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Angeles, Los Angeles, California, USA

Abstract

Although classic Parkinson disease is the disorder most commonly associated with the clinical
feature of parkinsonism, there is in fact a broader spectrum of disease represented by a collection
of phenotypically similar neurodegenerative conditions which mimic many of its core features.
These atypical parkinsonian disorders most commonly include progressive supranuclear palsy and
corticobasal degeneration, disorders both associated with frontotemporal dementia, as well as
multiple system atrophy, and dementia with Lewy bodies. While clinical distinction of these
disorders still remains a challenge to physicians, recent advances in genetics are poised to tease
apart the differences. Insights into the molecular etiologies underlying these conditions will
improve diagnosis, yield better understanding of the underlying disease pathology, and ultimately
lend stimulation to the development of potential treatments. At the same time, the wide range of
phenotypes observed from mutations in a single gene warrants broad testing facilitated by
advances in DNA sequencing. These expanding genomic approaches, ranging from the use of
next-generation sequencing to identify causative or risk-associated gene variations to the study of
epigenetic modification linking human genetics to environmental factors, are poised to lead the
field into a new age of discovery.

Keywords
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Introduction

The clinical evaluation of patients with hypokinetic movement disorders often involves
distinguishing those patients with atypical parkinsonian disorders, specifically a group of
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heterogeneous and phenotypically overlapping neurodegenerative conditions whose clinical
presentation may mimic that of classic Parkinson disease (PD). The major atypical
parkinsonian disorders are comprised of progressive supranuclear palsy (PSP), corticobasal
degeneration (CBD), multiple system atrophy (MSA), and dementia with Lewy bodies
(DLB), although other conditions often merit consideration in various patient populations.
Together these disorders represent a diagnostic challenge due to heterogeneity of
presentation and phenotypic overlap not only with each other, but with other
neurodegenerative disorders, especially PD.[1,2] At present, neuropathology remains the
gold standard for definitive diagnosis,[1] but patient autopsies are performed less frequency
at many centers and optimal clinical management demands more timely and less invasive
diagnostic methods. Clinical genetics is emerging as a potential solution to this diagnostic
dilemma and is becoming increasingly more valuable as a diagnostic tool. Furthermore,
newer genetic technologies are poised to begin unraveling the underlying genetic basis of
these conditions and may lead to new therapies and insights into pathogenesis. At a
minimum, clearer understanding of the neurogenetics of atypical parkinsonism will lead to
earlier and more definitive diagnosis and potentially better outcomes in the short term.

Although rare familial forms have been reported,[1,2] the atypical parkinsonisms are
thought to occur sporadically and because of this, major efforts have gone into investigating
the role of genetic predisposition to the development of atypical parkinsonism. Familial
analysis and genome wide association studies (GWAS) have contributed to the identification
of potential causal or susceptibility genes. More recently, next generation sequencing,
including whole exome (WES) and genome sequencing (WGS), has been used to investigate
the genetic basis of these disorders with encouraging results. As WES becomes more of a
widely used clinical tool, it is likely that the spectrum of clinical conditions associated with
atypical PD, and their mutational basis, will expand.[3] Here we will discuss the current
state of the field and the direction of future genetic research into these atypical parkinsonian
conditions.

Major Atypical Parkinsonian Disorders

Progressive supranuclear palsy

Progressive supranuclear palsy (PSP) is the most common cause of parkinsonism after
Parkinson disease (PD). Patients with PSP typically present after age 40 (mean onset at age
63) with parkinsonism that is non-responsive to dopamine, postural instability, supranuclear
gaze palsy or slowed vertical saccades, and cognitive decline (Figure 1).[4] PSP is
neuropathologically classified as a tauopathy and the brains of patients with PSP show
neurofibrillary tangles composed of hyperphosphorylated tau in subcortical neurons and
glia.[5] PSP shows a prevalence of 6-7 cases per 100,000, representing approximately 5% of
patients with parkinsonism.[4,6] As the majority of identified cases are sporadic, initial
attempts to dissect the genetics of this disease have focused on haplotype associations and
GWAS to identify single nucleotide variants (SNVs) associated with a risk of developing
PSP.

The strongest and most consistent association seen in PSP to date is that of the H1 haplotype
of the gene MAPT, which encodes the protein tau (Table 1),[7-9] and is seen in over 90% of
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patients.[8,10] A functional link between the H1 MAPT haplotype and the risk of developing
PSP has further been postulated. Briefly, this model posits that presence of the HL MAPT
haplotype affects alternative splicing of exon 10 of MAPT, which may result in an increased
ratio of the 4R isoform of the tau protein (4R-tau) compared to the 3R isoform (3R-tau),
[11-13] but how this splicing change might occur is not known. 4R-tau and 3R-tau are found
in relatively equal ratios in normal brains.[14] Interestingly, the HL MAPT haplotype did not
correlate to symptom severity, age of onset, or survival in a study of 63 PSP patients,[15]
suggesting other modifying factors likely also exist. Recently, whole genome methylation
analysis of dementia patients demonstrated that the H1 haplotype risk for neurodegenerative
tauopathy is likely mediated via changes in methylation at and around the tau locus on
chromosome 17.[16] Li et al. showed differential methylation at 17921.31 correlated with
the H1 haplotype in a dose-dependent manner, suggesting for the first time an epigenetic
mediator of neurodegeneration that increases risk for PSP.[16]

A recent GWAS of 141 pathologically confirmed cases identified three additional genes
associated with risk of PSP: STX6 (syntaxin-6; rs1411478, odds ratio of major allele = 0.79,
p = 2.3 x 10710), EIF2AK3 (eukaryotic translation initiation factor 2-alpha kinase 3;
rs7571971, odds ratio of major allele = 0.75, p = 3.2 x 10713), and MOBP (myelin-
associated oligodendrocyte basic protein; rs1768208, odds ratio of major allele = 0.72, p =
1.0 x 10716).[10] Ferrari et al subsequently identified point mutations in each of these genes
in a subset of the PSP cases used in the original GWAS.[17] Several cellular pathways are
implicated by mutations in these genes, including those involved in intracellular trafficking
(STX6), endoplasmic reticulum-mediated clearance of misfolded proteins (EIF2AK3), and
myelination (MOBP) (Table 1).[10,17] Thus far, the functional links between mutations in
STX6, EIF2AK3, and MOBP and the development of PSP have not been established, but the
identification of these risk factors opens a new area of research on disease pathophysiology.

As we learn more about PSP, interesting connections have emerged with frontotemporal
degeneration (FTD), the second most common presenile dementia, clinically characterized
by adult-onset, gradual decline in behavior and language resulting from frontotemporal
atrophy.[18] A subset of individuals with FTD also develop motor features that are similar
to the major atypical parkinsonian conditions, especially PSP and CBD,[1] and nigral
depigmentation is a common neuropathological feature. Cognitive symptoms, particularly
changes in behavior and language, are typically more pronounced in FTD as compared to
PSP and CBD.[18] As in other tauopathies, individuals with FTD also have accumulations
of tau in neurons and glia.[18] Several genes have been shown to cause FTD (Table 1). FTD
has a strong familial component[19] and Mendelian mutations have been found in the genes
MAPT (9-21% of cases),[20] COORF72 (18-30% of case),[21] and GRN (4-23% of cases).
[22,23] Clinical testing for FTD due to mutations of these genes is available commercially.

Frontotemporal dementia is also strongly associated with motor neuron disease.[24]
Approximately 35% of individuals with FTD-ALS also develop atypical parkinsonism.[1]
Cognitive symptoms are similar to those observed in FTD, and include changes in behavior
and language. Motor symptoms include progressive muscle weakness and muscular atrophy.
Unlike PSP, where the first clinical symptoms are typically motor,[4] the most common
presentation of FTD-ALS involves cognitive symptoms, which typically precede motor
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symptoms.[24] Most cases of FTD-ALS are caused by a hexanucleotide repeat (GGGGCC)
in chromosome 9 open reading frame 72 (COORF72),[25-27] although other genes, such as
FUSand TARDBP, can also cause FTD-ALS.[28] Although the mechanism by which this
expansion of COORF72 may cause FTD-ALS is currently unknown, recent evidence
suggests that the expansion generates toxic RNA.[29,30] The identification of other nucleic
acid binding proteins, such as FUSand TARDBP, in FTD-ALS, further implicates RNA-
mediated toxicity in its pathophysiology.[28]

Corticobasal degeneration

Corticobasal degeneration (CBD) is the least common of the atypical parkinsonian
conditions. Patients with CBD typically present after age 60 with a combination of limb
apraxia and various cognitive impairments including spatial neglect, constructional or
speech apraxia, and executive dysfunction (Figure 1).[31-34] Other symptoms may include
dystonia, myoclonus, gait disturbances, and alien limb, which may occur in up to 60% of
patients with CBD.[35] Like PSP, CBD is also a tauopathy showing accumulation of
hyperphosphorylated tau on neuropathological examination.

Due to the involvement of tau pathology, several studies have investigated the role that
variants in MAPT might play in the susceptibility to and pathogenesis of the disorder.[2] As
seen in PSP, the presence of the H1 haplotype of MAPT was also found to be associated
with the development of CBD (Table 1).[36,37] In contrast to what was observed for PSP,
[15] however, presence of the H1 MAPT haplotype in 38 patients with CBD was found to be
associated with more severe motor symptoms, although the H1 haplotype was not associated
with either severity of cognitive symptoms or age of onset in these patients.[36] Based on
the association of tau polymorphisms, other Mendelian genetic forms of FTD-ALS,[38,39]
and the diagnosis of CBD and PSP in families with FTD, we consider PSP and CBD
etiologically allied conditions within the FTD spectrum.

A recent study also examined both the coding and non-coding regions of MAPT in 109
pathologically confirmed patients to search for variants that might contribute to the
development of CBD.[40] The authors identified a novel nonsynonymous variant in exon 13
of MAPT (p.N410H) that resulted in increased tau aggregation relative to wildtype,
suggesting a contribution to the pathogenesis of CBD. Secondly, the authors identified novel
variants in the 3’ untranslated region of MAPT that were nominally associated with the risk
of developing CBD,[40] presumably by affecting translation of tau. Again, as for PSP, WES
and WGS in clinically diagnosed CBD cases over the next few years will likely open a new
view of CBD etiology.

The clinical relationship of PSP, CBD and FTD represents a significant diagnostic
challenge. As outlined above, a number of patients with various genetic forms of FTD may
present with atypical parkinsonian syndromes, most usually PSP or CBD.[1,41,42] Since
most genetic cases of FTD are caused by non-tau mutations, including C9ORF72, GRN, and
TARDBP, the typical PSP tau pathology is absent in most of these cases on autopsy.
Nevertheless, this is a common antemortem diagnostic conundrum that can be approached
by genetic testing.[39] A familial form of FTD-PSP, referred to as pallido-ponto-nigral
degeneration was one of the first FTD spectrum disorders found to harbor tau mutations.[43]

Semin Neurol. Author manuscript; available in PMC 2015 June 25.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Fogel et al.

Page 5

More recently, gene re-sequencing identified the first rare tau mutation, p.A152T, that
significantly increased risk for FTD, AD and PSP,[44] and its relationship to PSP has been
recently confirmed.[45] Other FTD risk factors including dominantly acting mutations in
CI90RF72, GRN, and more rarely, TARDBP have also been associated with PSP.[39,46] A
rare Sardinian founder mutation in TARDBP, p.A382T, has been described and associated
with various forms of atypical PD, most prominently PSP and CBD.[39,45] Lastly, even risk
factors for AD, such as TREM2, have been linked to atypical PD presenting with clinical
FTD or PSP features,[47] consistent with the shared genetic risk across a variety of clinical
entities whose pathology includes tau deposition. Focused genetic testing in potential
familial cases of PSP or other forms of atypical parkinsonism, focusing on Mendelian forms
of FTD, is warranted and clinical testing for FTD due to mutations of these genes is
available commercially. Genome sequencing studies in PSP to identify rare mutations in
other genes in the genome are just underway (Coppola and Geschwind, unpublished), but we
expect that these studies will expand the spectrum of genes associated with PSP beyond the
FTD spectrum mutations.

Multiple system atrophy

Patients with multiple system atrophy (MSA) typically present with adult-onset
parkinsonism, cerebellar ataxia, and/or autonomic dysfunction (Figure 1).[48] The average
age of onset is ~55 years and typically patients present initially with autonomic dysfunction
and either parkinsonian features (MSA-P) or cerebellar features (MSA-C)[48,49] but often
develop a mixed phenotypic picture. MSA, like PD, is considered an a-synucleinopathy.[2]
The major neuropathological hallmark of MSA is glial cytoplasmic inclusions (GCIs) in
oligodendrocytes.[48] GCls are primarily composed of aggregates of abnormally folded a-
synuclein, but they may also contain other protein aggregates including
hyperphosphorylated tau.

a-synuclein, the major protein component of GCls, is encoded by the gene SNCA. In a
previous GWAS of PD, variants of SNCA were found to be associated with a risk of
developing PD (the strongest association was for rs2736990, odds ratio = 1.23, p = 2.24 x
10716),[50] As MSA also involves abnormal accumulation of a-synuclein, Scholz et al
examined the 10 single nucleotide variants of SNCA most associated with risk of developing
PD in 413 MSA cases (Table 2). The authors determined that 2/10 SNCA variants were
significantly associated with a risk of developing MSA and confirmed their findings in an
independent cohort of 108 MSA patients (rs11931074, odds ratio = 6.2, p = 5.5 x 10712;
rs3857059, odds ratio = 5.9, p = 2.1 x 10710),[51] This finding that SNCA variants are
associated with risk of developing MSA was further supported by subsequent studies.[52,53]
Ross et al confirmed the association of the rs11931074 variant of SNCA in 150 MSA cases
(odds ratio = 9.32, p < 0.00001).[52] Al-Chalabi et al examined 32 SNCA variants in 239
MSA cases and found 2 of the variants were associated specifically with the MSA-C
subtype (rs3822086, odds ratio = 2.153, p = 0.0024; rs3775444, odds ratio = 4.386, p =
0.0017), while only rs3822086 was associated with the whole MSA cohort (odds ratio =
1.75, p = 0.035).[53] Thus far, however, variants of SCNA have only been associated with
risk of developing MSA and no causal variants have been identified.[48]
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The observation of rare familial cases have proved valuable for identifying potential variants
that cause the development of MSA. Such genetic data has been analyzed via linkage
studies, whole genome sequencing, mutational analyses, and GWAS. Recently, a
combination of linkage analysis and next-generation genome sequencing was used to
identify homozygous and compound heterozygous variants of the gene COQ2 (coenzyme
Q2 4-hydroxybenzoate polyprenyltransferase) as a cause of MSA (Table 2).[54] COQ2 is
crucial for the biosynthesis of coenzyme Q10, an important antioxidant and member of the
respiratory chain.[1,55] In addition, this study also identified several rare variants in COQ2
that appear to increase the risk of developing sporadic MSA. The most common of these
mutations, p.V343A, was suggested to increase the risk of MSA through functional
impairment of coenzyme Q10.[54] Nonfunctional coenzyme Q10 may result in increased
oligodendrocyte apoptosis due to oxidative stress.[55]

A third gene with evidence for a potential causal role in MSA is SHC2 (src homology 2
domain containing-transforming protein 2) (Table 2). Sasaki et al reported a heterozygous
deletion in SHC2 in monozygotic twins discordant for MSA.[56] They went on to explore
copy number variation in unrelated MSA patients and controls of Japanese descent and
observed copy number variation in SHC2 in ~32% (10/31) MSA patients and in no controls
(0/125).[56] Although this suggested that loss of SHC2 may cause a predisposition for
developing MSA, it is unclear how SHC2 contributes to pathogenesis. A subsequent study
did not find copy number variation of the SHC2 gene to be a significant genetic factor for
cohorts of MSA patients of non-Japanese descent,[57] suggesting that this copy number
variation may only play a role in MSA pathogenesis in Japanese cohorts.

Dementia with Lewy bodies

Dementia with Lewy bodies (DLB) is the second most common cause of dementia after
Alzheimer disease (AD).[58] Patients with DLB present with a combination of dementia
associated with fluctuations in alertness and concentration, parkinsonism, and visual
hallucinations. In general, DLB shares many features with both AD and PD. Common
symptoms of DLB include postural instability, ataxia, sleep disturbances, and impaired
executive functioning (Figure 1).[58] On neuropathological examination, individuals with
DLB have widespread neuronal aggregations of a-synuclein (Lewy bodies) throughout the
central nervous system and occasionally in the peripheral nervous system.[58] Thus, like
MSA and PD, DLB is also considered an a-synucleinopathy.[2,59]

As with other a-synucleinopathies, several studies have assessed the association of
mutations in the SNCA gene with the development of DLB (Table 2). Ikeuchi et al observed
both homozygous and heterozygous duplications of SNCA in pathologically confirmed cases
of DLB.[60] Interestingly, a patient with homozygous duplication of SNCA had earlier age
of onset and worse cognitive impairment compared to those with heterozygous duplications.
The authors also correlated the presence of the SNCA gene duplication with the
accumulation of phosphorylated a-synuclein in the brains of DLB patients, suggesting that
SNCA gene duplication directly resulted in DLB pathology.[60] In addition to gene
duplication, mutations in SNCA postulated to disturb function of a-synuclein have been
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observed in a familial case of DLB.[61] The mechanism by which such mutations result in
DLB pathogenesis remains to be determined.

Although not strongly associated with DLB, heterozygous variants in the SNCB gene, which
encodes B-synuclein, have been observed in unrelated individuals with DLB.[62] Although
not confirmed biochemically, it has been proposed that mutations in SNCB may impair the
normal function of B-synuclein in inhibiting the formation of a-synuclein aggregates.

Lastly, variants in the gene GBA, which encodes glucocerebrosidase, have been associated
with the development of DLB.[63-66] Specifically, the allele frequency of two common
GBA variants was found to be significantly higher in individuals with DLB than in controls.
[63] Glucocerebrosidase is a lysosomal enzyme, and Goker-Alpan et al postulated that
mutations in GBA may result in decreased efficiency in lysosomal clearance of a-synuclein,
thus resulting in aggregation of a-synuclein in Lewy bodies.[66]

Other Atypical Parkinsonian Disorders

In addition to the major atypical parkinsonian disorders described above, several other
phenotypically related conditions warrant brief discussion as they can present similarly. In
general, parkinsonism is not a typical defining feature of the disorders described below, but
this can occur commonly enough to confound diagnosis.

Spinocerebellar Ataxia 3

Spinocerebellar ataxia 3 (SCA3) is an autosomal dominant disorder characterized by
progressive cerebellar ataxia.[67] Additional symptoms of SCA3 may include bradykinesia,
oculomotor abnormalities, peripheral neuropathy, and parkinsonism.[67,68] SCA3 is caused
by a trinucleotide repeat (CAG) expansion in the ATXN3 gene (Table 2). Specifically,
normal individuals have 13-36 CAG repeats while those with SCA3 have over 60 repeats.
[69,70] As for FTD-ALS, it is thought that the presence of the repeat expansion in SCA3
generates toxic RNA and the number of repeats may influence phenotypic heterogeneity of
the disease.[69] The repeat expansion in ATXN3 may also cause SCA3 by disrupting
function of ataxin-3 protein, which is a deubiquitinating enzyme involved in the proteasome
degradation pathway.[71] Other dominant spinocerebellar ataxias, particularly SCA1 and
SCAZ2, can also present with a similar clinical picture (Table 2).[72,73]

Fragile X tremor ataxia syndrome

Fragile X tremor ataxia syndrome (FXTAS) is an X-linked disorder that is characterized by
progressive tremor, gait ataxia, cognitive decline, and parkinsonism.[74,75] Some cases of
FXTAS can mimic the clinical presentation of MSA (Table 2).[73] FXTAS affects carriers
of a pre-mutation in the Fragile X syndrome gene, FMR1. Like Fragile X syndrome, FXTAS
is also caused by a trinucleotide repeat (CGG) in the 5” untranslated region of FMR1.[76]
Individuals with the full FMR1 mutation (>200 repeats) have Fragile X syndrome, while
individuals with FXTAS typically have 55-200 repeats in FMR1.[74]
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Discussion and Future Outlook

Determining the underlying genetic basis of the atypical parkinsonian disorders has been
challenged in numerous ways. Diagnosis of these disorders is solely clinical and typically
cannot be confirmed until post-mortem neuropathological examination.[1] Consequently,
better methods of phenotyping these disorders as well as more stringent criteria for inclusion
of patients in genetic studies are needed to increase the value of each study. Because the
majority of the cases of these disorders are sporadic, linkage analysis, which is best
performed on families with multiple affected individuals, has had limited value in
determining genetic etiology of these disorders. GWAS has been used to identify variants
associated with the risk of developing PSP[10] and will likely be useful in future studies of
the atypical parkinsonian conditions, but these variants are expected to have small individual
effect sizes, complicating functional analyses.[77] Lastly, variable expressivity, even in the
case of highly penetrant mutations, is the rule, rather than the exception, reducing genotype-
phenotype correlations.

Because genes predisposing to Parkinson plus syndromes may cause a wide variety of
neurodegenerative conditions, it is necessary to cast a wide net when screening for
mutations. Therefore, genome-wide approaches powered by advances in next-generation
sequencing technology will likely have the most significant impact on future genetic studies
of the atypical parkinsonian disorders.[3] These approaches produce meaningful genetic data
on an individual patient basis, and have been successfully implemented to determine the
genetic etiology of rare disorders as well as undiagnosed genetic conditions.[78-81] The cost
and availability of such techniques makes their uses in both research and clinical settings
increasingly more feasible. For the atypical parkinsonian conditions, whole exome and
whole genome sequencing are likely to be useful in determining the genetic defect for an
individual patient by identifying de novo mutations. A simultaneous widespread effort
should be used to study the genomes of populations of individuals with the atypical
parkinsonian conditions, as has been done for MSA,[54] to determine likely causative
variants. Lastly, the identification of clear signatures of altered methylation related to
neurodegenerative disease risk warrants more careful searches for epigenetic risk factors.
[16] Epigenetic signatures may provide a means for integrating genetic and environmental
factors so as to have a more complete etiological risk map for these conditions.
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Universal Clinical Features Dementia with Lewy Bodies

Parkinsonism Dementia
(non-responsive to L-dopa) Visual Hallucinations
Postural Instability Fluctuating alertness/concentration

(early falls)
Gait Disturbances and/or Ataxia Progressive Supranuclear Palsy
Supranuclear gaze palsy

Corticobasal Degeneration
Multiple System Atrophy Limb Apraxia/ |
Autonomic Dysfunction / Alien Hand

Tauopathies
Progressive Supranuclear Palsy
Corticobasal Degeneration

Synucleinopathies
Parkinson Disease
Dementia with Lewy Bodies
Multiple System Atrophy

Figure 1.
Clinical features of the major atypical parkinsonian disorders.
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Genetic spectrum associated with the atypical parkinsonian tauopathies, progressive supranuclear palsy and

corticobasal degeneration.

Gene

Common Genetic Phenotype

Atypical Parkinsonian Phenotype

Protein

Genetic
Evidence for
Atypical
Parkinsonism

Potential Cellular
Pathway Affected

MAPT

FTD

CBD
PSP

tau

Risk-
associated by
haplotyping
and
sequencing

Protein aggregation

C9orf72

yduasnuel Joyny Yd-HIN

FTD
FTD-ALS

CBD
PSP

C9orf72 protein

Clinical
overlap,
Mendelian
repeat
expansion

Cellular trafficking

GRN

FTD

CBD
PSP

granulin

Clinical
overlap,
Mendelian
mutations

Cell growth

FUS

FTD-ALS

CBD
PSP

RNA-binding protein FUS

Clinical
overlap,
Mendelian
mutations

RNA processing

TARDBP

FTD-ALS

CBD
PSP

TAR DNA binding
protein

Clinical
overlap,
Mendelian
mutations

Transcriptional regulation

STX6

PSP

syntaxin-6

Risk-
associated by
GWAS and
sequencing

Intracellular trafficking

EIF2AK3

PSP

eukaryotic translation
initiation factor 2-alpha
kinase 3

Risk-
associated by
GWAS and
sequencing

Protein quality control

1duasnuely Joyny vd-HIN

MOBP

PSP

myelin-associated
oligodendrocyte basic
protein

Risk-
associated by
GWAS and
sequencing

Myelination

Abbreviations: ALS, amyotrophic lateral sclerosis; CBD, corticobasal degeneration; FTD, frontotemporal degeneration; GWAS, genome-wide
association study; PSP, progressive supranuclear palsy.
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Genetic spectrum associated with the atypical parkinsonian a-synucleinopathies, multiple system atrophy and
dementia with Lewy bodies.

mutations (rare)?

Gene Common Genetic Phenotype | Atypical Parkinsonian Phenotype | Protein Genetic Evidence for Potential Cellular
Atypical Parkinsonism Pathway Affected
SNCA DLB a-synuclein Risk-associated by copy Protein aggregation
MSA number analysis, SNP
association (MSA), and
Mendelian mutations
S\NCB DLB B-synuclein Mendelian mutations? Protein aggregation
GBA DLB glucocerebrosidase Risk-associated by sequencing | Protein aggregation
C0oQ2 MSA coenzyme Q2 4- Mendelian mutations and risk- | Response to oxidative
hydroxybenzoate associated by linkage and stress
polyprenyltransferase | sequencing
SHC2 MSA src homology 2 Risk-associated by copy Unknown
domain containing- number analysis
transforming protein
2
FMR1 FXS MSA fragile-X mental Clinical overlap, X-linked RNA processing
FXTAS retardation protein repeat expansion
ATXN1 | SCA1 MSA ataxin 1 Clinical overlap, Mendelian Transcriptional
repeat expansion regulation and RNA
processing
ATXN2 | SCA2 MSA ataxin 2 Clinical overlap, Mendelian RNA processing
repeat expansion
ATXN3 | SCA3 MSA ataxin 3 Clinical overlap, Mendelian Protein quality control
repeat expansion
PDYN SCA23 MSA prodynorphin Clinical overlap, Mendelian Cell signaling
mutations (rare)
TGM6 | SCA35 MSA transglutaminase-6 Clinical overlap, Mendelian Protein modification

Abbreviations: DLB, dementia with Lewy bodies; FXS, fragile-X syndrome; FXTAS, fragile-X tremor/ataxia syndrome; MSA, multiple system

atrophy; SCA, spinocerebellar ataxia. ? = unconfirmed.

Semin Neurol. Author manuscript; available in PMC 2015 June 25.






