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Common signatures of differential microRNA
expression in Parkinson’s and Alzheimer’s
disease brains

Valerija Dobr'icic,I Marcel Schilling,I lldiko Farkas,2 Djordje O. Gveric,2 Olena Ohlei,I
Jessica Schulz,' Lefkos Middleton,** Steve M. Gentleman,® Laura Parkkinen,®
(®Lars Bertram'” and Christina M. Lill'*®

Dysregulation of microRNA gene expression has been implicated in many neurodegenerative diseases, including Parkinson’s disease.
However, the individual dysregulated microRNAs remain largely unknown. Previous meta-analyses have highlighted several
microRNAs being differentially expressed in post-mortem Parkinson’s disease and Alzheimer’s disease brains versus controls, but
they were based on small sample sizes. In this study, we quantified the expression of the most compelling Parkinson’s and
Alzheimer’s disease microRNAs from these meta-analyses (‘candidate miRNAs’) in one of the largest Parkinson’s/Alzheimer’s disease
case—control post-mortem brain collections available (2=451), thereby quadruplicating previously investigated sample sizes.
Parkinson’s disease candidate microRNA hsa-miR-132-3p was differentially expressed in our Parkinson’s (P=4.89E-06) and
Alzheimer’s disease samples (P =3.20E—24) compared with controls. Alzheimer’s disease candidate microRNAs hsa-miR-132-5p
(P=4.52E-06) and hsa-miR-129-5p (P =0.0379) were differentially expressed in our Parkinson’s disease samples. Combining these
novel data with previously published data substantially improved the statistical support (0. =3.85E—03) of the corresponding meta-
analyses, clearly implicating these microRNAs in both Parkinson’s and Alzheimer’s disease. Furthermore, hsa-miR-132-3p/-5p (but
not hsa-miR-129-5p) showed association with a-synuclein neuropathological Braak staging (P =3.51E—03/P=0.0117), suggesting
that hsa-miR-132-3p/-5p play a role in a-synuclein aggregation beyond the early disease phase. Our study represents the largest in-
dependent assessment of recently highlighted candidate microRNAs in Parkinson’s and Alzheimer’s disease brains, to date. Our re-
sults implicate hsa-miR-132-3p/-5Sp and hsa-miR-129-5p to be differentially expressed in both Parkinson’s and Alzheimer’s disease,
pinpointing shared pathogenic mechanisms across these neurodegenerative diseases. Intriguingly, based on publicly available high-
throughput sequencing of RNA isolated by cross-linking immunoprecipitation data, hsa-miR-132 may interact with SNCA messenger
RNA in the human brain, possibly pinpointing novel therapeutic approaches in fighting Parkinson’s disease.
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GLM =generalized linear model; HITS-CLIP = high-throughput sequencing of RNA isolated by cross-linking
immunoprecipitation; IQR =interquartile range; miRNA = microRNA; N =number; PMI = post-mortem interval; QC = quality
control; RIN =RNA integrity number; SE = standard error; STG = superior temporal gyrus
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Introduction

Parkinson’s disease is—after Alzheimer’s disease—the se-
cond most common neurodegenerative disorder affecting
1-2% of the general population over the age of 60 years
with increasing incidences in industrialized populations.'*
Currently, there is no curative or preventive therapy avail-
able for Parkinson’s disease, which is in part attributable
to our lack of understanding its aetiology. More than 90%
of the disease is genetically complex, i.e. it is determined by
a combination and likely interaction of multiple genetic, en-
vironmental, lifestyle and other intrinsic risk factors.> While
genome-wide association studies (GWASs) have identified
~90 independent genetic risk variants in Parkinson’s disease*
and several environmental and lifestyle variables have been
described as being associated with Parkinson’s disease,” a
substantial fraction of the disease variance remains unex-
plained. In this context—as for other neurodegenerative dis-
eases—epigenetic mechanisms have been suggested to play a
significant role in the molecular architecture of Parkinson’s
disease. One proposed mechanism is the action of
microRNAs (miRNAs) (reviewed in e.g. ref.®). MiRNAs
are small non-coding RNAs that bind to messenger RNAs

Relatve quantity (PD cases vs. control)
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Sample status: [ controls BH cases

AD — Alzheimer's disease
PD - Parkinson's disease

(mRNAs) and thereby inhibit their translation into pro-
teins.” However, despite an increasing amount of data pub-
lished on the possible role of miRNAs in Parkinson’s
disease pathogenesis (reviewed in ref.>”), the interpretation
of the individual findings has often been impeded by incon-
clusive or even discrepant results across studies. This can at
least partly be attributed to the use of small sample sizes, '’
which is of particular relevance in expression studies of post-
mortem brain samples due to the paucity of available bioma-
terial. In order to identify miRNAs of potential relevance in
Parkinson’s disease, our group recently performed systemat-
ic meta-analyses on all published miRNA gene expression
studies comparing post-mortem brains of Parkinson’s dis-
ease patients with control individuals; four miRNAs (i.e.
hsa-miR-132-3p, -497-5p, -133b, -628-5p) showed signifi-
cant evidence for differential miRNA expression changes in
Parkinson’s disease versus controls.'® Despite having merged
all available data in the field, the sample sizes for
the meta-analyses still remained comparatively small [median
n =88 derived from a median of three data sets, interquartile
range (IQR): 87-98]. Similar observations were made in
Alzheimer’s  disease, where we performed similar
meta-analyses across all published differential miRNA
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expression studies'' with a median #=42.5 derived from a
median of three data sets (IQR: 23-85)."" We recently per-
formed an independent validation study in Alzheimer’s dis-
ease brain tissue, in which we confirmed differential
expression for four out of six candidate miRNAs
(miR-129-5p, miR-132-5p, miR-138-5p and miR-195-5p)."'?

In order to independently assess the role of the four candi-
date miRNAs in Parkinson’s disease mentioned above, we in-
vestigated their expression in 261 post-mortem brain samples
including 214 Parkinson’s disease patients and 47 controls,
thereby effectively quadruplicating previously investigated
sample sizes. Furthermore, we assessed common signatures
of differential miRNA expression across neurodegenerative
diseases by investigating the same four miRNAs in post-
mortem brain samples of 190 Alzheimer’s disease patients
and controls and by assessing expressional changes of six of
the most promising Alzheimer’s disease miRNAs'' in
Parkinson’s disease brain samples (Fig. 1). In addition, we as-
sessed the association of differentially expressed miRNAs
with neuropathological Braak staging in Parkinson’s disease
brains.

Materials and methods

To investigate differential miRNA gene expression in
Parkinson’s disease and Alzheimer’s disease brains, we
used superior temporal gyrus (STG) sections for this study
because this brain region has been identified as one of the first
common regions to be affected in Parkinson’s disease'® and
Alzheimer’s disease.'® All Parkinson’s disease/Alzheimer’s
disease/control brain samples available at the time of the
study were included. For Parkinson’s disease, snap-frozen
STG sections (Brodmann area BA21) of 235 deceased pa-
tients with a clinical and neuropathologically confirmed
diagnosis of Parkinson’s disease and 47 controls were pro-
vided by the Parkinson’s UK Brain Bank at Imperial
College London. Staging of a-synuclein and tau pathology
was conducted according to the BrainNet Europe
Consortium criteria.'>'® The presence and distribution of
a-synuclein and tau deposits were assessed using immunobhis-
tochemistry, with antibodies specific for a-synuclein (mouse
anti-a-synuclein, BD Transduction Laboratories, Franklin
Lakes, NJ, USA) and hyperphosphorylated tau (ATS,
Invitrogen, Waltham, MA, USA). For Alzheimer’s disease,
we used the same snap-frozen STG sections (Brodmann
area BA21) of 99 Alzheimer’s disease patients and 91 elderly
control individuals provided by the Oxford Brain Bank that
were analysed in our previous validation study (see ref.'?). In
brief, Alzheimer’s disease patients and controls were part of
the longitudinal, prospective Oxford Project to Investigate
Memory and Aging (OPTIMA) and underwent a standard
battery of clinical and neuropsychological tests.!” The
pathological diagnosis of Alzheimer’s disease was made
using the CERAD/NIH criteria and Braak Alzheimer’s

BRAIN COMMUNICATIONS 2022: Page 3of I1 | 3

disease staging.'®2° All participants had given prior written
informed consent for the brain donation. The tissue bank ac-
tivities of the Parkinson’s UK Brain Bank were approved by
the Ethics Committee for Wales (ref 18/WA/0238), and the
Oxford Brain Bank activities were approved by the Ethics
Committee of the University of Oxford (ref 15/SC/0639).

Total RNA (containing miRNAs and other remaining
RNAs) was extracted from brain tissue in one sample using
the mirVana isolation kit (Thermo Fisher Scientific,
Waltham, MA, USA) following the manufacturer’s instruc-
tions without changes to the protocol. This allowed us to
quantify RNA integrity numbers (RINs) (see below) in the
total RNA samples used for miRNA quantification (measur-
ing RIN in miRNA-enriched RNA fractions is not possible)
and to utilize TagMan Advanced miRNA Assays, which
are optimized for the input of total RNA. For each extrac-
tion, we used 25 mg of snap-frozen tissue. In order to minim-
ize potential batch effects, patients and controls were
randomly mixed before each extraction procedure.
Residual DNA in the RNA samples was removed using
DNase (TURBO DNA-free kit, Thermo Fisher Scientific).
RNA quantity was assessed using NanoDrop 2000
(Thermo Fisher Scientific), and RNA quality was assessed
by determining RIN using the Agilent 2100 Bioanalyzer sys-
tem with the Agilent RNA 6000 Nano Chip Kit (Agilent
Technologies, Santa Clara, CA, USA).

Reverse transcription reactions were performed on 10 ng
of total RNA using the TagMan Advanced miRNA ¢cDNA
Synthesis Kit (Thermo Fisher Scientific), as per the manufac-
turer’s instructions without changes to the protocol. In the
Parkinson’s disease case—control brain samples we quanti-
fied a total of 10 miRNAs: these included all 4 miRNAs
showing significant differential expression in brain tissue of
Parkinson’s disease patients and controls in our recent
meta-analysis,'’ i.e. hsa-miR-132-3p (MIMAT0000426),
hsa-miR-497-5p  (MIMAT0002820), hsa-miR-628-5p
(MIMATO0004809) and hsa-miR-133b (MIMATO0000770).
In addition, we quantified the six most compelling
miRNAs from our recent meta-analyses of differential
miRNA expression studies in Alzheimer’s disease,'" which
were also assessed in Alzheimer’s disease brain tissue in
our recent validation study.'” Specifically, we selected
miRNAs that were among the top 10 most significantly asso-
ciated miRNAs in Alzheimer’s disease brains in that study'!
and, in addition, showed little between-study heterogeneity
(i.e. >80% of the datasets showed the same direction of ef-
fect): hsa-miR-125b-5p (MIMAT0000423), hsa-miR-501-
3p (MIMATO0004774), hsa-miR-132-5p (MIMAT0004594),
hsa-miR-138-5p (MIMAT0000430), hsa-miR-195-5p (MIM
AT0000461) and hsa-miR-129-5p (MIMAT0000242).
Furthermore, in the Alzheimer’s disease case—control brain
samples, we assessed the expression of the four Parkinson’s
disease miRNAs from our previous study'® (listed above).
As endogenous controls, alongside all samples, we used hsa-
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Figure | Overview of the study design. PD, Parkinson’s disease; AD, Alzheimer’s disease.

miR-423-5p (suggested as endogenous control by Thermo
Fisher, Inc.) for Parkinson’s disease and hsa-miR-423-5p
and hsa-let-7b-5p for Alzheimer’s disease. All assays were
run in a pre-spotted 384-well format on a QuantStudio-
12K-Flex system (Thermo Fisher Scientific). Samples were
measured in triplicate. Raw data analysis was performed using
the ExpressionSuite Software v1.2 (Thermo Fisher Scientific).
Samples for which either the endogenous control assay
(n=10) or >4 target miRNA assays failed (n=11) were
excluded from all subsequent analyses. In addition, for
the samples passing sample quality control (QC) (214
Parkinson’s disease patients, 47 controls; 99 Alzheimer’s dis-
ease patients, 91 controls) individual assays with differences
in C; value (AC;) > 0.5 across the triplicate measurements
were excluded. Samples not passing QC or with otherwise
missing data were excluded. The exact number of samples
for each assay included in all subsequent statistical analyses
is given in Table 1.

Comparisons of age, post-mortem intervals (PMIs), RIN va-
lues and RNA absorbances between patients and control
samples were performed by Welch’s #-test, and, in case of
non-normality, by Wilcoxon rank-sum test, and the

comparison of sex distributions was compared by the x* test
using R (https:/www.R-project.org/). Differential gene ex-
pression analysis was performed by (independently) fitting a
(Gaussian) generalized linear model (GLM) to predict each
candidate miRNA expression (measured by qPCR AC;; scaled
and centred) from disease status (case versus control) and po-
tential confounding factors [RIN, age at death, PMI (all scaled
and centred) and sex]. Significance was assessed by testing
against the null hypothesis that the disease status does not
contribute (i.e. zero-weight) to the model (two-sided z-test).
The Type 1 error rate was set to o.=0.05 for this validation
approach (see below for our conservative multiple testing
correction of the corresponding meta-analyses).

Furthermore, we utilized Parkinson’s disease cases to train
GLMs predicting gene expression of the top miRNAs
hsa-miR-132-3p/-5p and hsa-miR-129-5p based on
a-synuclein and tau Braak staging (see above) as continuous
(scaled and centred) separate outcomes. Covariate adjustments
were identical to the case versus control analyses. While we per-
formed six tests in this arm of the study (testing a-synuclein and
tau Braak staging for three miRNAs each), we note that levels
for hsa-miR-132-3p and hsa-miR-132-5p are highly correlated
(Pearson’s r=0.93, P=2.2E—16). Thus, the Type 1 error rate
for this arm of the study was set to a=0.05/4=0.0125 using
Bonferroni correction for four independent tests.
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0.05) differential expression results. SE, standard error; N, number.

and 91 controls, respectively. P-values displayed in bold highlight nominally significant («
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We assessed the overall evidence for differential expression
of the 10 Parkinson’s disease and Alzheimer’s disease can-
didate miRNAs in Parkinson’s disease brains by updating
our earlier meta-analyses.'” To this end, we included the
data on these 10 miRNAs reported in the previous study, '’
the molecular data generated in our current study and
other recently published data. For the literature update,
we applied the exact same methodology as described previ-
ously'® and included all studies published until 1
December 2021. Similarly, the meta-analyses performed
in Alzheimer’s disease for the four Parkinson’s disease can-
didate miRNAs'" were updated using the same approach
by building on the original meta-analysis data by
Takousis et al."!

To correct for multiple testing we used Bonferroni’s meth-
od and adjusted for 13 independent tests: 10 miRNAs were
tested for Parkinson’s disease (nine of which were independ-
ent, see above), and four uncorrelated miRNAs were tested
for Alzheimer’s disease, resulting in a two-sided study-wide
0=0.05/13=3.85E-03 for the meta-analysis results. In
addition, we pre-defined the requirement that a miRNA
was to be considered as associated with Parkinson’s disease
and Alzheimer’s disease, respectively, only if it passed the
study-wide Type 1 error rate of a two-sided a=3.85E-03
in the meta-analyses and if statistical significance improved
in the meta-analysis combining previously published and
newly generated data in comparison to the results described
in Schulz et al.'° or Takousis et al.,'" respectively.

Results

The effective data set analysed in this study comprised post-
mortem STG brain samples of 214 patients and 47 controls
for Parkinson’s disease (Supplementary Table S1) and of 99
patients and 91 controls for Alzheimer’s disease
(Supplementary Table S2). The age at death, sex distribution
and PMI until the collection of brain samples did not show
significant differences between Parkinson’s disease patients
and controls. For Alzheimer’s disease samples, there was a
nominally significant difference in the age-at-death distribu-
tion and significant associations of RIN and RNA absorb-
ance values with disease status (Supplementary Table S2).
However, a comparison of raw expression data in the
Alzheimer’s disease data set showed that the distribution of
C, values was similar for samples with lower (RIN < 5) ver-
sus higher RIN values (RIN>35) suggesting that sample
quality has not substantially impacted our results
(Supplementary Fig. S1). To adjust for potential residual
confounding due to these variables we included them as cov-
ariates in the linear regression model for both Parkinson’s
disease and Alzheimer’s disease (see below).


http://academic.oup.com/braincomms/article-lookup/doi/10.1093/braincomms/fcac274#supplementary-data
http://academic.oup.com/braincomms/article-lookup/doi/10.1093/braincomms/fcac274#supplementary-data
http://academic.oup.com/braincomms/article-lookup/doi/10.1093/braincomms/fcac274#supplementary-data
http://academic.oup.com/braincomms/article-lookup/doi/10.1093/braincomms/fcac274#supplementary-data
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Quantification of the four Parkinson’s disease candidate
miRNAs confirmed that hsa-miR-132-3p was strongly and sig-
nificantly downregulated in our large independent collection
of Parkinson’s disease brain samples compared with controls
(P=4.89E-06; Table 1, Fig. 2A). The other three miRNAs
(hsa-miR-133b, miRNAs hsa-miR-497-5p and hsa-miR-
628-5p) did not show evidence for differential expression in
Parkinson’s disease (Table 1, Fig. 2A). Assessment of these
four Parkinson’s disease candidate miRNAs in our
Alzheimer’s disease dataset revealed that hsa-miR-132-3p
was strongly downregulated not only in Parkinson’s disease
but also in Alzheimer’s disease (P = 3.20E—24; Fig. 2B). The re-
maining three Parkinson’s disease candidate miRNAs did not
show significant differential expression in Alzheimer’s disease
samples, either, similar to our observation in Parkinson’s dis-
ease samples (Table 1, Fig. 2B).

To further investigate cross-disease miRNA expression
changes, we also quantified the six previously described
Alzheimer’s disease candidate miRNAs in our Parkinson’s dis-
ease data set. These analyses revealed that hsa-miR-132-5p
was significantly downregulated in Parkinson’s disease brains
compared with controls (P=4.52E-06, Table 2, Fig. 2C).
Further analyses showed that this miRNA was highly corre-
lated with hsa-miRNA-132-3p in our data (Pearson’s r=
0.93, P=2.2E—-16, also see Materials and methods). In add-
ition, the Alzheimer’s disease candidate miRNA miR-129-5p
showed evidence for significant downregulation in
Parkinson’s disease samples (P=0.0379). None of the other
four Alzheimer’s disease candidate miRNAs (hsa-miR-
125b-5p, hsa-miR-138-5p, hsa-miR-195-5p and hsa-miR-
501-3p) showed statistically significant differential expression
in Parkinson’s disease data set.

To assess whether differential  expression of
hsa-miR-132-3p/5p and/or hsa-miR-129-5p may be
mediated by disease risk variants (acting in cis on
hsa-miR-132-3p/5p and/or hsa-miR-129-5p expression),
we consulted the most recent and largest Parkinson’s dis-
ease” and Alzheimer’s disease® GWAS: none of these studies
directly reported MIR129-1, MIR129-2, or MIR132 as
risk genes.**! However, one of the genome-wide significantly
(a=5%x107%) associated Parkinson’s disease risk SNPs
(rs35048651) is located ~322 kb upstream from MIR132
raising the possibility that this SNP may act as a miRNA
eQTL. While we did not have genotype data for
rs35048651, we were able to analyse a proxy variant in per-
fect linkage disequilibrium (i.e. rs4790286, #*=1.0 to
rs35048651). Using this variant as a predictor in eQTL ana-
lyses did not support the hypothesis that this Parkinson’s dis-
ease GWAS signal relates to the expression of
hsa-miR-132-3p/5p in 85 post-mortem human control
brains from Oxford (P=0.490/P =0.360; Schilling et al.,
in preparation). Thus, we did not find strong evidence for
miRNA eQTL effects that could explain the differential
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miRNA  expression of hsa-miR-132-3p/5p  and/or
hsa-miR-129-5p observed in this study. However, this risk
SNP also represents an inframe deletion variant of a trinu-
cleotide Glutamine repeat in WDR81, which may represent
a better candidate gene.

To assess the overall evidence for differential expression of
the 10 Parkinson’s disease and Alzheimer’s disease candidate
miRNAs tested in Parkinson’s disease in this study, we added
our novel molecular results to the meta-analyses of our pre-
vious systematic review,'’ resulting in a substantial increase
of the sample sizes available for the respective miRNAs, by
~4-fold on average. At the same time, we added the results
from two new smaller studies,”**> which were published
since our initial data freeze. This increase in available data al-
lowed us to meta-analyse two Alzheimer’s disease candidate
miRNAs (hsa-miR-132-5p and hsa-miR-195-5p), for the
first time in Parkinson’s disease (Table 3). Previously, these
two miRNAs lacked sufficient data for meta-analysis. "’

The updated meta-analyses showed that hsa-miR-132-3p is
significantly differentially expressed in Parkinson’s disease
(Table 3). The statistical support of this association is much
stronger now than in our previous study (P =6.46E—09 com-
pared with P=6.37E—05, respectively, Table 3). Second, as
expected, the remaining three Parkinson’s disease candidate
miRNAs, which were not validated in our novel Parkinson’s
disease brain data set, no longer reached study-wide signifi-
cance (a=3.85E-03) in the updated meta-analyses
(Table 3). Third, meta-analyses of the six Alzheimer’s disease
candidate miRNAs revealed novel and study-wide significant
differential expression for hsa-mir-132-5p (P =1.09E-09)
and for hsa-mir-129-5p in Parkinson’s disease brains (P =
3.30E—04, Table 3). Finally, we observed study-wide signifi-
cant differential expression of hsa-miR-132-3p in
Alzheimer’s disease brain samples (1.69E—17 compared
with P=0.03 in the previous meta-analysis)'' but not of the
three other Parkinson’s disease candidate miRNAs
(hsa-miR-133b, hsa-miR-497-5p and hsa-miR-628-5p;
Table 4).

To gauge at which phase in the disease trajectory the two new
Parkinson’s disease-linked miRNAs hsa-miR-132-3p/-5p and
hsa-miR-129-5p show the strongest degree of differential ex-
pression, we assessed their association with a-synuclein and
tau Braak staging in the brains of Parkinson’s disease patients
(for the distribution of Braak and tau staging in the
Parkinson’s disease brains, see Supplementary Table S1).


http://academic.oup.com/braincomms/article-lookup/doi/10.1093/braincomms/fcac274#supplementary-data
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Figure 2 Expression of candidate miRNAs in brain samples of Parkinson’s disease and Alzheimer’s disease patients versus
controls and dependent on the neuropathological a-synuclein and tau Braak staging. This box and whisker plots display the relative
quantity of Parkinson’s disease candidate miRNAs in post-mortem brain samples of the STG of 214 Parkinson’s disease patients versus 47 controls
(A), the relative quantity of Parkinson’s disease candidate miRNAs in post-mortem brain samples of 99 Alzheimer’s disease patients versus 9|
controls (B), and the relative quantity of Alzheimer’s disease candidate miRNAs in post-mortem brain samples of the STG of 214 Parkinson’s
disease patients versus 47 controls (C). Differential gene expression was analysed using a GLM adjusting for RIN, age at death, PMIs and sex. The
relative quantity of miRNA expression was calculated using the AAC, method; diamonds represent the mean expression (cases relative to
controls) based on the AAC, method (relative quantity = 2(~(dCcases=dCieontrols))) ‘Horizontal lines represent median values of the corresponding
sample-specific values (individual dC, values normalized to the mean of the control samples), boxes represent IQRs and whiskers extend to the
maximum observed value within 1.5 x the IQR; values outside this range but below the dashed line are depicted as dots. Outliers exceeding the
dashed line are not shown (for scaling purposes) but counted and indicated by the numbers in the triangles. The box notches indicate the
corresponding 95% confidence intervals (Cls). *Nominally statistically significant difference (a.=0.05). (D) This plot displays the gene expression
of hsa-miR-132-3p and hsa-miR-132-5p normalized to endogenous control assay (dC,) dependent on o-synuclein and tau Braak staging in
post-mortem brain samples of 213 Parkinson’s disease patients utilizing a GLM adjusting for RIN, age at death, PMIs and sex. Horizontal lines
indicate the mean of the group.

Interestingly, hsa-miR-132-3p/-5p expression showed statis-
tically significant association (a=0.0125) with a-synuclein
staging (P=3.51E—03 for hsa-miR-132-3p, P=0.0117 for
hsa-miR-132-5p) but no or only nominally statistically signifi-
cant association with tau staging (P=0.119 and P=0.0235,
respectively; Fig. 2D, Supplementary Table S3). In contrast,
hsa-miR-129-5p did not show a significant association with
either neuropathological staging parameter (Supplementary

Table S3).

Discussion

Our study represents the first independent assessment of 10
miRNAs showing prior evidence of differential expression in
post-mortem brain samples in previous work from our group
for Parkinson’s disease'® and Alzheimer’s disease.'' To this
end, we collected and analysed one of the largest case—control
collections of Parkinson’s disease and Alzheimer’s disease post-
mortem brain samples (total 7=458) available in the field. To


http://academic.oup.com/braincomms/article-lookup/doi/10.1093/braincomms/fcac274#supplementary-data
http://academic.oup.com/braincomms/article-lookup/doi/10.1093/braincomms/fcac274#supplementary-data
http://academic.oup.com/braincomms/article-lookup/doi/10.1093/braincomms/fcac274#supplementary-data
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Table 2 Differential expression analysis of Alzheimer’s disease candidate miRNAs in brain samples of Parkinson’s

disease patients and controls

Alzheimer’s disease candidate Relative quantity

N (Parkinson’s disease cases,

miRNA (95% ClI) Effect size (+SE) P-value controls)

hsa-miR-125b-5p 1.021 (0.975, 1.069) 0.0309 (+0.155) 0.842 244 (200, 44)
hsa-miR-501-3p 0.880 (0.806, 0.960) —0.186 (+0.183) 0.312 197 (162, 35)
hsa-miR-132-5p 0.659 (0.609, 0.714) —0.705 (+0.15) 4.52E-06 255 (209, 46)
hsa-miR-138-5p 1.014 (0.971, 1.059) 0.0474 (+0.161) 0.769 254 (208, 46)
hsa-miR-195-5p 1.003 (0.871, 1.155) —0.0875 (+0.152) 0.565 244 (198, 46)
hsa-miR-129-5p 0.868 (0.821, 0.917) —0.333 (0.159) 0.0379 249 (203, 46)

This table displays the statistical results of the differential gene expression analyses of Alzheimer’s disease candidate miRNAs in post-mortem brain samples of 214 Parkinson’s disease
patients and 47 controls. P-values displayed in bold highlight nominally significant (o= 0.05) differential expression results. SE, standard error; N, number.

our knowledge, our study is the first to highlight a significant
downregulation of the Alzheimer’s disease candidate miRNA
hsa-miR-129-5p in Parkinson’s disease brains compared with
controls. As such, it is also the first to describe the shared signa-
ture of hsa-miR-129-5p expression in Parkinson’s disease and
Alzheimer’s disease. In addition, for hsa-miR-132-3p/-5p—
where we drastically increased the sample size of analysed
Parkinson’s disease brain samples—we can now, for the first
time, reliably conclude that hsa-miR-132-3p/-5p is not only
downregulated in Alzheimer’s disease but also in Parkinson’s
disease brains (for details on the published literature of these
miRNAs in Parkinson’s disease, see Supplementary Note).
Furthermore, to the best of our knowledge, our study is the first
to assess the association of hsa-miR-132-3p/-5p and
hsa-miR-129-5p brain expression with respect to Parkinson’s
disease neuropathology. These analyses showed that
hsa-miR-132-3p/-5p (but not miR-129-5p) is significantly asso-
ciated with a-synuclein Braak staging in Parkinson’s disease
cases, suggesting that this miRNA may play a role in
a-synuclein aggregation. These findings provide the basis for fu-
ture in vivo or in vitro work on the role of hsa-miR-132-3p/-5p
and hsa-miR-129-5p in Parkinson’s disease. Intriguingly,
hsa-miR-132 may bind to SNCA mRNA as evidenced by
publicly available next-generation sequencing-based high-
throughput sequencing of RNA isolated by cross-linking immu-
noprecipitation data in the human brain.** Further functional
studies focusing on miR-132-3p/-5p and miR-129-5p need to
elucidate the underlying Parkinson’s disease pathomechanisms
while also considering possibly shared pathomechanisms with
Alzheimer’s disease (also see Supplementary Note for previous
knowledge on hsa-miR-132-3p/-5p and miR-129-5p).

The remaining seven miRNAs were either significantly dys-
regulated only in Alzheimer’s disease (hsa-miR-138-5p and
hsa-miR-195-5p)'? or did not show differential expression
in neither Parkinson’s disease nor Alzheimer’s disease brain
tissue in our dataset (hsa-miR-133b, hsa-miR-497-5p,
hsa-miR-628-5p, hsa-miR-125b-5p and hsa-miR-501-3p)."*

There are several potential limitations in our study. First,
while our data set represents one of the largest collection of
post-mortem case—control brain samples in Parkinson’s dis-
ease, our sample size may still be underpowered to detect
subtle differences in miRNA expression. As a result, some
of the non-validations of the candidate miRNAs assessed

in this study may represent false-negative findings. Second,
similar to almost all other recent gene expression studies in
the field, we used bulk tissue to quantify miRNA expression.
Thus, the reported differential miRNA expression results
may at least in part be the result of differences in cell-type
composition of our sample rather than a bona fide downre-
gulation of the miRNA on a cellular level. This limitation
might become addressable by using single-cell/-nucleus se-
quencing, which was beyond the scope of this work. Third,
compared with hsa-miR-132-3p, hsa-miR-132-5p has a ra-
ther low expression level in all tissues, based on expression
data in the Human miRNA tissue atlas (https:/ccb-web.cs.
uni-saarland.de/tissueatlas). Whether this reflects a more
limited pathophysiological role in Alzheimer’s disease and
Parkinson’s disease remains to be investigated in further
studies. Fourth, due to the origin of Parkinson’s disease
and Alzheimer’s disease samples and corresponding controls
that were recruited and contributed by two different centres
in the UK, we could not directly compare the miRNA expres-
sion between the two diseases. For instance, miR-132-3p ex-
pression results (Table 1) suggest that the expression of this
miRNA is lower in Alzheimer’s disease compared with
Parkinson’s disease brains, but this may also be due to vari-
ous other reasons, including differences in case ascertain-
ment and sample handling between centres and/or different
neuropathological stages. Therefore, it was not possible to
probe for potential differences between the two diseases in
the context of our study. For the same reason, it was not pos-
sible to pool the control samples of the two centres as they
would have been compared against disease samples from
only one centre. Lastly, as our study compared gene
expression in post-mortem tissue of diseased individuals
and unaffected controls, we cannot reliably distinguish
cause—effect relationships regarding the role of
hsa-miR-132-3p/-5p and hsa-miR-129-5p in Parkinson’s
disease (or Alzheimer’s disease). Interestingly, the analyses
using neuropathological a-synuclein Braak staging in
Parkinson’s disease cases suggest that hsa-miR-132-3p/-5p
may play a role in the progressive accumulation of
a-synuclein along the disease course, beyond the initial dis-
ease stages. However, this does not exclude its involvement
in pathomechanisms in early disease phases. In contrast,
miRNA hsa-miR-129-5p did not show a significant


http://academic.oup.com/braincomms/article-lookup/doi/10.1093/braincomms/fcac274#supplementary-data
http://academic.oup.com/braincomms/article-lookup/doi/10.1093/braincomms/fcac274#supplementary-data
https://ccb-web.cs.uni-saarland.de/tissueatlas
https://ccb-web.cs.uni-saarland.de/tissueatlas

)

Page 9 of I

BRAIN COMMUNICATIONS 2022

miRNAs in Parkinson’s and Alzheimer’s brains

*Apnas siya ul pasAjeue A|mau so|dwies uleaq Sy3 WO.y 3 NS UONBIDOSSYY,, “Jaquinu ‘N ‘uolssaudxa
‘adx3 "sisAjeue-e3aw snoiaa.id ay3 03 uostiedwod ul duedyiuBis Ul paaocaduil osfe 3eya (£0—3S8°E =) SINSaJ sisA[eue-eaaw Juedyiudis apim-Apnas 3y1y3iy pjoq ul pakedsip sanjeA-4 ((SPOYISW pUe S[eLI9Ie|y 995 S|IeISp J0j) APNIs SIY3 Ul paietauss
Aimau asoys pue paysijqnd Aimau asoys se [am se | “Ip 12 Zinydg 4q paysijqnd erep uoissa.dxa suad ||e Suluiquiod Aq palesauad aUam sasA|eue-e1a)y “APNls JUS.LIND UNO Ul PAsSISSE SN Y!W 23epIpued (1ied Jamo)) aseasip s Jawidyz|y Xis pue (1.red
Jaddn) aseasip s ,uosupjed N0y 33 10} $|0J3U0D pue sudled 9SEaSIP S,UosuD|Ied JO sa|dwes ureq waliow-3sod ul ApN3s JUD.ND SY3 Ul PaTeIaUDS 9SOY3 YIIM IR uoissaadxe auad paysijgnd Buiuiquiod sajnsau sisA[eue-elaw ay3 sAe|dsip a|qe3 siy |

*

S (101 ‘697) 0L€ ¥0—-30€'€ umog  ‘+ + ‘= ‘= 3 (¥ 89) s01 Y0—3vL L umoQ + == dg-671-yiw-esy

% (16 ‘s¥0) pe€ LSO umoq 4 ‘=== eu eu eu TU eu dg-gg | -yiw-esy
*+

S (86 ‘097) 85€ 0¥S0 o T 3 (¥ ‘v¥) 88 v1¥0 dan =% % dg-g¢ | -y1w-esy

% (06 ‘TS0 TE 60—360°1 umog 4 ‘= ‘== eu eu eu 'U eu dg-zg|-yiw-esy
—

S (58 ‘800) €6¢ 181°0 umog 4+ =+ 3 (z¥ ‘8¢) 08 ¥TE0 umoQ += 4 dg-105-yiw-esy
o

L @11 “1£7) €8¢ 8560 umog 4+ + ‘== 4 (0s ‘s¥) 86 0Tr'0 N+ 4+ == dg-qgz|-yiw-esy
—

S (56 ‘sST) 0S¢ 990°0 dn 44+ - € (¥ ‘v¥) 88 ¥0—3L9'1 dn + 4+ = dg-gz9-yiw-esy
'+

9 (66 ‘¥97) £9€ SE0°0 umog ‘= ‘=== 4 (S¥ ‘s¥) 06 ¥0—306'| umoq  — ‘=== qe€ | -yiw-esy
s+

9 (01 ‘6£7) 98¢ £00°0 N~ 44+ 4 (#S ‘59) 611 ¥0—35¢€' dan + 4+t dg-z6p-yiw-esy
* =

9 (€01 ‘sLT) 8L€ 60—39¥°9 umog ‘= ‘=== 3 (v ‘1) ¥8 S0-3L£9 umoQ =% dg-zg|-yiw-esy

saipn3s (sjo43uo0d ‘sased anjeA-d +adxa 39s eyep saipnjs (sjo43uo0d ‘sased anjeA-d ~adxa 39s ejyep VNY!W 9jepipued aseasip

N aseasip s,uosupjied) N T1:2ELY e} 43d ~adx3y N aseas|p s,uosupjied) N [ZE)Ye) J49d -udx3  saswiayz|y/asessip s,uosupjied

%ﬂﬂum Juadand W:_US_U:_ ﬁmbﬂ:d:ﬂa@g 9SeasIp s, uosubjied UOUN?QD Ao_.~u 19 N_:—,_UWV ﬁmbﬂ:d:ﬁu@s 9SEISIp s, uosubdjied snOlAl4d

sa|dwes ujeaq aseas|p s,uosupjied ul SYNYIW 3)epIpued ISEISIP S JIWIBYZ|Y PUe ISEISIP S UOSUD|Ied 10} SINS3J sisA[eue-eja|y € d|qel



0|

Table 4 Meta-analysis results for Parkinson’s disease candidate miRNAs in Alzheimer’s disease brain samples

Updated Alzheimer’s disease meta-analysis including current study

Previous Alzheimer’s disease meta-analysis (Takousis et al.'")
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This table displays the meta-analysis results combining published gene expression data and those generated in the current study in post-mortem brain samples of Alzheimer’s disease patients and controls for the four Parkinson’s disease candidate

miRNAs. Meta-analyses were generated by combining all gene expression data published Takousis et al,'" as well as those newly published and those newly generated in this study (for details, see Materials and methods). P-values displayed in bold

highlight study-wide significant meta-analysis results (a

study.

3.85E—03) that also improved in significance in comparison to the previous meta-analysis. Expr, expression; N, number. *Association result from the brain samples newly analysed in this

V. Dobricic et al.

association with neuropathological staging in Parkinson’s
disease cases, possibly suggesting a role predominately at
earlier disease stages.

Despite these limitations, we note that several lines of inde-
pendent evidence support the role of both miR-132 and
miR-129-5p in Parkinson’s disease and Alzheimer’s disease:
For instance, in Parkinson’s disease, downregulation of the
miR-132-3p/miR-212-3p cluster (the precursor hsa-mir-132
and precursor hsa-mir-212 share the same primary transcript)*
was reported to occur in o-synuclein (A30P)-transgenic mice
(also see Supplementary Note).?® Secondly, it has been shown
that deleting the miR-132/212 cluster in mouse models led to
impaired memory”” and increased AB production as well as
amyloid plaque formation.”® Third, both hsa-miR-132-3p
and miR-129-5p emerged among miRNAs with neuroprotec-
tive roles against amyloid B-peptide accumulation in primary
mouse and human neuronal cell culture models.?” Lastly, a neu-
roprotective role for miR-129-5p has recently been reported in a
rat model of Alzheimer’s disease (established by injecting
AP25-35 into the brain), where miR-129-5p inhibited neuronal
apoptosis.*”

Conclusion

Our study provides novel and conclusive evidence that
hsa-miR-132-3p/-5p and hsa-miR-129-5p are differentially
expressed in post-mortem brain samples of both
Parkinson’s disease and Alzheimer’s disease. Furthermore,
for the first time, we provide evidence of an association be-
tween hsa-miR-132-3p/-5p expression in the brain and
a-synuclein Braak staging in Parkinson’s disease. These
data suggest that miR-132-3p/5p may play a role in disease
progression. Future work needs to independently replicate
our observations and to elucidate whether these co-occurring
miRNA expression results are the result of shared pathogen-
ic mechanisms across both these diseases.
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