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Abstract Parkinson’s disease (PD) is a common neurodegen-
erative disorder of complex aetiology. Rare, highly penetrant
PD-causing mutations and common risk factors of small effect
size have been identified in several genes/loci. However, these
mutations and risk factors only explain a fraction of the
disease burden, suggesting that additional, substantial genetic

determinants remain to be found. Genetically isolated popu-
lations offer advantages for dissecting the genetic architecture
of complex disorders, such as PD. We performed exome
sequencing in 100 unrelated PD patients from Sardinia, a
genetic isolate. SNPs absent from dbSNP129 and 1000 Ge-
nomes, shared by at least five patients, and of functional
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effects were genotyped in an independent Sardinian case-
control sample (n=500). Variants associated with PD with
nominal p value <0.05 and those with odds ratio (OR) ≥3
were validated by Sanger sequencing and typed in a replica-
tion sample of 2965 patients and 2678 controls from Italy,
Spain, and Portugal. We identified novel moderately rare
variants in several genes, including SCAPER, HYDIN,
UBE2H, EZR, MMRN2 and OGFOD1 that were specifically
present in PD patients or enriched among them, nominating
these as novel candidate risk genes for PD, although no
variants achieved genome-wide significance after Bonferroni
correction. Our results suggest that the genetic bases of PD are
highly heterogeneous, with implications for the design of
future large-scale exome or whole-genome analyses of this
disease.

Keywords Parkinson’s disease . Genetic-isolated
population . Sardinia .Whole-exome sequencing .Goldilocks
alleles . PD candidate risk genes

Introduction

Parkinson’s disease (PD) occurs in more than 1 % of people
aged 65 years and older [1]. Rare, highly penetrant mutations
in different genes have been identified in Mendelian forms of
PD [2]. Furthermore, common risk factors of small size effect
in several loci have been identified for PD [3]. However, these
variants explain small percentages of the disease heritability
[4], suggesting that additional genetic determinants of the
common forms of PD remain to be detected. The analysis of
genetically isolated populations offers important advantages
in this endeavour. The individuals belonging to these popula-
tions originate from a small number of founders and have
therefore a more homogeneous genetic make-up [5, 6]. Be-
cause of its geographical, historical and cultural characteris-
tics, the population of Sardinia has a unique genetic back-
ground [7–9]. Evidence of strong Sardinian founder mutations
has been described in several medical areas, including neuro-
logical disorders, such as Wilson’s disease [10] and

amyotrophic lateral sclerosis [11]. In this study, we test the
hypothesis that a considerable proportion of PD cases from
Sardinia is explained by moderately rare variants with mod-
erate–strong effect sizes. These variants, also termed
“goldilocks” alleles [12], are not easily detectable by linkage
analyses because of incomplete penetrance or by GWAS
studies, because of their rarity. Here, we searched for novel
variants by whole exome sequencing (WES) in 100 Sardinian
PD cases and tested them for association with PD in an
enlarged Sardinian case-control cohort. The best scoring var-
iants were followed up in a replication sample of more than
2500 PD patients and 2500 controls from south European
populations.

Subjects and methods

Standard protocol approvals and patient consents

The project was approved by the appropriate institutional
review boards and written informed consent was obtained
from all participating subjects.

Participants

All Sardinian cases and controls included in the study were
born and living in Sardinia, and all their four grandparents
were also born in the island. These individuals were recruited
at two movement disorders units in southern-central areas of
Sardinia: the General Hospital “S. Michele” in Cagliari and
the “S. Francesco” Hospital in Nuoro. For replication studies,
Italian cases and controls were ascertained at the Parkinson
Institute, Istituti Clinici di Perfezionamento, Milan, and at the
Institute ofMolecular Bioimaging and Physiology, Catanzaro;
Spanish cases and controls were ascertained at the Neurology
Service, Hospital Clínic of Barcelona; additional Spanish
controls were obtained from the Spanish National DNABank;
Portuguese cases and controls were ascertained at the move-
ment disorders outpatients clinic of the Lisbon University
Hospital. The demographic and clinical features of the differ-
ent samples are reported in the Table 1.

All patients fulfilled the United Kingdom Brain Bank
Criteria for the clinical diagnosis of PD [13]. The clinical
evaluation of parkinsonism was performed using the Hoehn-
Yahr Scale [14] and the Unified Parkinson’s Disease Rating
Scale (UPDRS) [15]. Patients were classified as sporadic if
they reported no other PD cases among their first- and second-
degree relatives. Control individuals were spouses of PD cases
or subjects examined at the same centres for diseases unrelated
to PD; they were eligible for inclusion if they reported a
negative family history of PD among first- and second-
degree relatives. Moreover, at the time of examination, none
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of the controls showed any signs or symptoms of PD or other
neurodegenerative disorders.

Study design and procedures

The study design is depicted in Fig. 1. In the discovery sample
(100 Sardinian PD), WES was performed at BGI-Shenzhen
(see Online Resource Appendix 1 for detailed methods). We
aimed at the identification of moderately rare SNP variants
(minor allele frequency (MAF) between 0.01 and 0.05) with
moderate–strong effect sizes (odds ratio (OR) >2) in the
aetiology of PD. Moreover, we hypothesized that a limited
number of founder variants could be involved in the disease
aetiology in the genetically isolated population of Sardinia.
Therefore, out of the SNPs identified in the discovery sample
(100 Sardinian PD) we selected for follow-up, the variants
fulfilled all the following criteria: (i) absence from both
dbSNP129 (http://www.ncbi.nlm.nih.gov/snp/) and 1000
Genomes (http://browser.1000genomes.org/Homo_sapiens/
Info/Index, September 2011 data release), (ii) presence in at
least five PD patients (regardless of zygosity) and (iii) location
within exons and having relevant functional effects (missense,
splice-site, nonsense, readthrough) or within 5′- or 3′-UTR. A
total number of 5036 SNPs selected in this way (SNP catego-
ries are reported in Online Resource Table 1) were typed in the
Sardinian case-control cohort (242 PD and 258 controls) by a
custom target capturing and next-generation sequencing pro-
tocol (refer to Online Resource Appendix 2 for technical
specifications). Association of each of these variants with
PD status was tested with Fisher’s exact test implemented in
PLINK/SEQ (version 0.08) and considering together the en-
tire Sardinian sample (discovery and case-control, total of 600
individuals). From the resulting lists, we prioritized the auto-
somal variants showing positive association signals (OR >1)
with nominal p values <0.05 and the variants with OR ≥3
regardless of the nominal p values. This process yielded 155
variants, which were tested by the Sanger methods in order to

remove false positives. None of these 155 SNPs were located
in known PD-causing genes. Lastly, the variants confirmed by
Sanger sequencing were genotyped in the replication cohorts
(5643 individuals) by TaqMan allelic discrimination Assay-
by-Design, using an ABI PRISM 7900HT Sequence Detec-
tion System and the SDS analysis software, ver.2.4 (Applied
Biosystems, Foster City, CA, USA). Final association tests
were performed in the entire study sample using Pearson’s
chi-square statistic (two-sided asymptotic significance).

Duplex real-time quantitative PCR (RT-qPCR) assays were
performed using KAPA SYBR FAST qPCR Kit, and a Bio-
Rad CFX96 Real-Time System. Data were analysed with
CFX Manager software V3.0 (Bio-Rad). Two assays were
performed (each in triplicate) targeting different regions of
the SNCG gene (exon 1 and exon 5). The RBM and SEL genes
were used as reference. qPCR primers and conditions are
reported in Online Resource Table 8.

Copy number analysis of the regions flanking the six top
candidate variants was performed using Illumina (San Diego,
CA, USA) HumanHap300v2 BeadChip array data (318,237
SNPs at a median distance of 5 kb) in the appropriate patients.
Data were analysed using Nexus Copy Number, Discovery
Edition, version 7.5.2 (Bio-Discovery, El Segundo, CA, USA).

Variants in known PD-causing genes (listed in Online
Resource Table 2) were also selected from the discovery
samples (100 Sardinian PD) if they were (i) absent from
dbSNP129, 1000 Genomes and Exome Variant Server
(EVS) or present in EVS with a MAF<0.005; (ii) carried by
at least two patients regardless of zygosity; and (iii) of func-
tional effects or located in 5′- and 3′-UTR regions. Six SNPs
fulfilled these criteria (Online Resource Table 3), and they all
have been confirmed by Sanger sequencing. Among these,
two were located inGBA. The genomic regions flanking these
GBA variants were amplified in large fragments (to avoid
amplification of the neighbouring GBA pseudogene) and sub-
sequently Sanger sequenced in the entire Sardinian case-
control cohort (primers and PCR conditions are reported in

Table 1 Study participants

Cohort Origin Samples PD patients Controls Males Females Age at PD onseta Familial Sporadic/unclear

Discovery Sardinia 100 100 – 53 47 60.6 (SD 10.5, range 35–84) 72 28

Case-control Sardinia 500 242 258 309 191 64.3 (SD 10.6, range 22–83) 24 218

Replication Italy (Milano) 2645 1433 1212 1260 1385 57.2 (SD 10.6, range 20–87) 418 1015

Italy (Catanzaro) 1000 500 500 473 527 59.6 (SD 10.4, range 30–85) NA NA

Spain (Barcelona) 778 720 58 433 345 56.9 (SD 13.2, range 7–86) 129 591

Spainb 770 – 770 476 294 – – –

Portugal 450 312 138 225 225 58.6 (SD 11.5, range 24–83) 86 226

Unclear is a category that refers to a patient whose pattern of inheritance was not known at the time of recruitment

PD Parkinson’s disease, SD standard deviation, NA not available
a Years
b National DNA Bank
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Online Resource Table 4). The remaining four variants were
genotyped by TaqMan allelic discrimination Assay-by-
Design in the Sardinian cohort, and those enriched among
Sardinian patients were typed in the south European case-
control cohorts (Online Resource Table 5). Functional predic-
tions were obtained with PolyPhen-2 (http://genetics.bwh.
harvard.edu/pph2/), sorting intolerant from tolerant (SIFT)
(http://sift.jcvi.org/www/SIFT_enst_submit.html) and
Grantham Score. For the analysis of the evolutionary
conservation, the phastCons (http://genome.ucsc.edu/
goldenPath/help/phastCons.html) and GERP (http://mendel.
stanford.edu/SidowLab/downloads/gerp/) programs were
used. Phosphorylation sites were predicted using the
NetPhos 2.0 Server (http://www.cbs.dtu.dk/services/
NetPhos/). Fisher’s exact test and Pearson’s chi-square were
performed with IBM® SPSS® Statistics (Version 21, release
21.0.0.1). Power calculations were performed with Power for
Genetic Association Analyses [16]. The identified variants
were submitted to Leiden Open Variation Database (LOVD)
v.3.0 (http://www.lovd.nl/3.0/home).

Results

The WES performed in the 100 Sardinian PD cases achieved
an average depth of 33.5×, with an overall coverage of

96.33% of the target region, and 54.58% of the target covered
at least 20 times. A total of 408,601 different SNPs were
detected in the 100 Sardinian PD, with an average number
of 61,121 SNPs per exome. Among these, 5036 SNPs fulfilled
our criteria of absence from both dbSNP129 and 1000 Ge-
nomes (September 2011 data release), presence in at least five
unrelated PD patients and functional effects for the encoded
proteins (missense, splice-site, nonsense, readthrough) or lo-
cated in the 5′- and 3′-UTR of the transcripts. These 5036
SNPs were included in a custom target capturing system and
typed by next-generation sequencing in the Sardinian case-
control cohort (500 subjects). The target region was covered at
an average depth of 58.5× with 91.97 % covered at least 20
times and almost a full coverage of the targeted bases
(99.8 %). Using this method, 4587 out of the 5036 SNPs were
successfully typed. Furthermore, due to later updates in the
genome reference sequences, additional variants were re-
annotated as intergenic and these were removed from our list,
leaving a final number of 3881 SNPs. Then, we prioritized the
autosomal variants showing association with PD at nominal p
value <0.05 and OR >1 and the variants with OR ≥3, regard-
less of the nominal p values. This process yielded 155 vari-
ants, none of which located in known PD-causing genes.
Among these, twenty-six variants were validated by PCR
and Sanger sequencing, and they are described in Table 2
(PCR primers and protocols are reported in Online Resource
Table 6 and Online Resource Table 7). The remaining SNPs

Fig. 1 Overview of the study
design
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were either located in highly repetitive genomic regions or
blasting yielded multiple genomic locations, or PCR amplifi-
cation was unreliable or genotyping yielded inconsistent re-
sults. The 26 validated SNPs were then genotyped by Taqman
assays in our replication cohorts from southern Europe. We
then performed final association analyses in the entire study
sample (Online Resource Table 5). Based on our final number
of 3881 SNPs selected from the discovery list of variants, the
p value requested to declare significant association after
Bonferroni correction for multiple testing was 1.28×10−5. In
the final association analyses, no variants achieved this level
of study-wise significance. Furthermore, none of the above-
mentioned 26 variants lie within genome-wide association
loci for PD (1-Mb window region from the associated SNP)
[17].

The allelic frequencies of the six best scoring variants are
reported in Table 3.

Copy number analysis of the regions flanking these six
variants did not reveal evidence for large aberrations in link-
age disequilibrium with our SNP variants (data not shown). In
particular, we found no evidence for copy number variants at
the SNCG locus.

Concerning the known PD-causing genes, within the dis-
covery samples (100 Sardinian PD), six variants in GBA (n=
2), PARK2 (n=1), PLA2G6 (n=1), VPS35 (n=1) andDNAJC6
(n=1) genes fulfilled our selection criteria (Online Resource
Table 3) and were all validated by Sanger sequencing. We
identified the R131C and N370S variants in GBA, with the
latter approaching significance for association with PD within
the Sardinian case-control cohort (p value 0.07, Fisher’s exact
test). The PARK2 R402C and PLA2G6 D31N variants were
enriched in the Sardinian PD patients with OR of 2.8 and 1.6,
respectively (Online Resource Table 3) but not in the south
European case-control cohorts (Online Resource Table 5).
Last, theVPS35 andDNAJC6 variants turned out to be equally

present among cases and controls within the Sardinian cohort,
and they were therefore not followed up.

Discussion

In this study, we tested the hypothesis that moderately rare
variants (MAF between 0.01 and 0.05) with moderate–strong
effect sizes (OR >2) could underlie a substantial proportions
of the PD cases in the genetically isolated population of
Sardinia. Because of their intermediate frequencies and effect
sizes, this type of variants, also called “goldilocks” alleles, are
usually out of reach in traditional linkage and GWAS studies,
and they have not previously been systematically addressed
on an exome-wide scale in PD.

The case of the LRRK2 and GBA genes provide proofs of
principle for the existence of goldilocks alleles as genetic
determinants of the common forms of PD. A single variant
in the LRRK2 gene (G2019S) is a strong risk factor for PD
with odds ratios ∼8–9 and frequencies of ∼30–40 % and ∼15–
20 % among PD cases from the Northern-African Arabs and
the Ashkenazy Jews population, respectively, while it is rarely
observed among controls in those populations (1–2 %) [18].
Moreover, several heterozygous rare GBA variants are strong
risk factors (OR >5) for PD in several populations, with one
missense variant (N370S) being very frequent among PD in
the Ashkenazy Jews population [19].

The analysis of the known PD-causing genes did not reveal
any variants with a major role in the Sardinian population. Of
note, we identified two GBA variants, N370S and R131C,
although the frequencies here are lower compared to other
populations [19]. N370S was detected with a minor allele
frequency of 1.9 % among Sardinian patients versus 0.7 %
among controls (p value 0.07), yielding a lower effect size
(OR=2.5) than earlier reported [20]. In keeping with our

Table 3 Distribution of the six best variants enriched in PD patients

Variants Cohorts Chi-squarea Odds ratio

Sardinia Italy (Milano) Italy (Catanzaro) Spain (Barcelona) Portugal

MAF (%) MAF (%) MAF (%) MAF (%) MAF (%)

PD Controls PD Controls PD Controls PD Controls PD Controls

SCAPER 3.81 1.16 0.18 0.00 0.20 0.20 0.28 0.37 0.32 0.00 2.77×10−03 2.7

HYDIN 1.32 0.00 0.04 0.00 0.00 0.00 0.00 0.00 0.00 0.00 2.92×10−03 15.0

UBE2H 1.76 0.39 0.11 0.00 0.00 0.00 0.00 0.00 0.00 0.00 3.59×10−03 6.7

EZR 2.34 0.77 0.07 0.00 0.00 0.00 0.00 0.00 0.00 0.00 6.46×10−03 4.0

MMRN2 1.32 0.00 0.25 0.17 0.20 0.00 0.49 0.25 0.16 0.37 1.12×10−02 2.6

OGFOD1 1.76 0.38 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 1.43×10−02 4.9

MAF minor allele frequency, PD Parkinson’s disease
a Pearson’s chi-square analysis (two-sided asymptotic significance) was performed on the entire study cohort
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results, R131C was shown to be less frequent worldwide, and
it was observed by us only in Sardinian patients with a MAF
of 0.4 %, compatible with a Mendelian effect. Taken together,
these two GBA variants are present in 4.4 % of Parkinson’s
disease patients from this genetic isolate.

Identifying PD-associated goldilocks alleles in novel genes
was the main goal of our study. Our calculations show that we
had adequate power (95 %) to detect the above-mentioned
types of moderately rare variants across a range of relative
risks between 2 and 10 (Fig. 2). However, the results suggest
that none of the inspected variants explains large or moderate
percentages of PD cases in the Sardinian population.

These results are compatible with a high degree of genetic
or allelic heterogeneity (or both) in the aetiological landscape
for PD, even in a genetically isolated population. In this
regard, much larger samples of PD cases and controls might
be necessary in order to achieve adequate power in the future
large-scale exome or whole-genome studies of this disease.
Another possibility is to perform gene-centric analyses, and
this approach might lead to better results in PD studies [21].
Moreover, sequence-based replication might be more power-
ful than variant-based replication for both small- and large-
scale studies [22].

We acknowledge that this study had limitations. First, in
the discovery phase our WES was performed at an average
depth of 33.5-fold, and we selected variants shared by at least
five PD patients. These facts could have decreased the study
sensitivity. However, we reasoned that this design was ade-
quate and cost-effective because we were interested in novel
variants present in substantial percentages of PD cases in this
genetically homogeneous population. Second, our strategy
did not address indels or any variants located in deep intronic
or intergenic regulatory elements. Nevertheless, although no
variants achieved the level of significance required after

stringent Bonferroni correction for multiple testing, our effort
nominates a number of interesting candidate variants which
are worth following-up in future studies. Particularly, six top
variants in SCAPER, HYDIN, UBE2H, EZR, MMRN2 and
OGFOD1 might have not reached the significant threshold
because they are specific to the Sardinian population but
extremely rare in other, outbred populations. Although not
significant, they represent novel candidate risk genes for PD,
being specifically present in PD patients or enriched among
them. The lowest p value (2.77×10−03) was obtained for a
synonymous substitution in position +1 from a splice site in
SCAPER (MIM 611611, Genbank NM_020843.2 and
NP_065894.2). This variant is present in 26 Sardinian PD
cases and in four Sardinian controls. This gene is ubiquitously
expressed in the body including the central nervous system,
and it encodes a S-phase cyclin A-associated protein, primar-
ily localized to the endoplasmic reticulum and recently shown
to be involved in the progression into S-phase [23]. The
second lowest p value (2.92×10−03) corresponds to a variant
i n HYDIN (M IM 610812 , NM_001270974 . 1 ,
NP_001257903.1), leading to a missense change of a gluta-
mate into lysine in the encoded protein. This variant is present
in nine Sardinian PD cases and absent among Sardinian
controls. This variant has been identified in one PD patient
from Milano while it is absent from all control groups and
from public databases, and it was scored as “probably dam-
aging” by PolyPhen-2. Although rare, this variant appears to
be present only in PD cases, and it could be a genuine
determinant of PD. One copy of HYDIN is located on chro-
mosome 16q22.2, and homozygous inactivating mutations
therein cause hydrocephalus in mice [24] and primary ciliary
dyskinesia without randomization of left-right body asymme-
try in humans [25]. However, a paralog gene exists on chro-
mosome 1q21.1 (HYDIN2), which is exclusively expressed in

Fig. 2 Study power calculations. A study sample of 342 cases and 258
controls has 95 % power to detect disease risk variants with moderately
rare allelic frequencies (MAF) across a range of relative risks (RR). Power
is computed for the detection of association at p values <0.05 after

Bonferroni correction for the total n of variants tested in this study
(nominal required p value <1.28×10−05). All calculationswere performed
with PGA software (power calculator for case-control genetic association
analysis) [16]
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the brain [26]. CNVs at this locus have been associated with
micro- and macrocephaly, developmental delay and a wide
range of behavioural abnormalities [27]. A variant in UBE2H
(MIM 601082, NM_003344.3, NP_003335.1) achieved a p
value of 3.59×10−03. According to the earlier versions of the
reference databases used during the discovery phase of this
study, this variant was annotated as a missense; due to this
fact, it was included in the replication stage, even if it ulti-
mately turned out to be an intronic variant. This variant is
present in 12 Sardinian PD cases and in two Sardinian con-
trols. No carriers are present among the southern European
controls or in the public databases. Follow-up studies were
possible for two familial Sardinian cases, and co-segregation
was observed in one family (the variant was carried by a
mother-daughter pair affected by PD). We also detected three
additional carriers in the Italian sample fromMilano: two with
sporadic PD, originating from Central Italy and Sicily and one
who is in fact Sardinian and reported a deceased brother
affected by PD. UBE2H encodes a member of the E2
ubiquitin-conjugating enzyme family, which catalyse the co-
valent attachment of ubiquitin to target proteins [28]. Of note,
two genes causing Mendelian forms of early-onset PD encode
proteins involved in ubiquitination pathways: parkin (PARK2,
MIM 602544) [29] and FBXO7 (MIM 605648) [30, 31]. The
variant in EZR (MIM 123900, NM_003379.4, NP_003370.2)
reached a p value of 6.46×10−3 and is predicted to lead to a
missense change (phenylalanine into tyrosine). This variant is
present in 16 Sardinian PD cases and in four Sardinian con-
trols; it is not present in public databases and is predicted to be
damaging by PolyPhen and SIFT. Within the replication sam-
ples, two additional Italian PD patients carried this variant,
and they turned out to be both of Sardinian origins. EZR
encodes ezrin, a member of the Ezrin/Radixin/Moesin
(ERM) family. These proteins link the actin cytoskeleton
and cell membrane components and are involved in the mem-
brane dynamics during cell adhesion, traffic, signalling and
growth [32]. Remarkably, recent studies have identified these
ERM proteins as possible physiological substrates of the
kinase activity of LRRK2 [33, 34], the protein-product of
the gene causing the most common, known form of Mende-
lian PD (MIM 609007). Furthermore, the ERM proteins and
F-actin are downstream targets of LRRK2 during neuronal
morphogenesis [34]. Thus, there is compelling evidence that
the ezrin variant identified in our study is also a rare but
genuine PD-related variant. The variant in MMRN2 (MIM
608925, NM_024756.2, NP_079032.2) is present in nine
Sardinian PD cases and absent among Sardinian controls,
and achieved a p value of 1.12×10−02. MMRN2 encodes an
extracellular matrix glycoprotein belonging to the elastin mi-
crofibril interface-located (EMILIN) protein family, known to
interfere with tumour angiogenesis and growth. Of note, one
of the three members of the human synuclein gene family, γ-
synuclein (SNCG , MIM 602998, NM_003087.2,

NP_003078.2), lies 0.8 kb downstream of MMRN2. The
SNCG product, γ-synuclein, is highly homologous to α-sy-
nuclein, which is mutated in rare forms of Mendelian PD.
Currently, misfolding, aggregation and cell-to-cell prion-like
spread of α-synuclein are central themes in the pathogenesis
of PD in general [35]. There is also evidence from studies in
transgenic mice for a direct involvement of γ-synuclein in the
neurodegenerative process [36]. An association between the
SNCG locus and diffuse Lewy body disease was also reported
[37]. Interestingly, the SNCA and SNCG genes are evolution-
ary more closely related than SNCB on the basis of their
genomic structures [37]. To explore whether our MMRN2
SNP was in linkage disequilibrium (LD) with a different rare
variant in SNCG, we sequenced the entire coding region and
we carried out copy number analysis of this latter gene (PCR/
qPCR primers and protocols are reported in Online Resource
Table 8). Only known common SNVs were detected, and
copy number variants were not identified. Still, we cannot
exclude the presence of a genetic defect in the regulatory
elements that could affect the SNCG expression. Interestingly,
a similar genomic organization is present on chromosome 6
where the SNCA (MIM 163890) andMMRN1 (MIM 601456)
loci are located. This suggests that these two clusters of
paralogs (MMRN1 & SNCA on chromosome 14 andMMRN2
& SNCG on chromosome 6) resulted from a large duplication
event during evolution [38]. This genomic conservation also
suggests the possibility of shared regulatory elements, which
could modulate the gene expression.

Last, a 5′-UTR variant in OGFOD1 (eight nucleotides
before the ATG-translation initiation codon, NM_018233.3
and NP_060703.3) reached a p value of 1.43×10−02. This
variant is present in 11 Sardinian PD cases and two Sardinian
controls, and it also seems specific for this population. The
variant is absent in public databases, and we detected no
additional carriers among the southern European samples.
OGFOD1 is expressed at substantial levels in the brain and
encodes a member of the 2-OG-Fe(II) dioxygenase family,
with a role in the cellular survival after ischemia [39]. More-
over, the OGFOD1 protein is a component of the stress
granules (cytoplasmic ribonucleoprotein structures composed
of repressed translation complexes), implicated in the regula-
tion of translation under cellular stress [40]. There is a recent
compelling evidence linking stress granules with misfolding
and prion-like propagation of critical proteins implicated in
the pathogenesis of neurodegenerative disorders [41, 42].
Thus, OGFOD1 is another interesting candidate for follow-
up studies in PD.

In conclusion, this study represents, to our knowledge, the
first attempt to identify moderately rare variants of moderate
effect size for PD at exome-wide level. Although none of the
inspected variants reached the required level of significance
after Bonferroni correction for multiple testing, we report
several interesting variants only present in PD patients or
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enriched among them, pointing to novel putative genetic
determinants of PD with moderate/strong effect size. We
acknowledge that these variants might not be pathogenic
themselves but instead be in LD with other deleterious vari-
ants in the same or in neighbouring genes, which were missed
by the study techniques, and further studies are therefore
warranted. The results of our study suggest that with regard
to the inspected exome target region, the genetic bases of PD
are highly heterogeneous, with important implications for the
design of the future exome or whole-genome studies of this
common neurodegenerative disease.
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