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Converging peripheral blood microRNA
profiles in Parkinson’s disease and progressive
supranuclear palsy

®Lukas Pavelka,"2’3'* ®Armin Rauschenberger,"’s’* Ahmed Hemedan,6
®Marek Ostaszewski,® ®Enrico Glaab? and Rejko Krﬁger"2’3; NCER-PD Consortium
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MicroRNAs act via targeted suppression of messenger RNA translation in the DNA-RNA-protein axis. The dysregulation of
microRNA(s) reflects the epigenetic changes affecting the cellular processes in multiple disorders. To understand the complex effect of
dysregulated microRNAs linked to neurodegeneration, we performed a cross-sectional microRNA expression analysis in idiopathic
Parkinson’s disease (7=367), progressive supranuclear palsy (z=35) and healthy controls (z=416) from the Luxembourg
Parkinson’s Study, followed by prediction modelling, enriched pathway analysis and target simulation of dysregulated microRNAs using
probabilistic Boolean modelling. Forty-six microRNAs were identified to be dysregulated in Parkinson’s disease versus controls and 16 in
progressive supranuclear palsy versus controls with 4 overlapping significantly dysregulated microRNAs between the comparisons.
Predictive power of microRNA subsets (including up to 100 microRNAs) was modest for differentiating Parkinson’s disease or progressive
supranuclear palsy from controls (maximal cross-validated area under the receiver operating characteristic curve 0.76 and 0.86, respect-
ively) and low for progressive supranuclear palsy versus Parkinson’s disease (maximal cross-validated area under the receiver operating
characteristic curve 0.63). The enriched pathway analysis revealed natural killer cell pathway to be dysregulated in both, Parkinson’s dis-
ease and progressive supranuclear palsy versus controls, indicating that the immune system might play an important role in both diseases.
Probabilistic Boolean modelling of pathway dynamics affected by dysregulated microRNAs in Parkinson’s disease and progressive supra-
nuclear palsy revealed partially overlapping dysregulation in activity of the transcription factor EB, endoplasmic reticulum stress signal-
ling, calcium signalling pathway, dopaminergic transcription and peroxisome proliferator-activated receptor gamma coactivator-1la
activity, though involving different mechanisms. These findings indicated a partially convergent (sub)cellular end-point dysfunction at
multiple levels in Parkinson’s disease and progressive supranuclear palsy, but with distinctive underlying molecular mechanisms.
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Introduction

Parkinson’s disease and progressive supranuclear palsy belong
to a group of progressive neurodegenerative disorders with
common parkinsonian motor features (bradykinesia, extra-
pyramidal rigidity, dystonia, dysphagia or freezing of gait)
presenting a diagnostic dilemma for clinicians, especially early
in the disease course.' And yet, the prognosis and manage-
ment of both disease groups differ substantially necessitating

PD-map

an early diagnostic biomarker for facilitation of individually
tailored therapies as well as stratification for clinical trials
on potential disease-modifying drugs. Whereas Parkinson’s
disease is a prototypic a-synucleinopathy histopathologically
defined by abnormal aggregates of a-synuclein (a-Syn) in the
form of Lewy bodies (LBs) and Lewy neurites (LNs?), progres-
sive supranuclear palsy is the most common form of atypical
parkinsonism defined at autopsy by insoluble four-repeat iso-

form of cytoplasmic tau protein aggregates.” However,
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histopathological classification of the neurodegenerative dis-
orders has its challenges. A lesson learned from both mono-
genic cases and post-mortem studies in Parkinson’s disease is
that neither does the absence of a-Syn inclusions necessarily ex-
clude a clinical presentation of Parkinson’s disease (e.g.
Parkinson’s disease due to certain LRRK2 variants or PRKN
mutations) nor the burden of these aggregates linearly corre-
sponds to the quantitative cellular loss in the neurodegenera-
tive disorders.** Historically, the syndromic clustering across
the neurodegenerative diseases has led to partly nosological en-
tities that might eventually have common underlying molecular
aetiology (e.g. Parkinson’s disease and dementia with LB; amyo-
trophic lateral sclerosis and frontotemporal dementia; progres-
sive supranuclear palsy and corticobasal syndrome).®

On this point, several common pathways have been identi-
fied to be dysfunctional across different classes of neurodegen-
erative disorders including mitochondrial homeostasis,”
protein quality control and maintenance, maladaptive response
of immune system, autophagy/lysosomal function and vesicle
trafficking.® In this context, research into shared genetic risk
factors between Parkinson’s disease and other neurodegenera-
tive disorders has identified multiple common genetic risk loci
for Parkinson’s disease, dementia with LB, Alzheimer’s disease
and progressive supranuclear palsy,®!! further underpinning a
possibility of converging molecular pathways across the neuro-
degenerative disorders. In addition to the coding mutations,
epigenetic dysregulation has been suggested to play an import-
ant role in the pathophysiological cascades eventually leading
to the progressive neurodegeneration. '

MicroRNAs (miRNAs) belong to a group of small non-
coding single-stranded RNAs (sncRNAs) regulating the cellular
pathways through the gene expression by interfering into the
central DNA-messenger RNA (mRNA)-protein axis via
mRNA suppression. The magnitude of miRNA effect is import-
ant to stress, as one miRNA is able to bind many mRNAs and
one mRNA can be a target of multiple miRNAs, hence regulat-
ing the expression of hundreds of genes.'*'* Indeed, a growing
body of evidence has emerged in favour of a substantial miRNA
dysregulation across the neurodegenerative disorders including
Alzheimer’s disease,'>'® frontotemporal dementia,'” multiple
system atrophy'® and Parkinson’s disease.'** Such a dysregu-
lation at the epigenetic level might provide an additional insight
into the pathogenesis and progression of the neurodegenerative
disorders.

Furthermore, miRNAs were suggested as potential diagnos-
tic biomarkers due to the following: (i) their stability in the
body fluids; (ii) without further structural modification; and
(iii) are independent from circadian cycle. However, previous
studies on the utility of miRNAs as a biomarker have been lim-
ited by low sample sizes of studied cohorts, by the variability in
miRNA detection method, by a biofluid used and by different
study set-ups, thus hampering the reproducibility of the results.
Additionally, aging and sex play a substantial role in the
miRNA expression levels leading to methodological diffi-
culties when applied in the age-related disorders with
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disproportionate prevalence of males versus females such as
seen in Parkinson’s disease or Alzheimer’s disease.”® Given
these limitations, the overlap of significantly dysregulated
miRNAs between studies has been extremely low and general-
ly based on ad hoc comparison to previous reported studies on
miRNAs. To our knowledge, only one large meta-analysis by
Schulz ez al.*” has systematically endeavoured to identify sig-
nificantly dysregulated miRNAs in Parkinson’s disease in
comparison to healthy individuals across multiple studies.

Furthermore, investigations into miRNA profiles in patients
with atypical parkinsonism such as progressive supranuclear
palsy have been scarce and limited by very low sample sizes
in comparison to Parkinson’s disease.”*?* Moreover, the
majority of previous studies lack a genetic screening for
Parkinson’s disease-related genes in all compared groups,
and yet the Parkinson’s disease-related mutation carriers
were shown to present distinctive patterns of miRNA expres-
sion in comparison to idiopathic Parkinson’s disease.*’

As miRNAs have a broad profile of activity, it is challenging
to identify molecular mechanisms they regulate. One of the ap-
proaches is calculating enrichment of miRNA targets in known
pathway databases, like Molecular Signatures Database
(MSigDb>*). To further narrow down their profile of activity,
it is possible to use knowledge repositories focused on
Parkinson’s disease mechanisms. One of such repositories is
‘Parkinson’s disease map’, a repository with over 100 pathways
representing molecular neuropathology of Parkinson’s dis-
ease.”” Importantly, the contents of the Parkinson’s disease
map are encoded in a format allowing their transformation
into computational models that can be simulated using an ap-
proach called probabilistic Boolean modelling (PBM).*® PBM
can be parameterized using miRNA expression profiles, provid-
ing an insight into dynamic of specific pathways and comple-
menting the enrichment analysis.

In order to investigate these layers of pathway complexity,
we integrated the genotyped sample of idiopathic Parkinson’s
disease, controls and comparatively large sample of progres-
sive supranuclear palsy patients with whole blood—derived
miRNA microarray data from Luxembourg Parkinson’s
Study.?? Specifically, we performed all analysis after excluding
all carriers of Parkinson’s disease-linked mutations identified
via NeuroChip (Illumina) or by targeted re-sequencing of
GBAL1 via PacBio.”’

The primary objectives of this study were (i) to perform a
cross-sectional analysis of the miRNA expression profile of
idiopathic Parkinson’s disease, progressive supranuclear
palsy and controls; (ii) to investigate the effects of age/sex
on miRNA profiles; (iii) to fit prediction models to investi-
gate potential use of miRNA expression signatures to use
as diagnostic biomarker between the diagnostic groups;
(iv) to perform an enriched pathway analysis of the signifi-
cantly dysregulated miRNAs; and finally (v) to apply the
PBM approach using Parkinson’s disease map to understand
the complex dynamics of disease models while simulating the
downstream signalling effects of dysregulated miRNAs.
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Materials and methods

All participants enrolled into the Luxembourg Parkinson’s
Study agreed and signed a written informed consent. The study
has been approved by the National Research Ethics
Committee (CNER Ref: 201407/13) and complied with the
Declaration of Helsinki. The Luxembourg Parkinson’s Study
was registered in ClinicalTrials.gov under NCT05266872.

The design, recruitment and baseline characteristics of the
Luxembourg Parkinson’s Study were previously published
in detail.>**® Diagnosis of Parkinson’s disease was based
on the diagnostic criteria UK Parkinson’s Disease Society
Brain Bank Diagnostic Criteria (UKPDSBB) without consid-
eration of more than one positive family history of
Parkinson’s disease as an exclusion criterion.”” For progres-
sive supranuclear palsy, we used the Movement Disorder
Society criteria from 2017.*° The group of controls was de-
fined as individuals older than 18 years without evidence for
an active cancer, pregnancy or clinical evidence (and im-
aging, where available) for a neurodegenerative disorder.
Data export from electronic database REDCap (baseline vis-
it) was performed on 10 June 2023. In total, 818 individuals
with miRNA microarray data were included into the analysis
after exclusion due to (i) the lack of genetic screening modal-
ities by either NeuroChip (Illumina) or PacBio®’; (i) the
presence of Parkinson’s disease-linked mutations; or
(iii) the presence of blood-interrelated individuals in the
data set as described in detail in Fig. 1.

Sociodemographic and clinical characteristics  for
Parkinson’s disease, progressive supranuclear palsy and con-
trols were chosen from the basic clinical assessment battery
and are listed in Table 1. All patients were evaluated in
ON state. Family history of parkinsonism or dementia and
comorbidities were determined during a semi-structured
interview during the assessment with a study physician.

The absolute number and percentage of missing values per
variable and per group is listed in Table 1. Due to a low pro-
portion of missing data, we used a pairwise deletion for all
statistical models.

The process of miRNA identification via microarray was previ-
ously described in detail.*! In short, RNA was extracted from
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all whole blood samples using the PAXgene miRNA Kit
(Qiagen) according to the manufacturer’s instructions. RNA
quality and quantity were evaluated using a Bioanalyzer 2100
Instrument (Agilent Technologies) and NanoDrop ND-1000,
respectively. Microarray screening of high-quality RNA sam-
ples was performed on Agilent’s SureScan DX Microarray
Scanner following the manufacturer’s instructions and as de-
scribed previously.**** Each array targeted 2549 miRNAs
with 20 replicates per probe with further detailed procedure de-
scription published previously.®*

The methods for genotyping in our data set have been de-
scribed previously.*® Parkinson’s disease—causing rare var-
iants were defined by the ClinVar classification as
‘pathogenic/likely pathogenic’. The ethnic origin of all indi-
viduals within the Luxembourg Parkinson’s Study included
in this study clustered strongly with European ancestry as
comprehensively analysed in our previous work.*”

Descriptive statistics, differential expression analysis and pre-
dictive modelling were performed using R statistical program-
ming language version 4.3.0. Descriptive statistics of the
investigated diagnostic groups (idiopathic Parkinson’s disease,
progressive supranuclear palsy and controls) was represented
in mean and standard deviation (SD) for numerical variables
and number of NO/YES for binary ones. Intergroup compari-
sons were performed using Mann—Whitney U-test and
Fisher’s exact test for numerical variables and binary variables,
respectively (Table 1). Moderated #-test implemented in the R
package limma was used to test the effects of idiopathic
Parkinson’s disease versus controls, progressive supranuclear
palsy versus controls and progressive supranuclear palsy versus
idiopathic Parkinson’s disease on miRNA expression, adjusted
for age and sex using multiple linear regression (MLR). For
each diagnostic group, we also examined the effect of age on
miRNA expression, adjusted for sex, and the effect of sex on
miRNA expression, adjusted for age. At all instances, false dis-
covery rate (FDR; Benjamini-Hochberg) and family-wise error
rate (FWER; Bonferroni) correction for multiple testing were
applied. We considered a miRNA to be significantly dysregu-
lated at FDR, and sociodemographic characteristics or clinical
outcomes were considered significant at FWER. Jaccard index
was calculated for all comparisons to investigate an intersection
between nominally significant (P <0.05) miRNAs. Finally,
cross-validated area under the receiver operating characteristic
(ROC) curve (AUC) was calculated from logistic lasso regres-
sion (for binary outcomes) for a maximum number of
miRNAs from 0 to 100 (AUC shown for 0, 10 and 100
miRNAs) with and without inclusion of age and sex in the pre-
diction model. Early-stage idiopathic Parkinson’s disease and
earlier-stage progressive supranuclear palsy were defined by
disease duration since diagnosis < 5 years.
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miRNA microarray profiling in Luxembourg Parkinson’s Study baseline
dataset with consent for genetic screening and absence of conversion
to parkinsonism in control group in longitudinal follow-up.
n=935

Exclusion of 8 individuals without genetic screening by
both modalities via NeuroChip and Pacbio
(PD n=3; PSP n=0; controls n=5).

Controls

PD PSP
n=416 n=37 n=482

Exclusion of 65 carriers of PD-linked pathological
variants identified by NeuroChip or PacBio screening
(PD n=40; PSP n=2; controls n=23).

PD PSP
n=413 n=37

Controls
n=477

Exclusion of 44 interrelated individuals for s, 2d 3
degree of consanguinity in the dataset
(iPD n=6; PSP n=0; controls n=38).

iPD PSP
n=373 n=35

Controls
n=454

$ ¥ @

iPD PSP Controls
n=367 n=35 n=416
Total n=818

miRNA expression analysis

Prediction modelling

Enriched pathway analysis

Simulation of dysregulated miRNAs in PD map using
Boolean modelling

- /

Figure | Flowchart describing selection criteria and analytical pipeline in Luxembourg Parkinson’s Study. PD, Parkinson’s disease;
iPD, idiopathic Parkinson’s disease; PSP, progressive supranuclear palsy; miRNA, microRNA.

N -

The statistical pathway analyses of the miRNA data for idio-
pathic Parkinson’s disease, progressive supranuclear palsy and
controls were performed using the R statistical programming
language (version 4.2.0, RRID:SCR_001905) and the
PanomiR package for miRNA mapping and pathway activity
profile generation (version 1.1.2).*® First, Entrez/pathway map-
pings were retrieved from the MSigDB database (C2 collection

of curated pathway gene sets),>* and mappings between
miRNAs and their target genes in Entrez format were obtained
from the TargetScan database (RRID:SCR_010845).*
Next, the FDR-adjusted significant miRNAs with P <0.05
for each pairwise comparison between conditions (idiopathic
Parkinson’s disease versus controls, progressive supranuclear
palsy versus idiopathic Parkinson’s disease and progressive



L. Pavelka et al.

6 | BRAIN COMMUNICATIONS 2024, fcae |87

[9A3] %G pa3snipe-iuo.uajuog e JuedYIUSIS A|[EDNSNEIS "PAULIP 10U $21qEIp JO adA |, "S3|qeLIeA AJeulq "SO|qEIIEA AJBUIG O} 1591 1DBXD S J3YsI4 PUE SI|QELIEA [eDLIDWNU 10} 153 ASUNYAA-UUEL
WLy SAN|BA-d, “IUDLISSISSY DAINUSOD) [B2.1IUOL ‘Y DO|A 25O A|iep JusjeAinba edopoas| ‘@3 ¢l 3-4ed ‘o[eds Suiiey aseasi s,uosunyled payiun—4A19150S 19p.1osiq UBWAAOL ‘||| SYAdN—SAIW ‘UOIIBIASP p.aepuels ‘QsS ‘sanfeA SuISsIW JO Jaquinu ‘yN

025’1 x¥0—99'9 20—99'S 0 9/6C %L1 0 61/8%€ %S 0 01/90% %C 10435 Jo AuoIsiH
10—98C 10—99'8 w039 0 11T %1€ 0 ESIIT Y44 0 Yy 1/TLT %S€ qElWar|0I3Isaj0ydIRdAH
10—96'¢ 10—98¢ x90—96'| 0 S/0€ %Y 0 18/58¢ %L 0 1¥/SLE %01 q2S€osIp JejnoseAolpaed
10—26'C €0—98'L x¥0—98C 0 61/91 %Y 0 091/£0¢ V44 0 6C1/48C %1€ quoisualadAy [eualay
10—230°| €0—2I'S w21l 0 L/18T %0T 0 6£/8C¢ %11 0 €C/E6E %9 »qS932qRIQ
x¥0—98C *€1—9T¢ *5C—98'| C 19°L S96l 6 LeA4 €0+C [4 e 0l'Lt VOOW
10—21°6 €L +9C1-°L9 | 1¥0 S50 0 wo S50 0 €400 9¥00°0 (£ep/8) aaa1
x¥0—99°9 *€C—99C T2y 0 44 09'6% 6 18°LI €L'S¢E 9 SLY £C’E 1 SY4AdN-SAW
x¥0—99°€ x66—9C¢ *€51—9LY 0 LE] e [4 980 LTT C 000 0 9[eds Jdye )\ pue uysoH
10—2¢'8 10—3%'} [ | 8/9¢C %Y | 78/+8C %CT S 9¢1/58¢ %1€ qeiuaWap Jo Aiolsiy Ajuey
nEm_cowc_v_.En_
10—2¢°S 10—21°¢ 10—99% | 9/8¢C %81 0 06/LLT %ST [4 Cli/coe %LT jo Auossiy Ajiwey
10—34'€ +80—98'} %61—20°€ 0 €80 08C 0 S0°l 68T 0 180 0S¢ uaxjods sagen3ue [e30
€0—3L9 x90—3"| *L0—9€Y 0 89'¢ LLOI 0 o'y 98¢l € 9L'E 9Ty uoReEdONP? JO sJed |
(saeak) sisoudeip
20—20'1 0 44 00°€ 0 6v'S w9 9y 9duls uone.np aseasi(
0—230°¢ #11=99°| X TAR N | 0 VAN 1S1L 0 8lI°l1l ¥S'L9 0 €911 6£89 (s1e34) vy
+0—9€'S 0 (44 1589 0 1611 919  9lb (s1eak) OVY
10—26'l 00+30°1 x¥0—9CS 0 0¢/s1 %LS 0 152/911 %89 0 yeL/sl %99 q(orew) x5
Asjed Jespnueadns Ased aespnueadns oseasip VN S94Ajou < uisahk YN sak % uisak YN sak % ul s9k so|qeLieA
9AIssa.480.d snsaaA aAIssaJa8o0.ad s, uosupjied 10 s Jo uesapy Jou.Jo S 10 uesly /jouJo QS Jo uesdly s1ydeaSowap esiuld
9seasIp s,uosubjied SNSJ3A S|043U0D SNSJ3A S|043U0D
2N[eA-d sE=u L9e=u 91y =u|oi3uo)d

Ased aespnueadns
aAIssaa304d

aseas|p s,uosupjied

Apnas s .uosupjied

SuanoquiaxnT ul ejep Aeaseosdiw yNYIw 3|qejreae yiim sdnous3 pajyediasaaul jo ajiyoad [esjuid pue siydes3owapoidos jo sonsiels aandinsaq | d|qel



MicroRNA dysregulation in Parkinson’s disease and progressive supranuclear palsy

supranuclear palsy versus controls) were used to determine
their target genes. Following this, an enrichment analysis was
conducted for the target genes of each miRNA in the MSigDB
pathways using the function ‘miRNAPathwayEnrichment’ in
the PanomiR package and setting the minimum pathway size
to 10. The results for the miRNA/pathway combinations
were ranked by increasing P-value, and adjusted P-values
were determined using FDR.>°

PBM was applied to represent the complex molecular me-
chanisms underlying idiopathic Parkinson’s disease and pro-
gressive supranuclear palsy. PBM was fitted on the
Parkinson’s disease map, a comprehensive molecular inter-
action diagram that captures the key mechanisms involved in
the initiation and progression of Parkinson’s disease.”” The
Parkinson’s disease map was translated into PBM in an auto-
mated fashion using the significantly dysregulated miRNAs
(at FDR) identified in MLR of idiopathic Parkinson’s disease
versus controls and progressive supranuclear palsy versus con-
trols. This translation was essential for simulating the down-
stream signalling effects of dysregulated target molecules in
idiopathic Parkinson’s disease and progressive supranuclear
palsy when compared to controls. By abstracting the disease
mechanisms into a logical form by using PBM, it allowed simu-
lations of disease dynamics. PBM approach used a series of
random walks to determine the probability of components
within the model.’" The PBM combined the qualities of both
discrete and continuous Markov processes, within a Monte
Carlo framework.’” To establish a foundational baseline for
our simulations, initial state probabilities were parameterized
in the PBM. This step was critical as it sets the starting point
for the model, reflecting the pre-simulation status of molecular
interactions within the Parkinson’s disease framework. The
equation for updating the state probabilities is given by:

Pt+1(s)=) s € SPt(s') - P(s'[s)

where Pt + 1(s) is the probability of state s at the next time
point and P(s'|s) is the transition probability from a previous
state s’ to the current state s. The goal was to accurately predict
the temporal fluctuations in the model. In addition, we used the
multiple change point regression algorithm to detect inflection
points throughout the iterative steps. This approach allowed to
identify the significant alterations within the model’s behav-
iour during the simulation.*® The sensitivity analysis was per-
formed to evaluate the impact of molecular perturbations in
Boolean models, focusing on how perturbations affect the
model’s dynamics and stability as described in details in the
Supplementary material.

Results

A total of 818 individuals from the Luxembourg Parkinson’s
Study were included in the study (idiopathic Parkinson’s
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disease 7 = 367; progressive supranuclear palsy #n=35; and
controls 7 =416) after applying all exclusion criteria visua-
lized in Fig. 1. The results of the miRNA expression analysis
are shown in Fig. 2, and all significantly dysregulated
miRNAs per model with P-value and effect size are listed
in Tables 2 and 3 and Supplementary Tables 1-5 and
7-13. Intergroup comparison revealed idiopathic Parkinson’s
disease and progressive supranuclear palsy to be significantly
older than controls (mean age+SD, 67.54+11.18 and
71.51 +6.17 versus 58.39 + 11.63 years, both P <0.001)
with significantly higher proportion of males in idiopathic
Parkinson’s disease versus controls (68% versus 56%,
P <0.001). Age at onset (AAO) was significantly higher
in progressive supranuclear palsy versus idiopathic
Parkinson’s disease (68.51 + 7.22 versus 61.96 + 11.9 years,
P <0.001). With regard to the comorbidities, reported arter-
ial hypertension and cardiovascular disease were significant-
ly more frequent in idiopathic Parkinson’s disease versus
controls (44% versus 31%, P<0.001, and 22% versus
10%, P < 0.001, respectively), and progressive supranuclear
palsy versus controls had higher frequency of stroke (5%
versus 2%, P <0.001). Remaining sociodemographic char-
acteristics, comorbidities and quantitative markers of disease
stage and severity are presented in Table 1.

Given the significant differences in age and sex between the
groups, we first performed a differential miRNA expression
analysis of age and sex in each diagnostic group and intersec-
tion of potential overlap between age- and sex-related signifi-
cantly dysregulated miRNAs. As detailed in Fig. 2F to K and
Q to V, sex and age showed a significant dysregulation of
multiple miRNAs. When investigating the effect of sex on
miRNA expression adjusted for age, 223 miRNAs were
found significantly dysregulated in controls (129 upregulated
and 94 downregulated, listed in Supplementary Table 1),
49 miRNAs in idiopathic Parkinson’s disease (15 upregulated
and 34 downregulated, listed in Supplementary Table 2), and
2 miRNAs in progressive supranuclear palsy group (both
downregulated, listed in Supplementary Table 3).

Regarding the effect of age on miRNA expression adjusted
for sex, 207 miRNAs were found to be significantly dysregu-
lated in controls (101 upregulated and 106 downregulated,
listed in Supplementary Table 4), 101 miRNAs in idiopathic
Parkinson’s disease (54 upregulated and 47 downregulated,
listed in Supplementary Table 5) and none in progressive
supranuclear palsy group. Jaccard index for overlapping
age- and sex-associated nominally significant miRNA did
not indicate a high overlap (idiopathic Parkinson’s disease
8%, controls 19%, progressive supranuclear palsy 2%; see
Supplementary Table 6), indicating that most of the signifi-
cantly dysregulated miRNAs by age are not associated
with sex and vice versa.
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MicroRNA dysregulation in Parkinson’s disease and progressive supranuclear palsy

Table 2 Significantly dysregulated miRNAs identified in
multiple linear regression analysis of Parkinson’s
disease versus controls

BRAIN COMMUNICATIONS 2024, fcael87 | 9

Table 3 Significantly dysregulated miRNAs identified in
multiple linear regression analysis of progressive
supranuclear palsy versus controls

miRNA upregulated n = 27; Effect miRNA upregulated n =9; Effect
downregulated n =19 size P-value downregulated n=7 size P-value
miR-145-5p 0.219 2.3e—07** miR-2115-5p 0.424 6.4e—08**
miR-151a-3p 0.218 8.0e—06** miR-4762-3p —0.228 8.3e—06**
miR-3677-5p 0.165 1.8e—05%* miR-7975 —0.357 |.2e—05*
miR-145-3p 0.069 2.2e—05* miR-4270 0.298 3.7e—05*
miR-130a-3p —0.170 2.5e—05* miR-1233-5p —0.413 5.2e—05*
miR-491-5p 0.108  2.8¢—05* miR-505-3p® 0.353 5.5e—05*
miR-4516 0.177 2.9e—05* miR-6085 —0.486 7.4e—05*
miR-197-3p* 0.180 3.9e—05% miR-125a-3p —0.283 9.8e—05*
miR-505-3p® 0.160  4.2e—05* miR-769-5p 0.289 |.0e—04*
miR-1285-5p 0.090 6.4e—05* miR-3065-3p 0.164 |.2e—04*
miR-4538 —0.104 6.6e—05* miR-4638-5p 0.169 | .4e—04*
miR-18b-5p —0.325  7.2e—05* miR-197-3p* 0.391 |.6e—04*
miR-539-3p 0.066  7.8e—05* miR-4465 —0.362  2.6e—04*
miR-122-5p —0.163 8.7e—05* let-7d-3p* 0.328 3.0e—04*
miR-18a-5p —0.338  1.2e—04* miR-564 —0.339  3.le—04*
miR-103a-3p —0.116  1.7e—04* miR-1225-5p® 0.208  3.le—04*
miR-326 0.203 1.7e-04% Log fold changes and P-values for effect i ssive anuclear palsy versus

. old chal S al -values r In progressive supranu I palsy versu
m!R-3923 D e coﬁtrols (HC%PSP_mIr; n =35 versus 4|6)PN0g effect im;)Iies fold chingi: | and log
miR-3155a 0.071 |.8e—04* fold change = 0. Significantly upregulated and downregulated miRNAs are
miR-1225-5p* 0.091 2.0e—04* demonstrated by positive and negative effect sizes, respectively. *Overlapping miRNAs
miR-937-5p —0.096 2.4e—04* in significance and direction between Parkinson’s disease versus controls and
miR-3145-5p 0.068 2.6e—04* progressive supranuclear palsy versus controls are highlighted in bold. “Significant at an
miR-125a-5p 0.188 2.7e—04* FDR of 5% (Benjamini~Hochberg). “Significant at an FWER of 5% (Bonferroni) across all
miR-6720-5p 0.133  2.8e—04* comparisons.
miR-451a -0.018 3.0e—04*
let-7d-3p* 0.150 3.1e—04*
miR-7106-5p —0.166  3.2e—04* sex revealed 46 significantly dysregulated miRNAs (27 upregu-
miR-328-3p 0.168  3.5e—04* lated and 19 downregulated) as shown in Fig. 2 (model
mfﬁ'g??jp _g:gg :';e_gjz ‘HCvPD_mlr’), and significant miRNAs are listed in Table 2.
::R-67;0-§p 0.099 4:62—0 4 When using miRNAs to predict the diagnostic status between
miR-6849-5p 0137 4.6e—04* idiopathic Parkinson’s disease and controls, we achieved
miR-4323 0.127  4.7e—04* AUC of 0.5/0.66/0.71 including at most 0/10/100 miRNAs
miR-762 —0.097  5.1e-04* and AUC of 0.72/0.73/0.76 when using at most 0/10/100
m'ifzgi% _g?% z'ge_gﬁ miRNAs and unpenalized variables age and sex in the predic-
::R-67|6-5pp 0.150 5:4:_04* tion model (Fig. 3, models ‘HCvPD’ and ‘HCvPD_adj’,
miR-922 0.188  5.4e—04* respectively).
miR-4328 0.056 5.7e—04*
miR-20b-5p —0.233 6.2e—04*
miR-423-3p 0.129 6.6e—04*
miR-4281 0.103  6.7e—04*
miR-378a-5p 0.175 7.0e—04*
miR-6727-5p —0.119 8.0e—04*
miR-4513 —-0.175 8.4e—04* . . . .
miR-662 0066  89e_04* In miRNA expression analysis of progressive supranuclear

Log fold changes and P-values for effect in Parkinson’s disease versus controls (model
HCvPD_mlr; n = 367 versus 416). No effect implies fold change = | and log fold change = 0.
Significantly upregulated and downregulated miRNAs are demonstrated by positive and
negative effect sizes, respectively. *Overlapping miRNAs in significance and direction
between Parkinson’s disease versus controls and progressive supranuclear palsy versus
controls are highlighted in bold. *Signiﬁcant at an FDR of 5% (Benjamini-Hochberg).
MSigniﬁcant at an FWER of 5% (Bonferroni) across all comparisons.

Fitting MLR to examine the effect of idiopathic Parkinson’s dis-
ease versus controls on miRNA expression adjusted for age and

palsy versus controls using MLR adjusted for age and sex,
16 miRNAs were found to be significantly dysregulated (9 up-
regulated and 7 downregulated; see Fig. 2, model
‘HCvPSP_mlr’). All significant miRNAs are listed in Table 3.
Out of these, four miRNAs overlapped in significance and
direction when compared to idiopathic Parkinson’s disease
versus controls (miR-197-3p, miR-505-3p, miR-1225-5p
and let-7d-3p, all upregulated in both comparisons). The logis-
tic lasso regression in progressive supranuclear palsy versus
controls with at most 0/10/100 miRNAs was 0.5/0.79/0.75
and AUC of 0.83/0.86/0.86 with at most 0/10/100 miRNAs
and unpenalized age/sex in the model (Fig. 3, models
‘HCvPSP’ and ‘HCvPSP_adj’, respectively).



L. Pavelka et al.

BRAIN COMMUNICATIONS 2024, fcae |87

0|

"A|9Andadsad ‘uoissa.dal a3plu pue osse| pJepuels Jo dduew.o)ad 9AdIpaId 9yl moys s1op Aa43 pue yde|q 3y ‘(X3S pUR Y'Y
“9daJa3ul UBY] J9YI0 SIUSIDIYR0D 0J49Z-UoU) S\YNYIW Q| PUB ] ‘0 ISOW I8 YIIM DY Y3 3I8JIpuUl Wo3l0q 3y 3e suaqunu 3y (Ipe~dsdAad Pue [pe dSdADH ‘[PE"AdADH) S|opoWw ay3 ul Xas pue
o3e s91e14eA0D pazijeuadun Y1 sOpN|dUl OS[E MOJ PUO3S dY] “SJedA G S sisoudelp 9ouls uoleanp aseasip Aq paulep a4a9m (g = u) Asjed Jeajpnueudns aaissa.go.d a3eis-usijues pue (97g = u) asessip
s ,uosupjed adeis-A|1e3 (g¢ = u) Asjed Jeappnueadns saissausoud pue (94 = u) DH (£9€ = u) aseasip s,uosupjed d1yredoipl jo uondipaid dnougiaaul 4oy sIXe-X 3YI UO SYNY!IW JO JaquINU WNWIXew
asuese sixe-A a3 uo (sawodIno AJeuiq) UOISSISD OSSE| 1ISISO| WO DY PRIBPIBA-SSOUD) *SI2sqNs YN YW Sulsn sjoa3uod pue sdno.s aseasip usamiaq Suljjapou 2A13D1padd ¢ 24n3i4

SYNYIW JO Jaquinu wnwixew

08 09 OF 0Z O 08 09 OF 02 O 08 09 OFr 0Z O 08 09 OF 0Z O 08 09 OF 02 O
N IS I [ Y S [ [ Y U et S [ [ S I SO [N N I NN I«
GL'0/LL0/¥90 v,.'0/TL0/690 Z9°'0/T9°0/€90 98°'0/98°0/€80 9.°0/€L0/¢2L0 [~ m
o |
.......................................................................................... —© M
| o &
oy N o
@D
o Qo
’Il\ltl\l\l\-\u I\I/_ %
o
Ioo A_J
—_—
| o 2
© 0
(gz:9z2) (9zz:91¥) (ge:29¢) (se:9Lp) (29g:91¥)
[pe”dsd3arad3a [pe"adanoH [pe dsdAad [pe”dSdAOH [pe”adAdH
SYN¥IW JO Jaquinu wnwixew
08 09 OF 0Z O 08 09 OF 02 O 08 09 OFr 0Z O 08 09 OF 0Z O 08 09 OF 0Z O
N [ I [ Y S [ S Y U S S [ [ S I S [N N AN NN I«
69°0/9.0/90 99'0/€9°0/90 95'0/¥50/S0 G.0/6L0/590 T,.°0/990/90 B m
o |
—© M
| o o
o 2
9]
o Qo
2 %
o
>
|M (-
0
(gz:922) (9zz:91¥) (g€:29¢) (ge:9Lp) (29€:91¥)
dsdanrad3a ad3noH dsdAaad dSdADH adAoH



MicroRNA dysregulation in Parkinson’s disease and progressive supranuclear palsy

No significantly dysregulated miRNAs were identified in
MLR of idiopathic Parkinson’s disease versus progressive
supranuclear palsy with adjustment for age and sex
(Fig. 2, ‘PDvPSP_mlr’). As expected, predictive power
of at most 0/10/100 miRNAs was very low with AUC
0.5/0.54/0.56 and AUC 0.63/0.61/0.62 with at most
0/10/100 miRNAs and unpenalized age/sex in the
model (Fig. 3, models ‘PDvPSP’ and ‘PDvPSP_adj’, re-
spectively). However, when comparing earlier-stage pro-
gressive supranuclear palsy versus early-stage idiopathic
Parkinson’s disease in the model using at most 0/10/100
miRNAs and unpenalized age/sex, we achieved AUC
0.64/0.77/0.75, hence comparable to the AUC in predict-
ing idiopathic Parkinson’s disease from controls (see
Fig. 3).

Given the substantial variation in the reported significantly
dysregulated miRNAs across published studies, we performed
a sub-analysis of all 13 miRNAs with a cross-study significance
identified in a large meta-analysis of Parkinson’s disease versus
controls.”” Out of the 13 miRNAs, we replicated 3 miRNAs,
2 in terms of significance and direction (miR-141-3p and
miR-451a, both downregulated) and 1 with various directions
reported across the studies (miR-185-5p, upregulated in
our study). While the reference study did not adjust
the models for age and sex, we inquired in our study
whether the remaining 10 dysregulated miRNAs were sig-
nificantly dysregulated solely due to the covariates age or
sex.

Focusing on the models adjusting for age or sex in
Parkinson’s disease and controls (see Supplementary
Table 14, models with MRL), five miRNAs were associated
with age and/or sex in Parkinson’s disease, controls or both
as follows: (i) miR-221-3p was significantly negatively asso-
ciated with age in Parkinson’s disease and in controls;
(ii) miR-29a-3p was significantly positively associated with
age in Parkinson’s disease and significantly negatively asso-
ciated with male sex in controls; (iii) 72iR-193a-3p was sig-
nificantly positively associated with male sex in controls;
(iv) miR-133b was significantly negatively associated with
male sex in Parkinson’s disease and controls; and (v)
miR-15b-5p was significantly negatively associated with age
in Parkinson’s disease and controls. Remaining 5 out of 10
miRNAs were not significantly associated with age/sex in
Parkinson’s disease or in controls (miR-214-3p, miR-29¢-3p,
miR-19b-3p, miR-146a-5p and miR-181a-5p), and we did
not validate the previous findings as reported in the reference
study.?’

BRAIN COMMUNICATIONS 2024, fcael87 | |

In order to inquire into the molecular pathways influenced by the
significantly dysregulated miRNAs, we performed an enriched
pathway analysis mapping miRNAs and their target genes using
MSigDB. Though none of the pathway remained significant after
the correction for multiple comparisons, the highest ranked dys-
regulated pathway was ‘BioCarta natural killer (NK) cell path-
way’ (idiopathic Parkinson’s disease versus controls, P-value
0.0000487, adjusted P-value 0.527; progressive supranuclear
palsy versus controls, P-value 0.0000487, adjusted P-value
0.105; see Supplementary material referring to enriched pathway
analysis).

Considering the significantly dysregulated miRNAs (significant
at FDR) identified in the MLR models of idiopathic Parkinson’s
disease versus controls and progressive supranuclear palsy ver-
sus controls, we performed a PBM using the Parkinson’s disease
map. In comparison to the enriched pathway analysis reported
above, this system biology approach allowed us to gain a
mechanistic understanding of the dysfunction in the cellular
processes based on the most-recent knowledge of pathophysi-
ology in Parkinson’s disease. We simulated the effects of dysre-
gulated miRNAs in the Parkinson’s disease map by identifying
their target molecules and estimating their impact on relevant
pathways, as detailed in Tables 4 and 5. Interestingly, we iden-
tified the following overlapping pathways affected by miRNAs
in Parkinson’s disease versus controls and progressive supra-
nuclear palsy versus controls: activity of transcription factor
EB (TFEB); endoplasmic reticulum (ER) stress signalling; cal-
cium signalling pathway; dopaminergic transcription; and per-
oxisome proliferator-activated receptor gamma coactivator-1la
(PPARGC1) activity. Though the simulated intermediate mole-
cules differed substantially between idiopathic Parkinson’s dis-
ease and progressive supranuclear palsy, the simulated impact
on the cellular dysfunction predicted a partially convergent
dysfunction of the lysosomal activity and autophagy,
ER-associated degradation (ERAD), calcium homeostasis,
mitochondrial respiration and mitochondrial biogenesis. The
complete list of dysregulated pathways in idiopathic
Parkinson’s disease versus controls (i.e. including the non-
overlapping ones with progressive supranuclear palsy versus
controls), target molecules and their simulated cellular behav-
iour is included in Supplementary Table 15.

Discussion

This study represents a comprehensive analysis of 2549
miRNA expression profiles and target pathway analysis of


http://academic.oup.com/braincomms/article-lookup/doi/10.1093/braincomms/fcae187#supplementary-data
http://academic.oup.com/braincomms/article-lookup/doi/10.1093/braincomms/fcae187#supplementary-data
http://academic.oup.com/braincomms/article-lookup/doi/10.1093/braincomms/fcae187#supplementary-data
http://academic.oup.com/braincomms/article-lookup/doi/10.1093/braincomms/fcae187#supplementary-data
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Table 4 Target simulation for significantly dysregulated miRNAs in Parkinson’s disease versus controls using Boolean
modelling applied in the Parkinson’s disease map

Pathway Simulated
category Dysregulated molecules Simulated elements behaviour Interpretation
TFEB activity MITF, PTEN, WDR45, RAB7A, Lysosomal acidification;  Impaired acidification; Alterations in TFEB activity affect
PRKAG2, BECNI, ATP6VODI, autophagy compromised autophagy and lysosomal function,
ATP6VIH, ATP6VIEI, ATP6VOEI, autophagy crucial for the degradation of a-Syn
ATP6VICI aggregates in Parkinson’s disease.
ER stress CEBPB, DDIT4, MAPILC3B, BECNI, Autophagy; unfolded Impaired autophagy; Chronic ER stress and the unfolded
signalling HSP90BI| protein response activated UPR; protein response contribute to the
(UPR); chaperone modified chaperone pathogenesis of Parkinson’s disease
activity activity by affecting protein folding and
clearance mechanisms
Calcium ATPIAI, ATPIBI, SLC8A2, Calcium homeostasis; Disrupted calcium Dysregulation of calcium signalling can
signalling CACNAID, CACNA2D2, CREB signalling homeostasis; altered lead to neuronal excitotoxicity and

CACNA2D3, CACNB2, ERN2,

CREB signalling

affect various signalling pathways

EIF2AK2, CAMK2, CAMK2B,
PPP3CA, PPP3CB, YWHAB,
RPS6KA I, RPS6KA3

NR4A2, NCOR2, FOXA2, SNCA,
PARK7(DJ1), CGHI, TH, DDC,
SLCI8A, ALC6A3, CFLAR, SODI,
COXS5B, COX6A|, NDUFBS,
BDNF, RET, ALDHIAI, FOXO|,
FOXO3, KLCI, MAPIB, ENI,
FOXAI, FOXA2

SIRTI, ESR, IDH3B, IDH3G, COX5B,
COX6A, COX6BI, COXTA2,
COX7C, SDHB, TOMM20, SURFI,
VDACI, TFB2M

Dopaminergic

transcription regulation;

function

PPARGCIA

activity biogenesis;

Transcriptional

mitochondrial

Mitochondrial

respiratory function

implicated in Parkinson’s disease

Dysregulated
transcription;
compromised
mitochondrial
function

Impairment in the transcriptional
machinery and mitochondrial
dysfunction are key features in the
loss of dopaminergic neurons in
Parkinson’s disease.

Altered mitochondrial
biogenesis; impaired
respiratory function

PPARGCIA is a key regulator of
mitochondrial biogenesis and
function, and its dysregulation is
implicated in the mitochondrial
dysfunction observed in Parkinson’s
disease.

The pathway categories (n = 5) overlapping between Parkinson’s disease versus controls and progressive supranuclear palsy versus control are shown. Column ‘dysregulated
molecules’ refers to the target molecules within the dysregulated pathway(s) in the simulation. Column ‘simulated elements’ reflects on the broader impact at the cellular or system
level highlighting the elements that are simulated or affected due to the molecular dysregulation. Column ‘simulated behaviour’ describes the consequent aberrant behaviour or states

induced by the pathway dysregulation(s).

dysregulated miRNAs in a large data set of individuals with
idiopathic Parkinson’s disease, controls and prototypic tauo-
pathy progressive supranuclear palsy from the Luxembourg
Parkinson’s Study. Given the accumulating number of reports
on miRNA profiles in Parkinson’s disease lacking a replica-
tion of the findings across multiple independent data sets,
we compared our results with a large meta-analysis of blood-
derived miRNA profiles. In the reference meta-analysis,*”
13 miRNAs were found with study-wide significance across
at least 3 independent data sets (10 significant in the same
direction and 3 significant with inconsistent direction across
the meta-analysed studies) when comparing Parkinson’s
disease with controls. Out of these 13 dysregulated
miRNAs, we replicated the results for 3 miRNAs in our study
(miR-141-3p and miR-451a dysregulated in the same direc-
tion; miR-185-5p with inconsistently reported direction; see
Supplementary Table 14, model ‘HCvPD’). Interestingly,

one study demonstrated miR-141-3p to be implicated in the
mitochondrial dysfunction, apoptosis and oxidative stress
in 1-methyl-4-phenylpyridinium—treated induced cell model
of Parkinson’s disease.’® Though it aligns well with increas-
ing body of evidence highlighting the substantial role of mito-
chondrial dysfunction in the pathogenesis of Parkinson’s

disease, this cellular model did not account for the chronic
progressive neurodegeneration observed in Parkinson’s dis-
ease but rather modelled an acute damage of dopaminergic
neurons.” Additionally, the second replicated miR-451a
was recently found to be dysregulated in the prodromal stage
of Parkinson’s disease in idiopathic rapid eye movement
(REM) sleep behaviour disorder (iRBD)* as well as consist-
ently dysregulated in non-manifesting LRRK2 mutation car-
riers and idiopathic Parkinson’s disease individuals.’’
Additionally, the second replicated miR-451a was recently
found to be dysregulated in the prodromal stage of
Parkinson’s disease in iRBD as well as consistently dysregu-
lated in non-manifesting LRRK2 mutation carriers and idio-
pathic Parkinson’s disease individuals. As it was shown that
miR-451a levels are highly susceptible to haemolysis of the
blood sample(s),”® the fact that upregulated miR-451a was
found and replicated across multiple independent studies
and replicated in above-discussed large meta-analysis in
Parkinson’s disease versus controls or in at-risk cohorts ver-
sus controls (iRBD or mutation carriers), argues against a sys-
tematic bias due to haemolysis in our study. As for the
remaining study-wide significant miRNAs reported in the re-
ferenced meta-analysis, we inquired into the possible


http://academic.oup.com/braincomms/article-lookup/doi/10.1093/braincomms/fcae187#supplementary-data
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Table 5 Target simulation for significantly dysregulated miRNAs in progressive supranuclear palsy versus controls
using Boolean modelling applied in the Parkinson’s disease map

Pathway Dysregulated
category molecules Simulated elements Simulated behaviour Interpretation
TFEB activity ARP6VOB, CLN3, Lysosomal acidification; Reduced acidification; disrupted Disruption in TFEB-mediated autophagy
GLA lysosomal membrane membrane organization and lysosomal biogenesis impairs cellular
organization waste management, contributing to
mitochondrial dysfunction
ER stress SIGMARI, ATG7, Autophagy; ERAD; Reduced autophagy; enhanced ER stress alters cellular survival and
signalling EIF2AK3 SIGMARI ERAD; stable SIGMARI activity; apoptotic pathways. Dysregulation in
EIF2AK3 autophagy and ERAD may contribute to
neuronal death in progressive
supranuclear palsy
Calcium CAMK2G, CREBI; TORCI and Inhibited CREBI; inhibited TORCI/  Calcium signalling dysregulation disrupts
signalling RPS6KA3, TORC2; NR4A2; 2; downregulated NR4A2; neuronal transcriptional responses,
NCSI PPARGCI; dopamine downregulated PPARGC; reduced exacerbating progressive supranuclear
receptor endocytic dopamine receptor endocytic palsy’s neurodegenerative process
activity activity
Dopaminergic COX8A Mitochondrial biogenesis Dysregulated biogenesis COXB8A dysfunction underpins
transcription compromised mitochondrial health,
critical for maintaining dopaminergic
neuron integrity in progressive
supranuclear palsy
PPARGCI SURFI, COX8A Mitochondrial transport Accelerated mitochondrial transport  SURFI overexpression, likely
activity compensatory, affects mitochondrial

dynamics, essential for preserving
neuronal health amidst progressive
supranuclear palsy pathology

Pathway categories (n = 5) overlapping between Parkinson’s disease versus controls and progressive supranuclear palsy versus control are shown. Column ‘dysregulated molecules’
refers to the target molecules within the dysregulated pathway(s) in the simulation. Column ‘simulated elements’ reflects on the broader impact at the cellular or system level
highlighting the elements that were simulated or affected due to the molecular dysregulation. Column ‘simulated behaviour’ describes the simulation of the consequent aberrant

behaviour or states induced by the pathway dysregulation(s).

significant dysregulation of the remaining 10 miRNAs due to
the age/sex itself, rather than the disease, since the meta-analysis
did not adjust the models for these confounders. Indeed (as
shown in Table 4), 5 out of all 13 study-wide significant
miRNAs were significantly associated with age and/or sex in
idiopathic Parkinson’s disease and/or controls. This observa-
tion underpins the important role of carefully adjusting for
the effect of age and sex in the miRNA expression analysis
and should be well accounted for in all future studies.

It has been suggested that pathologically distinct classes of
neurodegenerative disorders might converge at the molecu-
lar level in terms of pathophysiology, i.e. in terms of cause(s)
or consequence(s) of the neurodegeneration.”” In support of
the functional convergence, we identified four significantly
dysregulated miRNAs that overlap in direction between idio-
pathic Parkinson’s disease versus controls and progressive
supranuclear palsy versus controls (miR-197-3p, let-7d-3p,
miR-1225-5p and miR-505-3p, all four upregulated). From
the four overlapping dysregulated miRNAs in our data set,
we validated the upregulated let-7d-3p when compared to

a large meta-analysis of miRNAs across the studies for
Alzheimer’s disease focusing on the dysregulated miRNAs
with study-wide significance across meta-analysed studies.’®
Additionally, significantly upregulated #iR-505-3p in our
data set was previously identified in plasma of Parkinson’s
disease versus controls (detection method: TagMan
microarray)’’ and Alzheimer’s disease versus controls in
cerebrospinal  fluid (detection method: OpenArray
gqPCR).%® However, whether these overlapping miRNAs
are linked to a shared pathogenesis, or rather a common epi-
phenomenon linked to a secondary process, such as cell
death or neuroinflammation, remains to be elucidated. To
gain an insight into the molecular pathology of neurodegen-
eration in idiopathic Parkinson’s disease and progressive
supranuclear palsy, we performed an enriched pathway ana-
lysis mapping significantly dysregulated miRNAs and their
respective target genes. We identified dysregulated NK cell
pathway (dysregulated miR-197-3p) to be top ranked both
in idiopathic Parkinson’s disease versus controls and pro-
gressive supranuclear palsy versus controls. Ten to fifteen
per cent of all circulating lymphocytes are NK cells constitut-
ing an important part of the innate immune system acting
principally via perforin and granzyme to induce cell destruc-
tion, antibody-dependent cell cytotoxicity (ADCC) or by in-
ducing apoptosis.®! Of note, NK cells were demonstrated to
be increased in Parkinson’s disease versus controls®* and
showed an activated profile in early stages of Parkinson’s
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disease.®® These innate immunity cells have been shown to be
implicated in various aging-related diseases via modulation of
neuroinflammation and impaired immune homeostasis in the
CNS.°* In terms of Parkinson’s disease, NK cells were sug-
gested to have a protective role by facilitating the clearance of
a-Syn via lysosomal/endosomal degradation, supported by an
experimental depletion of NK cells that resulted in increased de-
generation of dopaminergic neurons in substantia nigra and
promoted neuroinflammation in the Parkinson’s disease mouse
models.® Equally, a recent study reported alterations in the im-
mune system profile including NK cells CD56" in pathological-
ly confirmed progressive supranuclear palsy patients.®® Though
the mechanistic understanding for the link between the NK cells
and neurodegeneration in Parkinson’s disease and progressive
supranuclear palsy remains elusive, our results provide for
the first time the evidence from miRNA analyses that the im-
mune system and escalated neuroinflammation are implicated
across distinct classes of neurodegenerative disorders. It further
corroborates the hypothesis that the immune system may dis-
play a more active and cytotoxic state as demonstrated in our
recent work on the role of T cells in early- to mid-stage
Parkinson’s disease patients.®”

We applied the PBM approach to simulate the effect of signifi-
cantly dysregulated miRNAs on the affected molecules and re-
lated pathways. Both in the idiopathic Parkinson’s disease and
progressive supranuclear palsy, we ascertained the dysfunction
of the TFEB leading to the lysosomal dysfunction and defective
autophagy, i.e. the functions essential for clearing of dysfunc-
tional proteins such as phosphorylated tau or a-Syn fibrils.*%”°
However, the mechanisms behind the lysosomal dysfunction
differed in PBM; whereas in idiopathic Parkinson’s disease,
the defective lysosomal acidification was the primary factor
(multiple ATP6V molecules involved; see Table 4), in progres-
sive supranuclear palsy, the lysosomal membrane formation
was disrupted (CLN3 involved). Our investigation highlighted
the pivotal role of ER stress signalling in maintaining cellular
integrity, especially under conditions of protein misfolding.
This response mechanism is critical in countering the neuro-
toxic effects of accumulated misfolded proteins, a common
feature in Parkinson’s disease and progressive supranuclear
palsy.”' Based on the PBM simulation of dysregulated
miRNAs, we observed more robust autophagic response in
progressive supranuclear palsy when compared to idiopathic
Parkinson’s disease, especially given the progressive supra-
nuclear palsy—specific perturbation involving ATG7,”* while
in idiopathic Parkinson’s disease the dysregulated miRNAs in-
volved different molecules like BECN1 and MAP3LC3B.
Interestingly, BECN1 was already suggested as a potential
therapeutic target in Parkinson’s disease.”

In terms of protein homeostasis, progressive supranuclear
palsy maintained a stable chaperone-mediated protein folding
process in the PBM simulation, whereas idiopathic
Parkinson’s disease showed an adaptive upregulation in
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response mechanisms, particularly through factors like SIRT1
and HSPB1. This adaptive response in Parkinson’s disease un-
derscores a potential therapeutic opportunity through modula-
tion of chaperone activity.”* Moreover, ERAD pathway was
found to be compromised in both idiopathic Parkinson’s dis-
ease and progressive supranuclear palsy. It exhibited a consist-
ent downregulation, particularly associated with SIGMART1.
This was accompanied by the downregulation of ATG7 and in-
creased activity of EI2FK3, exacerbating a potential ERAD
phenotype in progressive supranuclear palsy.”> Additionally,
the differential activity of PPARGCI1A in idiopathic
Parkinson’s disease and progressive supranuclear palsy might
be important to understanding their distinct mitochondrial bio-
genesis phenotypes. Enhanced PPARGC1A activity was linked
to an improved mitochondrial function and was proposed as a
therapeutic target, specifically in relation to SIRT3 regulation
of mitochondrial biogenesis in aging-related disorders.”®

In progressive supranuclear palsy, a potential involvement of
calcium signalling pathway was supported by the involvement
of arange of molecules shown in Table 5. Notably, we observed
an inhibition of CREB1 and TORC1 and 2, coupled with the
downregulation of NR4A2 and PPARGC1, and a reduction
in dopamine receptor endocytic activity. In the idiopathic
Parkinson’s disease simulation, the calcium signalling pathway
altered downstream CREB signalling, which could affect the
neuronal excitotoxicity as indicated in previous studies.”” ™"

In exploring the dopamine transcription pathways and their
impact on mitochondrial biogenesis, distinct responses were
observed in idiopathic Parkinson’s disease and progressive
supranuclear palsy. Progressive supranuclear palsy demon-
strated a robust mitochondrial biogenesis, potentially indica-
tive of an adaptive mechanism, as highlighted in previous
studies on the AMPK-PGC-la pathway.®* Furthermore,
PBM simulation was indicative for a reduced mitochondrial
biogenesis. Such observation is supported by research on the
critical role of mitochondrial biogenesis in dopamine neuron
survival, especially in conditions of PRKN or PINK1 defi-
ciency.®® Still focusing on the dopamine transcription path-
ways, we revealed the DOPA decarboxylase (DDC) to be
upregulated in idiopathic Parkinson’s disease. The crucial func-
tion of this protein centres around monoamine synthesis and
was found to be highly expressed in dopaminergic neurons in
S. nigra. Interestingly, DDC was identified as a top-hit in prote-
omic large-scale cross-cohort validation study using CSF of
prodromal Parkinson’s disease (i.e. iRBD) versus controls as
well as in CSF, plasma and urine in Parkinson’s disease versus
controls.®* In summary, we demonstrated the potential of 7 si-
lico modelling to unravel putative diagnostic or therapeutic tar-
gets using epigenetic markers such as miRNA.

In the view of an urgent need for diagnostic biomarkers that
would help to accurately discriminate between the
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neurodegenerative parkinsonism and healthy individuals as
well as between the distinct classes of parkinsonian disor-
ders, we inquired into the utility of miRNA(s) as diagnostic
biomarkers for Parkinson’s disease and progressive supra-
nuclear palsy. Based on our data set, we reached a compar-
able AUC to the previous study comparing idiopathic
Parkinson’s disease versus controls (model ‘HCvPD’ in
Fig. 3: AUC of 0.5/0.66/0.71 including at most 0/10/100
miRNAs versus AUC 0.705 using a panel of 5 brain-enriched
miRNAs reported by Ravanidis et al.'?). However, looking
closely at the models, we see that when we include the unpe-
nalized age and sex into the prediction model adding at most
0/10/100 miRNAs, the AUC was determined 0.72/0.73/
0.76. This means that the high AUC in the model idiopathic
Parkinson’s disease versus controls (‘HCvPD’) was mainly due
to the age and sex with eventually modest contribution of
miRNAs in the discrimination between the groups. Such a con-
sideration was crucial when comparing to former reports. As
demonstrated in a large meta-analysis by Guévremont®* focus-
ing on diagnostic accuracy across large number of studies, the
relatively high sensitivity and specificity (0.82 and 0.80, respect-
ively) of miRNAs subsets as diagnostic biomarkers in
Parkinson’s disease versus control might have been accounted
to an uneven distribution of sex in the data sets, heterogeneity
in ethnic origin of subjects or various diagnostic criteria for
Parkinson’s disease across the meta-analysed studies. Here,
we have addressed all the mentioned limitations by incorporat-
ing age and sex in the prediction models, having subjects over-
whelmingly of one ethnic origin (European ancestry) and
unified diagnostic criteria with monocentric recruitment of
the individuals in the study.

Subsequently, we investigated the prediction power between
progressive supranuclear palsy versus idiopathic Parkinson’s
disease and found it relatively low (AUC 0.5/0.54/0.56; and
when including unpenalized age and sex into the model,
AUC 0.63/0.61/0.62). However, we should also consider a po-
tential application of a putative biomarker in clinical practice.
Such a diagnostic biomarker would be mainly of essence in the
early stage of the progressive parkinsonism where differential
diagnosis between Parkinson’s disease and progressive supra-
nuclear palsy remains a challenge. Therefore, we stratified
the idiopathic Parkinson’s disease and progressive supra-
nuclear palsy group by defining an early disease stage as
< § years of disease duration since diagnosis and observed a
more accurate prediction in terms of AUC with at most
0/10/100 miRNA and unpenalized age and sex to 0.64/0.77/
0.75 (model ‘EPDVEPSP_adj’), a result comparable to that of
idiopathic Parkinson’s disease versus controls (see Fig. 3).

The controls in Luxembourg Parkinson’s Study were included
in the study in the absence of (i) evidence for a neurodegenera-
tive disorder; (ii) active cancer; and (iii) pregnancy. However,
other comorbidities (reported or even those not reported or
not known) might influence the miRNA profiles in all groups.
We addressed this fact by adjusting for effect of age and sex in
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the differential expression analysis and in the prediction mod-
els, but we acknowledge that the frequencies of comorbidities
might follow a non-linear trajectory to the age and sex.
Next, we acknowledge that employing the microarray for
miRNA detection is less performant compared to other existing
detection methods, i.e. RNA sequencing (RNA-seq). Though
acknowledging a potential bias in miRNA detection in this
study, our previous collaborative work on miRNA using micro-
array and RNA-seq in >1.000 and >5.000 blood samples from
the Luxembourg Parkinson’s Study and Parkinson’s
Progression Markers Initiative (PPMI) showed a very high con-
cordance of significantly dysregulated miRNAs in Parkinson’s
disease versus controls.*> Hence, we argue that we can largely
substantiate our findings presented in this study given the previ-
ous replication of the miRNA profiles in Luxembourg
Parkinson’s Study to PPMI by two independent methods, espe-
cially when considering that we address other very important
limitations in previous studies on miRNA in Parkinson’s dis-
ease and related disorders (very comprehensive genetic screen-
ing, exclusion of blood relatives, universally homogeneous
ancestry and large sample sizes for all investigated groups).
Furthermore, we observed a higher proportion of family
history of Parkinson’s disease or dementia in control group
versus idiopathic Parkinson’s disease (27 and 31% versus
25 and 22%, respectively). We explain this phenomenon by
the observation that controls supporting research were prone
to do so due to the experience with the neurodegenerative dis-
orders in their families and/or are accompanying the patients
to the research clinic and joining the study. This limitation
was partially addressed by excluding all first—third-degree
blood relatives and all Parkinson’s disease-linked mutation
carriers identified after a comprehensive genetic screening.
Finally, it is important to stress that the results of the
PBM-based simulation refer to the in silico modelling, and
our results warrant further validation in functional studies.

Conclusion

Based on our results, we cannot confirm that miRNA panels de-
tected via microarray alone are useful diagnostic biomarkers in
idiopathic Parkinson’s disease and progressive supranuclear
palsy given the low-to-modest contribution in predictive power
of miRNAs. In contrast, our differential expression analysis of
miRNAs and the subsequent dysregulated miRNA pathway
mapping have provided an insight into the pathophysiological
processes manifested during the disease course of idiopathic
Parkinson’s disease and progressive supranuclear palsy high-
lighting a potential implication of immune system in terms of
NK cells. Furthermore, we endeavoured to focus on replication
of the previously reported dysregulated miRNAs using a large
reference meta-analysis rather than ad hoc comparisons to
the previous underpowered studies. With this approach, we re-
plicated three robustly reported dysregulated miRNAs
(miR-141-3p, miR-451a and miR-185-5p) that might warrant
further investigations in their role in the pathogenesis and pro-
gression of Parkinson’s disease. Finally, we identified significant



16 | BRAIN COMMUNICATIONS 2024, fcae|87

overlapping miRNAs between idiopathic Parkinson’s disease
and progressive supranuclear palsy in comparison to controls
that might point to a partially converging nature of patho-
physiological processes across distinct classes of neurodegen-
erative disorders. To further support our hypothesis, we
applied the PBM in the Parkinson’s disease map to mechanistic-
ally understand the effect of dysregulated miRNAs on the mo-
lecular level, and with this approach, we demonstrated partially
convergent end-point dysfunction in Parkinson’s disease and
progressive supranuclear palsy at the cellular level, though the
overlap in end-point dysfunction differed in the dysregulated
molecules and genes involved. To conclude, these iz silico in-
sights might well serve and instruct the development of the fu-
ture tailored therapies for Parkinson’s disease and progressive
supranuclear palsy.

Supplementary material

Supplementary material is available at Brain Communications
online.
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