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1  |  INTRODUC TION

Parkinson's disease (PD) is the second most common motor neu-
rodegenerative disorder among the elderly. PD is characterized 
by the progressive loss of dopaminergic neurons in the substan-
tia nigra pars compacta.1 Due to the lack of specific and sensitive 

tests or biomarkers, both the diagnostic and the prognostic of PD 
are based entirely on clinical features, such as the type and sever-
ity of symptoms, age, gender or response to therapy.2 The most 
commonly used pharmacological treatment for PD aims to amelio-
rate the motor symptoms by compensating for the dopamine defi-
cit. This is mainly done through replacement therapy (LevoDopa) 
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Abstract
Parkinson's disease (PD) is the second most common neurodegenerative disorder 
among the elderly, the diagnostic and prognostic of which is based mostly on clini-
cal signs. LevoDopa replacement is the gold standard therapy for PD, as it amelio-
rates the motor symptoms. However, it does not affect the progression of the disease 
and its long- term use triggers severe complications. There are no bona fide biomark-
ers for monitoring the patients’ response to LevoDopa and predicting the efficacy 
of levodopa treatment. Here, we have combined qPCR microRNA array screen-
ing with analysis of validated miRs in naïve versus Levodopa- treated PD patients. 
We have identified plasma miR- 19b as a possible biomarker for LevoDopa therapy 
and validated this result in human differentiated dopaminergic neurons exposed to 
LevoDopa. In silico analysis suggests that the LevoDopa- induced miR- 19b regulates 
ubiquitin- mediated proteolysis.
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with inhibition of Monoaminoxidase (MAO) and Catechol O- 
methyltransferases (COMT) activity in the periphery (carbidopa, 
benserazide).3 Long- term LevoDopa usage associates almost invari-
ably with additional motor side effects and cognitive and neuro- 
psychiatric events, while it does not affect or change the natural 
progression of cell degeneration towards non- dopaminergic neural 
circuits.4 LevoDopa's altered metabolism in PD patients governs 
the deleterious feedbacks between the main pathogenic axes, in-
cluding mitochondrial dysfunction, toxic metabolites, proteasome 
alteration and alpha- synuclein aggregation, thus turning the PD 
cure into a curse in disguise.5

MicroRNAs (miRs) are a class of endogenous, small non- coding 
RNAs able to post- transcriptionally modulate gene expression by 
binding to complementary sequences in target messenger RNAs 
(mRNAs). One single miR may alter the stability of hundreds of tar-
gets, while several miRs may cooperatively interact with one sin-
gle mRNA and thus regulate the expression of over one- third of the 
coding genes in humans.6 Due to their outstanding stability in vari-
ous body fluids, miRs are ideal biomarker candidates in various dis-
eases, including PD.7 Interestingly, in PD patients, most of the miRs 
were shown to be deregulated, with decreased levels in total blood, 
serum, and white blood cells, while most of the plasma miRs are up- 
regulated.8– 24 However, there is a large discrepancy among these 
results, presumably due to several differences in their experimental 
setups. Moreover, many patients are treated with LevoDopa for sev-
eral years, which could also affect the miRs levels. To shed light on 
these discrepancies, we aimed to investigate the levels of miRs in the 
plasma of LevoDopa- treated PD patients.

In our study, we made use of the sensitivity and specificity of the 
qRT- PCR technique to quantify in a two- step (discovery and valida-
tion) approach the mature miR species that are present in the plasma 
of LevoDopa- treated PD patients. Analysis of the validated miRs in 
naïve vs. LevoDopa- treated PD patients identified plasma miR- 19b 
as a sensitive biomarker for LevoDopa therapy, a result further vali-
dated in mouse hippocampi and human differentiated dopaminergic 
neurons exposed to LevoDopa.

2  |  MATERIAL AND METHODS

The present study has been performed in concordance with the 
Declaration of Helsinki Code of Ethics and has been reviewed and 
approved by the local institutional ethics review board.

All Discovery-  and Validation lots patients have been recruited 
through the Neurology Clinic of the County Hospital Timisoara 
and have signed informed consent. The diagnosis of PD was made 
following International Parkinson and Movement Disorder Society 
clinical diagnostic criteria for PD.25 Exclusion criteria included cog-
nitive impairment, inability to sign the informed consent, an associ-
ated diagnostic of cancer and/or autoimmune disease, and a recent 
history of head or spinal cord trauma. Control patients are individ-
uals that have addressed the Neurology Clinic and for whom, after 
clinical and paraclinical examination, a neurological pathology has 
been excluded.

The naive (and the corresponding post LevoDopa therapy) plasma 
samples have been provided by the Harvard NeuroDiscovery Center 
(Center for Neurological Diseases, Brigham & Women's Hospital) 
and the Neurology Clinic of the County Hospital Timisoara. The de-
mographics and clinical characteristics of the discovery lot, the vali-
dation lot, and the post- therapy lot are presented in Table 1.

Peripheral blood was collected between 9 AM and 12 AM in 
EDTA- coated vacutainers by puncture of the cubital vein; next, the 
blood was refrigerated at 4°C, processed by centrifugation within 
the next 2 h, and the plasma fraction stored at −80°C until further 
use. Plasma samples with signs of hemolysis, turbidity, hyperlipid-
emia or hyperbilirubinemia have been discarded. After thawing, 
all plasma samples were again centrifuged for 5 min at 1500 g 
and 4°C to eliminate precipitates and cell debris contaminants. 
Total RNA was extracted from 200 μl of plasma (100 μl in case of 
Harvard lot) using the miRNeasy Serum/Plasma kit (Qiagen), with 
Caenorhabditis elegans miR- 39 miRNA mimic as a spike- in control for 
external normalization.

2.1  |  LevoDopa treatment of mice

The experiments involved two lots (experimental and control) of six 
one- year- old wild- type mice (three males, three females) of mixed 
genetic background, housed in Udel® polysulphone cages, on a 12- h 
light- dark cycle and fed ad libitum. L- DOPA (Sigma) and Benserazide 
hydrochloride (Sigma) solutions were prepared freshly (30 min be-
fore injections) in physiological saline and administered for 5 days, 
by two 12- h spaced intraperitoneal injections at 20 mg/kg and 
12 mg/kg, respectively. The control lot was injected using the same 
protocol with equal amounts of Benserazide hydrochloride. The 
mice were sacrificed on the 6th day, and the hippocampi dissected 

TA B L E  1  Demographics of the discovery, validation and naive lots

Discovery lot Validation lot Naive lot

Patients Controls Patients Controls Harvard

No. 10 10 66 29 10

Gender ratio 6/4 6/4 35/31 14/15 7/3

Median age (standard deviation) 65.9 (6.1) 68.1 (6.4) 68 (9.1) 63.5 (9.1) 67.2 (6.6)

Average Y&H stage (standard deviation) 1.9 (0.70) - 2.5 (0.8) - - 
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and stored in RNAlater at −80°C. Total RNA was extracted using the 
miRVANA kit according to the manufacturer's indications and stored 
at −80°C until further use.

2.2  |  Dopaminergic cells culture

LUHMES cell differentiation to dopaminergic neural cells was per-
formed as previously described.26 Briefly, LUHMES cells were cul-
tured for 24 h in a Dulbecco's modified Eagle's medium (DMEM)/
F12 with 1% N2- supplement and 0.04 μg/ml basic fibroblast 
growth factor then differentiated for 5 days in DMEM/F12 with 
1% N2- supplement, 1 μg/ml tetracycline, 0.49 mg/ml dibutyryl 
cyclic AMP and 2 ng/ml glial cell- derived neurotrophic factor. 
Differentiated dopaminergic cells were exposed for 24 h to three 
different concentrations of LevoDopa (10 µM, 20 µM and 50 µM) 
and then washed with 1x PBS, collected and the pellet frozen at 
−80°C until further use. Total RNA was extracted using the miR-
Vana kit according to the manufacturer's indications and stored 
at −80°C.

2.3  |  miRNA and target genes quantification

For discovery lot samples, reverse transcription by miScript II RT Kit, 
Qiagen (with identical RNA inputs) followed by qRT- PCR quantifica-
tion of 1008 unique human miRNAs on a Human miRNome miScript 
miRNA PCR Array, Qiagen was performed according to the manu-
facturer's protocols. MiRs showing expression in all samples were 
used for data analysis by ∆∆CT method of relative quantification 
with normalization to C. elegans miR- 39 miRNA spike- in.27 Validation 
step and LevoDopa- induced miR data set analysis.

For the validation lot, the naïve/post- therapy plasma samples, 
and the LUHMES cells experiments, reverse transcription was per-
formed using the TaqMan® MicroRNA Reverse Transcription Kit 
(Thermo Fisher) followed by individual qRT- PCR quantification using 
TaqMan™ MicroRNA Assays (Thermo Fisher); all qRT- PCR reactions 
were performed in triplicate. For plasma miRs, fold changes were 
calculated by ∆∆CT method of relative quantification with both 
exogenous (to C. elegans miR- 39 miRNA spike- in) and endogenous 
(hsa- miR- 15b and hsa- miR- 17) normalization. The two endogenous 
controls show Ct values that do not differ between experimental 
and control samples (p > 0.05), are expressed at levels comparable 
to those of our 5 target genes and display coefficients of variation 
below 15%. Of note, miR- 15b has been highlighted as an endoge-
nous control with very low overall variance, while miR- 17 has been 
reported as one of the most stable and consistent miR expressed 
across 13 normal tissues.26,27

For mouse hippocampi experiments, reverse transcription was 
performed using the TaqMan® MicroRNA Reverse Transcription 
Kit (Thermo Fisher) followed by individual qRT- PCR quantification 
using TaqMan™ MicroRNA Assays (Thermo Fisher). All qRT- PCR 
reactions were performed in triplicate. The fold changes were 

calculated by ∆∆CT method of relative quantification using RNU- 44 
for normalization.

For LUHMEs cells/dopaminergic neurons microRNA experi-
ments, reverse transcription was performed using the TaqMan® 
MicroRNA Reverse Transcription Kit (Thermo Fisher) followed by in-
dividual qRT- PCR quantification using TaqMan™ MicroRNA Assays 
(Thermo Fisher). For target genes experiments, reverse transcription 
was performed using the High- Capacity cDNA Reverse Transcription 
Kit followed by individual qRT- PCR quantification using invento-
ried TaqMan™ Assays (Thermo Fisher). All qRT- PCR reactions were 
performed in triplicate. The fold changes were calculated by ∆∆CT 
method of relative quantification using hsa- RNU- 44 (for miR calcu-
lations) and hsa- Gapdh (for mRNAs calculations) for normalization.

2.4  |  Statistics

In the discovery lot, differentially expressed miRs were identified by 
two tails, heteroscedastic Student's t- test and ranked according to 
their corrected p- values (p = 0.05 as cut- off).

In the validation lot, after checking the normalized Ct values for 
normality of distribution, we evaluated the differential miR expres-
sion's statistical significance between patient and control groups 
using either a 2- tailed t- test with Welch correction (for normal distri-
bution) or a 2- tailed Mann– Whitney U test for non- normal distribu-
tion (statistical cut- off: 0.05).

The differential miR expression's statistical significance between 
naïve and post- therapy patients’ groups was assessed using the 
2- tailed Wilcoxon signed- ranks test (p < 0.05) for the Harvard lot.

The statistical significance of the differentially expressed miR in 
the cultured dopaminergic neural cells exposed to LevoDopa was 
calculated using a two- way anova test with Dunnett correction. The 
statistical significance of the differentially expressed target genes 
in the cultured dopaminergic neural cells exposed to LevoDopa was 
calculated using a two- way, unpaired, heteroscedastic t- test with 
Welch's correction (p < 0.05).

The statistical significance of the differentially expressed miR in 
the mouse hippocampi challenged with LevoDopa was calculated 
using a two- way, heteroscedastic, unpaired t- test (p < 0.05).

All statistical calculations were performed using Prism 8 for 
MacOS, version 8.3.0.

The diagnostic test parameters for the three miRs were esti-
mated using the MedCalc online software (https://www.medca 
lc.org/calc/diagn ostic_test.php).

2.5  |  Bioinformatics analysis

Target predictions (against 3′UTR, 5′UTR and CDS regions) for miR- 
19b were computed using the miRWalk 3.0 machine learning algo-
rithm, with a p ≤ 0.05 (Bonferroni adjusted) as a cut- off. The miR- 19b 
targets were cross- referenced against the differentially expressed 
genes retrieved after Geo2R analysis (Benjamini and Hochberg 

https://www.medcalc.org/calc/diagnostic_test.php
https://www.medcalc.org/calc/diagnostic_test.php
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adjusted false discovery rate, FDR <0.05) of GSE55096 data set 
representing the TRAP analysis of striatal neurons’ response to 
LevoDopa therapy in a 6- hydroxydopamine (6- OHDA) mouse 
Parkinson's disease model.28 The miR- 19b targets of the differen-
tially expressed genes were subjected to Gene Ontology analysis on 
the DAVID platform using adjusted FDR of 0.05 as cut- off.29

3  |  RESULTS

3.1  |  MicroRNA profiling

Out of the 1008 miRs profiled in the discovery group, only 15 were 
expressed in all plasma samples and exhibited corrected p- values 
below the 0.05 threshold, with fold changes (FC) varying between 
1.5 and 5.1 (Table 2).

3.2  |  MicroRNA validation

The differential expression of five of the discovery miRs (miR- 16, 
miR- 19b, miR- 19a, miR- 92a and miR- 195) was further validated in 
an additional set of 66 treated PD patients and 29 controls using 
TaqMan assays. Similar to the discovery lot, all five discovery miRs 
were up- regulated in PD patients, with fold changes between 1.31 
and 1.72 (Table 3). However, after gender stratification, only miR- 
19a, miR- 19b and miR- 195 were found differentially expressed in 
both male and female patients (miR- 16 and miR- 92a are significantly 
expressed only in males), thus being further taken into consideration 

as putative bona fide PD biomarkers. There were significant differ-
ences in miR- 16 and miR- 92a plasma levels of control males versus 
control females, while miR- 19a, miR- 19b and miR- 92a are signifi-
cantly lower in the plasma of PD male patients compared to PD fe-
male patients (Table S1).

Next, we asked whether the normalized Ct of the five miRs cor-
relate with the age of the probands and the Hoehn– Yahr (H- Y) stage 
of Parkinson's disease. Two- tailed parametric Pearson correlation 
analysis of PD data indicates that age and H&Y stage do not cor-
relate with, and most probably do not influence the normalized Ct 
values of any of the validated miRs (Table S2).

3.3  |  Mir- 19a, miR- 19b and miR- 195 as 
diagnostic biomarkers

To evaluate the validated miRs’ ability to discriminate between PD 
and controls, we performed ROC analyses for all five miRs (Table S3 
and Figure 1). This analysis revealed that the five miRs exhibit rela-
tively modest performances, with miR- 19a, miR- 19b and miR- 195 
having the highest areas under the curve and the lowest p values.

3.4  |  MicroRNA responders to LevoDopa

Since all the PD patients enrolled in the validation lot were under 
replacement/combined therapy, which, as reported, might asso-
ciate changes in circulating miR levels, we have further compared 
the miR- 195, miR- 19a and miR- 19b plasma levels in 10 patients 

miR Mapping FC p Value

hsa- miR- 19b chr13: 91351192- 91351278 [+]
chrX: 134169671- 134169766 [−]

5.10 0.0412

hsa- miR- 19a chr13: 91350891- 91350972 [+] 4.45 0.039

hsa- miR- 16 chr13: 50048973- 50049061 [−] 3.83 0.012

hsa- miR- 92a chr13: 91351314- 91351391 [+] 3.73 0.021

hsa- miR- 195 chr17: 7017615- 7017701 [−] 3.67 0.019

hsa- miR- 93* chr7: 100093768- 100093847 [−] 3.64 0.037

hsa- miR- 363 chrX: 134169378- 134169452 [−] 3.27 0.019

hsa- let- 7b chr22: 46113686- 46113768 [+] 3.10 0.049

hsa- let- 7e chr19: 51692786- 51692864 [+] 3.00 0.033

hsa- miR- 454 chr17: 59137758- 59137872 [−] 2.99 0.023

hsa- let- 7c chr21: 16539828- 16539911 [+] 2.74 0.038

hsa- miR- 16- 2* chr3: 160404745- 160404825 [+] 2.53 0.016

hsa- miR- 576- 5p chr4: 109488698- 109488795 [+] 2.30 0.010

hsa- miR- 941 chr20: 63919449- 63919520 [+]
chr20: 63919505- 63919576 [+]
chr20: 63919561- 63919632 [+]
chr20: 63919756- 63919827 [+]
chr20: 63919868- 63919939 [+]

1.70 0.018

hsa- miR- 1976 chr1: 26554542- 26554593 [+] 1.51 0.0435

*Belongs to the name of the microRNA.

TA B L E  2  MiRs differentially expressed 
in plasma of PD patients versus controls 
(discovery lot)

info:refseq/GSE55096
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(Harvard Neurodiscovery Center) before and after the onset of anti- 
Parkinson medication.12,30 A Wilcoxon matched- pairs signed- ranks 
test analysis showed a significant change in treated patients for miR- 
19b (p = 0.0059) but not for miR- 19a and (p = 0.9218) and miR- 195 
(p = 0.1934). Our data indicate a possible role of miR- 19a and mir- 
195 in PD biology, while miR- 19b could be considered as a therapy- 
responder (Figure 2).

To further substantiate the possible role of LevoDopa in modulat-
ing miR- 195/miR- 19a/miR- 19b expression in tissues relevant for PD 
pathology, we evaluated their expression in the hippocampi of one- 
year- old, wild type, mixed background mice subjected to five- day 
LevoDopa stimulation. The expression of all three miRs increased, 
however, only miR- 19a and miR- 19b changes were statistically signif-
icant (Figure 3). Next, we asked whether the change in miR expres-
sion could be specifically reproduced in dopaminergic neurons and 
monitored the response of cultured LUHMES- derived dopaminergic 
neurons to three different levels of LevoDopa. Interestingly, miR- 
19a and miR- 195 responded by gradually decreasing their expres-
sion upon augmentation of LevoDopa concentration, while miR- 19b 

showed a dose- dependent upregulation of expression (Table S4 and 
Figure 4).

3.5  |  MicroRNA targets

miR- 19b has been proposed as a diagnostic and/or prognostic 
marker in a wide array of pathologies, from adenoviral and bacterial 
infections to heart failure, cancer and PD. Mature miR- 19b is excep-
tionally well conserved in vertebrates (Figure S1), and experiments 
in mice and rats provided important mechanistic pathogenic details 
of its involvement in these pathologies.

To gain insight into the possible biological role of miR- 19b up-
regulation upon LevoDopa exposure, we retrieved and analysed the 
published transcriptome data of two LevoDopa regimen supple-
mentation experiments in a mouse model of 6- hydroxydopamine 
(6- HODA)- induced striatal dopamine depletion.28 Geo2R analysis 
(false discovery rate <0.05, Benjamini and Hochberg adjusted) of 
hemiparkinsonian conditions on LevoDopa therapy versus chronic 
saline identified 5722 (high LevoDopa regimen) and 2999 (low 
Levodopa regimen) unique differentially expressed genes (DEG), 
of which 651 (11.38%) and 378 (12.61%), respectively, are putative 

Fold change (p- Value) M + F M F

hsa- miR- 16 1.31 (0.026a ) 1.72 (0.003a ) 1.31 (0.944b )

hsa- miR- 19b 1.50 (0.001b ) 1,52 (0.001b ) 1.50 (0.041b )

hsa- miR- 19a 1.52 (0.001b ) 1.64 (0.002a ) 1.52 (0.042b )

hsa- miR- 92a 1.55 (0.009b ) 1.88 (0.009b ) 1.55 (0.114b )

hsa- miR- 195 1.72 (0.0008a ) 1.91 (0.0075a ) 1.72 (0.043a )

Abbreviations: F, females; M, males.
aTwo- tailed Mann– Whitney test.
bTwo- tailed Welch's t- test.

TA B L E  3  MiRs differentially expressed 
in plasma of PD patients versus controls 
(validation lot)

F I G U R E  1  ROC plots of miR- 19a, miR- 19b and miR- 195 in PD 
patients compared to controls
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5′- UTR/CDS/3′- UTR miR- 19b targets, as predicted using miRwalk3.0 
machine learning algorithms.31 KEGG Pathway enrichment analysis 
(FDR < 0.05) of the miR- 19b DEG targets using the DAVID 6.8 plat-
form (https://david.ncifc rf.gov/) identified Ubiquitin- mediated pro-
teolysis (UDP) pathway as possibly altered by miR- 19b deregulation 
during LevoDopa supplementation (Table 4 and Figure S2).29 Of note, 
out of the 16 UDP target genes (FBXW8, CUL3, CUL2, UBE2D3, 

HUWE1, WWP1, KEAP1, NEDD4L, CBL, UBE2J2, UBE2R2, 
NEDD4, UBR5, BIRC6, TRIM37, ANAPC1), UBE2D3 and TRIM37 
have already been validated as miR- 19b targets (MIRT505252 and 
MIRT500676, respectively) (File S1). CUL3, UBE2D3 and WWP1 
have been indexed as miR- 19b targets in miRDB (target scores 74, 
87 and 80, respectively), while UBE2D3 (TargetScan probability of 
conserved targeting: 0.29) and WWP1 (TargetScan probability of 
conserved targeting: 0.58) have conserved miR- 19b binding sites.

Next, we analysed 22 Parkinson- related transcriptome data de-
posited in the Gene Expression Omnibus (GEO) for changes (Geo2R 
analysis, adjusted FDR < 0.05) in the expression levels of the 16 UDP 
miR- 19b- target genes: GSE110716 (fibroblasts, iPSCs, and neurons), 
GSE68719 (brain tissue), GSE43490 (dorsal nucleus vagus, substan-
tia nigra, locus coeruleus), GSE28894 (frontal cortex, cerebellum, 
striatum, medulla oblongata), GSE19587 (dorsal motor nucleus of 
vagus, inferior olivary nucleus), GSE20333 (brain), GSE20295 (pre-
frontal area, putamen, substantia nigra), GSE20146 (globus pallidus), 
GSE20141 (substantia nigra pars compacta), GSE6613 (whole blood), 
GSE72267 (blood), GSE20153 (lymphoblasts) and GSE22491 (pe-
ripheral blood mononuclear cells, PBMCs). To our surprise, except 
for GSE22491 (PBMCs from patients with LRRK2 mutations), none 
of the GEO data sets survived the Geo2R analysis, adding yet an-
other layer to the well- known lack of consensus between Parkinson 
transcriptomes. However, with two exceptions (GSE43490 substan-
tia nigra and locus coeruleus), all data sets (File S2) are consistent in 
showing decreased expression of ANAPC1 (72.7% of the datasets), 
UBE2D3 (68.2%), CUL2, CUL3 and KEAP1 (63.6%), while FBXW8 
and UBE2J2 are downregulated in only 22.7% of the data sets 
analysed.

Next, we asked whether the predicted transcriptional impact on 
UDP pathway genes could be reproduced in our LUHMES- derived 
dopaminergic neurons model and quantified the expression of five 
of the UDP target genes found most consistently downregulated in 
our GEO data analysis. We found that of Cul2, Cul3 and UBE2D3 are 
all downregulated, while WWP1 and ANAPC1 expression levels are 
not changed or even increased in LUHMES- derived dopaminergic 
neurons (Figure 5).

Overall, these data indicate a consistent and concordant down-
regulation of target UDP- genes transcripts in tissues harvested from 
PD patients under replacement therapy, mice hippocampi and cul-
tured dopaminergic neural cells challenged with LevoDopa, which 
might translate into an altered proteasome activity mediated by the 
LevoDopa- induced augmentation of miR- 19b.

4  |  DISCUSSION

There is a bewildering lack of consensus between the circulating 
miRs expression reports, regardless of their origin: plasma, serum or 
PBMCs of Parkinson's patients32; this might reflect not only differ-
ences in tissue source, cohort sizes, experimental design (from RNA 
isolation to validation) but also, in the light of our data, differential 
individual responses to different LevoDopa therapy dosages.33 

F I G U R E  3  miR- 19a, mir- 19b and miR- 195 expression levels in 
mouse hippocampi exposed to LevoDopa. *p < 0.05; (unpaired, 
heteroscedastic Student's t- test)
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However, one should also remember there are considerable quanti-
tative and qualitative differences between the miRs’ expression lev-
els in plasma, serum, and white blood cells (WBCs), with high serum 
levels of miRs rather reflecting the release of miRs associated with 
the coagulation.20,34 From this perspective, one might argue that 
plasma miRs better reflect the real repertoire of PD- associated cir-
culating miRs.

Most of the studies that investigated the levels of miRs in serum 
(including exosomes), PBMCs, and cerebrospinal fluid showed a de-
creased levels of miR- 19b in PD patients compared to control sub-
jects8,13,35– 37; Marques et al. (2017) could not find any significant 
change, while Burgos et al. (2014) described statistically significant 
upregulations of miR- 19b in PD patients.14,38 Furthermore, analysis 
of plasma miRs showed increased levels of miR- 19b in Parkinson's 
patients versus healthy controls.39 Interestingly, global analysis of 
plasma exosomes did not identify differences in miR- 19b expression, 
thus excluding exosomes as possible contributors to miR- 19b PD- 
associated changes.40 It is also worth noting that with very few ex-
ceptions, the brain- enriched miRs investigated so far show increased 
plasma levels in PD patients, suggesting that the actual miR source 
might influence the plasma levels in pathological conditions.15,24

Very few studies investigated the miR response to LevoDopa 
therapy in Parkinson's disease, all using a targeted approach and 

focusing on miR expression in peripheral blood cells. However, the 
results show the same disconcerting lack of consensus: Alieva et al. 
described a significant increase of miR- 7, miR- 9- 3p, miR- 9- 5p, miR- 
129 and miR- 132, Serafin et al. showed overexpression of miR- 103a, 
miR- 30b, and miR- 29a, while Caggiu et al. found an upregulation of 
miR- 155 and downregulation of miR- 146 in the PBMC of LevoDopa- 
treated Parkinson's patients.12,30,41 Of note, except for miR- 146, all 
miRs analysed are up- regulated, including the brain- enriched miR- 7 
and miR- 132.

Our data are too preliminary to support a role for miR- 19b in pre-
dicting PD onset in individuals, regardless of their sex and age, an 
aspect worth exploring in much larger cohorts of probands, which 
allow proper stratification. Furthermore, we found no correlation 
between any of the five plasma miRs and the age or H&Y stage of PD 
patients. Male gender has been highlighted as one of the risk factors 
for PD development. This aspect seems to be mediated by SRY ex-
pression in dopaminergic striatal neurons and strongly reflected at 
both clinical and molecular/transcriptome levels.42– 44 Interestingly, 
plasma miR- 16 gender- dependent differential expression is lost in 
PD patients, miR- 92a retains its gender- biased expression, while 
miR- 19a and miR- 19b are gender- biased only in PD. Of note, miR- 19a 
and miR- 19b are considered ‘male- specific’ miRs, while miR- 195 is 
rather female- specific.45

An aspect worth investigating would be the mechanism leading 
to mature miR upregulation upon LevoDopa exposure. While the 
human plasma and mouse hippocampi show concordant changes 
in mature miR- 19b and miR- 19a levels, consistent with a common, 
transcriptional regulation of the miR- 17~92 cluster, the cultured do-
paminergic neurons’ response diverges as the intensity of LevoDopa 
exposure increases, suggesting that different regulatory events 
might also be at work. Given that miR- 19b is less accessible to Drosha 
processing from pri- miR- 17~92 than miR- 19a, it is tempting to specu-
late that LevoDopa post- transcriptionally alters the miR expression 
ratios within this cluster.46 Whether this LevoDopa- induced change 
in miR- 19a/miR- 19b ratio scenario also applies to the miR- 106a- 303 
cluster (the chromosome X source of miR- 19b) and which is its signif-
icance for dopaminergic neurons’ biology remains to be established.

Analysis of PD transcriptome data shows a striking lack of con-
sensus at the level of differentially expressed genes across all tissue 
sources; however, despite intra-  and inter- experimental cell popula-
tion's heterogeneity, the concordance improves when transcriptome 
comparisons focus on signalling pathways. Proteasome activity has 
been reported being altered in transcriptome studies of nigral and 
extra- nigral brain regions, blood, or CSF, suggesting a systemic 

TA B L E  4  Gene ontology analysis of the miR- 19 targets within the GSE55096 dataset

Term Count % p
Fold 
Enrichment Bonferroni Benjamini FDR

hsa04120: Ubiquitin- mediated 
proteolysis

16 2.46 1.53E- 04 3.138 3.46E- 02 3.52E- 02 3.49E- 02

mmu04120: Ubiquitin- mediated 
proteolysis

16 2.46 7.04E- 05 3.372 1.58E- 02 1.59E- 02 1.58E- 02

F I G U R E  5  Altered UDP gene expression in cultured 
dopaminergic neurons exposed to LevoDopa. *p < 0.05; (unpaired, 
heteroscedastic Student's t- test)
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alteration of this pathway in PD.47 The proteasome is essential for 
neuronal survival, and a reduction of the proteasome activity has 
been correlated with brain ageing and neurodegenerative diseases.48 
Furthermore, a large body of evidence shows that Dopamine can 
induce neural cell death, an effect observed in a dose-  and time- 
dependent manner and associated with alteration of proteasome ac-
tivity.49– 53 Although restricted to transcript level analysis, our data 
suggest that this alteration might actually reflect the response to 
LevoDopa therapy through modulation of miR- 19b levels.

The relationship between miRs and UDP has been explored in 
multiple in vivo and ex vivo experimental and clinical setups, in-
cluding the heart, osteosarcoma cells and neurodegenerative dis-
ease.54,55 Various components of the UDP system were described 
as miR targets: for example E2 isoforms UE2A, UBE2B, UBE2D3 
and UBCH10 are targeted by miR- 7, miR- 455- 5p, miR- 21- 5p and 
miR- 631, respectively.56– 59 The E3- ubiquitin ligase Parkin associ-
ated with familial PD is regulated by miR- 181a in ageing muscles, 
miR- 103a- 3p levels are increased in an in vitro and in vivo MPTP 
model of Parkinson's disease, miR- 146a levels are up- regulated in a 
rotenone neurodegeneration model, and miR- 218 expression is in-
creased in HEK293 cells.60– 64 It would be interesting to investigate 
whether the proposed miR- 19b impact on UDP transcripts translates 
into an altered neuronal proteasome activity through coordinated 
alterations of the activity of E2 Ubiquitin- conjugating enzyme, E3 
Ubiquitin ligase system, and Cullin- 2, Cullin- 3 and Cullin- 7 com-
plexes. This would pave the way towards a possible anti- miR- 19b 
neuroprotective therapy, since buffering the augmentation of miR- 
19b might be an efficient way to prevent or at least diminish the 
LevoDopa- associated neurotoxicity.

Although we show that the level of mature miR- 19b increases 
in the mouse hippocampi and the dopaminergic neurons chal-
lenged with LevoDopa, the exact source of the plasma miR- 19b in 
LevoDopa- treated patients is yet to be determined. Nevertheless, 
whether validated in larger, more heterogeneous lots, mir- 19b might 
serve as an important response biomarker in LevoDopa therapy, 
opening a new avenue in PD clinical research.
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