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Abstract There has been tremendous progress toward
understanding the genetic basis of Parkinson’s disease and
related movement disorders. We summarize the genetic,
clinical and pathological findings of autosomal dominant
disease linked to mutations in SNCA, LRRK2, ATXN2,
ATXN3, MAPT, GCHI, DCTNI and VPS35. We then dis-
cuss the identification of mutations in PARK2, PARK7,
PINK1, ATP13A2, FBXO7, PANK2 and PLA2G6 genes. In
particular we discuss the clinical and pathological charac-
terization of these forms of disease, where neuropathology
has been important in the likely coalescence of pathways
highly relevant to typical PD. In addition to the identifi-
cation of the causes of monogenic forms of PD, significant
progress has been made in defining genetic risk loci for PD;
we discuss these here, including both risk variants at
LRRK?2 and GBA, in addition to discussing the results of
recent genome-wide association studies and their implica-
tions for PD. Finally, we discuss the likely path of genetic
discovery in PD over the coming period and the implica-
tions of these findings from a clinical and etiological
perspective.
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Introduction

The past 15 years has witnessed a seed change in our
concept of the etiologic basis of Parkinson’s disease (PD).
This change has been largely driven by genetics, pro-
gressing through the early recognition of familial forms of
the disease, to include the identification of gene mutations
that cause rare familial forms of PD (Table 1), the dis-
covery of more common highly penetrant mutations,
finding moderate risk variants, and most recently the
mapping of multiple low-risk conferring loci (Fig. 1).
Many of the rarer genetic causes have a disease phenotype
more consistent with parkinsonism than true idiopathic PD
but the considerable overlap in clinical and pathological
features, and probably in disease pathways, has prompted
us to include them here.

These genetic findings have been central in the field’s
attempts to understand the underlying disease process at
the molecular level, being used in cell based and animal
models in a manner familiar to those working on varied
neurodegenerative diseases. The pace of discovery con-
tinues at a fast clip, and in large part this is a result of new
methods that allow comprehensive and rapid assessment of
the genomic landscape of individual subjects. Hand in hand
with these genetic discoveries is the clinical and patho-
logical characterization of genetically defined forms of
disease. Unfortunately, a number of the PD-like disorders,
particularly the recessive parkinsonian conditions have not
been neuropathologically characterized. We have still
included them in this piece as they provide important
insight into disease pathways. This work offers insight into
disease processes and, particularly for pathology, points to
critical proteins in the disease process.

In this article, we will provide an overview of the
genetic discoveries made in PD, not only detailing what
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Table 1 Monogenic loci for Parkinson’s disease

Locus Gene Gene product Mode of Age at onset References
symbol inheritance
PARKI/PARK4 SNCA a-synuclein AD Missense mutations: 30 to 60 years [102, 117]
30s triplication, 40/50s duplication
PARK?2 PARK?2 Parkin AR Wide range from the first decade to the fifth [59]
PARK6 PINK] Pten-induced kinase 1 AR 30-50 years [127]
PARK7 PARK7 DIJ1 AR 20-40 years [6]
PARKS8 LRRK?2 Leucine-rich repeat kinase 2 AD Wide range from 30-50 [95, 139]
PARK9 ATPI3A2 ATPase type 13A2 AR 10-22 years [104]
PARKI14 PLA2G6 Phospholipase A2, group VI AR Classical type first decade [92]
Dystonia-parkinsonism type 20s
PARK1S5 FBXO7 F-box protein 7 AR Late teens [17]
PARK17 VPS35 Vacuolar protein sorting 35 AD 40-50 years [129, 138]
homolog
PANK?2 Pantothenate kinase 2 AR Classical type first decade. [126, 137]

Parkinsonian type 20s

AD autosomal dominant, AR autosomal recessive

Rare Causal SNCA ATXNZ PARK7 LRRK2 PLA2G6 VPS35
Mutations PARK2 ATXN3 SNCA™" FBX07
PINK1 ATP13A2
Moderate Risk
Common Variants
Low Risk
Common Variants SNCA HLADR
BSTI1
MAPT SYT11 AMCSD
PARK16 STK39
LRRK2 LAMP3 GAK
HIPIR
SNCA (MSA)

Fig. 1 Timeline of genetics in Parkinson’s disease and MSA. Notably some of the risk variants were implicated earlier, but we have shown the

date on which the variants role in disease was unequivocally proven

these reveal in terms of risk for disease but also discussing
the clinical and pathological correlates of the particular
genetic flavors of these diseases. We will end this piece
with a discussion of what this sum total of discovery has
revealed about disease, the likely impact on defining sub-
types of disease, and where we think future opportunities
for understanding and exploiting the genetic basis of these
disorders exist.
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Autosomal dominant causes of PD
a-Synuclein (PARKI and 4)

Nussbaum and colleagues made the discovery of missense
mutations in a-synuclein (encoded by SNCA) as a cause of
PD in 1997 [102]. Working on a large American—Italian
family called the Contursi kindred, this group used a
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traditional linkage approach to localize the underlying
genetic lesion to a region on the long arm of chromosome
four [101]. This was the public beginning to the genetic age
of PD research. Prior to this finding, there had been much
discussion of the relevance of genetic findings in extremely
rare and somewhat atypical families with PD, to the spo-
radic disease. The concern, in its most simple form, was
that these were simply unrelated disorders. Therefore, the
observations published by Spillantini and colleagues [120]
shortly after the report of a-synuclein mutations, were
particularly important. In this work, the authors showed
that a-synuclein is a major component of Lewy bodies,
the pathognomic hallmark of all PD. This work therefore
elegantly linked sporadic and familial forms: mutations in
a-synuclein could cause a rare and severe familial form of
PD, and a-synuclein is a key protein component of all PD
cases. Further, this work was extended to show that
a-synuclein is a major protein component of glial cyto-
plasmic inclusions in multiple system atrophy (MSA)
[118], and Lewy bodies and Lewy neurites in both PD and
dementia with Lewy bodies [119].

To date, there have been three different missense
mutations in o-synuclein identified as a cause of PD. The
cause of disease in the Contursi kindred was an p.A53T
mutation; subsequently p.A30P and p.E46K mutations
were identified in German and Spanish PD families,
respectively [62, 136]. Six years after the initial discovery
of missense mutations in SNCA, triplication of the SNCA
locus was identified as the cause of disease in a large
family called the Iowa kindred (sometimes also called the
Spellman-Muenter or Waters-Miller kindred) [117]. In this
family, affected members had three copies of SNCA on the
disease-segregating chromosome, meaning that their total
genetic complement of SNCA, at four copies, was twice
that of individuals in the normal population. Because of
this, affected family members produce twice as much of
the normal sequence o-synuclein as non-triplication carri-
ers [81], and this increase in a-synuclein protein is believed
to be the underlying driver of disease. Subsequent to this
finding, additional SNCA triplication and duplication
mutations were identified, with a 100 and 50 % increase in
genetic load of SNCA, respectively [10, 25, 50, 88].

Notably the onset of disease and co-occurrence of severe
dementia and psychiatric problems appear to be associated
with the number of copies of SNCA, triplication carriers
tending to present with disease a decade earlier than
duplication carriers, and with dementia being a much more
common feature. This has lead to the simple hypothesis of
a dose relationship between o-synuclein levels and disease
severity [116], and a more general hypothesis regarding
protein levels in disease of abnormal protein deposition
[116]. Extending this notion, it is perhaps not difficult
to imagine a scenario where small perturbations to

a-synuclein levels have a critical role to play in late-onset
(and perhaps all) PD.

Clinically, patients with a-synuclein missense mutations
present with a severe parkinsonism and an early age at
onset; this has been described as a fairly typical levodopa-
responsive parkinsonism, however the presence of
dementia is quite a common feature [35]. Patients with the
most recently described mutation, p.E46K, display a
prominent dementia, noted approximately 2 years after
disease onset [136]. This is accompanied by hallucinations
and fluctuations in consciousness reminiscent of dementia
with Lewy bodies. This phenotype is borne out neuropa-
thologically by fulminant Lewy body pathology in
subcortical nuclei and in the cortex, albeit with an absence
of Alzheimer pathology [136].

Within the Iowa kindred, whose members were followed
for many decades, quite a broad array of clinical and
pathological features was described. In general, affected
family members present with a levodopa-responsive par-
kinsonism with dementia [84]. The disease onset and
duration were earlier and shorter than typical PD, being 33
and 8 years, respectively.

In terms of neuropathology, there is nigral neuronal loss,
temporal lobe vacuolation as well as widespread Lewy
bodies in both the brainstem and cerebral cortex [25, 40,
84]. In general, other synuclein mutations have significant
Lewy body neuropathology usually with brainstem and
cortical lesions [35, 136]. The pathology is consistent
across the genetic lesions in comparison with the vari-
ability observed in LRRK2 and PARK?2 cases (Table 2).

Leucine-rich repeat kinase 2 (LRRK2) (PARKS)

Linkage of PD to a pericentromeric region on chromosome
12 was initially reported in 2002 by Funayama and col-
leagues [27]. The authors described a large Japanese family
with apparent autosomal dominant PD, with reduced pen-
etrance. Clinically, the disease resembled a fairly typical
PD, with an age of onset in the 50s, and a dopa-responsive
disease. In the initial description of this linkage, the authors
described neuropathology in a single case, who presented
with a striatonigral degeneration with glial cytoplasmic
inclusions and was therefore quite distinct from the picture
expected for PD. Subsequent clinical and neuropathologi-
cal assessment of the original Sagamihara kindred revealed
quite disparate outcomes, including pure nigral degenera-
tion, Lewy body positive PD, and MSA [42].

The underlying genetic cause of chromosome 12-linked
PD was shown to be mutation of the gene LRRK?2, reported
by two groups late in 2004 [95, 139]. In these initial reports
a total of six mutations were reported, p.R1441G,
p-R1444C, p.Y1699C, p.11122V, p.J12020T and p.L1114L.
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Table 2 Neuropathology of Mendelian genetic forms of Parkinson’s disease

Locus/gene

Mutation

Neuropathology

References

PARKI,4/SNCA

p.A53T, p.A30P, p.E46 K

SNCA triplication/duplication

Nigral neuronal loss, cortical and brainstem Lewy
bodies

Cortical and brainstem Lewy bodies, temporal lobe
vacuolation.

[22, 35, 121, 136]

[25, 84, 90]

PARK2/PARKIN Exon4Del/Exon4Del Nigral neuronal loss, no Lewy bodies [37, 43, 83, 128]
p-K211 N/Exon4Del
p-Q34fs/p.Q34fs
Exon3Del/Exon3Del Nigral neuronal loss, no Lewy bodies, a-synuclein [108]
positive inclusions in the pedunculopontine nucleus
p-R275W/p.Prol13fsX51 Cortical Lewy bodies, none in the brainstem but [24]
occasional Lewy neurites in the dorsal nucleus of
vagus.
Dell1072T/Exon7Del Lewy bodies in the locus ceruleus and substantia [103]
nigra
PARKS/LRRK?2 p-G2019S Neuropathology ranges from non-specific nigral [30, 32, 58, 106]
degeneration to widespread Lewy body disease.
p-R1441C Varies from Lewy body disease to nigral degeneration [139]
with ubiquitin positive inclusions to severe tau
pathology
p-R1441G/p.12020T Non-specific nigral degeneration [27, 77]
p-Y1699C Varies from Lewy body disease to nigral degeneration [58, 139]
with ubiquitin positive inclusions or Alzheimer
pathology
PARKG6/PINK 1 Exon7Del/c.1488 + 1G > A Nigral neuronal loss, Lewy bodies and aberrant [107]
neurites in the reticular nuclei of the brainstem,
substantia nigra pars compacta and Meynert
nucleus.
PARK14/ p-R37X/c.1078-3C>A Range from mild to severe Lewy body disease, with [94]
PLA2G6 p.T5721/p.T5721 neurofibrillary tangles and axonal speroids
PANK?2 p-G521R/p.G521R No Lewy bodies, diffuse tau pathology [60]

Neuropathology is grouped according to mutation

Subsequently, an additional LRRK2 mutation, p.G2019S,
was described in multiple cases of European descent [18,
33, 47, 86]. This particular mutation is relatively common
across several populations, being responsible for PD in
~2 % of sporadic and ~5 % of familial PD cases in
Northern European and North American populations; fur-
ther, certain groups are enriched for the presence of this
mutation with reported frequencies of ~10 % in Portu-
guese PD patients, ~20 % in PD patients of Ashkenazi
Jewish ancestry, and ~40 % of North African Berber Arab
PD patients [8, 66, 91]. Although it is likely that the
p-G2019S mutation has arisen on multiple occasions, for
the majority of carriers, this mutation is believed to have
been inherited from a common founder [53, 67], dating
back 4,500-9,100 years, and it is suggested that the
mutation arose in the Near East, then moved throughout the
World with the Ashkenazi Diaspora [5].

Although a large number of mutations have been
reported and proposed as disease causing, there still
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remains only a handful with a high degree of proof, based
on overwhelming association, or excellent disease segre-
gation data (p.N1437H, p.R1441C, p.R1441G, p.R1441H,
p.Y1699C, p.I12012T, p.G2019S, and p.I12020T). The pen-
etrance of LRRK?2 mutations has been widely discussed and
studied, indeed the original manuscript of Funayama and
colleagues commented on the apparent reduced penetrance
in their pedigree. The causal mutation in this family was
subsequently shown to be p.J2020T, and this discovery
confirmed that the mutation was not fully penetrant [27,
42]. Initial estimates of lifetime penetrance centered
around 30 % [91] as have kin-cohort based estimates [36],
which contrasts sharply with a study in a family-based
sample series that produce an estimate of lifetime pene-
trance of ~90 % [65]. Perhaps the largest study to date
addressing this issue presented an age-associated pene-
trance of the p.G2019S mutation of 28 % at age 59 years,
51 % at 69 years, and 74 % at 79 years [45]. There are
likely several factors that influence penetrance and
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expressivity of LRRK2 mutations, and these probably
include genetics, external and environmental factors, and
perhaps stochastic events.

On the whole, PD is the most common clinical and
pathological diagnosis for LRRK2 mutation positive sub-
jects, this mutation being at most a rare cause of other
distinct neurological disorders [46]. In some respects this
represents an ascertainment bias, as the majority of samples
screened for LRRK2 mutation are typical PD, and when
other series have been screened they tend to conform to a
distinct diagnostic category. Indeed, some of the first
families described to have LRRK2 mutations included
affected individuals with quite discordant clinical features,
including amyotrophy and dementia [139]. The typical age
at onset for LRRK2-linked PD is in the sixth decade of life
[45]. When examining metrics of severity of disease such
as occurrence of falls, rate of progression, and dyskinesia,
LRRK2-linked disease appears to be less rapidly pro-
gressing than idiopathic PD, but compared to idiopathic PD
LRRK? patients appear to suffer more from dystonia and
tremor tends to be a more frequent presenting symptom
[45].

In terms of neuropathology, again, most LRRK2 cases
described thus far exhibit a pattern of features consistent
with typical PD, namely Lewy bodies in the brainstem and
loss of dopaminergic neurons in the substantia nigra.
However, additional and sometimes discordant pathologi-
cal features have been described, including fulminant
plaque and tangle pathology in addition to PD pathology,
or a pure nigral degeneration without Lewy bodies, and
also glial cytoplasmic inclusions reminiscent of MSA [42,
139]. There have been no large series of genetically defined
LRRK?2 cases that have been neuropathology examined
where the brain tissue has been consistently well preserved.

ATXN2 and ATXN3

The spinocerebellar ataxias (SCA) are complex disorders
that share a common theme of a progressive deterioration
in balance and coordination. While many genetic lesions
have been associated with distinct subtypes of SCA, two
forms of SCA, SCA2 and SCA3, have been shown to have
quite broad presentations that may include a dopa-respon-
sive parkinsonism, sometimes indistinguishable from PD.

The identification of a large Asian—American family
with dopa-responsive parkinsonism revealed that the dis-
ease in this family was caused by an expansion mutation in
ATXN2, the cause of SCA2 [38]. Of the three affected
members in this family, two fit the PD Society Brain Bank
and National Institute of Neurological Disorders and Stroke
criteria for a diagnosis of PD (or probable PD), and the
third member, while not fulfilling these criteria, was
diagnosed as having PD by their primary care physician.

This work was shortly followed by several other reports of
similar findings (summarized in [29]). More than 34 CAG
repeats within ATXN2 are considered as pathogenic in
ataxia, and it appears that the majority of ATXN2 expansion
mutations associated with PD tend to be at the lower end of
this pathogenic expansion range. Patients may present not
only with a pure levodopa-responsive parkinsonism but
may also display other features such as ataxia, disease
reminiscent of progressive supranuclear palsy, tremor and
dementia. To date, no detailed neuropathologic character-
ization has been presented on any affected patients with
ATXN2 expansion mutation and levodopa-responsive
parkinsonism.

Triplet repeat expansion mutation in ATXN3 is the cause
of SCA3, also called Machado Joseph disease (MID) [55].
MID can present with parkinsonism; however, this pre-
sentation is usually in combination with other atypical
features such as neuropathy and cerebellar and pyramidal
signs. In 2001, Gwinn-Hardy and colleagues [39] described
an African—American family with members who fulfilled
criteria for PD, but with disease caused by ATXN3
expansion mutation. In two of the four affected family
members there were no features considered atypical for
PD, and three of four were responsive to dopamine
replacement therapy. The phenotype of predominant par-
kinsonism has been subsequently described to be quite
common in ATXN3 mutation positive patients of African
descent [122], but has also been described in Asian families
[71].

The neuropathological features of parkinsonism caused
by ATXN2 and ATXN3 expansion mutations remain
unclear, however, nigral cell loss has been described as a
feature of SCA3 [78].

Vacuolar protein sorting-associated protein 35 (VPS35)
(PARK17)

The most recently described cause of monogenic PD is
mutation of VPS35 a finding that demonstrates the power
of exome sequencing, which was used in both studies [129,
138]. Vilarifio—Giiell and colleagues described the identi-
fication of a p.D620N mutation in VPS35 within affected
members of a Swiss kindred with late-onset, autosomal
dominant PD. This group then went on to find this mutation
in three other families with a similar phenotype and in one
sporadic PD case. At the same time, Zimprich and co-
workers [138] published the identification of the p.D620N
mutation in a large multigenerational Austrian family with
PD and in two additional families screened for VPS35
mutations. Both groups also identified additional mutations
in VPS35; however, the pathogenicity of these additional
variants remains unknown. While the VPS35-linked fami-
lies are reported to fulfill London Brain Bank criteria for
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PD, there is somewhat limited clinical and pathological
data on these cases.

Rarer causes of autosomal dominant PD
or parkinsonism

There are a number of disorders that have PD or dopa-
responsive parkinsonism as part of their phenotype. These
may occur as a rare phenotypic feature such as in cases
with GTP cyclohydrolase 1 (GCHI) mutations [48] or early
in the disease process in some kindreds with mutations in
the microtubule-associated protein tau (MAPT) gene [49].
Here the PD is only a minor part of the phenotype and only
in certain families, such as the very large family with
parkinsonism and dementia with pallidopontonigral
degeneration (PPND) [135] and the Irish American family
with  disinhibition—dementia—parkinsonism—amyotrophy
complex (DDPAC) [72, 133]. The neuropathology in
MAPT families varies considerably, but is dominated by
frontotemporal atrophy, with neuronal and/or glial inclu-
sions that stain positively with MAPT antibodies; synuclein
and Lewy bodies are not a feature. Perry syndrome [100] is
another rare cause of parkinsonism. This neuropsychiatric
condition presents in the fifth decade with depression and
marked weight loss, later parkinsonism and respiratory
failure occur. The disorder is caused by mutations in
dynactin 1 (DCTNI) [26] where the neuropathology is
dominated by abnormal MAPT deposition but where there
are unusual features such as TAR DNA-binding protein 43
(TDP-43) pathology. TDP-43 can also be part of the neu-
ropathology of disease caused by other common autosomal
dominant PD genes such as LRRK2 [131].

Chartier-Harlin et al. [9] recently reported the identifi-
cation of a new cause of parkinsonism, mutations in
eukaryotic translation initiation factor 4 gamma 1
(EIF4G1I). A possible founder mutation was identified as
p-R1250H in families from France, Ireland and the United
States. The phenotype described is of a late-onset PD with
a good response to levodopa and neuropathology consistent
with a-synuclein deposition and Lewy bodies.

Autosomal recessive causes of PD
Parkin (PARK?2)

Kitada [59] first described a homozygous deletion of exons
3-7 of the parkin (PARK2) gene in autosomal recessive
juvenile Parkinson’s disease. Since this discovery, a num-
ber of mutations and small and large structural changes
have been identified in PARK? that account for up to 10 %
of early onset PD cases, depending on the population
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analysed [11, 54, 80]. Heterozygous PARK2 mutations
have frequently been identified and speculated to be asso-
ciated with PD. The association is not clear and may be due
to sequencing bias as variants are also seen in healthy
controls at similar frequencies [56, 69]. Asymptomatic
heterozygous PARK2 mutation carriers display a small
decrease in striatal F-DOPA uptake, suggesting nigral
dysfunction but perhaps only relevant in the presence of
other genetic factors such as heterozygous mutations in
other PD genes or environmental risk factors [57].

The clinical phenotype of homozygous or compound
heterozygous PARK?2 cases is usually indistinguishable
from early onset idiopathic PD, with slowly progressive
Levodopa-responsive disease often requiring lower equiv-
alent doses with frequent late motor complications.
Atypical and later onset cases are described with prominent
dystonia, hyperreflexia and early complications. Interest-
ingly some cases seem responsive to nicotine [70].

The neuropathology of PARK2 cases initially was
thought to be deficient in Lewy body and neurofibrillary
tangle pathology and was lacking in distinctive pathology
at all; however recent reports suggest Lewy bodies in the
nigra and locus coeruleus and o-synuclein immunopositive
inclusion bodies in the pedunculopontine nucleus exist in
some cases [24, 37, 83, 103], although the pathogenicity of
at least one of these mutations remains in question [24].
Neurofibrillary tangles have also been reported in PARK2
cases [83]. A recent review of five cases with compound
heterozygous PARK2 mutations found the major feature
was ventral nigral cell loss, with sparse Lewy bodies
present in two cases (Revesz and Lees personnel commu-
nication). The group termed the pathology ventral
nigropathy. This pathological heterogeneity is not uncom-
mon in other monogenic forms of PD and may be
explained by disease duration, mutation type, tissue quality
or modifying genes.

DJ1 (PARK7)

In 2003, Bonifati and colleagues [6] carried out homozy-
gosity mapping and positional cloning to identify a
homozygous deletion in PARK7 causing early onset PD in
a Dutch family and a missense mutation in PARK7 causing
disease in an Italian early onset PD family. PARK7 muta-
tions are rare, patients have an age of onset in the 20s or
30s with Levodopa-responsive PD. There are atypical
features that occur in reported families such as additional
psychiatric features in the Italian family and dystonic
features in the Dutch kindred [1, 6, 15]. Structural neuro-
imaging was unremarkable, but functional imaging of the
brain, showed significant evidence for a presynaptic
dopamine deficit [15]. No neuropathology has been
reported on any PARK7 case to date.
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PINK1 (PARKG6)

In 2004, Valente and colleagues [127] reported two
homozygous mutations in the PTEN-induced kinase 1 gene
(PINK]) as a cause of early-onset PD. A homozygous stop
mutation in two Italian families and a homozygous mis-
sense mutation in a consanguineous Spanish kindred.
Mutations in PINKI are usually private loss of function
changes and have been found to be the second most
common cause of early onset autosomal recessive PD [76,
89, 130]. As with PARK?2 mutations, there has been spec-
ulation about the role of single PINKI heterozygous
mutations as a risk factor for PD. Although a subclinical
dopaminergic deficit has been identified using 18F-DOPA
positron emission tomography (PET), rare PINKI variants
have been identified in PD patients as well as controls [57].
Clinically, patients usually have a later age at onset in the
40s and 50s but otherwise are similar to the PD associated
with PARK2 mutations, displaying slowly progressive
levodopa-responsive disease. Atypical features are often
observed and include prominent dystonia, sleep benefit and
pyramidal signs [7, 14, 130].

Recently, neuropathological examination of the brain
tissue from a patient with a compound heterozygous
PINKI mutation from a large Spanish kindred was carried
out. The phenotype was slowly progressive Levodopa-
responsive parkinsonism, initial gait impairment and psy-
chiatric symptoms. This revealed neuronal loss in the
substantia nigra pars compacta, Lewy bodies and aberrant
neurites in the reticular nuclei of the brainstem, substantia
nigra pars compacta and Meynert nucleus; the locus ceru-
leus and amygdala were spared [107]. These features are
comparable with typical idiopathic PD and we speculate
that when further brains come to neuropathology there will
be heterogeneity as in the case of those with PARK2
mutations.

ATPase (P-type) 13A2 (ATP13A2) (PARKY)

An atypical juvenile form of PD was first reported in a
large consanguineous family from Kufor Rakeb, a small
homestead in the northern highlands of Jordan [104]. The
age of onset was between 12 and 15 years and the PD was
Levodopa responsive and slowly progressive. There were
atypical features of hyperreflexia, Babinski’s sign, slowed
saccades, supranuclear gaze palsy, optokinetic nystagmus,
visual hallucinations, mini-myoclonus and oculogyric
dystonic spasms. Using homozygosity mapping and posi-
tional cloning, Ramirez and colleagues identified mutations
in ATP13A2: a homozygous mutation in the Jordanian and
compound heterozygous mutation in a Chilean juvenile PD
family. The clinical phenotype of this early-onset pallido-
pyramidal syndrome varies in severity but only a handful

of cases and families have been reported [16, 87, 94, 104,
110]. There has also been a suggestion that heterozygous
mutations may be a risk of PD [20]. Mutations in this
interesting gene are likely to have a role in lysosome
degradation based on the putative gene function and sural
nerve pathology [94]. To date, no neuropathology has been
described in these cases.

F-box protein 7 (FBXO7) (PARKI15)

Shojaee and colleagues [112] reported a large Iranian
family with autosomal recessive early onset PD with
pyramidal signs, dystonia and equinovarus deformity. The
large consanguineous family has pseudo-dominant inheri-
tance with a homozygous missense FBXO7 mutation.
Some individuals display both early onset PD and pyra-
midal signs and others only pyramidal signs. Since the
initial report there have been reports of families with
homozygous or heterozygous mutations in FBX07 reported
from Italy, Holland, Turkey and Pakistan. Most of these
mutations are loss of function [17, 94]. The phenotype is
similar to the Iranian cases with parkinsonism with pyra-
midal signs, occasionally other features are present such as
psychiatric problems or blephorospasm and all initially
respond to levodopa and often develop dyskinesia. Mag-
netic resonance imaging (MRI) and IBZM-single-photon
emission computed tomography (SPECT) in these indi-
viduals are normal but FP-CIT SPECT shows severe
presynaptic deficits in nigrostriatal dopamine [17]. No
neuropathology has been reported in patients with FBXO7
mutations.

Phospholipase A2, group VI (cytosolic, calcium-
independent) (PLA2G6) (PARKI4) and pantothenate
kinase (PANK?2)

Mutations in PLA2G6 [82] and PANK?2 [44] usually cause
an early-onset recessive degenerative disorder with spas-
ticity, ataxia and dystonia; however, later adult onset forms
of the disease can present with a dystonia predominant
parkinsonism [92]. Imaging has shown neuronal brain iron
accumulation (NBIA) and these diseases are mainly clas-
sified under this umbrella where the two major types of
NBIA are the pantothenate kinase (PANK) associated
neurodegeneration (PKAN or NBIA type 1—previously
called Hallervorden—Spatz or Martha—Alma disease) caused
by mutations in PANK2 and NBIA type 2 or infantile
neuroaxonal dystrophy (INAD) (previously Seitelberger’s
disease) due to mutations in PLA2G6. The clinical pheno-
type of NBIA is broad, although there are some
characteristic features. Most cases present before the age of
5 years with developmental delay, dystonia, rigidity, dys-
arthria and ataxia. Optic nerve pallor, spasticity and seizures
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are also frequently seen. Classical INAD involves onset
before 2 years, and has a slow progression. Onset between 2
and 18 years is classified as juvenile disease and after
18 years as adult onset NAD or atypical NAD [64, 92, 94].

Paisan-Ruiz and colleagues [92] carried out homozy-
gosity mapping and positional cloning in three
consanguineous Asian families with early onset parkin-
sonism. Two families were identified with PLA2G6
mutations and the third was later found to have an FBXO7
homozygous mutation. The patients with PLA2G6 homo-
zygous mutations presented in their 20s with slowly
progressive gait problems, clumsiness, imbalance, hand
tremor, cognitive decline and dysarthria. On examination
there was facial hypomimia, eyelid opening apraxia,
supranuclear vertical gaze palsy, generalized rigidity and
dystonia in all limbs, a left pill rolling rest tremor, mild
postural arm tremor, and bilateral bradykinesia. Interest-
ingly using MRI, the brain showed atrophy but no
abnormal iron deposition which differs from both the
infantile onset cases with PLA2G6 mutations; these typi-
cally show abnormal iron accumulation in the globus
pallidus and sometimes substantia nigra and also from
PANK?2 mutation cases that almost always have the “eye of
the tiger” sign in the globus pallidus region. Other families
have been reported with this phenotype, which forms a rare
subgroup of patients with PLA2G6 mutations.

Mutations in PANK2 were first described by Susan
Hayflick’s group in 2001 [44, 137]. Patients with homo-
zygous PANK2 mutations and the commoner typical
PKAN usually present in the first decade of life with severe
extrapyramidal signs, rigidity, ataxia, and dysarthria. The
disease progresses rapidly with loss of ambulation and
death in early teenage years. In contrast, atypical PKAN
usually begins in the second or third decade, and is asso-
ciated with extrapyramidal signs, slower progression, and
patients usually retain ambulatory function. Most patients
with parkinsonism are Levodopa responsive at first but this
usually lasts only 1-2 years.

Neuropathological examination of brains from patients
with genetically proven PLA2G6 and PANK2 disease has
only recently been possible and this has shed important
light on the pathogenesis of these two disorders. Prior to
the genetic dissection, both were considered to be Lewy
body disorders but this is only the case for PLA2G6 where
there are Lewy bodies and synuclein-positive dystrophic
neurites in the substantia nigra and cortex as well as tau
immunoreactive cortical neurofibrillary tangles. Identical
pathology is seen in PLA2G6 patients with early infantile
and late-onset parkinsonian forms of the disease [94].
Patients with PANK2 mutations do not have Lewy bodies
or synuclein-positive dystrophic neurites; some cases have
no distinctive neuropathology, diffuse tau staining or
neurofibrillary tangles [60].

@ Springer

There are a number of additional rare recessive disorders
that have PD or parkinsonism within their phenotype.
These include rare families with spatacsin (SPGI1) [93,
96], fatty acid 2-hydroxylase (FA2H) [19, 61] and alpha
chain of type XVIII collagen (COLI8A2) [97] mutations,
although none of these cases have come to neuropathology
as yet.

Risk loci
SNCA

For much of the late 1990s, geneticists spent a lot of time
and resources investigating candidate polymorphisms as
risk factors for neurodegenerative diseases. For the most
part, this was an inherently biased, underpowered, and
fruitless endeavor. However, this work provided the initial
evidence that two candidate loci were involved in PD risk.
Shortly after the identification of SNCA mutations as a rare
cause of PD, Kruger and colleagues [63] reported that
alleles at a polymorphism in the SNCA promoter region
were associated with PD, when combined with APOE
genotypes. This polymorphism, called REP1, comprises an
imperfect dinucleotide repeat, approximately 10 kb 5’ to
the initiation codon of SNCA. Many studies were per-
formed testing the notion that REP1 alleles were associated
with risk for disease over the following years, and these
were often contradictory in nature. In 2006, a large study
that combined previous work and included new genotyping
provided compelling evidence of association at the REP1
SNCA locus [74], suggesting this variant, or variant(s) close
by were exerting a biological effect on SNCA and modu-
lating risk for disease.

Glucocerebrosidase (GBA)

The keen clinical observation that patients and relatives of
patients with Gaucher’s disease seemed to present with PD
more often than expected led ultimately to the identifica-
tion of mutations in GBA as a risk for PD [34, 73, 85, 124,
125]. The initial compelling report of a strong association
between single heterozygous GBA mutations and PD came
in 2004 when Aharon-Peretz and colleagues [2] showed
that within the Ashkenazi Jewish population GBA muta-
tions appeared to be commonly associated with PD,
increasing risk ~sevenfold. The generalizability of this
finding to PD worldwide was contested for several years,
until a large meta-analysis of existing GBA mutation data
was performed. This work published in 2009 showed
conclusively carriers of a single GBA mutant allele were at
~fivefold greater risk for PD, the most common GBA
mutations being present in 15 % of Ashkenazi Jewish
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patients and 3 % of non-Ashkenazi Jewish patients, com-
pared to 3 % and <1 % of matched controls, respectively.
The clinical symptoms associated with possession of a
GBA risk allele by a PD patient were quite similar to those
observed in typical PD, although there were data that
supported a greater rate of cognitive changes, bradykinesia,
resting tremor and rigidity in GBA mutation positive
patients, in addition to more commonly presenting with
symmetric onset [113].

Genome-wide association

The advent of genome-wide association (GWA) studies
signaled the end of wholesale candidate gene association
studies that were based on function; this method provided a
relatively efficient means to identify common genetic risk
loci in a genome-wide manner. Two of the first GWA
studies were performed in PD [28, 75]. Although these
were quite low-powered efforts, they had two conse-
quences; first showing that there were likely no medium to
high-risk common risk alleles for PD (i.e. of a similar
effect size to APOE &4 in Alzheimer’s disease), and second
placing a large amount of genetic data into the public
domain, which could then be mined and augmented by
others. The second wave of GWA papers for PD demon-
strated clearly that there were risk loci at both the region of
the genome encoding o-synuclein (chromosome 4) and
MAPT (chromosome 17) [109, 114]. In addition, this work
implicated variants close to LRRK?2, and at two new loci on
chromosome 1 (named PARKI16) and chromosome 4, close
to the gene bone marrow stromal cell antigen 1 (BSTI).
This work was shortly followed by an additional GWA
study that used new and existing data to search for risk loci;
this revealed a consistent association signal at SNCA and
MAPT and provided preliminary evidence for an associa-
tion at a new locus containing the genes cyclin G
associated kinase (GAK) and diacylglycerol kinase, theta
110 kDa (DGKQ) [98]. Subsequent to this work, there have
been several moderately powered GWA studies across
varied populations, in general, the results of each of these
have been consistent with the most prominent association
signals being at the SNCA and MAPT loci, but have also
provided preliminary evidence for other loci [13, 23, 115].
Of note, the major histocompatibility complex (HLA) locus
was implicated in risk for PD, work that has been con-
firmed over several subsequent studies.

The most recent phase of GWA studies has involved the
combination of existing and new datasets in more extensive
meta-analyses; these have provided more persuasive
“genome wide significant” results that have been substan-
tiated through replication, both internal and independent.
The first of these efforts came from the International
Parkinson’s Disease Genomics Consortium in 2011; this

work published the discovery and replication of 11 loci that
contained genome-wide significant disease-associated
variants [52]. Subsequent to this, the same consortium
published a secondary analysis in a paper back to back with
a study published by the direct to consumer genetic testing
company 23andMe. These groups replicated each other’s
signals and provided evidence of an additional seven loci
[21, 51]. A further meta-analysis of the PD GWAS data
from the PDGene database was also recently carried out
identifying a 12 risk loci comprehensively tabulated with
the risks combined from between 6 and 37 datasets [68].
Taken together these GWA studies identified loci that
account for a population attributable risk (PAR) of >60 %,
however this is likely an overestimation that reflects the
inherent bias of PAR calculations. Perhaps a more prag-
matic estimate is reflected in the observation that the 20 %
of the population who carry the highest amount of risk
based on these variants, are ~ 3 times more likely to have
PD than the 20 % of the population that carry the lowest
burden of risk variants. The GWA studies contrast the low
heritability of PD demonstrated in twin studies [123, 134].
In dizygotic twin pairs, the hereditability estimates were
between 4 % in one study [134] and 11 % in another [123];
in both studies the concordance rates were higher in
monozygotic twins (11 and 15.5 %, respectively), although
not achieving the concordance rate expected in a simple
monogenic disease. Higher concordance was seen in dis-
ease with an age at onset less than 50 years. This type of
apparent disconnect has many causes, not least of which is
the relative inaccuracy inherent in heritability calculations
within late-onset disorders [140].

Notably, the identification of risk loci for PD has led to
the testing of at least some of these loci in another syn-
ucleinopathy, MSA. This work showed clearly that SNCA
risk alleles for PD also confer a substantive risk for MSA
[111]. The risk conferred by this locus in MSA appeared
greater than that for PD, increasing risk ~sixfold under
certain models. Larger numbers of clinically and patho-
logically diagnosed MSA are required to be analyzed to
confirm this association. This finding was replicated in a
subsequent study [3], and although this was not a wholly
independent series, taken together these data argue strongly
in favor for variability at SNCA as a genuine biological risk
factor for this disease.

Discussion

The past 15 years has seen tremendous progress in our
understanding of the genetic basis of PD. The identification
of mutations in numerous genes that results in a PD or PD-
like phenotype has enabled modeling of disease aimed at
understanding the molecular etiology of this complex
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disorder. An intermediate goal of much of this discovery
effort has been to link the protein products of genes asso-
ciated with PD into a cohesive network or pathway. In part,
this premise rests on the notion that all forms of PD share
or overlap molecular pathways of pathogenesis. In this
regard, the pathology of these monogenic forms of PD has
been of critical importance. One of the early arguments
against pursuing the genetic cause of rare familial forms of
PD centered on the notion that a number of these forms of
PD have more parkinsonian phenotypes and are probably
not related etiologically to the typical “idiopathic” disease.
The identification of a-synuclein mutations was an excel-
lent counterpoint to this argument; showing a genetic link
to a protein that when deposited is part of the pathognomic
requirement for post-mortem diagnosis of disease. On this
basis though, the relevance of other monogenic forms of
PD to idiopathic PD, particularly some of the autosomal
recessive extreme phenotypes, has been brought into
question. The absence of Lewy body pathology was (and
is) repeatedly used as an argument that studying these
genetic lesions will tell us little about the larger disease.
The logic of pathology defining etiology became even
foggier with the identification of LRRK2 mutations; as
these can cause disease both with or without a-synuclein
pathology, even within members of the same family with
the same mutation. This remarkable clinical and patho-
logical variability from a single point mutation is unusual
in human genetics and has similarities to mitochondrial
disorders that have a phenotype dependent on the mutation
load [4] or disorders with an element of somatic variability
such as neurofibromatiosis [105, 132]. Although LRRK?2
has not been shown to vary in this way, a more likely
scenario is that genetic forms such as this are more sus-
ceptible to other genetic adjuncts or environmental factors.
There is compelling data from epidemiology that cigarette
smoking and caffeinated-coffee consumption are associ-
ated with reduced risk of developing PD and some
neurotoxins are associated with increased risk [41]. In
truth, while pathology and genetics have both been
incredibly informative and intimately related, this argu-
ment would not be resolved until we have a clearer picture
of the etiologic basis of PD and can understand where each
protein fits in the network that leads to disease. This etio-
logic network seems to be becoming clearer with the
identification of new genetic forms of disease, and the
functional link between PARK2 and PINKI has been par-
ticularly informative in this regard [12, 31, 79, 99].
Clearly genetics will continue to move forward with the
identification of new genetic causes of, and contributors to,
PD. It should remain a priority to carefully characterize such
cases clinically and pathologically. Knowing the beginning
and end of the disease process at least gives us some point of
reference to fill in the intervening molecular events.
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