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MicroRNAs in Parkinson’s disease:
a systematic review and diagnostic
accuracy meta-analysis

Diane Guévremont'?*, Joyeeta Roy%%3*, Nicholas J. Cutfield®3? & Joanna M. Williams%2**

Current clinical tests for Parkinson’s disease (PD) provide insufficient diagnostic accuracy leading to an
urgent need for improved diagnostic biomarkers. As microRNAs (miRNAs) are promising biomarkers
of various diseases, including PD, this systematic review and meta-analysis aimed to assess the
diagnostic accuracy of biofluid miRNAs in PD. All studies reporting data on miRNAs expression in

PD patients compared to controls were included. Gene targets and significant pathways associated
with miRNAs expressed in more than 3 biofluid studies with the same direction of change were
analyzed using target prediction and enrichment analysis. A bivariate model was used to calculate
sensitivity, specificity, likelihood ratios, and diagnostic odds ratio. While miR-24-3p and miR-214-3p
were the most reported miRNA (7 each), miR-331-5p was found to be consistently up regulated in &
different biofluids. Importantly, miR-19b-3p, miR-24-3p, miR-146a-5p, and miR-221-3p were reported
in multiple studies without conflicting directions of change in serum and bioinformatic analysis

found the targets of these miRNAs to be associated with pathways important in PD pathology.

Of the 102 studies from the systematic review, 15 studies reported sensitivity and specificity data

on combinations of miRNAs and were pooled for meta-analysis. Studies (17) reporting sensitivity

and specificity data on single microRNA were pooled in a separate meta-analysis. Meta-analysis of
the combinations of miRNAs (15 studies) showed that biofluid miRNAs can discriminate between

PD patients and controls with good diagnostic accuracy (sensitivity =0.82, 95% Cl 0.76-0.87;
specificity =0.80, 95% Cl 0.74-0.84; AUC=0.87, 95% Cl 0.83-0.89). However, we found multiple
studies included more males with PD than any other group therefore possibly introducing a sex-
related selection bias. Overall, our study captures key miRNAs which may represent a point of focus
for future studies and the development of diagnostic panels whilst also highlighting the importance of
appropriate study design to develop representative biomarker panels for the diagnosis of PD.

Parkinson’s disease (PD) is characterized by the progressive loss of dopaminergic neurons in the substantia nigra
(SN)™. Clinically, diagnosis relies on the presentation of the cardinal motor features of PD, bradykinesia, rigid-
ity, and tremor. The onset of these motor symptoms is generally consistent with a loss of approximately 60% of
the SN dopaminergic neurons, along with widespread neural network disruption® Diagnosis can be aided by
ancillary dopamine imaging tests, however, these are cost-prohibitive and not widely accessible. Therefore, to
date, the gold standard for PD diagnosis remains neuropathology. However, early diagnosis of PD is the key to
developing and testing novel therapies at a disease stage where they might have the greatest impact on limiting
neuronal death and therefore improving the quality of life of patients. Thus, there is an urgent need for accessible
peripheral markers capable of reflecting the central nervous system (CNS) pathology underlying PD.

MicroRNAs (miRNAs) are small non-coding RNAs which participate in post-transcriptional control of gene
expression®. They play a regulatory role in numerous biological processes including the cell cycle, apoptosis,
and stress response in cells and have been shown to be dysregulated in postmortem brain tissue derived from
individuals with PD*°. Importantly, miRNAs are released from the brain and are found in various biofluids
including blood, plasma, serum, peripheral blood mononuclear cells (PBMCs), cerebrospinal fluid (CSF) and
extracellular vesicles such as exosomes®'. As they are also remarkably stable in biofluids'’, assessing biofluid
miRNA levels may act as an effective biomarker of PD and be useful not only in diagnosis, but also in monitoring
disease progression and reflect responses to therapy.
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To date, there is a distinct lack of consensus on which miRNA or combinations of miRNAs are the most
effective diagnostic test for PD. This may be due to methodological differences in preclinical blood processing,
method of miRNA analysis, heterogeneity in PD pathology, or small sample size and potential biases introduced
by limitations in control groups. Moreover, identification of PD-specific miRNAs, rather than ones affected by
neurodegeneration in general, is also challenging. Nevertheless, significant efforts are being made into identify-
ing signatures of miRNAs capable of differentiating between PD patients and controls. For example, Schulz et al.
identified 13 differentially expressed miRNAs in the brain and blood'?. The importance of each miRNA in this
study was based on the significance of p values which were generated from effect size meta-analyses conducted
on each miRNA. Diagnostic accuracy meta-analyses have been published on miRNAs but in other CNS disor-
ders such as Alzheimer’s disease and multiple sclerosis'®!%, yet to date, only 1 study'® has assessed the diagnostic
accuracy of biofluid-derived miRNAs in PD patients. The importance of diagnostic accuracy meta-analyses lies
in their ability to provide information on the area under the curve (AUC), sensitivity and specificity, which are
among the determining factors of clinical utility of miRNAs as an evidence-based diagnostic tool for PD. Here,
we performed a systematic review to update and amalgamate all current knowledge on miRNAs from brain
tissue and biofluids and to identify miRNAs which are consistently reported to be changed in PD patients com-
pared to controls. Using meta-analysis, we evaluated the diagnostic utility of miRNA from biofluids capable of
discriminating between PD patients and controls.

Materials and methods

Search strategy

This study protocol was registered in PROSPERO (CRD42018104269) and was conducted according to the
Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) guidelines'®. A literature
search was performed on several databases including PubMed, Scopus, Web of Science, and the Cochrane
Library, through to July 2022, using microRNA, miRNA, biomarkers, Parkinson’s disease, and neurodegenera-
tion as search terms. The PubMed advanced search strategy was as follows: ((((((((microRNAs[Title/Abstract])
OR microRNA[Title/Abstract]) OR miRNA[Title/Abstract]) OR miRNAs[Title/Abstract]) OR MIR[Title/Abstract])
OR biomarkers[Title/Abstract]) OR biomarker|[Title/Abstract])) AND ((((Parkinson’s disease[Title/Abstract]) OR
Parkinson’s[Title/Abstract]) OR neurodegenerative[Title/Abstract]) OR neurodegeneration[Title/Abstract]). This
search strategy was individually adapted for each database. Only studies in English were assessed for inclusion.
The references of all relevant studies were searched to identify additional eligible studies. The title, abstract and/
or full texts of studies were used, as needed, to gauge eligibility.

Study selection

All original studies, conference posters and abstracts reporting data on miRNA expression in PD patients and
healthy controls (HCs) were included in the systematic review. All studies on PD patients, irrespective of treat-
ment status and type, were included. Studies were included in the meta-analysis if they reported data on: (1)
patients diagnosed with PD (clinically/neuropathologically), (2) miRNA expressions in biofluids of PD patients
and controls, (3) samples size, sensitivity, and specificity of individual or combinations of miRNAs, and (4)
in case of multiple individual miRNA results within the same study (multiple individual AUC, one for each
miRNA), only the top miRNA data entry with the highest AUC was retained for further analysis in order to not
introduce statistical biases.

Exclusion criteria included data which were: (1) irrelevant, comparing miRNA expressions from PD with
other neurodegenerative diseases only without reporting data on controls, (2) on miRNA expressions from non-
human subjects, (3) overlapping with other included studies, and (4) on miRNA expression analysis based on
non-experimental techniques, such as computational analyses.

Data extraction

The following patient data were extracted: first author, year of publication, country of origin, sample size, number
of males in patient and control cohorts, mean ages of patients and controls, disease duration, type of PD patients
(sporadic, familial or mixed PD), specific genetic mutations in familial PD patients, clinical phenotype of PD
patients, Hoehn and Yahr (H&Y) stage, PD medication status, type and dose, levodopa equivalent daily dose
(LEDD), diagnostic criteria used to make a clinical diagnosis of PD and Braak stages of neuropathologically-
confirmed PD patients.

The following miRNA data were extracted: sample type including specific brain regions used in postmortem
studies, experimental method of miRNA analysis and normalization, miRNA expression and direction of change,
and diagnostic accuracy indices (sensitivity, specificity and AUC) if available. Wherever possible, designations
of -3p and -5p were added to miRNAs (if not reported by the original study) using miRbase (www.mirbase.org,
Version 22.1), websites of the manufacturers of specific miRNA primers used in the original study, or other pub-
lications cited in by the original study on the miRNA in question'’. Despite this, if it was not possible to assign
-3p or -5p to specific miRNAs, no assumptions were made on designation. These miRNAs were, therefore, not
included in tallies of their -3p/-5p counterparts in the systematic review.

Quality assessment

Methodological quality of every included study was evaluated using the QUADAS-2 (Quality Assessment of
Diagnostic Accuracy Studies-2) quality assessment tool, which uses signaling questions to assess risk of bias
in four domains (patient selection, index test, reference standard, and flow and timing) and applicability in
three domains (patient selection, index test, and reference standard)®. Quality was assessed by JR, JW, and DG
who independently assigned each domain with scores of low, medium, or high after evaluating methodological
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quality of every included study. Any disagreements between the three reviewers were resolved by consensus
after discussion.

Bioinformatic analysis

The gene targets of the overlapping miRNAs from the systematic review were identified using the DIANA mir-
Pathv3-TarBase v7.0 (https://dianalab.e-ce.uth.gr/html/mirpathv3/index.php?r=mirpath) and the miRTarBase
version 8.0 (https://mirtarbase.cuhk.edu.cn/) databases'*?. All stringency levels were set to p <0.05 and the
“genes union” analysis method was used to identify all gene targets of selected miRNAs from the Homo sapiens
species. Enrichment analyses were conducted on these gene targets using the enrichment tool Enrichr (http://
amp.pharm.mssm.edu/Enrich) (Wikipathways database), which enables visualization of miRNA gene targets
and the biological pathways with which they are interacting®".

Statistical analysis

Statistical analyses were performed using the MIDAS and METANDI modules on STATA version 17 (StataCorp
2021, College Station, TX, USA)?. All miRNAs reported to be changed between PD patients and controls were
extracted. The construction of 2 x 2 contingency tables based on sensitivity, specificity and the number of patients
and controls from each study allowed for the calculation of true positives (TP) or individuals with PD who test
positive for the disease, false positives (FP) or individuals without PD who test positive for the disease, true nega-
tives (TN) or individuals without PD who test negative for the disease and false negatives (FN) or individuals
with PD who test negative for the disease. Sensitivity was calculated as TP divided by the sum of TP and FN and
indicates how well the test can detect positive cases. Specificity was calculated as TN divided by the sum of TN
and FP and indicates how well the test correctly identified negative cases.

The bivariate mixed-effects binomial regression model in the MIDAS module calculates the sensitivity and
specificity and the relationship between them, while considering both within- and between-study variability*.
The following pooled diagnostic accuracy indices with their 95% confidence intervals (CI) were calculated: sensi-
tivity, specificity, positive likelihood ratio (PLR), negative likelihood ratio (NLR), diagnostic score and diagnostic
odds ratio (DOR). Likelihood ratios (LR) assess the value of performing a diagnostic test. The PLR (sensitivity
divided by 1—specificity) indicates how much more likely a positive result is likely to occur in individuals with
PD compared to those without. The NLR (1—sensitivity divided by specificity) indicates how much less likely
a negative result is likely to occur in individuals with PD to those without. The diagnostic score measures the
accuracy of a test in distinguishing between different conditions and is useful in evaluating how well a test can
correctly identify or exclude a particular condition. The DOR is a measure of the odds of a positive test in those
with disease relative to the odds of a positive test in those without disease?. Additionally, the positive-predictive
value (PPV), the proportion of patients with positive test results who are correctly diagnosed, (TP divided but
the sum of TP and FP), and the negative predictive value (NPV), the proportion of patients with negative test
results who are correctly diagnosed (TN divided by the sum of TN and FP), were also calculated®.

Overall diagnostic accuracy was assessed using summary receiver operating characteristic (SROC) curves
and associated AUC values. The SROC curve represents the relationship between the TP and FP rates across all
studies while considering differing cut-off thresholds of included studies. Clinical utility analysis was conducted
using the Fagan’s nomogram which graphically displays the pre-test probability (probability of the screened
patient having PD) and the post-test probability (probability of the patient having PD after obtaining the results
of the miRNA-based diagnostic test), which are based on the likelihood ratios of miRNAs used to differentiate
patients and controls?*-%8,

Heterogeneity was assessed using Cochran’s Q statistic and the 12 test; p value <0.05 (Q statistic) and/or
12> 50% was considered statistically significant. The Spearman correlation coefficient was used to identify poten-
tial threshold effects caused by varying diagnostic thresholds for sensitivities and specificities between studies.
Sources of heterogeneity were further explored using meta-regression and subgroup analyses based on study
characteristics sample type (serum vs plasma, CSF, PBLs, PBMCs, saliva and whole blood), origin (China vs
rest of the world), sex (higher number of men vs women in each group), platform used for miRNA quantifica-
tion (TagMan vs SYBR Green), normalization used in miRNA expression analysis (stable miRNAs vs U6 small
nuclear RNA and other methods).

A Friedman test was used to determine whether or not there was a statistically significant difference between
the means of all 4 groups studied (sample size=PD men, PD women, Control men and Control women). This
test was used because we had determined that the data was not normally distributed. A p-value <0.05 indicated
that the group medians were not equal and therefore there was a significant difference. This was followed by
Dunn’s post hoc tests to confirm where the differences occurred between these groups.

Publication bias analysis was performed using the Deeks’ linear regression of log odds ratios against 1/square
root of the effective sample size to test for asymmetry of funnel plots, with p <0.10 for the slope indicating sig-
nificant asymmetry with a high likelihood of publication bias.

Results

Systematic review

The PRISMA flow diagram detailing study identification, inclusion and exclusion are presented in Fig. 1. A total
of 11,558 studies were identified through database searching including 16 studies added by manually searching
through the references of relevant studies. The titles and abstracts of all records were then screened for relevance
and the full texts of 199 studies were resultantly assessed for eligibility according to the study selection criteria
(refer Methods). This number was further filtered by for example review articles, insufficient diagnostic criteria
provided by the authors or lack of control information. Finally, 102 studies were included in the systematic
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Records identified through database
searching (total n = 11558)

* Pubmed (n=9410)

* Scopus (n=1630)

*  Web of science (n=515)

* Cochrane library (n= 3)

l

Records screened after removal
of duplicate (n = 7780)

Records ex_cluded as irrelevant to the
meta-analysis (n=7581)
v Full-text articles, with reasons (n = 61)

Full-text articles assessed for eligibility
(n=199) Does not meet inclusion criteria or
irrelevant (n = 32)

No data on Parkinson’s disease patients
compared to healthy controls (n = 2)

Studies included in qualitative synthesis
(systematic review) (n =102)

Computational analysis of microRNA data
(n=2)

Studies included in quantitative synthesis Meta-analysis with individual
(meta-analysis) (n = 25) miRNA studies (n=17)

Total =25 studies in meta-analyses

Meta-analysis with combination
of miRNAs studies (n=15)

Combination of miRNAS Individual miRNAS

Figure 1. The PRISMA flow chart showing study identification and inclusion and exclusion criteria for all
studies included in the systematic review and meta-analyses.

review (Supplementary Table S1 and S2). From these, 25 studies were included for meta-analyses (Table 1). Of
the 25 studies, 15 provided sensitivity and specificity data on combinations of miRNAs (Table 1a)*-* and were
pooled for a diagnostic meta-analysis (Fig. 3, 4, 5a; Table 3, Supplementary Figure S2-S3). Of the 15 studies, 7
also provided diagnostic accuracy data on individual miRNAs in addition to miRNA combinations®»?!-33363743,
A further 10 studies only provided sensitivity and specificity data on individual miRNAs*-%*. The individual
miRNA studies (17 in total; Table 1b) were pooled in a separate diagnostic subgroup meta-analysis. In this article,
we have focused on the data generated from the studies using combinations of miRNAs since these outperformed
diagnostic data from when the individual miRNAs were pooled and meta-analysed.

Data on miR-1826 reported by Khoo et al. were excluded from this meta-analysis as it has now been reported
to be a fragment of 5.8S ribosomal RNA (rRNA)'7*. Chatterjee et al. performed computational analyses using
data from Hoss et al. and Soreq et al. and was therefore excluded**>*¢. Wake et al. identified novel miRNAs in

Scientific Reports |

(2023) 13:16272 | https://doi.org/10.1038/s41598-023-43096-9 nature portfolio



www.nature.com/scientificreports/

a) Combination miRNAs from PD and control groups

' . — N N Sensitivity Specificity # #
Study Ref Sample miRNA tp fp fn tn (%) (%) PD HC
let-7d-5p, miR-22-5p,
Ba’;’gfg“n" 29 Serum | miR-23a-3p,miR-24-3p, [ 27 | 4 | 3 | 26 89 87 30 [ 30
miR-142-3p, miR-222-3p
miR-19a-3p, miR-19b-
B"“;(;gﬁ'a 30 Serum | 3p, miR-29a-3p, miR-29c- | 47 | 14 | 18 | 51 73 78 65 | 65
3p
Cao 2017 31 S || TR S, || en || 4 || g || 26 85 90 109 | 40
miR-195-5p
miR-15b-5p, miR-181a-
Ding 2016 33 Serum 5p, miR-185-5p, miR- s7 |12 ] 4 | 43 93 77 61 | 55
195-5p, miR-221-3p
miR-141-3p, miR-146b-
Dong 2016 34 | Serum Sp,miR-193a-3p, miR- | 74 | 26 | 18 | 48 80 65 92 | 74
214-3p
Serum . .
Manna2021 | 38 | exosome | MiR-2Z3p,miR-223-5p. | g | o [ 4y | 39 73 78 40 | 39
s miR-21-3p
Wu 2020 43 Serum miR-9a, miR-133b 76 | 6 9 | 44 89 88 85 | so0
Chen 2021 32 | Plasma miR133b, miR-221-3p 39 | s 7 | 40 85 89 46 | 45
Ravanidis miR-7-5p, miR-136-3p,
2016.2020 41 | Plasma k40935 150 | 64 | 58 | 129 72 67 208 | 193
Sheierman | 43 | Plasma | miR-93pmiR-1293p | 40 | 9 [ 10 | 41 80 82 50 | 50
Zhang 2017 44 Plasma miR-133b, miR-433-3p 25 18 21 31 55 63 46 49
Dos Santos CSF let-7f-5p, miR-27a-3p,
2018 35 exosome miR-125a-5p, miR-151a- 36 8 4 32 90 80 40 40
S 3p, miR-423-5p
miR-19a, miR-19b, miR-
Marques 2017 39 CSF 24-3p, miR-30c, miR-34b, | 27 2 1 26 96 92 28 28
miR-133b, miR-205-5p
Fazeli 2020 36 | PBMCs | miR-27a-3p/miR-27b-3p | 22 | 3 8 | 11 73 80 30 | 14
Jiang 2021 37 Saliva | miR-29a-3pmiR-29c-3p | 33 | 5 | 17 | 25 67 84 50 | 30
Continued
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b) Individual miRNAs from PD and control groups

Study Ref Sample miRNA o | | | m se“(s‘,i/?)v ity Spe(ﬁ,i/?;i‘y 4PD #HC
Barzb(f;g;“" 29 Serum let-7d-5p 27 | 4 3 | 26 62 87 30 30
Barzb(;“lg;”" 29 Stommn mir22-5p | 23 | 6 | 7 | 24 77 79 30 30
Barzb(;‘lg;”" 29 Serum miR-23a-3p | 26 7 4 | 3 87 76 30 30
Barzbo“lg;“" 29 Serum miR-24-3p 16 | 2 14 | 28 53 93 30 30
Baragallo |59 Serum miR-1423p | 21 [ 6 | o | 24 70 79 30 30
Barzbo"‘f;“‘) 29 Seram mir2223p | 18 | 3 | 12 | 27 60 90 30 30
Ca02017 31 Serum miR-196-3p | 75 | 9 | 34 [ 31 69 78 109 40
Ca02017 31 Serum miR243p | 89 | 6 [ 20 | 34 82 85 109 40
Ca02017 31 Serum miR-195-5p | 90 | 18 | 19 [ 22 83 55 109 40
Ding 2016 33 Serum miR-15b-5p | 82 | 12 | 24 | 79 77 87 61 55
Ding 2016 33 Serum miR-181a-5p [ 75 | 15 | 31 | 76 70 84 61 55
Ding 2016 33 Serum miR-185-5p | 74 | 15 | 32 | 76 70 83 61 55
Ding 2016 33 Serum miR-195-5p | 73 [ 21 | 33 | 70 69 76 61 55
Ding 2016 33 Serum miR-221-3p | 80 | 13 | 26 | 78 76 86 61 55

Li 2020 50 Serum miR-150 2 | 7 | 18] s3 78 88 80 60

Li 2021 51 Serum miR-31 61 | 6 8 | 15 88 71 69 21

Li 2021 51 Serum miR-214 so | s | 19| 16 72 76 69 21

Lin 2022 65 Serum miR-4853p | 80 [ 9 | 12 | s5 87 86 92 64
Ozzg;'gk 54 Serum miR29c3p | 28 | 4 | 23 | 16 55 80 51 20
Wu 2020 43 Serum miR-9a 77 | 15| 8 | 35 o1 70 85 50
Wu 2020 43 Serum miR-133b 71| 9 | 14| s 34 2 85 50
Chen 2017 45 Plasma miR-4639-5p | 158 | 25 | 11 | 145 93 85 169 170
Chen 2021 kY) Plasma miR-133b 38 | s 8 | 40 83 89 46 45
Chen 2021 32 Plasma miR-221-3p 25 9 21 36 55 80 46 45
Khoo 2012 48 Plasma miR-222 33 | 8 9 | 22 78 73 ) 30
Khoo 2012 48 Plasma miR-505-3p | 30 | 1 12 | 29 7 97 ) 30
Khoo 2012 48 Plasma miR-626 35 | o 7 | 30 83 100 ) 30
Li 2017 49 Plasma miR-124-3p | 40 | 22 | 20 | 38 67 63 60 60
Li 2017 49 Plasma miR-137 47 | 26 | 13 | 34 78 57 60 60
Mo 2016 53 CSF miR-144-5p | 20 | 10 | 15 | 32 66 76 44 )
Mo 2016 53 CSF miR-200a3p | 32 | 10 | 12 | 32 73 76 44 )
Mo 2016 53 CSF miR-542-3p | 37 | 4 7 | 38 84 91 44 )
Fazeli 2020 36 PBMC miR-27a-3p | 28 | 3 2 | n 93 79 30 14
Fazeli 2020 36 PBMC miR27b-3p | 15 | 2 | 15 | 12 50 86 30 14
Chen 2020 46 Saliva miR-1453p | 18 | 7 | 12 | 23 60 75 30 30
Chen 2020 46 Saliva miR-874 19 [ 6 | 11| 24 64 79 30 30
C';g;gm 47 Saliva miR-1533p | 68 | 22 | 15 | 55 82 71 83 77
C';g;gm 47 Saliva miR-223-5p | 60 | 22 [ 23 | s5 73 71 83 77
Jiang 2021 37 Saliva miR-29a-3p 40 15 10 15 79 51 50 30
Jiang 2021 37 Saliva miR-29¢3p | 33 | 9 [ 17 [ 21 65 71 50 30
Jiang 2021 37 Saliva miR-6756-5p | 34 | 12 | 16 | 18 67 59 50 30

Table 1. Biofluid studies reporting diagnostic accuracy data on (a) combination and (b) individual miRNAs
from PD and control groups. Green: Serum; Blue: Plasma; Orange: CSF; Yellow: PBMCs; Grey: Saliva; tp: true
positives, fp: false positives, fn: false negatives, tn: true negatives, PD: PD patients, HC: controls.

tissue from the prefrontal cortices of PD patients and controls, whereas a complementary study by Hoss et al.
reported data on differentially expressed known miRNAs in the same data**’. Therefore, data from both these
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studies were reported. Ravanidis et al. pooled results from two studies***!, therefore only their pooled results
analysis was included in this systematic review, and meta-analysis*'.

The characteristics of all included studies are presented in Supplementary Table S1 which includes all patient
and control demographic data and Supplementary Table S2 which presents all data regarding the source, method
of analysis and direction of change of miRNAs reported to be changed between PD patients and controls. The
QUADAS-2 tool was used to assess the quality of all included studies (Supplementary Figure S1). No study was
assessed as exhibiting an overall high risk of bias.

The most common country of origin of included studies was China (n =42)%10:31-3437.43-46:49-51,53,58-84 4]
lowed by the USA (n=13)*#485785-93 Spain (n=10)>""*"192, Ttaly (n=10)>3%1%-11", Germany (n=6)%"11-114,
Iran (n=>5)%115"118 Japan (n=2)"""12% Portugal (n=2)"2"1?2 and Turkey (n=2)**!%. Only 1 study originated
from each of the following countries: Brazil®, Canada®, Denmark'?, Egypt'?, Netherlands®, Norway/Sweden’!,
Romania'®?, Russia'?*, Taiwan'?, and the United Kingdom'%". The sample sizes of included studies ranged from
6 to 59. The mean ages of PD patients ranged from 29.4 to 83 years with mean disease durations ranging from
1.4-16.2 year. The mean ages of controls ranged from 31.2-85 years.

The most frequent etiology of PD reported was idiopathic/sporadic (n=29 stud-
fe§)30:37:39,41,44,45,48.49,58,62,64,68.70.77-79.86.88,94.96,101,110-112.121,122,126.128.129" PT) patients were commonly

receiving medical and/or surgical antiparkinsonian treatment at time of inclusion (n=35 stud-
fles) 82937 38,43.45,47,48,51,54,56,58,63,77-50,83,90.99,100,103-107,109,110,122-125,127,129.132_ Of these, Soreq et al. included
patients who were on PD medications and subthalamic nucleus deep brain stimulation (STN-DBS0°¢.
A total of 14 studies reported the mean LEDD of their PD patients, which ranged from 197 to 939 mg/
day?”4345:47,5458,63,100,103,104107.109,124.125_Of these, several studies also included subsets of patients who were untreated
(n=12 studies)®48>1,5877.7899,105106.110.124.132 ywhereas 6 studies included only untreated PD patients®®7>891:95:99,
Moreover, few studies reported the clinical phenotype of PD in their patient cohort. Of these, Jin et al. and Zhao
et al. included PD patients with tremor-dominant, bradykinesia and rigidity-dominant and mixed clinical phe-
notypes,'®®? Dos Santos et al. included only the akinetic-rigid phenotype,*® and Alieva et al. included patients
with the mixed clinical phenotype!*.

The Hoehn and Yahr Scale (H&Y) denoting disease severity in PD patients was not reported by over half
the studies included in this systematic review. This scale ranges from Stage 0 to 5 with higher stages suggesting
increased disability in PD patients. Stages <2 indicate mild unilateral PD whereas stages >3 correlate with bilateral
mild to moderate PD. Advanced PD with severe disability is represented in Stages 4 and 5'%. Of the studies which
reported these data, the H&Y stage of included patients ranged from 1 to 5 in 12 studies,?**!:33:3444:47:49,51,66,81,82,103
1-4 in 8 studies’38,48,74,105,112,1157117 1_3 in 17 studies’8,10,29,32,36,45,50,58,69,71,75,78,100,107,121,122,132 and was repOrted as
being < 2.5 in 11 studies?>?73946:53:5463,709L124125 Fyrther, over a quarter of the included studies did not specify the
diagnostic criteria used to make a clinical diagnosis of PD in their included patients. Of the studies which did
report these data, the United Kingdom Parkinson’s Disease Society Brain Bank Criteria (UKPDSBBC) was the
most frequently used diagnostic criteria (n =48 studies)®1030:31:35:39:4445.47-51535458-60,62.64-68.70.75.80-82.85,86,89.91,95.98,104
H107-110, 12,117, 118,121,124,125,128,129 " Other clinical criteria used were the Gelb (n=5 studies),?*19310>106.126 the Queen
Square Brain Bank (n=2 studies),**** and the Movement Disorders Society (MDS) criteria (n=13 stud-
ies)3236:3841466L71,76-79,122,132 The study by Shu et al. used UPDRS III, the H&Y scale and MRI to diagnose their
patients®.

Most studies reported data on miRNAs which were significantly different between PD patients and controls
(p<0.05). However, the studies by Han et al., Schwienbacher et al. and Sethi et al. presented data on miRNAs
which did not reach statistical significance®**>1%. MicroRNA expressions were reported most commonly from
serum and serum-exosomes (n - 35 studies))10,29731,33,34,38,43,50,51,54,58,63766,69,72,75,76,81784,87,91,98,100,1077110,122,126,128 plasma
and plasma exosomes (n =22 Studies),32,41,42,44,45,48,49,60,67,73,77,78,80,95,97,104,105,119,120,125,129,132) CSF and CSF exosomes
(n= 10 studies)?>%536268.70-7285125 PBMCs (n = 10 studies)®3659103106115-118121 yhole blood (n =3 studies),105123,
saliva (n=3 studies),””*®*” a peripheral blood leukocytes (PBLs) (n=3 study)>”>!?*. Other miRNA sources
included brain tissue (n= 16 studies)**”7486:88-9092-94,96.99,102113,114.127 y n d sigmoid colon (n=1 study),'’?, because
of the proposed gastrointestinal origin of PD"!.

Of the studies on brain tissue from PD patients and controls, the commonly studied regions included the SN
(n=6 studies),?8894969%127 prefrontal cortex (n=3 studies),*””’* midbrain (n =2 studies),*'", amygdala (n=2
studies)®*®, putamen (n =2 studies),’*!%?, cerebellum (n=1 study),”, temporal lobe neocortex (n=1 study),”,
striatum (n=1 study),’, and anterior cingulate gyrus (n=1 study)'*. The study by Cho et al. reported miRNA
expression data from the SN and the striatum separately®®. Additionally, Tolosa et al. reported miRNA expres-
sion from dopaminergic neurons generated by reprogramming somatic cells and promoting the differentiation
on induced pluripotent stem cells (iPSCs)'°".

The technique most commonly used for miRNA analysis was quantitative reverse transcription polymerase
chain reaction (RT-qPCR) (n=90 studies) studies’~10-29-3436-51,53,54,57-66,68-70,72-84,83-91,94-110,113-128,132 yjth 40 studies
using individual TagMan miRNA assays®2%:3033:33940.42:46,48,53,62,66.68727475,8290.91,94-101,104-107,110,121,122,124,125.127,132 51 ]
29 studies using SYBR™ green assays8,31,36,41,43,45,47,50,51,54,59—61,64,65,73,79,80,83,88,l14—120,123,128. Other miRNA quantiﬁca-
tion techniques included next generation sequencing (NGS) (n =12 studies),**3-3>3657.677L88711L112 mjcroarrays
(n =15 studies))8,37,45,48,59,90793,99,l197121,125,129 TaqMan LOW Density Arrays TLDAS (n =9 Study)30,62,72,86,95,96,101,107,114.

Variability was also reported in the miRNA normalization strategies used. The two
most common normalizers were stable miRNAs, including synthetic miRNAs (n=30 stud-

ies)29733,40—42,45,46,48,54,66,68,77,95,97,98,100,101,104,106,1087110,113,117,119,121,123,132 and U6 snRNA or Other small nucleolar RNAS
snoRNAs (n =45 Studies)9,10,37,40,43,44,47—50,53,59—62,64,65,69,70,72—74,76,78—84,88,92,96,99,1017103,106,1 14-116,1 18,124,126,127.
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E s 5 g 5 « 3 = ©
MicroRNA g E g g g § = % ; é
miR-7-5p (83) (124) (125)
miR-15b-5p 7) (84:33) (121
miR-19b-3p (1132;: (30;31,98) @1 | ©
miR-24-3p (29:31;107) (72) awy | 6o | @
miR-29a-3p | (8) (30:58) (106) 37)
miR-29c-3p (54):(58,30,98,66) 37)
miR-30c-5p (125) (108,81);(107) (118)
miR-132-3p (78) (69) 94)
miR-133b (32:44) (43:82)
miR-136-3p 1) (87) (62)
miR-142-3p (97:60) 29)
miR-146a-5p (122;66;69) (103)
miR-150-5p (110;50) (56)
miR-151a-5p (72):64) 72)
miR-195-5p (132) (31:33) (64)
miR-214-3p (3(2,11’27536;6) (72) )
miR-221-3p (32) (33,128,66)
miR-222-3p (48:60) 29)
miR-223-5p (107) (38) @7)
miR-331-5p ©5) | (80) 72) a5 | 72
miR-409-3p (71);(87) | (62)
miR-433 (44) ®n | 6
miR-485-5p (60) (72) &1 | @

Table 2. MicroRNAs reported to be significantly changed between PD and controls reported by > 3 biofluid
studies. Green indicates an up-regulation, orange a down-regulation and grey a conflict of direction within the
same sample type.

Consistently altered biofluid-derived microRNAs.

Despite the growing body of literature on miRNAs in PD patients, there remains limited overlap in biofluid
miRNAs reported to be differentially expressed between PD patients and controls. Therefore, there is a need to
identify and robustly validate a few key miRNAs which are consistently reported to be changed in PD literature,
which could serve as potential diagnostic biomarkers for PD. Bearing this in mind, all differentially expressed
miRNAs from biofluid studies, and their directions of change were extracted from studies included in this
systematic review. Table 2 presents the 23 miRNAs which have been reported to be differentially expressed
by =3 biofluid studies, along with their biofluid source and directions of change. MiR-331-5p was found to be
consistently up-regulated in 5 different sources of biofluid. However, miR-24-3p and miR-214-3p were the most
reported miRNA in different studies (7 each). Only miR-19b-3p, miR-24-3p, miR-146a-5p, and miR-221-3p were
identified to be reported without conflicting directions of change in the same biofluid type (serum) in multiple
studies. Therefore, these miRNAs could be considered as strong candidates for future biomarker studies on PD.

Pathway analysis of key biofluid-derived microRNAs
We next explored potential biological relevance of the most consistently altered miRNAs: (1) miR-331-5p because
of its consistency in multiple biofluids, (2) miR-24-3p and miR-214-3p as the most reported in serum and (3)
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a) [ Pathways for miRNA most consistent across biofluids (miR-331-5p) | p-value | Adj. P-value
Cell cycle WP179 4.42E-17 9.45E-15
G1 to S cell cycle control WP45 3.30E-15 3.53E-13
DNA damage response WP707 8.97E-13 6.40E-11
miRNA regulation of DNA damage response WP1530 1.23E-12 6.57E-11
Glioblastoma signaling pathways WP2261 3.76E-10 1.61E-08
ATM Signaling Pathway WP2516 8.09E-10 2.89E-08
DNA damage response (only ATM dependent) WP710 2.26E-09 6.90E-08
TP53 network WP1742 5.09E-09 1.36E-07
TGF-beta Signaling Pathway WP366 6.79E-09 1.61E-07
miRNAs involved in DNA damage response WP 1545 5.99E-07 8.55E-06

b)| Pathways for miRNA most reported in serum (miR-29¢-3p, 214-3p) | P-value | Adj. P-value
PI3K-Akt signaling pathway WP4172 1.43E-39 5.81E-37
Focal Adhesion WP306 8.11E-35 1.65E-32
Focal Adhesion-PI3K-Akt-mTOR-signaling pathway WP3932 1.46E-33 1.98E-31
miRNA targets in ECM and membrane receptors WP2911 7.52E-27 7.65E-25
Small cell lung cancer WP4658 1.08E-25 8.76E-24
DNA damage response (only ATM dependent) WP710 2.78E-24 1.89E-22
VEGFA-VEGFR2 Signaling Pathway WP3888 4.71E-20 2.74E-18
Chromosomal and microsatellite instability in colorectal cancer WP4216 1.25E-18 6.38E-17
Breast cancer pathway WP4262 5.76E-17 2.61E-15
Epithelial to mesenchymal transition in colorectal cancer WP4239 1.19E-16 4.86E-15

0 Pathways for miRNAs mo:‘t' ;:il;:t;;l: -lglps)erum (miR-19b-3p, 24-3p, Pvalue | Adj, P-value
PI3K-Akt signaling pathway WP4172 4.36E-55 2.31E-52
Focal Adhesion-PI3K-Akt-mTOR-signaling pathway WP3932 1.25E-53 3.33E-51
VEGFA-VEGFR?2 Signaling Pathway WP3888 6.15E-47 1.09E-44
Cell cycle WP179 3.50E-44 4.64E-42
MAPK Signaling Pathway WP382 3.52E-40 3.73E-38
Gastrin signaling pathway WP4659 2.09E-36 1.58E-34
TGF-beta Signaling Pathway WP366 2.68E-35 1.77E-33
EGF/EGFR signaling pathway WP437 7.71E-35 4.54E-33
Brain-derived neurotrophic factor (BDNF) signaling pathway WP2380 5.84E-31 3.09E-29

a9 Targets for miRNA Targets for miRNAs
most consistent across biofluids most reported in serum
miR-331-5p miR-24-3p, 214-3p
2 7

CCND2

CDK6 4

CDNKNI1A "N

MDM2

5 77

Most common overlapping
miRNA targets

Targets for miRNAs
most consistent in serum

miR-19b-3p, 24-3p, 146a-5p, 221-3p

37

Figure 2. Bioinformatic analysis of key biofluid-derived microRNAs. Top enriched pathways (Fisher exact test
p<0.05) associated with (a) most consistent miRNA across biofluids, miR-331-5p (b) most reported miRNA,
miR-24-3p and miR-214-3p and (c) miRNA reported without conflicting direction of change, miR-19b-3p,
miR-24-3p, miR-146a-5p, and miR-221-3p and (d) Venn Diagram showing the target genes regulated by the key
biofluid-derived microRNAs. Overlapping target genes: CCND2 (Cyclin D2), CDK6 (Cyclin Dependent Kinase
6), CDNKN1A (cyclin dependent kinase inhibitor 1A) and MDM2 (Mouse Double Minute 2).
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miR-19b-3p, miR-24-3p, miR-146a-5p, and miR-221-3p because of their consistency in serum. We first identified
the validated gene targets of these three groups using DIANA mirPathv3-TarBase (gene union algorithm) and
then the most highly enriched pathways associated with the gene targets using Enrichr (Fig. 2a—c). This analysis
showed that the functions of the identified miRNAs relate to pathways previously associated with PD pathology,
such as PI3K-signalling and cell cycle control e.g.,'*>!**, Next, exploring the target genes associated with the
enriched pathways, we found 4 target genes common to all pathways (CCND2, CDK6, CDNKN1A, and MDM2;
Fig. 2d), including 3 molecules involved in cyclin-dependent pathways [CCND2 (Cyclin D2), CDK6 (Cyclin
Dependent Kinase 6), CDNKNI1A (cyclin dependent kinase inhibitor 1A)], which have a strong association with
degeneration of dopaminergic neurons in PD. Further investigation showed that MDM2 is targeted by 5 of the 6
miRNAs contributing to the enriched pathways. MDM2 encodes an E3 ubiquitin ligase which enhances Parkin
activity and has promise as a potential anti-parkinsonian therapy'*®. Together these analyses suggest that the
identified biofluid-derived miRNAs, may be capable of reflecting the PD-related neurodegenerative processes.

Meta-analysis

Next drawing on available AUC, sensitivity and specificity we performed meta-analyses. A total of 25 bio-
fluid studies provided diagnostic accuracy data on (a) combination of miRNAs or (b) individual miR-
NAs from PD patients and controls (Table 1)?-341-51:535465 The included studies originated either from
China (n =14 studies), European countries (n=6), North America (n=3), or rest of Asia (n=2). A total of
7 studies®®?7 4144454849 gpecified including sporadic PD patients in their cohort and 6 studies?-734347:54
reported data on treated PD patients. The most common diagnostic criteria used in the included studies was
the UKPDSBBC n = 14 studies?®31:3>414445.47-5153,54.65 ° Additionally, all studies, except Dos Santos et al., used
RT-qPCR as their method of miRNA analysis, with the most common normalizer in these studies being sta-
ble miRNAs n =12 studies??-344142:45.46,4854 Of the included studies, 11 were conducted on serum-derived
miRNAg?-31:33343843,50.51,5465 7 o plasma-derived miRNAgs?>41424445:4849 3 o CSF-derived miRNAs**53, 3
on saliva-derived miRNAs***%” and 1 on PBMCs-derived miRNAs?*®.

For the meta-analyses, the 15 studies®~***~* providing diagnostic accuracy data on miRNA combinations
were pooled and the 17 studies providing data on individual miRNAs were analyzed in a separate meta-analy-
§ig231-3336,37:43.45-51,53,5465 Combining the 15 studies providing diagnostic accuracy data on miRNA combinations
allowed assessment of 980 PD patients and 802 controls. This analysis demonstrated the following diagnostic
accuracy indices: sensitivity 0.82 (95% CI 0.76-0.87), specificity 0.80 (95% CI 0.74-0.84) (Fig. 3a), PLR 4.04 (95%
CI 3.01-5.42), NLR 0.23 (95% CI 0.16-0.32) (Fig. 3b), diagnostic score 2.87 (95% CI 2.28-3.47) and DOR 17.65
(95% CI9.73-32.02) (Fig. 3c). This demonstrates a good overall diagnostic performance. The 12 test of overall
heterogeneity was 88.95% (95% CI 76%-100%) and the Chi-square test was calculated to be 17.182 (p=0.000).
Combining sensitivity and specificity for all 15 studies enabled the creation of the SROC curve with an associated
strong AUC value of 0.87 (95% CI 0.83-0.89) (Fig. 3d).

The Fagan’s nomogram which includes pre-test and post-test probabilities of developing PD based on the
calculated likelihood ratios of these miRNAs and the associated PPV and NPV values is presented in Supple-
mentary Figure S2. According to the constructed Fagan’s nomogram, the calculated pre-test probability of PD
was 50%. Using these miRNAs, a positive test, and a PLR of around 4 would elevate the post-test probability of
PD to 80%. With a negative result and an NLR of 0.23, the miRNAs would reduce the post-test probability to
19%. Additionally, the probability-modifying plot demonstrated a PPV and NPV of 0.78 (95% CI 0.75-0.82) and
0.80 (95% CI 0.76-0.84), respectively. Therefore, based on the likelihood ratios and the post-test probabilities,
these miRNAs have potential to improve the diagnostic efficiency of PD.

Heterogeneity

Substantial heterogeneity (12 >50% and Chi-square p <0.10) was identified in all diagnostic accuracy indices in
this analysis. Before exploring the sources of heterogeneity, model diagnostics were run to assess the suitability
and robustness of the bivariate model and thus assess the reliability of the results of this analysis. As shown in
Fig. 4, data from biofluid-derived miRNA studies were assessed using model diagnostics for (a) goodness of fit
using a quantile plot to evaluate whether the residuals are normally distributed (b) bivariate normality using
a Chi-squared probability plot, for assessment of the bivariate normality assumption. Additionally, (c) a spike
plot and Cook’s distance were used for identification of influential studies in regression analysis and (d) a scat-
ter plot was used to identify outliers which could potentially contribute to the substantial heterogeneity found
in the meta-analysis.

The Goodness-of-Fit (Fig. 4a) and bivariate normality (Fig. 4b) graphs demonstrated that the model used
in this meta-analysis was appropriate (both showed normality). Additionally, no study was deemed to be more
influential than others as none reached the threshold (hashed red line in Fig. 4c). Only 1 study** was detected as
a potential outlier (yellow circle) (Fig. 4d). However, we did not remove this outlier because it was not deemed
more influential than any other study. Therefore, model diagnostics suggested that the bivariate mixed-effects
binomial regression model used in the MIDAS platform was appropriate for the data in this analysis and provided
valid and robust results.

To explore underlying causes of the high heterogeneity in this meta-analysis, firstly assessments were con-
ducted to detect the presence of any threshold effects. The Spearman’s correlation coefficient (r=-0.40, p=0.20)
demonstrated that no significant threshold effects contributed to the heterogeneity observed in this meta-analysis.
Subgroup analysis and meta-regression were performed to assess how different confounding factors affected the
overall diagnostic accuracy and could be potential sources of heterogeneity between the studies included in this
meta-analysis. The following parameters were included in the meta-regression: type of biofluid (serum n="7vs
other biofluids (plasma n=4, CSF n=2, salivan=1, PBMCs n=1), sex of participants (# male vs # female) as total
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Figure 4. Model diagnostics to assess suitability and robustness of the bivariate model. Graphical
representation of (a) goodness of fit (quantile plot of residual) (b) bivariate normality (Chi-squared probability
plot of squared Mahalanobis distances), (c) influence analysis (spike plot using Cook’ distance; threshold =4/n
where n is the total number of data points;) and (d) outlier detection (scatter plot using standardized predicted
random effects); yellow: =study outside the 95% boundaries and may be considered as an outlier. These analyses
were conducted on biofluid-derived microRNAs from PD patients and controls (n=15 studies). The circles
represent each study involved in the meta-analysis: 1%, 2%, 331, 43, 534, 6%, 743, 832, 941 10%2, 11, 12%, 13%, 14%
and 15%.

in each study (male n=_871 vs female n =826) and within a group in each study (PD male n=>521 vs PD female
n=400; control male n=350 vs control female n=426), country where studies were conducted (China n=7 vs
other countries n = 8), method of miRNA analysis (RT-qPCR TagMan n =10 vs others methods n=5), and how
the miRNA expression was normalized (stable miRNA n=7 vs others methods n=38) (Fig. 5a).

Meta-regression analysis identified that the following covariates may all have contributed to the source of
heterogeneity: the sample type used, country where studies were performed, how the miRNA expression was
normalized, sample size of each sex of the participants either when looked as a whole or within each group; these
all contributed to heterogeneity in both specificity and sensitivity (Fig. 5a). However, the method of analysis for
miRNA expression only seemed to have affected the specificity. Interestingly, when the joint model was analyzed,
it appears that the main cause of heterogeneity was found in the total sex distribution; overall more men than
women participants regardless of group (?=76 p=0.01), and sex distribution within control group; overall more
women than men participants int the control group (I?=63 p=0.06). The sex distribution in the PD group and
normalizer used in miRNA expression analysis also showed heterogeneity but these were not significant ((I*=51;
p=0.13; =24; p=0.27, respectively).

Sub-group analysis

We performed additional analyses to determine whether the diagnostic utility of miRNA in biofluid differed
among certain subgroups. The diagnostic accuracy indices of subgroup analyses are presented in Table 3 (pooled
estimates including sensitivity, specificity, AUC, and partial AUC for each subgroup). We divided these studies
into four subgroups to study the effects of: (1) origin of study, using data from the studies included in the meta-
analysis, (2) method of normalization of miRNA expression, (3) type of biofluid and (4) the influence in using
a single miRNA versus a panel of miRNAs as a predictors of PD.
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a)

Univariable Meta-regression & Subgroup Analyses

*Country Yes —— **Country Yes - —e—
No - —e— No —e—
***Source Yes-| +——@1— **Source Yes-| —&—
No - —r— No- ——
***Sex Yes-| ——@— ***Sex Yes-| —@—
No-{ —e—i No-{ —e—i
**SexPD Yes-| ——@—— **SexPD Yes o—i
No - —ro—i No - —C—
***SexHC Yes —e1— ***SexHC Yes-| +@—1
No - H—— No - —e—i
***Normalizer Yes-| ——@——1 ***Normalizer Yes | ——@—1—1
No - H-o—i No - —eo—i
Method Yes - —ro— *Method Yes - —o—
No-| ——&—/——— No{ ——e&+—
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Figure 5. Meta-regression analysis and subgroup analysis (a) Meta-regression analysis of study characteristics
to identify potential sources of heterogeneity in sensitivity and specificity of biofluid-derived microRNAs from
PD patients and controls. Sensitivity and specificity of each study characteristic is represented by the red dot
with the corresponding horizontal line showing 95% confidence interval. Vertical line represents the average
point estimate. *p <0.05, **p <0.01, ***p <0.001. (b) Bar graph showing sex distribution of the groups studied
in the systematic review: mean sample size and 95% CI for each group (blue =male, orange =female). The
horizontal dotted gray bar represents the mean average sample size for the 4 groups. ***p<0.001 Dunn’s post

hoc tests.

We found that studies from China (n=7) demonstrate slightly higher AUC values than the rest of the world

(n=8) (0.91 vs 0.87) and achieved narrower confidence intervals for all diagnostic accuracy indices. This may
underpin the smaller heterogeneity observed in this subgroup. However, as the confidence intervals overlap. this
suggests similar overall diagnostic accuracies have been achieved.
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Sensitivity Specificity PLR NLR DOR AUC
Subgroup (95% CI) (95% CI) (95% CI) (95% CI) (95% CI) (95% CI) 2 Q
Origin of study: Panel of miRNAs

0.82 0.8 4.3 0.17 26 0.91 57 4.635
China (n=7)

(0.75-0.89) (0.73-0.87) (2.8-6.7) (0.11-0.25) (12-56) (0.88-0.93) (3-100) p=0.049

0.82 0.79 4.5 0.23 19 0.87 63 5.343
Rest of the world (n=8)

(0.74-0.84) (0.72-0.87) (2.8-7.1) (0.11-0.49) (6-62) (0.83-0.89) (16-100) p=0.035
Normalization of RT-qPCR data: Panel of miRNAs

0.85 0.82 4.7 0.18 25 0.86 90 19.33
Stable miRNAs (n=7)

(0.73-0.92) (0.77-0.85) (3.5-6.3) (0.1-0.35) (10-63) (0.83-0.89) (79-99) p=0.000
Other normalization method 0.81 0.79 38 0.24 16 0.86 67 53
n=(8) (0.69-0.9) (0.69-0.86) (2.3-6.3) (0.13-0.44) (5-48) (0.15-1) (41-93) p=0.038
Type of Biofluid: Panel of miRNAs

0.82 0.82 4.5 0.21 21 0.89 80 9.979
Serum (n=8)

(0.71-0.88) (0.75-0.87) (3.2-6.4) (0.14-0.33) (11-42) (0.85-0.91) (57-10) p=0.003

0.75 0.82 4.2 0.3 14 0.86 62 5.225
Other biofluid (n=7)

(0.71-0.8) (0.78-0.85) (3.5-5) (0.25-0.36) (11-18) (0.83-0.88) (14-100) p=0.037
Combination versus single miRNA
Combination miRNAs (n=15 0.82 0.80 404 023 17.9 0.87 88.95 17.182
studies) (0.76-0.87) (0.74-0.84) (3-5.4) (0.16-0.32) (9-32) (0.86-0.91) (76-100) p=0.000

0.77 0.8 39 0.29 13.46 0.85 93 28.341
Single miRNA (n=17 studies)

(0.73-0.8) (0.77-0.84) (3.25-4.18) (0.25-0.3) (11-18) (0.82-0.88) (87-99) p=0.000

Table 3. The summary data and performance estimates of subgroup analyses.

The methods of miRNA data normalization used in the included studies were also another significant source
of heterogeneity in this analysis. Subgroup analysis of the 7 studies which reported using stable miRNAs as their
normalizer demonstrated comparable diagnostic indices to the subgroup analysis of the rest of the normalization
method (n=8) (0.86 vs 0.86). Additionally, the 8 serum studies subgroup also demonstrated diagnostic accuracy
indices which were like the overall analysis. This suggests that miRNAs derived from serum might have potential
to serve as diagnostic biomarkers of PD. While serum studies appeared to have higher sensitivity (82% vs 75%)
than other biofluids, further diagnostic accuracy studies with larger samples sizes are required in order to clarify
any significant differences between miRNAs derived from a particular biofluid. Interestingly, multiple miRNAs
(panel of miRNAs: 15 studies) appeared to be a better predictor than single miRNA (n=17 studies), with higher
AUC (0.87 vs 0.85), better sensitivity (82% vs 77%), but equal specificity (80% vs 80%) and higher DOR (18 vs
13), an important measure of effectiveness at detecting PD in biofluid.

Publication bias

Publication bias is generally analyzed using the funnel plot which graphs effect size against study precision with
asymmetry of the plot indicating a presence of publication bias. However, due to the subjectivity in the inter-
pretation of funnel plots, methods such as the Deeks’ funnel plot asymmetry test (Supplementary Figure S3)
were developed, which conducts a regression of the diagnostic log odds ratio (X-axis) against the inverse square
root of effective sample sizes (Y-axis)'*. The Deeks’ regression line coefficient had a p value of 0.054. The Egger’s
regression test showed a symmetrical effect size (intercept=0.71, t=0.73, p=0.481) therefore both tests suggest
there is no significant evidence to support publication bias.

Selection bias: sex differences in PD

Clinical information indicates that there are clear sex differences in many aspects of PD'¥’. Given that we have
found an uneven sex distribution in the sample sizes across all studies, and that it contributed to the significant
between-study heterogeneities in our meta-analysis, we performed a Friedman test to compare the sample sizes
in the four groups followed by Dunn’s post test to further investigate the impact caused by this. For this analysis
we have used the entire biofluid data in the systematic review because it allowed us to increase the number of
studies investigated (n=89) including 5104 individuals diagnosed with PD (n=2874 male and female n=2230)
and 4474 controls (male n=2363; female n=2112).

We found an overall significant difference between the mean sample size of the 4 groups studied (p <0.0001)
(Fig. 5b). The post hoc analysis revealed that there was significant difference between the following pairwise
comparison: # male (PD) vs. # female (PD): adj. p <0.0001; # male (PD) vs. # male (HC): adj. p=0.0007; # male
(PD) vs. # female (HC): adj. p<0.0001, but not between # male (HC) vs. # female (HC) or # female (PD) vs.
# female (HC). Thus, multiple studies failed to achieve a balanced sex representation within their participant
groups. In particular, this could underpin a selection bias'*® in the PD group where overall more males were
enrolled compared to females, a difference not as pronounced in the control groups. Overall, this raises concerns
about the representativeness and comparability of the control group used in some of these studies.
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Discussion

Early diagnosis of PD, before the onset of significant neurodegeneration, is crucial to developing and testing
novel disease-modifying therapies. MiRNAs are ideally suited as biomarkers of neurodegeneration as they are
dynamically altered with neuropathology and released from brain cells to enter the blood stream, where they
are remarkably stable. The ever-evolving nature of the field of miRNAs in PD mandates that data on newly
identified or validated miRNAs must be periodically updated to help strengthen the evidence of the diagnostic
potential of miRNAs in diseases such as PD. Moreover, knowing the diagnostic value of miRNAs will be impera-
tive to future clinical decision-making if miRNAs are to be implemented as diagnostic tests for PD. Therefore,
this meta-analysis pooled diagnostic accuracy data from 15 studies to demonstrate that the combination of all
biofluid miRNAs can discriminate between PD patients and controls with 82% sensitivity, 80% specificity and
an AUC of 0.87, suggesting that miRNAs have the potential to serve as useful diagnostic biomarkers for PD.

Although the field of miRNAs in PD diagnosis has expanded substantially in the past few years, there remains
a distinct lack of diagnostic accuracy data on the same miRNAs (individual and combinations of miRNAs) from
multiple different studies on PD patients and controls. Additionally, due to the lack of accepted standards in the
field of miRNAs as biomarkers of diseases, there is still some debate on the value of using individual miRNAs
compared to combinations of miRNAs in research studies. In this meta-analysis, single miRNA assays generally
had lower AUC and sensitivity values when compared to miRNA combinations, suggesting that multi-miRNA
panels could have better diagnostic usefulness in PD. Interestingly, in other neurodegenerative diseases such as
multiple sclerosis, meta-analyses have reported higher diagnostic accuracies in individual rather than combina-
tions of miRNAs'. This suggests that miRNAs might show disease-specific alterations and should be understood
in the context of each neurodegenerative disease individually. However, we think that it is not surprising that
multi-miRNA panels performed better because molecular biomarkers do not exist in isolation from each other.
Every biological factor is part of a complex matrix of interconnected biological events and therefore each fac-
tor’s relationships will affect their predictive powers. If two or more miRNAs are linked to the disease process
in different ways, then when placed in the same predictive model, they will be additive in the model and allow
more accuracy.

To date, data which allow for the calculation of the 2 x 2 contingency tables have only been reported for miR-
24-3p, miR-19b-3p, miR-153-3p and miR-195-5p by two separate studies each, which does not provide sufficient
data for pooling into individual meta-analyses®»*'?34762 Further data on individual miRNAs would also allow for
stratification based on direction of change and could perhaps enable clarification on whether individual miRNAs
with the same direction of change provide greater diagnostic accuracies compared to miRNA combinations.
This demonstrates the need for future studies to validate, report and meta-analyze diagnostic accuracy data on
individual miRNAs or combinations of miRNAs which are already known to be able to discriminate between
PD patients and controls.

miR-331-5p and miR-19b-3p, miR-146a, miR-24-3p, miR-221-3p reported by multiple biofluid
studies without conflicting directions of change.

Although there is limited diagnostic accuracy data on overlapping miRNAs, the comprehensive pooling of all
available studies on miRNAs from PD patients and controls into the systematic review identified miR-331-5p
alongside miR-19b-3p, miR-24-3p, miR-146a and miR-221 to be reported by multiple biofluid studies without
any conflicting directions of change. These miRNAs, therefore, could be considered as a point of focus for future
miRNA biomarker studies on PD patients.

The gene targets of miR-331-5p, identified using bioinformatic analyses, were associated with pathways impor-
tant for PD pathology including the ataxia-telangiectasia (ATM) signaling pathway. Specifically, ATM kinase has
been hypothesized to regulate the function of the PD-related genes PINK1 and Parkin, which are important for
mitophagy'*>!%. Additionally, the PINK1 gene also regulates cell cycle progression, another pathway which was
found to be highly associated with miR-331-5p’4!. ATM plays a role in signal transduction control and regulates
DNA damage response signaling pathway. Although DNA damage response is not traditionally a point of focus
in PD pathology, dysfunctional DNA repair and accumulation of DNA damage is considered integral to cellular
aging, and aging is the most important risk factor for PD'*>!43, Interestingly, ATM is a member of the phosphati-
dylinositol 3-kinase (PI3K)-signaling family, and PI3K was a shared biological function identified in our analyses
of the miRNA reported most commonly and those in multiple biofluid studies without conflicting directions
of change. This family is tightly linked to apoptosis, the primary mechanism behind the neuronal cell death
associated with PD, as demonstrated by post-mortem studies on PD brains which show apoptosis-like changes
in dopaminergic neurons'* and miR-19b and miR-221-3p have been specifically implicated in apoptosis'*>14.
Furthermore, both miR-146a-5p and miR-24-3p effect mitophagy the process of removing damaged mitochon-
dria which is impaired in PD. miR-146a-5p has been shown to enhance mitochondrial dysfunction via reducing
Parkin levels and miR-24-3p sponges have been shown to enhance mitophagy and therefore promote elimina-
tion of damaged mitochondria'¥’. Additionally, miR-214-3p has been shown to inhibit a-synuclein expression,
which is the major component of Lewy bodies one of the pathogenic hallmarks of PD'*%. Alongside this, several
studies included in this systematic review have also reported other miRNAs which are associated with pathways
important in PD pathology. For example, downregulation of miR-133b has been demonstrated in PD brains.
This miRNA is postulated to play a role in PD by regulating the transcription factor Pitx3, involved in dopamine
neuron development’®!'®. This miRNA has also been shown to be downregulated in the plasma and serum of PD
patients*>*#82 Therefore, the clustering of several related pathways highlights the potential of peripheral biofluid
miRNAs to both identify those at risk of developing PD and to further our understanding of CNS pathologies.
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Diagnostic accuracy of miRNAs in individual biofluids

The diagnostic accuracy of miRNA in individual biofluids was also assessed in the current meta-analysis. Sub-
group analysis on serum-derived miRNAs demonstrated a sensitivity and specificity of 82% with an AUC of 0.89.
Due to insufficient studies on plasma and CSF-derived miRNAs, no conclusions could be drawn on miRNAs
isolated from these biofluids. However, plasma and serum-based tests are already widely used in current clinical
practice, making them ideally suited to serve as sources of miRNAs in diagnostic studies'*. MiRNAs have shown
stability in plasma and serum by resisting degradation by endogenous RNases'*. They have also been shown to
maintain this stability through multiple freeze-thaw cycles!>'*2. However, differences in these biofluids have
been reported by Wang et al., who found higher serum-miRNA concentrations compared to plasma, possibly
because of the effect of coagulation on the profiles of miRNA available in blood'?. Contrastingly, others have
found elevated plasma miRNAs compared to serum'**!>*. These inconsistencies support the fact that sample types
and analysis methods may not be used interchangeably. However, identifying serum- or plasma-specific miRNA
signatures would enable the parallel assessment of both these biofluids which could be collected simultaneously
in patients and help strengthen the accuracy and reliability of the diagnosis of diseases such as PD.

Per this systematic review, most studies were conducted on plasma or serum miRNAs from PD patients.
Interestingly, the miRNAs from these biofluids have been shown to correlate with clinical and demographical
parameters in PD. For example, Botta-Orfila et al. found that downregulated levels of serum miR-29a and miR-
29¢ were significantly associated with the male sex in idiopathic PD patients*’. Additionally, downregulated levels
of the miR-29 family (miR-29a/b/c) have also been reported to correlate with cognitive decline in PD patients
with MCI and dementia®. Additionally, Ma et al. demonstrated that downregulations of miR-221 in PD serum
were positively correlated with UPDRS-III and UPDRS-IV scores, suggesting a potential for the use of miR-221 as
a marker of PD severity®. MicroRNA levels have also been shown to correlate with antiparkinsonian treatments.
For example, Caggiu et al. found decreased miR-155-5p levels in PD patients taking > 458 mg/day of levodopa'®.
Deep brain stimulation has also been reported to alter miRNA expression®. Although the exact nature of the
interactions of PD therapy with miRNAs remains incompletely understood, this suggests that miRNAs may have
the potential to serve as biomarkers to monitor the effectiveness of current and future PD treatment.

Besides plasma and serum, CSF and its unique proximity to the brain makes it a promising biofluid source for
miRNAs capable to reflecting neurodegenerative changes in the brain. Interestingly, PBMCs have been theorized
to have the greatest potential to reflect brain pathology as these cells share a significant amount of their tran-
scriptome with other cell types, including cells in the CNS'**. However, this systematic review identified several
CSF-based studies which demonstrated an interesting trend of mirroring changes in the CNS. For example,
upregulated levels of CSF miR-205-5p was reported by Marques et al.**. This miRNA was previously reported
to be downregulated in both the SN and the striatum?®. This trend was also reflected in the upregulated levels of
miR-7-5p and miR-218-5p in the CSF and downregulations in the SN and prefrontal cortex’*!?>!>%, However,
the relative invasiveness of lumbar punctures limits CSF as a routine source of diagnostic biomarkers.

Interestingly, serum and plasma-based studies also demonstrated this trend. For example, miR-124-3p, miR-
132-3p and miR-433-3p were found to be upregulated in plasma but downregulated in the prefrontal cortex**78,
Additionally, downregulations of miR-15b-5p, miR-29a-3p and miR-221-3p were reported in plasma with upreg-
ulations reported in the putamen, anterior cingulate gyrus and prefrontal cortex***3>586690114 "Thig suggests that
although CSF is advantageously placed in proximity to the brain and believed to be more suited to identifying
CNS changes, plasma and serum miRNAs may also be capable of reflecting brain pathology.

Recent studies have also been investigating biofluid-derived extracellular vesicles such as exosomes as bio-
markers of PD. For example, Yang et al. found upregulation of miR-135a in serum exosomes, whereas Yao et al.
reported elevations in miR-331-5p levels and decreased miR-505 levels in plasma exosomes from PD patients”®*.
Dos Santos et al. found significant increases in miR-151a-3p and let-7f.-5p and downregulation of miR-27a-3p,
miR-125a-5p and miR-423-5p in CSF-derived exosomes®. On the other hand, Gui et al. identified and validated
the overexpression of miR-10-5p, miR-153, miR-409-3p, and let-7 g-3p, and the downregulation of miR-1 and
miR-19b-3p in CSF PD exosomes®?. Interestingly, the opposite direction of change for miR-10a-5p, miR-19b-3p
and miR-409-3p was detected in the CSF by Burgos et al.¥”. This discrepancy could potentially be explained by
the differences in the sample population Burgos et al. used CSF sourced post-mortem, whereas Gui et al. had a
live patient cohort. Furthermore, the differences in methodology (NGS vs TLDASs) in the two studies might also
have influenced the outcomes.

Although this systematic review and meta-analysis provided important insight into the diagnostic value
of miRNAs in PD, there were several limitations. Firstly, there was inconsistent reporting of the clinical diag-
nostic criteria used to diagnose PD patients, as well as incomplete information on medications being received
by patients. Furthermore, the disease durations of the included patients showed great variability. However, if
miRNAs were to serve as diagnostic biomarkers of PD in the future, this would be reflective of the typical clini-
cal setting where patients might require assessment at varying disease stages, who might be diagnosed using a
variety of clinical criteria and be on several different medications. It should be noted, however, that identification
of miRNAs corresponding to different disease stages will be advantageous for patient stratification in future PD
drug trials.

Secondly, the number of studies available for inclusion were also limited. Additionally, studies also presented
with varying sample sizes. Thirdly, the methods of RNA and exosome isolation, and downstream miRNA detec-
tion, quantification and normalization methods also varied between studies, with study origin and normalizer
being identified as significant sources of heterogeneity in this meta-analysis. Fourthly, there were limited data
available on individual miRNAs and their directions of change. Finally, there is little known about sex and gen-
der or ethnicity effects on miRNA biomarkers in PD. Indeed, we identified a significant selection bias, where
sex ratios were unevenly distributed between the PD and HC groups, which may confound conclusions drawn.
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Matching numbers of male and female participants is particularly important as females have a longer life-
expectancy and age is a key risk factor for PD. Further, sex differences exist in the prevalence of conditions such
as depression, anxiety, and sleep disturbance, all of which are associated with increased risk of developing PD.

Conclusion

In conclusion, the early diagnosis of PD is hindered by the lack of an accurate diagnostic test. Early or pre-symp-
tomatic diagnosis will be a prerequisite for developing novel disease-modifying therapies capable of preventing
disease progression and maintaining good quality of life in patients. This meta-analysis suggests that biofluid-
derived miRNAs are promising candidate biomarkers for PD diagnosis which demonstrate good diagnostic
accuracy in discriminating between PD patients and controls. The utility of miRNAs as biomarkers lies in their
stability and the ease with which they can be accessed from various biofluids. Additionally, although there is
limited overlap between the miRNAs reported in PD literature, this systematic review identified miR-331-5p
to be reported by multiple biofluid studies, with consistent directions of change, representing a focus point for
future biomarker studies. Moreover, the gene targets of these miRNAs all associated with DNA damage and repair
pathways, dysfunctions of which have been associated with PD, suggesting the potential of peripheral miRNAs
to be able to provide insight into PD pathology.

Therefore, larger studies would help increase the accuracy of the diagnostic results presented in this meta-
analysis and provide clarification on whether individual or combinations of miRNAs demonstrate better diag-
nostic accuracies. Such signatures may be strengthened by general markers of neurodegeneration such as neu-
rofilament light. Additionally, further studies including cohorts which stratify patients based on factors such as
sex, ethnicity, disease duration and severity, and symptom severity, would also allow for identification of more
specific miRNA signatures. Furthermore, longitudinal studies analyzing miRNA expression changes would enable
the identification of miRNA signatures which are able to predict the development of symptoms such as dementia
or mood disorders. Independent studies validating already identified miRNAs would potentially allow for a
consensus on the most reliable method of miRNA quantification and analysis, help overcome any inconsisten-
cies in direction of change and narrow focus on a key set of miRNAs with the potential to serve as diagnostic
biomarkers of PD. Determining disease stage, sex and ethnicity and demographic relevant indicators is the next
challenge in diagnostic fluid biomarker research.

Data availability
All data generated or analyzed during this study are included in this published article or its supplementary
information files.
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