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Abstract
Background and Objectives
We assessed longitudinal changes in CSF microRNAs (miRNAs) in patients with moderately
severe Parkinson disease.

Methods
We used next-generation whole-genome miRNA sequencing to determine CSF miRNA ex-
pression in 75 patients with Parkinson disease after single random ascending doses of nilotinib
and longitudinal miRNA expression after daily nilotinib, 150 and 300 mg, vs placebo for 1 year.

Results
Significant changes in the expression of miRNAs that control genes and pathways that regulate
angiogenesis, autophagy, and the blood-brain-barrier components, primarily collagen, were
observed over 1 year, suggesting impairment of these pathways in Parkinson progression in
these patients. Different miRNAs that indicate activation of genes associated with autophagy
flux and clearance and angiogenesis were significantly altered in the nilotinib, 300mg vs 150mg,
or placebo group, and these changes correlated with clinical outcomes. No changes were
observed in miRNAs after a single dose of nilotinib vs placebo.

Discussion
This study suggests vascular and autophagy defects in Parkinson progression. Nilotinib,
300 mg, reverses these effects via alteration of miRNA expression, suggesting epigenomic
changes that may underlie long-term disease-modifying effects.
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MicroRNAs (miRNAs) are posttranscriptional regulators of
gene expression, which predominantly act by silencing target
mRNA. A number of miRNAs that control genes associated
with ubiquitination and autophagy were identified in the CSF
of patients,1 and these miRNAs were altered in congruence
with the impairment of autophagy in postmortem human
brains.2,3 Two isoforms of the tyrosine kinase discoidin do-
main receptors (DDRs), DDR1 and DDR2, are upregulated
in the nigrostriatum of postmortem Parkinson disease (PD).4

DDR1 activation via collagen5 alters microglial activity and
matrix metalloproteases (MMPs), leading to blood-brain-
barrier (BBB) degradation.6 Deletion or inhibition of DDR1
attenuates neuroinflammation and improves CNS autophagy
and vesicular transport.1,4,7-9

Nilotinib is a tyrosine kinase inhibitor that attenuates or reverses
the level of CSF miRNAs, which regulate autophagy in PD,1 in
agreement with the preclinical effects of nilotinib on molecular
pathways of autophagy.9-16 Nilotinib inhibits DDR1 with a half-
maximal inhibitory concentration (IC50) of 1 nM.7,17-20 Niloti-
nib is FDA approved for the treatment of chronic myelogenous
leukemia because it inhibits (IC50 > 20 nM) Abelson TK. Im-
portantly, treatment with nilotinib, 150 or 300 mg, results in a
maximum CSF concentration (Cmax) of 1.9 and 4.12 nM, re-
spectively, in patients with PD,14-16 therefore achieving a phar-
macologically adequate concentration that would inhibit DDR1.
Here, we observe significant alterations in autophagy and an-
giogenesis miRNAs in PD progression, but nilotinib, 300 vs
150 mg, or placebo, reverses these miRNA changes.

Methods
Study Design
The primary research objective of this study was to assess al-
terations in CSF microRNAs in individuals with moderately
severe PD stabilized on the standard of care for dopamine re-
placement therapies as previously indicated.15,16,21 Participants
with PD (n = 75) were randomized to receive a single dose of
placebo, 150 mg, 200 mg, 300, or 400 mg nilotinib (n = 15) in a
single-ascending dose study.16 CSF was collected between 1 and
4 hours after administration of nilotinib. All participants (n = 75)
were rerandomized to receive placebo (n = 21), 150 mg (n =
21), or 300 mg nilotinib (n = 20) daily for 12 months in a
longitudinal study, andCSFwas collected at the 12-month study
visit.15 After a 3-month washout period, eligible participants (n =

63) were rerandomized to receive 150 or 300mg nilotinib for 12
months in an open-label extension phase of the study.21

Study Approval
The clinical trial (NCT02954978) was previously described
and approved by the Georgetown-Howard Universities
Center for clinical and Translational Science and the Geor-
getownUniversityMedical Center Institutional Review Board
under protocol #2014-0006.15,16,21

An independent data safety andmonitoring board that included
a cardiologist, hematologist, clinical pharmacologist, neurolo-
gist, and biostatistician monitored patients’ safety in the study.
All samples collected and used for experiments presented in this
study were deidentified and relabeled with a study ID.

Participants and Clinical Outcomes
PD diagnosis was confirmed according to the UK Brain Bank
diagnostic criteria, with Hoehn and Yahr stage 2.5–3.0, Montreal
Cognitive Assessment (MoCA) score 22 or higher, and Move-
ment Disorders Society–Unified Parkinson’s Disease Rating Scale
(MDS-UPDRS)-III motor score 20 – 40. All participants provided
written informed consent, and their treatment was optimized with
current PD medications, including levodopa, 800 mg/d, or less,
and levodopa and/or dopamine agonists approximately 1–2
months before consenting and undergoing screening. MoCA and
MDS-UPDRS, Parkinson Disease Questionnaire (PDQ39) were
collected at baseline, 12-month, and 27-month study visits.

CSF Collection
CSF was collected via lumbar puncture, which was performed
on all patients between 1 and 4 hours after the first dose of
nilotinib and at 12 months treated. The first 1 mL of CSF
collected was discarded, and all samples were centrifuged at
1000 × g for 15 minutes before being aliquoted and stored at
−80°C. Human hemoglobin levels were measured (Bethyl
Lab Inc., E30-136), and samples containing >25 ng/mL he-
moglobin were eliminated from the study.

MicroRNA Sequencing
MicroRNA sequencing was conducted as previously de-
scribed.1 Briefly, cell-free total RNA was isolated from 200 μL
of CSF using the Qiagen miRNAeasy serum/plasma extrac-
tion kit (Qiagen, 217184). Cursory Quality control analysis to
confirm RNA was performed on each sample using UV-VIS
spectroscopy on a Nanodrop ND-1000 (ThermoFisher). As

Glossary
BBB = blood-brain barrier; DDR = discoidin domain receptor; DEM = differentially expressed miRNA; ECM = extracellular
matrix; FC = fold change; FR = fold regulation; GO = gene ontology; IC50 = half-maximal inhibitor concentration; LAMP =
lysosome-associated membrane protein; MDS-UPDRS = Movement Disorders Society–Unified Parkinson’s Disease Rating
Scale; ME-ANOVA = mixed-effects analysis of variance; miRNA = microRNA; MMP = matrix metalloprotease; MOCA =
Montreal Cognitive Assessment; TKI = tyrosine kinase inhibition; UMI = Unique Molecular Identifier; UPDRS = Unified
Parkinson’s Disease Rating Scale; PD = Parkinson disease; PDQ39 = Parkinson’s Disease Questionnaire 39; VEGF = vascular
endothelial growth factor.
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per the manufacturer’s instructions, samples were normalized
to an input volume of 5 μL RNA eluate to prepare miRNAseq
libraries using the Qiagen QiaSeq miRNA-seq library prepa-
ration kit (Qiagen, 331502). Next-generation sequencing was
performed on a NextSeq 550 Sequencing System (Illumina)
using single-end (SE) 1 × 75 base pairs sequencing to a depth
of 25 million raw reads per sample. FASTQ files are uploaded
to the online Qiagen Data Analysis Center for miRNA
quantification. In the primary QIAseq quantification step, the
UniqueMolecular Identifier (UMI) counts are calculated, and
primary miRNA mapping was performed using a human-
specific miRBase mature database. In the primary QIAseq
quantification step, adapter sequences from the library prep-
aration process and any low-quality bases are removed. UMI
counts for each miRNA were used for differential expression
analysis.

MicroRNA Expression Analysis and
Gene Ontology
A total of 2,559 miRNA expression profiles at the baseline and
12 months were quantified in UMI counts. Cross-sectional
upper normalized expression analysis for a single dose of
placebo, 150 mg, 200 mg, 300 mg, or 400 mg nilotinib (n =
15) at baseline was conducted using the Kruskal-Wallis test. In
the longitudinal phase, 2 analyses were performed in parallel.
First, longitudinal differentially expressed miRNAs (DEMs)
were determined via DESeq2 with the ratio of means nor-
malization and followed by the Wald test22; second, relative
and absolute changes in upper normalized expressions23 in
the 3 treatment groups were compared using the Kruskal-
Wallis test. Mixed-effects analysis of variance (ME-ANOVA)
was fitted to see whether there are associations between
treatment and miRNA association cross-sectionally and lon-
gitudinally. Only DEMs that met both the Wald test and ME-
ANOVA p < 0.05 were used for further analysis. Gene targets
were predicted in silico using themicroRNATarget Filter tool
in Ingenuity Pathway Analysis (Qiagen). Gene targets were
filtered to include only highly predicted and experimentally
supported mRNA target predictions. Gene ontology (GO)
pathway and functional enrichment analyses were performed
on the gene targets of the significant DEMs using the PAN-
THER Classification System.24 Only enriched pathways and
GO terms that met Benjamini-Hochberg p < 0.05 were
reported.

MicroRNACorrelationsWith Clinical Outcomes
Correlation between 12-month longitudinal changes in
UPDRS II-III and PDQ39 and absolute and relative longi-
tudinal changes in miRNAs was computed using Spearman
rank correlations, respectively.

Post Hoc Power Analysis
When 5% of miRNAs (125 among approximately 2,500
miRNA) are informative with log2 fold-change (FC) values
indicating greater than 2-fold expression changes, a mean
count of 500, and a common dispersion of 0.1, 25 samples in
each of 2 treatment arms would provide approximately 95%
power at the false discovery rate of 0.05.25

Data Availability
The data supporting the current study are available from the
corresponding author on request.

Results
CSFmiRNAsAreNot AlteredAfter a SingleDose
of Nilotinib
miRNAs are dynamic regulators of gene expression and may
play short- and long-term roles in gene expression. To assess
whether miRNAs can be rapidly altered after a single dose of
nilotinib, we performed whole-genome miRNA sequencing in
the CSF of 75 patients with PD (n = 75) collected after a single
oral dose of 150, 200, 300, and 400 mg nilotinib or placebo
(n = 15) (Figure 1A). Expression profile analysis across all
treatment groups shows no short-term effect of nilotinib on
miRNA compared with placebo (eTable 1, links.lww.com/
NXG/A489). Only hsa-miR-451a was significantly altered
(Kruskal-Wallis p < 0.05 and FC > 2.0) but appears to have
no known associated gene targets according to miRTarBase
(Version 8.0).26 miRNAs may not require large changes in
expression to regulate miRNA targets; therefore, we evaluated
all miRNAs that met p < 0.05 (instead of FC) for treated vs
untreated and dose-dependent effects. Even with these relaxed
statistical thresholds, there were no miRNAs that show treat-
ment effects compared with placebo after a single dose of
nilotinib. In addition, principal component analysis was unable
to distinguish treated samples from placebo (Figure 1B) or any
distinct nilotinib treatment groups (Figure 1C).

CSF miRNA Expression Is Differentially Altered
in Treated vs Untreated Patients With PD
Because we observed no differences in miRNA expression
cross-sectionally between treatment groups and placebo
after a single dose of nilotinib, we evaluated whether
there were longitudinal changes in miRNA expression af-
ter 12 months of daily oral nilotinib, 150 or 300 mg, vs
placebo.14,16,21 UMI counts for 2,559 miRNAs were
mapped (Figure 1A) to the human genome in all samples,
indicating detection and sequencing of the entire miRNA
genome. The difference in absolute UMI counts between
12 months and baseline was plotted, and hierarchical
clustering was performed using Morpheus (Broad In-
stitute, Boston, MA) online tools (eFigure 1A, links.lww.
com/NXG/A489). Longitudinal expression analysis to
determine significantly DEM was performed in parallel
using DESeq2 (Bioconductor) for ratio of means nor-
malization followed by Wald testing and NOIseq (Bio-
conductor) for upper quantile normalization followed by
ME-ANOVA with Kruskal-Wallis testing (eFigure 1B,
links.lww.com/NXG/A489). Only 125 DEMs (p < 0.05)
were found in common between both analyses (Table 1), in
placebo (59 miRNAs) vs nilotinib, 150 mg (27 miRNAs), and
300 mg (43 miRNAs). Only 4 miRNAs were in significantly
differentially expressed in 1 or more treatment groups
(Figure 2A). DEM expression FC (12 months–0 months) was
transformed into fold-regulation (FR) values (FR = FC-1), a
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metric that better represents the directionality of longitudinal
expression changes. The specific direction of longitudinal ex-
pression was the same between nilotinib, 150 mg and 300 mg,
groups and opposite to the placebo group, indicating treatment
effects, as outlined in dashed lines and to the right of the
heatmap (Figure 2B).

We searched known gene targets of the DEMs in each
treatment group via Ingenuity Pathway Analysis (Qiagen). Of

all possible TKs, we found SRC (hsa-miR-3918), which is not
a known pharmacologic target of nilotinib, to be a predicted
target of nilotinib, 150 mg, and DDR1 (hsa-miR-5195-3p),
which is the preferred target of nilotinib, as a predicted target
of 300 mg. Both of these TKs were the targets of miRNAs
with decreased expression, suggesting disinhibition and po-
tential subsequent expression of SRC and DDR1 with nilo-
tinib, 150 mg and 300 mg, respectively. Although nilotinib
acts on the protein to dephosphorylate and inhibit DDR1, it

Figure 1 Cross-sectional Analysis of miRNA After a Single Dose of Nilotinib

(A) Schematic of the clinical trial design. This schematic was created using BioRender.com. (B) Principal component analysis ofmiRNA expression in the single-
dose study for treatment vs untreated effects with placebo- (red) and nilotinib- (blue) treated populations and (C) placebo (red), 150mg (blue), 200mg (green),
300 mg (purple), and 400 mg (orange) nilotinib-treated populations. Principal component analysis classified 63 participants into groups using 2,559 miRNAs.
PC1 and PC2 are depicted.
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Table 1 Longitudinal Differential Expression of 125 miRNAs

Placebo
150 mg
nilotinib

300 mg
nilotinib

miRNA FR Wald test p ME-ANOVA p FR Wald test p ME-ANOVA p FR Wald test p ME-ANOVA p

hsa-let-7a-3p −1.08 n.s. n.s. −1.31 7.91E–03 3.61E–02 1.02 n.s. n.s.

hsa-let-7i-3p −1.24 1.36E–02 4.75E–02 −1.22 2.44E–02 n.s. −1.09 n.s. n.s.

hsa-miR-105-3p 1.16 n.s. n.s. 1.26 1.26E–03 8.81E–03 1.02 n.s. n.s.

hsa-miR-1178-3p −1.14 n.s. n.s. 1.07 n.s. n.s. 1.13 3.90E–02 2.24E–02

hsa-miR-1245b-5p 1.33 8.93E–03 3.50E–02 −1.05 n.s. 2.99E–02 1.02 n.s. n.s.

hsa-miR-1251-5p −1.13 1.71E–02 3.70E–03 −1.14 1.93E–02 n.s. −1.07 n.s. n.s.

hsa-miR-1253 −1.03 n.s. 3.66E–02 1.17 4.87E–02 2.11E–02 −1.03 n.s. n.s.

hsa-miR-1268a 1.17 2.46E–02 8.38E–03 1.14 n.s. n.s. 1.11 n.s. n.s.

hsa-miR-128-1-5p 1.28 8.66E–04 1.57E–02 1.11 n.s. n.s. 1.05 n.s. n.s.

hsa-miR-1306-5p −1.24 n.s. n.s. −1.07 n.s. n.s. 1.34 4.48E–03 1.32E–02

hsa-miR-145-3p 1.08 n.s. 3.73E–02 −1.28 7.94E–03 1.71E–03 1.17 n.s. n.s.

hsa-miR-1587 −1.09 n.s. n.s. 1.12 3.81E–02 2.86E–02 −1.05 n.s. n.s.

hsa-miR-15a-5p 1.05 n.s. n.s. −1.01 n.s. n.s. −1.19 1.67E–03 1.54E–02

hsa-miR-182-5p −1.05 n.s. n.s. 1.14 n.s. n.s. 1.25 1.67E−02 9.96E−03

hsa-miR-18b-3p −1.24 2.68E–02 3.69E–02 1.06 n.s. n.s. −1.04 n.s. n.s.

hsa-miR-1910-3p 1.01 n.s. n.s. −1.22 2.88E–02 4.06E–02 −1.08 n.s. n.s.

hsa-miR-193a-5p −1.07 n.s. 3.79E–02 1.26 3.14E–02 6.03E–03 −1.07 n.s. n.s.

hsa-miR-212-5p −1.11 3.46E–02 3.30E–02 −1.02 n.s. n.s. −1.21 2.87E–05 n.s.

hsa-miR-217 −1.07 n.s. n.s. −1.03 n.s. n.s. −1.2 8.34E–03 4.43E–02

hsa-miR-26a-1-3p −1.22 3.16E–02 4.46E–02 −1.02 n.s. n.s. 1.36 1.53E–03 1.90E–03

hsa-miR-28-5p −1.27 4.62E–02 1.82E–03 1.04 n.s. 1.74E–03 −1.19 n.s. n.s.

hsa-miR-297 1.05 n.s. 4.09E–02 −1.22 6.61E–03 1.91E–02 1 n.s. 4.12E–02

hsa-miR-30b-5p −1.13 2.90E–02 3.79E–02 1.05 n.s. n.s. 1.02 n.s. n.s.

hsa-miR-3133 −1.07 n.s. n.s. −1.26 6.25E–03 n.s. 1.21 1.88E–02 2.12E–02

hsa-miR-3153 1.17 2.39E–02 4.97E–02 −1.01 n.s. n.s. 1.06 n.s. n.s.

hsa-miR-3155a −1.12 3.27E–02 2.49E–02 −1.03 n.s. n.s. −1.19 7.34E–03 n.s.

hsa-miR-3166 1.15 2.69E–02 2.45E–02 −1.04 n.s. 1.40E–02 −1.04 n.s. n.s.

hsa-miR-3169 −1.02 n.s. n.s. −1.05 n.s. n.s. −1.18 9.38E–04 2.50E–02

hsa-miR-328-3p −1.21 n.s. n.s. 1.13 n.s. n.s. 1.37 1.87E–04 4.91E–03

hsa-miR-346 1.12 n.s. 6.52E–03 1.22 n.s. 1.52E–02 1.29 4.31E–02 1.04E–02

hsa-miR-3618 1.07 n.s. n.s. −1.2 6.78E–03 1.55E–02 1.05 n.s. n.s.

hsa-miR-3661 1.03 n.s. n.s. 1.06 n.s. n.s. −1.15 2.05E–02 3.87E–02

hsa-miR-3668 −1 n.s. n.s. 1.01 n.s. n.s. −1.16 1.99E–03 3.19E–02

hsa-miR-3684 −1.06 n.s. n.s. −1.07 n.s. n.s. −1.2 3.49E–04 4.31E–02

hsa-miR-378c −1.17 n.s. n.s. 1.03 n.s. n.s. −1.23 3.71E–02 1.96E–02

hsa-miR-378e −1.16 n.s. n.s. 1.33 2.78E–03 1.61E–02 −1.01 n.s. n.s.

hsa-miR-382-5p −1.18 1.74E–02 1.80E–02 1.01 n.s. n.s. 1.05 n.s. 4.99E–02

Continued
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Table 1 Longitudinal Differential Expression of 125 miRNAs (continued)

Placebo
150 mg
nilotinib

300 mg
nilotinib

hsa-miR-3918 1.1 n.s. n.s. −1.19 2.86E–02 3.65E–02 −1.14 n.s. n.s.

hsa-miR-4252 −1.24 1.72E–02 1.69E–02 1.09 n.s. n.s. 1.06 n.s. 1.06E–02

hsa-miR-4312 1.05 n.s. n.s. −1.26 8.20E–03 4.27E–02 1.34 6.99E–03 n.s.

hsa-miR-4313 −1.19 n.s. n.s. 1.05 n.s. n.s. 1.33 1.60E–02 3.78E–02

hsa-miR-4328 1.21 4.82E–02 4.56E–02 1.06 n.s. n.s. −1.16 4.21E–02 3.70E–03

hsa-miR-4435 −1.24 1.12E–02 1.88E–03 −1.14 n.s. n.s. 1.16 n.s. 1.20E–03

hsa-miR-4436b-3p −1.14 n.s. n.s. 1.25 7.08E–03 3.50E–03 1.18 n.s. n.s.

hsa-miR-4441 1.24 3.25E–02 3.62E–02 −1.01 n.s. n.s. 1.06 n.s. n.s.

hsa-miR-4455 1.46 1.75E–03 2.57E–02 1.04 n.s. 3.46E–03 −1.07 n.s. 6.85E–03

hsa-miR-4464 −1.04 n.s. n.s. 1.15 4.73E–02 4.42E–02 1.14 n.s. n.s.

hsa-miR-4469 −1.13 1.89E–02 2.91E–02 −1.06 n.s. n.s. 1.15 n.s. n.s.

hsa-miR-4490 1.2 2.61E–02 4.13E–02 −1.02 n.s. 2.20E–02 −1.02 n.s. 2.27E–02

hsa-miR-449c-3p 1.17 n.s. n.s. 1.16 n.s. n.s. −1.27 1.67E–02 2.27E–02

hsa-miR-4508 −1.09 n.s. 2.51E–02 1.27 1.33E–02 2.80E–03 1.2 n.s. n.s.

hsa-miR-4527 −1.18 5.00E–03 3.50E–03 −1.09 n.s. n.s. −1.22 1.76E–05 n.s.

hsa-miR-4632-3p 1.28 1.27E–02 1.42E–02 −1.08 n.s. n.s. 1.1 n.s. n.s.

hsa-miR-4636 1.32 1.11E–02 3.22E–02 −1.05 n.s. n.s. −1.2 n.s. n.s.

hsa-miR-4666a-5p −1.33 3.31E–03 n.s. −1.1 n.s. n.s. −1.28 5.23E–03 4.46E–02

hsa-miR-4667-3p −1.21 4.30E–02 2.46E–02 1.03 n.s. 8.08E–03 1.4 4.13E–03 4.87E–02

hsa-miR-4683 −1.04 n.s. n.s. −1.13 n.s. n.s. 1.32 8.65E–04 3.72E–02

hsa-miR-4685-5p 1.26 8.31E–04 5.82E–03 1.06 n.s. n.s. −1.01 n.s. 3.33E–02

hsa-miR-4686 −1.17 7.02E–04 1.52E–03 −1.03 n.s. 4.61E–02 −1.19 1.90E–04 n.s.

hsa-miR-4704-5p 1.27 1.25E–02 2.24E–02 −1.13 n.s. 3.85E–02 1.18 1.54E–02 n.s.

hsa-miR-4707-3p −1.03 n.s. n.s. 1.22 3.07E–02 1.61E–02 −1.03 n.s. n.s.

hsa-miR-4712-5p 1.22 1.92E–02 3.52E–02 −1.22 6.37E–03 2.54E–04 −1.05 n.s. 4.83E–02

hsa-miR-4755-5p −1.16 3.99E–02 1.08E–02 −1.11 n.s. n.s. −1.09 n.s. n.s.

hsa-miR-4760-3p −1.22 8.61E–03 2.45E–02 1.09 n.s. 2.42E–02 1.03 n.s. n.s.

hsa-miR-4793-3p 1.17 2.40E–02 1.77E–02 1.08 n.s. 3.43E–02 1.17 n.s. n.s.

hsa-miR-4795-5p −1.05 n.s. n.s. −1.19 3.34E–02 1.44E–02 −1.04 n.s. n.s.

hsa-miR-4797-3p −1.03 n.s. 4.41E–02 1.32 3.77E–03 4.65E–02 −1.11 n.s. n.s.

hsa-miR-494-5p 1.02 n.s. n.s. −1.01 n.s. n.s. −1.21 1.10E–03 3.40E–02

hsa-miR-5088-5p 1.18 1.96E–02 4.97E–02 −1.01 n.s. n.s. −1.09 n.s. 4.67E–02

hsa-miR-5094 −1.02 n.s. n.s. 1.03 n.s. n.s. 1.16 2.66E–02 4.20E–02

hsa-miR-510-3p −1.58 2.65E–05 2.83E–02 −1.24 1.72E–02 n.s. −1.3 1.52E–02 n.s.

hsa-miR-5191 1.13 2.91E–02 1.28E–02 1.03 n.s. n.s. −1.03 n.s. n.s.

hsa-miR-5195-3p 1.04 n.s. n.s. −1.02 n.s. n.s. −1.2 6.80E–03 4.02E–02

hsa-miR-548ad-5p −1.33 4.86E–02 1.15E–02 −1.09 n.s. n.s. −1.66 1.78E–04 n.s.

Continued
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Table 1 Longitudinal Differential Expression of 125 miRNAs (continued)

Placebo
150 mg
nilotinib

300 mg
nilotinib

hsa-miR-548ar-5p 1.01 n.s. n.s. −1.14 n.s. n.s. −1.42 3.18E–02 1.48E–02

hsa-miR-548as-5p −1.21 9.31E–03 4.90E–02 1.09 n.s. n.s. 1 n.s. 3.77E–02

hsa-miR-548az-5p 1.11 n.s. n.s. 1.12 n.s. n.s. −1.14 1.50E–02 2.16E–03

hsa-miR-5571-5p 1.11 n.s. n.s. −1.13 2.85E–02 2.36E–02 −1.02 n.s. n.s.

hsa-miR-5579-5p 1.02 n.s. n.s. −1.16 n.s. n.s. −1.2 2.59E–02 3.59E–02

hsa-miR-5586-3p 1.19 2.93E–02 n.s. 1.03 n.s. n.s. −1.25 1.46E–02 3.26E–02

hsa-miR-5588-5p 1.18 3.05E–02 3.05E–02 −1.06 n.s. n.s. 1.15 n.s. n.s.

hsa-miR-5590-5p −1.06 n.s. n.s. −1.05 n.s. n.s. −1.28 1.80E–03 1.45E–02

hsa-miR-5591-3p 1.16 3.20E–02 3.85E–02 1.04 n.s. n.s. −1 n.s. n.s.

hsa-miR-5682 1.03 n.s. n.s. 1.06 n.s. n.s. −1.23 6.82E–03 4.97E–02

hsa-miR-591 1.21 n.s. n.s. −1.16 n.s. n.s. −1.32 1.20E–02 2.97E–02

hsa-miR-6076 −1.14 3.77E–02 2.24E–02 −1.09 n.s. n.s. −1.2 2.27E–03 n.s.

hsa-miR-6080 1 n.s. n.s. 1.34 9.45E–04 3.58E–02 −1.04 n.s. n.s.

hsa-miR-6084 1.1 n.s. n.s. 1.08 n.s. n.s. −1.25 4.25E–02 3.50E–03

hsa-miR-6090 −1.09 n.s. n.s. −1.01 n.s. n.s. 1.31 4.50E–03 2.61E–02

hsa-miR-615-5p −1.2 1.82E–02 3.38E–03 −1.01 n.s. n.s. −1.02 n.s. n.s.

hsa-miR-625-3p −1.44 1.00E–03 3.08E–03 −1.09 n.s. n.s. 1.02 n.s. n.s.

hsa-miR-6508-5p 1.23 1.67E–02 n.s. 1.1 n.s. n.s. 1.24 3.68E–02 3.37E–02

hsa-miR-6513-3p 1.17 2.25E–02 3.47E–02 −1.07 n.s. 1.97E–02 1.13 n.s. n.s.

hsa-miR-6716-3p −1.06 n.s. n.s. −1.01 n.s. n.s. −1.13 7.93E–03 2.52E–02

hsa-miR-6724-5p −1.17 2.57E–02 1.13E–02 −1.02 n.s. n.s. −1.03 n.s. n.s.

hsa-miR-6733-5p 1.12 n.s. n.s. −1.19 1.86E–02 9.46E–03 1.1 n.s. n.s.

hsa-miR-6735-5p 1.09 n.s. n.s. −1.17 4.67E–02 9.27E–03 1.09 n.s. n.s.

hsa-miR-6736-3p −1.03 n.s. n.s. 1.62 5.67E–05 1.78E–02 −1.31 3.33E–02 n.s.

hsa-miR-6748-3p −1.26 7.12E–03 3.63E–02 1.18 n.s. n.s. 1.12 n.s. n.s.

hsa-miR-6757-5p −1.03 n.s. n.s. 1.11 4.53E–02 4.78E–02 −1.04 n.s. n.s.

hsa-miR-6758-3p 1.16 3.03E–02 7.43E–03 1.19 1.16E–02 n.s. 1.22 2.74E–03 n.s.

hsa-miR-6766-5p −1.14 1.17E–02 3.02E–02 −1.05 n.s. n.s. −1.02 n.s. 2.49E–02

hsa-miR-6788-3p 1.12 4.19E–02 4.14E–02 1.01 n.s. n.s. 1.02 n.s. n.s.

hsa-miR-6808-3p −1.24 2.31E–02 4.37E–03 1.01 n.s. 2.58E–02 1.02 n.s. n.s.

hsa-miR-6813-5p 1.08 n.s. n.s. 1.04 n.s. n.s. −1.17 2.29E–02 3.42E–03

hsa-miR-6821-3p 1.15 1.97E–02 3.06E–02 −1.02 n.s. n.s. 1.03 n.s. n.s.

hsa-miR-6832-5p 1.02 n.s. n.s. −1.15 n.s. n.s. 1.31 1.74E–04 3.66E–02

hsa-miR-6861-5p 1.09 n.s. n.s. 1.06 n.s. n.s. −1.31 4.40E–03 1.44E–02

hsa-miR-6875-5p 1.17 n.s. n.s. 1.13 n.s. n.s. −1.19 1.78E–03 3.86E–02

hsa-miR-6876-5p −1.15 4.08E–02 1.68E–02 1.03 n.s. n.s. −1.03 n.s. n.s.

hsa-miR-6890-3p −1.06 n.s. n.s. −1.09 n.s. n.s. 1.29 3.79E–02 2.64E–02

Continued

Neurology.org/NG Neurology: Genetics | Volume 7, Number 6 | December 2021 7

http://neurology.org/ng


may be that sustained inhibition of TKs at the level of the
protein alters expression patterns of the genes.

Longitudinal Alterations of miRNAs That
Regulate Autophagy
Key autophagy genes ATG12 (hsa-miR-30b-5p), ATG5 (hsa-
miR-30b-5p) BECN1 (hsa-miR-30b-5p), and MAP1LC3C
(hsa-miR-4252) are gene targets associated with autophagy,
as predicted using Ingenuity Pathway Analysis software
(Figure 2D). These miRNAs are significantly decreased in
patients with moderately severe PD in the placebo group
between baseline and 12 months, indicating an increase in the
expression of autophagy genes, suggesting possible changes of
autophagy in the progression of PD. These genes were shown
to change in animal models treated with nilotinib9-16; these
genes are well characterized for their roles in the initiation and
early stages of autophagosome construction for macro-
autophagy and chaperone-mediated autophagy.27 An increase
in ATG5 and conjugated ATG12 suggests initiation of
autophagy, but expression of MAPLC3C indicates accumu-
lation of autophagosomes.8,9,13,27 Moreover, lysosome-
associated membrane protein (LAMP)-1, a component of
the lysosomemembrane, is the target of hsa-miR-3166, whose
expression is significantly increased in placebo-treated pa-
tients, suggesting reduction of this lysosomal protein. To-
gether, this pattern of disinhibited and suppressed genes
suggests an attempt of neurons to execute autophagic flux and
clearance27 over 1 year, consistent with animal data8,9 and

postmortem human brains2,28 showing accumulation of un-
digested autophagic vacuoles.

Nilotinib Differentially Alters miRNAs That
Regulate Autophagy
Although there are some autophagy genes associated with the
DEMs in the nilotinib, 150 mg group, nilotinib, 300 mg vs
placebo presents a pattern of gene targets along the entire
autophagy-lysosome pathway. Here, we observe inhibition of
hsa-miR-15a-5p, which targets genes associated with regula-
tion of BCL2 and ATG9A, suggesting autophagosome mat-
uration (Figure 2D). Together, an increase in ATG9
expression and disappearance of MAP1LC3 indicate auto-
phagosome clearance.8,9,13,27 The expression of hsa-miR-
5195, which targets LAMP2 expression, was also reduced.
Although LAMP1 and LAMP2 proteins share many similar-
ities and responsibilities, LAMP2 mediates maturation of the
autophagosome, and its loss leads to increases in phagophore
accumulation, whereas loss of LAMP1 is associated with in-
hibition of autophagy.29,30 Taken together, these data indicate
that nilotinib, 300 mg, reverses the autophagic defects ob-
served in placebo.

Nilotinib Regulates miRNAs Associated
With (De)ubiquitination
Changes of miRNAs associated with the ubiquitination
pathways were detected only in nilotinib, 300 vs 150 mg and
placebo (Figure 2B). We observed disinhibition of SQSTM1,

Table 1 Longitudinal Differential Expression of 125 miRNAs (continued)

Placebo
150 mg
nilotinib

300 mg
nilotinib

hsa-miR-7106-3p −1.2 3.36E–02 1.07E–02 −1.04 n.s. n.s. 1.03 n.s. n.s.

hsa-miR-7113-3p −1.28 8.41E–04 3.49E–03 −1.1 n.s. n.s. −1.12 n.s. n.s.

hsa-miR-7150 −1.07 n.s. n.s. −1.13 n.s. n.s. −1.25 1.86E–03 4.11E–02

hsa-miR-7156-5p −1.04 n.s. n.s. 1.11 n.s. n.s. 1.43 3.93E–04 1.56E–02

hsa-miR-7162-3p 1.15 n.s. n.s. 1.11 n.s. n.s. 1.39 3.66E–02 1.85E–02

hsa-miR-7162-5p −1.11 3.92E–02 4.82E–02 1.04 n.s. n.s. −1.07 n.s. n.s.

hsa-miR-7706 1.2 1.59E–02 4.15E–02 1.03 n.s. n.s. −1.01 n.s. n.s.

hsa-miR-7853-5p −1.38 2.66E–03 4.79E–02 −1.14 n.s. n.s. −1.25 4.25E–02 n.s.

hsa-miR-7973 1.33 9.47E–03 2.00E–02 1.02 n.s. n.s. 1.1 n.s. n.s.

hsa-miR-8079 −1.28 4.88E–03 1.44E–02 −1 n.s. 1.90E–02 −1 n.s. n.s.

hsa-miR-8083 −1.01 n.s. n.s. 1.14 2.47E–02 4.00E–02 −1.01 n.s. n.s.

hsa-miR-873-3p 1.02 n.s. n.s. −1.08 n.s. n.s. −1.18 4.38E–03 4.38E–02

hsa-miR-873-5p 1.06 n.s. n.s. −1.33 7.20E–03 3.39E–02 −1.06 n.s. n.s.

hsa-miR-889-5p 1.19 1.77E–03 1.30E–02 1.08 n.s. n.s. 1.22 4.60E–04 n.s.

Abbreviations: FR = fold regulation (fold-change−1); ME-ANOVA = mixed-effects analysis of variance; n.s. = not significant (p > 0.05).
p Values calculated for within-group longitudinal expression changes using the Wald test and within- and between-group longitudinal expression changes
using ME-ANOVA (not corrected for multiple testing).
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Figure 2 Longitudinal MicroRNA Expression

(A) Placebo, 150mg nilotinib, and 300mg nilotinib volcano plot of longitudinal miRNA expression in patients with Parkinson disease who underwent placebo
treatment. Expression data are plotted as -log10 (p-value) (y-axis) vs log (fold-change) (x-axis). Light colors indicate p < 0.05 for the Wald test, and dark colors
indicate that miRNA was also p < 0.05, according to mixed-effects analysis of variance (ME-ANOVA) with the Kruskal-Wallis test. Blue indicates a decrease in
expression, and red indicates an increase in expression. The number ofmiRNAs that meet both theWald test andME-ANOVAwith the Kruskal-Wallis test (p <
0.05) is shown in the top corners. (B) Heatmap of fold-regulation (FR = FC-1) for miRNAs (p < 0.05) that were in common between the Wald test and Kruskal-
Wallis test. ME-ANOVA *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001. miRNA that displays an effect of treatment (expression directionality for
nilotinib is opposite to placebo) is outlined by dotted line and shown to the right of the heatmap. Tyrosine kinase, autophagy, and angiogenesis predicted gene
targetswere determined via Ingenuity Pathway Analysis software (Qiagen)with confidence filtering to include only highly predicted gene targets. Gene targets
with additional experimental confirmation are indicated by ‡. Dashed lines indicate decreasedmiRNA expression leading to disinhibition of the gene targets,
whereas bold line inhibition indicates increased inhibition of the gene targets.
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SMURF2, FBXW7, BTRC (hsa-miR-15a-5p), and SKP1 (hsa-
miR-5195), which mediate substrate recognition and re-
cruitment for lysosomal degradation. These specific gene targets
show that while initiation of lysosomal-autophagy is functioning,
nilotinib, 300 mg, is able to facilitate the completion of these
biological waste-control mechanisms. Nilotinib, 300 mg, signif-
icantly altered a number of ubiquitination genes and ubiquitin
ligases, including NEDD4 (hsa-miR-30b-5p), UBEs (hsa-miR-
5a-5p, hsa-miR-4313, hsa-miR-4667-3p, and hsa-miR-548ar-5p),
MDM (hsa-miR-5195), and PSMDs (hsa-miR-15a-5p and
hsa-miR-4667-3p) as well as deubiquitination genes and
ubiquitin-specific proteases (hsa-miR-5195-3p, hsa-miR-15a-5p,
hsa-miR-182-5p, hsa-miR-4313, hsa-miR-7156-5p, hsa-miR-4667-
3p, and hsa-miR-591), suggesting regulation of the ubiquitina-
tion/deubiquitination cycle, in agreement with previous
reports.1,31 Alterations of autophagy-ubiquitination genes are also
concurrent with significant changes of several heat shock proteins
(hsa-miR-15a-5p, hsa-miR-5094, and hsa-miR-hsa-miR-873-3p)
and vesicular transport genes (hsa-miR-15a-5p), suggesting facil-
itation of cellular transport1 and protein clearance.

Alterations of miRNAs Targeting Genes That
Regulate Collagen, Angiogenesis, and the BBB
We expanded on our investigation of DEM gene regulation by
performing unbiased gene ontology functional analysis using
PANTHER classifications and pathway analysis using the g:Pro-
filer online tool (Figure 3) using all gene targets determined by
Ingenuity Pathway Analysis for each set of treatment-specific
group subset as input. Remarkably, there was a significant en-
richment of pathways associated with extracellular matrix (ECM)
proteins (hsa-30b-5p and hsa-miR-7162-5p), various types of
collagen (hsa-30b-5p and hsa-miR-7162-5p) and angiogenesis
(hsa-30b-5p, hsa-miR-7162-5p, hsa-miR-4490, and hsa-miR-
548as-5p) in the placebo group, suggesting vascular changes
(eFigure 2a, links.lww.com/NXG/A489 and Figure 3,A and B).
Of interest, DDR1 is activated via autophosphorylation by colla-
gen.5 Furthermore, the genes associated with nilotinib, 150 mg,
group DEMs yielded no enriched pathways or GO terms com-
pared with placebo, consistent with the lowCSF concentration of
nilotinib with this dose. However, in nilotinib, 300 mg, we ob-
served enrichment of BBB maintenance pathways and regulation
of transport across the BBB, specifically import of glucose (hsa-
miR-15a-5p, hsa-mIR-5195-3p, and hsa-miR-182-5p) (Figure 3,
D–F) with reduced collagen signal, consistent with the CSF
concentration of nilotinib that would inhibit DDR1. Additionally,
we found enrichment of neurogenesis and gliogenesis (hsa-miR-
15a-5p, hsa-mIR-5195-3p, hsa-miR-182-5p, and hsa-miR-548ar-
5p) (Figure 3D). There were also changes in several neu-
roinflammatory markers, including interleukin (hsa-miR-
15a-5p and hsa-mIR-5195-3p) signaling pathways, sugges-
tive of molecular regulation of transport across the BBB
(Figure 3C). These changes suggest that nilotinib, 300 mg,
alters DDR1 signaling that may have an effect on the BBB,
angiogenesis and vascular integrity.32,33 These changes in
miRNA of ILs and other inflammatory factors and MMPs
were seen in our previous CSF analysis of patients with PD
and validated via RT-PCR quantification of relevant

miRNAs. Further analysis to validate other miRNA targets
will be the scope of future studies.

CSF miRNAs Associated With Angiogenesis
Correlated With Decline of Motor and
Nonmotor Symptoms
We previously showed that nilotinib, 300 vs 150 mg, results in
remarkable motor and nonmotor stability in medically opti-
mized patients with PD over 27 months.21 In this study, we
performed an exploratory analysis to show whether miRNA
changes may affect clinical outcomes. Nilotinib-treated patients
with PD were stable over 12 months, compared with placebo,
using the sum of UPDRS II + III (Figure 4a, Table 2). In the
placebo group, we observed an increase of 2.39 points in
UPDRS II + III over 12 months (Figure 4, Table 2), whereas
nilotinib, 150 mg and 300 mg, remained stable over the same
period. When placebo-treated patients were transitioned to
nilotinib, 150 or 300 mg, for the second year, UPDRS II + III
worsened 7.8 points in those treated with 150 mg but improved
-5.7 points in those treated with 300 mg (Figure 4a, Table 2).
Exploratory analysis showed that in the placebo group, 15
miRNAs significantly correlate with the increase in UPDRS II +
III over 12 months (Figure 4b). Of interest, hsa-miR-133b is
associated with receptor TK signaling, including vascular endo-
thelial growth factor (VEGF)A-VEGFR2 signaling, indicative of
angiogenesis (Figure 4c). We also performed analysis for Par-
kinson’s Disease Questionnaire (PDQ)-39, in which we ob-
served a similar trend to UPDRS II + III in scores among all
treated groups (eFigure 3a, links.lww.com/NXG/A489). We
observed 68miRNAs that significantly correlate with the decline
in PDQ-39 over 12 months (eFigure 3b, links.lww.com/NXG/
A489). These miRNAs (hsa-miR-135a-5p, hsa-miR-520e, hsa-
miR-134-5p, and hsa-miR-378d) are also associated with specific
angiogenic pathways (proteoglycans, BDNF, TGF, and VEGF
signaling) (eFigure 3c, links.lww.com/NXG/A489).

Discussion
This study primarily demonstrates alteration of CSF miRNAs,
which regulate collagen, ECMs, and angiogenesis—as well as
autophagy-lysosome pathways—over 12 months in patients
with moderately severe PD, suggesting impairment of these
pathways in disease progression of these patients. Previous
cross-sectional studies suggest that CSF biomarkers of angio-
genesis34 or autophagy4 are increased in PD. No longitudinal
analysis was performed to demonstrate vascular impairment in
Parkinson disease, thus this report represents novel findings
that vascular defects may be present in the disease. We pre-
viously showed some changes in UPDRS over 12 months,15

but these changes were not statistically significant because of
optimization of PD therapies in the placebo vs the nilotinib
(150 mg and 300 mg) groups. Indeed, the present data show
that UPDRS II + III worsened 2.39 points over 12 months in
the placebo group, whereas nilotinib, 150 mg and 300 mg, did
not change. In addition, statistical significance between groups
was not seen after 12 months of treatment primarily because
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Figure 3 Pathway and GO Functional Analysis Demonstrate Angiogenesis and BBB Breakdown Associated With Placebo
and Inflammation and Autophagy Associated With 300 mg Nilotinib

(A) KEGG (light blue), Reactome (pink), and WikiPathway (light purple) enrichment analysis for placebo differentially expressed miRNAs (DEMs). Enriched
pathways were determined using the g:Profiler online tool with Benjamini-Hochberg multiple testing for significance (p < 0.05). (B) Gene ontology (GO)
molecular function (green), biological process (orange), and cellular component (purple) enrichment analysis for placebo DEMs. (C) KEGG (light blue),
Reactome (pink), and WikiPathway (light purple) enrichment analysis for placebo DEMs. Enriched pathways were determined using the g:Profiler online tool
with Benjamini-Hochberg multiple testing for significance (p < 0.05). (D) GO molecular function (green), biological process (orange), and cellular component
(purple) enrichment analysis for placebo DEMs. The bubble plot x-axis represents the –log10(Padj), and the size of the bubble corresponds to howmany input
genes intersect with the associated pathway or GO term.
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the phase 2 study was statistically underpowered (by design)
for clinical outcomes.15 However, long-term treatment with
nilotinib 300 vs 150 mg over 27 months showed significant
clinical differences between the groups.21 When placebo was
switched to nilotinib, 150 or 300 mg, for the second year,
UPDRS II + III worsened 7.8 points in 150 mg, whereas it
improved −5.7 points in nilotinib, 300 mg. The observed
longitudinal changes of miRNAs and the correlation between
miRNA changes and clinical outcomes suggest a disease-
modifying effect of nilotinib, 300 mg.

DDR1 is activated via binding to native forms of various
collagens,5,35,36 and DDR1 activation in the CNS induces in-
flammation and BBB degradation.6 The current results show
that several forms of collagens are expressed in PD, suggesting
DDR1 activation, consistent with the upregulation of DDR 1

and 2 in postmortem brains of PD.4 Conversely, shRNA
knockdown of DDR1 or DDR2 reduces the levels of neuro-
toxic proteins and prevents cell loss in vivo and in vitro.4

Furthermore, nilotinib, 300 mg, treatment for 1 year led to
reduction of collagens and engagement of DDR1 miRNAs,
suggesting changes of DDR1 activity. Collectively, these data
suggest that DDR1 inhibition via nilotinib reverses the miRNA
expression that led to vascular impairment in the CNS. Growth
factors are required for the development of dopaminergic
neurons,37 and they may rescue these neurons from toxicity.38

VEGF-expressing cells and blood vessels in the substantia nigra
of parkinsonian monkeys were increased by chronic 1-methyl-
4-phenyl-1,2,3,6-tetrahydropyridine intoxication,39 suggesting
that vascularization and growth factors may be upregulated to
protect dopaminergic neurons. Indeed, changes in miRNAs
that are associated with growth factors and angiogenesis in

Figure 4 Correlating Longitudinal miRNA Expression to UPDRS II + III

(A) The sum of Unified Parkinson’s Disease Rating Score (UPDRS) II (motor) and III (activities of daily living) and at 0, 12, and 27 months ±SD. The difference in
scores is shown below in the table. (B) Heatmap of the correlation between 12-month and longitudinal changes in UPDRS II-III and longitudinal changes in
miRNAs were computed using Spearman rank correlations. Placebo groupmiRNAs that highly correlate with UPDRS II + III (r > 0.5, p < 0.05) are outlined by a
dotted line and are shown to the right. Twenty-seven–month correlationwhenplacebowas transitioned to nilotinib, 150 or 300mg, for the second year (right).
(C) KEGG, Reactome, and WikiPathway enrichment analysis of gene regulation by miRNAs that highly correlate with UPDRS II + III in placebo.

Table 2 Longitudinal Changes in UPDRS II + III

Treatment

UPDRS II + III longitudinal changes

0M 12M 27M Δ 12–0M Δ 27–12M Δ 27–0M

Placebo 40.9 ± 7.2 43.3 ± 12.2 — 2.39 — —

Placebo >150 nilotinib — — 51.1 ± 15 — 7.8 10.19

Placebo >300 nilotinib — — 37.6 ± 9 — −5.7 −3.31

150 nilotinib 41.7 ± 9.2 41.6 ± 11 42.2 ± 15.7 −0.14 0.57 0.43

300 nilotinib 43.7 ± 8.3 43.7 ± 11 40.2 ± 11.1 −0.05 −3.41 −3.46
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nilotinib, 300 mg vs placebo, are also associated with a signif-
icant increase in dopamine levels.15,16,21,40 Angiogenesis has
not been extensively studied in PD, but postmortem evidence
suggests that angiogenic vessels are present with markers of
neuroinflammation in PD and other parkinsonism, suggesting
infiltration of peripheral immune cells and inflammatory mol-
ecules to the parenchyma.41 Vascularization may modify the
availability of nutrients, including glucose and alters neuro-
inflammatory signaling across the BBB. DDR1 attenuates in-
flammation in models of atherosclerosis.42 Taken together, our
data suggest that vascularization may enhance transport across
the BBB and contribute to a beneficial long-term immune re-
sponse that would lead to potential clinical stabilization.21

Parkinson disease is associated with toxins, mitochondrial
dysfunction, and impaired degradation of misfolded or
abnormally aggregated proteins, but not vascular problems.
Our data demonstrate that DDR1 inhibition may coun-
teract alteration in the microvasculature that may be

associated with impaired BBB and angiogenesis, leading to
motor symptoms.34,43 Furthermore, clinical-pathologic
studies indicate that the pathogenesis of age-related de-
mentia is secondary to cerebrovascular disease, specifically
atherosclerosis.44 Inhibition of DDR1 in nilotinib, 300 mg,
was not only associated with motor and nonmotor stabil-
ity but also did not result in cognitive deterioration in pa-
tients with PD with mild cognitive impairment.21 DDR1
inhibition may mitigate MMP effects on the BBB and
neuroinflammation, while promoting angiogenesis and
neurogenesis.45 There is evidence that DDR1 plays a direct
role in angiogenesis,46 regulates the BBB47 via interaction
with collagen,48 and involves epithelial cells as an ECM-sen-
sor49 (Figure 5) that controls inflammation.50 Targeting DDR1
is a feasible strategy to prevent BBB disruption and promotion
of angiogenesis.

ExaminationofmiRNAs that are known to regulate theTK targets
of nilotinib (DDR1/2, Abelson)20 shows that only miRNAs in

Figure 5 Summary of Mechanism for miRNA in Parkinson Disease and Response to DDR1 Inhibition

(A) Discoidindomain receptor1 (DDR1) is overactivated, and severalmiRNAs, including hsa-miR-30b-5p, hsa-miR-7162-5p, and hsa-miR-4252, regulate several key
Parkinson disease-associated pathologies, including blood-brain barrier (BBB) degradation, neuroinflammation, and impaired early autophagy. These pathol-
ogies may then promote DDR1 activity, creating a negative feedback loop. When DDR1 is inhibited, via nilotinib, 300 mg, we find that the miRNA differentially
expressed miRNAs (DEMs) in placebo are reversed. In addition, we find that miRNAs, including hsa-miR-15a-5p, hsa-miR-5195, and hsa-miR182-5p, positively
affect BBBmaintenance, transport of glucose across the BBB, and bioenergetics, and restore autophagic flux. This schematic was created using BioRender.com.
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nilotinib, 300 mg, target DDR1. Nilotinib mechanism of action is
thought to be at the level of the protein, but extended inhibition of
DDR1 may result in a negative feedback loop that suppresses
DDR1 gene expression. DDR1 activation regulates RhoA (ras
homolog family member A) Ras, which increases atherosclerosis
and the risk of cardiovascular events.32 DDR1 receptor signaling
regulates the signaling pathways of cyclooxygenase-2 (COX-2),
DARPP-32 (dopamine- and cAMP-regulated neuronal phos-
phoprotein), and BIK (Bcl-interacting killer); NF-κB (nuclear
factor-κB); MEK (ERK activator kinase); and ERK (extracellular
signal–regulated kinase).33 The expression of DDR1 in different
types of cancer, including breast, renal cell carcinoma, non–small-
cell lung carcinoma, esophageal, astrocytoma, prostate, hepato-
cellular carcinoma, andHodgkin lymphoma, suggests a function in
tumor progression,33 whereas DDR1 inhibition affects major bi-
ological pathways that can mitigate tumor progression.

DDR1 inhibition via nilotinib may result in activation of mo-
lecular pathways that mediate autophagy, ubiquitination, and
mechanisms of cellular transport (Figure 5). Our previous data
suggest that the increase in miRNAs that control autophagy and
ubiquitination genes reduces expression of proteins that mediate
ubiquitination and the endosomal and autophagy-lysosomal
pathways,1 consistent with previous data that show impairment
of autophagy in post-mortem Parkinson disease brains,2 and
Nilotinib attenuates or reverses the level of miRNA expression,
suggesting an increase in autophagy flux in agreement with an-
imal data.9-13 Partial or complete knockdown, or pharmacologic
inhibition of DDR1, attenuates neuroinflammation and im-
proves CNS autophagy and vesicular transport.1,4,7-9

In conclusion, this longitudinal analysis of CSF miRNAs pro-
vides evidence of vascular impairment in the progression of PD
and confirms the previous finding that autophagy and ubiq-
uitination are impaired. DDR1 inhibition via nilotinib reverses
miRNA changes that are indicative of vascular damage and
autophagy dysfunction in PD.

This study has potential limitations including the short period
(12 months) to observe greater changes in miRNAs that
would underlie progression of clinical symptoms. The results
of this study may be limited to the cohort of patients studied,
and more studies are required to observe longitudinal changes
of miRNAs in more disease stages of PD and further valida-
tion of changes of miRNA targets.
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