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Abstract

The degeneration of substantia nigra (SN) dopamine (DA) neurons in sporadic Parkinson’s disease
(PD) is characterized by disturbed gene expression networks. Micro(mi)RNAS are post-
transcriptional regulators of gene expression and we recently provided evidence that these
molecules may play a functional role in the pathogenesis of PD. Here, we document a
comprehensive analysis of miRNAs in SN DA neurons and PD, including sex differences. Our
data show that miRNAs are dysregulated in disease-affected neurons and differentially expressed
between male and female samples with a trend of more up-regulated miRNAs in males and more
down-regulated miRNAs in females. Unbiased Ingenuity Pathway Analysis (IPA) revealed a
network of miRNA/target-gene associations that is consistent with dysfunctional gene and
signaling pathways in PD pathology. Our study provides evidence for a general association of
miRNAs with the cellular function and identity of SN DA neurons, and with deregulated gene
expression networks and signaling pathways related to PD pathogenesis that may be sex-specific.
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1. Introduction

Sporadic Parkinson’s disease (PD) is associated with the progressive loss of substantia nigra
(SN) dopamine (DA) neurons (Braak and Del Tredici, 2008), and the exact molecular
mechanisms of this cell loss are still unknown. Several factors have been implicated in the
pathogenesis of PD, such as genetic predisposition and environmental factors, which affect
key signaling pathways in the function of DA neurons (Schapira and Jenner, 2011;
Wirdefeldt et al., 2011). On the molecular level we, and others, have demonstrated that the
SN DA neurons from sporadic PD patients display dysregulated gene expression networks
that are related to major signaling pathways in PD pathogenesis (Cantuti-Castelvetri et al.,
2007; Elstner et al., 2011; Simunovic et al., 2009; Simunovic et al., 2010).

Recently we have extended our studies to also determine the miRNA expression profiles of
these neurons. miRNAs are short non-coding RNAs that regulate gene expression on the
pre- or post-transcriptional level (Bartel, 2009), and evidence suggests that these molecules
are involved in the pathology of PD (Heman-Ackah et al., 2013; Ma et al., 2013; Sonntag,
2010; Wong and Nass, 2012). We found that human SN DA neurons have a distinctive
miRNA expression profile that is dysregulated in PD, and functional analysis of miR-126,
which was upregulated in PD DA neurons, unraveled an association of this miRNA with
Insulin/IGF-1/PI3K signaling, a pathway that has been implicated in PD (Kim et al., 2014a;
Kim et al., 2014h). These data suggested that miRNAs may have functional roles in DA
neurons and in the pathogenesis of PD.

In the current study, we conducted a comprehensive analysis of miRNA expression profiles
in DA neurons and PD, including sex differences, and their associations with gene
expression networks. We show that miRNAs are dysregulated in disease-affected neurons
and differentially expressed between males and females. Correlation of up- or down-
regulated miRNAs with upstream regulators that are dysregulated in PD demonstrate a
network of miRNA/gene-target associations that is linked to dysfunctional genes and
signaling pathways in PD pathology.

2. Results

2.1. PD DA neurons have dysregulated miRNA expression profiles

To assess differential miRNA expression profiles between PD and control DA neurons, we
determined average FC for each miRNA with CT values < 35 using three independent
methods based on either endogenous control sno-RNA RNU44, global mean, or ABIgPCR
normalization (D’Haene et al., 2012; Deo et al., 2011; Mestdagh et al., 2009). Because our
sample population consisted of 5 males and 3 females in each control or PD patients group
(Kim et al., 2014a; Simunovic et al., 2009; Simunovic et al., 2010), we determined miRNA
profiles for all samples and females or males separately. Altogether, 159 miRNAs had CT
values < 35, and consistent with our previous observation (Kim et al., 2014a), DA neurons
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from PD patients had dysregulated miRNA expression profiles with patterns of miRNA
changes that show a trend of more up-regulation in the male and more down-regulation in
the female group (Fig. 1, Supplementary Table S1).

2.2. PD DA neurons have dysregulated cellular pathways and upstream regulators

To identify PD-associated genes and signaling pathways, we first used IPA Core Analyses to
determine up- or down-regulated pathways (IPA Biofunctions) or target genes (IPA
Upstream Regulators) using our published mRNA arrays (Simunovic et al., 2009;
Simunovic et al., 2010). Consistent with our previous observations, we identified
dysregulated cellular pathways in PD DA neurons that are, among others, related to
apoptosis, dysruption of filaments, cell proliferation, cell viability, and survival (Fig. 2A).
These analyses identified 47 gene-targets of upstream regulators, from which 23 genes also
contributed to the IPA Biofunctions, and an additional six dysregulated genes that were
predicted effectors (absolute Z-scores > 2) based on their associations with the miRNA
target-genes (Fig. 2B and Supplementary Table S2).

2.3. miRNAs are associated with dysregulated gene and signaling pathways in PD

To determine miRNA associations with the gene expression networks in PD, we used the list
of globally normalized miRNAs in all samples consisting of 109 up- and 50 down-regulated
miRNAs (Supplementary Table S1). When we correlated the upregulated miRNAs with the
47 targets of upstream regulators (Fig. 2B and Supplementary Table S2), 52 miRNAs were
associated with 17 target genes (Fig. 3A, Table 1 and Supplementary Table S3). From these
miRNAs, 12 had p values < 0.05 and p values from an additional 14 miRNAs were > 0.05
but < 0.1. From the 50 down-regulated miRNAs, we identified 4 targets of upstream
regulators that correlated with 8 miRNAs, from which 2 were significantly down-regulated
in PD (p < 0.05) and were associated with 2 target genes (Fig. 3B, Table 1 and
Supplementary Table S3). Altogether, these data analyses revealed a network of 14
significantly (p < 0.05) dysregulated miRNAs in PD DA neurons that correlated with 16 PD-
associated target genes (Table 1). Data mining of the literature showed that the gene-targets
were associated with several aspects of PD pathogenesis and additional miRNAs that were
not included in the IPA analysis (Table 2). As for sex differences, 8 of the 12 upregulated
miRNAs with p values < 0.05 were also upregulated in males (miR-106a, -135a, -148a,
-223, -26a, -28-5p, -335, -and -92a), while 3 were upregulated in females (let-7b, miR-106a,
and -95) (Supplementary Table S3). Accordingly, 10 of the down-regulated target genes
(IRS2, STXBP1, TFRC, FHL1, VAV3, DDX17, HUWE1, CEBPB, L1CAM, and NEFL)
were associated with males, 4 with females (ABCC5, AKAP12, IRS2, and VAV3), and 1
(LMO3) with both.

3. Discussion

Here we show that miRNA profiles are dysregulated in PD DA neurons with a trend of more
up-regulated miRNAs in males and more down-regulated miRNAs in females. In addition,
IPA-based data analysis revealed a network of miRNA/gene-target associations in these
neurons that is consistent with dysfunctional gene and signaling pathways in PD pathology,
and appears to be more prominent in males. Together, these data complement our previous
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observations that midbrain DA neurons exhibit unique expression networks that are
dysregulated in PD, and may be sex-specific (Kim et al., 2014a; Simunovic et al., 2009;
Simunovic et al., 2010).

The data from our study provide a platform for the identification and characterization of
functional miRNAs in DA neurons. The combined analysis of miRNA and mRNA profiles
indicated that known features of miRNA functions which have been described in other cell
contexts, are also present in human midbrain DA neurons. This includes the observation that
multiple miRNAs act on the same target and pathway(s), while a single miRNA can be
associated with multiple targets and pathways. Importantly, potential miRNA targets in the
DA neurons are also targets in other cell types, consistent with the view that miRNAs are
not necessarily “cell-specific”; rather, they are involved in the determination of many
cellular phenotypes and, thus, may play a role in several disease entities, and in particular
cancer (Du and Pertsemlidis, 2011; Sonntag, 2010; Sonntag et al., 2012). In fact, many of
the targets and pathways that we identified in our study have been described in cancer
biology as well. On the other hand, it is also possible that the unique composition of
miRNAs (as now determined for midbrain DA neurons) defines a cellular phenotype and
when disturbed, contributes to (cell-specific) disease pathogenesis.

Several studies have indicated associations of miRNAs with some aspects of PD pathology
(summarized in (Heman-Ackah et al., 2013; Ma et al., 2013; Wong and Nass, 2012)). “PD-
specific” miRNA/target associations of interest have been miR-7, miR-153, and miR-34b/c
with a-Synuclein, (Doxakis, 2010; Junn et al., 2009; Kabaria et al., 2015), miR-433 with
FGF20 (Wang et al., 2008), miR-133b with PITX3 (Kim et al., 2007), let-7a-5p,
miR-184-5p, and miR-205 with LRRK2 (Cho et al., 2013; Gehrke et al., 2010), miR-132
with NURR1 (Yang et al., 2012) or AChE (Shaked et al., 2009), and miR-34b/c indirectly
with PARKIN and DJ1 (Minones-Moyano et al., 2011), and decreased expression of
miR-133b and miR-34b/c, or miR-205 was identified in dissected human postmortem
midbrain, or cortical tissue from sporadic PD patients, respectively. Except for miR-132 and
miR-184, which were upregulated (Log2 FC 0.75; p = 0.05, and Log2 FC 2.05; p = 0.89,
respectively), and miR-433, which was slightly, but not significantly downregulated (Log2
FC -0.09; p =0.4) in PD, our results did not provide strong support for a role of most of
these miRNAs in DA neurons or PD: miR-133b, miR-34b/c, miR-153, and miR-205 were
expressed below detection threshold and miR-7 was not present on the TagMan® Human
MicroRNA A Array v2.0.

Altogether, our data did not reveal strong indication for miRNAS targeting specific key
factors that are thought to be major players in PD, e.g., members from the PARK gene group
(Schiesling et al., 2008), which are markedly downregulated in the DA neurons (Simunovic
et al., 2009; Simunovic et al., 2010). However, we identified a network of miRNA target-
genes and predicted effectors (summarized in Tables 1 and 2) that is linked to dysfunctional
signaling pathways related to metabolism, apoptosis, protein degradation, synaptic
plasticity/transmission, and inflammation. Many of these genes and pathways have been
implicated in PD pathology, but also overlap with other disease entities, and particular
cancer. ldentified effectors include the estrogen receptor a (ESR1), which is
transcriptionally co-activated by DDX17 (Dardenne et al., 2014; Fuller-Pace, 2013), and
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genetic polymorphism of this gene may be a risk factor for PD (Chung et al., 2011; Gao et
al., 2014; Palacios et al., 2010); RAS oncogene member RAB1B, which has been proposed
to participate in vesicle transfer from ER to the Golgi apparatus in neuronal dendritic spines
(Pierce et al., 2001), and PDZ and LIM domain 2 (PDLIMZ2), which is an ubiquitin E3 ligase
and has been implemented in inflammatory processes, cell adhesion, apoptosis, and
proliferation (Mankan et al., 2009). Intriguingly, these analyses also identified hypoxia
inducible factor 1 alpha (HIF1A), which plays a role in ubiquitination, hypoxia and
oxidative stress, and has been shown to be negatively regulated by different PD-associated
molecules, including DJ-1 (Parsanejad et al., 2014), PINK1 (Lin et al., 2014), and Rotenone
(Wu et al., 2010).

As for sex differences, the higher number of up-regulated miRNAs and associations with
down-regulated gene-targets in the male population is somewhat consistent with our
previous observation that males may have a more prominent downregulation of gene
expression than females (Simunovic et al., 2010). In addition, some of the down-regulated
gene targets in males could be linked to more “male-dominant” signaling pathways,
including synaptic transmission (STXBP1, CEBPB), and apoptosis (DDX17, HUWEI1)
(Simunovic et al., 2010), while other targets such as IRS2 and VAV3 that are related to
metabolism and axon guidance or nerve regeneration, were associated with both males and
females. Although these observations are derived from a limited sample number, they could
suggest that some dysregulated miRNA/gene-target networks in PD pathology may be sex-
specific.

It is important to keep in mind that results from the assessment of miRNA expression levels
and the computational data analyses, as presented here, are often not absolute. First,
although the three methods used for determining miRNA expression profiles (D’Haene et
al., 2012; Deo et al., 2011; Mestdagh et al., 2009) revealed largely similar results for
differentially expressed miRNAs between controls and PD, not all of these data had
overlapping significant p values. This was not surprising since such discrepancies have been
previously associated with these methods and could have been attributed to mathematical
disparities in the methodologies, the restricted sample size, and variations between
individual samples (D’Haene et al., 2012; Deo et al., 2011; Mestdagh et al., 2009). In
particular, studies on human postmortem material are afflicted with substantial variability
between subjects, and small sample numbers can influence data strength (discussed in
(Simunovic et al., 2010)). Second, results on differential gene expression and miRNA/target
associations also depend on the choice of the computational algorithms. IPA provides
microRNA Target Filter functionality for combining miRNA and mRNA expression data in
order to facilitate the identification of miRNA-target pairs and networks relevant to the
phenotype of interest. IPA’s miRNA-target reference database is comprised of validated
interactions from external databases including TarBase, miRecord and Targetscan, and
findings from peer-reviewed literature. In addition, IPA provides a ranking scale for the
strength of evidence for each identified miRNA-target pair: Observed (experimentally),
High (predicted) and Moderate (predicted). All of the upstream regulators and miRNA
target-genes identified by IPA were also present in our previously published gene lists based
on ANOVA and SAM (Simunovic et al., 2009; Simunovic et al., 2010) indicating a high
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level of validity in the IPA analysis. However, further studies are necessary to validate
miRNA expression and to analyze their functional relevance in both healthy and disease-
affected human midbrain DA neurons.

Along this line, we selected two miRNAs of interest, miR-126 and miR-320, which target
factors in insulin signaling. miR-320 was detected at high levels in pigmented neurons in the
SN by in situ hybridization (Nelson et al., 2008), confirming the gRT-PCR data in the
current study. As for functional relevance, we could show that miR-126 may play an
important role in neurotoxicity and neuroprotection by regulating growth factor/PI3K/AKT
and MAPK/ERK signaling (Kim et al., 2014a; Kim et al., 2014h), and preliminary data
indicate similar neurotoxic functions for miR-320 as well (unpublished results). Together,
these data suggest that these, and other miRNAs, may be functionally involved in aging and
neurodegeneration, and therefore, could be therapeutic targets in neurological disorders.

4. Experimental procedure

4.1. Subjects and material collection

All data about subjects and information about Affymetrix-based array analysis are
publicized at the National Brain Databank (http://national _databank.mclean.harvard.edu/
brainbank) or have been published elsewhere (Kim et al., 2014a; Simunovic et al., 2009;
Simunovic et al., 2010). Material collection, preparation, and data generation for the miRNA
arrays were conducted according to previously published protocols (Benes et al., 2007;
Pietersen et al., 2011; Simunovic et al., 2009; Simunovic et al., 2010). Briefly, frozen tissue
blocks obtained from the Harvard Brain Tissue Resource Center containing SN from 8
control subjects and 8 patients with idiopathic PD (5 males and 3 females in each group,
respectively) matched for age and postmortem interval (PMI), were cut using a Microm HM
560 CryoStar cryostat (8 pm), mounted on LEICA Frame Slides with a PET-membrane (1.4
um), dehydrated, and either directly used for laser microdissection (LMD) with a LEICA AS
LMD apparatus, or stored at —80 °C, prior to RNA extraction using the mirVANATM
miRNA Isolation Kit (Ambion, Austin, TX).

4.2. miRNA profiling by Megaplex miRNA TagMan® Arrays

miRNA profiling was performed as recently published (Kim et al., 2014a). Human
MicroRNA TagMan® Arrays A 2.0 (Life Technologies, Foster City, CA) were used for
miRNA analysis. About 300 neurons were collected per sample and 20 ng of total RNA was
reverse-transcribed using Megaplex™ RT Primers Human Pool A and TagMan miRNA
reverse transcription kit (Life Technologies, Foster City, CA) in a total of 7.5 ul volume. For
pre-amplification, 2.5 ul of cDNA was pre-amplified using Megaplex™ PreAmp Primers
Human Pool A and TagMan PreAmp Master Mix (Life Technologies, Foster City, CA) ina
25 pl PCR reaction. Fourteen cycles of pre-amplification were carried out following the
manufacturer’s protocol and the activated Taq polymerase inhibited at 99.9 °C for 10 min.
The pre-amplified cDNA was diluted 4-fold with 0.1 X TE buffer (pH 8.0). Quantitative
real-time PCR was performed using the Applied Biosystems 7900HT system and TagMan®
Universal PCR Master Mix with 9 pl diluted cDNA input per TagMan array. miRNAs with
cycle threshold (CT) values <35 were analyzed according to published protocols using
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RNU44 or global mean normalization, or ABI’s R package for quantitative real-time
polymerase chain reaction (QRT-PCR) analysis (ABIgPCR) in Bioconductor (D’Haene et
al., 2012; Deo et al., 2011; Mestdagh et al., 2009). Expression fold changes (FC) were
calculated with 1 tail, type 2 t-test.

4.3. Microarray data processing

Raw signal intensity values were uploaded into Bioconductor (Gentleman et al., 2004), an
open-source, R-based platform of software packages for processing and analysis of
microarray data. Intensity values were read into Bioconductor, log2-transformed and
quantile normalized using the lumi package (Du et al., 2008). FC and moderated t-test p
values were calculated between patients and controls for all probes with the limma package
in Bioconductor (Smyth, 2005).

4.4. Identification of dysregulated biological functions and upstream regulators in PD
versus controls in Ingenuity Platform Analysis (IPA)

FC and t-test p values for all probes were uploaded to IPA and filtered to select Analysis
Ready Genes based on the user’s criteria, in our case, genes with t-test p values < 0.05 and |
FC| >1.2. Analysis Ready Genes were then used for the IPA Core Analysis. The Core
Analysis includes algorithms to infer and score IPA upstream regulators and downstream
biological effects based on the expression data for the Analysis Ready Genes, as described
by Kramer et al. (Kramer et al., 2014). Downstream biological functions are scored by
Fisher’s Exact Test, an enrichment analysis for functional gene sets in the Analysis Ready
expression data compared to reference data (IPA Knowledge Base). The Core Analysis also
calculates a Z-score for the predicted activation state (activated or suppressed) of IPA
upstream regulators based on the FC direction (up-regulated or down-regulated) observed
among known downstream targets.

4.5. ldentification of dysregulated miRNAs targeting key genes in PD patients

miRNA gPCR data were uploaded to IPA. IPA’s Target Filter paired miRNAs with gene-
targets among Analysis Ready genes from the expression data. According to IPA, “The
microRNA Target Filter in IPA provides insights into the biological effects of microRNAs,
using experimentally validated interactions from TarBase and miRecords, as well as
predicted microRNA-mRNA interactions from TargetScan. Additionally, IPA includes a
large number of microRNA-related findings from the peer-reviewed literature”.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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miRNA expression profiles in LMD DA neurons. Average Log2 FC of miRNA expression
between controls and PD samples with CT values < 35 after data analysis with three
independent methods using the endogenous control RNU44, global mean, or ABIgPCR for
normalization (D’Haene et al., 2012; Deo et al., 2011; Mestdagh et al., 2009).
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Fig. 2.
IPA Biofunctions in DA neurons with activation/inhibition Z-scores. (A) Dysregulated

signaling pathways in DA neurons that are associated with PD. Z-scores for each IPA
Biofunction and Upstream Regulator were calculated in IPA’s Core Analysis based on a
binomial distribution of up-regulated and down-regulated pathway genes (in IPA
Biofunctions) or target genes (of IPA Upstream Regulators) on mRNA array data from
LMD DA neurons (Simunovic et al., 2009; Simunovic et al., 2010). Genes with |[FC| > 1.2
and t-test p values < 0.05 were selected from the experimental data as analysis-ready genes
for the IPA Core Analysis. (B) Network associations of 47 IPA upstream regulators and 6
predicted effectors with activation/inhibition Z-scores > 2.0.
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miRNAs

Dysregulated miRNAs with target gene associations. 52 up- (A) and 8 down-regulated (B)
miRNAs that target 17 down- and 4 up-regulated target genes, respectively (see Table 1 and
Supplementary Table S3). **: FC PD versus Control with p values < 0.05; *: FC PD versus

Control with p values > 0.05 < 0.1.
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Down-regulated target-genes associated with up-regulated miRNAs and up-regulated target-genes associated
with down-regulated miRNAs. miRNAs with p values < 0.05 are marked in italic, bold, and gray, and with p >
0.05 but < 0.1 in italic and bold (for more details see Fig. 3 and Supplementary Table S1). The FCs of the

identified target-genes in IPA were highly consistent with data from our previously published gene lists (*:
Simunovic et al., 2010).

Down-regulated target genes associated with up-regulated miRNAs

Gene Symbol | Gene Title FC FC* | miRNAs IPA analysis
ABCC5 ATP-binding cassette, sub-family C (CFTR/MRP), -1.41 | -2.08 | let-7b, -101, -125b, -494
member 5

AKAP12 A kinase (PRKA) anchor protein 12 -1.22 | -1.54 | -145,-16, -186, -21, -219-5p, -338-3p, -455-5p,
-95

BCL2L1 BCL2-like 1 -1.23 | -1.45 | let-7b, -133a, -140-5p, -142-3p, -184, -331-3p,
-342-3p, -495

CARS cysteinyl-tRNA synthetase -4.05 | -5.00 | -30b

CEBPB CCAAT/enhancer binding protein (C/EBP), beta -1.87 | -1.96 | -150, -191, -374a, -665

CTSB cathepsin B -1.36 | -1.51 | -126, -140-5p, -218, -24, -320, -411, -455-5p

DDX17 DEAD (Asp-Glu-Ala-Asp) box helicase 17 -1.82 | -2.63 | -105, -145, -26a, -335, -34a, -9

FHL1 four and a half LIM domains 1 -1.91 | -2.86 | -105, -223, -574-3p

HUWE1 HECT, UBA and WWE domain containing 1, E3 -1.98 | -1.82 | -184, -26a

ubiquitin protein ligase

IRS2 insulin receptor substrate 2 -1.32 | -1.85 | let-7b, -135a, -145, -16, -181a, -193b, -30b,
-338-3p, -92a

L1CAM L1 cell adhesion molecule -1.64 | -1.85 | -181a, -324-3p, -331-3p, -374a

LDHA lactate dehydrogenase A -1.96 | —-2.86 | -338-3p, -34a

LMO3 LIM domain only 3 (rhombotin-like 2) -2.51 | -4.76 | -101, -106a, -124, -142-3p, -1814a, -186, -218,
-219-5p, -320, -338-3p

NEFL neurofilament, light polypeptide -2.60 | —2.00 | -30b, -330-3p, -885-5p, -9, -92a

STXBP1 syntaxin binding protein 1 -2.96 | -3.85 | -132, -133a, -143, -148a, -16, -218, -30b,
-331-3p, -9

TFRC transferrin receptor -1.89 | -3.13 | -124, -140-5p, -145, -148a, -181a, -28-5p,
-338-3p, -520d-5p, -9

VAV3 vav 3 guanine nucleotide exchange factor -1.6 -2.00 | let-7b, -125b, -128, -193b, -218, -223, -27a, -30b,

-338-3p, -5200- 5p, -655, -9

Up-regulated target genes associated with down-regulated miRNAs

Gene Symbol | Gene Title FC | FC* | miRNAs IPA analysis
ESRRA estrogen-related receptor alpha 125 | 1.22 | -328

RARA retinoic acid receptor, alpha 1.23 | 1.39 | -138,-744

SMAD6 SMAD family member 6 1.23 | 1.21 | -134,-410, -889
TDGF1 teratocarcinoma-derived growth factor 1 | 1.43 | 1.58 | -532-5p, -660
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IPA-identified target-genes, their biofunctions, and miRNAs associated with gene functions according to the
published literature. miRNAs that are also dysregulated in PD DA neurons with p values < 0.1 are marked in

italic and bold (for details see Fig. 3 and Supplementary Table S1).

cytoarchitecture affecting mitochondrial morphology, and ER,
endosome and lysosome distribution; mutations have been
associated with Charcot-Marie-Tooth disease; mRNA is stabilized

Gene Symbol | Selected Biological Functions Associated miRNAs Reference

ABCC5 Multidrug-resistant proteins mediating ATP-dependent export of miR-129-5p, -128 (Nies et al., 2004; Wu et
organic anions from cells; substrates include cyclic AMP and al., 2014; Zhu et al., 2011b)
GMP, and nucleotide analogs; seems to be involved in Na+/H+
exchange and protection to glutamate-induced toxicity in
pyramidal neurons and astrocytes.

AKAP12 Key mediator of protein kinase A and C signaling regulating (Havekes et al., 2012;
several signaling cascades that affect ERK2 activation; Poppinga et al., 2014)
contributes to synaptic plasticity and memory function in the
hippocampus by regulating $2-adrenergic receptor signaling;
associated with neurodegeneration.

BCL2L1 Plays a role in multiple aspects of cell death and has been directly | let-7 group, miR-122, (Arenaetal., 2013;
linked to factors in DA cell function and PD pathogenesis, e.g., by | -133a, -98, -491 Courtois et al., 2010; Hertz
inducing several midbrain DA-specific neuronal transcription etal., 2013; Kang et al.,
factors and interacting with the PD-associated molecules PINK1 2011; Michels et al., 2013;
and DJ1. Ren et al., 2012; Seiz et al.,

2012)

CEBPB Associated with synaptic plasticity and memory, inflammation, miR-155, -378 (Calella et al., 2007; Chen
neurogenesis, and possibly apoptosis; downstream factor of etal., 2013; Gerin et al.,
BDNF/TrkB signaling and transcriptional activity on the GLUT4 2010; Pena-Altamira et al.,
promoter. 2014)

CTSB Lysosomal protease that functions in a-Synuclein homeostasis in miR-218 (Crabtree et al., 2014;

DA neurons contributing to its attenuation and aggregate Tsujimura et al., 2014;
formation. Venkataraman et al., 2013)

DDX17 Transcriptional activator involved in miRNA biogenesis, (Dardenne et al., 2014;
transcriptional regulation and RNA splicing; participates in the Fuller-Pace, 2013)
co-activation of the tumor suppressor p53 or the estrogen receptor
a (ESR1).

ESRRA Linked to ESR1 functions; meta-analyses showed that genetic (Chung et al., 2011; Gao et
polymorphism of ESR1 may be a risk factor for PD. al., 2014; Palacios et al.,

1991)

FHL1, LMO3 | Members of a group of nuclear and cytoplasmic scaffolding (Sang et al., 2014;
proteins that mediate the assembly of multiprotein complexes; Shathasivam et al., 2010)
LMO3 is highly expressed in the brain and seems to play a role in
neurogenesis, neuroblastoma or astrocyte cell proliferation, and in
the induction of apoptosis by inhibiting the tumor suppressor p53.

HUWE1 Ubiquitin ligase implicated in neural stem cell differentiation, (Salama, 2012; Zhou et al.,
adult neurogenesis, and the DNA damage response pathway; 2014)
suggested as a possible therapeutic target in PD.

IRS2 Like IRS1, adapter molecule of the insulin or IGF-1 receptor; LIN28, let-7 group, (Agarwal et al., 2013;
regulates insulin/IGF-1/P13K and RAS/ERK1/2 signaling; miR-7-5p, -33b, -126, Bassil et al., 2014;
dysfunctional insulin/IGF-1 signaling has been implicated in -128a, -135a, -200a, Chakraborty et al., 2014;
aging and neurodegeneration, including PD. -145, -96 Crepin et al., 2014; Frost

and Olson, 2011; Giles et
al., 2013; Gurung et al.,
2014; Rottiers et al., 2011;
Wen et al., 2014; Zhu et al.,
2011a)

L1CAM Belongs to a group of extracellular adhesion molecules that are miR-29a, -34a, -146a, (Berezin et al., 2014;
associated with many CNS diseases and implicated as therapeutic | -503 Diedrich et al., 2008;
targets, including in PD. Hulley et al., 1998)

NEFL Plays a role in axonal transport and organizing the miR-b1336, -b2403 (Gentil and Cooper, 2012;
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Gene Symbol | Selected Biological Functions Associated miRNAs Reference
by miRNAs, which are downregulated in the spinal cord of ALS
patients.

RARA Involved in Vitamin A/retinoic acid (RA) metabolism; key let-7 group, miR-125b, (Chen et al., 2014b; Li and
molecule in homeostatic synaptic plasticity and neuronal strength; | -132, -146a, -147, -155, | Shi, 2013)
factor in neuroprotection by promoting multiple anti- -21, -223, -27b, -9, -98
inflammatory processes, including in midbrain DA neurons; RA-
mediated neuroprotection may be disturbed in PD; RA- and Toll-
like receptor-associated signaling cascades appear to induce
multiple miRNAs that play a role in inflammatory processes.

STXBP1 Chaperone for syntaxin-1; controls the N-ethylmaleimide- miR-130a, -132, -212, (Cijsouw et al., 2014;
sensitive factor attachment protein receptors (SNARE) complex; -218, -322, -335 Esguerra et al., 2011; Han
participates in exocytosis/membrane fusion, neurosecretion and etal., 2010; Lang et al.,
neurotransmission. 2014)

TDGF1 Co-receptor for transforming growth factor (TGF)-p family miR-15a, -16 (Chen et al., 2014a;
members; activates several signaling cascades, including ALK4/ Klauzinska et al., 2014)
ALK7/SMAD, PI3K/AKT, MAPK, WNT/B-CATENIN, and
NOTCH/CBF-1 pathways; plays a role in cell morphogenesis and
lineage specification in development, and is associated with a
variety of cancers.

TFRC Mediates the extracellular transport of transferrin and regulates (Jellen et al., 2013; Rakshit
cellular iron metabolism; iron deficiency has been associated with etal., 2014)
brain dysfunction, including DA abnormalities in restless leg
syndrome; disease-associated gene in a microarray and protein-
protein- interaction databases in postmortem brain tissue samples
from PD patients.

VAV3 GDP/GTP exchange factor for Rho/Rac GTPases that regulate (Keilhoff et al., 2012;

multiple cell functions; plays a role in cerebellar development,
GABAergic axon guidance, and peripheral nerve regeneration;
disease-associated gene in a microarray and protein-protein-
interaction databases in postmortem brain tissue samples from PD
patients.

Quevedo et al., 2010;
Rakshit et al., 2014;
Sauzeau et al., 2010)
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