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a b s t r a c t

Dopamine (DA) neurons in sporadic Parkinson’s disease (PD) display dysregulated gene expression
networks and signaling pathways that are implicated in PD pathogenesis. Micro (mi)RNAs are regu-
lators of gene expression, which could be involved in neurodegenerative diseases. We determined the
miRNA profiles in laser microdissected DA neurons from postmortem sporadic PD patients’ brains and
age-matched controls. DA neurons had a distinctive miRNA signature and a set of miRNAs was dys-
regulated in PD. Bioinformatics analysis provided evidence for correlations of miRNAs with signaling
pathways relevant to PD, including an association of miR-126 with insulin/IGF-1/PI3K signaling. In DA
neuronal cell systems, enhanced expression of miR-126 impaired IGF-1 signaling and increased
vulnerability to the neurotoxin 6-OHDA by downregulating factors in IGF-1/PI3K signaling, including
its targets p85b, IRS-1, and SPRED1. Blocking of miR-126 function increased IGF-1 trophism and neu-
roprotection to 6-OHDA. Our data imply that elevated levels of miR-126 may play a functional role in
DA neurons and in PD pathogenesis by downregulating IGF-1/PI3K/AKT signaling and that its inhibition
could be a mechanism of neuroprotection.

� 2014 Elsevier Inc. All rights reserved.
1. Introduction

Parkinson’s disease (PD) is a severe neurologic disorder and
one of its main characteristics is the progressive loss of substantia
nigra (SN) dopamine (DA) neurons (Braak and Del Tredici, 2008).
Its pathogenesis is characterized by genetic and environmental
factors, which affect key signaling pathways in DA neuronal cell
function (Schapira and Jenner, 2011; Wirdefeldt et al., 2011).
Recently we, and others, determined the gene expression profiles
of laser microdissected (LMD) SN DA neurons from sporadic PD
patients demonstrating a prominent dysregulation of expression
networks that are related to major signaling pathways in PD
pathogenesis (Cantuti-Castelvetri et al., 2007; Elstner et al., 2011;
ry, McLean Hospital, Harvard
Street, Belmont, MA 02478,

. Sonntag).
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Simunovic et al., 2009, 2010). The mechanisms of these pathway
dysregulations, however, are largely unknown.

Micro (mi)RNAs are short noncoding RNAs that regulate gene
expression on the pre- or posttranscriptional level (Bartel, 2009).
Evidence suggests that these molecules are involved in the pa-
thology of neurodegenerative diseases, including PD, but their
functions are still poorly understood (Du and Pertsemlidis, 2011;
Eacker et al., 2009; Sonntag, 2010; Sonntag et al., 2012). Here, we
hypothesized that miRNAs might be factors in the dysregulated
gene expression network in PD-affected DA neurons. In the present
study, we show that SN DA neurons have a unique miRNA expres-
sion profile, and that miRNAs were dysregulated in PD. OnemiRNA,
miR-126, thatwas upregulated in PDhas previously been associated
with insulin-like growth factor/phosphoinositide 3-kinase (IGF-1/
PI3K) signaling in endothelial cells, cancer, hepato- and myocytes
(reviewed in Sonntag et al., 2012), and this pathway has also been
implicated in the pathogenesis of aging and neurodegenerative
diseases, including Alzheimer’s disease and PD (Bomfimet al., 2012;
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Craft and Watson, 2004; de la Monte, 2012; Deak and Sonntag,
2012; Kim and Feldman, 2012; Talbot et al., 2012; Torres-Aleman,
2010). Functional analysis of miR-126 in DA neuronal cell systems
demonstrated that its overexpression conveys neurotoxicity by
impairing IGF-1/PI3K/AKT signaling, and that its inhibition in-
creases the trophic effects of IGF-1 and confers neuroprotection.
Altogether, our data point to a novel mechanism in DA neurons to
modulate the insulin/IGF-1 signaling pathway and vulnerability or
protection to toxic insult by miR-126, and suggest a functional role
of miRNAs in the pathogenesis of PD.

2. Method

2.1. Subjects, material collection, and miRNA profiling

Subjects are listed in Supplementary Table 1 and additional
information is publicized at the National Brain Databank (http://
national_databank.mclean.harvard.edu/brainbank) or has been
published elsewhere (Simunovic et al., 2009, 2010). Eight normal
controls and 8 PD samples (5 males and 3 females in each group)
with an average age of 74.8 and 78.6, respectively, were used for
miRNA profiling. An additional sample per group (C11 and PD12)
(Supplementary Table 1) was used to establish the methodology
and determine reproducibility of the miRNA arrays. Material
collection, preparation, and data generation for the miRNA arrays
were conducted according to (Benes et al., 2007; Pietersen et al.,
2011; Simunovic et al., 2009, 2010). The Human MicroRNA Taq-
Man qRT-PCR Arrays A v1 or 2.0 (Life Technologies, Foster City, CA,
USA) were used for miRNA analysis of total RNA derived from the
LMD DA neurons. miRNAs were analyzed according to published
protocols using RNU44 or global mean normalization, or ABI’s R
package for quantitative real-time polymerase chain reaction
(qRT-PCR) analysis (ABqPCR) in Bioconductor (D’Haene et al.,
2012; Deo et al., 2011; Mestdagh et al., 2009). Only miRNAs with
cycle threshold (Ct) values <35 were included in the analyses.

2.2. Computational data analysis

Potential miRNA targets were identified using TargetScan
(http://www.targetscan.org) (Friedman et al., 2009; Grimson et al.,
2007; Lewis et al., 2005) and TargetCombo (http://diana.pcbi.
upenn.edu/cgi-bin/TargetCombo.cgi) (Sethupathy et al., 2006),
and subjected to negative correlation enrichment analysis based on
their individual miRNA and messenger RNA (mRNA) expression
profiles using data from previously published microarray analysis
(Simunovic et al., 2009, 2010). Pathwayenrichment was conducted
according to previously publishedmethodologies (Simunovic et al.,
2009, 2010; Yi et al., 2009) using Biocarta, GOBP, GSEA, KEGG, and
WIKI. Data mining was performed on published literature and us-
ing resources such as the MIRECORDS database (http://mirecords.
umn.edu) (Xiao et al., 2009), National Center for Adult Stem Cell
ResearchdParkinson’s Disease Review Database (https://ncascr.
griffith.edu.au/pdreview/2009) and www.pdgene.org.

2.3. Construction of lentivirus vectors and cell transduction

The third generation lentivirus system was kindly provided by
Drs D. Trono and R. Zufferey, University of Geneva, Switzerland
(Zufferey et al., 1997, 1998). For conditional and cell-specific
expression of miR-126, 2 lentivirus vectors were constructed: The
first contained a modified Tet-On reverse transactivator rtTA3
(kindly provided by Dr A. Das, University of Amsterdam, the
Netherlands; (Das et al., 2004) driven by either phosphoglycerine
kinase (PGK) or synapsin promoter (kindly provided by Dr Atsushi
Miyanohara [UCSD]), and an Internal Ribosomal Entry Siteegreen
fluorescent protein (IRES-GFP) cassette downstream of the
rtTA3 complementary DNA (Lenti.PGK/Syn.rtTA3.IRES.GFP). The
second virus contained the Tet response element promoter 2
(pTRE2; Clontech Laboratories, Mountain View, CA, USA) and
approximately 270e300 bp upstream and downstream sequences
of either rat or human miR-126 pre-miRNA (Lenti.pTRE2.rno-/hsa-
miR-126). The following primers were used to amplify the miRNA
sequences from genomic DNA by PCR (given without flanking
sequences for restriction sites): hsa-miR-126 50: ACAGGTAACAGC-
CCTGGCTGTG; hsa-miR-126 30: CTTCATTGCACTGTCCACTCCTG;
rno-miR-126 50: GCACTATGCTGAGGGCTGATTC; rno-miR-126 30:
TTCTACACCTCCTCTCTCACC. All cloning experiments were based on
standard molecular biological techniques. Virus production and cell
transductions were performed as described (Sastry et al., 2002; Seo
et al., 2004, 2007). Cell transductions were performed with multi-
plicity of infections of 10e20 in the presence of 5e7 mg/mL hex-
adimethrine bromide (Polybrene; Sigma Aldrich, St Louis, MO, USA).
Cells were incubated with virus and polybrene for 5e6 hours before
changing to fresh media.

Expression of virus vectors was determined by GFP fluorescence
and qRT-PCR using the miR-126 TaqMan MicroRNA Assay from Life
Technologies Corporation (Cat. # 4427975). Transduced SH-SY5Y
and PC12 cells were expanded and stocks were frozen. Cell
batcheswere frequentlymonitored for GFP andmiR-126 expression.
2.4. Cell culture and determination of cell proliferation and toxicity

SH-SY5Y human neuroblastoma and rat PC12 cells were ob-
tained from ATCC (Manassas, VA, USA) and differentiated according
to (Presgraves et al., 2004) or (Chung et al., 2010), respectively. For
assessing cell proliferation, virus-transduced cells were plated at
5000e8000 cells/well in 96-well plates and serum-starved for
24 hours before treatment with different concentrations of IGF-1
(Peprotech, Rocky Hill, NJ, USA) for 48 hours. miR-126 expression
was induced by 200 ng/mL doxycycline (Dox; Sigma, St Louis, MO,
USA) at cell plating. In the toxicity assays, undifferentiated or
differentiated neuroblastoma cells were treated with 20 ng/mL IGF-
1 for 24 hours (SH-SY5Y), or in case of PC12 cells, throughout the
entire (full) or only in the second phase of cell differentiation (half)
(see Supplementary Fig. 5A), followed by different concentrations
of 6-OHDA (Sigma) for 24 hours. miR-126 expression was induced
during cell differentiation and 6-OHDA treatment with 200 ng/mL
Dox. For miRNA inhibition, cells were transfected with 100 nM
scrambled controls or miR-126 targeting Locked Nucleic Acids (LNA,
Exiqon, Woburn, MA, USA) using lipofectamine (Life Technologies).

Rat ventral mesencephalon (VM) primary neurons were ob-
tained from embryonic day 14 rat embryos (Sprague-Dawley,
Charles River, MA, USA) as previously described (Chung et al.,
2005). Cells were transduced with lentiviruses 8 days after
plating, in the absence or presence of 200 ng/mL Dox. Six days after
transduction, the cells were treated with 0, 50, or 90 mM 6-OHDA
and 20 ng/mL IGF-1 was added 2 days before 6-OHDA treatment
in serum-free conditions.

Determination of cell proliferation was performed by adding
15 mL of MTT solution (Sigma) into each well followed by incubation
for 3.5 hours at 37 �C. MTT formazan crystals were dissolved in
150 mL of MTT solvent (4 mM HCl and 0.1% Nonidet P-40 in iso-
propanol), and the absorbance was measured at 570 nm after
15 minutes incubation at room temperature. Cell viability in the
toxicity assays was determined using the activity of lactate dehy-
drogenase in collected cell culture medium, according to the
manufacturer’s instructions (Roche, Indianapolis, IN, USA). Lactate
dehydrogenase activities of control or 6-OHDA treated cells were
measured by absorbance at 450 nm.

http://national_databank.mclean.harvard.edu/brainbank
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2.5. Protein sample preparation and Western blot

Protein sample preparation and Western blots were performed
as previously described (Seo et al., 2004) using the following pri-
mary antibodies: PI3-kinase p85a (1:1250; Millipore, Billerica, MA,
USA), PI3-kinase p85b (1:1250; Santa Cruz Biotechnology, Santa
Cruz, CA, USA), IRS-1 (1:1250; Cell Signaling, Danvers, MA, USA),
SPRED1 (1:1250; Abcam, MA, UK), AKT, phospho-AKT, ERK,
phospho-ERK (1:1250; Cell Signaling), and b-actin (1:10,000;
Covance, Princeton, NJ, USA), and alkaline phosphatase-conjugated
anti-mouse or -rabbit secondary antibodies (1:2500; Invitrogen),
and Immun-Star alkaline phosphatase Substrate (Bio-Rad, Hercules,
CA, USA) for protein detection. Quantification of the immunoreac-
tive bands was performed using ImageJ (NIH, http://rsb.info.nih.
gov/ij/). Experiments were performed at least in triplicate.

2.6. Immunocytochemistry and cell counting

Cells were fixed in 4% paraformaldehyde (Fisher Scientific) and
rinsed with phosphate-buffered saline. Cells were then incubated
with blocking buffer (10% normal goat serum and 0.1% Triton X-100)
for 30 minutes at room temperature. Immunostaining was per-
formed using primary antibodies against tyrosine hydroxylase (TH,
1:1000; Pel-Freez, Rogers, AR, USA) and green fluorescence protein
(GFP,1:500;Millipore), followed by incubation in Alexa Fluor 488 or
Alexa Fluor 568 conjugated anti-mouse or -rabbit secondary anti-
bodies (1:1000; Invitrogen). After counterstaining with 1 mg/mL
Hoechst (Sigma) for 2 minutes, cover glasses were mounted onto
glass slides using Gel-Mount anti-fade media (Electron Microscopy
Sciences, Hatfield, PA, USA). Total numbers of THþ or THþ/GFP�
neurons were counted from images taken with an inverted Zeiss
Axiovision microscope (Carl Zeiss Microimaging, Inc, Thornwood,
NY, USA) connected to a fluorescence light source and digital
camera (Zeiss AxioCam HRc). Five to 72 images at 30� magnifica-
tion that contain at least 1 THþ neuron were taken for each
coverslip and condition. Three investigators, blinded to the treat-
ment groups, independently performed counting and duplicate
analyses.

2.7. Statistical analysis

Microsoft Excel software (Microsoft Corp, Redmond, WA, USA)
was used for statistical analysis. Data were compared between
different experimental groups or within a group using Student t
test. Differences of comparison were considered statistically sig-
nificant when p < 0.05.

3. Results

3.1. SN DA neurons have a distinctive miRNA expression profile that
is dysregulated in PD

We first established the technology to detect miRNAs in laser
LMD DA neurons from 1 normal control and 1 PD patient’s brain.
Direct comparison of Ct values between 2 replicates in each group
showed high reproducibility with >95% (R ¼ 0.954) overlap for the
samples from normal controls and >96% (R ¼ 0.967) for those from
PD brains (Supplementary Fig. 1A and B). We then determined the
expression profiles from 8 normal controls and 8 PD brain samples
(5 males and 3 females in each group) (Supplementary Table 1).
Analysis of DCt values demonstrated that the DA neurons had a
distinctive miRNA signature (Fig. 1A), a high correlation of expres-
sion profiles between samples within each group, and different
expression levels for individual samples within and across each
group (Supplementary Fig. 1C and D). To assess miRNA expression
levels we used 3 independent normalization methods according to
published literature (D’Haene et al., 2012; Deo et al., 2011;
Mestdagh et al., 2009), including the endogenous snoRNA RNU44,
global mean normalization, and ABI’s R package for qRT-PCR anal-
ysis (ABqPCR). Normalized values with a cutoff of Ct <35 were then
used to determine fold changes (FC) of miRNA expression between
the normal control and PD samples. These data revealed high
overlap of average FC in all methods, a set of significantly dysre-
gulated miRNAs, and a trend of more up than downregulated
miRNAs in PD (Fig. 1B).

3.2. miR-126 is upregulated and can be associated with
dysregulated IGF-1/PI3K signaling in PD DA neurons

To determine potential associations of miRNAs with the gene
expression networks in the DA neurons, we performed negative
correlation enrichment analysis linking miRNAs with mRNA targets
that are dysregulated in the same cells (Simunovic et al., 2009,
2010), followed by pathway enrichment analysis. These studies
demonstrated that a set of miRNAs had significant negative corre-
lations with terms that are associated with dysregulated gene
expression networks related to PD. This included the insulin/IGF-1/
PI3K signaling pathways (Supplementary Fig. 2A). miR-126 was one
of the miRNAs that were upregulated in the PD samples (Fig. 1C)
and negatively or positively correlated with some of its targets,
including p85b (phosphoinositide-3-kinase regulatory subunit 2,
PIK3R2) (Fish et al., 2008; Guo et al., 2008; Zhu et al., 2011), insulin
receptor substrate 1 (IRS-1) (Ryu et al., 2011; Zhang et al., 2008),
regulator of v-crk sarcoma virus CT10 oncogene homolog (CRK)
(Crawford et al., 2008; Guo et al., 2008), and Myb protein 1 (TOM1)
(Oglesby et al., 2010) (reviewed in Sonntag et al., 2012)
(Supplementary Fig. 2B).

3.3. Overexpression of miR-126 in VM neurons increases their
vulnerability to 6-OHDA toxicity

To identify a causal relationship of miR-126 with insulin/IGF-1/
PI3K signaling in the DA neuronal context, we generated a
Dox-inducible lentivirus system (Supplementary Fig. 3) and cell-
specifically expressed GFP and miR-126 using the Synapsin
promoter in embryonic day 14 rat VM cells (Fig. 2A). After cell trans-
duction, 73% of THþ neurons expressed GFP (THþ/GFPþ) and the
Dox-induced expression levels of miR-126 in the virus transduced
cultures were 3-fold (Fig. 2B and C). Cells were then treated with the
neurotoxin 6-OHDA and IGF-1, and cell numberswere quantified.We
found less numbers of THþ DA neurons in response to 6-OHDA
whenmiR-126 was overexpressed, and miR-126 expressing cells were
less protected by IGF-1 than controls (Fig. 2D and Supplementary
Fig. 4, upper panel). These effects were specific to miR-126 trans-
duced cells, because no differences in cell counts were seen for
untransduced THþ neurons (THþ/GFP�) between virus control and
miR-126 conditions (Supplementary Fig. 4, lower panel).

3.4. Overexpression of miR-126 reduces and its inhibition promotes
the trophic effects of IGF-1 in neuroblastoma cells

To gain further insight into the molecular functions of miR-126,
we analyzed its effects on IGF-1 signaling in SH-SY5Y or PC12 cell
lines that were generated with the inducible miR-126 virus system
(Supplementary Fig. 3). When we treated the cells with IGF-1, we
found that immature or retinoic acid and 12-O-tetradecanoyl-
phorbol-13-acetate differentiated SH-SY5Y cells exhibited a
reduction in trophic support when miR-126 was induced with Dox,
and similar results were obtained from PC12 cells (Fig. 3A). These
effects could be abrogated when cells were treated with the IGF-1
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Fig. 1. miRNA expression profiles in LMD DA neurons. (A) Heat maps of 379 miRNAs for 8 controls and 8 PD samples after profiling with the TaqMan Human MicroRNA A Array
v2.0 plotted as DCt values (Ct miRNAdCt RNU44) according to miRNA numbers show that aged human postmortem DA neurons have a distinctive miRNA expression profile. (B)
Average fold change (FC) expression for each miRNA with Ct values <35 after data analysis with 3 independent methods according to published protocols (D’Haene et al., 2012;
Deo et al., 2011; Mestdagh et al., 2009). miRNAs were normalized using the endogenous control RNU44, global mean, or ABIqPCR and average FC between controls and PD
samples are plotted as Log2 scales. In all methods there was a trend of more up- than downregulated miRNAs in PD. (C) Average FC for miR-126 based on ABIqPCR (* p ¼ 0.022),
RNU44 (* p ¼ 0.03), and global mean (not significant) normalization. Abbreviations: Ct, cycle threshold; DA, dopamine; LMD, laser microdissection; miRNA; microRNA; PD,
Parkinson’s disease.
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receptor (IGF-1R) antagonist AG1024 (Fig. 3B) demonstrating that
miR-126 specifically acts on the IGF-1 signaling pathway. Moreover,
both miR-126 transduced and control SH-SY5Y cells that were
transfected with miR-126 targeting LNAs exhibited an increase in
IGF-1 activated cell proliferation (Fig. 3C).
3.5. Overexpression of miR-126 conveys vulnerability and its
inhibition neuroprotection to 6-OHDA toxicity

We next assessed the effects of miR-126 on neurotoxicity
mediated by 6-OHDA. As demonstrated in the VM cultures, miR-
126 overexpressing SH-SY5Y cells demonstrated higher vulnera-
bility to the toxin and were less protected by IGF-1 than naïve and
virus controls, and this effect was more pronounced in the differ-
entiated neuroblastoma cells (Fig. 4A, Supplementary Fig. 5A). Cell
death in these cultures was confirmed by analysis of caspase 3
expression (Supplementary Fig. 5B). Conversely, inhibition of miR-
126 with miR-126 targeting LNAs increased cell survival in both
untreated and 6-OHDA toxicity conditions (Fig. 4B). We also
analyzed the effects of miR-126 on 6-OHDA toxicity in differenti-
ated PC12 cells according to a recently published protocol by Chung
et al. (2010). Cell differentiation was induced with nerve growth
factor in an early transient stimulation that induced an extracellular
signal-regulated kinase (ERK) and transcription-dependent latent
process, and a second sustained nerve growth factor stimulation
driving the fast neurite extension process by ERK- and PI3K-
dependent activities (Supplementary Fig. 6). To test a function of
miR-126 on the protective effects of IGF-1 in either phase, we added
IGF-1 throughout (“full”) or only in the late phase (“half”) of dif-
ferentiation. In both conditions, overexpression of miR-126 alone
was neurotoxic, increased the toxic effects of 6-OHDA, and impaired
IGF-1 when compared with naïve and virus controls (Fig. 4C).
3.6. Overexpression of miR-126 downregulates factors in the IGF-1/
PI3K and ERK signaling cascades

To gain insight into target regulation of miR-126, we then
assessed the expression of factors in IGF-1/PI3K signaling, including
AKT and its phosphorylation, and the validated miR-126 targets
p85b (Fish et al., 2008; Guo et al., 2008; Zhu et al., 2011) and IRS-1
(Ryu et al., 2011; Zhang et al., 2008). In addition, we evaluated levels
of Sprouty-related, EVH1 domain-containing protein 1 (SPRED1),
ERK, and pERK, because SPRED1 is another validated target of miR-
126 and a known inhibitor of mitogen-activated protein kinase and/
or ERK signaling (Fish et al., 2008; Wang et al., 2008b). Compared
with naïve and virus controls, miR-126 overexpressing cells
exhibited lower expression levels of p85b, IRS-1, and SPRED1 and a
reduction in phosphorylated AKT and ERK (Fig. 5). These impacts
were markedly exacerbated after treatment with 6-OHDA.
4. Discussion

Our study demonstrates that DA neurons in late stage PD and
aged-matched controls have a distinctive signature (“fingerprint”)
of miRNA expression and that a set ofmiRNAswas dysregulated and
predominantly upregulated in PD. These results extend data from
previous microarray and qRT-PCR analyses on the same sample
populations, which showed a prominent downregulation of gene
expression in PD (Elstner et al., 2011; Simunovic et al., 2009), sug-
gesting that midbrain DA neurons exhibit unique mRNA and/or
miRNA expression networks that are dysregulated in PD.



Fig. 2. Overexpression of miR-126 compromises survival of VM primary DA neurons. (A) THþ DA neurons (green) transduced with Syn.rtTA3.IRES.GFP (Virus Ctrl) or the dual
TetOn.Syn.miR-126 virus system (miR-126) express GFP (red). Images are at 40� magnification and scale bars represent 20 mm. (B) Of all THþ cells 73% were virus-transduced
(THþGFPþ). (C) In TetOn.Syn.miR-126 transduced cultures, miR-126 expression is 3-fold upregulated in the presence of 200 ng/mL Dox compared with Syn.rtTA3.IRES.GFP
transduced controls (* p < 0.05). (D) Transduced cells were cultured in the absence or presence of 50 or 90 mM 6-OHDA, 200 ng/mL Dox, or 20 ng/mL IGF-1, and THþ cell numbers
were counted. Shown are data from 1 of 2 experiments (* p < 0.05 comparing Dox-treated [Doxþ] to Dox-untreated [Dox�] condition; # p < 0.05 comparing 6-OHDA-treated to
6-OHDA-untreated (0 mM) condition; x p < 0.05 comparing IGF-1-treated [IGF-1þ] to IGF-1-untreated [IGF-1-] condition). Abbreviations: DA, dopamine; IGF-1, insulin-like growth
factor-1; TH, tyrosine hydroxylase; VM, ventral mesencephalon.
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So far, several miRNAs have been associated with PD. In cell
culture or in mice, miR-7 and miR-153 downregulated a-Synuclein,
a protein associated with PD (Doxakis, 2010; Junn et al., 2009), miR-
433 inhibited translation of the DA neuron-associated mitogen
FGF20 in vitro (Wang et al., 2008a), miR-133b was a regulator of
midbrain DA cell development in mice by targeting the transcrip-
tional activator Pitx3 (Kim et al., 2007), and miR-34 b/c might affect
mitochondrial function through an indirect mechanism that could
include Parkin and DJ1 (Minones-Moyano et al., 2011). In the latter
2 studies, miR-133b and miR-34 b/c were identified from profiling
human postmortem tissue and both were downregulated in the
midbrain of sporadic PD patients. In our data set, there was a trend
of miR-433 downregulation in PD samples, however, this was sta-
tistically not significant (FC 0.6; p ¼ 0.8). miR-133b, miR-153, and
miR-34 b/c were expressed below detection threshold (average Ct
values w38), and miR-7 was not present on the TaqMan Human
MicroRNA A Array v2.0. Taken together, our results don’t provide
strong support for a function of these miRNAs in DA neurons or PD,
and this is consistent with recent data for miR-133b demonstrating
that miR-133b mutant mice have normal midbrain dopaminergic
function (Heyer et al., 2012). Regarding the observed differences in
expression levels of miR-133b and miR-34 b/c between our study
and the studies by Kim et al. (2007) and Minones-Moyano et al.
(2011), it should be noted that these authors used dissected
midbrain tissue. Therefore, it could be possible that the docu-
mented expression of the miRNAs might have occurred in different
cell populations. On a technical note, some miRNAs in our profiles
were recently detected independently in midbrain DA neurons. For
example, in a study by Nelson et al. (2008), pigmented neurons in
the SN labeled strongly for miR-320, but weakly for miR-107 in in
situ hybridization experiments (Nelson et al., 2008). This is
consistent with our qRT-PCR data, which showed strong expression
of miR-320 (average Ct values w27) and very little expression of
miR-107 (average Ct values w38).

Our data set provides a platform for identifying possible miRNA
and/or mRNA associations that could be related to cellular pro-
cesses involved in PD pathogenesis. This included correlative evi-
dence for an association of miR-126 with IGF-1/PI3K signaling, a
pathway that has been implicated in PD (discussed in Craft and
Watson, 2004), and its dysregulation was also observed in laser-
microdissected PD DA neurons (Cantuti-Castelvetri et al., 2007;
Elstner et al., 2011; Simunovic et al., 2009, 2010). On a functional
level we now demonstrate that upregulation of miR-126 in the DA
neuronal phenotype impairs the insulin/IGF-1/PI3K signaling
pathway and negatively affects cell survival to neurotoxic insult and
protection by IGF-1. Together with the data from the human post-
mortem material, these results suggest that (dys)regulation of in-
sulin signaling by miR-126 may be a contributing factor in PD
pathogenesis. However, whether this is cause or consequence of
disease or a reflection of age remains to be determined. An asso-
ciation of miR-126 with insulin/IGF-1/PI3K signaling has previously
been described in myocytes (Wang et al., 2009), adipocytes (Ling
et al., 2009), endothelial cells, cancer, and hepatocytes (reviewed
in Sonntag et al., 2012). Interestingly, in hepatocytes, rotenone-
induced mitochondrial dysfunction caused upregulation of several
miRNAs, including miR-126, which in turn contributed to impaired
insulin signaling by downregulating IRS-1 (Ryu et al., 2011).
Oxidative stress is a key mechanism in PD pathogenesis, and
although not directly addressed in our studies, it could be that a
combination of dysfunctional mitochondria with miRNA-
modulated metabolic dysfunction contributes to the demise of DA
neurons during aging and in PD. Of interest is our observation that
blocking miR-126 function in naïve or miR-126 overexpressing cells
increased the trophic effects of IGF-1 and cell survival in untreated



Fig. 3. Overexpression of miR-126 impairs and its inhibition promotes IGF-1 signaling in neuroblastoma cells. (A) MTT assays on SH-SY5Y or PC12 cells that are transduced with the
dual virus system show reduced cell proliferation in response to IGF-1 when miR-126 expression is induced by 200 ng/mL Dox. Results are plotted as fold differences relative to 0 ng/
mL IGF-1 for Doxþ over Dox� conditions (* p < 0.05 comparing miR-126 to Naïve or Virus Ctrl.). (B) The effects of IGF-1 could be abrogated by AG1024. Dox-treated (200 ng/mL)
undifferentiated SH-SY5Y cells were cultured in the absence or presence of 80 ng/mL IGF-1 or 1 mM AG-1024 and cell proliferation was measured by MTT. Data are plotted as fold
differences relative to untreated controls (* p < 0.05 comparing IGF-1þ to IGF-1� condition). (C) Inhibition of miR-126 increases trophic support of IGF-1. Dox-treated Virus Ctrl and
miR-126 transduced cells were transfected with scrambled or miR-126 targeting LNAs (LNAsc and LNA126, respectively) and cultured in the absence or presence of IGF-1. Data are
plotted as percent cell death relative to 0 ng/mL IGF-1 in LNAsc transfected cells (* p < 0.05 comparing IGF-1þ to IGF-1 conditions, # p < 0.05 comparing LNA126 with LNAsc).
Abbreviations: Dox, doxycycline; IGF, insulin-like growth factor; LNA, locked nucleic acids.
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cells or 6-OHDA toxicity, indicating that inhibition of miR-126 may
be a mechanism of neuroprotection.

Other than miR-126, several miRNAs have been linked to regu-
lating insulin/IGF-1 signaling. For example, 11 miRNAs that poten-
tially target IRS-1 were increased in the mitochondrial-stressed
hepatocytes (Ryu et al., 2011), and 4 of themwere elevated in the PD
DA neurons in our study. Other examples include miR-470, -669b,
and -681, which were recently identified as potential suppressors of
IGF-1R and AKT in the hippocampus of aged Ames dwarf and
growth hormone receptor knock out mice (Liang et al., 2011), and
miR-7 and miR-98, which inhibit IGF-1 and/or AKT signaling by
targeting IRS-1 in glioblastoma or N2A cells, respectively (Hu et al.,
2013; Kefas et al., 2008). In our miRNA profiles, miR-7, -470, -669b,
and -681 were not included in the TaqMan Human MicroRNA A
Array v2.0, and miR-98 was expressed below detection threshold.
However, another miRNA, miR-320, which has been shown to in-
fluence IGF-1 signaling through regulation of IGF-1/2, IGF-1R, p85a
(PIK3R1), and the glucose transporter 4 (SLC2A4) in myocytes
(Wang et al., 2009) and adipocytes (Ling et al., 2009), was upre-
gulated in the PD DA neurons (FC 1.9, p ¼ 0.09; FC 2.8, p ¼ 0.2; FC
2.2, p ¼ 0.8 in RNU44, global mean normalization, and ABIqPCR,
respectively). In the negative correlation analysis, miR-320 was
associated with dysregulated IGF-1, IGF-1R, and PI3KR2 indicating
that this miRNA could be also involved in (dys)regulating insulin/
IGF-1/PI3K signaling in DA neurons and PD.

Aside of targeting insulin/IGF-1/PI3K signaling, other targets of
miR-126 have been described (summarized in Sonntag et al., 2012),
including SPRED1 (Fish et al., 2008), which was downregulated in
the miR-126 overexpressing DA neurons. SPRED1 is an inhibitor of
mitogen-activated protein kinase and/or ERK signaling and this
pathway is involved in neuronal cell function, aging, and degener-
ation (Kim and Choi, 2010), suggesting that miR-126 may have
additional functions in the neuronal context.

In summary, the distinctive miRNA signature in SN DA neurons,
their dysregulation in late stage PD, the identification of miRNAs
that maybe associated with dysregulated signaling pathways
related to PD, and a functional role of miR-126 in IGF-1/PI3K
signaling in the DA neuronal context, indicate that miRNAs could
be involved in the function of (aged) DA neurons and in PD path-
ogenesis. The modulation of IGF-1/PI3K/AKT signaling by miR-126
suggests a novel mechanism in regulating trophic support in DA
neurons and their degeneration. This might not be restricted to DA
neurons as IGF-1/PI3K/AKT signaling is an important pathway in
multiple neuronal phenotypes and its impairment has been



Fig. 4. Overexpression of miR-126 conveys vulnerability and its inhibition neurprotection to 6-OHDA toxicity in neuroblastoma cells. (A) Treatment of undifferentiated (Undiff.) and
differentiated (Diff.) SH-SY5Y cells with 80 mM 6-OHDA in the absence or presence of 20 ng/mL IGF-1 shows higher toxicity and less protective effects of the trophic factor in Doxþ
(200 ng/mL) miR-126 transduced cells when compared with naïve or Virus Ctrl. Results are from LDH assays and plotted as relative cell death to Triton X (1%) induced maximum cell
death (* p < 0.05 comparing IGF-1þ to IGF-1� condition; # p < 0.05 comparing miR-126 to Naïve or Virus Ctrl). (B) Inhibition of miR-126 increases cell survival of untreated and 6-
OHDA treated SH-SY5Y cells. Dox-treated Virus Ctrl and miR-126 transduced cells were transfected with LNAsc or LNA126 and cultured in the absence or presence of 80 mM 6-OHDA
and 20 ng/mL IGF-1. Data are plotted as percent cell death relative to untreated LNAsc controls (* p < 0.05 comparing IGF-1 and LNA126 to untreated LNAsc conditions). (C)
Treatment of differentiated PC12 cells with 250 mM 6-OHDA in the absence or presence of 20 ng/mL IGF-1 shows higher toxicity and less protective effects of the trophic factor in
Doxþ (200 ng/mL) miR-126 transduced cells when compared with Naïve or Virus Ctrl. Cells were differentiated according to a protocol by Chung et al. (2010), and a protective effect
of IGF-1 was tested throughout (“full”) or only in the late phase (“half”) of differentiation (see Supplementary Fig. 5A) (* p < 0.05 comparing IGF-1þ to IGF-1� condition; # p < 0.05
comparing miR-126 with Naïve or Virus Ctrl). Abbreviations: Dox, doxycycline; LDH, lactate dehydrogenase.
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attributed to aging and other neurodegenerative diseases (Bomfim
et al., 2012; Craft and Watson, 2004; de la Monte, 2012; Deak and
Sonntag, 2012; Kim and Feldman, 2012; Talbot et al., 2012;
Torres-Aleman, 2010). In fact, recent data from our studies on
cortical and hippocampal primary cultures indicated that over-
expression of miR-126 increased their vulnerability to neurotoxic
Ab1-42 peptides by downregulating the IGF-1-signaling pathway
(Kim et al., unpublished results). Therefore, (dys)regulating this
pathway by miRNAs could have broader implications for normal
and abnormal neuronal cell function.
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