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Abstract

Multiple systems atrophy (MSA) is a rare neurodegenerative disorder characterized by the 

accumulation of α-synuclein in glial cells and neurodegeneration in the striatum, substantia nigra, 

and cerebellum. Aberrant miRNA regulation has been associated with neurodegeneration, 

including alterations of specific miRNAs in brain tissue, serum, and cerebrospinal fluid from MSA 

patients. Still, a causal link between deregulation of miRNA networks and pathological changes in 

the transcriptome remains elusive. We profiled ~ 800 miRNAs in the striatum of MSA patients in 

comparison to healthy individuals to identify specific miRNAs altered in MSA. In addition, we 

performed a parallel screening of 700 transcripts associated with neurodegeneration to determine 

the impact of miRNA deregulation on the transcriptome. We identified 60 miRNAs with abnormal 

levels in MSA brains that are involved in extracellular matrix receptor interactions, prion disease, 

inflammation, ubiquitin-mediated proteolysis, and addiction pathways. Using the correlation 

between miRNA expression and the abundance of their known targets, miR-124–3p, miR-19a-3p, 

miR-27b-3p, and miR-29c-3p were identified as key regulators altered in MSA, mainly 

contributing to neuroinflammation. Finally, our study also uncovered a potential link between 

Alzheimer’s disease (AD) and MSA pathologies that involves miRNAs and deregulation of 

BACE1. Our results provide a comprehensive appraisal of miRNA alterations in MSA and their 

effect on the striatal transcriptome, supporting that aberrant miRNA expression is highly 

correlated with changes in gene transcription associated with MSA neuropathology, in particular 

those driving inflammation, disrupting myelination, and potentially impacting α-synuclein 

accumulation via deregulation of autophagy and prion mechanisms.
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Background

Multiple system atrophy (MSA) is a rare fatal neurodegenerative movement disorder 

characterized by accumulation of alpha-synuclein (α-syn) protein aggregates in 

oligodendroglial cells forming glial cytoplasmic inclusions (GCIs) [1–3] and triggering 

striatonigral degeneration or olivopontocerebellar atrophy. These pathological alterations are 

defined clinically by autonomic failure accompanied by parkinsonian features or cerebellar 

ataxia [4]. No clear familial inheritance has been defined so far and MSA is considered an 

orphan disease of idiopathic origin.

Multiple mechanisms may contribute to the formation of GCIs including deregulation of 

quality control and protein degradation, like autophagy [5–8], lower efficiency of immature 

oligodendrocytes to process α-syn aggregates [9], and propagation of α-syn aggregates from 

neurons to other glial cells [10, 11]. In addition, emerging data shows alterations in 

transcriptional mechanisms associated with MSA including aberrant expression of genes 

related to mitochondrial function, iron metabolism, immune response, and inflammation [12, 

13]. Importantly, aberrant RNA processing associated with the disruption of long intervening 

non-coding RNA (lincRNAs) [14] and microRNA (miRNAs) were reported in MSA brains 

and MSA transgenic animal models, highlighting their potential involvement in pathology 

[15–19] and suggesting the utility of profiling miRNAs in cerebrospinal fluid (CSF) and 

serum as disease biomarkers [20, 21].

miRNAs are short non-coding RNA molecules that negatively impact gene expression by 

inducing the degradation of specific transcripts, a mechanism mediated by the binding of 

Argonaute proteins to the 3′ untranslated regions of target mRNAs [22]. These molecules 

have emerged as important regulators of biological functions and are ubiquitously expressed 

across tissues. Notably, the brain presents the largest diversity of miRNA species, which 

show specific spatial and temporal expression patterns, likely associated with their roles in 

neuronal development and physiology. Moreover, miRNAs have been involved in synaptic 

plasticity, learning and memory, and drug addiction (reviewed by Wang et al. [23]). MiRNAs 

fulfill important roles in sustaining myelination, as mice lacking Dicer1, implicated in 

miRNA biogenesis, show severe deficits in myelination and oligodendrocyte maturation 

failure [24]. As expected, aberrant miRNA regulation has deleterious consequences for brain 

function, and alterations in miRNA networks have been reported in Alzheimer’s [25], 

Parkinson’s [26], and Huntington’s diseases [27].

A handful of studies, including work from our group, have shown aberrant miRNA 

expression in MSA in association with alterations in the transcription of their known target 

genes [15, 17–19]. Still, a clear understanding of a causal role of aberrant miRNA networks 

on transcriptome disruption and neurodegeneration in MSA is lacking. Here, we report the 

findings from comprehensive unbiased profiling of more than 800 miRNAs from the 

striatum of MSA patients in comparison to healthy individuals, supported by the parallel 

screening of 700 transcripts previously known to be linked to neurodegeneration. We 

discovered novel miRNA pathways associated with MSA, identified altered expression of 

miRNA-mRNA targets contributing to neuroinflammation, and uncovered a potential link 

between AD and MSA pathologies that involve the deregulation of a miRNA and BACE1.
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Methods

Human Brain Samples

Brain tissue samples were obtained from the Shiley-Marcos Alzheimer’s Disease Research 

Center at the University of California San Diego (UCSD-ADRC, n = 8) and from the Johns 

Hopkins Medical Institution Brain Resource Center (n = 10). Samples included frozen tissue 

from the striatum of MSA patients (n = 11) and healthy control (CT) age-matched subjects 

(n = 7). Case selection for this study was based on neuropathological examination and 

determination of a diagnosis of MSA-P [4], which is the most common MSA variant in the 

Western hemisphere [28]. Group demographics are presented in Supp. Table 1.

RNA Preparation and Processing

Total RNA, containing the miRNA fraction, was isolated from striatum tissue (100 mg) 

using the miRNeasy Mini Kit (Qiagen) as indicated by the manufacturer. Quality of the 

extracted RNA was further enhanced using the RNA Clean & Concentrator-5 Kit (Zymo 

Research). The final concentration of RNA was determined by fluorometric quantitation 

(Qubit, Thermo Fisher Scientific). The same RNA preparations (50 ng per panel) were used 

to hybridize the Human v3 miRNA assay panel and the nCounter® Human v1.0 

Neuropathology panel (both from NanoString Technologies) after following the sample 

dilution and ligation protocols indicated by the vendor. Amplification was performed in an 

nCounter® SPRINT Profiler at the Stem Cell Genomics Core, Sanford Consortium for 

Regenerative Medicine, affiliated with UCSD.

Quantification of miRNA/mRNA by Real-Time PCR

For quantitative real-time PCR (qPCR), 1.0 μg of total RNA per sample was used for reverse 

transcription to cDNA using a High Capacity cDNA Reverse Transcription Kit (Applied 

Biosystems). cDNA was diluted 1:10 in ultrapure water and 5 μL of this dilution was used 

per reaction. qPCR was performed using TaqMan Fast Advanced Master Mix and species-

specific TaqMan primers. The expression of the gene B2M (beta-2 microglobulin) was used 

as internal control. For miRNA qPCR, 350 ng of total RNA per sample was used for reverse 

transcription to cDNA using TaqMan microRNA Reverse Transcription Kit and miRNA-

specific primers (Applied Biosystems), and 0.16 μL of cDNA was used per reaction. 

microRNA qPCR was performed using TaqMan Universal Master Mix II, no UNG, and 

species-specific TaqMan miRNA primers, using U6 as internal control [29]. qPCR reactions 

were run in duplicate in a StepOnePlus Real-Time PCR system (Applied Biosystems) and 

ΔCt calculations were made using StepOne software (Applied Biosystems).

Data Analysis and Statistics

Signal intensity from the array probes was exported into nSolver® analysis software v4.0 

(NanoString Technologies) to normalize for probe ligation efficiency and amount of RNA 

used.

miRNA Analysis—miRNA abundance in each sample was normalized according to the 

geometric mean of the 75 most highly expressed miRNAs, as reported before [30]. The 

mean ± 2 standard deviations of the intensity of 5 negative control probes for each sample 
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were used to set the background threshold for the assay. The geometric mean of 5 positive 

control probes in each sample was used to assess the overall quality of the assay and to 

measure the efficiency of probe ligation and hybridization. Only miRNAs with non-negative 

counts across all samples were used for downstream analysis.

mRNA Analysis—The advanced analysis module from nSolver® (run on R Bioconductor) 

was used to analyze the transcript abundance. mRNA signal was normalized using a set of 5 

housekeeping genes (LARS, AARS, ASB7, TADA2B, CCDC127) selected from a larger set 

of available normalization probes and based on a stepwise exclusion of the more variable 

probes.

Diana mirPath v.3

KEGG pathways were generated using TarBase v.7.0, a database that catalogs published, 

experimentally validated miRNA-gene interactions [31]. Pathways were filtered based on P 
value after correction for multiple observations (false discovery rate (FDR)) and application 

of DAVID’s EASE score [31, 32].

miRNA-Gene Target Correlation Discovery on Ingenuity Pathway Analysis

We used IPA software to map altered miRNAs and mRNAs into functional pathways. We 

used core analysis to link miRNAs with their mRNA targets (experimentally validated or 

predicted with high confidence) based on inverse expression levels (miRNA increase and 

target mRNA decrease or vice versa) using fold expression, and P value data with a cutoff of 

P <0.05 for the difference in expression in the MSA versus CT comparison. From these 

relationships, we generated gene pathways to identify upstream regulators and gene 

interactions.

Results

Clinical and Demographic Characteristics of the Study Cohort

We analyzed postmortem brain tissue from the striatum of MSA patients (n = 11) and 

healthy control donors (n = 7; Supp. Table 1). Cases were selected based on 

neuropathological examination and confirmed the diagnosis of MSA-P [4]. For the MSA 

group, disease duration varied between 4 and 15 years and Braak staging for Parkinson’s 

(PD) pathology [33] ranged between 0 and IV. The distribution of sex, age, and PMI did not 

differ between control and MSA groups (P values = 0.6525, 0.4461, 0.4504 respectively, as 

per unpaired t test; Supp. Fig. 1A–C).

Aberrant Expression of Specific miRNAs in the Striatum of MSA Cases

We interrogated the expression of 800 miRNAs and observed significant changes in the 

expression of 59 miRNAs in MSA brains at P <0.01, with the top 34 miRNAs reaching a 

relaxed cutoff FDR <0.2 (Table 1; Supp. Table 2 and Fig. 1b–g). Agglomerative clustering 

of raw miRNA expression data shows partial segregation between CT and MSA samples 

(Fig. 1a). Based on TargetScan classification (human release 7.0 [34]) let-7, miR-17, 

miR-181, and miR-25 were the top enriched families containing several miRNAs with 

differential expression in MSA striatum.
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We applied mirPath v.3 analysis (DIANA tools [31]) to identify functional pathways affected 

by differentially expressed miRNAs (Table 2). Extracellular matrix (ECM)-receptor 

interaction was the top enriched pathway, involving 14 miRNAs that regulate 47 target 

genes. Integrins, which mediate ECM signaling events, have been largely involved in brain 

plasticity and pathophysiology, including oligodendrocyte differentiation and migration [35]. 

Aberrant miRNA expression may be related to the specific deregulation of the αv integrin 

subunit reported to be present in oligodendrocytes accumulating a-syn [36]. Notably, prion 

disease-related pathways appeared as the second most enriched category, comprised of 5 

miRNAs affecting the expression of 12 genes, and potentially linking miRNAs to 

pathological a-syn misfolding, aggregation, and propagation in MSA. In addition, several 

fatty acid metabolism-related pathways were enriched in the analysis, as well as 

inflammation, ubiquitin-mediated proteolysis, and addiction pathways (likely indicating 

striatum-specific networks), thus relating global miRNA deregulation with key pathological 

cascades in MSA.

Transcriptomic Alterations in the Striatum Impact Inflammation, Myelination, Autophagy, 
and Vesicle Transport in MSA

We next investigated transcriptomic alterations in MSA striatum that may contribute to 

disease pathology by using a focused array (nCounter® Neuropathology Panel, Nanostring) 

that profiles the expression of 700 genes previously associated with neuropathology. To 

further correlate miRNA alterations to changes in their target mRNAs, we used aliquots of 

the RNA samples interrogated for miRNA analysis.

All the samples passed QC parameters based on positive control probes, binding density, 

hybridization, and imaging steps. Unsupervised hierarchical clustering of normalized data 

showed disease status (CT or MSA) as the main clustering factor (Supp. Figure 1G). 

Analysis of the four principal components showed no association of sex, age, or PMI with 

the prominent signal in the gene expression dataset (Supp. Figure 1D–F). Braak staging 

scores were available for only 7/11 MSA samples; therefore, we only used the disease group 

as the analysis variable. Analysis of neuronal, glial, and endothelial markers contained in the 

array to measure cell-specific abundance showed significant changes in oligodendroglial 

markers (P value < 0.001), and overall, gene expression was increased in glial-types and 

decreased in neurons in MSA samples (Supp. Figure 1H), aligning with the pathological 

hallmarks of MSA.

We identified 96 genes as differentially expressed (DE) in MSA samples at P <0.01, with the 

top 29 mRNAs reaching a relaxed cutoff at FRD <0.2 (Table 3, Supp. Table 3 and Fig. 2a, d–

g). We further validated the array findings by profiling the abundance of selected targets, 

including 4 miRNAs and 6 mRNAs, differentially expressed in MSA by qPCR (Supp. Figure 

2). All the tested miRNAs and mRNAs showed similar changes to those determined by array 

analysis.

PCA biplots showed that transcriptional alterations of the top 15 DE genes (based on 

significance) explain the majority of the variance in our analysis and segregate the MSA 

samples from the CT samples (Fig. 2b), suggesting an important contribution of these genes 

to pathology. Furthermore, these genes are functionally associated with inflammation, 
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myelination, autophagy, and vesicle transport, which appear to be the most affected 

pathways in MSA.

Preliminary visualization of transcript abundance as a function of disease duration shows a 

trend for increased transcription of MOG—encoding myelin oligodendrocyte protein— and 

KLK6—encoding kallikrein 6—as the disease progresses, likely associated with aberrant 

myelination (Fig. 2c). Importantly, KLK6 shows a ~ 2.6-fold increased expression in MSA 

and is specifically involved in a-syn degradation. KLK6 is also known to be altered in PD 

and dementia with Lewy bodies (DLB) [37]. These transcriptional alterations may represent 

cellular responses to a-syn accumulation. On the other hand, the progressive decay in 

CALB1 and SCL1A2 expression, both encoding proteins with functions in glutamate 

transport, may contribute to excitotoxicity (Fig. 2c).

To better understand the potential contribution of these transcriptional alterations to MSA 

pathology, we visualized the pathway scores obtained from principal component analysis 

based on the weighted, averaged expression of genes assigned to a particular pathway in a 

heat map [38]. We observed clustering of MSA and CT samples (Fig. 3a). Overall, scores for 

pathological functions including microglial activation, oxidative stress, and unfolded protein 

response were increased in the MSA striatum (Fig. 3b–d); while pathways associated with 

neuronal functions, like axonal structure, connectivity, and vesicle transport appeared with 

lower scores in MSA samples (Fig. 3e–g). Importantly, genes associated with myelination in 

pathway analysis showed differential expression in MSA (Fig. 3h), in agreement with 

oligodendrocyte alterations and the signature pathological changes that characterize MSA.

Gene set enrichment analysis (GSEA) showed high enrichment for the frequency of SAF-1-

canonical binding sites in 20 DE genes (LMNA, PFN1, DDIT3, EFNA1, CDKNA1, STAT3, 
BACE1, NFKBIA, PHF21A, JUN, HSPB1, SOX10, NEO1, GSN, TNFRSF1A, MAG, 
MSN, SH3TC2, CD44, and SPI1) with FDR q value = 1.96E-05. In addition, NFAT binding 

was enriched in 16 genes (CDKN1A, STAT3, NFKBIA, PHF21A, SOX10, GSN, 
TNFRSF1A, MECP2, PMP22, CREB1, SOX9, CCL2, XBP1, CUL3, CALB1, and CAST) 

with FDR q value = 1.47E-04. SAF-1 is a transcription factor that responds to inflammatory 

stimuli and contributes to the development of insoluble amyloid A aggregates in amyloidosis 

[39]. NFAT is a complex transcription factor that is implicated in neurodegenerative changes 

like the induction of dystrophic neurites and dendritic spine loss, due to the activation of 

calcineurin signaling by amyloid-beta [40]. Therefore, upstream deregulation of these 

transcription factors may also add to striatal transcriptomic alterations in response to a-syn 

aggregation during the course of MSA. GSE analysis of deregulated genes in MSA also 

identified miR-124 (predicted to target 10 genes: LMNA, STAT3, BACE1, MECP2, CREB1, 
SOX9, CCL2, LCLAT1, FA2H, and KIAA1161) with FDR q value = 4.75E-05 and miR-27a 

and b (predicted to target 9 genes: NEO1, CREB1, NOVA1, INSR, SLC1A2, CSF1, NGFR, 
EGFR, andDOT1L) with FDR q value = 7.63E-05 as enriched regulators of the DE gene set. 

Both miRNAs showed differential expression in our array analysis, thus validating our 

findings and further highlighting their role in MSA pathology (Tables 1 and 5).

We next applied ingenuity pathway analysis (IPA) to predict canonical pathways affected in 

MSA. To visualize the extent of these alterations and the potential crosstalk with other 
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pathways, we used a more relaxed cutoff for DE genes at P < 0.05 and we allowed the 

software to include genes from the IPA database that modulate, interact, or associate with 

those present in the array. Neuroinflammation was the top activated pathway (30 genes 

identified in the dataset, P value = 4.87E-20).

Furthermore, the disease enrichment module in IPA identified 20 DE genes clustering with 

neuromuscular disease (P value interaction 4.23E-9), and also overlapping with disorders of 

basal ganglia (20 genes, P value = 9.68E-10), movement disorders (19 genes, P value = 

6.07E-9), and progressive motor neuropathy (14 genes, P value = 1.30E-8). Unexpectedly, 

Alzheimer’s disease (29 genes, P value = 4.55E-21; Fig. 4 and Table 4) and amyloidosis (30 

genes, P value = 5.52E-22) were the top enriched disorders involving a different set of genes 

deregulated in MSA than those contributing to basal ganglia disorders. This finding suggests 

previously unreported mechanisms of neurodegeneration shared between MSA and AD.

Concordant Changes Between miRNA Effectors and mRNA Targets in MSA

To determine the causal role of miRNA deregulation in driving MSA pathology, we used the 

miRNA target filtering function in IPA to identify miRNA and target mRNA pairs among 

those showing significant alterations in MSA striatum. Analysis thresholds were set as 

follows: (a) differential expression of miRNA and mRNA (independent analysis) in MSA at 

P < 0.05; (b) inverse relation between miRNA and target-mRNA abundance (increased 

miRNA-decreased mRNA and vice versa); (c) target validated experimentally or predicted 

with high confidence. We identified 34 miRNAs targeting 54 genes altered in MSA (Table 

5). We further refined our analysis by investigating the correlation between miRNA 

abundance and target mRNA levels in each sample which narrowed down the list to 24 

miRNAs and 38 genes showing significant correlation by Pearson’s analysis (at P < 0.05) 

and with r scores ranging between − 0.473 and − 0.785 (Table 5). MiR-124–3p, miR-19a-3p, 

miR-27b-3p, and miR-29c-3p were highly correlated with the expression levels of multiple 

DE target genes (Fig. 5)

Finally, we ran an integrative analysis of miRNA and gene expression targets using Magia2 

web tools [41] and including transcription factors to visualize extended networks that may 

contribute to MSA pathology. We performed a paired analysis using the matched miRNAs 

and target mRNAs altered in MSA striatum that showed significant correlation by Pearson 

analysis (Table 5). We used TargetScan as the prediction tool with a stringency of 0.8, which 

restricted the analysis to the top 20% interactions. The resulting main network was built 

upon miR-93–5p, miR-24–3p, let-7d-5p, miR-23a-3p, miR-23b-3p, miR-155–5p, and 

miR-539–5p from our array analysis and further expanded by the inclusion of 18 additional 

miRNAs and transcription factor nodes that interacted with those miRNAs according to 

previously published reports (Fig. 6). Pathway analysis using the molecules involved in the 

abovementioned network showed the top enriched pathways as neuroinflammation signaling 

(n = 31 molecules, P = 3.4E-20), opioid signaling (n = 27 molecules, P = 4.8E-18), 

Huntington’s disease (n = 26 molecules, P = 1.26E-16), and CREB signaling in neurons (n = 

24 molecules, P = 6.1E-16); once more supporting a prominent role of inflammation in 

MSA pathology and validating the specificity of our in silico analysis with enrichment of 

striatum-associated functions.
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Discussion

Transcriptional deregulation plays an important role in neurodegeneration and emerging 

evidence shows that mechanisms that modulate gene expression—including miRNAs—may 

present novel therapeutic and biomarker value. While a great deal of attention has been 

placed into miRNA profiling in AD and PD, much less is known about the role of this 

mechanism in MSA pathology. Here, we report the results from comprehensive profiling of 

miRNA and mRNA levels in the striatum, a region severely affected by pathology [4], in 

MSA cases and healthy control donors. We interrogated the abundance of 800 miRNAs 

(unbiased regarding function) in parallel to 700 transcripts previously associated with 

neurodegeneration using Nanostring™ technology.

Overall, this integrative analysis supports the involvement of miRNA deregulation in MSA, 

with more than 60 miRNAs showing aberrant expression in affected brains. Altered miRNAs 

mapped to functions like ECM-receptor interactions, prion disorders, autophagy, and 

inflammation. In addition, we observed deregulation of multiple transcripts, including GBA 

and BACE1 previously unreported, suggestive of shared mechanisms of neurodegeneration 

between MSA and Alzheimer’s disease.

In agreement with our previous study using qPCR [18], we found let-7b and another three 

members of the let-7 family increased in MSA brains. Let-7 is the most studied family of 

miRNAs and the first to be discovered in human tissues and has been largely implicated in 

cancer and inflammation [42]. Let-7 is highly abundant in the CNS [43], is implicated in 

autophagy [44], and was reported to induce neurodegeneration via activation of toll-like 

receptor (TLR) 7 in mouse neurons in vitro and to be increased in cerebrospinal fluid (CSF) 

from Alzheimer’s patients [45]. Interestingly, TLR7 signaling aggravates pathology in a 

model of multiple sclerosis, by activation of the myelin oligodendrocyte glycoprotein-

specific T cell [46]. Since a-syn is known to activate TLR receptors, including TLR7 [47, 

48], upregulation of the let-7 family may have a direct role on MSA pathology. Moreover, 

members of this family regulate glucose metabolism in several organs, and overexpression 

of let-7 in mice alters glucose metabolism, reducing glucose tolerance and insulin secretion 

[49]. Although the potential role of let-7 on insulin resistance and aberrant insulin signaling 

reported in MSA brains [50] remains to be investigated, this family of miRNAs appears to 

be a node that links multiple disease pathways.

In addition, we observed the miR-17 family to be altered in MSA brains, with 4 members 

showing differential expression. Interestingly, these miRNAs are downregulated in the brains 

of AD patients and are associated with suppression of amyloid precursor protein [51, 52], 

supporting the idea of potential pathology overlap between AD and MSA at the miRNA 

level, as observed in the pathway analyses we present here.

Upregulation of miR-181a, b, and c-5p (all members of the miR-181 family) could be highly 

relevant to MSA pathology, as miR-181b has been shown to be involved in autophagy 

inhibition by regulating PTEN/Akt/mTOR signaling. Mir-181b has been reported to be 

downregulated in a model of PD in association with MPP+ toxicity and increased cell death 

[53]. In our study, we found miR-181 elevated in MSA striatum, which potentially may 
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reduce autophagy, further aggravating a-syn accumulation. Furthermore, miR-181 family 

members are linked to enhanced expression of pro-inflammatory cytokines in response to 

inflammatory agents in astrocytes [54], a function that may also contribute to 

neurodegeneration in MSA.

The search for signaling pathways that may be affected by aberrant miRNA expression in 

MSA highlights the role of these regulatory molecules in pathology. One of the top enriched 

pathways was related to prion diseases, involving miR-148a, miR-495, miR-548n, miR-410, 

and miR-543 and target genes PRNP, HSPA5, NCAM1, NCAM2, FYN, NOTCH1, PRKX, 
ELK1, PRKACB, BAX, IL1A, and MPAK1. Notably, recent studies report that, while the 

prion protein Prp (encoded by the PRNP gene) is not necessary for a-syn propagation, it can 

modulate the effect of a-syn fibrils accelerating spreading [55] and contributing to 

internalization of a-syn aggregates [56]. The relation between Prp and amyloid-β and its 

involvement in Alzheimer’s pathology has been largely described [57–59]. Furthermore, Prp 

infected cells show deregulation of miRNA profiles [60]. Here, we present evidence 

supporting that miRNA-mediated mechanisms are potentially implicated in regulating Prp 

and may further contribute to a-syn propagation in MSA pathology.

Pathway analysis also showed enrichment of three addiction-related pathways, including 

morphine, amphetamine, and nicotine. These pathways share multiple genes associated with 

a neural transmission that converge into specific functions of the striatum, a brain region that 

mediates acute and chronic effects of drugs of addiction [61]. Our results point to a striatum-

specific miRNA network that becomes altered in MSA. Further studies may elucidate 

whether other cerebellar-specific pathways are deregulated in MSA-C cases and the degree 

of concordant changes between these two disease variants.

Accumulation of misfolded a-syn has been largely associated with neuroinflammation and 

recognized as a major driver of neuronal death in Parkinson’s disease and MSA [62, 63]. In 

agreement, we found altered expression of cytokines—including CCL2, the top increased 

transcript in MSA striatum—as well as molecules involved in microglia activation. 

Moreover, genes involved in autophagy, like SLC11A1 and ATP6V1H also appeared to be 

deregulated in MSA brains, potentially contributing to reduced clearance of protein 

aggregates, a common failure associated with proteinopathies [18, 64, 65].

Another interesting finding from our transcriptomic analysis is the significant decrease of 

GBA in MSA striatum. GBA encodes for glucocerebrosidase, a lysosomal enzyme 

implicated in glycolipid metabolism; mutations in this gene cause Gaucher’s disease. 

Genetic variants of glucocerebrosidase have also been associated with PD and DLB, and 

some studies suggest a higher frequency of glucocerebrosidase variations in MSA brains 

[66, 67]. To the best of our knowledge, this is the first report of decreased levels of GBA 

transcripts in MSA and particularly in association with miR-24–3p as a likely regulator of 

GBA expression.

We also observed a significant increase in myelin oligodendrocyte glycoprotein (MOG) 

transcripts in MSA brains, along with KLK6, MYRF, NKX6, FA2H, and SH3TC2, 

indicating myelin alterations. With the exception of KLK6, for which a recent study showed 
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that ablation in mice attenuates symptoms of inflammatory demyelinating disease in 

transgenic models [68], all the other enzymes are needed for myelin maintenance and their 

increased expression may be a compensatory mechanism in response to myelin loss and 

oligodendrocyte degeneration as MSA progresses [69–72]. The alteration in MOG 
transcription we observed in MSA brains has never previously been reported.

A remarkable result from our study is the identification of overlapping networks between 

MSA and AD. Although our analysis is limited by the use of a biased array centered on 

neuropathology which may overstate the significance of gene-network associations, we 

eventually anticipated a potential overlap with Parkinson’s disease and Lewy body disease 

(due to common mechanisms elicited by a-syn aggregation). Instead, the transcriptomic 

alterations shared with Alzheimer’s disease are notable. We report an increase in BACE1 
gene expression; BACE1 is responsible for the cleavage of the amyloid precursor protein 

(APP) into amyloid-β fragments in a crucial step for the initiation of amyloid pathology 

[73]. Amyloid-β has not been detected as a component of GCIs in MSA brains, although 

neuropathological examination has shown amyloid plaque deposition in some cases, mostly 

MSA-C presentation, to be associated with cerebellar degeneration [28, 74]. Our study based 

on a sensitive platform for transcript quantification has revealed these alterations in the 

striatum of MSA cases. While further studies are needed to rule out that our observations are 

not due to concurrent AD pathology in the cases analyzed, the fact that we detected 

alterations in the transcription of multiple genes that are germane to AD neurodegeneration 

is likely an indication for the crosstalk of pathological pathways. As AD pathology is highly 

frequent in the elderly population and with the increased momentum in research and drug 

development for AD, these shared mechanisms may potentially benefit MSA patients if 

reposition of novel AD drugs becomes suitable. Interestingly, a recent study pointed at 

miR-99, miR-132, and miR-129 to be highly associated with AD pathology [25]. We found 

these same miRNAs to be altered in MSA brain samples, supporting that the overlapping 

transcriptome alterations may be mediated by common miRNA networks operating in both 

pathologies.

Overall, our findings highlight a potential role for miRNAs on initiating and/or sustaining 

neuroinflammation. We detected a significant decrease of miR-124–3p—this miRNA is 

highly abundant in the brain and a key player in microglial activation, regulating the 

polarization of microglia between M1 pro-inflammatory and M2 anti-inflammatory 

phenotypes [75]. Intracerebral injection of miR-124 in a mice model for cerebral stroke 

shifts microglia towards M2 phenotypes, reducing inflammation [76]. Therefore, reduced 

miR-124 levels in MSA brains may sustain pro-inflammatory microglia fueling neuronal 

death in the striatum. Furthermore, miR-124 is expressed in dopaminergic neurons and 

reduced in MPTP-mouse models of PD, where overexpression of miR-124 partially rescued 

neuronal loss in the striatum. Notably, the mechanism of neuroprotection involves changes 

in the transcription of miR-124 targets and modulation of autophagy [77]. The role of 

miR-124 in autophagy is mediated by one of its targets: BACE1. Whereas several studies 

point to the deregulation of miR-124 in AD cases, some data is contradictory regarding 

whether there is an increase or decrease of this miRNA [78]; these differences may be a 

result of the region- and stage-specific expression. Nonetheless, the effects of miR-124 

imbalance in AD are likely mediated by the combination of altered processing of amyloid 
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precursor protein and increased microglial activation. Our study also reveals that the 

reduction of miR-29c-3p may contribute to increased BACE1 levels in MSA brains, 

potentially feeding into a deleterious pathway common to MSA to AD.

The study of miRNA deregulation in MSA is still limited, with a handful of reports 

addressing the question from cellular and animal models and a few on human samples, 

ranging from postmortem brain to serum. Though limited by the analysis of a small cohort, a 

common factor in the field, our results partially validate those reported previously by other 

groups, including downregulation of miR-130a, miR-376a, miR-377-3p, miR-87b-3p, and 

miR-379–5 in the striatum of a transgenic mouse model overexpressing α-syn under the 

PLP promoter [16]. Importantly, our results replicate findings in MSA brains, including 

decreased levels of miR-129–2-3p, miR-123–3p, miR-128–3p, miR-149–5p, miR-124–3p, 

and miR-379–5p and increased levels of miR-1290 and miR-23a-3p profiled in both the 

pons and cerebellum of MSA samples [79], and thus highlights the relevance of these 

miRNAs in pathology. The interest in miRNA profiling is also based on their potential as 

disease biomarkers. In this respect, our results from MSA striatum are in agreement with the 

observation of increased levels of miR-24, miR-185, miR-25, miR-454, miR-186, and let-7b 

in the serum of MSA patients [20], as well as with increased miR-223 and miR-24 in the 

circulating miRNA fraction of MSA patients’ serum [19], as well as increased miR-24 levels 

reported in CSF from MSA patients [21].

Conclusions

Taken in all, our results provide a comprehensive appraisal of miRNA alterations in MSA 

and their effect on the striatal transcriptome. Our results partially overlap with previous 

reports applying different methods in independent human samples or animal models, 

offering robust evidence that aberrant miRNA expression in MSA is highly correlated with 

altered transcription of genes associated with neuropathology, has fundamental roles in 

driving inflammation, disrupting myelination, and potentially impacting α-syn accumulation 

via deregulation of autophagy and prion mechanisms. High overlap between networks 

deregulated in AD and MSA point to a complex pathological cascade operating in MSA that 

may involve alterations in amyloid processing proteins. As research in AD gains momentum, 

insights from this disease can greatly benefit MSA patients in the future, if therapies can be 

repositioned for this devastating disorder.
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Abbreviations

MSA multiple system atrophy

α-syn alpha-synuclein

GCIs glial cytoplasmic inclusions

lincRNAs long intervening non-coding RNA

miRNAs microRNA

CSF cerebrospinal fluid

AD Alzheimer’s disease

PD Parkinson’s disease

CT control cases

ECM extracellular matrix

DLB dementia with Lewy bodies

GSEA gene set enrichment analysis

DE differentially expressed genes

IPA ingenuity pathway analysis

APP amyloid precursor protein
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Fig. 1. 
Alterations in miRNA expression in the striatum of MSA cases. a Heat map representing the 

agglomerative clustering of raw miRNA abundance data plotting average Euclidean 

distance. Representative box plots of top upregulated (b-d) or downregulated (e-g) miRNAs 

in MSA showing non-parametric analysis of normalized data displaying data range and 

quartiles, P value as per t test
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Fig. 2. 
Differential expression of genes involved in neurodegeneration in the MSA striatum. a 
Volcano plot displaying genes differentially transcribed in MSA with high statistical 

significance. Labels for the 40 top genes are indicated in the plot. b Principal component 

analysis biplot including the 15 most significant differentially expressed genes. Projections 

in opposite directions in PC1 indicate high-degree contribution of the indicated genes in 

clustering. c Trend plot for visualization of changes in expression as a function of disease 

progression. Color lines indicate trajectory. Transcription showing higher degree of change 
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is labeled in the graph. d-g Univariate plots showing expression of select genes. Box plots 

depict median and second quartile of expression. Overlying violin plots (gray) show log2 

expression quartiles and the estimated distribution of expression levels. P values indicated as 

per Student t test
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Fig. 3. 
Gene set analysis identifies MSA-associated pathways in the striatum. a Heat map showing 

distribution of scores summarizing the data from all pathways’ genes into a single score and 

clustering across disease groups. Orange indicates high and blue indicates low scores 

respectively. Box plots showing median scores with quartile ranges in MSA and CT samples 

for selected pathways associated with inflammation and cell death (b-d) and neuronal 

physiology (e-g). h Volcano plot displaying genes differentially transcribed in MSA with 
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high statistical significance and involved in myelination. Labels for the top genes are 

indicated in the plot
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Fig. 4. 
Genes with altered expression in MSA striatum overlap networks associated with 

Alzheimer’s disease neuropathology. Network built using 29 genes showing differential 

transcription in MSA that were associated to AD in the disease enrichment analysis module 

of IPA. Red shades indicate increased and green shades indicate decreased expression in the 

data with intensity of shading representing fold change magnitude. Solid lines denote direct 

and dash lines indicate indirect interactions between gene products. Arrowheads denote 

reaction direction
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Fig. 5. 
Correlation between altered miRNAs and gene targets in MSA ► striatum. a, f, k Violin 

plots showing abundance of selected miRNAs in CT and MSA brains. Red dot indicates 

median count and black curve indicates frequency of counts based on log2; blue lines 

indicate lower and upper values and extend over first and third quartiles. b, g, l Bar graphs 

showing transcript abundance for gene targets of miRNAs depicted in (a-f-k) that showed 

significant correlation in the paired analysis. c-e, h-j, m-o Plots showing top correlated miR-

gene target pairs as per Pearson’s analysis. *P<0.05, **P<0.01, and ***P<0.001 as per t test 
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in the group comparisons (MSA vs. CT) or per Pearson’s in the correlation miR-gene target 

expression

Kim et al. Page 24

Mol Neurobiol. Author manuscript; available in PMC 2020 May 12.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 6. 
Generation of expanded networks linking miRNAs altered in MSA, transcription factors, 

and additional regulatory molecules. Main network obtained by integrative analysis of paired 

miRNAs and gene targets affected in MSA and expanded by Pearson’s correlation and 

TargetScan prediction tools in Magic2. Vertical arrows indicate miRNAs and transcripts 

altered in MSA brains (red = increased, green = decreased abundance). *P <0.05, **P < 

0.01, and ***P <0.001 as per t test in the group comparisons (MSA vs. CT)
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Table 4

Transcripts altered in the striatum of MSA patients overlapping networks affected in Alzheimer’s disease 

pathology. Genes were identified by disease enrichment analysis in IPA with a P value for the group 

interaction = 5.52E-22. Fold change expression levels were calculated for MSA cases in comparison to 

controls, P value as per t test

Gene ID Accession # Log2 fold change P value

NGFR NM_002507.3 2.99 0.00341

MOG NM_001008228.2 2.26 0.00041

CD14 NM_000591.2 2.12 0.00112

TF NM_001063.2 1.9 0.00240

MAG NM_001199216.1 1.56 0.00310

GFAP NM_002055.4 1.39 0.01190

SOD2 NM_000636.2 1.36 0.00414

TGFB1 NM_000660.4 1.27 0.00014

STAT3 NM_003150.3 1.13 0.00022

ATF4 NM_001675.2 1.05 0.00105

BACE1 NM_012104.3 0.823 0.00473

BCL2L1 NM_138578.1 0.695 0.01150

SORL1 NM_003105.5 0.676 0.03580

JUN NM_002228.3 0.657 0.00922

TGFBR2 NM_001024847.1 0.646 0.00901

BAX NM_138761.3 0.517 0.00884

NFE2L2 NM_006164.3 0.498 0.01130

PRKCA NM_002737.2 0.262 0.00766

BECN1 NM_003766.2 0.196 0.04030

ABAT NM_020686.5 −0.434 0.02630

GRIA2 NM_001083620.1 −0.594 0.04140

THY1 NM_006288.2 −0.754 0.02930

CAMK2B NM_001220.3 −0.778 0.04300

CACNB2 NM_000724.3 −0.889 0.04170

PRKCB NM_212535.1 −0.963 0.04430

PPP3CA NM_000944.4 −1.17 0.04700

SLC1A2 NM_004171.3 −1.39 0.00040

CALB1 NM_004929.2 −2.04 0.00062
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