious. Instead, the 
c.1468+83del is only moderately rare in databases, and the evidence of its splicing effect 
is less compelling. Despite being unable to conclusively prove their pathogenicity, the 
coexistence in the same patient of these two rare variants in trans is intriguing, and 
suggests a pathogenic nature. Furthermore, as said before, we cannot exclude the possi-
bility that one or both of these variants are in linkage disequilibrium with other causative 
variants located in introns or other non-coding regulatory elements, which were not 
detectable by the methods used here. Unfortunately, fibroblasts from this patient were 
unavailable to perform protein expression studies.

We also detected 11 patients with rare heterozygous variants in DNAJC6, but sequencing 
and gene dosage assays did not reveal additional mutations in these samples. Interestingly, 
at least four of the heterozygous variants identified (p.Phe839Leufs*22, p.Leu209Pro, 
p.Met133Leu, and p.Arg619Cys) are either novel or extremely rare in databases, and 
are predicted to have a deleterious effect for the protein function (Supplementary Table 
5), which is dramatic in the case of the frameshift variant (p.Phe839Leufs*22). These 
variants might be a coincidental finding. However, we cannot exclude that additional 
variants in trans were missed because they are outside the sequenced regions or undetect-
able by our assays. Another hypothesis is that single heterozygous variants in DNAJC6 
act as risk factors for PD. Similar hypotheses have been proposed for single heterozygous 
variants in other genes causing autosomal recessive PD [39]. It will be interesting to test 
this hypothesis for DNAJC6 in future studies.

From the clinical standpoint, our patients with homozygous DNAJC6 mutations have a 
very different phenotype than the PARK19 patients reported earlier. The Palestinian and 
Turkish patients developed motor symptoms during childhood (before <11 years-old) 
and were all wheelchair-bound or bedridden within ~10 years from onset. Furthermore, 
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they displayed atypical clinical signs, such as mental retardation, seizures, and dystonia, 
or they had poor or absent response to levodopa [8,9]. On the contrary, the patients 
identified in our study developed parkinsonism in their third to fifth decade of life, 
experienced a much slower disease progression, and they all responded well to dopami-
nergic therapies, including DBS in one case. These clinical features are compatible with 
the diagnosis of early-onset PD, and overlap the phenotype of other monogenic forms 
of PD caused by parkin, PINK1, or DJ-1 mutations. It is possible that the phenotypic 
variability is due to the fact that the novel mutations identified here might allow some 
residual activity to the auxilin protein. In other words, our data suggest a possible geno-
type-phenotype correlation in patients with DNAJC6 mutations, with complete loss-of-
function variants causing the juvenile, atypical form (PARK19), while milder mutations 
(described in our study) cause early-onset PD. The observation of severely reduced but 
detectable residual levels of auxilin protein in the fibroblasts of our patients fits very well 
with this hypothesis.

The established role of auxilin in the CME is crucial for neurons, that need CME for 
the formation of new vesicles at the presynaptic terminal and synaptic vesicles recycling 
[13]. Together with their molecular partner, Hsc70, auxilins are essential to complete 
the last step of the CME, the uncoating of the vesicles after their separation from the 
plasma membrane [13,40].

Our findings add to a growing body of evidence for the involvement of synaptic vesicles 
recycling in PD. First, recessive mutations in SYNJ1, encoding another close molecular 
partner of auxilin, cause early-onset parkinsonism (PARK20) [10,11]. The  knockout 
mice models of DNAJC6 and SYNJ1 display similar severe neurological phenotypes, 
with defective synaptic vesicle recycling, and clathrin-coated vesicles accumulation 
[41,42]. Second, common variants in GAK (encoding auxilin-2, a different ubiqui-
tously expressed form of auxilin) have been identified by GWAS studies as a risk factor 
for late-onset idiopathic PD [43,44]. Last, the protein products of other genes causing 
Mendelian PD have been linked to the recycling of synaptic vesicles. The LRRK2 
and parkin protein interact with endophilinA [45,46]; the VPS35 protein is part of 
the retromer complex, that recycles membrane-associated protein to the trans-Golgi 
network [47]; and α-synuclein has been implicated in several ways to vesicles recycling 
and release [48,49].

In conclusion, the identification of early-onset PD patients with DNAJC6 mutations 
changes the current view of DNAJC6, from being the cause of a rare and atypical 
juvenile parkinsonism, to be the fourth gene involved in autosomal recessive, early-onset 
PD. Screening of DNAJC6 is therefore warranted in all patients with early-onset PD 
compatible with autosomal recessive inheritance, with broad implications for the diag-
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nostic work-up and genetic counseling of patients. Our data provide further support for 
disturbed synaptic vesicle endocytosis and trafficking in the pathogenesis of PD.
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Supplementary Table 1. DNAJC6 sequencing primers.

Primer name Sequence Use PCR cycles 

DNAJC6_exon1A_F
DNAJC6_exon1A_R

CGGTTCCATGCCATGTTTTG
GAAAGCTGAATGACACAATATTTGGAAAC

PCR
PCR+Sequencing

30

DNAJC6_exon1B_F
DNAJC6_exon1B_R

GTGGCCGCTCCTTCTTTTCC
CCGGCTCTCTCGCAAACC

PCR
PCR+Sequencing

30

DNAJC6_exon2_F
DNAJC6_exon2_R

GAGGGACTGACCTGGGTCTCC
TGAGCCAGACAAGCAGTCAGC

PCR+Sequencing
PCR

28

DNAJC6_exon3-4_F
DNAJC6_exon3-4_R

GGAGGGGAGTCGAAACATGC
CACGTGCTTTAAGGGTATCTCTGAGG

PCR+Sequencing
PCR

30

DNAJC6_exon5_F
DNAJC6_exon5_R

TCACTTCCAGAAGATGTTGGTTGG
CACACAAAAGTCAATGGCATTTTTAGC

PCR+Sequencing
PCR   

30

DNAJC6_exon6_F
DNAJC6_exon6_R
DNAJC6_exon6_seq_R

AATGAAAAGCACCCACAGTTAAGAGG
CCAATTCAGTTTTTGCATAGTTCAGG
TTGCTCCTCCTTCCCCTTCC

PCR
PCR
PCR+Sequencing

30

DNAJC6_exon7_F
DNAJC6_exon7_R

CATTGGGGAAGTACAGCAATCTCAG
TCATTTGAAAAAGGGCCATAACATC

PCR+Sequencing
PCR

30

DNAJC6_exon8_F
DNAJC6_exon8_R

CTGGGCGAACAGTCCTCTGG
TGGGGAGAAAAGATTCAGAAATACTCC

PCR+Sequencing
PCR

30

DNAJC6_exon9_F
DNAJC6_exon9_R

GGGTTGGAACAGGGCATCC
ACAGCCTGGTGCCATTGAGC

PCR+Sequencing
PCR

28

DNAJC6_exon10_F
DNAJC6_exon10_R

TGACTTCTGTGCCAAACATCATACC
GAGGGATATCTATTGGAGCCTGTCC

PCR+Sequencing
PCR

30

DNAJC6_exon11_F
DNAJC6_exon11_R
DNAJC6_exon11_seq_R

TGGCCTTAGGAGGTATGAGTCACC
GGCCTTTTGCATCAGTCTAAGAGC
ACAGGTGGGAGTCCGTGTGC

PCR
PCR
Sequencing

30

DNAJC6_exon12A_F
DNAJC6_exon12A_R

TGTTTGCTCAGGGCTGAATCC
ACCTCCACCCCCAAACAGG

PCR+Sequencing
PCR

30

DNAJC6_exon12B_F
DNAJC6_exon12B_R

GTCAAGAAGCCCAGCAAAAAGC
AGCTCAAACGTCCACTCTTACACTACC

PCR
PCR+Sequencing

30

DNAJC6_exon13_F
DNAJC6_exon13_R

GAAATTCTTGGAGTCCACTGTTAGCC
TGTTCTTTGGAATACCAATTTTGTGG

PCR+Sequencing
PCR

28

DNAJC6_exon14_F
DNAJC6_exon14_R

TGTCAAGCCTCATGTGAACAACC
TCATCAAGTGCATTGGGAAAAGC

PCR+Sequencing
PCR

30

DNAJC6_exon15_F
DNAJC6_exon15_R

TGTTCAAGGCCACCATTCACC
TTCATGCTACACATCCAGAATTAGGC

PCR+Sequencing
PCR

30

DNAJC6_exon16_F
DNAJC6_exon16_R

TTTTGCTCTCCTTCAGTGAAATGC
TTCAGGCAGTATGACAACATAGACAGG

PCR
PCR+Sequencing

30

DNAJC6_exon17_F
DNAJC6_exon17_R

GCATGAGGGTTAAGGACTGAATGC
TGTGTGCAACCTCCTCAGAGC

PCR+Sequencing
PCR

30

DNAJC6_exon18_F
DNAJC6_exon18_R

GATTGAGGAGGAGAAGCATTCCAG
TTAAAAATAGGCCATATGAACCAGCAC

PCR+Sequencing
PCR

28

DNAJC6_exon19_F
DNAJC6_exon19_R

GAAATGGCCAAATAGAAAAACATTTCC
TGTTACTGGAGTTTTTGGTTCATCTGC

PCR
PCR+Sequencing

30
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Supplementary Table 2. qPCR primers.

DNAJC6 assays
Primer name Sequence

DNAJC6_exon2_F ACCAGGTACGCACATTCTTCC

DNAJC6_exon2_R GAGCCAGACAAGCAGTCAGC

DNAJC6_exon5_F CAACCTTTTTGCTGTGTGTCG

DNAJC6_exon5_R TGACCAAACCAAACCATCACC

DNAJC6_exon10-11_F GGTTTTGTTTTTCAGGATGAAGC

DNAJC6_exon10-11_R ATGCCTGGGGTTGTCTGG

DNAJC6_exon15_F TCCTTTTCAGGAGGCTTTGG

DNAJC6_exon15_R GATGGGTGGGAGTACCATGC

DNAJC6_exon19_F TCTACAGGCTACTGGGCAACC

DNAJC6_exon19_R ATAAGGGCTTTTGGCCTTGG

Reference target assays
Primer name Sequence

SEL1L_F TTAAGGCCTTTTTCTAGCCATCC

SEL1L_R ACCAAGTTTCCCACTCTTAAGTCC

RBM11_F TCTTCAAAGTGTTTTGTGGTTGG

RBM11_R TGAGAAAATTTAACAATGACCAGAAGG

Supplementary Table 3. Homozygous runs in GPS-0313 and PAL-50 families.

Sample ID
Homozygous runs

Amount Total length (Mb)

GPS-0313 5 46.46

GPS-0314 5 24.39

GPS-0317 5 26.51

PAL-50 4 32.77

PAL-54 7 51.73

PAL-55 3 13.64

PAL-56 1 3.78

Only regions of homozygosity longer than 3 Mb are included.
Sex chromosomes are excluded.
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Supplementary Table 4. Whole-exome sequencing statistics.

Patient ID GPS-0314 PAL-54

Bases in target regions 51,543,125 51,543,125

Reads mapped to genome 103,600,897 109,622,834

Reads uniquely mapped to genome 101,594,992 107,435,979

Reads uniquely mapped to target regions 78,991,916 84,134,111

Bases uniquely mapped to target regions(Mb) 6,679.86 7,138.77

Mean depth of target regions 131.79 140.92

Coverage of target regions (%) 96.81 96.67

Fraction of target regions covered >=4X (%) 94.27 93.96

Fraction of target regions covered >=10X (%) 91 90.54

Fraction of target regions covered >=20X (%) 86.02 85.58

Fraction of flanking regions covered >=4X (%) 50.45 48.15

Fraction of flanking regions covered >=10X (%) 35.91 34.32

Fraction of flanking regions covered >=20X (%) 26.08 25.2

Duplication rate (%) 12.21 12.76

Statistics regarding to depth and coverage in this table are calculated from de-duplicated data. Target region refers to the 
regions that are covered by the designed probes. Flanking region refers to a 200bp window on both sides of each target region. 
Duplication rate refers to the fraction of reads that are PCR duplicates, meaning all reads that have the same start and end for 
both mates.

Supplementary Table 5. Prediction of the protein effects caused by the DNAJC6 missense variants.

Sample ID Variant SIFT
Polyphen2
HDIV

Polyphen2
HVAR

LRT MutationTaster
Mutation 
Assessor

GPS-0313 c.2779A>G
p.Arg927Gly

Deleterious
0

Probably Damaging
1.0

Probably Damaging
1.0

Deleterious
5.16×10-9

Disease Causing
1.000

High
4.17

GPS-60 c.397A>T
p.Met133Leu

Deleterious
0.05

Probably Damaging
0.975

Probably Damaging
0.979

Deleterious
1.42×10-7

Disease Causing
1.000

Medium
2.595

COMO-18
c.626T>C
p.Leu209Pro

Deleterious
0

Probably Damaging
1.0

Probably Damaging
0.999

Deleterious
4.62×10-7

Disease Causing
1.000

High
3.665

IT59-RM613 c.961A>G
p.Ile321Val

Tolerated
1

Benign
0.025

Benign
0.067

Deleterious
2.26×10-9

Disease Causing
1.000

Neutral
0.025

GPS-107B c.1492T>A
p.Cys498Ser

Tolerated
0.69

Benign
0.001

Benign
0.0

Neutral
5.61×10-2

Polymorphism
1.000

Neutral
-0.895

FI-03 c.1855C>T
p.Arg619Cys

Tolerated
0.06

Probably Damaging
0.994

Possibly Damaging
0.784

Deleterious
1.77×10-4

Disease Causing
1.000

Low
1.39

For each variant, the results of the prediction software are reported, with predicted effect and score. Red, deleterious effects; green, 
benign effects.
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Supplementary Table 6. Prediction of the protein effect for the missense variants identified in PAL-54 by 
whole-exome sequencing.

Gene Variant SIFT
Polyphen2
HDIV

Polyphen2
HVAR

LRT
Mutation-
Taster

Mutation
Assessor

HOOK1
c.2065G>A
p.Gly689Ser

Tolerated
0.32

Benign
0.0

Benign
0.001

Neutral
3.77×10-1

Polymorphism
1.000

Low
1.21

L1TD1
c.589A>G
p.Arg197Gly

Tolerated
0.51

Benign
0.0

Benign
0.0 N/A

Polymorphism
1.000

Neutral
0

For each variant, the results of the prediction software are reported, with predicted effect and score. Red, deleterious effects; green, 
benign effects.

Supplementary Table 7. Results of the splicing prediction analysis.

Variant
(Patient ID)

Effect 
position

Type

Splicing prediction method
[Range], Threshold

SSF
[0-100], ≥ 70

MaxEnt
[0-12], ≥ 0

NNSPLICE
[0-1], ≥ 0.4

GeneSplicer
[0-15], ≥ 0

HSF
[0-100], ≥ 65

c.2223A>T
(PAL-50)

c.2164 Donor  
3.28
=

 
1.00 ► 0.96
(-4.2%)

71.00
=

c.2227 ‡ Donor
3.23
=

0.87 ► 0.88
(+1.6%)

74.71
=

c.2227+1 Acceptor — ► 74.45
2.51 ► 5.10
(+103.1%)

   
77.47 ► 81.03
(+4.6%)

c.2038+3A>G
(BR-2652)

c.2038 ‡ Donor
86.16 ► 81.80
(-5.1%)

9.33 ► 7.61
(-18.4%)

0.99 ► 0.96
(-3.1%)

 
87.99 ► 87.33
(-0.7%)

c.2038+6 Acceptor        
71.50 ► 70.60
(-1.3%)

c.1468+83del
(BR-2652)

c.1468+61 Acceptor
82.32
=

4.78
=

0.68
=

4.19 ► 4.33
(+3.2%)

81.18
=

c.1468+92 Acceptor
73.48 ► 74.11
(+0.9%)

c.1468+95 Acceptor        
75.89 ► 79.24
(+4.4%)

c.397A>T
(GPS-60)

c.395-2 Donor         69.26 ► —

c.395 ‡ Acceptor
74.72
=

8.87 ► 9.42
(+6.2%)

0.82 ► 0.80
(-3.2%)

7.10 ► 7.63
(+7.4%)

82.23
=

c.513G>A
(SAO-X35)

c.543 ‡ Donor
86.02
=

10.17
=

1.00
=

2.01 ► 1.62
(-19.6%)

93.21
=

c.514 Acceptor  
1.07 ► —

   
77.01 ► —

c.801-84C>A
(COMO-05)

c.801-80 Acceptor        
71.83 ► 71.27
(-0.8%)

c.801-77 Acceptor        
73.22 ► 70.65
(-3.5%)

c.995+86C>T
(PV-16)

c.995+84 Donor
— ► 73.14 — ► 4.07 — ► 0.79   — ► 82.05

c.995+90 Acceptor
76.99
=

1.63 ► 1.75
(+7.3%)

   
80.51 ► 79.85
(-0.8%)

(Continues)
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(Follows)

Variant
(Patient ID)

Effect 
position

Type

Splicing prediction method
[Range], Threshold

SSF
[0-100], ≥ 70

MaxEnt
[0-12], ≥ 0

NNSPLICE
[0-1], ≥ 0.4

GeneSplicer
[0-15], ≥ 0

HSF
[0-100], ≥ 65

c.2108-21A>G
(TH-20) 

c.2108-22 Donor        
— ► 67.34

c.2164 Donor
3.28
=

1.00 ► 1.07
(+7.6%)

71.00
=

c.2108-91 Acceptor
76.09
=

6.23
=

2.71 ► 2.49
(-8.1%)

79.03
=

c.2108-20 Acceptor
— ► 80.23 — ► 5.33 — ► 84.38

c.2108 ‡ Acceptor
97.07
=

11.45
=

0.98 ► 0.98
(-0.0%)

11.38 ► 10.20
(-10.4%)

96.31
=

c.2634+37A>G
(TOR-6A)

c.2634 ‡ Donor
95.33
=

10.47
=

1.00
=

14.38 ► 14.35
(-0.2%)

97.89
=

c.2634+36 Donor
— ► 71.64

c.2634+46 Acceptor        
70.24 ► 70.36
(+0.2%)

For each variant, the list of genomic sites with altered scores in a ±100bp interval is displayed. For each prediction tool, the score 
in the reference and mutated sequences, as well as the percentage difference are reported. The complete range of possible values 
for each method is reported; only values passing the method-specific threshold are reported.
‡, Natural splice site; SSF, SpliceSiteFinder-like; MaxEnt, MaxEntScan; HSF, Human Splicing Finder. The interval between 
squared brackets indicates the range of values for each method; the cut-off value after the comma is the threshold applied for 
filtering the results.

Supplementary Table 8. Accession numbers used for the auxilin protein alignment.

Species DNAJC6 homolog accession number 

H. sapiens NP_001243793.1

P. troglodytes XP_001161657.1

M. mulatta XP_001090057.1

C. lupus XP_546673.2

B. taurus NP_777261.1

M. musculus NP_001158055.1

R. norvegicus NP_001101419.1

G. gallus NP_001170886.1

D. rerio XP_005165940.1

X. tropicalis NP_001120147.1
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Abstract
Autosomal recessive, early-onset parkinsonism is clinically and genetically heterogeneous. 
Here, we report the identification, by homozygosity mapping and exome sequencing, 
of a SYNJ1 homozygous mutation (p.Arg258Gln) segregating with disease in an Italian 
consanguineous family with parkinsonism, dystonia, and cognitive deterioration. 
Response to levodopa was poor, and limited by side effects. Neuroimaging revealed 
brain atrophy, nigrostriatal dopaminergic defects, and cerebral hypometabolism. SYNJ1 
encodes synaptojanin 1, a phosphoinositide phosphatase protein with essential roles in 
the post-endocytic recycling of synaptic vesicles. The mutation is absent in variation 
databases and in ethnically-matched controls, is damaging according to all prediction 
programs, and replaces an amino acid that is extremely conserved in the synaptojanin 1 
homologues and in SAC1-like domains of other proteins. Sequencing the SYNJ1 ORF 
in unrelated patients revealed another heterozygous mutation (p.Ser1422Arg), predicted 
as damaging, in a patient who also carries a heterozygous PINK1 truncating mutation. 
The SYNJ1 gene is a compelling candidate for parkinsonism; mutations in the func-
tionally linked protein auxilin cause a similar early-onset phenotype, and other findings 
implicate endosomal dysfunctions in the pathogenesis. Our data delineate a novel form 
of human Mendelian parkinsonism, and provide further evidence for abnormal synaptic 
vesicle recycling as a central theme in the pathogenesis.
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Introduction
Parkinson’s disease (PD), one of the most common neurodegenerative disorders, is 
clinically characterized by the combination of slowness of movement (bradykinesia), 
muscular rigidity, resting tremor, and postural instability, and a beneficial response to 
levodopa or other dopaminergic therapies [1]. Brain pathology shows neuronal loss and 
gliosis in the substantia nigra and other areas, with pathological protein aggregates (Lewy 
bodies) in the surviving neurons. During the past few years, several Mendelian forms of 
human parkinsonism have been identified [2]. Mutations in each of the following three 
genes: parkin (PRKN, PARK2) [3], PTEN induced putative kinase 1 (PINK1, PARK6) 
[4], and Parkinson protein 7 (DJ-1, PARK7) [5] can cause autosomal recessive forms 
of early-onset parkinsonism, with a good and prolonged response to dopaminergic 
therapy without additional, atypical clinical signs, and clinically diagnosed as early-
onset PD. Mutations in other genes, including ATPase type 13A2 (ATP13A2, PARK9) 
[6], phospholipase A2, group VI (PLA2G6, PARK14) [7], F-box only protein 7 (FBXO7, 
PARK15) [8,9], and DNAJC6 [10,11] cause early onset atypical parkinsonism, with 
poor or absent response to levodopa and variable combinations of additional clinical 
signs (such as dystonias, oculomotor disturbances, pyramidal signs, dementia). Here, 
we report the identification, by homozygosity mapping and exome sequencing, of a 
homozygous mutation in the SYNJ1 gene in an Italian consanguineous family with 
early-onset atypical parkinsonism, delineating a novel disease form.

Subjects and Methods
This study was approved by the appropriate institutional review boards, and written informed 
consent was obtained from all subjects. We studied one white consanguineous family originating 
from Sicily (Italy) with two siblings affected by early-onset atypical parkinsonism, and no history 
of neurological diseases in the previous generations; a pattern compatible with autosomal-recessive 
inheritance (Fig. 1A). Additional DNA samples from 118 unrelated patients with early-onset 
parkinsonism compatible with autosomal recessive inheritance, collected at several movement 
disorders centers contributing to the International Parkinsonism Genetics Network, were also 
analyzed. These patients originate from Italy (n=77), Brazil (n=31), The Netherlands (n=6), 
Portugal (n=2), Spain (n=1) and Belgium (n=1). According to the UK Brain Bank diagnostic 
criteria [12], most of these patients (n=92) had early-onset, typical PD; their average onset age 
was 30 ± 5.3 years (range 13–36). The remaining 26 patients had early-onset parkinsonism in 
combination with some atypical features (poor levodopa response, oculomotor disturbances, 
pyramidal signs, or dementia); their average onset age was 34.1 ± 16 years (range 6–49). Last, 
DNA samples from 180 unrelated control subjects from Southern Italy were analyzed.
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Figure 1. The Italian pedigree with SYNJ1 mutation and neuroimaging findings. Panel (A) shows the 
Italian pedigree with the SYNJ1 mutation. The black symbols denote individuals affected by early-onset, atypical 
parkinsonism. Imaging of the brain dopamine transporter density values (V˝3) using single photon emission 
computed tomography (DaTSCAN-SPECT) shows severe presynaptic nigrostriatal dopaminergic deficit in the 
NAPO-16 patient (B). A control subject (C) is also shown.  Representative brain magnetic resonance images 
(MRI, 3 Tesla) are shown for the NAPO-16 (D,H,L) and NAPO-17 (E,I,M) patient. Axial images at the 
level of the basal ganglia acquired using a Fluid Attenuated Inversion Recovery (FLAIR) sequence (D,E) show 
cortical atrophy, more severe in NAPO-16. Mid-sagittal images from Magnetization Prepared Rapid Acquisition 
Gradient-Echo (MPRAGE) T1-weighted volumes (H,I) show thinning of the quadrigeminal plate in both patients 
(more prominent in NAPO-16) (white arrows). Coronal FLAIR images (L,M) show diffuse hyperintensity of the 
hyppocampi (white arrows) and enlarged lateral ventricles and sulci of the convexity, consistent with diffuse 
atrophy, more severe in NAPO-16. Imaging of the brain metabolic activity using [18F]fluorodeoxyglucose and 
positron emission tomography (PET) at the level of the basal ganglia (F,J,N) and of the centrum semiovale 
(G,K,O); representative axial images of the NAPO-16 patient (F,G), the NAPO-17 patient (J,K), and a control 
subject (N,O) are shown. Metabolic deficit are present in both patients, much more severe and widespread in 
NAPO-16, in several cortical areas and the caudate nucleus, with relative preservation of the putamen.
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Neuroimaging Studies
In the patients of the Italian family, brain MRI studies were performed at 3 Tesla (TRIO, 
Siemens Medical Solutions, Erlangen, Germany). Imaging sequences included a 3D T1-weighted 
Gradient-echo volume with isotropic voxels, axial diffusion-weighted images, and axial and 
coronal T2-weighted turbo spin-echo and fluid-attenuated inversion recovery (FLAIR) images. 
Brain single photon emission computed tomography (SPECT) studies were performed 4 h 
after intravenous administration of 185 MBq of [123I]FP-CIT (DaTSCAN; GE-Healthcare, 
Wauwatosa, WI) using a dual-headed camera (E.CAM; Siemens Medical Systems, Hoffman 
Estates, IL) equipped with low-energy high-resolution collimators. Outcome measures were the 
specific-to-nondisplaceable binding ratio, V˝3, for the putamen and caudate. [18F] FDG-PET 
brain images were acquired for 15 minutes in 3D mode between 45 and 60 minutes after intrave-
nous administration of 213–250 MBq of [18F]fluorodeoxyglucose in resting state and eyes closed 
condition using a whole body PET/CT scanner (Discovery LS; GE Medical System, Milwaukee, 
WI). Images were reconstructed with iterative reconstruction (FORE-Iterative) and corrected for 
attenuation using the CT scan. Outcome measure was relative glucose metabolism. Both SPECT 
and PET images were spatially normalized in the Montreal Neurological Institute (MNI) space 
using SPM2 (Wellcome Department of Imaging Neuroscience, London, UK).

Genetic Studies
Genomic DNA was isolated from peripheral blood with standard protocols. In the Italian family, 
our screening of known genes causing early-onset parkinsonism (Sanger sequencing of all exons 
and exon-intron boundaries of parkin, PINK1, DJ-1, ATP13A2, PLA2G6, FBXO7, DNAJC6, 
and exon dosage of SNCA, parkin, PINK1, DJ-1, and ATP13A2) revealed no mutations. A 
Filipin test for Niemann-Pick disease, type C, was also negative. We then performed genome-
wide homozygosity mapping using Illumina (San Diego, CA) HumanOmniExpress BeadChip 
array data (730,525 SNPs at a median distance of 2.1 kb). Samples from the two affected siblings 
(NAPO-16 and NAPO-17), two unaffected siblings (NAPO-24 and NAPO-25), and the unaf-
fected mother (NAPO-18) were included. Data were analysed using ALLEGRO (version 1.2c) 
through the graphical user interface EasyLinkage Plus v.5.08 [13]. SNPs with homozygous and 
identical genotypes in all tested individuals were removed. The marker spacing was set at 0.3 cM 
in a computation set of 100 markers. We specified an autosomal recessive-homozygous model 
(HOMOZ scoring function), 0.0001 disease allele frequency, and complete penetrance. Homo-
zygosity within the linkage peaks was further analyzed with Nexus Copy Number, Discovery 
Edition, ver. 7 (BioDiscovery, El Segundo, CA). 
Exome sequencing was performed in both affected individuals (NAPO-16 and NAPO-17) at 
BGI-Shenzhen, using in-solution capturing (Agilent SureSelect Human All Exon 50Mb Kit; 
Agilent Technologies, Santa Clara, CA) and Illumina HiSeq2000, 90 paired-end sequencing. 
Reads were aligned to the human reference genome hg18 (build 36.3). SOAPaligner/SOAP2 
aligner and SOAPsnp were used for SNP identification, while Burrows-Wheeler-Aligner and 
GATK (Genome-Analysis-Tool-Kit) were used for indels detection. For the selection of candidate 
variants, we first identified chromosomal regions of interest by homozygosity mapping. Within 
these regions, the variants detected by the exome sequencing, that fulfilled all the following 
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criteria were selected: homozygous, coding non-synonymous or affecting splice-sites, absent in 
dbSNP132 and in 1000Genomes, present in both the affected individuals of the family. Last, we 
performed Sanger sequencing of the positional candidate gene SYNJ1 (MIM #604297) in order 
to confirm a mutation identified in the exome sequencing, and to screen additional patients. 
Primers and PCR protocols are reported in the Supp. Table S1. The SYNJ1 variants are annotated 
according to the GenBank accession numbers NM_003895.3 and NP_003886.3, corresponding 
to the longest isoform (synaptojanin-1, isoform a), and numbered at nucleotide level from the 
‘‘A’’ of the ATG-translation initiation codon. The variants identified have also been submitted to 
a locus-specific database (http://www.lovd.nl/SYNJ1), and to the NCBI SNP database.
Six different web-tools were used in order to predict the functional effects of novel missense 
variants: PolyPhen-2 (http://genetics.bwh.harvard.edu/pph2/), SIFT (http://sift.jcvi.org/www/
SIFT_enst_submit.html), PROVEAN (http://provean.jcvi.org/seq_submit.php), SNPs&GO 
(http://snps-and-go.biocomp.unibo.it/snps-and-go/index.html), SNAP (http://rostlab.org/
services/snap/submit), and Mutation Taster (http://www.mutationtaster.org/).
Furthermore, for the analysis of the amino acid conservation, the closest evolutionary homo-
logues of the human synaptojanin 1 protein, as well as additional human proteins containing 
a suppressor-of actin1 (SAC1)-like phosphatase domain, were identified by blasting the human 
sequence using the BLASTp program. Retrieved sequences were saved in FASTA format and 
aligned using the program T-Coffee. GenBank accession numbers are reported in the Supp. 
Table S2.

Results

Clinical Studies
Two healthy first cousins from a small Sicilian village had four offspring, two of whom 
developed a progressive neurological disease. The first patient (NAPO-16) is a 47-year-
old man with an uneventful birth and normal development until adulthood. At 22-years 
old he developed rapidly progressive slowness of movements, fatigue, leg stiffness, gait 
impairment, and involuntary movements in the upper arm. Within a few months he 
was unable to work, and within one year he needed assistance in his daily living activi-
ties. Cognitive decline and severe dysarthria also developed, progressing to an anarthric 
state in about 3 years. Levodopa therapy, initiated within 2 years since the onset of 
symptoms, yielded unclear benefit on his motor disturbances, but had to be stopped due 
to the emergence of disabling side-effects, such as oro-mandibular and feet dystonias, 
that were further interfering with feeding and gait.

On our first examination, twenty-five years after the onset of the disease, he presented 
with a stooped posture, and a severely disturbed, short-stepped, shuffling gait (Supp. 
Videos 1-2). There was severe axial and four-limb rigidity, more marked on the left side. 
The postural reflexes were also impaired. Dystonic postures were present in both hands 
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(left>right). Irregular, wide-amplitude tremor was present at rest and during action in 
the upper limbs; wide-amplitude jerky involuntary movements were also observed in 
the facial muscles. His gaze was markedly staring. There was eyelid apraxia, and a clear 
supranuclear vertical gaze limitation (downward more than upward). There was also 
mild dysphagia, allowing feeding with semiliquid food. The deep tendon reflexes were 
normal, and the Babinski sign was absent. There were no signs of cerebellar dysfunc-
tion. The score of the Unified Parkinson’s disease rating scale (UPDRS-III, motor scale) 
was 78 (max score is 108, with higher scores indicating more severe parkinsonism). An 
acute levodopa challenge (200 mg Melevodopa) yielded no relevant benefit, but induced 
marked oro-mandibular and limbs dystonias, and hypotension (blood pressure dropped 
from 110/80 to 80/60 mmHg). The Mini-Mental State Examination (MMSE) scale 
could not be administered, due to the severe motor and cognitive disability. Three years 
later, he remained untreated and his clinical picture was substantially unchanged.

The second patient (NAPO-17) is a 31-year-old woman with normal birth and develop-
mental milestones. At 28 years-old she developed slowness of movements, speech and gait 
difficulties, and involuntary movements in the right arm. Like in her brother, levodopa 
therapy had to be stopped because of marked side-effects, such as oro-mandibular and 
feet dystonias, which were seriously interfering with her feeding and gait.

On our first examination, three years after the onset of symptoms, she presented with 
a stooped posture, and a short-stepped, shuffling gait. Postural reflexes were markedly 
impaired. Her gaze was markedly staring and there was a moderate supranuclear vertical 
gaze limitation (Supp. Videos 3-4). There was no eyelid apraxia. Almost continuous, 
irregular, small-amplitude jerky involuntary movements were present in the lips and 
tongue. Intermittent, wide-amplitude tremor appeared in the right arm at rest and 
during action. There was moderate axial and four-limb rigidity (more marked on the 
left side), and dystonic postures were present in the hands and feet (again more severe on 
the left side). She also presented marked dysarthria, hypophonia, and mild dysphagia. 
She was fed with a semiliquid diet. The deep tendon reflexes were brisk, but the Babinski 
sign was absent. There were no signs of cerebellar dysfunction. The UPDRS-III score was 
57. As seen in her brother, an acute levodopa challenge (200 mg Melevodopa) induced 
severe dystonias in both the oro-mandibular district and in the feet, and a drop of her 
blood pressure from 110/70 to 70/50 mmHg. The MMSE score was 26 (max 30, lower 
scores indicating lower cognitive performance). Three years later, she was still untreated 
by antiparkinsonian drugs; we noticed a worsening of the parkinsonism, of the trunk 
dystonia, and of the supranuclear gaze palsy. Her UPDRS-III score had increased to 68, 
while her MMSE score declined to 24/30.

In both patients, blood chemistry was normal. Moreover, in both siblings, needle elec-
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tromyography, sensory and motor nerve conduction studies, somatosensory evoked 
potentials with median and tibial nerve stimulation were all unremarkable. Similarly, 
in both sibs, the motor evoked potentials measured in both the upper and lower limbs 
yielded normal amplitude and conduction time values.

Brain MRI showed diffuse cerebral cortex atrophy, which was more severe in the brother 
(Fig. 1D,E). Diffuse hyperintensity of the hyppocampi and thinning of the midbrain 
quadrigeminal plate was appreciated in both patients (more prominent in NAPO-16), 
with no significant atrophy of the midbrain tegmentum (Fig. 1H,I,L,M). SPECT 
imaging was available for the NAPO-16 patient, and it showed a marked decrease of 
dopamine transporter density in the striatum (V˝3 reduced by 87% in the putamen 
and by 77% in the caudate nucleus), compared to control values (Fig. 1B). Moreover, 
FDG-PET imaging showed in both patients a relative cerebral cortex hypometabolism, 
more evident in the NAPO-16 patient, and in the frontal and parieto-occipital regions, 
and the caudate nuclei (Fig. 1F,G,J,K).

Genetic Studies
Genome-wide homozygosity mapping revealed five interesting loci, with LOD>2, on 
chromosome 4, 7, 16, 19, and 21, that contained extended homozygous regions in the 
two patients and not in the unaffected relatives (Fig. 2A,B). The exome sequencing 
achieved an average coverage of 50× and 55× in the NAPO-16 and NAPO-17 patient, 
respectively, with 71% and 73% of the exome target region covered at least 20×.

Within the five regions of extended homozygosity, the exome sequencing detected 
two homozygous exonic or splice site variants, shared by the two patients, 
which were not annotated in dbSNP132 or in the 1000 Genomes project.  
The first variant is a c.931C>T substitution in ZNF439, leading to p.Arg311Cys. This 
was confirmed by Sanger sequencing, and is not present in public databases. However, 
it is consistently considered as benign by the prediction programs (with the exception of 
SIFT, which yields a non-conclusive score) (Supp. Table S3). Although nothing is known 
about the function of the protein encoded by this gene, inspection of the ZNF439 
variation in the NHLBI Exome Variant Server (EVS) (http://evs.gs.washington.edu/

Figure 2. Homozygosity mapping, SYNJ1 mutation, and in-silico protein analyses. (A) Genome-wide 
LOD score plot show five suggestive regions on chromosome 4, 7, 16, 19, and 21. (B) Homozygosity view of the 
chromosome 21 region. A large homozygous area is shared by the NAPO16 and NAPO-17 patients. The same 
region is heterozygous in the unaffected mother NAPO-18, and unaffected siblings (not shown). The position of 
the SYNJ1 gene is indicated. (C) Electropherograms showing the SYNJ1 c.773G>A (p.Arg258Gln) mutation in 
homozygous and heterozygous state, and a wild type, control sequence. (D) Schematic representation of the Synj1 
protein domains (SAC – suppressor-of actin1-like phosphatase domain; INPP5c – inositol-5-phosphatase do-
main). (E) Aligmnent of the Synj1 protein homologs and of other human SAC1-like domain containing proteins.
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EVS/) reveals many frequent and rare deleterious variants (including truncating, splice-
site, and frameshift mutations). Due to these evidences, we consider that ZNF439 is not 
a candidate gene for our phenotype of interest.

The other homozygous variant was a c.773G>A substitution in the SYNJ1 gene (#MIM 
604297), leading to the p.Arg258Gln missense change. The SYNJ1 gene encodes synap-
tojanin 1 (Synj1), a phosphoinositide phosphatase protein with a major, established 
role in the clathrin-mediated endocytosis in the adult brain [14]. Two main isoforms 
(synaptojanin 1, isoform a and b) of 170 and 145 kDa, containing 1612 and 1350 amino 
acids, are encoded by SYNJ1 as a result of alternative splicing. Both are ubiquitously 
expressed but the 145 kDa isoform (NM_203446.2, NP_982271.2) is the predomi-
nant isoform expressed in the presynaptic terminals in the brain [15,16]; it possesses 
a distinct and shorter C-terminus compared to the 170 kDa isoform (NM_003895.3, 
NP_003886.3). Two additional, shorter isoforms (synaptojanin 1, isoform c and 
d) of unknown functional relevance, (NM_001160302.1, NP_001153774.1; 
NM_001160306.1, NP_001153778.1) are also annotated in Genbank.

SYNJ1 represents therefore an excellent candidate for the phenotype of interest in our 
study. Sanger sequencing confirmed the presence of the mutation in homozygous state 
in both patients and in heterozygous state in the unaffected siblings and the mother (Fig. 
2C). Furthermore, sequencing of all SYNJ1 exons and exon-intron boundaries revealed 
no additional novel variants in these two patients. The p.Arg258Gln mutation is not 
present in dbSNP132, the 1000 Genomes, nor in the EVS database (>13,000 chromo-
somes). We did not detect any carrier in control chromosomes from Calabria (Southern 
Italy) (n=360). Furthermore, this mutation is damaging according to all prediction 
programs (Supp. Table S3). The affected amino acid is located in the SAC1-like phos-
phatase domain of Synj1 (Fig. 2D), and is extremely conserved in the evolution of the 
Synj1 homologues, and in the SAC1-like domain of heterologous proteins (Fig. 2E), 
suggesting a very important functional role for this phosphatase domain.

In order to identify mutations in additional patients, we performed Sanger sequencing of 
the entire SYNJ1 coding region (32 exons) and exon-intron boundaries in 118 unrelated 
patients with early-onset parkinsonism compatible with autosomal recessive inheritance 
(26 of them with atypical clinical features, and 92 with early-onset typical PD). Novel 
variants, or known rare variants (MAF<1%), in homozygous or compound heterozy-
gous state, were not detected in any of these patients. The complete list of the variants 
detected, and their allelic frequencies are reported in the Supp. Table S4. 

Only one novel heterozygous, non-synonymous variant was found, in one Brazilian 
patient (SAO-X20), a c.4264A>C substitution in the last 3’exon, leading to a missense 
change (p.Ser1422Arg), affecting only one of the two predominant Synj1 isoforms (170 
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kDa isoform a). This mutation was not present in dbSNP132, the 1000 Genomes, nor 
in the EVS database, and is considered as damaging by several (though not all) predic-
tion programs (Supp. Table S3). The amino acid replaced is incompletely conserved 
in the evolution (Supp. Figure S1). Of note, our previous screening (including Sanger 
sequencing and exon dosage) revealed that this patient carries also a heterozygous 
truncating PINK1 mutation (p.Trp437Stop). Clinical data concerning this patient 
are limited, and DNA samples from additional family members are not available. He 
was diagnosed with sporadic early-onset PD (onset age 35 years) and was treated with 
levodopa with satisfactory response. Atypical features are not reported. 

Another Brazilian patient (SAO-X41) with early-onset typical PD (onset age 35) carried 
a heterozygous c.3755G>A substitution, leading to a missense change (p.Arg1252Gln). 
This variant is rare but present in dbSNP (Supp. Table S4), and considered as damaging 
by some prediction programs (Supp. Table S3). In this patient, our previous screening 
of the other genes causing early-onset PD revealed no mutations. All the remaining 
non-synonymous variants detected in these 118 patients were either very frequent 
polymorphisms present in dbSNP, or rare known variants considered to be neutral by 
the prediction programs (Supp. Table S3 and Supp. Table S4).

Discussion
Endocytosis is essential for the neurons in order to recycle membranes of synaptic 
vesicles. The phosphoinositides, especially the phosphatidylinositol-4,5-bisphosphate 
[PI(4,5)P2] play important roles in the membrane traffic processes, such as endocytosis 
and exocytosis, among other cellular functions [17]. PI(4,5)P2 is concentrated in discrete 
regions on the cytosolic leaflet of the presynaptic membranes, where it functions in 
the early steps of the clathrin-mediated endocytosis by recruiting the clathrin adaptor 
proteins, which in turn, recruit clathrin, leading to the formation of the clathrin-coated 
pits (CCPs). The maturation of the CCPs and their fission from the plasma membrane 
is coordinated by the endophilins and the dynamin proteins. This chain of events 
generates the clathrin-coated vesicles (CCVs). On their transit to target sites the CCVs 
are uncoated by means of the coordinated action of Synj1, the chaperone Hsc70 and its 
co-chaperone auxilin. Hsc70 and auxilin mediate the clathrin disassembly [18], while 
Synj1 dephosphorylates PI(4,5)P2 , thereby shedding the adaptor proteins [19,20]. The 
complete inactivation of the Synj1 gene in mice is associated with increased PI(4,5)
P2 levels, defective uncoating of clathrin, accumulation of CCVs, endocytic delays, 
and severe neurological phenotypes (weakness, ataxia), leading to perinatal lethality 
[19]. Strikingly similar phenotypes are seen in the auxilin and endophilin KO mice, 
confirming a close functional interaction between these proteins [21,22].
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Several arguments support the contention that the SYNJ1 mutation is the cause of the 
disease in the Italian family. First, the identification was based on an unbiased strategy 
of genome-wide homozygosity mapping followed by exome sequencing. This is the 
only homozygous, damaging mutation that survived our strict filtering steps. Second, 
the mutation is absent from all variant databases and from our population-matched 
controls. Third, it replaces an extremely conserved amino acid, not only in the evolution 
of the synaptojanin 1, but also in other SAC1-like domains of different proteins, in 
keeping with a very important role for the phosphatase activity of this domain (Fig. 2E). 
Fourth, recessive mutations in the DNAJC6, encoding auxilin, the direct functional 
partner of Synj1 in the uncoating of CCVs, cause a very similar human phenotype of 
early-onset, atypical parkinsonism [10,11]. Fifth, the mice KO models of these two 
genes (DNAJC6 and SYNJ1) show nearly identical phenotypes of CCVs accumula-
tion, defective synaptic vesicle recycling, and severe neurological phenotypes [19,22]. 
Sixth, common variants in the GAK gene, encoding auxilin 2 (another co-chaperone for 
Hsc70) were identified in GWAS studies and replicated with genome-wide significance 
as risk factor for late-onset PD [23,24]. 

Additional evidences point to defective recycling of synaptic vesicles in the pathogenesis 
of the more common forms of PD. The LRRK2 kinase protein, which is mutated in the 
most common, known form of autosomal dominant PD, was recently identified as a 
regulator of endophilinA functions in the synaptic vesicle endocytosis [25].

Moreover, parkin, an ubiquitin ligase mutated in the most common form of autoso-
mal-recessive, early-onset PD, was also reported to interact with endophilinA [26]. The 
biology of alpha-synuclein, a pre-synaptic protein mutated in rare autosomal dominant 
forms of PD, and the major component of the aggregates found in all the patients 
with typical late-onset PD, has several ties with the traffic and recycling of the synaptic 
vesicles [27,28]. The VPS35 protein, mutated in a rare form of autosomal dominant 
parkinsonism [29,30], is part of the retromer complex involved in retrograde sorting 
steps on early endosomes [31,32].  

The perinatal lethality in mice with complete ablation of Synj1, or of the directly inter-
acting proteins auxilin or endophilins, indicates that these proteins are essential for 
postnatal life. Interestingly, however, the partial loss of endophilin causes severe neuro-
logical defects, including epilepsy and neurodegeneration [21]. In keeping with this 
evidence, the mutation identified in our Italian family is predicted to affect only the 
SAC1-like phosphatase domain, leaving the other 5’-phosphatase domain intact. It will 
be interesting to study the effects of this partial loss-of-function in model organisms.

Our sequencing of the entire SYNJ1 ORF in 118 patients with early-onset parkin-
sonism has not identified additional homozygous or compound heterozygous mutations, 
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suggesting that SYNJ1 mutations might be an uncommon cause of disease. However, 
only 26 of the 118 patients had atypical parkinsonism. Screening of additional patients 
with similar phenotypes is therefore warranted, in order to identify the same or different 
mutations and support our contention that SYNJ1 mutation is the cause of this novel 
form of parkinsonism.

The interpretation of the heterozygous SYNJ1 mutation detected in the Brazilian patient 
(SAO-X20) is difficult. We did not identify a compound-heterozygous mutation, but 
did not screen for small heterozygous duplications or deletions. A compound-hetero-
zygous mutation could also be present in the promoter or intronic regulatory elements. 
Although the mutation replaces a conserved residue and is predicted to be damaging 
in silico, it is located in the variable C-terminus region present in the 170 kDa, but 
not in the 145 kDa isoform, this last being the major synaptic Synj1 isoform. This 
mutation, could represent a coincidental finding, unrelated to the disease. However, its 
presence together with a single heterozygous mutation in another gene causing early-
onset parkinsonism (PINK1) might suggest a possible additive or interactive effect in 
the pathogenesis of the disease in this case. The other, rare SYNJ1 heterozygous variant 
detected in the SAO-X41 patient might also be a coincidental finding.

The clinical phenotype in the Italian family is characterized by prominent, early-onset 
parkinsonism, dystonias, oculomotor disturbances and cognitive decline. Pyramidal or 
cerebellar signs were not present. The response of the motor symptoms to levodopa 
was poor and limited by the appearance of disabling side effects, such as involun-
tary movements (dystonias) and severe hypotension. The results of the neuroimaging 
investigations disclosed cerebral atrophy and hypometabolism, and severe nigrostriatal 
dopaminergic defects. The atrophy of the quadrigeminal plate of the midbrain might 
underlie the oculomotor disturbances, as this area is important for the control of eye 
movements. The widespread cerebral cortical atrophy, the hippocampal sclerosis, and 
the cortical and caudate nucleus hypometabolism are all in keeping with the cognitive 
decline present in these patients. Because of these clinical and neuroimaging features, 
this phenotype is clearly different from typical early-onset PD, and close to the atypical 
early-onset forms, caused by mutations in the PARK9, PARK14, and PARK15 [33]. The 
absence of pyramidal disturbances in the Italian family is of interest, as these are often 
present in the other above-mentioned forms. Of note, a very similar phenotype of early-
onset parkinsonism and cognitive deterioration is associated with mutations in auxilin 
(encoded by DNAJC6), a direct functional interactor of Synj1 [10,11]. Response to 
levodopa and pyramidal disturbances are variable in the patients with auxilin mutations, 
and seizures are also described in some. Seizures have not been observed in our patients 
with Synj1 mutation. However, wide clinical variability is observed across all these forms 
of atypical parkinsonism [8,33,34], and the identification of additional families with 
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SYNJ1 mutations is warranted to better define the phenotypic spectrum of this novel 
form.

Conclusions
This work delineates a novel genetic form of early-onset parkinsonism associated with 
Synj1 mutation, pointing to defective post-endocytic uncoating and recycling of the 
synaptic vesicles in the pathogenesis. These findings might also have implications 
for understanding the pathogenesis of more common forms of neurodegenerative 
parkinsonisms.
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Supporting online material

PCR Protocol
The amplification reactions were performed in a total volume of 20 µl, containing 1× FastStart Taq DNA 
Polymerase buffer, 200 µM of each dNTP, 0.5 µM forward primer, 0.5 µM reverse primer, 0.5 unit FastStart 
Taq DNA Polymerase (Roche Diagnostics) and 20 ng genomic DNA. SYNJ1_1F/R was amplified with 
addition of 1XGC-melt (Roche Diagnostics). 
The PCR conditions were as follows: initial denaturation, 7 min 30 sec at 96ºC, followed by 9 cycles of: 30 
sec denaturation at 96ºC; 30 sec annealing (1st cycle at 70ºC, with 1ºC/cycle decrease); 1 min extension at 
72ºC. Then, 25 cycles of: 30 sec denaturation at 96ºC; 30 sec annealing at 60ºC; 1 min extension at 72ºC. 
Final extension: 5 min at 72ºC. The PCR reactions were purified using 5 units ExoI (Fermentas) and 1 unit 
Fast AP (Fermentas), 45’ 37oC, 15’ 80oC. 
Direct sequencing was performed using Big Dye Terminator chemistry ver. 3.1 (Applied Biosystems) as 
recommended by the manufacturer. Dye terminators were removed using SephadexG50 (GE Healthcare) 
and loaded on an ABI 3130XL Genetic Analyzer (Applied Biosystems). For sequence analysis the software 
packages Sequence Analysis version 5.3 (Applid Biosystems) and Seqscape version 2.6 (Applied Biosystems) 
were used.

Supp. Figure S1. Analysis of the conservation of Ser1422 in the Synj1 protein homologs.
Note. In other species, such as R. norvegicus, D. rerio, D. melanogaster, B. taurus, and C. elegans, the Ser1422 residue and the 
flanking region are not present. The protein sequences from these species are therefore not shown.

Supplementary videos are available on the journal website.

H. sapiens SSVSCMPTMPPIPARSQSQENMRSSPNPFIT
P. troglodytes SSVSCMPTMPPIPARSQSQENMRSSPNPFIT
P. abelii XVCKCMPTMPPIQLES-SQEXYAKFSNLFIT
C. lupus SSVSC---MPPIPARSKSQENMRCSPNPFIT
O. cuniculus GSVSCMPTMPPIPARSKSQENMRSSPNPFIT
M. musculus SSVSCMPTRPPGPEESKSQESMGSSANPFP-
G. gallus NTVSCMPAMPPAPTLNISQEHTRSSPNPFVT
X. tropicalis SGITCMATLPPVPARTGFQDSTRISPNPFVN



Chapter 3.1

122

Supp. Table S1. PCR primers and protocol for the amplification and sequencing of SYNJ1 fragments.

Amplification primersa

Primer name Primer sequence Amplicon size

SYNJ1_1F
SYNJ1_1R

TGAAGAGCCCACGCAAAAGG
CTGCGGAGGCAGAGACTGG

430 bp

SYNJ1_2F
SYNJ1_2R

ATTAAACGGGAAACTCAACCAGACC
GAGGAAATACAGTGAAAGGGTTGTCG

535 bp

SYNJ1_3F
SYNJ1_3R

GAGTTCAGATCAGTGGACAGGATGG
GCATGTAGCACGCCTTTTTGG

502 bp

SYNJ1_4F
SYNJ1_4R

AGAGGTGCAAGAAGAAATGGAATAGC
GGCATTCTTTCCAACACGTATACCAC

615 bp

SYNJ1_5F
SYNJ1_5R

TCATAGATCACATGTTGAAGGATCTCG
AAGGCCCATAAGTAACCAAGAACAATC

567 bp

SYNJ1_6F
SYNJ1_6R

CAAACCTGTATAGTGGCCTGTTTTGG
AACTCTGTACTCGTCTAGACCCTTATTTGC

397 bp

SYNJ1_7F
SYNJ1_7R

GTTATTTGATTAACGACTGTGTGTTCAGC
AAGACCCACACTTCCAGCACTACC

367 bp

SYNJ1_8F
SYNJ1_8R

GCCTCCACAGCTCCAACAGG
GAAAGCTTTTTAGAATCCCAATTTCAGC

541 bp

SYNJ1_9F
SYNJ1_9R

CAGGGATAGTTTTTGAGGCTTTAGGG
CACTGCCTGCTCCATAAAATGC

843 bp

SYNJ1_10F
SYNJ1_10R

GGAGAGGGAAGGTGGATGCTACA
TTTCCTCCAAAAGACAGGGAAAAA

483 bp

SYNJ1_11F
SYNJ1_11R

GTTTTCAGAAGCTAGTCCCAAATAGTGC
CCACTGTGAAAGGAAGTATCAAAGAAGG

448 bp

SYNJ1_12F
SYNJ1_12R

GCTTTTTCATTTCTTTGTGCAGAGC
AACAGACAAACTTCCCTTGGAGAATG

546 bp 

SYNJ1_13F
SYNJ1_13R

ACTGTAGGATTCTTCTTAGGTGCAGAAGG
GCAATTGCTACAGGAAGACAAAGAGC

470 bp

SYNJ1_14F
SYNJ1_14R

TTGCCTCATACCAGGCTTTGC
TCATCAATTAATGCATCCTCTGAAGTG

475 bp

SYNJ1_15F
SYNJ1_15R

AATTTCATTCCACTCAAGAGTGTTTGC
TTTTACAGTTTTACGAGCACCCTTCC

374 bp

SYNJ1_16F
SYNJ1_16R

TTAGATTTTGAAATGTGGTTTTCTTTTGG
TGGTATGGTACTTTGAGGGCAAGC

534 bp

SYNJ1_17F
SYNJ1_17R

ATGGGGTTTTGGGGGTTTTG
TTCTAGGAACTATCTTAAATTTCCAAAAACATTG

475 bp

SYNJ1_18F
SYNJ1_18R

CAGGACATGGGAGGAGACAAGC
TGCATATTTAAGTACAAAAAGACCCCAAG

376 bp

SYNJ1_19F
SYNJ1_19R

GGGACCCACCCACTTCTGC
TTTGATATTATGTCATTCCCTGCTTCC

472 bp

SYNJ1_20F
SYNJ1_20R

CCAGCCTCAAACCACTGAAGC
AACTTCACCAAAACTTGCAAACTGC

533 bp

SYNJ1_21F
SYNJ1_21R

CTCCAGGCACTTTGCTGCAC
AATTCTCTCCTTCCCCAAATAAGGTG

459 bp

SYNJ1_22F
SYNJ1_22R

TTTTTACTTCCTGGCCTCTTGTGG
TCCCCTCCCATTTAGATAATCTTGC

296 bp

SYNJ1_23F
SYNJ1_23R

AAACTTGCATCTCTGGGCATCC
CCAAGAAGAAGAAGAAAGATGAACTTGG

515 bp

SYNJ1_24F
SYNJ1_24R

TCATGCTTAATCCATGTGTGTTTGC
GAGAAAACAGGGTGCACTTTATCACC

463 bp

(Continues)
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(Follows)

Amplification primersa

Primer name Primer sequence Amplicon size

SYNJ1_25F
SYNJ1_25R

TGAAAATACATGCCCTTTCTTTACACC
TGAAAACACCTTAGAGGAATCTACTCTGC

481 bp

SYNJ1_26F
SYNJ1_26R

CAAAATCCTCATTTCTGGATGATTTATAAGC
CAGCCTACCTGGGAAATGAAAGC

520 bp

SYNJ1_27F
SYNJ1_27R

GGATTCAGATTTGGGCCAAGC
AAGGAGGGGAAAGAGAAGTTTACAGC

374 bp

SYNJ1_28F
SYNJ1_28R

TCTCATGCCCCCATTTCTGC
GCTTGAGGTGAAGGCTGACTGC

303 bp

SYNJ1_29F
SYNJ1_29R

TGAATGTAGCTATTCACCCTTAAAACTGG
AAATGATAAAAAGCTGCCCAAATCC

492 bp

SYNJ1_30F
SYNJ1_30R

CAAAAGCAAATGTTTTCACAGAATTTTACC
TGTAGAAGGTGGGAGATGACAGAAGG

566 bp

SYNJ1_31F
SYNJ1_31R

TCTCTTTTTCCTTCTGTCATCTCC
ACTTCTTATAACAGGCAATAATTAAAATAGG

511 bp

SYNJ1_32A_F
SYNJ1_32A_R

AATTTACATGCTTGCCCCTAAAAGG
TTGCCTCTGATTCTTCAGACTTGG

470 bp

SYNJ1_32B_F
SYNJ1_32B_R

ACCTGTTCCCACCCCAGACC
GCTGATTACCCAGTAAGTCTGAACAAGC

488 bp

SYNJ1_32C_F
SYNJ1_32C_R

TCTACATTAAAAATTAGCAACCCGAAAGG
CAATGAGAAGGGTTTTTCCTTATTTCC

500 bp

Sanger sequencing primersb

Primer name Primer sequence

SYNJ1_S4R CTGCTGAAAAGGGGCATCG

SYNJ1_S9R GCCTGGGCAACAAAGTGAGG

a primers used for PCR amplification and Sanger sequencing reactions.
b primers used only for Sanger sequencing.

Supp. Table S2. Protein accession numbers

Accession numbers for the Synj1 homologs
|NP_003886.3| synaptojanin-1 isoform a [Homo sapiens]
|XP_531429.2|  PREDICTED: synaptojanin-1 isoform 4 [Pan troglodytes]
|XP_002830685.2| PREDICTED: LOW QUALITY PROTEIN: synaptojanin-1 [Pongo abelii]
|NP_776893.2| synaptojanin-1 [Bos taurus]
|XP_535580.2| PREDICTED: synaptojanin-1 isoform 1 [Canis lupus familiaris]
|XP_416706.3| PREDICTED: synaptojanin-1 [Gallus gallus]
|NP_001164888.1| synaptojanin-1 [Oryctolagus cuniculus]
|NP_445928.2| synaptojanin-1 [Rattus norvegicus]
|NP_001157955.1| synaptojanin-1 isoform a [Mus musculus]
|XP_002938495.1| PREDICTED: synaptojanin-1-like [Xenopus (Silurana) tropicalis]
|NP_001007031.1| synaptojanin-1 [Danio rerio]
|NP_726155.1| synaptojanin, isoform A [Drosophila melanogaster]
|NP_001023266.1| Protein UNC-26, isoform b [Caenorhabditis elegans]

Accession numbers for different human proteins containing the SAC1-like phosphatase domain
|NP_003889.1| synaptojanin-2 isoform 1 [Homo sapiens]
|NP_054735.3| phosphatidylinositide phosphatase SAC1 [Homo sapiens]
|NP_055660.1| polyphosphoinositide phosphatase [Homo sapiens]
|NP_055752.1| phosphatidylinositide phosphatase SAC2 isoform 1 [Homo sapiens]
|NP_054735.3| phosphatidylinositide phosphatase SAC1 [Homo sapiens]
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Supp. Table S3. In-silico prediction of functional effects of variants.

Synj1 p.Arg258Gln Synj1 p.Ser1422Arg ZNF439 p.Arg311Cys

PolyPhen-2 HumDiva PROBABLY DAMAGING PROBABLY DAMAGING BENIGN

 HumVarb POSSIBLY DAMAGING POSSIBLY DAMAGING BENIGN

SIFT DAMAGING (score=0) DAMAGING (score=0,01) DAMAGING (score=0,05)c

PROVEAN DELETERIOUS NEUTRAL NEUTRAL

SNP-and-GO DISEASE NA NEUTRAL

SNAP NON-NEUTRAL NON-NEUTRAL NEUTRAL

MUTATION TASTING DISEASE-CAUSING POLYMORPHISM POLYMORPHISM

Synj1 p.Arg1252Gln Synj1 p.Arg1429Gln Synj1 p.Gly1453Glu

PolyPhen-2 HumDiva PROBABLY DAMAGING BENIGN PROBABLY DAMAGING

 HumVarb PROBABLY DAMAGING BENIGN PROBABLY DAMAGING

SIFT TOLERATED (score=0,07) TOLERATED (score=0,22) DAMAGING (score=0,01)

PROVEAN NEUTRAL NEUTRAL NEUTRAL

SNP-and-GO NA NA NA

SNAP NON-NEUTRAL NON-NEUTRAL NON-NEUTRAL

MUTATION TASTING DISEASE-CAUSING POLYMORPHISM DISEASE-CAUSING

a preferred model for evaluating rare alleles, dense mapping of regions identified by GWAS and analysis of natural selection.
b preferred model for the evaluation of Mendelian disease-causing variants, which requires distinguishing mutations with drastic 
effects from the remaining human variation, including abundant mildly deleterious alleles.
c the substitution is predicted to be damaging if the score is ≤ 0.05, and tolerated if the score is > 0.05.
NA = not available
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Supp. Table S4. Variants detected in the SYNJ1 gene.

SYNJ1 positiona Ref SNPb Nucleotide change Protein change Frequencyc

exon1 ss778182305# c.54C>T p.18Gly= 0.004
exon2 rs61750221 c.123G>A p.41Ala= 0.008
intron2 ss778182306# c.241+47T>C 0.004
intron2 rs74625247 c.242-148A>C 0.059
intron2 ss778182298# c.242-99A>G 0.004
intron3 rs184110321 c.328+134A>G 0.004
intron4 rs76502784 c.596+9A>G 0.017
intron7 rs73194279 c.968+43A>G 0.025

exon8 rs2254562 c.1001A>G p.Lys334Arg
0.326
MAF, dbSNP137: 0.293
MAF, EVS: 0.297

intron8 rs844975 c.1065+81G>A 0.525
intron8 rs143229035 c.1066-38A>C 0.008
intron10 rs75924460 c.1317+55T>C 0.038
intron10 rs111884129 c.1317+69T>C 0.034
intron10 rs73194278 c.1317+273A>G 0.004
intron10 rs844988 c.1318-3A>T 0.076
intron11 rs80299581 c.1470+27C>T 0.004
intron12 rs116389986 c.1628-59T>A 0.004
intron13 ss778182299# c.1651+61G>A 0.004
intron15 rs114386610 c.1928+51A>G 0.004
intron15 rs844998 c.1929-100T>C 0.072
intron18 ss778182300# c.2421+55C>T 0.004
intron18 rs2833936 c.2422-110T>A 0.038
intron21 ss778182301# c.2913-23G>T 0.004
exon25 ss778182302# c.3486A>G p.1162 Pro= 0.004
intron25 rs2406 c.3508+99A>T 0.591d

intron25 rs189532601 c.3509-129G>T 0.013
intron25 rs34001349 c.3509-96T>A 0.038

intron25 rs142688189
c.3509-202_3509-
199delGTTT

0.008

intron27 rs146753923 c.3596-29T>G 0.008
intron28 rs2833929 c.3635-7G>T 0.305
intron29 rs11702774 c.3705+14C>T 0.229
intron29 rs56238975 c.3705+128G>A 0.025

exon30 rs144048853* c.3755G>A p.Arg1252Gln
0.004
MAF, EVS: 0.00007

intron30 rs147026277 c.3815-251G>C 0.004
exon31 rs2230766 c.3838C>T p.Leu1280= 0.085

exon32 rs71640263
c.4214_4215in-
sAATACT

p.Val1405delinsValAsnThr
0.555
MAF, dbSNP137: 0.511

exon32 ss778182303# c.4264 A>C p.Ser1422Arg 0.004

exon32 rs112469776* c.4286G>A p.Arg1429Gln

0.004
MAF, dbSNP137: 1 ID het 
(Bushman); no additional 
IDs available

exon32 rs61750217* c.4358G>A p.Gly1453Glu
0.004
MAF, dbSNP137: 0.008
MAF, EVS: 0.014

exon32 rs146425050 c.4581G>A p.Glu1527= 0.004
a References for annotation of variants: GenBank n. NM_003895.3 and NP_003886.3
b SNP reference number in dbSNP137
c Minor allele frequency in 92 early-onset Parkinson’s disease and 26 atypical parkinsonism patients
d Minor allele frequency in 29 early-onset Parkinson’s disease and 26 atypical parkinsonism patients
# Submitter  SNP (ss) numbers provided by dbSNP Group NCBI/NLM/NIH (http://www.ncbi.nlm.nih.gov/projects/SNP/)
* Web tools were used to predict the functional effects of these rare variants (See Supp. Table S3)
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During the last three decades, linkage analysis and positional cloning have been largely 
applied to human diseases, including movement disorders, allowing the identification 
of many highly penetrant genetic factors. For many disorders, these findings have laid 
the foundation for understanding the pathogenetic mechanisms of the disease. More 
recently, genome-wide association studies (GWAS) have been very successful in iden-
tifying risk factors for complex diseases. However, for most disorders, GWAS have 
not explained large proportions of the disease burden so far. Now, the field of human 
genetics is undergoing a third technological revolution. Next-generation sequencing 
technologies (NGS) are fueling a new wave of gene discovery, holding great promises 
for the movement disorders field. The applications of these tools to movement disorders 
are discussed in chapter 1.1 of this thesis.

The aim of this thesis was to investigate the genetic factors involved in the etiology 
of movement disorders. To achieve this goal, we applied different genetic approaches, 
including NGS-based strategies, but also traditional linkage and positional-cloning 
methods, and candidate gene analyses. This work allowed us to expand our current 
knowledge about movement disorders by I) identifying novel disease-causing genes, 
II) expanding the phenotype associated with known disease genes, III) proposing 
novel candidate risk genes, and IV) contributing to the clinical characterization of 
previously-described forms. These findings provide insights into the mechanisms of 
these disorders by supporting novel or previously-postulated hypotheses. Moreover, our 
results have direct clinical relevance, and will be important for the diagnostic work-up 
and the genetic counseling of the patients and their relatives.

The Genetic Architecture of Movement Disorders
During the last twenty years, a large number of genetics factors have been implicated in 
the etiology of movement disorders, including rare Mendelian factors, moderately-rare 
factors with moderate effect size, and common variants with low effect size. The identi-
fication of such genetic factors has been very important, and it has allowed the scientific 
community to formulate novel hypotheses about the disease mechanisms. However, with 
few notable exceptions, these findings have not been translated into novel therapies for 
these disorders so far. Moreover, despite the successful identification of genetic factors, 
the genetic architecture of many movement disorders is still incompletely understood.

In movement disorders with a clear monogenic etiology (especially rare, autosomal 
recessive disorders), many of the disease genes are now known. Moreover, it is anticipated 
that the application of NGS technologies and DNA arrays methods to family-based 
studies will resolve most of the remaining conditions in the near future. A good example 
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of this type of disorders is neurodegeneration with brain iron accumulation (NBIA). 
This group of genetically heterogeneous disorders is now associated with mutations in 
ten genes, accounting for the majority of the cases (~70%) [1-3]. The identification and 
characterization of these different NBIA forms have been instrumental for the ongoing 
development of specific diagnostic algorithms that take clinical signs and brain imaging 
features into account. Our work described in chapter 4.2 contributes to the characteri-
zation of one of these forms, caused by mutations in the C19orf12 gene.

For movement disorders with a more complex genetic architecture, our genetic 
knowledge is still quite limited. Parkinson’s disease (PD) is a perfect example. The 
disorder is characterized by a strong familial aggregation (the relative risk of PD for 
having a first-degree relative with PD versus having no first-degree relative with PD 
is 2.9), suggesting a genetic component in PD [4]. Consistently, GWAS studies have 
identified common variants associated with the disease in 24 loci [5]. However, these 
variants have only small effect size (0.7>OR<2.3) and they explain only a small propor-
tion of the heritable component of PD [6]. In addition to variants with a small effect 
size, moderate risk factors for PD have also been identified. Mutations in GBA and one 
mutation in LRRK2 (p.Gly2019Ser) are moderate-to-strong risk factors for PD (OR 
~5–10), and their prevalence is especially high in some populations [7,8]. Moreover, 
family-based studies have been successful in the identification of Mendelian factors for 
PD. Mutations in seven genes have been confirmed to cause clinically typical late-onset 
or early-onset PD: SNCA [9], LRRK2 [10,11], VPS35 [12,13], parkin [14], PINK1 
[15], DJ-1 [16], and DNAJC6 [17]. Mutations in these genes are Mendelian causes for 
PD, but they are extremely rare in the general population and they explain only a small 
proportion of the patients. Of note, mutations in one of these genes, DNAJC6, were 
first identified in association with early-onset PD by the work described in chapter 2.1.

In addition, mutations in multiple genes (ATP13A2 [18], PLA2G6 [19], FBXO7 
[20,21], DNAJC6 [22,23], SYNJ1 [24,25], and RAB39B [26]) have been associated to 
juvenile forms of parkinsonism with additional, atypical clinical signs. Despite some 
clinical similarities with the typical PD, the presentation of these forms usually includes 
other clinical features that are not observed in typical PD, and they are likely repre-
senting different disease entities. One of these forms, caused by a mutation in SYNJ1, 
was identified for the first time and characterized by the work reported in chapter 3.1 
and 3.2. 

Despite the identification of several disease-causing genes for PD and juvenile atypical 
parkinsonism, mutations in these genes are not found in most of the PD cases, including 
some large families with multiple affected individuals. This suggests that additional 
genes are likely to be discovered in the future.
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Parkinson’s Disease: One or Many?
The heritable component of complex movement disorders, like PD, seems to be the 
result of a multitude of different genetic factors, covering the entire spectrum of risk, 
from low to high. Small effect-size factors are very common, but have limited clinical 
relevance. On the other side of the spectrum, high risk alleles are often good diagnostic 
and prognostic markers, but they explain only small minorities of patients. Moreover, 
the fundamental question arises of whether these genetic forms and the so called 
“idiopathic” patients share the same disease mechanisms, and ultimately, whether they 
are the same disease. To answer this question, we should first consider how movement 
disorders are currently defined.

For most movement disorders, including PD, the disease is usually diagnosed by a combi-
nation of many criteria, including clinical presentation, response to therapies, patholog-
ical signs, and brain imaging patterns. The problem with this definition is that most of 
these features are not specific to one disease. Instead, they are usually observed also in 
other neurological disorders or even in healthy individuals. Taking PD as example, the 
disease definition is based on the clinical presentation (presence of parkinsonism), the 
response to dopaminergic therapies, and the neuronal loss in the substantia nigra pars 
compacta and in other brain areas, with the presence of Lewy bodies and Lewy neurites 
in the remaining neurons [27,28].

However, parkinsonism can be observed also in other lesions or dysfunctions of the 
basal ganglia; response to dopaminergic therapies is also a feature of other disorders (e.g., 
dopa-responsive dystonia); and Lewy bodies are present also in other disorders, including 
Alzheimer’s disease, dementia with Lewy bodies, and some forms of NBIA, but also in 
elderly individuals without neurological disorders (i.e., incidental Lewy bodies) [29,30]. 
Based on these observations, it is reasonable to say that the genetic heterogeneity of PD 
might reflect an intrinsic heterogeneity of the disease. In other words, using etiology 
to define the disorder, one could say that PD is likely made of different disease entities 
having different etiologies, but similar clinical and pathological outcomes.

At the same time, some of the different disease entities that are diagnosed as PD are clin-
ically indistinguishable. For example, some of the patients with Mendelian forms, like 
LRRK2 mutation carriers, are clinically indistinguishable from the rest of the patients 
(with no mutations in known genes). Therefore, one could argue that LRRK2 mutation 
carriers do not have a different disease entity, and instead, they also have PD. In this 
view, the disorder can be seen as the result of many different factors, or a combination of 
them, all acting through one, or more likely few, molecular pathways. These factors can 
be genetic (e.g., LRRK2 mutations), but also aging, and most likely environmental and 
stochastic factors. Similarly to PD, other movement disorders can be described using 
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these two opposite approaches: etiologic or pathogenetic.

In my view, these two interpretations of the complexity of PD must coexist. For 
unknown reasons, multiple etiologic factors produce similar, clinical outcomes. Both 
the etiologic and the pathogenetic approach can be used to describe this complex disease 
entity. The etiologic approach helps us to better understand the complexity of this 
disorder by allowing the study of the disease mechanisms. At the same time, because 
the different etiologic factors involved in PD might alter only a limited number of 
molecular pathways, a pathogenetic approach might be more successful in the develop-
ment of novel therapeutic strategies broadly applicable to the patients.

The Contribution of This Thesis
In the complex scenario of the genetics of movement disorders, the identification and 
characterization of the genetic factors associated with these diseases is paving the way to 
a better understanding of these conditions. In this thesis we provide an original contri-
bution to the current knowledge of the Mendelian factors for Parkinson’s disease (Part 
II), atypical parkinsonisms (Part III), paroxysmal exercise-induced dystonia, and NBIA 
(Part IV). Our findings provide novel insights into the pathological mechanisms of these 
disorders.

The identification of DNAJC6 mutations in early-onset Parkinson’s disease (chapter 
2.1) provide strong evidence for the involvement of synaptic vesicles recycling in PD. 
Previously, mutations in this gene were known to cause an atypical form of parkin-
sonism (PARK19) with juvenile onset (<11 years) [22,23]. We reported, for the first 
time, DNAJC6 mutations in patients with onset in the third-to-fifth decade, slow disease 
progression, absence of atypical clinical signs, and prominent response to dopami-
nergic therapies. This phenotype is similar to other monogenic forms of early-onset PD 
caused by mutations in parkin, PINK1, and DJ-1. Interestingly, the DNAJC6 mutations 
reported by us might allow some residual protein activity, while the mutations causing 
juvenile, atypical parkinsonism are predicted to cause a complete loss-of-function. This 
allowed us to propose a genotype-phenotype correlation in patients with DNAJC6 
mutations, with complete loss-of-function variants causing the juvenile, atypical form 
(PARK19), whereas milder mutations (described in our study) cause early-onset PD. 
Our hypothesis has been partially confirmed by another group that reported a new 
patient with atypical juvenile parkinsonism caused by a novel homozygous truncating 
mutation in DNAJC6 [31,32].

DNAJC6 encodes for the brain-specific isoform of auxilin, a protein involved in the 
clathrin-mediated endocytosis (CME). In neurons, this process is an important 



Chapter 5.1

196

mechanism for the formation of clathrin-coated vesicles, and for the recycling of synaptic 
vesicles at the presynaptic terminal [33].

Consistently, another finding reported in this thesis points to the involvement of the 
CME pathway in the pathogenesis of parkinsonisms. In chapter 3.1 and 3.2, we iden-
tified and characterized a novel form of early-onset, atypical parkinsonism caused by 
a mutation in SYNJ1. The protein encoded by this gene, synaptojanin 1, is a close 
molecular partner of auxilin. Both proteins act in the last step of the CME, the vesicles 
uncoating. The uncoating process requires the coordinated actions of three proteins: 
the chaperone Hsc70, its co-chaperone auxilin, and the phosphatase Synj1. Hsc70 
and auxilin operate in the clathrin disassembly [34], while Synj1 dephosphorylates 
PI(4,5)P2, a molecule acting in the early-stages of CME to recruit the clathrin adaptor 
proteins [35,36].

The identification of mutations in DNAJC6 and SYNJ1 in patients with parkinsonism 
strongly supports the involvement of the synaptic vesicles recycling in the pathogen-
esis of the disorder. These findings add to a growing body of evidence supporting the 
involvement of this pathway. Common variants in GAK (encoding a ubiquitously 
expressed form of auxilin, called auxilin-2) were identified by GWAS as low-risk factors 
for PD [5,37]. The Lrrk2 kinase was recently described as a modulator of the activity of 
endophilin-A [38], a protein involved in vesicle formation and uncoating [39-42]. In 
addition, endophilin-A was also reported to interact with parkin [43]. Moreover, Vps35 
is part of the retromer, a protein complex that mediates the transport of transmembrane 
protein from endosomes to the trans-Golgi network [44]. Finally, α-synuclein has been 
involved in the several step of the CME process [45-47]. In light of the findings reported 
in this thesis, and the previously existing evidence, the dynamic of vesicle endocytosis 
and trafficking at the synaptic terminal appears to have a central role in the pathogenesis 
of parkinsonism.

In order to identify novel risk factors for PD, we also performed a large exome sequencing 
study in the genetically isolated population of Sardinia (chapter 2.3). Taking advantage 
of the unique genetic architecture of the isolated populations, we aimed at the identifi-
cation of moderately rare variants with strong effect size for PD. To our knowledge, this 
was the first exome-wide attempt to identify moderately rare variants of moderate effect 
size for PD. Although no variants achieved genome-wide significance after Bonfer-
roni correction, we reported a catalog of variants exclusively present in PD patients or 
enriched among them. These variants might point to genetic determinants of PD with 
moderate-to-strong effect size. However, these findings are not conclusive, and they 
should be further validated by independent studies. Of note, similar inconclusive results 
were achieved by another, recently published, large exome sequencing project in PD 
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[48]. Regarding the genomic regions investigated, the results of our study support the 
high degree of genetic heterogeneity of PD, even in the isolated population of Sardinia. 
This suggests that the identification of moderately-rare risk factors for PD using large 
exome sequencing projects requires much larger cohorts of patients and controls, or the 
application of gene-based or pathway-based analyses.

To conclude the discussion of our work on parkinsonisms, part of this thesis was also 
devoted to the clinical and genetic characterization of the known forms of parkinsonism 
associated to SNCA triplications (chapter 2.2) and FBXO7 mutations (chapter 3.3). 
Both SNCA triplications and FBXO7 mutations are very rare causes of parkinsonism, 
with only few families described so far. Our identification and description of these 
families contributes to the ongoing characterization of these rare Mendelian disorders. 
In addition to that, our study on SNCA triplication emphasizes the possible role of copy 
number variants in the pathogenesis of movement disorders and shows the importance 
of gene dosage assays, also in the NGS era.

In part IV of this thesis, we focused on to the study of movement disorders other 
than primary parkinsonisms. In chapter 4.1, we suggested ECHS1 mutations as one 
of the causes of paroxysmal exercise-induced dystonia (PED). PED are rare forms 
of paroxysmal dyskinesias in which attacks of abnormal involuntary movements are 
triggered by prolonged or sustained exercise. Mutations in ECHS1 were recently 
reported as a novel cause of Leigh syndrome (subacute, necrotizing encephalopathy), 
or of atypical forms with later onset (Leigh-like syndromes), with a broad range of 
clinical presentations [49,50]. In our study, we showed that the phenotype associated 
with ECHS1 mutations might be milder than reported earlier, and includes isolated 
paroxysmal exercise-induced dystonia. Therefore, the screening of this gene should be 
considered in the patients with otherwise unexplained PED. Most importantly, our 
findings have potential therapeutic implications. Indeed, diet regimens and detoxifying 
agents represent potential therapeutic strategies for ECHS1 deficiency, but first, their 
efficacy and safety should be investigated.

Finally, in chapter 4.2 we studied the role of C19orf12 mutations in Turkish patients 
with NBIA. Mutations in C19orf12 have been recently associated with an autosomal 
recessive form of NBIA called mitochondrial-membrane protein associated neurode-
generation (MPAN) [51]. Our work identified a single C19orf12 mutation in eight 
unrelated Turkish patients with NBIA (40% of our cohort). MPAN is a rare disease, 
and complete neurological evaluations have been reported only in a limited number of 
patients. Therefore, our work represents a novel contribution to the clinical characteri-
zation of this form of NBIA. Moreover, we identified a recurrent mutation in C19orf12 
in Turkish MPAN patients. This finding has important consequences for the genetic 
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counseling of NBIA patients with Turkish origins.

Genetics of Movement Disorders: the Road Ahead
The genetic findings of the past years helped us to better understand the pathogenetic 
mechanisms of movement disorders but, in order to more fully understand the genetic 
architecture of these conditions, further work remains ahead. In the coming years, novel 
genetic factors will likely be identified and the previously-identified factors will be better 
characterized.

For the most common movement disorders, like PD, GWAS have identified several loci 
associated with the disease. However, GWAS results usually nominate large genomic 
regions associated with the disease, not single genes. Moreover, the disease-associated 
variants are often not located in the coding regions. As a result, for most GWAS loci, it 
is difficult to pinpoint the gene responsible for the association. In the future, the GWAS 
loci identified should be characterized in order to understand the biological bases for the 
association. This process poses major challenges and will likely require the integration of 
different genomics and transcriptomics technologies.

Despite the successes of GWAS, these studies are limited by the possibility to investigate 
only common variants (minor allele frequency, MAF > ~1% in the general population).  
The application of NGS technologies to large association studies will solve this major 
limitation, allowing the study of variants that are too rare to be investigated by GWAS 
[52]. In chapter 3.2, we reported the first example of this type of studies in PD. As 
discussed above, our results have been so far inconclusive, suggesting that PD has a 
high degree of genetic heterogeneity. For this reason, future studies should rely on larger 
cohorts of patients and controls and should apply gene-based or pathway-based analyses 
in order to increase the statistical power. Several methods for conducting such types of 
analyses have been already proposed [53]. In addition, the power of the study could be 
increased by evaluating rare variants pathogenicity, using the same tools described in the 
introduction of this thesis [54]. Last, another way to possibly increase the power of large 
NGS studies in PD would be the inclusion of patients with more extreme phenotypes, 
like cases with earlier onset or more aggressive disease progression.

In disorders with a high level of genetic heterogeneity, the study of families with 
multiple affected individuals can represent a more effective experimental design. For 
this reason, the identification of novel genetic factors in movement disorders might 
also rely on family based studies. In chapters 3.1 and 4.1, we have applied a combina-
tion of classical positional cloning methods and NGS technologies in two families with 
movement disorders. In both studies, this approach successfully identified the disease-
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causing mutations. Moreover, these findings have direct clinical relevance. In the future, 
both population studies and family-based studies might still be applied to movement 
disorders, and should serve as complementary strategies to explore the whole spectrum 
of genetic factors associated with these conditions.

Finally, it is important to remember that the identification of disease-causing genes 
should also rely on the important biological information that can be gathered by 
studying the effect of candidate mutations at the RNA and protein levels, and by using 
in vitro and in vivo models. Most importantly, these studies are fundamental to under-
stand the pathogenetic mechanism of the disease and to translate the genetic findings 
into novel therapeutic strategies.

Conclusions
Despite the great progresses of the last 20 years, much is still unknown about the etiology 
of movement disorders. Genetic studies are leading the way towards the identification 
of the molecular mechanisms of these disorders, but most likely, many genetic factors 
are still to be found. A more complete knowledge about the genetic architecture of these 
disorders could be the cornerstone for mechanistic studies of the involved proteins and 
molecular pathways. A clear understanding of the molecular mechanisms should provide 
hints for the development of novel and personalized therapies for these disorders.
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Summary
Movement disorders are neurologic syndromes in which there is either an excess of 
movements or a paucity of voluntary and automatic movements, unrelated to weakness 
or spasticity. These disorders are associated with dysfunctions of the basal ganglia and 
cerebellum, brain structures that together orchestrate the control of movements. During 
the last two decades, genetic studies of movement disorders identified many genetics 
factors associated with these diseases, including rare Mendelian factors, moderately-rare 
factors with moderate effect size, and common variants with low effect size. In the 
coming years, the application of novel DNA sequencing technologies to the study of 
movement disorders promises to unveil even more genetic factors, possibly leading to a 
full understanding of the genetic architecture of these disorders.

The introduction (Part I) of this thesis reviews the modern strategies for the identifica-
tion of genetic factors associated with Mendelian forms of movement disorders. After a 
brief definition of these disorders, we focus on the use of the next-generation sequencing 
technologies to identify Mendelian mutations in movement disorders (chapter 1.1).

Our experimental work is presented in the next three parts of this thesis. Part II is focused 
on the genetic studies of Parkinson’s disease (PD). In chapter 2.1, for the first time, we 
report the identification of DNAJC6 mutations in families with early-onset PD. Our 
work delineate a novel form of autosomal recessive early-onset PD, caused by mutations 
in the DNAJC6 gene, and has important implications for the diagnostic work-up and 
genetic counseling of early-onset PD patients. In chapter 2.2, we report genetic and 
clinical findings in a novel family with early-onset parkinsonism associated with trip-
lication of the SNCA locus. This study contributes to the genetic and clinical charac-
terization of this very rare form. In chapter 2.3, we perform a large exome sequencing 
project in the isolated population of Sardinia to identify novel risk factors for PD with 
intermediate or strong effect size. In this study we identify a list of candidate variants 
highly enriched or exclusively present in PD, a resource of candidates for future studies. 
Notably, this was the first study analyzing a large cohort of PD patients at exome-wide 
level.

Part III of this thesis focuses on the study of atypical forms of parkinsonisms. In chapter 
3.1, we report the identification of a novel form of early-onset atypical parkinsonism 
caused by a homozygous mutation in SYNJ1. This study was the first to report the 
association between a SYNJ1 mutation and parkinsonism. In chapter 3.2, we identify a 
family with a milder phenotype caused by the same homozygous mutation in a different 
haplotype, suggesting that the two SYNJ1 mutations originated from different muta-
tional events. Interestingly, the proteins encoded by SYNJ1 and DNAJC6 both act in the 
molecular pathway of the clathrin-mediated endocytosis, suggesting an involvement of 
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this pathway in the pathogenesis of early-onset parkinsonisms. Chapter 3.3 is focused 
on another form of parkinsonism, caused by mutations in the FBXO7 gene. In this 
study, we describe a novel family with juvenile atypical parkinsonism due to a homozy-
gous mutation in the FBXO7 gene, contributing to the clinical and genetic characteri-
zation of this rare form.

Part IV of the thesis contains our work in movement disorders other than parkinso-
nian syndromes. In chapter 4.1, we present clinical, genetics, functional, and metabolic 
findings in two siblings with dystonic disorders caused by compound heterozygous 
ECHS1 mutations. This work expands the phenotype associated with ECHS1 mutations, 
showing that mutations in this gene can also cause primary paroxysmal exercised-induced 
dystonia. In chapter 4.2, we report a recurrent C19orf12 mutation in Turkish patients 
with neurodegeneration with brain iron accumulation. Our work contributes to the 
phenotypic characterization of this recently identified form of neurodegeneration, and 
has important implications for the genetic testing of the patients with Turkish origins.

Finally, in the last part of the thesis (chapter 5.1), we discuss the genetic architecture of 
movement disorders and the contribution of this thesis in the characterization of these 
disorders and in understanding their pathogenetic mechanisms.
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Samenvatting
Bewegingsstoornissen zijn neurologische syndromen waarbij er een overschot dan wel 
een tekort is aan vrijwillige en automatische bewegingen die niet gerelateerd zijn 
aan spierzwakte of spasticiteit. Deze bewegingsstoornissen zijn geassocieerd met een 
gestoorde functie van de basale ganglia en het cerebellum. Dit zijn de hersenstructuren 
die samen de controle over bewegingen orkestreren. In de afgelopen twee decennia 
hebben genetische studies naar bewegingsstoornissen onderliggende erfelijke factoren 
geïdentificeerd, variërend van zeldzame Mendeliaanse factoren met een groot effect tot 
veelvoorkomende varianten met een kleine effectgrootte. Met het toepassen van nieuwe 
DNA sequencing technieken zullen in de komende jaren nog veel meer genetische factoren 
geïdentificeerd worden en dit zal mogelijk leiden tot het volledig in kaart brengen van de 
genetische architectuur van deze stoornissen.

In de introductie van dit proefschrift (deel I) worden de moderne strategieën voor de 
identificatie van genetische factoren besproken die zijn geassocieerd met Mendeliaanse 
vormen van bewegingsstoornissen. Na een korte beschrijving van deze stoornissen 
focussen we op het gebruik van next-generation sequencing technologieën voor de 
identificatie van Mendeliaanse mutaties in bewegingsstoornissen (hoofdstuk 1.1).

De volgende drie delen van dit proefschrift beschrijven ons experimentele werk. In 
Deel II focussen we op het genetische onderzoek naar de ziekte van Parkinson (PD). In 
hoofdstuk 2.1 beschrijven wij de identificatie van DNAJC6 mutaties in families met 
vroeg opgetreden PD. Ons werk beschrijft een nieuwe vorm van autosomaal recessieve 
vroeg opgetreden PD veroorzaakt door mutaties in DNAJC6 en dat deze mutaties 
belangrijke consequenties hebben voor de genetische diagnostiek en counseling van 
patiënten met deze vorm van PD. In hoofdstuk 2.2 beschrijven we de genetische en 
klinische bevindingen in een nieuwe familie met vroeg opgetreden parkinsonisme welke 
geassocieerd is met een triplicatie van de SNCA locus. Deze studie draagt bij aan de 
genetische en klinische karakterisatie van deze zeldzame vorm van parkinsonisme. In 
hoofdstuk 2.3 beschrijven we de resultaten van een groot exome sequencing project 
in de geïsoleerde populatie van het eiland Sardinië met het doel nieuwe risicofactoren 
te identificeren met gematigde tot grote effectgrootte. In deze studie hebben we 
kandidaat-varianten geïdentificeerd die verrijkt dan wel exclusief aanwezig zijn in 
patiënten met PD. Deze varianten zijn een belangrijke bron voor toekomstig onderzoek. 
Opmerkelijk is dat dit de eerste studie is waarin een groot cohort patiënten met PD op 
exome-breed niveau wordt geanalyseerd. 

Deel III van dit proefschrift is gefocust op de studie van atypische vormen van 
parkinsonismen. In hoofdstuk 3.1 rapporteren we identificatie van een nieuwe vroeg 
opgetreden vorm van atypisch parkinsonisme veroorzaakt door een homozygote 
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mutatie in het gen SYNJ1. Dit was de eerste studie waarin de associatie tussen een 
SYNJ1 mutatie en parkinsonisme werd gerapporteerd. In hoofdstuk 3.2 beschrijven we 
een familie met een milder fenotype veroorzaakt door dezelfde homozygote mutatie in 
een ander haplotype. Dit suggereert dat de twee SYNJ1 mutaties voortkomen uit twee 
verschillende mutationele gebeurtenissen. Interessant is dat het eiwitten die worden 
gecodeerd door SYNJ1 en DNAJC6 beiden een rol spelen in clathrin-gemedieerde 
endocytose. Dit suggereert dat deze cascade een rol speelt in de pathogenese van vroeg 
opgetreden parkinsonismen. 

In hoofdstuk 3.3 focussen we op een andere vorm van parkinsonisme, veroorzaakt door 
mutaties in het gen FBXO7. In deze studie beschrijven we een nieuwe familie met een 
juveniele atypische vorm van parkinsonisme veroorzaakt door een homozygote mutatie 
in FBXO7. Deze studie draagt bij aan de genetische en klinische karakterisatie van deze 
zeldzame vorm van parkinsonisme.

Deel IV van dit proefschrift bevat ons werk in het veld van bewegingsstoornissen, 
anders dan parkinsonistische syndromen. In hoofdstuk 4.1 presenteren we klinische, 
genetische, functionele en metabole bevindingen van de studie van twee broers met 
dystone stoornissen veroorzaakt door een compound-heterozygote mutatie in ECHS1. 
Dit werk breidt het fenotype uit dat geassocieerd kan worden met mutaties in ECHS1 
en laat zien dat mutaties in dit gen ook paroxysmale inspannings-geïnduceerde dystonie 
kan veroorzaken. In hoofdstuk 4.2 beschrijven we een vaak voorkomende C19orf12 
mutatie in Turkse patiënten met neurodegeneratie met ijzerstapeling in de hersenen. Ons 
werk draagt bij aan de fenotypische karakterisatie van deze recent geïdentificeerde vorm 
van neurodegeneratie en heeft belangrijke implicaties voor de genetische diagnostiek 
van patiënten met een Turkse achtergrond. 

Ten slotte, in het laatste deel van dit proefschrift (hoofdstuk 5.1) bespreken we de 
genetische architectuur van bewegingsstoornissen en de bijdrage van dit proefschrift aan 
de karakterisatie en het begrijpen van de onderliggende pathogenetische mechanismen 
van deze stoornissen.
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Riassunto
I disordini del movimento sono sindromi neurologiche che presentano un eccesso di 
movimenti o una scarsezza di movimenti sia volontari che automatici, in assenza di 
debolezza o spasticità. Queste malattie sono associate a disfunzioni dei gangli della base 
e del cervelletto, le strutture cerebrali che si occupano di orchestrare il controllo dei 
movimenti. Vent’anni di studi hanno portato all’identificazione di molti fattori genetici 
associati ai disturbi del movimento. Questi includono sia fattori Mendeliani, che 
fattori comuni nella popolazione che modificano di poco la probabilità di sviluppare la 
malattia, ma anche fattori con frequenza intermedia ed effetto intermedio. Nei prossimi 
anni, grazie all’applicazione delle nuove tecnologie di sequenziamento del DNA, un 
numero crescente di fattori verrà probabilmente identificato nel campo dei disturbi del 
movimento. Questo ci permetterà di comprendere appieno l’architettura genetica di 
queste malattie.

L’introduzione (Parte I) di questa tesi tratta le strategie moderne per l’identificazione 
di fattori genetici associati a forme Mendeliane di disordini del movimento. Dopo una 
breve definizione di queste malattie, approfondiamo l’uso delle cosiddette tecnologie di 
sequenziamento di prossima generazione (next-generation sequencing) per l’identificazione 
di mutazioni Mendeliane nei disordini del movimento (capitolo 1.1).

Le successive tre parti di questa tesi illustrano il lavoro sperimentale svolto. La seconda 
parte è dedicata agli studi genetici sulla malattia di Parkinson (MP). Nel capitolo 
2.1 riportiamo, per la prima volta, l’identificazione di mutazioni nel gene DNAJC6 
in famiglie con MP. Il nostro lavoro delinea una nuova forma autosomica recessiva di 
MP ad esordio precoce causata da mutazioni in DNAJC6. Questa scoperta ha delle 
importanti implicazioni per la diagnosi e la consulenza genetica di pazienti con MP 
ad esordio precoce. Nel capitolo 2.2 riportiamo studi genetici e clinici in una nuova 
famiglia affetta da parkinsonismo ad esordio precoce associata ad una triplicazione del 
locus del gene alpha sinucleina (SNCA). Questo studio contribuisce alla caratterizzazione 
genetica e clinica di questa forma rara di parkinsonismo. Nel capitolo 2.3, al fine 
d’identificare nuovi fattori di rischio per la MP con effetto intermedio o pronunciato, 
applichiamo su larga scala la tecnica di exome sequencing alla popolazione sarda, un 
isolato genetico. Il nostro lavoro ha portato all’identificazione di una serie di varianti 
che, in questo studio, sono più frequenti in individui con la MP. Questi dati forniscono 
una risorsa di candidati genetici che potranno essere validati in studi futuri. Questo è 
stato il primo studio di popolazione a riportare l’analisi dell’intero esoma in una larga 
coorte di pazienti con la MP.

La terza parte di questa tesi è focalizzata sullo studio di diverse forme di parkinsonismi 
atipici. Nel capitolo 3.1 riportiamo l’identificazione di una nuova forma genetica di 
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parkinsonismo atipico ad esordio precoce causata da una mutazione omozigote del gene 
sinaptogianina (SYNJ1). Questo studio è stato il primo ad associare una mutazione in 
SYNJ1 a questo tipo di disordine. Nel capitolo 3.2 presentiamo una famiglia con un 
quadro clinico meno severo, causato però dalla stessa mutazione in omozigosi. Dopo 
aver analizzato la serie di alleli presenti in questa regione genomica nei pazienti delle 
due famiglie (geneticamente definito come “aplotipo”), suggeriamo che la mutazione 
sia probabilmente originata da due distinti eventi mutazionali. È interessante notare 
che sinaptogianina e auxilina, ovvero le proteine codificate dai geni SYNJ1 e DNAJC6, 
hanno entrambe un ruolo essenziale nel processo cellulare di endocitosi mediato da 
clatrina. Da qui l’importante scoperta che questo processo sia direttamente coinvolto 
nella patogenesi dei parkinsonismi ad esordio precoce. Il capitolo 3.3 è focalizzato 
su un’altra forma di parkinsonismo, quella causata da mutazioni nel gene FBXO7. In 
questo studio contribuiamo alla caratterizzazione clinica e genetica di questa forma rara 
descrivendo una nuova famiglia con parkinsonismo giovanile causato da una mutazione 
omozigote nel gene FBXO7.

La quarta parte della tesi contiene il nostro lavoro sui disturbi del movimento diversi 
dalle sindromi parkinsoniane. Nel capitolo 4.1 descriviamo due fratelli con disturbi 
distonici differenti causati da mutazioni eterozigote composte del gene ECHS1 e 
supportiamo questa scoperta con dati clinici, genetici, funzionali e metabolici. Questo 
lavoro espande il fenotipo associato a mutazioni in ECHS1 e mostra come mutazioni 
in questo gene possano anche causare distonia parossistica primaria indotta da esercizio 
fisico (primary paroxysmal exercised-induced dystonia). Nel capitolo 4.2 riportiamo una 
mutazione ricorrente nel gene C19orf12 in pazienti turchi affetti da neurodegenerazione 
con accumulo cerebrale di ferro (neurodegeneration with brain iron accumulation). 
Il nostro lavoro contribuisce alla caratterizzazione fenotipica di questa forma di 
neurodegenerazione recentemente identificata e ha importanti implicazioni per le analisi 
genetiche di pazienti con origini turche.

Per finire, nell’ultima parte (capitolo 5.1), discutiamo l’architettura genetica dei 
disordini del movimento ed il contributo di questa tesi nella caratterizzazione di queste 
malattie e nella comprensione dei loro meccanismi patogenetici.
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