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MicroRNA (miRNA) misregulation in peripheral blood has been linked to Parkinson disease (PD) but its
role in the disease progression remains elusive. We performed an explorative genome-wide study of
miRNA expression levels in dopaminergic neurons (DAn) from PD patients generated by somatic cell
reprogramming and induced pluripotent stem cells differentiation. We quantified expression levels of
377 miRNAs in DAn from 3 sporadic PD patients (sPD), 3 leucine-rich repeat kinase 2eassociated PD
patients (L2PD) (total 6 PD), and 4 healthy controls. We identified differential expression of 10 miRNA of
which 5 were upregulated in PD (miR-9-5p, miR-135a-5p, miR-135b-5p, miR-449a, and miR-449b-5p)
and 5 downregulated (miR-141e3p, miR-199a-5p, miR-299e5p, miR-518e-3p, and miR-519a-3p).
Changes were similar in sPD and L2PD. Integrative analysis revealed significant correlations between
miRNA/mRNA expression. Moreover, upregulation of miR-9-5p and miR-135b-5p was associated with
downregulation of transcription factors related to the DNA hypermethylation of enhancer elements in PD
DAn (FOXA1 and NR3C1). In summary, miRNA changes are associated with monogenic L2PD and sPD and
co-occur with epigenetic changes in DAn from PD patients.
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1. Introduction

Parkinson disease (PD) is a progressive neurodegenerative disor-
der characterized by dopaminergic neural loss in the substantia nigra
pars compacta (SNpc) and a related striatal dopamine deficit leading
to the classical motor symptoms of bradykinesia, rigidity, and tremor
(Lang and Lozano,1998a,b). The vastmajority of PD cases are sporadic
(sPD)andbelievedtoresult fromacomplex interplaybetweengenetic
and environmental susceptibility factors ofwhich aging is considered
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themost importantknowndisease risk (Reeveetal., 2014).Yetaround
5% encompass monogenic cases caused by pathogenic mutations
segregatingwith disease in affected families (Gasser, 2009). Of these,
missensemutations in the leucine-rich repeat kinase 2 (LRRK2) gene,
most specially the toxic gain-of-function G2019S variant located in
the kinase domain, are the most frequent cause of monogenic PD.
Interestingly, LRRK2 mutations have been identified not only in fa-
milial LRRK2-associated PD (L2PD) but also in many sPD cases sug-
gesting a reduced penetrance which is determined by additional
modifiers of their pathogenic expressivity (Fernández-Santiago et al.,
2015b; Healy et al., 2008). Since L2PD can resemble clinically and
neuropathologically sPD (Marras et al., 2016), this form is being
widely used tomodel common sPD and to gainnovel insights into the
molecular alterations occurring in the disease.

MicroRNAs (miRNAs) are small noncoding regulatory RNAs
controlling gene expression by the translational inhibition and
degradation of their target mRNAs (Bartel, 2009). MiRNA alter-
ations have been shown to contribute to the pathophysiology of
neurodegenerative disorders (Abe and Bonini, 2013; Dimmeler and
Nicotera, 2013). Mounting evidence has demonstrated differential
miRNA expression changes in peripheral tissues from PD patients
such as whole blood (Alieva et al., 2015; Margis et al., 2011; Martins
et al., 2011; Serafin et al., 2015; Soreq et al., 2013), plasma (Cardo
et al., 2014; Khoo et al., 2012), and serum (Botta-Orfila et al.,
2012; Vallelunga et al., 2014) even at PD prodromal stages before
clinical manifestation of the motor symptoms (Fernandez-Santiago
et al., 2015c). These studies have suggested a potential role of
miRNAs as candidate biomarkers for the diagnosis and prognosis of
PD (Danborg et al., 2014). However, miRNA studies in the central
nervous system have been hindered by the inaccessibility to
dopaminergic neurons (DAns) from live patients. Yet reports in
postmortem PD brain tissue have also shown that miRNA deregu-
lation of at least some specific miRNAs also occurs at advanced
stages of disease (Fuchs et al., 2009; Kim et al., 2007). Because of the
limiting cell inaccessibility, the miRNA expression profile of DAn
from PD patients at more initial stages of the neurodegenerative
process remains unknown until date.

Upon cell reprogramming of skin fibroblasts from patients with
sPD and L2PD into induced pluripotent stem cells (iPSC) and their
differentiation into DAns, we have previously generated and char-
acterized a patient-derived disease-specific DAn model of PD
(Fernandez-Santiago et al., 2015a; Sanchez-Danes et al., 2012b). In
these iPSC-derived DAn cells, we have reported large epigenomic
changes consisting in an aberrant DNA methylation profile which
was associated with both sPD and L2PD (Fernandez-Santiago et al.,
2015a). These epigenomic changes detected in PD iPSC-derived DAn
antedated disease-specific phenotypes emerging on long-term
culture, which included reduced axonal outgrowth, impaired
autophagic vacuole clearance, and accumulation of alpha-synuclein
(Sanchez-Danes et al., 2012b). The same patient DAn cell lines from
these 2 previous studies were used here to further perform an
unbiased genome-wide miRNA expression study interrogating the
expression levels of 377 miRNAs in 3 sPD patients, 3 L2PD patients,
and 4 healthy controls. More specifically, here we have investigated
whether specific miRNA expression modifications occur in iPSC-
derived DAn from sPD as well as familial L2PD, and concurrently
we have also explored a potential functional relation between
miRNA and global gene expression changes observed in our model.

2. Material and methods

2.1. Study approval

The study conformed to the principles of the Declaration of
Helsinki and the Belmont Report. All participants gave written
informed consent, and the study was approved by the Commission
on Guarantees for Donation and Use of Human Tissues and Cells of
the Instituto de Salud Carlos III and the ethics committee from the
Hospital Clínic de Barcelona. Personal data were anonymized and
subject samples were codified to preserve confidentiality.

2.2. Subjects and generation of iPSC-derived DAn cell lines

Studied individuals included 3 patients with sPD reporting no
family history of disease, who were negative in the LRRK2 muta-
tional screening, 3 patients with familial L2PD, who carried the
LRRK2 G2019S mutation, and 4 genetically unrelated healthy con-
trols without familial history of neurological disease. Clinical details
from the patients and controls are summarized in Table 1. Skin bi-
opsies of 3 mm of diameter were performed in the alar surface of
the forearm of subjects and primary cultures of somatic skin cells
(keratinocytes and fibroblasts) were established. Cell reprogram-
ming of somatic cells into iPSC was done based on the retroviral
delivery of a cocktail of 3 reprogramming factors including OCT4,
KLF4, and SOX2. Differentiation of iPSCs into DAnwas carried out by
the lentiviral delivery of the A9-subtype DAn pattering factor
LMX1A, which enriches by 4-fold the yield of DAn, and co-culture
with mouse PA6 feeding cells. Reprogramming and differentiation
protocol (Sanchez-Danes et al., 2012a) and cell line characterization
of the DAn used in the present study have been previously
described elsewhere (Fernandez-Santiago et al., 2015a; Sanchez-
Danes et al., 2012b). After 30-days of differentiation, resulting
iPSC-derived DAns were subjected to miRNA expression profiling
and also to the genome-wide gene expression and DNAmethylation
analyses previously published (Fernandez-Santiago et al., 2015a).

2.3. miRNA isolation

Total RNA containing enriched small RNAs (18 nucleotides up-
ward) was isolated from 1 million cells using the miRNeasy Kit
(Qiagen) according to manufacturer instructions and resuspended
in 30 mL of RNase-free water. Total RNA concentration and quality
were determined in a Nanodrop 1000 spectrophotometer (Thermo
Fisher Scientific). Average RNA yield using this method was of 10 mg
at a mean concentration of 300 ng/mL per sample.

2.4. miRNA expression analysis

Retro-transcription of 400 ng of RNA samples enriched inmiRNA
into cDNA was performed using the Megaplex RT Primer Pools -
Human Pool A (Applied Biosystems, product datasheet: https://
tools.thermofisher.com/content/sfs/manuals/4399721c.pdf) in a
PTC-200 thermocycler (MJ Research). We mixed 6 mL of each cDNA
product with a total of 394 mL of nuclease-free water and 400 mL of
TaqManMaster Mix and loaded 100 mL of the quantitative real-time
PCR (qPCR) reaction mix in each port of the TaqMan Array Human
MicroRNA A Cards v2.0 (Applied Biosystems, product datasheet:
https://tools.thermofisher.com/content/sfs/manuals/cms_042326.
pdf), also known as TaqMan Low Density Array. Samples were
centrifuged 2 times at 110 g during 1 minute and miRNA amplifi-
cation was performed in a Viia7 1.0 Real-Time PCR system (Applied
Biosystems). Raw data were filtered out using the Expression Suite
v1.0 software (Applied Biosystems). Out of the 377 miRNAs
included in the array, we considered for subsequent analyses only
the quantification cycle values from miRNAs expressed below 35
cycles in at least 50% of the samples, resulting in a total of 240
miRNAs. Relative quantification of miRNA expression levels was
done using the �DCt algorithm in the DataAssist software v3.0
(Applied Biosystems). As endogenous normalizing controls, we
selected miRNAs showing the best normalization score (MammU6,
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Table 1
Clinical details of PD patients and iPSC-derived DAn cell lines characterized by genome-wide miRNA expression analysis

Cell line
code

Code
previous
studyc

Subject
type

LRRK2
mutation

Family
history of PD

Gender Age at
donation

Age at
onset

Initial
symptoms

L-DOPA
response

Selected
iPSC clone

Cell ratio TUJ1þ/
DAPIþ (neurons)a

Cell ratio THþ/TUJ1þ

(DA neurons)b

C-01 SP-15 Control No No Female 47 - - - 15e2 34.7 45.0
C-02 SP-11 Control No No Female 48 - - - 11e1 40.0 59.9
C-03 SP-09 Control No No Male 66 - - - 9e4 52.2 55.5
C-04 SP-17 Control No No Male 52 - - - 17e2 54.0 65.8
PD-01 SP-13 L2PD G2019S Yes Female 68 57 T Good 13e4 47.0 65.2
PD-04 SP-16 sPD No No Female 51 48 B N/A 16e2 32.1 55.2
PD-05 SP-06 L2PD G2019S Yes Male 44 33 T Good 6e2 40.9 61.9
PD-07 SP-12 L2PD G2019S Yes Female 63 49 T Good 12e3 42.7 60.0
PD-09 SP-01 sPD No No Female 63 58 T and B N/A 1e1 32.2 44.9
PD-10 SP-08 sPD No No Female 66 60 T Good 8e1 41.6 67.1

Key: B, bradykinesia; D, foot dystonia; DAn, dopaminergic neuron; iPSC, induced pluripotent stem cell; L2PD, LRRK2-associated PD; miRNA, microRNA; N/A, not assessed; PD,
Parkinson disease; sPD, sporadic PD; T, tremor.

a Ratio of neurons/total cells, calculated by immunofluorescence as the ratio of TUJ1 (neuron-specific class III b-Tubulin)-positive cells/DAPI-positive cells.
b Ratio of iPSC-derived DAn/total neurons, calculated by immunofluorescence as the ratio of TH (tyrosine hydroxylase)-positive cells/TUJ1 positive cells.
c Sanchez-Danes, A. et al., 2012b. Disease-specific phenotypes in dopamine neurons from human iPS-based models of genetic and sporadic Parkinson’s disease. EMBO Mol

Med. 4(5):380e395. Fernández-Santiago, R. et al., 2015a. Aberrant epigenome in iPSC-derived dopaminergic neurons from Parkinson’s disease patients. EMBO Mol Med. 7,
1529e1546.
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RNU48, miR-26a, miR-484, miR-744, and miR-26b) according to a
method that has been previously described (Vandesompele et al.,
2002).

2.5. Identification of differentially expressed miRNAs

We performed pairwise comparisons between the groups of
studydsPD, L2PD, total PD, and controlsdusing a 2-tailed Stu-
dent t-test. For each miRNA, we calculated the difference be-
tween the expression levels in the 2 groups under comparison as
relative quantity values (equivalent to fold-change values). We
set the statistical significance threshold for differential miRNA
expression at P below 0.05 after multiple-testing adjustment of p
values by using the false discovery rate correction (Benjamini and
Hochberg, 1995) as implemented in the DataAssist v3.0 software.
The number of tests was of 240 corresponding to the number of
miRNA expressed in all iPSC-derived DAn samples (quantification
cycle below 35 cycles) (Table 2). We used the DataAssist v3.0
pipeline for the hierarchical clustering analysis of differentially
expressed miRNAs (DEmiR) using the average linkage as clus-
tering algorithm and the Pearson correlation coefficient as dis-
tance measure (Fig. 1).

2.6. Quantitative real-time PCR validation

As a technical validation, by qPCRusing individual TaqManmiRNA
assays,weassessedtheexpressionof the top5most significantDEmiR
detected in the array (miR-135a-5p, miR-135b-5p, miR-449a, miR-
449b-5p, and miR-199a-5p) in the same miRNA samples screened
in the array (6 PDvs. 4 controls) (Supplemental Table 1). Alternatively,
Table 2
DEmiR associated with PD ordered by statistical significance

Differentially expressed
microRNA (DEmiR)

Assay commercial
code (ABI)

Mean 2�DCt expression
levels �S.D. in PD

Mean 2�

levels �S

hsa-miR-135a-5p 4,373,140 0.300 � 0.140 0.011 � 0
hsa-miR-135b-5p 4,395,372 0.313 � 0.060 0.059 � 0
hsa-miR-449a 4,373,207 0.380 � 0.250 0.007 � 0
hsa-miR-449b-5p 4,381,011 0.150 � 0.095 0.003 � 0
hsa-miR-199a-5p 4,373,272 0.329 � 0.145 0.822 � 0
hsa-miR-299e5p 4,373,188 0.001 � 5.5E-5 0.003 � 0
hsa-miR-518e-3p 4,395,506 0.0026 � 0.001 0.067 � 0
hsa-miR-9-5p 4,373,285 2.280 � 2.130 0.018 � 0
hsa-miR-141e3p 4,373,137 0.009 � 0.004 0.026 � 0
hsa-miR-519a-3p 4,395,526 0.003 � 0.0009 0.054 � 0

Key: PD, Parkinson disease; S.D., standard deviation.
wealsoperformed a total RNAextraction from these samples (RNeasy
Kit,Quiagen,#74104).We retro-transcribeda total of 2mgof totalRNA
into cDNA using a high-capacity cDNA reverse transcription kit
(Thermo Fisher Scientific, #4368814) according to manufacturer in-
structions in a PTC-200 thermocycler (MJResearch) anddiluted cDNA
products 1/10 into RNase-free water. We performed qPCR using
commercially available TaqMan MicroRNA assays (Applied Bio-
systems) for the testedDEmiRhsa-miR-135a-5p (#000460), hsa-miR-
135b-5p (#002261), hsa-miR-449a (#001030), hsa-miR-449b-5p
(#001608), and hsa-miR-199a-5p (#000498), and also for the
house-keeping miRNAs hsa-miR-744 (#002324),and RNU48
(#001006). We selected the latter among miRNA showing the most
stable expression across all samples as analyzed by using using
DataAssist v3.0 algorithm (Thermo Fisher Scientific) as described
previously (Vandesompele et al., 2002).Wemixed 4ml of each sample
with the appropriate volume of nuclease-free water and TaqMan
Gene Expression Master Mix (Applied Biosystems, # 4369016) and
quantifiedmiRNA expression in a StepOnePlus Real-Time PCR system
(Thermo Fisher Scientific). We computed raw data values for miRNA
quantification using the DataAssist software 3.0. Using this method
andas abiological validation,wealso assessed the expressionof these
top 5 most significant DEmiR in total RNA samples (RNeasy Kit,
Quiagen, # 74104) isolated from iPSC-derived DAn samples of 3
additional PDpatients (Supplemental Table 2),whichwere compared
to the 4 healthy controls previously described.

2.7. Biological enrichment analysis of genes targeted by miRNAs

We explored the biological enrichment of genes targeted by
the identified DEmiR using the software DIANA-miRPath v3.0
DCt expression
.D. in controls

Fold
change

Expression change p-value Multiple testing
adj. p-value

.005 26.78 Upregulated 0.000017 0.004

.013 5.26 Upregulated 0.0001 0.006

.005 51.76 Upregulated 0.0001 0.007

.002 40.97 Upregulated 0.0001 0.007

.414 �3.33 Downregulated 0.0008 0.035

.001 �3.33 Downregulated 0.0009 0.035

.060 �24.39 Downregulated 0.0011 0.035

.015 133.06 Upregulated 0.0012 0.035

.007 �2.94 Downregulated 0.0014 0.035

.042 �17.00 Downregulated 0.0016 0.035



Fig. 1. Identification of DEmiR in iPSC-derived DAn from PD patients. (A) Volcano plot showing upregulated DEmiR in upper right and downregulated DEmiR in upper left
quadrants. Horizontal axis represents relative miRNA expression levels between PD and controls, whereas vertical axis represents p-value. (B) Heatmap showing the 10 DEmiR
associated with PD and density color code for miRNA expression levels showing discrimination between PD either sPD or L2PD, and healthy controls. (C) Representation of miRNA
Cq values showing the Cq values of the PD-associated DEmiR in relation to the mean (Cq ¼ 30.20) and to the median (Cq ¼ 29.93) observed for all miRNAs screened in the array.
Abbreviations: Cq, quantification cycle; DAn, dopaminergic neuron; DEmiR, differentially expressed miRNA; iPSC, induced pluripotent stem cell; L2PD, LRRK2-associated PD;
miRNA, microRNA; PD, Parkinson disease; sPD, sporadic PD.
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(Vlachos et al., 2015b). This tool identifies miRNA/target gene
interactions (http://www.microrna.gr/miRPathv3) and is based
on more than half a million of experimentally reported in-
teractions and the DIANA-TarBase v7 algorithm (Vlachos et al.,
2015a). Subsequently, we performed a miRNA-target gene bio-
logical enrichment analysis and identified affected canonical
pathways using the DAVID extension (https://david.ncifcrf.gov) of
DIANA-miRPath v3.0. To this end, we used both the union anal-
ysis mode including the summatory effect of independent miR-
NAs and also the more conservative gene intersection mode
considering only genes simultaneously targeted by at least 3
different miRNAs (Supplemental Table 3).
2.8. Association of miRNA and gene expression changes

We overlapped DEmiR expression data with global gene
expression data from 437 differentially expressed genes (DEGs)
identified in the same DAn cell lines from PD patients by a genome-
wide transcriptomic analysis covering 96% of the transcriptome
(Fernandez-Santiago et al., 2015a). These DEG data are deposited in
the Gene Expression Omnibus under accession number GSE51922.
For identifying specific DEmiR/DEG pairs, we used the MAGIA
software (Sales et al., 2010) (http://genc_omp_bio_unipd_it/magia/
start/). The MAGIA pipeline detects miRNA/mRNA significant cor-
relations based on both predictive and experimentally observed

http://www.microrna.gr/miRPathv3
https://david.ncifcrf.gov
http://genc_omp_bio_unipd_it/magia/start/
http://genc_omp_bio_unipd_it/magia/start/
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correlations. We considered only DEmiR/DEG interactions identi-
fied simultaneously by 3 independent algorithms including
miRanda (stringency score 20), PITA (stringency score 300), and
Targetscan, with a Spearman correlation coefficient (r) above j0.60j,
and with a multiple testing adjusted P below 0.05 (Supplemental
Table 4).

2.9. Functional network analysis of miRNA and gene expression
changes

Weused the DEmiR and DEG interaction data described above to
build interaction networks by using the MAGIA software. For
network visualization, we used the Cytoscape software (www.
cytoscape.org) (Shannon et al., 2003). In the DEmiR/DEG network,
yellow nodes represent DEmiRs, whereas white nodes represent
DEGs, the sizes of nodes are proportional to the number of direct
interactions, and the thicknesses of edges are proportional to the
degree of correlation (Fig. 2). We also performed a biological
enrichment analysis of identified DEmiR/DEG pairs by using the
DAVID software (https://david.ncifcrf.gov) (Table 3).

3. Results

We performed a comprehensive genome-wide analysis of
miRNA expression levels in iPSC-derived DAn from PD patients and
controls. Out of the 377 screened miRNAs, a total of 240 miRNAs
showed detectable and quantifiable expression levels in our sam-
ples. Before statistical analysis, unsupervised hierarchical clustering
of expression values from these 240 miRNAs showed expression
profiles which mostly differentiated between PD patients (L2PD
Fig. 2. Interaction network of DEmiR and DEG identified in iPSC-derived DAn from PD patien
their respective interacting DEGs, whereas cluster 2 involves PD upregulated DEmiR. DEmi
proportional to the number of direct DEmiR-DEG interactions, and thicknesses of edges fr
dopaminergic neuron; DEG, differentially expressed gene; DEmiR, differentially expressed m
(For interpretation of the references to color in this figure legend, the reader is referred to
and sPD) and healthy controls suggesting overall miRNA expression
differences between these 2 groups (Supplemental Fig. 1). We then
first compared the sPD and L2PD groups under a multiple testing
adjusted P below 0.05 and found no DEmiR in between these 2
forms of disease indicating similar miRNA expression profiles. Us-
ing the same conditions of above, we further identified 10 DEmiR in
the PD group as awhole as compared to controls (Table 2). Of these,
5 DEmiRwere significantly upregulated in PD (miR-miR-9-5p,135a-
5p, miR-135b-5p, miR-449a, and miR-449b-5p), whereas 5 were
downregulated (miR-141e3p, miR-199a-5p, miR-299e5p, miR-
518e-3p, and miR-519a-3p) (Fig. 1). Collectively, these data indi-
cate that DAn from PD patients show alterations in miRNA
expression compared to healthy controls. They also indicate that
sPD and L2PD share similar miRNA expression changes.

We further performed a qPCR validation using individual Taq-
Man miRNA assays for the top 5 most significant DEmiR detected in
the arrays (miR-135a-5p, miR-135b-5p, miR-449a, miR-449b-5p,
and miR-199a-5p). We observed similar fold-change values by
qPCR and by array for miR-135a-5p (23.55 vs. 26.78), miR-135b-5p
(2.85 vs. 5.26), miR-449a (37.23 vs. 51.76), miR-449b-5p (32.63 vs.
40.97), and miR-199a-5p (�2.56 vs. �3.33), respectively. Overall,
we found a high degree of correlation between both experiments
(Pearson correlation coefficient r ¼ 0.9929 and r2 ¼ 0.9859), thus
validating the miRNA findings detected in the array. In the biolog-
ical validation using 3 additional PD patients, either alone or pooled
with the 6 original PD subjects, and compared to the controls, we
found similar miRNA changes as those observed with the array
(Supplemental Tables 1 and 2).

We next explored the molecular functions regulated by the
identified DEmiR by performing an in silico biological enrichment
ts showing 2 interaction clusters. Cluster 1 encompasses PD downregulated DEmiR, and
R are represented in yellow and DEG in white. The sizes of the DEmiR-DEG nodes are
om DEmiR to DEG are proportional to the degree of correlation. Abbreviations: DAn,
iRNA; iPSC, induced pluripotent stem cell; miRNA, microRNA; PD, Parkinson disease.
the Web version of this article.)

http://www.cytoscape.org
http://www.cytoscape.org
https://david.ncifcrf.gov


Table 3
Biological enrichment analysis of DEmiR/DEG pairs from interaction clusters 1 and 2 identified in PD

Gene ontology (GO) term Nr. of genes Total of genes p value Benjamini adj. p value

Cluster 1 terms (downregulated DEmiR, upregulated DEG)
GO:0030182wneuron differentiation 13 63 5.68Ee07 4.59Ee04
GO:0048858wcell projection morphogenesis 10 63 1.59Ee06 6.43Ee04
GO:0032990wcell part morphogenesis 10 63 2.29Ee06 6.16Ee04
GO:0031175wneuron projection development 10 63 2.29Ee06 6.16Ee04
GO:0048667wcell morphogenesis involved in neuron differentiation 9 63 4.69Ee06 9.47Ee04
GO:0048812wneuron projection morphogenesis 9 63 5.40Ee06 8.72Ee04
GO:0030030wcell projection organization 11 63 5.99Ee06 8.06Ee04
GO:0000904wcell morphogenesis involved in differentiation 9 63 1.46Ee05 0.0017
GO:0048666wneuron development 10 63 2.21Ee05 0.0022
GO:0007409waxonogenesis 8 63 2.73Ee05 0.0025
GO:0000902wcell morphogenesis 10 63 3.24Ee05 0.0026
GO:0032989wcellular component morphogenesis 10 63 7.55Ee05 0.0055
GO:0060562wepithelial tube morphogenesis 5 63 2.47Ee04 0.0165
GO:0021915wneural tube development 5 63 2.62Ee04 0.0161
GO:0001843wneural tube closure 4 63 3.41Ee04 0.0195
GO:0060606wtube closure 4 63 3.41Ee04 0.0195
GO:0014020wprimary neural tube formation 4 63 4.53Ee04 0.0241
GO:0048598wembryonic morphogenesis 8 63 4.89Ee04 0.0244
GO:0001841wneural tube formation 4 63 8.03Ee04 0.0374

Cluster 2 terms (upregulated DEmiR, downregulated DEG)
GO:0044057wregulation of system process 9 64 8.80Ee05 0.0950
GO:0006790wsulfur metabolic process 6 64 1.93Ee04 0.1038
GO:0051094wpositive regulation of developmental process 8 64 2.97Ee04 0.1063
GO:0045597wpositive regulation of cell differentiation 7 64 6.69Ee04 0.1730
GO:0032101wregulation of response to external stimulus 6 64 8.55Ee04 0.1764
GO:0006898wreceptor-mediated endocytosis 4 64 0.0019 0.3035
GO:0019915wlipid storage 3 64 0.0031 0.3968
GO:0048754wbranching morphogenesis of a tube 4 64 0.0034 0.3852
GO:0006897wendocytosis 6 64 0.0036 0.3617
GO:0010324wmembrane invagination 6 64 0.0036 0.3617
GO:0001569wpatterning of blood vessels 3 64 0.0042 0.3822
GO:0006937wregulation of muscle contraction 4 64 0.0046 0.3765
GO:0001763wmorphogenesis of a branching structure 4 64 0.0049 0.3735
GO:0051241wnegative regulation of multicellular organismal process 5 64 0.0071 0.4641
GO:0016044wmembrane organization 7 64 0.0084 0.4970
GO:0048661wpositive regulation of smooth muscle cell proliferation 3 64 0.0091 0.4993
GO:0048878wchemical homeostasis 8 64 0.0095 0.4905
GO:0042127wregulation of cell proliferation 10 64 0.0102 0.4970
GO:0006940wregulation of smooth muscle contraction 3 64 0.0135 0.5748

Key: DEmiR, differentially expressed miRNA; DEG, differentially expressed gene; GO, gene ontology; PD, Parkinson disease.
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analysis of their predicted target genes. To this end, we overlapped
the PD-associated DEmiR data with experimentally validated
miRNA/target-gene interaction data, which are publically available
at the DIANA-miRPath database (Vlachos et al., 2015b). We used the
union analysis mode that considers the summatory effect of inde-
pendent DEmiR and also the more conservative intersection mode
considering only genes simultaneously targeted at least by 3
different DEmiRs. Significantly enriched gene ontology biological
processes and Kyoto Encyclopedia of Genes and Genomes pathways
included canonical pathways involved in cancer including mela-
noma, extracellular matrix, cytoskeleton dynamics, and PI3K ki-
nase/Akt cell signaling (Supplemental Table 3). These results
suggest an effect of the PD-associated miRNA expression changes
on the cytoskeleton, axonal transport, cell adhesion, and cell sur-
vival in PD.

We then analyzed the relationship between PD differential
miRNA expression and previously observed gene expression
changes from the same DAn lines (Fernandez-Santiago et al.,
2015a). We found a significant association of 590 DEmiR/DEG
pairs under a Spearman correlation coefficient (r) above j0.6j and a
multiple testing adjusted P below 0.05 (See Material and Methods).
Of these, 285 associations were inverse and affected to a total of 167
different genes, whereas 305 were positive (Supplemental Table 4).
On the other hand, apart from expected direct negative associations
mediated by the direct binding of DEmiR to specific motifs at the 30-
UTR of regulated genes, positive associations have also been
previously reported in the literature (Ritchie et al., 2009). These
positive associations are thought to operate by indirect interactions
through the binding and degradation of DEmiR to intermediate
molecules such as transcription inhibitors operating between the
DEmiR and the controlled genes, thus leading to their upregulation
(Ritchie et al., 2009). Overall, our findings suggest that miRNA
expression changes occurring in PD play a role in regulating gene
expression, both inversely and positively.

We further performed a functional network analysis of DEmiR
and DEG correlating pairs. We focused only on inverse DEmiR/DEG
associations to specifically analyze classical direct downregulation
effects of miRNA on RNAs. We found 2 independent clusters (Fig. 2).
Cluster 1 encompassed the PD downregulated DEmiRs miR-
141e3p, miR-199a-5p, miR-299e5p, miR-518e-3p, and miR-519a-
3p, and associated DEGs, which, interestingly, were largely
involved in specific neural functions such as neuron differentiation,
neural projection development, or axonogenesis among others
(Table 3). In addition, cluster 2 included the PD upregulated DEmiRs
miR-135a, miR-135b, miR-449a, miR-449b-5p, miR-9-5p, and
associated DEGs, which were related to diverse homeostatic func-
tions such as regulation of response to external stimulus, endocy-
tosis, or metabolic processes. Previously, we have shown that PD
upregulated DEGs were overall involved in neural functions,
whereas downregulated DEGs in different homeostasis processes
(Fernandez-Santiago et al., 2015a). Thus, our miRNA data here
complement previous expression data in PD DAn by adding a new
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layer of molecular information which collectively suggest that the
downregulation of specific miRNA is related to enhancement of
specific neural functions, whereas the upregulation of other miRNA
is associated with the downregulation of basic homeostasis in PD.

We then dissected specific DEmiR/DEG inversely associated
pairs. We found that the PD upregulation of miR-9-5p was associ-
ated with the expression downregulation of the transcription factor
(TF) FOXA1 (r ¼ �0.87, adj. p ¼ 0.0052), whereas, in the same di-
rection, the upregulation of miR-135b-5p was related to the
downregulation of the TF NR3C1 (r ¼ �0.71, adj. p ¼ 0.0308)
(Supplemental Table 4). We previously showed that the gene
expression deficit of FOXA1 and NR3C1, among other TFs, was
related to the DNA hypermethylation of enhancer elements in iPSC-
derived DAn from PD patients (Fernandez-Santiago et al., 2015a).
Contrariwise, we also found that the downregulation of miR-199a-
5p was associated with the gene expression upregulation of ZIC1
(r ¼ �0.93, adj. p ¼ 0.0012), NELL2 (r ¼ �0.90, adj. p ¼ 0.0024), and
OTX1 (r ¼ �0.87, adj. p ¼ 0.0052), whereas, in the same direction,
the downregulation of miR-519a-3pwas related to the upregulation
of DCC (r ¼ �0.90, adj. p ¼ 0.0062). Previously, we reported that
ZIC1, NELL2, OTX1, and DCC among others are top DEGs involved in
neural functions showing differential gene expression upregulation
in PD (top-20 list of 437 DEGs) (Fernandez-Santiago et al., 2015a).
Altogether, these data suggest that the specific miRNA expression
changes in PD could be related to the aberrant DNA methylation
mediated by the deficit of key TFs FOXA1 and NR3C1 and also to
specific gene expression changes observed in our DAn model.

4. Discussion

We report the first explorative genome-wide study of miRNA
expression levels in iPSC-derived DAn from PD patients, with either
sPD or monogenic L2PD. After multiple-testing adjustment, we
identified differential expression of 10 miRNA in PD patients as
compared to controls of which 5 DEmiR were upregulated in PD
(miR-miR-9-5p, 135a-5p, miR-135b-5p, miR-449a, and miR-449b-
5p), whereas 5 were downregulated (miR-141e3p, miR-199a-5p,
miR-299e5p, miR-518e-3p, and miR-519a-3p).

Among PD upregulated DEmiR, changes in miR-9-5p, miR-135a-
5p, and miR-135b-5p expression were previously associated with
PD in studies using samples from PD patients, whereas miR-449a
and miR-449b-5p have also been linked to disease in other
studies using PD models. miRNA miR-9-5p was found to be upre-
gulated in peripheral blood from PD patients (Alieva et al., 2015).
Moreover, upregulation of miR-9 was associated with down-
regulated expression of glial cell lineederived neurotrophic factor, a
key neurotrophin that increases the number of adult DAn in the
SNpc and promotes survival of DAn both in vivo and in vitro (Kumar
et al., 2015). miRNA miR-135a-5p was recently identified as upre-
gulated DEmiR in a study using laser micro-dissectedmidbrain DAn
from postmortem SNpc brain of 8 idiopathic PD patients and 8
controls and the same miRNA array employed in the present study
(Briggs et al., 2015). Interestingly, miR-135a-5p is involved in
delimiting the dorso-ventral extent and allocation of DAn pro-
genitors by targeting LMX1B and other genes of the Wnt signaling
pathway during midbrain development (Anderegg et al., 2013).
Also, miR-135a-5p has been reported to be compensatorily pro-
tective in adult DAn of a 1-methyl-4-phenyl-1,2,3,6-
tetrahydropyridine subacute mouse model of PD (Liu et al., 2016).
In addition, expression levels of the functionally closely related
miR-135b-5p (Anderegg et al., 2013) were found to be deregulated
in SNpc from PD patients (Cardo et al., 2014) and also in cerebro-
spinal fluid (CSF) fromAlzheimer’s disease patients (Liu et al., 2014).
Finally, miR-449a and miR-449b are involved in normal brain
development and microtubule dynamics (Wu et al., 2014) and have
been predicted to target a-synuclein, the major aggregating protein
found in Lewy bodies from PD patients (Heman-Ackah et al., 2013).
In addition, another study has shown deregulation of miR-9 and
miR-449b in putamen and also in CSF from PD patients (Hesse and
Arenz, 2014).

Regarding DEmiR downregulated in PD, reduced expression of
miR-141-3p, miR-199a-5p, and miR-299-5p was recently reported
in biological samples from PD patients, whereas miR-518e-3p and
miR-519a-3p deregulation has not been previously related to PD.
Thus, miRNA miR-141 expression levels were significantly dimin-
ished in serum from PD patients at early Hoehn and Yahr motor
stages I and II (Dong et al., 2016). Moreover, a recent study applying
a systems biology approach has identified miR-141-3p as hub
miRNA in a TF-miRNA-mRNA regulatory network involved in PD
and postulated this miRNA as potential novel biomarker and ther-
apeutic target in PD (Chatterjee et al., 2014). In addition, miRNA
miR-199a-5p has been shown to be downregulated in peripheral
blood mononuclear cells from PD patients (Martins et al., 2011) and
this miRNAwas also predicted to target a-synuclein (Heman-Ackah
et al., 2013). Furthermore, expression levels of miR-299-5p have
also been found to be downregulated in SNpc from PD patients
(Cardo et al., 2014). Finally, miR-518e-3p and miR-519a-3p have
shown upregulated expression in specific types of cancer (Flor et al.,
2016; Wei et al., 2016) but their potential involvement in neuro-
degenerative diseases has not been previously reported.

We showed that genes targeted by the identified DEmiR were
involved in regulating cytoskeleton dynamics, axonal transport, cell
adhesion and cell survival, comprising canonical pathways previ-
ously shown to be altered in PD (Edwards et al., 2011; Grunblatt
et al., 2004; Mandel et al., 2005; Mutez et al., 2011). This is in line
with reports linking LRRK2 function to Rho GTPases, which play a
critical role in neurite growth by the remodeling of actin cyto-
skeleton (Chan et al., 2011; Habig et al., 2013) and also imbalances
in the related Akt/PI3k pathway regulating survival in PD (Romani-
Aumedes et al., 2014). For instance, miR-135a-5p has been shown to
target the 30-UTR and inhibit mRNA translation of Rho-associated
protein kinase 2, which promotes neurodegeneration during the
progression of PD in neuronal cells, acting as a compensatory
mechanism (Liu et al., 2016; Saal et al., 2017). It is important to
mention that the PD DAn cells studied here showed reduced axonal
outgrowth and survival via caspase 3 cleavage, among other phe-
notypes, on the 75-days long-term culture (Sanchez-Danes et al.,
2012b). Although we do not provide a functional link of these
long-term functional alterations with early miRNA deregulation at
30-days culture, it could be plausible that these processes are
related.

We also found that DEmiR identified in PD are associated with
gene expression changes suggesting a role in regulating gene
expression, which we observed can occur both inversely and
positively. Focusing in classical direct inverse DEmiR/DEG associa-
tions, we found 2 miRNA/mRNA clusters including cluster 1 that
encompassed PD downregulated DEmiRs and associated DEGs
largely involved in specific neural functions, and cluster 2
comprising PD upregulated DEmiRs and associated DEGs overall
related to diverse homeostatic functions. This finding adds a new
layer of complexity to our PD DAn system providing additional
molecular changes of miRNA expression correlating with previ-
ously observed gene expression changes (Fernandez-Santiago et al.,
2015a). Our data also show that PD DEmiR alterations co-occur in
early 30-days DAn cultures along with large PD-associated DNA
methylation changes encompassing an hypermethylation of
genomic enhancer elements, which is related to a deficit of a
network of TF relevant to PD (FOXA1, NR3C1, HNF4A, and FOSL2)
(Fernandez-Santiago et al., 2015a). More specifically, we found that
upregulation of miR-9-5p and ofmiR-135b-5pwere associatedwith
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downregulation of FOXA1 and NR3C1, respectively, suggesting a
functional link between miRNA changes and gene expression levels
of TF which are important for the correct epigenetic patterning of
DAn in PD.

Our study has limitations. For instance, the sample size of 6 PD
patients and 4 controls, although adequate for iPSC-based molec-
ular studies, could still be considered somehow limited. In addition,
the miRNA array used in the study screening 377 miRNAs, despite
being genome-wide, does not analyze all described miRNAs and
therefore additional miRNA could be investigated using our model.
Finally, although we analyzed the functional relation between the
identified PD-associated miRNA and gene expression alterations,
we did not perform follow-up functional studies for the specific
DEmiR detected. For these reasons, future studies using PD iPSC-
derived DAn aimed at validating and expanding our findings are
warranted.

Overall, miRNA profiles were largely similar in sPD and L2PD,
which overall did not show differences in miRNA expression be-
tween each other. This finding is in line with previous tran-
scriptomic, epigenomic (Fernandez-Santiago et al., 2015a), and
phenotypic changes (Sanchez-Danes et al., 2012b) previously
observed in PD DAn, which were also largely common in sPD and
L2PD. Our results also agree with previous reports showing that, yet
with specific differences (Marras et al., 2016), L2PD largely re-
sembles common sPD clinically and neuropathologically (Healy
et al., 2008). In addition, our study uncovers changes of miRNA
expression, which are associated with PD and co-occur with tran-
scriptomic and epigenomic changes antedating late PD neurode-
generative phenotypes. Altogether our findings suggest that
multilayered molecular changes occur simultaneously in PD, a
concept which is compatible with the well-accepted complex
multifactorial character of disease. Moreover, our PD DAn model
exhibited miRNA expression alterations that were previously re-
ported in other biological samples from PD patients such as PD
peripheral blood (miR-9-5p), serum (miR-141-3p), peripheral blood
mononuclear cells (miR-199a-5p), SNpc (miR-135b-5p, miR-
299e5p), putamen, and CSF (miR-9 and miR-449b). Finally, our
study also indicates that iPSC-derived DAn from PD patients can
prove a useful humanized cell system which, while preserving the
patient genomic background, can recapitulatemolecular alterations
occurring in PD providing a unique tool to model disease at the
cellular level.
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