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ABSTRACT
Parkinson’s disease (PD) is a progressive neurodegenerative disorder that affects 1–2% of people by the age of 70 years. Age is 
the most important risk factor, and most cases are sporadic without any known environmental or genetic causes. Since the late 
1990s, mutations in the genes SNCA, PRKN, LRRK2, PINK1, DJ-1, VPS35, and GBA have been shown to be important risk fac-
tors for PD. In addition, common variants with small effect sizes are now recognized to modulate the risk for PD. Most studies 
in genetic PD have focused on finding new genes, but few have studied the long-term outcome of patients with the specific ge-
netic PD forms. Patients with known genetic PD have now been followed for more than 20 years, and we see that they may have 
distinct and different prognoses. New therapeutic possibilities are emerging based on the genetic cause underlying the disease. 
Future medication may be based on the pathophysiology individualized to the patient’s genetic background. The challenge is to 
find the biological consequences of different genetic variants. In this review, the clinical patterns and long-term prognoses of the 
most common genetic PD variants are presented.
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The majority of cases of Parkinson’s disease (PD) occur in a 
sporadic manner, although a small percentage of cases are in-
herited, with causative mutations identified. The first PD gene 
locus was reported in 1996. This was found among members 
of a large Greek-Italian family where the disease was followed 
an autosomal-dominant trait. The mutation was located in the 
SNCA gene, coding for α-synuclein, and this protein was later 
shown to constitute a major part of Lewy bodies (LBs), the path-
oanatomical hallmark of Parkinson’s disease.1,2 A few years later, 
the first autosomal-recessive gene was found, PRKN, the most 
common gene for early-onset parkinsonism, followed by the 
identification of mutations in PINK1 and DJ-1 as autosomal-re-
cessive causes of PD.3-5 Mutations in the LRRK2 gene were iden-
tified in 2004, which today are the most common cause of auto-
somal-dominant PD and the most common monogenic form 
of PD.6,7 In addition to the specific PD-causing genes, it was rec-

ognized in the 1990s that being a carrier of a heterozygous mu-
tation in the GBA gene, known to cause Gaucher disease (GD), 
significantly increased the risk of developing PD.8 By the expan-
sion of the test methods, the number of genetic variants has in-
creased significantly, particularly after the introduction of ge-
nome-wide association studies (GWASs).9

As the number of cases and controls in large GWASs is ex-
panding, more than 80 loci have been shown to influence the 
risk of developing PD. Most of these factors have only a minor 
impact on the risk for the disease. The most important genes are 
those associated with autosomal-dominant, AD, inheritance, 
including LRRK2, SNCA, VPS35, GCH1, ATXN2, DNAJC13, 
TMEM230, GIGYF2, HTRA2, RIC3, EIF4G1, UCHL1, CHCHD2, 
and GBA; and autosomal-recessive, AR, inheritance, including 
PRKN, PINK1, DJ-1, ATP13A2, PLA2G6, FBXO7, DNAJC6, 
SYNJ1, SPG11, VPS13C, PODXL, and PTRHD1 (Table 1).10
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There are large clinical and neuropathological variabilities 
among the genes. Most LRRK2 mutation carriers present with 
a phenotype similar to that of idiopathic PD. Depending on the 
SNCA mutations, the phenotype within that group ranges from 
early-onset typical PD to dementia with LBs. DNAJC6 nonsense 
mutations lead to a very severe phenotype, whereas DNAJC6 
missense mutations cause a more typical form. Patients with 
mutations in PRKN, PINK1 and DJ-1 present with typical ear-
ly-onset PD with slow progression, whereas patients with AR 
mutations in other genes present severe atypical Parkinsonism. 
Mutations in RAB39B are responsible for a typical phenotype 
in women and a variable phenotype in men. Phenotypic data 
collection and next-generation sequencing of large numbers of 
cases and controls are needed to differentiate pathogenic dom-
inant mutations with incomplete penetrance from rare, non-
pathogenic variants. The expanding number of genes or variants 
that may increase or decrease the risk of PD may explain only 
a minority of the cases, but they will add more knowledge to 
the understanding of pathological mechanisms and to finding 
new therapeutic strategies. It also challenges health-care profes-
sionals for better patient care and genetic counseling.11

The genetic cases are not equally distributed. In some parts of 
the Middle East, an LRRK2 mutation may cause 20–30% of the 
cases, and among some ethnic groups in Asia, a few LRRK2 vari-
ants are major risk factors. The most frequent GBA mutation 
causing PD, N370S, is rather common in patients from Europe, 
America, and the Middle East, while it is rarely observed in 
Chinese or Japanese populations.12,13 Although the genetic causes 
of PD may vary between ethnic groups, the prevalence of PD 
seems to be more or less the same worldwide. The reason for this 
is still not fully understood.

The quality of life in PD patients was dramatically improved 
by the introduction of levodopa in the early 1970s. Before that 
time, PD patients had an almost three times higher mortality 
than the general population adjusted for age, sex, and race.14 

After the introduction of levodopa, PD patients experienced re-
markable symptomatic benefits until some or many of the pa-
tients developed drug-related fluctuations. After a disease du-
ration of 10–15 years, the mortality rates almost reached the 
mortality rates seen before the introduction of levodopa, indi-
cating that although levodopa improved life expectancy during 
the first 6–7 years of therapy, the protective effect subsequently 
declined.15 Only one-third of the people recruited in the Syd-
ney Multicenter Study of Parkinson’s Disease were still alive 15 
to 18 years after disease onset. No patient was still employed, and 
40% of patients lived in aged-care facilities.16 Therefore, the rec-
ognition of genetic causes truly emphasizes the opportunity for 
a better understanding of disease mechanisms and to develop 
new drugs.

This review will focus on the long-term prognosis of PD pa-
tients carrying a disease-causing mutation. Some of these mu-
tations imply a phenotype with a good prognosis, while others 
may have a severe impact on the quality of life and life expectan-
cies. A recent worldwide survey from more than 100 researchers 
from different centers in 43 countries reported 8,453 PD patients 
with mutations in PD genes.17 Almost two-thirds of these were 
LRRK2 and GBA mutation carriers, and one-tenth were PRKN 
mutation carriers. The remaining 20–25% were rare single cases 
with no follow-up reports in the literature. Here, the long-term 
outcomes of patients with genetic PD will be reviewed for the 
most common genetic causes, as these are the absolute majori-
ty of patients with PD mutations reported today.17

METHODS

PubMed searches were performed using key words and strings, 
such as Parkinson’s disease, parkinsonism, monogenic, genetic, 
survival, mortality, follow-up, and long term, in combination 
with each gene or variants known to cause PD in a small per-
centage of cases. The historical nomenclature starting with PARK 
and followed by a number has been kept for relevant mutations.

SNCA/PARK1
The mutations causing PARK1 PD are located on chromosome 

4 in SNCA, which codes for the protein α-synuclein. α-Synuclein 
is abundant in the brain, and smaller amounts are found in the 
heart, muscles, and other tissues. The function of α-synuclein 
is not well understood. It is suggested that it plays an important 
role in maintaining an adequate supply of synaptic vesicles in 
presynaptic terminals, exocytosis, the regulation of neurite out-
growth, and nerve cell adhesion.

PARK1 was the first gene that could be related to familial PD. 
Families located in southern Italy demonstrated an autosomal-
dominant trait of typical PD through many generations followed 

Table 1. Most common types of genetic Parkinson’s disease

Synonym Gene
α-syn

pathology
Levodopa

responsiveness
DBS
effect Survival

PARK1 SNCA LBs Good + Short

PARK2 parkin  
(PRKN)

No LBs Very good ++ Long

PARK6 PINK1 LBs Very good ++ Long

PARK7 DJ-1 LBs Very good ++ Long

PARK8 LRRK2 LBs +/- Very good +++ Average

PARK17 VPS35 LBs Very good NA NA

GBA GBA LBs Good + Early  
  dementia

DBS effect: +, may be of benefit; ++, good response to DBS; +++, ex-
cellent response to DBS. DBS: deep brain stimulation, NA: not avail-
able, LB: Lewy body, α-syn: α-synuclein.
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back several centuries. The locus was found in 1996, and one 
year later, the mutation was shown to be in the α-synuclein gene 
at chromosome 4.18 Although this is a rare cause of PD, it is of 
great importance for understanding the pathology of the disease. 
It was soon shown that LBs, the hallmark of PD, contain large 
amounts of α-synuclein.1,19,20 The Contursi kindred could trace 
their ancestry back to a couple who had lived in the late 1600s. 
The members shared the same A53T mutation in SNCA, and 
they were all probably related through a common ancestor. Lat-
er, additional missense SCNA mutations were shown to cause 
PD, such as E46K, H50Q, G51D and A53E. In some other fami-
lies, duplications and triplications of the α-synuclein gene have 
been found to be rare causes of hereditary PD or PD-like syn-
dromes.21-26 In homozygous duplication cases, the phenotypes 
are characterized by early-onset and rapidly progressive par-
kinsonism followed by dementia, which has been seen to be 
more aggressive in cases of SNCA triplication.27

Long-term outcome of SNCA-related PD
Most patients with SNCA-related PD present with early and 

asymmetric onset, initial good response to dopaminergic ther-
apy and early motor complications. A 20-year follow-up was 
performed among members of the Contursi family.28 A relevant 
variability was observed in the combination and severity of mo-
tor symptoms and nonmotor features. Age at onset (AAO) var-
ied from 26 to 48 years (mean, 32 years), with longer disease du-
ration than previously reported. Cognitive deficits were present 
in all patients, ranging from frank dementia in those with lon-
ger disease duration to moderate cognitive impairment or slight 
isolated executive dysfunction in those with shorter disease du-
ration. Depression and anxiety were detected in most patients, 
and behavioral disorders and dysautonomia were present in 
half of them. Olfaction was impaired in all tested patients. Hy-
posmia, constipation and REM sleep behavior disorder are all 
markers for this type of PD and are often referred to as synucle-
in markers. No mitochondrial defect was detected in extensive 
biochemical evaluations.29

The “Iowa kindred,” a large Iowan family with autosomal-
dominant PD, has been followed clinically since the 1920s at the 
Mayo Clinic. In 2003, the genetic cause was determined to be a 
1.7 Mb triplication of the α-synuclein genomic locus. Affected 
individuals presented with an early-onset, severe parkinsonism-
dementia syndrome.30,31 Microsatellite variability within the ge-
nomic interval was identical to that previously described for a 
Swedish-American family with an α-synuclein triplication. Sub-
sequent genealogical investigation suggested that both kindreds 
were ancestrally probably related to the Lister family complex.26

Three family members of a Canadian kindred carrying a het-
erozygous A53E mutation in SNCA had moderate to severe bra-

dykinesia with rigidity, postural instability, freezing of gait, dys-
kinesia, and myoclonus, including spontaneous myoclonus. The 
AAO varied from 25 and 37 to 58 years, with postural myoclo-
nus, focal reflex myoclonus after hand stimulation, and gener-
alized reflex myoclonus. All three individuals developed demen-
tia after a few years.32 Although cognitive dysfunction was not 
described for Finnish A53E carriers, it has been observed in some 
individuals with the A53T α-synuclein mutation.33 There was no 
cognitive decline among the Finnish patients through the rela-
tively short period of follow-up, which was for 5 years only.33 
They did not share the same allele, showing that these were two 
distinct families.

The effect of subthalamic nucleus deep brain stimulation (STN-
DBS) in SNCA/PARK1 patients is probably comparable to what 
is reported in idiopathic PD patients, with no major adverse 
events, satisfactory improvement of motor function and a reduc-
tion of pharmacological treatment, although the total number 
of operated patients is low.34

Summary
Although the penetration of disease may vary, SNCA/PARK1 

patients usually have severe parkinsonism with rapid progres-
sion and the development of dementia. The patients with trip-
lication have on average an earlier onset and a more progressive 
disease than the patients with duplication and those carrying a 
single mutation. On average, patients with amplifications of or 
point mutations in SNCA have a severe PD phenotype. At au-
topsy, these patients show abundant LB pathology.

PRKN/PARK2-related PD
The PRKN/PARK2 gene encodes the E3-ubiquitin ligase par-

kin. E3-ubiquitin ligases are involved in the proteasome path-
way, which permits the degradation of damaged target proteins 
by ubiquitin adjunction, and parkin is also essential for main-
taining mitochondrial homeostasis.35 PRKN is the most com-
mon cause of autosomal-recessive PD and accounts for almost 
50% of typical early-onset parkinsonism. Mutations are highly 
diverse, including missense mutations and nonsense mutations, 
frameshifts, and rearrangements with exon deletions or multi-
plications, but all of them lead to protein loss of function or the 
absence of protein by nonsense mRNA decay. Recently, the num-
ber of PRKN disease-causing mutations reached almost 140. 
This number will probably rise when all new cost-effective, tech-
nologically advanced sequencing techniques are implemented 
and more patients from different ethnic groups are tested. In a 
recent review of monogenic PD patients from multiple centers 
around the world, patients with mutations in PRKN made up 
approximately 80–85% of autosomal-recessive cases. In compar-
ison, patients with PRKN mutations were half as common as 
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patients with either LRRK2 or GBA mutations.17

The mean AAO of PRKN/PARK2-related PD is approximately 
30 years, ranging from childhood to over 50 years in some rare 
cases. PRKN mutations are responsible for 77% of cases of juve-
nile PD, with an AAO before 21 years. Patients present with a 
typical PD phenotype with the clinical triad and a good response 
to levodopa. There are, however, differences between patients 
with PRKN/PARK2-related PD and those with sporadic PD. 
PRKN patients more often have lower-limb dystonia and more 
symmetrical symptoms at onset.3 Patients with PRKN mutations 
may present with hyperreflexia and early motor fluctuations.

Furthermore, there are no phenotypical differences between 
patients with PRKN missense mutations and those with disrup-
tive mutations. Although mitophagy is regulated by PINK1 and 
parkin proteins, it is quite paradoxical that no PD patients have 
a better prognosis than those with PD caused by PRKN or PINK1 
mutations. The disease progression is very slow, with a sustained 
response to levodopa. Abrupt and severe fluctuations are com-
mon, which makes medical treatment quite challenging. Only a 
very few patients have cognitive decline; the patients with PRKN 
mutations usually remain cognitively unaffected and do not show 
typical PD dementia.36,37 Additional features such as psychiat-
ric manifestations are rare, and olfaction function is well pre-
served.38 Dysautonomia and other atypical features are also rare. 
Heterozygous PRKN mutations may be a risk factor for PD, al-
though with an age of onset at much higher age than in homo-
zygous carriers.39 Heterozygous PRKN and PINK1 mutation car-
riers may show mild PD, being less progressive and responsive 
to L-dopa administration.40

Long-term outcome of PRKN-related PD
Long-term survival of patients with PRKN-related PD is usu-

ally favorable. Although they have a low age at disease onset, 
most of them have a long disease duration without dementia.36,41 
The good prognosis of patients with PRKN and PINK1 muta-
tions and parkinsonism has led to the creation of the term “ni-
gropathy,” indicating less deterioration of cognitive function.37 
Patients with PRKN mutations usually respond well to levodo-
pa therapy, but many patients experience rapid fluctuations with 
sudden changes in motor function. The freezing of gait, postur-
al deformity, and motor fluctuations are common late features 
with severe dyskinesias, and sudden on-off episodes are com-
mon complications.42

Four family members suffering from young-onset PRKN-re-
lated PD, located in the Middle East, were followed for 40 years.41 
The patients all had beneficial responses to levodopa, slow pro-
gression of the disease, and diurnal fluctuations. They shared 
similar clinical features to other patients with PRKN-related PD, 
including AAO, symptoms at disease onset, beneficial response 

to levodopa, and the occurrence of nonmotor symptoms. How-
ever, some features were regarded as unique to that kindred: all 
members had hypersensitivity to levodopa, responding dramati-
cally to very low doses of levodopa, and they were treated with 
strikingly low doses of levodopa. The age of onset ranged from 
18 to 39 years, which is a typical variation also seen in other 
families with PRKN-related PD. Lower-limb dystonia, often ob-
served among patients with PRKN-related PD, was not observed 
in that family.

An Italian group performed a multicenter, case-control study 
to investigate the prevalence and severity of impulse-control 
disorders (ICDs) in a cohort of patients with PRKN-related PD. 
They compared their group of patients with PD patients with-
out PRKN mutations, matched for demographic and clinical 
features. They collected 22 PRKN-related PD patients with a 
mean follow-up of 22 years.43 Although the occurrence of ICDs 
did not correlate with the parkin genotype, parkin mutations 
influenced both the onset and the severity of specific behavioral 
disturbances in the impulsive-compulsive spectrum. In partic-
ular, ICDs were overall more severe in PRKN mutation carriers, 
who also disclosed a higher frequency and severity of compul-
sive shopping, binge eating, and punding. Regarding hypersex-
uality, patients with parkin-related PD reported a similar fre-
quency but a more severe clinical expression. Moreover, ICDs 
tended to occur earlier in patients with the PRKN mutation, 
sometimes predating PD onset. Their results also suggested an 
association between the PRKN genotype, smoking status, and 
ICD severity.43

Depression and anxiety may be common in early-onset PD. 
A multicenter study of PRKN-related PD patients sought to de-
termine the relation between depression, as evaluated by two in-
struments, the Patient Health Questionnaire and the Beck De-
pression Inventory II, and genotype in a family-based sample of 
probands with early-onset PD, EOPD, and their relatives. They 
did not find any positive association of depression with genotype 
among EOPD probands, although they had a relatively high 
prevalence of depression, indicating depressed mood for at least 
some days to a week over the last two weeks.44 DBS has become 
an important part of the therapeutic armamentarium in com-
plicated PD cases. There are many short reports each describ-
ing the favorable effect of DBS on small groups of PRKN-relat-
ed PD patients, and there are some case reports with similar 
conclusions.45-47 Rizzone et al.48 recently published an excellent 
review of the outcome of DBS in patients with a genetic back-
ground of PD. The PRKN-related PD patients generally had a 
favorable outcome with DBS. As in other types of PD, the best 
results were observed in patients with a good response to le-
vodopa, a younger age and no or few axial, non-levodopa-re-
sponsive motor symptoms. The sudden changes in motor func-
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tions may still create extra challenges to PRKN-related PD patient 
treatment after DBS surgery.36

The major difference between sporadic PD and PRKN-related 
PD is seen upon autopsy. Patients with PRKN-related PD pres-
ent neuronal loss predominantly in the ventral substantia nig-
ra, and so far, only a few of them have shown LBs. The selectiv-
ity of the lesions could explain the lack of cognitive decline. 
There is a disparity in the severity of nigral loss between patients 
with sparse LBs and those with no LBs in patients with PRKN-
related PD, supporting the notion that abnormal α-synuclein 
deposition is not an integral component of the pathology of 
PRKN-related PD.36,49 In a relatively large series of patients with 
PRKN-related PD and a review of the literature, together with 
autopsy reports of 13 patients with PRKN-related PD, only 3 out 
of 13 had any LBs. Neuronal loss in the substantia nigra was 
observed in all 13 patients.42

Summary
The disease progression in patients with PRKN-related PD is 

very slow, with a sustained response to levodopa. Abrupt and 
severe fluctuations are common, which makes medical treat-
ment quite challenging. Patients with PRKN-related PD usually 
remain cognitively unaffected and do not show typical PD de-
mentia.36,37 Additional features such as psychiatric manifestations 
are rare, and olfaction function is well preserved.38 Dysautono-
mia and other atypical features are also rare. These individuals 
are probably more prone to develop ICDs. The selectivity of the 
lesions could explain the lack of cognitive decline. Furthermore, 
there are no phenotypical differences between patients with 
PRKN missense mutations and those with disruptive mutations.

PINK1/PARK6-related PD
PINK1 encodes PTEN-induced putative kinase 1. PINK1 is 

the second most frequent gene involved in autosomal-recessive 
PD, and PINK1-related PD has a typical phenotype and early 
onset. PINK1 is almost as frequent as PRKN in North Africa. The 
PINK1-related PD phenotype is similar to that of the PRKN-re-
lated PD phenotype, with a slightly later AAO, in the early thir-
ties, a good response to levodopa and rare cognitive decline. 
However, some differences can be noted, with less spasticity, py-
ramidal signs or hyperreflexia than patients with PRKN muta-
tions. To date, 60 mutations of different types (missense, non-
sense, splicing, frameshift and deletions) have been reported. In 
contrast to patients with PRKN-related PD, patients with PINK1-
related PD may show neuronal loss in the substantia nigra and 
the presence of LBs.

Kasten et al.50 performed an extensive review of 139 PINK1 
mutation carriers from 85 families. In contrast to sporadic PD, 
the proportion of men in the group with PINK1-related PD was 

less than that of women, 42%. The PINK1-related cases were dis-
tributed all over the world, and the majority of patients were of 
Caucasian ethnicity, followed by mixed/other and Asian ethnic-
ity.50 A majority of patients were from Italy (20%), probably be-
cause Italian scientists were the first to describe the mutation.4 
There was a considerable proportion also from Iran (10%) and 
from Spain (8%).

The median AAO of all PINK1 mutation carriers was 32 years, 
with the majority (62%) having an early, 22% a late, and 15% a 
juvenile PD AAO.50 It was long debated whether heterozygous 
mutation carriers could be at risk for developing PD, although 
with a later onset.51,52 These early observations have not been 
reproduced, and reports from Tunisia, where PINK1 mutations 
are very common, indicate that being a heterozygous mutation 
carrier does not increase the risk for PD.53

The long list of disease-generating mutations is listed in the 
paper by Kasten, including a complete listing of the frequencies 
of signs and symptoms in patients with PINK1-related PD.50 
Eighty-three percent of all patients carried a homozygous mu-
tation, and 17% of these were compound heterozygous muta-
tions. They had all kinds of mutations, including missense mu-
tations, the most frequent type, in 47.6%, followed by structural 
variants in 19.1% and nonsense mutations in 14%. The most 
frequent mutation of all was the missense mutation c.1040T>C, 
resulting in an amino acid change of leucine to proline at posi-
tion 347. As with most other PD-related genes, the disease-caus-
ing potential of PINK1 genes varies. Only one-fifth of the muta-
tions are classified as definitely pathogenic; the rest are classified 
as probably or possible pathogenic.

Dyskinesia was reported in 39% of the patients, dystonia in 
one-fifth, and motor fluctuations in one-third of the patients. 
Levodopa-induced dyskinesias were very common. Cognitive 
decline and psychotic symptoms were reported in a small frac-
tion of all patients with PINK1-related PD. The majority of pa-
tients with PINK1-related PD show excellent or very good re-
sponse to levodopa therapy.

Long-term outcome of PINK1-related PD
There are many reports on PINK1-related PD in the literature, 

but there are very few long-term follow-up studies. Five affect-
ed PINK1 homozygous and 14 heterozygous mutation carriers 
from two large Italian families were followed over a 12-year pe-
riod.54 Motor, nonmotor, cognitive, psychiatric, and behavioral 
profiles were systematically assessed. Four homozygotes and 
eight heterozygotes underwent magnetic resonance imaging. 
All homozygotes showed a mild progression of motor signs and 
a persistent excellent response to levodopa. All but one patient 
complained of nonmotor symptoms and sleep impairment. 
Three presented with ICDs and two with anxiety and apathy. 
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All obtained abnormal scores on the Montreal Cognitive Assess-
ment (MoCA) and tests sensitive to frontal lobe functions; one 
presented global cognitive impairment. Three heterozygotes 
showed motor signs and were diagnosed as possibly affected. 
They had nonmotor symptoms and cognitive impairment, and 
two of them showed mild bilateral temporal atrophy.54 This 
long-term follow-up did not confirm severe hyposmia or im-
paired color discrimination, as suggested by earlier studies.55,56

These findings are somewhat in contrast to my own experi-
ences with patients with PINK1-related PD. In my study of four 
patients with homozygous or compound heterozygous muta-
tions, the AAO was between 28 and 44 years, with a mean age of 
36 years. They have been repeatedly tested over a mean period 
of 15 years. Their phenotype has been quite identical to that of 
patients with classic PD. The presenting symptom was unilater-
al tremor with additional bradykinesia and rigidity. They have 
had good or excellent levodopa effects, and after some years, 
they have developed dyskinesias and fluctuations, comparable 
to what is regularly seen in individuals with classic PD. One of 
them had mild neuropsychiatric complaints, mainly anxious-
ness. They all tested normal on cognitive tests and remained 
cognitively unaffected many years after disease onset.

Several studies have shown that patients with PINK1 muta-
tions benefit from deep brain stimulation, either in the subtha-
lamic nuclei or in the bilateral globus pallidus internus (GPi). In 
a study with 5 PKRN- and PINK1-related PD patients, the clin-
ical response was similar to that observed in nonmutation car-
riers. These patients have slightly more advanced axial motor 
symptoms at a relatively early disease stage.46,57 This confirms 
my own experiences with good and maintained effects of STN-
DBS and GPi DBS in patients with PINK1-related PD.

One of my patients with PINK1-related PD was autopsied at 
age 79 years. At the age of 76, her MoCA score was 30/30 after 
32 years of illness duration. One year later, she was taken to the 
hospital after falls and infection. Her health gradually deterio-
rated, and she died in a nursing home two years later. At autop-
sy, there was typical neuronal loss in the substantia nigra with 
LBs in the brainstem and in the cerebral cortex. There were no 
amyloid deposits (to be published). This is in accordance with 
two other single cases of PINK1-related PD autopsies. The first 
case showed neuronal loss in the substantia nigra pars compac-
ta, LBs and aberrant neurites in the reticular nuclei of the brain-
stem, substantia nigra pars compacta and Meynert nucleus, but 
the locus coeruleus and the amygdala were spared.58 This was 
similar to what we observed in my patient. The second autopsy 
report was from an 85-year-old woman with more complex dis-
ease, testing positive for a homozygous PINK1 mutation.59 Her 
brain pathology was, in principle, not different from that of the 
abovementioned cases.

Summary
The PINK1-related PD phenotype is characterized by slow 

disease progression, and the response to levodopa is good. The 
sense of smell is less likely to be less affected than in sporadic 
PD.31 Psychiatric comorbidity and gait disturbance are common 
in PINK1-related PD compared to PRKN-related PD. This PD 
variant showed substantia nigra pars compacta neuronal loss, 
LBs and aberrant neuritis in the brainstem, with amygdala spar-
ing. Although mitophagy is regulated by PINK1 and parkin pro-
teins, it is quite paradoxical that no PD patients have a better 
prognosis than those with PD caused by PRKN or PINK1 mu-
tations.

DJ-1/PARK7-related PD
Since the first published report of mutations in the oncogene 

DJ-1, few patients with DJ-1 mutations have been reported, but 
it still remains the third most frequent autosomal-recessive ear-
ly-onset PD-related gene after PRKN and PINK1.50,60,61 The gene 
is localized to chromosome 1p36 and comprises seven coding 
exons encoding a DJ-1 protein of 189 amino acids. The DJ pro-
tein is expressed in both cerebral and extracerebral tissues and 
plays a role as a cellular sensor of oxidative stress.62 Twenty dif-
ferent disease-causing sequence variants have been reported in 
the DJ gene, and there are no ethnicity-specific differences.50 The 
median AAO of all patients was 27 years (22–35 years), with the 
majority (83%) having an early AAO, 13% having a juvenile AAO, 
and 4% having a late AAO of PD.50 To date, there has been a 
majority of male cases.50 Studies from several parts of the world 
have demonstrated that this is a rare cause of PD.63-66 Among 
patients with early-onset PD, the prevalence of DJ-1 related PD 
varies between 0.4% and 1%.63 Patients share the same pheno-
type as those with PRKN- or PINK1-related PD, but compared 
to them, more nonmotor signs, including depression, cognitive 
decline, psychosis and anxiety, have been reported in patients 
with DJ-1-related PD.61

Long-term outcome of DJ-1-related PD
Most patients with DJ-1-related PD respond to levodopa ther-

apy, while others may be quite therapy resistant.67 In a study 
from India in patients with early-onset autosomal-recessive 
PD, PARK2 mutations were most common, accounting for ap-
proximately 77% of familial and approximately 20% of EOPD 
patients in general. DJ-1 mutations were rare, accounting for 
1–2% of sporadic cases of EOPD in India.68

There have been only a very few reports on neuropatholo-
gy in PARK7-related PD. They all indicate that this is an 
α-synucleinopathy associated with LBs.67 Patients with DJ-
1-related PD usually have more severe anosmia and peripheral 
synucleinopathy than patients with parkin- and PINK1-related 
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PD.50,69 To date, there have been few reports on DBS in DJ-1-re-
lated PD patients.48,70

Summary
DJ-1-related PD is a very rare, early-onset, recessive form of 

PD. Its phenotype is similar to that seen in PKRN- and PINK1-
related PD. Most patients respond well to levodopa. One re-
port indicates good outcome from DBS treatment.48

LRRK2/PARK8-related PD
The PARK8 locus was described by Funayama et al.71 in 2002 

when analyzing a large Japanese multi-incident PD family. They 
localized the gene to chromosome 12p11.2-q13.1. Several oth-
er groups searched the same area, which led to the discovery of 
mutations in that locus in 2004.6,7 A large Norwegian family 
could be traced back to 1,580 (Figure 1). 

The case of another large multi-incident family had been pub-

lished prior to the identification of the gene. These results showed 
that family members with identical genetic backgrounds may 
have typical PD genotypes with quite different pathoanatomical 
findings at autopsy.72 Several other mutations were later discov-
ered, as was the most common, G2019S.73,74 The original Japa-
nese family was later found to carry the I2020T mutation.75

The LRRK2 gene encodes a 286 kDa multidomain peptide 
whose actions include neurite outgrowth, cytoskeletal mainte-
nance, vesicle trafficking, the regulation of autophagy, and im-
mune functioning.76 More than 100 LRRK2 gene variants have 
been reported, most of which are “rare orphan changes,” and 
their significance is unknown.77 At least eight LRRK2 mutations 
are known to increase the risk of familial PD.78 These mutations 
are in the gene’s 1) kinase, 2) Ras of complex protein (ROC)/
GTPase, and 3) C-terminal of Ras (COR) domains (Figure 2).79 
A recent analysis concluded that G2019S, A419V, R1441C/G/H, 
N1437H, V1699C and I2020T are pathogenic mutations and that 
G2385R and R1628 are variants significantly associated with in-
creased risk for PD, while the R1398H mutation was associated 
with a significantly decreased risk for PD.80-82 The G2019S mu-
tation, considered to be the most common PD-associated “patho-
genic substitution” LRRK2 mutation,83 increases LRRK2 protein 
kinase (phosphorylation) activity. The frequency of this muta-
tion is highest among Ashkenazi Jews and in North African 
Arab-Berber populations. Several studies have shown that 15% 
of PD patients with Ashkenazic Jewish heritage carry this mu-
tation.84,85 Estimates of the lifetime penetrance of this mutation 
have varied from 22% to 100%.73,86,87 A study co-authored by 
the International LRRK2 Consortium found the risk of PD for 
G2019S mutation carriers to be 28% at age 59 years, 51% at 69 
years, and 74% at 79 years.86 The discrepancies between the dif-
ferent estimates of the penetrance of G2019S may be due in part 
to different populations being studied; the highest estimates were 
from multi-incident families, whereas lower penetrance was 
found in ethnically diverse PD populations not selected on the 

Figure 1. The initial pedigree, presenting six kindreds traced back 
to a common founder couple, born in approximately 1,580 on a 
small island off the coast of Central Norway. Later, five more fami-
lies were identified, more or less intermarried with the others. 
Adapted from Johansen et al. Parkinsonism Relat Disord 2010;16: 
527-530.93 The affected cases are abridged to maintain confidenti-
ality. Later, five more families were identified, and genealogical links 
to the other LRRK2 families were found.

Figure 2. LRRK2 mutations. Disease-generating mutations (red) and risk variants (yellow).
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basis of familial history.88 The G2385R and R1628P mutations 
are susceptibility (risk) variants, rather than penetrant variants, 
and are found in 3–4% of healthy individuals and 6–8% of PD 
patients in some Asian populations.81,89,90 Recent studies have 
shown that the G2385R mutation reduces LRRK2 kinase activ-
ity,91,92 destabilizes LRRK2 and promotes its proteasomal deg-
radation.92 The N1437H, R1441C, R1441G, Y1699C, and I2020T 
mutations are less common mutations and are found in certain 
areas and ethnic groups.86

Independent of mutations, genome-wide association study 
approaches have also identified LRRK2 as a common genetic 
risk factor for sporadic PD.94 Large-scale genotyping and gene 
sequencing of LRRK2 have identified risk factors associated 
with PD. One example is LRRK2 p.G2385R as a risk factor in 
Asian populations.95 There is also evidence of a haplotype in 
LRRK2 that is inversely associated with PD and other Parkinson-
plus syndromes. LRRK2 parkinsonism has pleomorphic pathol-
ogy.96 The precise mechanism by which variations around the 
LRRK2 gene region contribute to disease risk is not fully deter-
mined. However, given that the polymorphisms associated with 
sporadic PD are in the promoter region of LRRK2, a reasonable 
hypothesis is that these variants do not change protein struc-
ture or function but instead alter the expression levels of the 
gene. A number of studies support this hypothesis, demonstrat-
ing increased LRRK2 protein in the brain97 and blood79,98 and 
increased LRRK2 kinase activity in the brain99 and urine100,101 
in patients with sporadic PD compared with controls.

Several studies have shown that LRRK2 plays an important 
role in vesicular trafficking, impacting endosomal, lysosomal, 
and autophagosomal pathways.102 Importantly, numerous oth-
er PD-related genes, including SNCA and VPS35, also converge 
on these closed loop control pathways, suggesting that these 
substrates are interacting in the disease pathophysiology. The 
G2019S mutation may play a role in α-synuclein and/or tau pa-
thology in LRRK2-related PD because α-synuclein in LBs is ex-
tensively phosphorylated, and phosphorylated tau colocalizes 
with α-synuclein in some LBs. Phosphorylation is thought to 
increase tau neurotoxicity, but the influence of phosphoryla-
tion on α-synuclein toxicity is unclear. Although some studies 
have suggested that LRRK2 may phosphorylate α-synuclein 
and/or tau,103-105 the only presently accepted theory is that the 
substrates for LRRK2 kinase are LRRK2 protein itself and some 
Rab GTPases such as Rab10.105 The current view is that when 
expressed in the same cell, in disease, α-synuclein and LRRK2 
likely interact in response to mitochondrial disruption, in au-
tophagy pathways in the endolysosomal system, and in normal 
interactions with common protein partners such as 14-3-3 pro-
teins that maintain the homeostasis of a number of systems.105 
Targeting LRRK2 as a therapeutic strategy is supported by re-

cently published studies that have demonstrated that genetically 
knocking out LRRK2106 or chronic administration of an LRRK2 
kinase inhibitor in rats107 has been shown to protect against do-
pamine neuron loss induced by viral-mediated α-synuclein over-
expression. This is of vital importance when planning future 
therapies for retarding disease progression. Preclinical studies 
have confirmed that the inhibition of LRRK2 may be protective 
against neuron loss.108 This implies that antisense therapy could 
be aimed at either LRRK2 or α-synuclein expression both in PD 
and in multiple system atrophy.

Interestingly, the mean delay before treatment may be short-
er in sporadic PD patients than in LRRK2 patients: 3 years vs. 4 
years in LRRK2 patients. Studies in asymptomatic LRRK2 mu-
tation carriers have shown that the premotor or preclinical pe-
riod may last many years. Multi-incident families with autoso-
mal LRRK2-related PD have, for the first time, made it possible 
to study the development of PD many years prior to phenocon-
version. PET-scan studies with different amine isotopes in as-
ymptomatic mutation carriers have shown that there are up-
regulations in dopamine, serotonin and choline receptors in the 
asymptomatic period.109-111 Since only a few of these carriers 
convert to PD, it is still impossible to estimate the length of the 
mean premotor or prodromal phase in LRRK2-related PD.

Most patients with LRRK2-related PD show clinical features 
indistinguishable from those with classic sporadic PD. In the 
longitudinal The Parkinson’s Progression Markers Initiative 
study, most patients with LRRK2-related PD had cardinal signs 
and symptoms that were not different from those with sporadic 
PD. Patients with LRRK2 G2019S mutations have slightly bet-
ter smell performance than those with sporadic PD.112,113 This 
may reflect a lower burden of LBs and a better prognosis in the 
majority of cases.

Long-term outcome of LRRK2-related PD
To date, there have been only a few prospective studies on 

LRRK2-related PD. The largest study spanning 9 years was con-
ducted in 3 centers where they followed patients of Jewish eth-
nicity with PD with LRRK2 G2019S mutations.114 The groups 
were rather identical, and the LRRK2-related PD group had a 
lower increase in Unified Parkinson’s Disease Rating Scale (UP-
DRS) scores than the control group of patients with sporadic 
PD. The change in MoCA scores was lower in the LRRK2 group, 
but the difference did not reach statistical significance.114 These 
results were in accordance with the results from a multicenter 
cross-sectional survey performed more than 10 years ago.86 
These were later confirmed in small studies from different ethnic 
groups.115,116 One study also showed that carriers of the G2019S 
mutation converted to PD 10 years earlier in a population from 
the Middle East than in a population from Northern Europe.117 
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Genetic studies have indicated that this difference in phenocon-
version may be based on genetic modifiers and not on environ-
mental factors.118 There have been no studies on survival com-
paring patients with LRRK2-related PD to those with sporadic 
PD, and there are no systematic studies on progression among 
LRRK2 gene mutations other than G2019S. There is one study 
among carriers of LRRK2 variants. In a study among carriers 
of risk variants G2385R, R1628P, and S1647T and noncarriers, 
motor score progression was defined as the difference between 
UPDRS motor scores at baseline and at follow-up. A total of 
184 patients, 122 risk variant carriers and 62 noncarriers, were 
evaluated and followed up for up to 6.5 years. The risk variant 
carriers experienced a greater rate of motor progression than 
noncarriers after 4 years from the date of diagnosis, suggesting 
that these risk variants may facilitate neurodegeneration with 
increasing disease duration.119

There have been a number of studies trying to find good bio-
markers for PD progression by using preclinical patients with 
LRRK2-related PD and comparing these to patients with LRRK2-
related PD, patients with sporadic PD and normal controls.

Analytes examined in these studies included Aβ1-42, tau, 
α-synuclein, oxidative stress markers, autophagy-related pro-
teins, pteridines, neurotransmitter metabolites, exosomal LRRK2 
protein, RNA species, inflammatory cytokines, mitochondrial 
DNA (mtDNA), and intermediary metabolites. Pteridines, 
α-synuclein, mtDNA, 5-hydroxyindolacetic acid, β-D-glucose, 
lamp2, interleukin-8, and vascular endothelial growth factor 
were suggested to differentiate patients with LRRK2-related PD 
from sporadic PD patients; 8-hydroxy-2’-deoxyguanosine (8-
OHdG), 8-isoprostane (8-ISO), 2-hydroxybutyrate, mtDNA, 
lamp2, and neopterin may differentiate between LRRK2 con-
trols and LRRK2-related PD subjects; and soluble oligomeric 
α-synuclein, 8-OHdG, and 8-ISO might differentiate LRRK2 
controls from unaffected subjects.101,120-127 However, the low num-
bers of investigations of each analyte, small sample sizes, and 
methodological differences limit conclusions that can be drawn 
from these studies. Further investigations are indicated to de-
termine the validity of the analytes identified in these studies 
as possible biomarkers for LRRK2 PD patients and to obtain 
markers for PD phenoconversion.

Longitudinal studies in LRRK2-related PD families have shown 
fundamentally different neuropathological findings in pheno-
typically identical family members.72 In a postmortem study with 
38 patients with LRRK2-related PD with proven pathogenic 
LRRK2 mutations, 28 of the patients had symptoms compatible 
with typical levodopa-responsive parkinsonism, and neuro-
pathological findings in 20 of the subjects were similar to those 
typically found in patients with idiopathic PD, with substantia 
nigra LBs. Nigral degeneration without LBs was found in 12 pa-

tients, diffuse LB disease was present in two subjects, tau pathol-
ogy was found in two subjects, and α-synuclein-immunoreactive 
glial inclusions and ubiquitin-immunoreactive structures were 
found in one subject each. Similar findings with and without 
LBs in LRRK2-related PD have been reported by other investi-
gators.128 The range of neuropathological findings in LRRK2 PD 
might decrease the likelihood that α-synuclein oligomer, amy-
loid or tau concentrations in cerebrospinal fluid (CSF) or pe-
ripheral body fluids could offer biomarkers for LRRK2-related 
PD diagnosis or progression.

The most striking difference between groups of LRRK2 mu-
tation carriers is seen after DBS treatment. LRRK2-related PD 
patients develop levodopa-induced fluctuations and dyskine-
sias as patients do in the sporadic PD groups. The percentage of 
LRRK2 mutation carriers among those qualifying for DBS sur-
gery is significantly higher than that among patients with spo-
radic PD.129 The outcome from DBS surgery seems to depend 
on the location of the LRRK2 mutation at the gene. There have 
been a number of studies demonstrating superior efficiency 
and good outcome after DBS surgery in LRRK2 G2019S muta-
tion carriers.129-132 There are only a few cases published on pa-
tients carrying mutations in the ROC domain.78,133,134 The results 
from these studies are all negative. Patients with LRRK2-related 
PD with mutations in the ROC domain seem to have less opti-
mal outcome than those carrying mutations in the kinase do-
main. This might explain why there are so few reports after DBS 
in patients with LRRK2 ROC-domain mutations. There is a ten-
dency not to report negative results and vice versa. There is only 
one report on DBS in patients with mutations in the LRRK2 COR 
domain.135 These patients seem to experience a good outcome 
after DBS, comparable to that generally seen in G2019S patients.

The long-term prognosis of LRRK2 mutation carriers might 
reflect the underlying neuropathology among the different mu-
tations, which is quite heterogeneous.72,128,136 Approximately half 
of LRRK2-related PD patients show no LB pathology, although 
the highest percentage is found in G2019S mutation carriers.128 
This is in some ways a paradox since the G2019S patients have 
the most favorable outcome after DBS, they have the best scores 
on smell tests and they seem to have the lowest rate of progres-
sion measured by annual increase in UPDRS scores.114,137,138

Summary
Autosomal-dominant mutations within the LRRK2 gene ac-

count for a small percentage of all cases of PD and a much high-
er proportion in some populations in the Middle East/North 
Africa. LRRK2-associated PD closely resembles idiopathic dis-
ease in terms of late age of onset, signs, and symptoms. The pen-
etrance of LRRK2 mutations is incomplete and dependent on 
age and each specific mutation. Up to half of the LRRK2 pa-
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tients do not show any LBs at autopsy.

Long-term follow-up indicates that carriers of the most com-
mon mutation, G2019S, have slightly better prognosis than those 
with sporadic PD without any known mutation. Patients car-
rying the G2019S mutation selected for deep brain stimulation, 
DBS, seem to have very good long-term outcomes compared to 
cases with LRRK2 mutations in the ROC domain. The latter group 
should probably not be selected as good candidates for DBS.

PARK17, VPS35-related PD
The VPS35 gene was first discovered in a large Swiss family 

with multiple members affected by PD. At the same time, a group 
in Austria had similar cases with the D620N (p.Asp620Asn, 
c.1858G>A) mutation in the vacuolar protein sorting 35, VPS35, 
gene.139,140 To date, there are only very few cases and families with 
this mutation published.

The VPS35 phenotype varies, but in the few cases published to 
date, most of them have tremor-dominant PD with some ten-
dency toward depression and other neuropsychiatric features. 
Members from one large Taiwanese family presented with a 
classic PD phenotype responding well to levodopa.141

Other polymorphisms in the VPS35 gene have since been 
identified, but these variants still need to be definitively linked 
to PD. VPS35 was originally identified in yeast as a member of 
the retromer complex. This complex is involved in the intracel-
lular trafficking of proteins, where it may interact with parkin 
and may be involved in the retromer-mediated endosomal sort-
ing process.142

There have been no systematic follow-up studies in patients 
with VPS35-related PD, with only a few single reports.143,144

One member of the Taiwanese family with VPS35-related PD 
had STN-DBS, and the outcome was reported as very successful.142

GBA mutations and variants causing PD
It has been noted for many years that there is an increased 

frequency of parkinsonism among patients with GD (Table 2), 
and that there is an increased frequency of typical parkinson-
ism among healthy heterozygous mutation carriers of GBA gene 
mutations.8 GD is a lysosomal storage disorder and results from 
the deficiency of the lysosomal enzyme glucocerebrosidase, 
GCase, localized to lysosomes. It is an autosomal-recessive dis-
order caused by mutations in the human β-glucocerebrosidase 
gene, GBA. Low GCase levels lead to the accumulation of its 
major substrate, glucosylceramide, GL-1, localized in lysosomes. 
In GD, large amounts of GL-1 accumulate in many cell types, 
including macrophages and neurons, which may lead to white 
matter accumulation, cell death and neurodegeneration.11,145

The GBA gene is located on chromosome 1q21 and compris-
es 11 exons and 10 introns, spanning 7.6 kb of sequence. A non-

processed pseudogene (GBAP) that shares 96% exonic sequence 
homology is located 16 kb downstream of the functional GBA 
gene. The presence of this highly homologous pseudogene along 
with another 6 genes at the locus increases the occurrence of 
chromosomal rearrangements and misalignments in this region. 
These processes provide an explanation for the high number of 
complex recombinant alleles that have been detected in pa-
tients with GD.146

Mutations in the gene for GD are probably the most common 
familial variant of PD. The age-specific estimates of PD pene-
trance in patients with GD and GBA heterozygous carriers is 
still debated. Although GBA mutations may increase the risk 
for PD, the vast majority of patients with GD who are heterozy-
gotes may not develop the disease.147-149 Studies are ongoing to 
identify what modifies the risk of PD in GBA mutation carriers.

In a French study, approximately 10% of PD patients were 
carriers of some GD mutation. PD was strongly associated with 
the neuropathic GD mutation and to a lesser degree to the more 
common GD variants.150 The latter are correlated with PD, but 
they do not cause GD in homozygous carriers. In a large multi-
center study, it was shown that the prevalence of GBA mutations 
strongly varies between ethnic groups.13

GBA patients are usually grouped on the basis of their muta-
tions as having benign variants or mild or severe mutations. The 
most common variants are E326K, T369M and T297S. N370S 
is a milder mutation than L444P, which is regarded as a severe 
mutation. In addition, there are a high number of rare variants/
mutations, which makes the genetic testing for GBA parkinson-
ism technically complicated and the interpretation of the results 
difficult. Future diagnostics for GBA mutations may be of im-
portance for neuroprotective therapy. These biomarkers could 
include CSF glucocerebrosidase activity or some other CSF or 
plasma levels of glucosylceramide substrates.

The mean age of onset of GBA-related PD is to some degree 
related to the type of mutation. The onset in neuropathic muta-
tion carriers is approximately 50 years and is 5–10 years later in 
patients with the more benign N370S mutation. Patients carry-

Table 2. GBA mutations and variants causing Parkinson’s disease

Percentage of cases Mean age at onset
Mutation

No mutations 90 -

N370S 22 of mutation carriers ≈ 55 years

L444P 8 ≈ 50 years

Variants

E326K 30 ≈ 55–60 years

T369M 22 ≈ 55–60 years

E388K 3 ≈ 55–60 years

Other variants 15 ≈ 55–60 years
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ing one of the GBA variants have an age of onset comparable 
to those carrying the N370S mutation.

The phenotype is often quite typical and clinically not easy to 
separate from that seen in patients with sporadic PD, with rest-
ing tremor, bradykinesia, rigidity and postural instability in pa-
tients with advanced cases. Nonmotor features include cogni-
tive impairment, hallucinations, autonomic dysfunction and 
sleep disorders. GBA PD patients typically have severe anos-
mia.151 Most GBA-related PD patients show a good response to 
levodopa, and the development of levodopa-related complica-
tions such as dyskinesias and off-periods is probably compara-
ble to that seen in sporadic PD patients. The progression of pa-
tients with GBA-related PD is quite fast; therefore, many patients 
may be candidates for DBS treatment. This may not always be 
a good choice since studies have shown that patients with GBA-
related PD deteriorate faster and develop cognitive deficits af-
ter fewer years than patients with sporadic PD.132,151

Long-term prognosis of GBA-related PD
PD in the context of GD seems to resemble idiopathic PD 

more closely in terms of its clinical heterogeneity than PD as-
sociated with GBA heterozygous mutations.152 Heterozygous 
GBA mutation carriers develop a more severe phenotype, in-
cluding dyskinesias, than those with sporadic PD.153,154

There have been several studies in GBA-related PD and the 
risk of developing dementia. Three studies investigated the ef-
fects of GBA variation on PD dementia, Parkinson’s disease de-
mentia (PDD), and risk. Four addressed the effects of GBA muta-
tions on PDD risk, two explored the effects of GBA polymorphism 
on PDD risk, two investigated the effects of the GBA L444P 
mutation on PDD risk, and two studied the effects of the GBA 
N370S mutation on the risk of cognitive decline. These studies 
came from different ethnic groups located in Europe and North 
America, and one was from Japan. One study predicted cogni-
tive decline and dementia in half of the patients after 8–10 years 
of disease duration.150,155 They made an algorithm, and the main 
indicators were age, education, depression and UPDRS.155 Most 
studies indicate that PD patients carrying a GBA mutation seem 
to have a 3–5 times higher risk of developing dementia than 
noncarriers.154,156,157

Well-preserved cognitive function is also a crucial factor for 
survival in PD. After the discovery of the connection between 
GBA mutations and PD pathology, many reports have described 
cortical and/or hippocampal LBs in the majority of the subjects 
with GBA mutations, corresponding to the more aggressive par-
kinsonism described in probands with both GD and parkin-
sonism.158-160 PD patients with GD-associated mutations develop 
dementia and psychosis significantly earlier than those without 
mutations, but wearing-off does not significantly differ from 

that observed in patients with mutation.154 The risk for demen-
tia is strongly modulated by the type of mutation. In the clinical 
continuum between PD and DLB, patients with GBA mutations 
seem to localize midway, with carriers of severe mutations clos-
er to DLB than to idiopathic PD.157

The difference in the risk of developing so-called sporadic 
PD and GBA-related PD is particularly important in regard to 
the treatment of late-stage complications. The selection of pa-
tients for advanced PD therapy, including deep brain stimula-
tion, is based on international consensus.161 PD patients with 
GD-associated mutations develop wearing-off and dyskinesia 
following the same timeline as sporadic PD patients.154 Many 
patients with GBA-related PD are thus, in principle, excellent 
candidates for DBS surgery. However, the shorter time to cog-
nitive deterioration after DBS makes these patients less optimal 
for advanced treatment. In retrospect, many patients who have 
developed dementia and other neuropsychiatric complications 
not long after DBS have been shown to be GBA mutation car-
riers.48,131,132,162,163

Summary
GBA patients exhibit classic symptoms, including tremor, ri-

gidity and bradykinesia. There are 2 relatively common GBA 
mutations, N370S and L444P, and there are a high number of 
rare mutations and variants. GBA mutations are most common 
among Ashkenazi Jewish PD patients, 15%, compared to as low 
as 3% of PD patients of other ethnic origin. Low levels of GCase 
may promote the stabilization of α-synuclein into oligomers 
similar to those found in LBs. This may explain why GBS pa-
tients have an earlier onset of PD symptoms with faster cogni-
tive and motor decline than sporadic PD patients. GBA-associ-
ated PD patients present with more rapid disease progression 
of motor impairment, cognitive decline and lower survival rates 
than PD patients without mutations.

Mutations not covered in this review 
Other rare mutations may cause PD but are not included in 

this review. These include mutations in EIF4G1 (eukaryotic 
translation initiation factor 4 gamma 1), DCTN1 (dynactin 1) 
in Perry syndrome, ATP13A2 (ATPase type 13A2), PARK9 in 
Kufor-Rakeb syndrome, PLA2G6 (phospholipase A2, group 6) 
(PARK14), and FBXO7 (F-box protein 7) (PARK15). There are 
no follow-up reports on these patients.

CONCLUSIONS

During the last twenty years, there has been continued suc-
cess in the identification of genetic causes and contributors to 
PD. There are now a high number of mutations and gene vari-
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ants that may affect the risk for developing PD; the majority are 
very rare. This review describes the long-term outcome in PD 
patients carrying the most common mutations. The genotype-
phenotype relations that vary between different genetic muta-
tions have provided excellent information for selecting patients 
for specific therapies. SNCA mutation carriers have a younger 
onset than LRRK2 mutation carriers and have a more severe 
prognosis. The early-onset recessive patients respond well to 
levodopa and are less prone to cognitive decline. The GBA-re-
lated PD phenotype is similar to that seen in sporadic PD, but 
patients with GBA-related PD have more nonmotor symptoms, 
including cognitive impairment and hallucinations, making them 
less optimal candidates for advanced treatments such as DBS.

The clinical and basic research in genetic PD has given increas-
ing insight into the genetic and molecular basis of this complex 
disease. This is a prerequisite for revealing the molecular patho-
genesis of PD and identifying a therapy based on etiology.
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