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ABSTRACT: Background and Object ives:
Many hereditary movement disorders with complex
phenotypes without a locus symbol prefix for familial
PD present as parkinsonism; however, the dysregulation
of genes associated with these phenotypes in the SNpc
of PD patients has not been systematically studied.
Methods: Gene set enrichment analyses were per-
formed using 10 previously published genome-wide
expression datasets obtained by laser-captured micro-
dissection of pigmented neurons in the SNpc. A
custom-curated gene set for hereditary parkinsonism
consisting of causative genes (n 5 78) related to disor-
ders with a parkinsonism phenotype, but not necessar-
ily idiopathic or monogenic PD, was constructed from
the Online Mendelian Inheritance in Man database.
Results : In 9 of the 10 gene expression data sets,
gene set enrichment analysis showed that the disease-
causing genes for hereditary parkinsonism were down-
regulated in the SNpc in PD patients compared to con-
trols (nominal P values <0.05 in five studies). Among

the 63 leading edge subset genes representing downre-
gulated genes in PD, 79.4% were genes without a locus
symbol prefix for familial PD. A meta–gene set enrich-
ment analysis performed with a random-effect model
showed an association between the gene set for hered-
itary parkinsonism and PD with a negative normalized
enrichment score value (–1.40; 95% CI: –1.52~–1.28; P
< 6.2E-05).
Conclus ion: Disease-causing genes with a parkin-
sonism phenotype are downregulated in the SNpc in
PD. Our study highlights the importance of genes asso-
ciated with hereditary movement disorders with parkin-
sonism in understanding the pathogenesis of PD.
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Parkinson’s disease (PD) is a clinically, pathologically,
and genetically heterogeneous disorder.1 Although most
cases of PD are of sporadic onset, approximately 10% to

15% of patients with PD have a family history of the
disease. Mutations in the causative genes have been
found in cases of familial Parkinson’s disease (FPD) and
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are referred to as PARKs. Although PARK gene muta-
tions may not have been replicated in other populations,
more than 20 PARKs have been identified.2,3 Depending
on the affected PARK genes, FPD patients may present
with classical parkinsonism, early-onset parkinsonism, or
atypical phenotypes.4 On the other hand, parkinsonism
is well recognized as a concomitant or isolated feature in
many hereditary movement disorders caused by a single
gene mutation (non-PARK genes).5-7 Although the path-
ological substrates for parkinsonism caused by mutations
in many non-PARK genes have not been documented,
the degeneration of dopaminergic neurons regardless of
Lewy body pathology is likely to be a common denomi-
nator. Functional studies on PARK genes have uncov-
ered many molecular mechanisms and pathways for
dopaminergic neuronal degeneration, and the results
have provided important clues in the understanding of
PD and FPD. Convergent molecular pathways include
synaptic transmission, endosomal sorting and matura-
tion, lysosomal degradation, and mitochondrial mainte-
nance.3,8,9 A number of the above mechanisms appear
to be attributed to non-PARK parkinsonism genes,
although functional studies on these genes have infre-
quently been performed in terms of dopaminergic
neurodegeneration.6,10

To understand the molecular signatures related to
dopaminergic neuronal death in the SNpc of patients
with PD, several groups have performed genome-wide
expression studies (GWESs) of microarray analyses
using a laser-captured microdissection technique
(Table 1).11-19 A number of microarray studies adopt-
ing differential gene expression analysis revealed that
certain PARK genes are downregulated in the brain of
patients with PD.12,14,20,21 Although the number of
non-PARK parkinsonism genes has been increasing, a
systematic study investigating the association of these
genes with PD using gene expression data sets has

never been performed. Gene set enrichment analyses
(GSEAs) can statistically analyze the group-wise differ-
ential expression pattern of predefined gene sets to
assess the degree of association with disease pheno-
types. Only one GSEA and meta-GSEA study for PD18

was performed for nine GWESs using 522 predefined
gene sets of the Broad Institute’s Molecular Signatures
Database (MSigDB; www.broadinstitute.org/msigdb),
which is not relevant to non-PARK parkinsonism
genes.

We hypothesized that both non-PARK parkinsonism
genes and PARK genes are dysregulated in the SNpc
of PD patients. To evaluate our hypothesis, we per-
formed a GSEA and a meta-GSEA on microarray data
sets from PD patients and control subjects. We utilized
a previously published manually curated parkinsonism
gene set based on the Online Mendelian Inheritance in
Man (OMIM) database and gene sets in the gene
ontology (GO) database.22 We also characterized our
manually curated parkinsonism gene set by performing
unbiased GO enrichment analyses.

Materials and Methods

Data Collection and Preprocessing

Ten data sets were selected based on the following
inclusion criteria: (1) samples derived from the brain
tissue of patients with PD and control subjects; (2)
messenger (mRNA) collected using laser-captured
microdissection; (3) lateral SNpc included (whole
SNpc or lateral SNpc); and (4) Affymetrix chip used.
Nine data sets were downloaded from the Gene
Expression Omnibus (GEO) database (http://www.
ncbi.nlm.nih.gov/geo) on 31 January 2015. An addi-
tional gene expression data set that satisfies the above
criteria,17 but was not deposited in GEO, was kindly
provided by Dr. Kai-Christian Sonntag. A summary of

TABLE 1. Summary of the microarray data sets used in this study

No. GEO_ID or Name of Data Set Affymetrix Chip Model

No. of Samples

ReferencesPD Control Total

1 GSE20333 HG-FOCUS 6 6 12 Grunblatt and colleagues11

2 GSE20292 HG_U133A 11 18 29 Zhang and colleagues13

3 GSE8397a HG_U133A 24 15 39 Moran and colleagues14

4 GSE8397b HG_U133A 9 7 16 Moran and colleagues14

5 GSE7621 HG-U133_Plus_2 16 9 25 Lesnick and colleagues16

6 GSE24378 U133_X3P 8 9 17 Cantuti-Castelvetri and colleagues,15

Zheng and colleagues18

7 Simunovic and colleaguesc HG_U133A 10 9 19 Simunovic and colleagues17

8 GSE20141 HG-U133_Plus_2 10 8 18 Zheng eand colleagues18

9 GSE20164 HG_U133A 6 5 11 Hauser and colleagues12

10 GSE20163 HG_U133A 8 9 17 Durrenberger and colleagues19

Total 108 95 203

aSamples derived from the lateral and medial SN in GSE8397 (GSE8397_ Med_ Lat).
bSamples derived from the lateral SN in GSE8397 (GSE8397_Lat).
cMicroarray data were not deposited in the GEO, but were generously provided by Dr. Kai-Christian Sonntag.
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the data sets used in this study is shown in Table 1.
Expression data for each data set were extracted from
*.CEL files and normalized using the GeneChip
Robust Multi-Array (GC-RMA) algorithm23 imple-
mented in the R/Bioconductor packages (http://www.
bioconductor.org).

Constructing Gene Sets of Mendelian Genes
Related to Disorders of Motor Systems

Custom gene sets consisting of causative genes
related to disorders of motor systems were described
in a previous report.22 Briefly, the systematic retrieval
of genes was performed using keywords referencing
phenotypes of abnormal motor control in the OMIM
database followed by the manual curation of all
retrieved records. Keywords were searched in the text
of the OMIM record with the prefix “#” (i.e., pheno-
type description with known molecular basis). For a
gene set of parkinsonism (OMIM_Parkinsonism), a
keyword, parkinson*, was used. OMIM_Parkinsonism
included both PARK genes (n 5 15) and non-PARK
genes with parkinsonism phenotype (n 5 63; Table
S1). In mitochondrial disorders, the widespread
involvement of the neuraxis with overlapping pheno-
types of dysfunctional motor control is well estab-
lished. Our custom-curated mitochondrial gene set
(OMIM_Mitochondria) retrieved from OMIM consists
of 82 nuclear-encoded genes that cause mitochondrial
complex I, II, III, IV, and V deficiency syndrome,
Leigh syndrome, combined oxidative phosphorylation
deficiency, or mitochondrial DNA depletion syndrome.
Because dysregulation of mitochondrial electron trans-
port genes in PD was reported in a previous study,18

we excluded these genes when constructing the
OMIM_Mitochondria from the OMIM_Parkinsonism.
However, among the genes for progressive external
ophthalmoplegia with a parkinsonism phenotype,
SLC25A4, C10orf2, and POLG were not excluded
from the OMIM_Parkinsonism.

GSEA and Statistical Analysis in a Meta-GSEA

The association of our OMIM_Parkinsonism gene
sets with gene expression changes in the SNpc in PD
was tested by a GSEA (www.broadinstitute.org/
gsea).24,25 Briefly, a GSEA computationally determines
whether predefined gene sets show significant differ-
ences between two distinct phenotypes (e.g., PD and
control) using nonparametric Kolmogorov–Smirnov
statistics. To this end, genes are ranked according to
their differential expression between the phenotypes
using an appropriate ranking metric. For each prede-
fined gene set, the GSEA determines whether the mem-
bers of the gene set are primarily distributed at the
top or bottom of the ranked list of genes; thus, the
gene set is correlated with the phenotypic distinction.
GSEAs calculate an enrichment score (ES) that reflects

the degree to which the gene set is over-represented at
the top or bottom of the ranked list of genes. The
core gene members that contribute most to the ES are
called the leading edge subset (LES) genes. The ES is
normalized to account for differences in the gene set
size and correlations between the gene sets and the
expression data set, thereby generating a normalized
enrichment score (NES). The NES is used as an esti-
mate of the effect size for comparing gene set enrich-
ment results in which a positive (or negative) NES
indicates gene set enrichment at the top (or bottom) of
the ranked list of genes. The GSEA was performed
using the Broad Institute JAVA command-line soft-
ware Version 2.2.0 (http://www.broadinstitute.org/
gsea/index.jsp) under the default parameters with the
following exception: A t test was used as the ranking
metric, which uses the difference of the means scaled
by the standard deviation (SD) and the number of
samples.

To integrate multiple microarray data sets from dif-
ferent research groups, we performed a meta-GSEA,
which compares the effect size from an individual
microarray data set and generates a summary effect
size. For the meta-GSEA, the following gene sets from
public databases were used: (1) the biological processes
(GO_BP) gene sets in the gene ontology database (n 5

825); (2) five disease gene sets from the Kyoto Encyclo-
pedia of Genes and Genomes (KEGG) database (www.
kegg.jp), which include KEGG_Parkinson’s disease
(KEGG_PD), KEGG_Alzheimer’s disease (KEGG_AD),
KEGG_Huntington’s disease (KEGG_HD), KEGG_A-
myotrophic lateral sclerosis (KEGG_ALS), and
KEGG_Prion disease (KEGG_Prion); and (3) a gene set
consisting of the 61 dysregulated genes that were
reported to be shared among Alzheimer’s disease,
amyotrophic lateral sclerosis, Huntington’s disease,
multiple sclerosis, PD, and schizophrenia in the Brain-
Net Europe gene expression microarray study consist-
ing of 113 subjects (BrainNet).26

For each gene set, the NES was combined across all
data sets to obtain a summary effect size by adapting
a random-effects model. We used the Comprehensive
Meta-Analysis (CMA; www.meta-analysis.com, ver-
sion 3.0) software package (Biostat, Englewood, NJ)
to conduct the meta-analysis and interpret the associ-
ated statistics. To calculate the summary effect size
under the random-effects model, we must consider
two variance components: the within-study variance
and the between-studies variance. Concretely, the
weight is defined as the reciprocal of the sum of the
within-study and between-studies variances. The sum-
mary effect size is then computed as the sum of the
products (the effect size multiplied by the weight for
each data set) divided by the sum of the weights of
each data set27; see the Supplemental Method for
more details.
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We calculated the within-study variance for every
gene set in every data set using a bootstrap method as
suggested in the original GSEA papers.18,25 To esti-
mate the statistical distribution, a bootstrap method
was used as follows: For each data set, we resampled
the disease and control data to obtain the bootstrap
resamples. We then recalculated the NES of each gene
set for each iteration. We repeated this process 3,000
times. Given that the 3,000 NES values have a
bimodal distribution, we randomly selected 1,000 pos-
itive (or negative) NESs from the 3,000 bootstrap
resamples if the observed NES was positive (or nega-
tive), which is similar to performing a single-tail test.
From the frequency distribution of the 1,000 NESs,
we derived a within-study variance for each gene set.
The between-studies variance was then computed
using the within-study variances, the heterogeneity
measure, and the total number of data sets.27

We assessed the significance of an observed sum-
mary effect size for a gene set by comparing it with
the set of summary effect sizes of a null distribution
calculated with randomly assigned weights. We used a
permutation procedure as described previously18: We
generated two 835 3 9 matrices: one contained the
NES values and the other contained the weights of the
835 gene sets and 9 GWESs. We then randomly per-
muted the gene set labels of the weight matrix and
recomputed the summary effect size of each gene set
using the NES matrix and the permuted weight
matrix, which generated a null distribution for the
summary effect size. This procedure was repeated 1
million times, and the P value for an observed sum-
mary effect size was then calculated relative to this
null distribution.

For the GSEA of the OMIM_Parkinsonism in the
individual data sets, a P value <0.05 was considered
statistically significant. For the meta-GSEA using the
OMIM_Parkinsonism and OMIM_Mitochondria with
other gene sets available from public databases,
Bonferroni-corrected P values of less than 0.05 were used.

Gene Ontology Analysis of the PD Gene Set

A gene ontology analysis was performed with the
functional annotation tools in the Database for Annota-
tion, Visualization and Integrated Discovery (DAVID)
Bioinformatics Resource (https://david.ncifcrf.gov/).28

Functional enrichment of our OMIM_Parkinsonism
gene set was assessed using GO databases of biological
process (BP), molecular function (MF), and cellular
components (CC) by selecting GOTERM_BP_ALL,
GOTERM_MF_ALL and GOTERM_CC_ALL.

Results

To investigate the association of our OMIM_Parkin-
sonism gene set in 10 GWESs, GSEAs were

performed. In all of the GWESs except for one
(GSE24378),15 which was reported as a technical out-
lier in a previous GSEA study,18 GSEAs revealed that
many genes in the OMIM_Parkinsonism gene set are
enriched at the right end of each rank-ordered list,
indicating that these genes in the OMIM_Parkinson-
ism are underexpressed in PD (Fig. 1). In 5 of 10
GWESs, the GSEA of the OMIM_Parkinsonism was
statistically significant (nominal P value: <0.05). As in
a previous report,18 we excluded GSE24378 in further
analyses. The LES genes of the OMIM_Parkinsonism
are represented in the ranked list subsequent to the
peak negative enrichment score (Fig. 1). A list of the
63 genes in the LES identified from the nine GSEAs is
shown in Figure 2. Fifty-two of 63 genes (82.5%)
belonged to the leading edge subsets in five GWESs
and showed statistical significance. To characterize 63
LES genes among the OMIM_Parkinsonism genes, we
performed a GO analysis, which detects significantly
over-represented gene ontologies. The enriched GO
categories and their clusters identified with a
Bonferroni-corrected P value of less than 0.05 are
summarized in Table S2. Significantly enriched biolog-
ical processes included synaptic transmission, locomo-
tor behavior, nerve-nerve synaptic transmission,
dopamine biosynthetic pathways, neurotransmitter
transport, cellular ion homeostasis, negative regulation
of neuronal apoptosis, vesicle-mediated transport,
learning, and memory, and cell death. The enriched
GO terms of cellular components with Bonferroni-
corrected P values of less than 0.05 included neuron
projection, cell projection, cell fraction, and
mitochondrion.

A meta-GSEA of 827 gene sets (OMIM_Parkinson-
ism, OMIM_Mitochondria and the 825 gene sets of the
biological processes in the GO database) with nine
GWESs in a random-effects model showed that 41 of
the 827 gene sets (4.96%) were significantly enriched
in the PD brain (uncorrected P < 0.05; Table 2).
Among these gene sets, the NES (summary effect size in
Table 2) of the OMIM_Parkinsonism gene set, which
passed the Bonferroni-corrected P-value threshold (P <
6.2E-05), was the lowest followed by the OMIM_Mito-
chondria. A negative NES value (–1.40; 95% CI: –
1.52�–1.28) in the meta-GSEA of the OMIM_Parkin-
sonism suggests that many genes in the OMIM_Parkin-
sonism were downregulated in the SNpc of PD patients
(Fig. 3). Expression levels of individual genes in the
OMIM_Parkinsonism in each data set are shown in
Table S3. We next expanded a meta-GSEA by dividing
the OMIM_Parkinsonism gene set into two gene sets,
namely PARK genes (OMIM_PARK) and non-PARK
genes (OMIM_Non-PARK), and adding five gene sets
for neurodegenerative disorders from the KEGG data-
base and a BrainNet gene set consisting of 61 common
dysregulated genes. The meta-GSEA showed that the
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genes in the OMIM_Non-PARK, OMIM_PARK,
OMIM_Mitochondria, KEGG_PD, KEGG_HD, and
KEGG_AD were downregulated in the PD brain
(uncorrected P < 0.05), among which only the
KEGG_PD passed the Bonferroni-corrected P-value
threshold of less than 0.05 (Table S4). A comparison of
the genes among these gene sets revealed that 94 genes
were overlapped in the KEGG_PD, KEGG_HD, and
KEGG_AD gene sets (Table S1). The majority of these
overlapped genes were the 24 genes in the OMIM_Mi-
tochondria that are related with mitochondrial ATP
production. However, a total of 10 genes overlapped
between the OMIM_Parkinsonism and KEGG_PD. On
the other hand, there was no statistically significant
enrichment of dysregulated genes in the KEGG_ALS,
KEGG_Prion, and BrainNet gene sets.

Discussion

Our GSEA and meta-GSEA results showing an asso-
ciation of the OMIM_Parkinsonism gene set with PD
with negative NESs strongly supports our hypothesis
that both PARK genes and non-PARK parkinsonism
genes are dysregulated in the SNpc of patients with
PD. The trend of enrichment of the GO_BP gene sets
related to mitochondria in our meta-GSEA is consis-
tent with the results of a previous GSEA study sup-
porting mitochondrial dysfunction in PD.18 Given that
genes related with mitochondria adenosine triphos-
phate (ATP) production are excluded in the OMIM_-
Parkinsonism gene set, we believe that our meta-GSEA

with the OMIM_Parkinsonism genes is unique and
possesses significant neurological implications. The
dysregulation of non-PARK parkinsonism genes in PD
has not been systematically studied. Our results show-
ing that 79.4% of the LES genes in the OMIM_Par-
kinsonism gene set after the GSEA can be categorized
as non-PARK parkinsonism genes provide the first evi-
dence of a link between the causative genes for atypi-
cal parkinsonism and PD at the gene expression level.
Although direct comparisons among the various dis-
ease gene sets were not the primary object of this
study, the results of our meta-GSEA suggest that gene
expression changes of OMIM_Parkinsonism genes
may be specific to PD. Meta-GSEAs with PD-
unrelated gene sets (KEGG_ALS or KEGG_Prion) and
the BrainNET study gene set26 showed negative
results. We think that significant downregulation of
genes in three KEGG gene sets (KEGG_PD,
KEGG_HD, and KEGG_AD) in the meta-GSEA is
attributed to the enrichment of genes related with
mitochondrial ATP production in these genes sets.
Unlike the disease gene sets in the KEGG database
that may have incorporated knowledge on gene
expression in the process of curating the gene sets, our
custom-curated gene sets were constructed solely
based on Mendelian inheritance of disease phenotypes,
which are independent of knowledge of gene
expression.

Mutations of Mendelian genes are generally under-
stood to lead to derangement of cellular pathways or
systems by protein dysfunction rather than transcrip-
tional dysregulation of multiple genes. Mendelian genes

FIG. 1. Enrichment plots for the OMIM_Parkinsonism gene set in the 10 GWESs. Names of the datasets are shown in the upper center of each plot.
The top portion of each plot shows the running enrichment score, in which the peak value represents the ES of the OMIM_Parkinsonism. The middle
portion shows where each gene of the OMIM_Parkinsonism appears in the ranked list of genes. Each gene is marked as a vertical line. In the nine
GWESs (excluding GSE_24378), the leading edge subset appears subsequent to the peak negative enrichment score. The bottom portion of each
plot shows the ranking metric (t test) values of the ranked genes. Nom. p-value refers to the nominal P value. [Color figure can be viewed at
wileyonlinelibrary.com]
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for inherited ataxia were used to elucidate a protein-
protein interaction network (i.e., an interactome) and
the pathogenesis of Purkinje cell degeneration.29

Genome-wide gene expression studies usually identify
disease networks consisting of dysregulated genes at the
gene expression level. However, we observed conver-
gence of genetic/heredity information of parkinsonism
at the genomic level (i.e., OMIM_Parkinsonism genes)
and the disease network consisting of dysregulated
genes (i.e., downregulated LES genes) at the gene
expression level in the SNpc in PD. These findings sug-
gest that dysregulation of disease-causing genes present-
ing with parkinsonism, regardless of whether it is
classic or atypical, contributes to pathogenesis in idio-
pathic PD. The inheritance of phenotypes in an
autosomal-recessive manner or as a loss-of-function
mutation was documented in many of our OMIM_Par-
kinsonism genes in the LES; thus, dopaminergic neuro-
nal degeneration in PD may be related to the
cumulative effect of a partial loss of function of vari-
able degrees in multiple genes, which is caused by
reduced mRNA expression. This assumption is consis-
tent with recent genetic studies that demonstrate an
increased risk for PD because of a single heterozygous
mutation in autosomal-recessive disorders genes, which
represents a partial loss of function. This group of
genes includes PARK genes (PARK2, PINK1,
PLA2G6, ATP13A2, and SYNJ1) and non-PARK genes
(GBA, SMPD1, and GCH1).30-41 Except for GBA and
PLA2G6, all of these genes belonged to the LES (Fig.
2). A recent study showed that the enrichment of rare
functional variants of PARK genes in PD cases com-
pared to the controls.42 Because the burden of a rare

coding variant is likely to reflect a cumulative loss of
function of a group of genes, the aforementioned study
is consistent with our findings of the reduced expression
of OMIM_Parkinsonism genes in the brains of patients
with PD.

The results of the GO analyses of the OMIM_Par-
kinsonism genes in the LES are partially in agreement
with the mechanisms suggested by experts and the
results of previous GO analyses using differentially
expressed genes from microarray data.3,12,17,43,44

Remarkably, a substantial number of non-PARK par-
kinsonism genes are implicated in enriched ontologies.
Downregulation of PARK and non-PARK parkinson-
ism genes is likely to affect multiple key biological
processes and may lead to dopaminergic neuronal
death in PD. Of note, we observed a downregulation
of PPP2R2B in all nine GWESs, and this behavior has
not been previously shown except for a recent study
using transcriptome mapping software.45 An expanded
CAG repeat in the promoter region of PPP2R2B is
causative for SCA12.46 In unstable repeat disorders, a
loss of function because of the inhibition of transcrip-
tion and the gain-of-toxic function mutation because
of expanded polyglutamine tracks or toxic RNA are
well-documented mechanisms.47 We did not exclude
unstable repeat disorder genes from the OMIM_Par-
kinsonism as long as they showed parkinsonism
because of the following reasons. Biological processes
other than aggregation have been reported in unstable
repeat disorder genes.48 Considerable evidence also
suggests a loss-of-function mutation in which unstable
repeat disorder genes are knocked out, which enhan-
ces cell death.49 Expanded CAG repeats in PPP2R2B

FIG. 2. Lists of genes within LES after a GSEA with the OMIM_Parkinsonism gene set in nine GWESs. The asterisk refers to the number of GWES in
which a given gene was included in the LES after the GSEA. PARK genes are marked in bold. Genes belonging to the LES in the five data sets with
P < 0.05 in GSEA (GSE8397_Med_Lat, GSE8397_Lat, Simunovic and colleagues, GSE20164, and GSE20163) are underlined (n 5 52). The mRNA
expression data for C10orf2, HTT, and GIGYF2 are not available. [Color figure can be viewed at wileyonlinelibrary.com]
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are not translated, although they regulate the tran-
scription of PPP2R2B.50 We could not find studies
that investigated the relationship between PPP2R2B
and dopaminergic neuronal death. PPP2R2B encodes
a protein phosphatase 2A (PP2A) regulatory subunit B
that influences enzyme activity, substrate selectivity,
and subcellular localization.51 Interestingly, PP2A is a
major phosphatase of the phosphorylated alpha-
synuclein at S129 (alpha-syn-pS129), which is the
major form of alpha-synuclein in Lewy bodies.52

Taken together, the reduced expression of PPP2R2B,
which leads to the reduced activity of PP2A, may be
related to the accumulation of alpha-syn-pS129 in the
brains of PD patients. Recent in vivo and in vitro
studies demonstrated that the pharmacological

activation of PP2A lowered the alpha-syn-pS129 bur-
den.53,54 We propose that our results showing
PPP2R2B downregulation suggest exploring PP2A-
enhancing drugs as potential therapeutic targets in PD,
which is feasible considering that U.S. Food and Drug
Administration–approved drugs activating PP2A are
available.

Genetic and pathological evidence suggests that the
overproduction and progressive accumulation of toxic
forms of alpha-synuclein protein are key pathogenic
mechanisms in PD.55-57 Paradoxically, our results
demonstrated a downregulation of SNCA expression
in seven of nine GWESs. The direct measurement of
SNCA mRNA expression in brain tissue from patients
with PD revealed inconsistent results.17,58-60 This

TABLE 2. List of the 41 biological processes gene sets that were significantly enriched in the PD brain after a meta-GSEA
(P < 0.05)

Name of Gene Set Summary Effect Size Standard Error Variance Lower Limit Upper Limit P Value

OMIM_Parkinsonism –1.3979 0.0619 0.0038 –1.5193 –1.2765 1.21E-05
OMIM_Mitochondria –1.3693 0.0676 0.0046 –1.5017 –1.2369 1.90E-04
Energy derivation by oxidation of organic compounds –1.3613 0.0701 0.0049 –1.4988 –1.2239 1.35E-03
Cellular respiration –1.3612 0.0631 0.0040 –1.4849 –1.2375 1.35E-03
Aerobic respiration –1.3475 0.0629 0.0040 –1.4707 –1.2242 4.88E-03
Purine nucleotide metabolic process –1.3446 0.0596 0.0036 –1.4614 –1.2277 4.99E-03
Nucleobase nucleoside and nucleotide metabolic process –1.3256 0.0574 0.0033 –1.4382 –1.2130 6.10E-03
Cofactor catabolic process –1.3248 0.0726 0.0053 –1.4670 –1.1826 6.11E-03
Amine catabolic process –1.3120 0.0632 0.0040 –1.4358 –1.1882 8.41E-03
Amino acid and derivative metabolic process –1.3063 0.0556 0.0031 –1.4152 –1.1974 8.54E-03
Amino acid catabolic process –1.3039 0.0647 0.0042 –1.4308 –1.1771 8.60E-03
Microtubule-based movement –1.2998 0.0681 0.0046 –1.4332 –1.1664 8.70E-03
Amine metabolic process –1.2949 0.0515 0.0027 –1.3959 –1.1940 8.92E-03
Tricarboxylic acid cycle intermediate metabolic process –1.2906 0.0684 0.0047 –1.4246 –1.1566 1.15E-02
Nitrogen compound metabolic process –1.2905 0.0540 0.0029 –1.3963 –1.1846 1.16E-02
Amine transport –1.2898 0.0933 0.0087 –1.4727 –1.1069 1.20E-02
Purine ribonucleotide metabolic process –1.2857 0.0670 0.0045 –1.4169 –1.1544 1.23E-02
Cellular carbohydrate metabolic process –1.2792 0.0579 0.0034 –1.3927 –1.1656 1.44E-02
Amino acid metabolic process –1.2766 0.0586 0.0034 –1.3914 –1.1618 1.62E-02
Amino acid transport –1.2710 0.0688 0.0047 –1.4059 –1.1361 1.89E-02
Golgi vesicle transport –1.2657 0.0659 0.0043 –1.3950 –1.1365 2.08E-02
Sphingolipid metabolic process –1.2605 0.0626 0.0039 –1.3831 –1.1379 2.39E-02
Generation of precursor metabolites and energy –1.2552 0.0571 0.0033 –1.3670 –1.1434 2.53E-02
Secretory pathway –1.2542 0.0613 0.0038 –1.3743 –1.1341 2.54E-02
Heterocycle metabolic process –1.2411 0.0643 0.0041 –1.3671 –1.1152 2.92E-02
Ribonucleotide metabolic process –1.2389 0.0876 0.0077 –1.4105 –1.0673 3.11E-02
Nitrogen compound catabolic process –1.2370 0.0688 0.0047 –1.3717 –1.1022 3.14E-02
Nucleotide metabolic process –1.2329 0.0687 0.0047 –1.3675 –1.0982 3.16E-02
Cytoskeleton-dependent intracellular transport –1.2273 0.0679 0.0046 –1.3604 –1.0943 3.19E-02
Secretion by cell –1.2254 0.0561 0.0031 –1.3354 –1.1155 3.21E-02
Protein homo-oligomerization –1.2163 0.0766 0.0059 –1.3665 –1.0662 3.56E-02
Amino acid derivative metabolic process –1.2154 0.0622 0.0039 –1.3373 –1.0935 3.63E-02
Axon guidance –1.2122 0.1007 0.0101 –1.4096 –1.0149 3.81E-02
Nucleosome assembly –1.1993 0.0739 0.0055 –1.3440 –1.0545 4.37E-02
Peroxisome organization and biogenesis –1.1968 0.0721 0.0052 –1.3382 –1.0555 4.60E-02
Vesicle-mediated transport –1.1947 0.0725 0.0053 –1.3369 –1.0525 4.74E-02
Catabolic process –1.1884 0.0636 0.0040 –1.3131 –1.0636 4.98E-02
G1 phase 1.1938 0.0933 0.0087 1.0109 1.3768 4.79E-02
Inorganic anion transport 1.1973 0.0709 0.0050 1.0585 1.3362 4.55E-02
Meiotic recombination 1.1978 0.0617 0.0038 1.0768 1.3188 4.52E-02
Epithelial to mesenchymal transition 1.3023 0.0549 0.0030 1.1946 1.4100 8.65E-03

The summary effect size is the NES in the meta-GSEA.
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inconsistency may have been caused by the different
techniques used to measure mRNA (types of internal
controls in real-time polymerase chain reaction [PCR],
real-time PCR vs. microarray, etc.) or sampling bias
(laser-captured microdissection vs. midbrain tissue
block). In vivo silencing of SNCA was reported to
induce nigral degeneration in rats.61 A recent study
showed that PD risk-related REP1 genotypes of SNCA
were paradoxically associated with better motor and
cognitive outcomes.62 Taken together, the role of
alpha-synuclein in the pathogenesis of PD may be
more complex, which could include a dual and oppos-
ing role of SNCA depending on the clinical stages of
PD. This issue should be explored further before
developing a novel therapy aimed at reducing SNCA
expression by RNA silencing.62,63

There are certain limitations to this study. Because
microarray studies reveal a snapshot of gene expres-
sion changes, we cannot differentiate whether these
changes are causes or results. Our custom-curated
gene sets may be argued because we included genes
that are not replicated by other groups (e.g., UCHL1,
HTRA1). Genes without evidence of neurodegenera-
tive phenotypes (e.g., TOR1A) were also included. We
did not exclude these genes to avoid the selection bias
caused by differences in personal knowledge. The
presence of a parkinsonism phenotype was determined
based on OMIM records, which may be biased. Nev-
ertheless, we think that our approach in constructing
a gene set is an ideal method for objective applica-
tions. GO analyses may be biased by well-researched
protein or gene annotation deficits.64 The results of
GO analyses may not be specific to dopaminergic neu-
rodegeneration because many annotations are from
nondopaminergic cells. Our results are more suitable
for a model of a loss-of-function mutation than a
gain-of-toxic-function mutation, although both models
may not be exclusive to each other. Whether a gain-

of-toxic function mutation in PD might have led to
the downregulation of a group of genes cannot be
ruled out in this study.

In conclusion, we found that non-PARK parkinson-
ism genes and PARK genes were downregulated in the
SNpc in PD. Enriched biological processes of these
genes support previously suggested mechanisms of
neurodegeneration. Our study highlights the impor-
tance of non-PARK parkinsonism genes in understand-
ing the pathogenesis of PD.
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