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Abstract
In the past two decades, genetic studies of familial forms of Parkinson’s disease (PD) have shown evidence that PD has a
significant genetic component. Indeed, 12 genes are strongly involved in PD causality, three of them having dominant inheritance
and 9 causing early-onset autosomal recessive forms, including 3 with a typical PD and 6 with an atypical parkinsonism. The aim
of this study was to determine the genetic basis of familial PD in Moroccan patients. We selected 18 Moroccan index case with
familial forms of PD. Patients were first screened for exon-rearrangements byMLPA kit. They were then analyzed by gene panel
next-generation sequencing (NGS). Functional variants withminor allele frequencies < 0.5% in public databases were considered
potential candidate variants to PD. In the 18 PD patients with a positive family history that were analyzed, MLPA assays
identified PRKN deletions in two patients: a homozygous exon 3–5 deletion and a heterozygous exon 4 deletion. Sixteen rare
SNV were identified by NGS, four of them were novel. Seven mutations were categorized as pathogenic, five as likely
pathogenic, two to be of uncertain significance, and 3 were predicted to be likely benign but may give a weaker pathogenic
effect and could contribute to PD since they were found in late-onset PD patients. Rare or novel mutations that could be related to
the disease were identified in 72% of these patients (13/18), including nine with bi-allelic pathogenic/likely pathogenic variants in
genes causing recessive PD, particularly PRKN and PINK1. Mutations in genes with dominant inheritance were found in 4/18
patients (22%).
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Introduction

Parkinson’s disease (PD) is the second most common neuro-
degenerative disease after Alzheimer disease. PD prevalence

increases with age affecting 2% of individuals over 60 years of
age and 3% of the population older than age 80 (Tysnes and
Storstein 2017). The most typical PD motor features are bra-
dykinesia, rest tremor, rigidity, and postural instability, where-
as the most common non-motor features comprise cognitive
impairment, olfactory dysfunction, autonomic dysfunction,
and psychiatric symptoms (De Virgilio et al. 2016).

In the past two decades, genetic studies of familial forms of
PD gave evidence that PD has a significant genetic compo-
nent. Indeed, 12 genes are strongly involved in PD causality
(Lunati et al. 2018); three of them are associated with autoso-
mal dominant inheritance (ADPD) (LRRK2, SNCA and
VPS35) and nine cause early-onset autosomal recessive forms
(ARPD), including three with a typical PD (PRKN, PINK1,
DJ-1) and six with an atypical parkinsonism (ATP13A2,
PLA2G6, FBXO7, DNAJC6, SYNJ1, VPS13C). Generally,
ADPD presents with a clinical phenotype identical to that
found in idiopathic PD (Trinh et al. 2018) and the LRRK2
p.G2019S mutation was reported to be the most common
mutation in PD worldwide (Monfrini and Di Fonzo 2017).
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Recessive forms of PD are mainly due to mutations in the
PRKN gene that are essentially exon deletions, followed by
point mutations in PINK1and DJ-1, all of them causing early-
onset PD with phenotypes resembling typical PD with good
Levodopa response. Other rare pathogenic mutations in
ATP13A2, PLA2G6, FBXO7, DNAJC6, SYNJ1, and
VPS13C cause a more severe disease with an enriched clinical
picture and a poor response to levodopa. Furthermore, many
other genes are suspected to be responsible for both ADPD
and ARPD but these results need replications in order to be
confirmed (Lunati et al. 2018).

All these genes have been discovered by studying familial
forms of PD, exhibiting a classical Mendelian type of inheri-
tance, which account for approximately 5–10% of PD patients
(Deng et al. 2018; Lunati et al. 2018). In Maghreb countries,
this percentage seems to be relatively larger. The LRRK2
p.G2019S mutation alone accounts for about 40% in the re-
gion of North Africa (Lesage et al. 2006). In an earlier study in
Morocco, we have shown a higher frequency of p.G2019S of
41% overall, with 30% for sporadic cases and 76% for patients
with an autosomal dominant mode of inheritance. These
LRRK2 p.G2019S carriers showed a typical PD phenotype
with dystonia and sleep disorders (Bouhouche et al. 2017b).
In another series of 18Moroccan patients with positive family
history and consanguinity, we have shown aMendelian inher-
itance rate of more than 40%, including 3 patients with exon
deletions in PRKN, 2 with point mutations in PINK1 and 2
other patients with the founder mutation W258X in ATP13A2
which was responsible for Kufor-Rakeb syndrome, a juvenile-
onset atypical Parkinson disease associated with spasticity and
dementia (Bouhouche et al. 2017a).

In the present study, after excluding the recurrent LRRK2
p.G2019S mutation, we analyzed the genetic bases of 18 fa-
milial PD patients from Morocco, with an approach that in-
cluded both gene dosage and gene panel next-generation se-
quencing (NGS) associated with PD and overlapping pheno-
types. We also compared clinical characteristics between pa-
tients with and without PD gene causal mutations.

Patients and Methods

Patients

The 18 Moroccan index cases, with a familial form of PD,
were recruited from the Movement Disorder Unit of the
Department of Neurology (Specialties Hospital, Rabat,
Morocco). PD was diagnosed according to the United
Kingdom Parkinson’s Disease Society Brain Bank criteria
(Hughes et al. 1992) and patients were submitted to a struc-
tured clinical interview as described in previous literature
(Bouhouche et al. 2017a). A pedigree was drawn for all fam-
ilies which were divided into ADPD with parent-child

transmission, ARPD with consanguineous healthy parents,
and unspecified inheritance (UIPD) when parents were con-
sanguineous and one of them was with PD.

The Biomedical Research Ethics Committee of the
Medical School of Rabat (CERB) approved this study and
written informed consent was obtained from all subjects in
accordance with the Declaration of Helsinki.

Genetic Analysis Procedure

Genomic DNA was extracted from peripheral blood leuko-
cytes using the Isolate II Genomic DNA kit from Bioline.
All patients were first screened by Sanger sequencing for the
LRRK2 p.G2019S mutation as described in prior literature
(Bouhouche et al. 2017b). Negative patients for the
p.G2019S mutation were then screened for exon-
rearrangements in the PD genes SNCA, PRKN, PINK1, DJ-
1, ATP13A2, and LRRK2 through the multiplex ligation-
dependent probe amplification (MLPA) using the P-051 kit,
according to the manufacturer’s protocol. Data analysis was
performed using the Coffalyser software (MRC- Holland,
Amsterdam, The Netherlands).

Afterward, patients whose pedigree suggested an ADPD
were analyzed for point mutations at the ICM of Paris, by
NGS illumina technology, using a panel of 22 genes as also
described previous literature (Bouhouche et al. 2017a). Those
suggestive of ARPD and UIPD were screened at UATRS of
Rabat, by a Thermo Fisher technology, using a panel of 25
PD-related genes. Briefly; 697 amplicons, separated into two
pools, were targeted with a coverage of 99.06%. Library prep-
aration, bead templating (emulsion PCR), and PI Chips v2
loading were performed on an Ion Chef System and the se-
quencing was done on the Ion Proton machine. The generated
VCF files were then imported to the online Server of Ion
Reporter Software v5.10, for variant analysis and annotations.
The 22- and 25- gene panels used here contained 19 genes in
common and their complete gene lists are given in
Supplementary Table 1. For the two NGS technologies used,
functional variants with MAF < 0.5% in public databases
(ExAC, 1000G dbSNP138, GnomAD) and of Caucasian pop-
ulation were considered potential PD variants. Twenty healthy
control individuals of Moroccan origin were also screened by
the 25-gene panel as a reference for the study population. All
the reported variants were confirmed by Sanger sequencing.

For all validated mutations, the interpretation of pathoge-
nicity was based on population data (ExAC, 1000 genomes
and GnomAD), computational prediction tools (Sift,
Polyphen2, MutationAssessor, MutationTaster and CADD),
the amino-acid conservation, and the evolutionary nucleotide
conservation. Exon deletions, INDELS causing frameshift,
and nonsense mutations were all considered pathogenic,
whereas missense mutations were classified as pathogenic,
likely pathogenic, likely benign, benign, or variant of
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unknown significance according to the American College of
Medical Genetics and Genomics (ACMG) guidance for path-
ogenicity classification (Richards et al. 2015).

Results

A total of 18 unrelated PD patients with positive family his-
tory were recruited in the Department of Neurology of Rabat,
of which 11 were male (61%). Based on inheritance informa-
tion recorded from the pedigrees, the inheritance mode was in
favor of ADPD for 9 families (50%), of ARPD for 6 (33%),
and UIPD for 3 (17%) by the simultaneous presence of parent-
child transmission and consanguinity (Supplementary Fig. 1).
The mean age at examination was 62.64 ± 16.68 years (range
29–83) and the mean age at onset was 57.4 ± 18.90 (range 17–
81) years. All these 18 index cases were first screened for exon
41 of the LRRK2 gene and were all negative for p.G2019S
mutation—the most common PD mutation in North-Africa.
They were then investigated for genetic analysis combining
MLPA and gene panels by targeted NGS. Analysis of NGS
sequence data revealed uniform coverage and high read
depths in all samples. The mean coverage was 1475X ±
695X and target base coverage was 98.90% at 20X and
97.12% at 100X. From the variants generated by the two
technologies, we selected only functional variants with the
criterion of the frequency of the minor allele being less than
< 0.5% in public databases. All rare variants identified in our
PD patients were confirmed by Sanger sequencing and are
summarized in Table 1 and their classification of pathogenic-
ity according to the ACMG guidance is reported in Table 2.
Rare genetic variants that could be related to the disease were
identified in 72% patients (13 out of 18). Althoughmost index
cases came from families whose inheritance was suspected to
be dominant, the mutations were frequently found in genes
with recessive transmission (9/18, 50%) and this was in a
homozygous or compound heterozygous state.

Mutations Identified in Genes with Autosomal
Recessive Inheritance

MLPA assays identified PRKN deletions in two patients, a
homozygous exon 3–5 deletion in patient 3983, while a het-
erozygous exon 4 deletion was identified in patient 3565
(Table 1). In addition to exon deletions in the PRKN gene,
three other point mutations were identified in three patients by
NGS analysis. The mutation c.458C>G (p. Pro153Arg) in
exon 4 (Fig. 1b), identified at homozygous state in patient
3929, was rare in public databases but never found at homo-
zygous state, absent in Moroccan control individuals and pre-
dicted likely pathogenic by bioinformatics tools. This muta-
tion was found also in patient 3875 at compound heterozy-
gous state, with the already reported pathogenic mutation

c.1204C>T (p.Arg402Cys). The third mutation c.818A>G
(p.Asn273Ser) was identified in compound heterozygous state
in patient 3565, having a heterozygous deletion of the PRKN
exon 4 (Fig. 1c). The PRKN p.Asn273Ser mutation was ab-
sent in ExAc, 1000 genomes, and the in-house individual
controls and was predicted likely pathogenic.

The PINK1 nonsense mutation p.Gln456* was identified at
homozygous state in two cases (3889 and 3989) and classified
pathogenic according to the ACHG criteria. The mode of in-
heritance of the patient’s family 3889 has been classified as
UIPD since the patient comes from a consanguineous mar-
riage and his mother was also affected. The Sanger sequenc-
ing of exon 7 of the PINK1 gene shows that the mother is also
homozygous for this mutation. A novel missense mutation
c.328A>C in the DJ-1 gene was found at homozygous state
in patient 3949 (Fig. 1a). This mutation results in the replace-
ment of the Threonine amino acid by another non-
conservative one, Proline at position 110 (p.Thr110Pro).
This was not found in all public databases and only in one
out of 232 Moroccan control chromosome; it concerns a high-
ly conservative nucleotide and predicted pathogenic by all in
silico prediction tools used, including the highly CADD score
of 28.4 obtained.

In patient 3849, we identified two mutations in a com-
pound heterozygous state in the VPS13C gene, a frameshift
pathogenic mutation c.6238_6239del leading to a stop codon
17 amino ac ids af te r the Asp a t pos i t ion 2080
(p.Gln2080Aspfs*17) and a novel mutation c.5926C>T
(p.Leu1976Phe) predicted to be likely pathogenic (Fig. 1d).
In patient 3865, we found three heterozygous rare mutations,
the c.1147G>A (p.Ala383Thr) and the c.4757C>T
(p.Pro1586Leu) in SYNJ1 and one mutation c.3961A>G
(p.Ile1321Val) in the VPS13C gene. All these 3 rare muta-
tions were predicted to be likely benign by bioinformatics
tools.

Mutations Identified in Genes with Autosomal
Dominant Inheritance

Rare mutations in genes causing autosomal dominant inheri-
tance were found only in 4 out of 18 patients (22%). Patient
3795 has a predicted pathogenic mutation in theDCTN1 gene,
c.2297G>A (p.Arg766Gln) (Fig. 1e) and also a novel hetero-
zygous mutation in the TH gene implicated in the autosomal
recessive Segawa syndrome. In patient 3637 with UIPD, we
identified a rare mutation in exon 5 of the UCHL1 gene,
c.374C>T (p.Ser125Phe) found only in one individual among
251,351 of gnomAD exome database and predicted pathogen-
ic. Two patients showed a rare variant of the LRRK2 gene;
patient 3846 has the c.356T>C (p.Leu119Pro), which was
found in 1/40 control chromosomes but predicted as damag-
ing by 3/4 in silico prediction tools and a CADD score of 26.9
was classified a variant of unknown significance (VUS). The
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other patient 3848 showed a novel mutation in exon 29 of the
LRRK2 gene, c4136A>G (p.Gln1379Arg) absent in 192
Moroccan control chromosomes. However, this mutation,
predicted benign by all in silico pathogenicity prediction tools,
has a CADD score of 15.58 and was classified as VUS. This
patient has another mutation in the PINK1 gene in heterozy-
gous state, c.851C>T (p.Ser284Phe) that was predicted to be
likely pathogenic.

Clinical Data

Clinical characteristics of the PD probands with mutations in
genes causing autosomal recessive genes are summarized in
Table 3. All patients with pathogenic mutations in the DJ-1,
PINK1, and PRKN genes presenting with early-onset PD were
under 50 years of age. The two patients with the PINK1 mu-
tation (3889 and 3949) showed a typical PD phenotype with

the absence of non-motor symptoms or levodopa-induced
dyskinesia even after a long disease duration. Patients with
PRKN pathogenic mutations (3929, 3983, and 3875) started
the disease with bradykinesia or dystonia and manifested an
akinetic-rigid form of parkinsonism. Only patient 3929, with a
long disease duration of 19 years, showed a severe phenotype
with motor fluctuation and dyskinesia for a moderate levodo-
pa dose and non-motor symptoms such as pain, constipation,
sleep disorder, and autonomic symptoms. Patient 3565 with
compound heterozygous mutations, the pathogenic exon 4
deletion and the p.Asn273Ser predicted to be likely pathogen-
ic, manifested Parkinsonism at 81 years; this was improved by
very low doses of antiparkinsonian drugs and this patient
showed only a mild degree of cognitive impairment.
Furthermore, patients with likely benign or likely pathogenic
mutations in SYNJ1and VPS13C presented with a late-onset
PD over 60 years of age with mixed phenotype, various non-

Fig. 1 Sanger validation of novel and rare mutations predicted
pathogenic. a Mutation c.328A>C in DJ-1. b Mutation c.458C>G in
PARK2. c Mutation c.818A>G in PARK2. d Mutation c.5926C>T in

VPS13C. e Mutation c.2297G>A in DCTN1. (i) Normal sequences, (ii)
Mutated sequences, (iii) Mutation conservation in different species
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motor symptoms and motor fluctuation with dyskinesia under
very low-dose levodopa therapy.

Clinical characteristics of patients with mutations in genes
causing autosomal dominant PD are summarized in Table 4.
All these patients presented with late-onset PD (over 60 years
of age) and tremor as the initial symptom; they had mixed
phenotypes and non-motor symptoms. To note, urinary dys-
function and constipation were the most frequent signs. The
most severe phenotype was seen in patient 3848 who had also
psychiatric symptoms and cognitive decline after a disease
duration of 8 years and a levodopa equivalent dose of
600 mg per day.

Patient 3795, with DCTN1 mutation, started the disease at
70 years and was diagnosed as PD after 2 years of disease
evolution. At age 78, she developed frightening visual hallu-
cinations with low doses of dopaminergic agonists that were
otherwise ineffective. The hallucinations initially decreased
but persisted with levodopa. She also had depressive symp-
toms associated with apathy, rapid eye movement (REM) be-
havioral disorder, and sleep apnea syndrome. She complained
about autonomic symptoms as urgency, orthostatic

hypotension, gastroparesis, and constipation. She also had ex-
ercise dyspnea without cardiac or respiratory diseases.
Dyspnea affects her daily life activities as she had to get reg-
ular rest periods during housework and to split her meal times.
Otherwise, she did not have dysexecutive syndrome, but she
reported intermittent dysphasia. Of note, her father presented
Parkinsonism and her brother suffered from respiratory dys-
pnea. The patient’s cerebral MRI showed fronto-parietal
atrophy.

Finally, the five patients without any causal mutation iden-
tified all showed tremor as the initial symptom but were var-
iable for disease age of onset, clinical phenotype, and non-
motor symptoms (Table 4).

Discussion

In this study, we describe the genetic and phenotypic features
of 18 Moroccan patients with familial form of PD. Based on
the pedigree structure, the inheritance mode was in favor of
autosomal dominant for 9, of autosomal recessive for 6, and

Table 4 Clinical features of Moroccan familial PD patients with mutations in genes with autosomal dominant inheritance and without causal mutation

Patient ID 3795 3637 3846 3848 3333 3377 3582 3618 3944

Gene mutations DCTN1
p.Arg766Gln

UCHL1
p.Ser125Phe

LRRK2
p.Leu119Pro

LRRK2
p.Gln1379Arg

– – – – –

Consanguinity – + – – – – – – –

Sex F H H H H F F H H

Age at onset 70 65 74 70 36 42 48 70 66

Disease duration 8 1 7 8 8 5 4 1 4

Initial symptom Tremor Tremor Tremor Tremor + akinesia Tremor Tremor Tremor Tremor Tremor

Clinical Form Mixed Mixed Tremoric Mixed Tremoric Mixed Mixed Tremoric Mixed

Resting tremor + + + + + + + + +

Akinesia + + – + – + + – +

Rigidity + – – – + + – + –

Dystonia – – – – – – – – –

Gait Impairment – – – + – – – – –

Postural instability + – – + – – + – –

UPDRS III 16 17 3 66 5 5 8 9 6

H-Y score 1 2 1 4 15 2 2 1 1.5

Motor fluctuation + – – + + + – – –

Levodopa induced
dyskinesia

– – – + + + – – –

Levodopa equivalent
dose

600 350 150 600 900 650 300 400 850

Urinary dysfunction + + + + + – + + +

Orthostatic HypoTA + – – + – – – – –

Pain + + – – – – + + +

Constipation + + – + – + + + +

Sleep disorder – – + + + – + – –

Psychiatric features + – – + – – + + –

Cognitive decline + – – + – – + – –
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unspecified for 3 by the simultaneous presence of parent-child
transmission and consanguinity. After excluding the most fre-
quent LRRK2 p.G2019S mutation in the Maghreb, which ac-
counts for app. 40% of all PD cases (Bouhouche et al. 2017b),
the genetic analysis strategy adopted here was one of
searching for CNV in PD genes by MLPA analysis and
gene-panel NGS. Overall, 16 mutations were identified in
the 18 index patients studied. According to the ACMG guide-
lines to classify their pathogenicity, seven of them were cate-
gorized as pathogenic, 5 as likely pathogenic, one to be of
uncertain significance, and 3 of them were predicted to be
likely benign.

The most common mutated gene was PRKN, with two
exon deletions and three missense mutations found in four
patients. The exon rearrangements are located between exons
2 and 8 of the PRKN gene, as reported previously in autoso-
mal recessive Moroccan patients (Bouhouche et al. 2017a),
further confirming this region as a mutational hotspot. The
three missense mutations were predicted pathogenic or likely
pathogenic. The p.Pro153Arg was found in homozygous state
in one patient and at compound heterozygous with the
p.Arg402Cys mutation. In addition, the mutation
p.Asn273Ser was found at compound heterozygous state in
association with the pathogenic exon 4 deletion. These differ-
ent combinations thus confirm the pathogenicity of these three
rare missense mutations.

The second most frequent mutated gene was PINK1 in
which the same nonsense and pathogenic mutation
p.Gln456* was found in two patients. This pathogenic muta-
tion was already reported in another patient of Moroccan or-
igin (Bouhouche et al. 2017a) suggesting that it probably re-
sulted from a common founder.

The clinical phenotype of patients with PRKN and PIsNK1
mutations is indistinguishable from each other and is mainly
characterized by early-onset manifestation, good levodopa re-
sponse, and slow disease progression as reported earlier
(Kasten et al. 2018). This was not the case for patient 3565
who started the disease at 81 years old probably due to weaker
pathogenic effect of the PRKN p.Asn273Ser mutation,
resulting in the replacement of the asparagine by the conser-
vative amino acid serine that could predispose to a late and
less severe form of the disease. Similarly, while the SYNJ1 and
VPS13C genes are known to cause an early-onset PD gener-
ally between 20 and 40 years (Lunati et al. 2018), patients
3889 and 3865, with mutations in these two genes, were aged
73 and 65 at onset respectively. The mutation p.Leu1976Phe
in VPS13C was predicted likely pathogenic but gives rise to a
conservative amino acid, whereas the 3 mutations in the
SYNJ1 and VPS13C genes of patients 3865 were predicted
likely benign but gave a non-conservative amino acid. All
these missense mutations could induce a weaker pathogenic
effect and could act as a genetic susceptibility factor for late-
onset PD.

For rare mutations found in genes known to cause autoso-
mal dominant inheritance, patient 3795, with DCTN1
p.Arg766Gln mutation, presented a defined Perry syndrome
based on diagnostic criteria published by Mishima et al.
(2018). Some clinical features are worth mentioning especial-
ly the late disease onset and slow progression. Indeed, the
mean age of onset reported in the literature was 49.1 ± 6.6
and an age at death of 55 ± 7.4 years (Mishima et al. 2018).
Dopamine agonists were ineffective in our patient as reported
in the literature (Perry et al. 1975; Lechevalier et al. 1992;
Bhatia et al. 1993; Tsuboi et al. 2002; Mishima et al. 2015)
with visual hallucinations that resolved after drug withdrawal
but persisted even with levodopa, which supposed a cortical
spread of the pathogenic process. Contrary to known co-
occurrence of visual hallucination with cognitive impairment
(Aarsland et al. 2014), our patient did not report cognitive
complaints except for some intermittent dysphasia. This
symptom was reported to precede respiratory failure (Perry
et al. 1975). The patient presented exercise dyspnea limiting
her activity of daily living. Sleep disorders were reported in
20.6% including insomnia and sleep apnea syndrome (SAS)
(Mishima et al. 2015). We described in our case rapid eye
movement behavioral disorders too. SAS probably participat-
ed in the respiratory failure but polysomnography cannot be
performed to confirm this. Depressive symptoms and apathy
are well-defined psychiatric features of Perry syndrome. We
prescribed Escitalopram but the outcome is under investiga-
tion; antidepressant therapy resistance was reported by several
authors (Wider and Wszolek 2008). Furthermore, our patient
was considered and treated as PD based on age at onset, asym-
metric phenotype, sensitivity to levodopa and the occurrence
of non-motor symptoms that fitted with recent criteria for id-
iopathic PD (Postuma et al. 2015; Postuma and Berg 2017).
Respiratory symptoms were occulted as the patient reported
familial history of asthma. Indeed, Perry syndrome may be
misdiagnosed as Parkinson’s disease (PD) especially familial
early PD. Weight loss, respiratory symptoms, and rapid pro-
gression allow distinguishing it from EOPD but it is more
difficult in the early stage (Mishima et al. 2018). In our case,
the age of onset was late, the progression was slow, and there
was no weight loss, which could explain our misdiagnosis.

In patient 3637, we identified a heterozygous c.374C>T
mutation in exon 5 of the UCHL1 gene resulting in a
p.Ser125Phe substitution in a highly conserved motif. This
mutation was reported in only one individual in all the public
databases and was classified pathogenic. To date, only one
mutation in the UHCL1 gene was reported in a patient, from
German origin, with the familial form of PD (Leroy et al.
1998), but this finding has not been replicated and so far the
gene is considered only as a risk factor for PD. Recent data
increasingly involve the UCHL1 gene in the development of
PD. Indeed, it has been shown that S-nitrosylation of UCHL1
promotes α-synuclein aggregation, the major component of
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Lewy bodies (Kumar et al. 2017) and the UCHL1 gene was
upregulated in PD patients when compared with healthy con-
trols (Wang et al. 2017). Moreover, the knockdown of the
Drosophila ortholog of UCHL1 led to the degeneration of
dopaminergic neurons which resulted in locomotor dysfunc-
tion that mimics the PD phenotype (Tran et al. 2018).

Two rare variants in the LRRK2 gene, the p.Leu119Pro and
the p.Gln1379Arg predicted as VUS, were identified in two
patients with a late-onset PD, rapid disease progression, and
non-motor symptoms.

The causal gene remained unidentified for 5 families all
apparently ADPD, with variable age at onset and variable
severity. This suggests that mutations of known genes may
have been missed such as in gene-regulatory elements or that
other new genes were involved; these may be potentially iden-
tifiable by whole-exome or whole-genome sequencing.
Interestingly, no rare or pathogenic mutation was discovered
in the SNCA gene in this Moroccan series of 18 patients with
familial PD, as well as in a previous study on patients from the
same population (Bouhouche et al. 2017a). Indeed, SNCA
mutations were reported to be the cause of a minority of fa-
milial PD; most of them were from Caucasian and Asian or-
igin (Trinh et al. 2018; Riederer et al. 2019).

Twelve out of the 16 rare mutations found were in genes
with autosomal recessive inheritance and only five in genes
with autosomal dominant inheritance. Therefore, the inheri-
tance mode of the causal gene found in these families does not
correspond, in the majority of cases, to what has been assumed
from the pedigree information. Indeed, it is rare to have sev-
eral living patients over several generations because
Parkinson’s disease occurs at a late age, and this in addition
to the fact that the ancestors of the index case carrying patho-
genic mutations could die before declaring the disease and
count as healthy individuals. Moreover, the status of deceased
patients was based only on interrogatories of family members
and could be false, inducing errors of judgment on the mode
of inheritance. In these conditions, the pedigree is not always
relevant in the orientation of the genetic analysis to be per-
formed and the real mode of transmission can only be deter-
mined from the inheritance of the gene in which the pathogen-
ic mutation is identified. Themost efficient diagnostic strategy
should consider the frequency of gene mutations in the popu-
lation studied and the screening of the known PD genes by the
most appropriate new techniques.

One of the limitations of our study was the small sample
size. This is mainly due to the low proportion of familial forms
of PD and to the fact that the majority of them in theMoroccan
population are due to the recurrent LRRK2 p.G2019S muta-
tion. On the other hand, in some patients, mutations in the
compound heterozygous state have not been verified if they
are in cis or trans due to unavailability of DNA samples from
parents mostly deceased. Finally, the possible pathogenicity
of some of the missense variants was based on the frequency

and bioinformatics analysis, and therefore, other functional
studies would be desirable to ascertain their pathogenicity.

Conclusion

In conclusion, 16 rare variants in PD genes were identified in
this study, 7 of them were classified as pathogenic, 5 as likely
pathogenic, and 4 were categorized as likely benign or of
uncertain significance. These last variants were seen particu-
larly in late-onset PD indicating that they also contribute to the
risk of PD. Otherwise, the disease course of patients with
mutations causing ADPD is more severe and of rapid progres-
sion in comparison with AR genes. It should be noted that the
disease, when it occurs late in age (over 60 years), is often
associated with non-motor symptoms regardless of the mutat-
ed gene.
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