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Abstract
MicroRNA expression profiles of patients with multiple sclerosis (MS) have revealed 
differences from healthy controls both in cells from the peripheral circulation and in 
specimens from white matter lesions. Here, we studied differences in microRNA expression 
and in their predicted mRNA targets in white and grey matter lesions of patients with MS as 
compared with white and grey matter brain tissue from controls. Post-mortem brain tissue 
was obtained from patients with MS and controls. By means of immunohistochemistry, 
five chronic active white matter lesions from patients with mainly white matter lesions, 
five subpial grey matter lesions from patients with mainly grey matter lesions, and five 
white and five grey matter brain samples from controls were selected. Differences in 
microRNA and mRNA expression were determined using microarrays. As compared with 
control tissue, 41 microRNAs were differentially expressed in white matter MS lesions, 17 
microRNAs in grey matter MS lesions, and 6 microRNAs in both. In addition, 2222 mRNAs 
were differentially expressed in white matter lesions, 959 mRNAs in grey matter lesions, 
and 183 mRNAs in both tissues. Differentially expressed microRNAs were selected for 
assessment of their predicted differentially expressed mRNA targets using the algorithm 
from TargetScan Human. These differentially expressed putative mRNA targets from these 
microRNAs are involved in myelin formation, neurite growth, synapse function, cell growth 
and death, mitochondrial functioning, ion channels, the mTOR pathway, and inflammation. 
In addition, to investigate the expression of microRNAs in more detail, in situ hybridisation 
was performed on brain tissue. MicroRNA-219, expressed by oligodendrocytes, was clearly 
decreased in white and grey matter multiple sclerosis lesions. Here, we show abundant 
alterations in microRNA and their predicted mRNA targets in white and grey matter 
lesions of patients with MS. This is indicative of widespread perturbations of microRNAs in 
MS, and is suggestive of their potential contribution to the pathogenesis of MS.
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Introduction
Inherited and environmental factors determine the pathogenesis of multiple sclerosis 

(MS). It is the most common debilitating neurological disease among young adults of 
Northern European descent, with a lifetime prevalence of 1:1000.1 Numerous genetic 
linkage screens and genome-wide association studies have been performed to search 
for genes related to MS, and substantial progress has been made. Yet, genetic and 
environmental risk factors identified so far only explain a small portion of the etiology of 
MS.2-5 

Post-transcriptional mechanisms, such as the modulation of gene expression by 
microRNAs (miRNAs), play an essential role in neurodegenerative diseases and immune 
responses.6-11 miRNAs are small (~22 nucleotides), non-coding and single-stranded RNAs. 
Hundreds of different miRNAs have been identified in mammals, and many are tissue 
or cell and cell stage specific. In the cytoplasm, miRNAs incorporate themselves in the 
RNA-induced silencing complex, where base pairing with their target messenger RNA 
(mRNA) results in degradation of the specific mRNA or in reduced protein production 
by translational repression. Each miRNA can modulate the expression of up to hundreds 
of different mRNAs. Likewise, a specific mRNA can be the target of several different 
miRNAs.12,13 

miRNA expression is altered in the blood of patients with MS.14-19 Studies on miRNA 
expression in white matter MS lesions focused on expression of CD47 and neurosteroid 
synthesis in MS lesions.20,21 However, global changes that might occur in miRNAs and 
their target mRNAs in MS lesions have not yet been published. In this study, we used 
microarray technology on post-mortem tissue to identify globally the miRNAs and their 
predicted mRNA targets that are altered in white and grey matter lesions of patients 
with MS as compared to nonneurological controls. We assessed the potential mRNA 
targets of the differentially expressed miRNAs and uncovered novel biological pathways 
that, based on existing miRNA target algorithms, are modulated by miRNAs during MS 
lesion development. In addition, to investigate expression of miRNAs in more detail, we 
performed in situ hybridisation on brain tissue, and showed that miRNA-219, expressed 
by oligodendrocytes, was decreased in white and grey matter MS lesions.  

Material and methods
Human post-mortem brain material

For this study post-mortem brain material was obtained from the Netherlands Brain 
Bank, Amsterdam, the Netherlands. Clinical characteristics and post-mortem intervals of 
the MS donors and nonneurological controls are provided in Table 1. Included MS patients 
were clinically diagnosed as primary progressive (PP-MS) or secondary progressive MS (SP-
MS). If the subtype of chronic MS had not been defined, samples were called MS. Causes 
of death among patients and control persons were pneumonia, ruptured abdominal 
aortic aneurysm, heart failure, euthanasia, mammary carcinoma, lung aneurysm and 
dehydration.

The study design received approval from the institutional medical ethics review board 
of the VU University Medical Center, Amsterdam, the Netherlands. All donors or a legal 
representative signed written informed consent for brain autopsy and use of material and 
clinical information for research purposes. 
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Lesion sampling procedure
Based on myelin proteolipid protein (PLP) and human leukocyte antigen DR (HLA-

DR) immunostaining (see Immunohistochemistry), suitable chronic active white matter 
lesions22 and subpial grey matter lesions (type III)23 were selected for miRNA and mRNA 
microarray analyses. On the basis of microscopic examination chronic active white 
matter lesions were isolated from five MS patients harboring >50% white matter lesions 
(‘predominant WM involvement’ group), and subpial lesions were dissected from five MS 
patients harboring >50% cortical grey matter lesions (‘predominant GM involvement’ 
group) (Fig. 1). Additionally, based on neuropathologic examination, nonneurological 
controls were carefully selected and normal white matter and normal cortical grey matter 
was isolated.
Lesions, identified on sections stained for PLP/HLA-DR were traced back in the tissue 

blocks and carved out with a scalpel. Then, twenty and thirty cryosections of 10 μm 
from chronic active white matter lesions and subpial grey matter lesions, respectively, 
were isolated. Since contamination with meningeal tissue might interfere with the 
array data, leptomeningeal tissue was removed with a scalpel beforehand. To ensure 
that contamination with leptomeningeal tissue had not occurred, and that only lesional 
areas had been isolated, cryosections were cut before and after lesion isolation and 
subsequently stained for PLP and HLA-DR. Tissue was stored at -80ºC until RNA isolation 
and subsequent microarray experiments.

Immunohistochemistry
From each sample 5 μm-thick frozen sections were collected on Superfrost Plus glass 

Table 1. Demographic and clinical characteristics of patients with chronic multiple sclerosis and control 
patients

Age (yr)/Sex Postmortem 
interval (hr:min)

Type of 
multiple 
sclerosis

Duration of 
disease (yr)

Grey matter
Patient
MS1 72/F 12:00 PP 13
MS2 84/F 08:45 PP 49
MS3 75/F 08:00 SP 42
MS4 48/F 08:10 SP 8
MS5 53/F 10:45 SP 27
Control
C1 66/M 07:45 - -
C2 84/F 04:45 - -
C3 93/F 04:00 - -
C4 93/F 05:50 - -
C5 87/M 10:20 - -
White matter
Patient
MS6 76/F 09:45 PP 19
MS7 70/M 06:25 MS 22
MS8 48/F 04:50 PP 25
MS9 43/M 08:30 SP 11
MS10 38/F 05:15 MS 10
Control
C6 66/M 07:45 - -
C7 84/F 04:45 - -
C8 87/M 10:20 - -
C9 93/F 06:45 - -
C10 85/F 04:40 - -
PP = primary progressive MS; SP = secondary progressive MS; MS = chronic MS, subtype not defined.
C1 = C6, C2 = C7, and C5 = C8.
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slides (VWR international; Leuven, Belgium), dried overnight at room temperature (RT) 
and subsequently fixed in acetone for 10 minutes. Then, sections were rinsed for 3 x 10 
min. with 0.01 M phosphate buffered saline (PBS; pH 7.4) followed by incubation with 
mouse-anti-human primary antibodies against myelin proteolipid protein (PLP; Clone: 
Plpc1; mouse IgG2a; 1:3000; Serotec, Oxford, UK) or human leukocyte antigen DR (HLA-
DR; Clone: LN3; mouse IgG2b; 1:50; gift from Dr. J.H.M. Hilgers, VU University Medical 
Center, Amsterdam, the Netherlands) diluted in PBS containing 1% bovine serum albumin 
(BSA; Roche Diagnostics; Mannheim, Germany) for 1 hour at RT. Subsequently, sections 
were rinsed in PBS (3 x 10 min.) and incubated for 30 min. at RT. with biotin-labeled rabbit 
anti-mouse immunoglobulins F(ab’)2 (1:500) (DAKO; Glostrup, Denmark) diluted in PBS 

Figure 1. Tissue selection. Chronic active white matter lesions (A,B) and subpial gray matter lesions (C,D) were 
selected for analysis based on myelin proteolipid protein (PLP) (A,C,D) and human leukocyte antigen DR (HLA-
DR; Clone: LN3) (B) immunostaining. Lesion samples were cut out of the frozen tissue blocks; sections of the 
remaining tissue in the block were then restained to confirm that the sampling was accurate and that leptome-
ninges had been excluded.  A white matter lesion after sampling is shown in A and B;  a subpial grey matter 
lesion is shown before (C) and after (D) sampling. Asterisks in A, B and D indicate areas sampled.  NAWM = 
normal-appearing white matter; WMPl = white matter plaque; NAGM = normal- appearing grey matter; GMPl = 
grey matter plaque. Original magnifications: A, B, 6x; C, D, 16x.
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with 1% BSA. Then, sections were rinsed in PBS for 3 x 10 min. and incubated for 1 hour 
at RT with streptavidin-biotin-peroxidase complexes (streptABComplex; DAKO, Glostrup, 
Denmark). Finally, sections were rinsed in PBS for 3 x 10 min., and the peroxidase reaction 
was developed with 3,3’diaminobenzidine-tetrahydrochloridedihydrate (DAKO; Glostrup, 
Denmark) as a chromogen. After a short rinse in tap water, sections were counterstained 
with hematoxylin for 1 min., and thoroughly washed with tap water for 5 min. 

In situ hybridisation on formalin-fixed paraffin embedded tissue
Double-DIG labeled LNA probes, obtained from Exiqon (Vedbaek, Denmark), were used 

to perform in situ hybridisation (ISH) on miR-124 (neuron-specific), miR-219, and scramble-
miR (negative control).24 As a positive control, 5’-end DIG-labeled LNA U6 snRNA probe 
(Exiqon) was used. ISHs were performed according to manufacturer’s description of the 
miRCURY LNA microRNA ISH Optimization Kit on formalin-fixed paraffin embedded tissue 
samples (Exiqon), with some modifications. In summary, sections were deparaffinised in 
xylene and ethanol solutions at room temperature. Proteinase-K treatment (30 μg/ml) 
was performed in proteinase-K buffer (5 mM Tris-HCl, pH 7.4, 1mM EDTA, 1mM NaCl) at 
37ºC for 15 minutes. Slides were dehydrated through an increasing gradient of ethanol 
solutions and air-dried. Probes (80 nM for the double-DIG probes and 2 nM for the positive 
control) were directly placed on the dried tissue sections and immediately covered with 
a glass coverslip. Sections were incubated at 55ºC for 1 hour. After stringent washes in 
pre-heated SSC buffers at 55ºC, sections were preincubated for 30 minutes with 20% 
normal sheep serum at RT. Subsequently, sections were incubated overnight at 4ºC with 
alkaline phosphatase-conjugated sheep anti-DIG (Roche, Mannheim, Germany; dilution 
1:1000). 4-nitro-blue tetrazolium (NBT) and 5-bromo-4-chloro-3-indolylphosphate (BCIP) 
substrate was used as chromogen (Roche). After a short rinse in tap water, the sections 
were counterstained with nuclear fast red (Vector Laboratories, Burlingname, CA) for 10 
seconds and thoroughly washed with tap water for 10 minutes. 

MiRNA and mRNA microarrays
Total RNA was extracted from the selected chronic active white matter lesions (WM-

MS), subpial grey matter lesions (GM-MS), and control white (WM-CON) and grey matter 
tissue (GM-CON), using the mirVana miRNA Isolation Kit according to the manufacturer’s 
protocol (Ambion, Austin, TX). Amount of total RNA, and A260/A280 and A260/A230 nm 
ratios were assessed using the NanoDrop 1000 (Thermo Fisher Scientific Inc., Wilmington, 
DE). RNA integrity, and the amount of miRNAs as percentage of all small RNAs per sample 
were assessed using the Agilent 2100 Bioanalyzer (Agilent Technologies, Santa Clara, CA). 
In each sample miRNAs were well detectable and comprised up to 55% of all small RNAs 
measured.

To determine the expressed miRNAs, 100 ng was taken from each sample of total RNA, 
and used for labeling reaction with Cyanine 3-Cytidine bisphosphate. Hybridisation was 
performed with Agilent human miRNA microarrays V2 (G4470B), which contains probes 
for 723 human and 76 human viral miRNAs, as annotated in the Sanger miRBase v.10.1.

A two-color gene expression system was used to determine the expressed mRNAs in the 
given samples. For this analysis the WT-Ovation Pico RNA Amplification System (NuGEN, 
San Carlos, CA) was used to generate a sufficient amount of cDNA from total RNA. From 
each sample of cDNA 2 µg was taken and labeled with Cyanine 5-CTP. The Universal 
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Reference RNA (Stratagene/Agilent), labeled with Cyanine 3-CTP, was used as a reference. 
Samples and reference were hybridised to the Agilent whole human genome microarrays 
(G4112F), containing oligos for 41,078 unique human genes and transcripts.

After hybridisation, the miRNA and mRNA slides were scanned on an Agilent DNA 
microarray scanner. From each sample, two miRNA and two mRNA slides were scanned. 
Agilent Feature Extraction Software (Version 10.5.1.1) was used to extract the microarray 
images data. After checking the quality of each individual slide, the Feature Extraction 
files were imported into Genespring GX 10.0.2 (Agilent Technologies) for normalisation 
and data analysis.

Statistical analysis
To adjust for systematic technical differences between arrays miRNA and mRNA data 

were quantile normalised, normalising a matrix of probe level intensities. The expression 
of each gene in each array was also normalised to that median over all arrays. During 
the first two steps of data analysis, miRNA and mRNA expression levels were examined 
separately.

First, Gene Cluster 3.0 software was applied to identify clusters of the differentially 
expressed miRNAs among and within the four different groups. For this, a hierarchical 
clustering algorithm was used and the results were presented as a heatmap using Java 
TreeView software.25 

Second, differences in miRNA and mRNA expression were determined in WM–MS 
versus WM-CON, and in GM-MS versus GM-CON. An unpaired, two-tailed t-test combined 
with Benjamini-Hochberg adjustment for multiple testing was used to detect statistical 
significance in fold change between patient and control groups. A corrected value of P 
< 0.05 was considered as statistically significant. Differentially expressed transcripts were 
defined as those with a ≥ 2.0-fold difference in expression between patient and control 
tissue. To minimise possible bias due to differences in age, gender, and brain region 
between the groups, miRNA and mRNA transcripts were only enrolled in the analysis 
if all samples in at least one group (i.e., WM-MS, WM-CON, GM-MS, and GM-CON) had 
acceptable values. 

Third, to determine potential differentially expressed mRNA targets of differentially 
expressed miRNAs, a combined analysis on the miRNA and mRNA data was performed 
using Genespring GX 10.0.2. For this, the algorithm, provided by TargetScan Human 
version 5.1 was loaded into Genespring and used for the joint analysis. In further pathway 
and network analyses only those mRNAs were included that were differentially expressed 
in the opposite direction as compared with the selected differentially expressed miRNA, 
and at significant levels (i.e., fold change ³ 2.0 between patient and control group, and P 
< 0.05). 

Pathway and network analysis
To visualise the networks between different miRNAs and their mRNA targets, Cytoscape 

software was used. Only miRNAs that were differentially expressed at a significant level 
between patient and control groups and which were also present in TargetScan Human 
were loaded in the program. The shown mRNA targets only included the ones that 
were differentially expressed in the current data in the opposite direction as compared 
with selected miRNAs. In the figures, the size of the node representing a given mRNA 
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is proportional to the P-value of 
differences in gene expression 
between the patient and the 
control group. Data were 
imported into DAVID for Gene 
Ontology (GO) analysis to 
identify enriched biological 
pathways among the predicted 
differentially expressed target 
mRNAs.

Results
Differentially expressed miRNAs 
and mRNAs

We examined miRNA and mRNA 
expression in five chronic active 
white matter MS lesions (WM-
MS) versus five control white 
matter samples (WM-CON), and 
in five subpial grey matter lesions 
(GM-MS) versus five control 
grey matter samples (GM-CON), 
using Agilent miRNA and mRNA 
microarrays. No technical errors 
or outliers were detected during 
quality control of the microarray 
images. Hierarchical clustering 
was performed on all miRNAs 
measured. Based on variation 
in miRNA expression, samples 
could be recognised as WM or 
GM tissue with 100% accuracy 
(Fig. 2A). The expression levels 
of other miRNAs differentiated 
between MS and control samples 
in WM and GM tissue (Fig. 2B).

Based on ≥ 2.0 fold change 

A

B

Figure 2. Hierarchical clustering of miR-
NAs in multiple sclerosis (MS) lesions and 
control tissues.  (A) Hierarchical cluster-
ing distinguishes with 100% accuracy 
between white matter (WM) and grey 
matter (GM) tissue samples, whether MS 
or control, on basis of variation in expres-
sion of certain miRNAs. (B) The expres-
sion levels of other miRNAs differentiate 
between MS and control samples in WM 
and GM tissue. Red = upregulated; green 
= downregulated.
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analysis, and a corrected value of P ≤ 0.05, we identified 41 differentially expressed miRNAs 
in WM, and 17 differentially expressed miRNAs in GM. Six miRNAs were differentially 
expressed in both types of lesions. In WM-MS lesions, 22 miRNAs were upregulated, while 
19 miRNAs were downregulated. In GM-MS lesions, 14 miRNAs were upregulated, and 3 
miRNAs were downregulated. All six miRNAs that were differentially expressed in both 
tissues had the same direction of altered expression in WM and GM, five of these were 
upregulated, and one was downregulated. 

Using a fold change of ≥ 2.0 and a corrected significant P-value, 2222 mRNAs were 
differentially expressed in WM, and 959 mRNAs were differentially expressed in GM. One 
hundred and eighty three mRNAs were differentially expressed in both.

In situ hybridisation of miR-219 and miR-124
Since miR-219 was identified as most significantly differentially expressed in white 

and grey matter lesions (Table 2) as compared with control tissue, we decided to study 
the expression of this miRNA in further detail. miR-124, the most abundantly expressed 
neuron-specific miRNA,26-28 was selected as a positive control and served as a quality check 
for the miRNA ISH. We performed ISH for these miRNAs on white and grey matter MS and 
control tissue. Representative staining results are shown in Figures 3-5. 

Based on PLP immunostaining, MS lesions in white and grey matter were identified 
(Fig. 4 and 5). In grey matter control tissue, subpial MS lesion, and normal appearing grey 
matter, miR-124 was expressed by neuronal cells, indicating that ISHs were performed 

correctly. miR-124 was not detectable in white matter tissue (data not shown). miR-219, 
mostly expressed by oligodendrocytes,29-31 followed the PLP staining pattern (Fig. 3-5). In

miRNA Fold Change P-value miRNA Fold Change P-value
miR-219 7.93 5E-05 miR-219 4.80 0.002
miR-223 2.08  0.002 miR-223 2.65  0.031
miR-34b 3.71  0.029 miR-214 6.17  0.030
miR-152 2.57  0.003 miR-634 2.74  0.041
miR-148a 2.70  0.008 miR-485-3p 2.01  0.002
miR-142-5p 2.28  0.004 miR-181d 2.66  0.002
miR-500 2.15  0.002 miR-197 2.91  4E-05
miR-575 3.12  0.030 miR-768-5p 2.28  0.041
miR-92b 4.49  7E-05 miR-133b 2.25 0.014
miR-363 2.00  0.005
miR-485-5p 6.14  0.034
miR-99a 2.21  0.007
miR-195 2.41  0.003
let-7e 2.16  0.008
miR-34a 3.13  0.003
miR-149 2.60  2E-04
miR-584 3.44 6E-04
miR-18a 2.64 2E-05
miR-32 2.33 0.026
miR-181b 3.53 7E-05
miR-181a 4.21 2E-04
miR-27b 3.84 3E-06
miR-23b 2.46 7E-06
miR-15a 2.90 7E-05
miR-16 2.56 0.002

White matter Grey matter

Table 2. Differentially expressed miRNAs in MS lesions as compared with control tissue, and of which the 
putative target mRNAs were differentially expressed in the opposite direction

miRNA expression was determined in chronic active white matter lesions and subpial grey matter lesions of 
patients with MS, and compared to control white and grey matter tissue. In this table the miRNAs are shown, 
with a fold change of ≥ 2.0, and a significant P-value after adjustment for multiple testing, that were used for 
further network and pathway analysis.   and    indicate up- and downregulation, respectively, in MS lesions. 
P-value is the corrected P-value after adjustment for multiple testing.
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Figure 3. miR-219 expression in white matter multiple sclerosis and control tissue. Immunostaining 
for PLP visualised the presence of myelin (A-C, and G-I). Chronic active white matter lesions could be 
detected due to the absence of PLP (G,J,K). Abundant expression of miR-219 was observed in white 
matter of control tissue, and seemed mostly expressed by oligodendrocytes (D-F; arrows indicate oli-
godendrocytes). In contrast, no miR-219 expression was found in the white matter lesion (L,O,P) In 
the normal-appearing white matter, still some miR-219 expression was observed, however, less pro-
nounced compared to control white matter tissue (M,N); arrows indicate oligodendrocytes).
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Figure 4. miR-124 and miR-219 expression in grey matter control tissue. Immunostaining for PLP visual-
ised the presence of myelin in cerebral cortex (A,D,E) and subcortical white matter (A-C). Using miR-124 
in situ hybridisation, cortical layers can readily be distinguished (F,I and J; arrows indicate neurons). 
There was no miR-124 expression in the subcortical white matter (G,H). miR-219 expression had a simi-
lar pattern as the PLP expression (K-O). Abundant expression of miR-219 by oligodendrocytes was ob-
served in the subcortical white matter (L,M; arrows indicate oligodendrocytes) and to a lesser extent in 
the cerebral cortex (N,O; arrows indicate oligodendrocytes).
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Figure 5. miR-124 and miR-219 expression in grey matter of MS tissue. Immunostaining for PLP visual-
ised the presence or absence of myelin in cerebral cortex (A-E). Subpial MS lesion is clearly delineated 
by PLP immunohistochemistry (A; arrows indicate the border of the subpial lesion). PLP expression is 
present in normal appearing gray matter (D,E), and absent in the subpial lesion (B,C). Using miR-124 
in situ hybridisation, cortical layers can readily be distinguished (F). miR-124 expression was present in 
the grey matter lesion (G,H; arrows indicate neurons) and in normal appearing grey matter (I,J; arrows 
indicate neurons). miR-219 was absent in the subpial lesion (K-M). Total miR-219 expression seemed to 
be impaired in normal appearing grey matter as compared with control grey matter (K). Higher mag-
nification images still show some miR-219 staining in the normal appearing grey matter (N,O; arrows 
indicate oligodendrocytes).
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white and grey matter MS lesions miR-219 drastically reduced. Interestingly, in normal-
appearing grey matter, miR-219 staining was visible, though less pronounced compared 
to control grey matter tissue.

Combined analysis of miRNAs and mRNAs
To assess the possible effects of the differentially expressed miRNAs on gene expression 

in WM and GM MS lesions, TargetScan Human was loaded into Genespring GX 10.0.2, and 
used to identify differentially expressed potential mRNA targets. Since miRNAs are thought 
to inhibit expression of mRNAs, we only considered as putative targets those mRNAs that 
were differentially expressed in the opposite direction as compared with the miRNA of 
interest, 25 of the 41 differentially expressed miRNAs in WM and 9 of the 17 differentially 
expressed miRNAs in GM were found in TargetScan Human and had negatively correlated 
differentially expressed mRNA targets in the generated data (Table 2). Of note, several of 
these miRNAs have previously been implicated in brain cell development, diseases of the 
central nervous system (CNS), immune cell development and autoimmune diseases.10,11,32-39

The number of identified mRNA targets per miRNA varied between one and several 
hundred. mRNA transcripts from genes with unknown function were excluded from 
further analysis. mRNAs that were a predicted target in WM of three or more miRNAs are

Table 3A. Differentially expressed mRNAs which are a predicted target of differentially expressed miRNAs in 
chronic active white matter multiple sclerosis lesions 

Symbol Description Fold 
change P-value Predicted target of miRNA

PTPRD protein tyrosine phosphatase, 
receptor type, D 2.82  0.001

miR-152,  miR-148a, miR-500, 
miR-363,  miR-195, let-7e, 
miR-34a

ZAK MLK-related kinase isoform 2 2.19  0.004 miR-18a, miR-32, miR-23b, 
miR-15a, miR-16

ATBF1 AT-motif binding factor 1 2.26  0.028 miR-32, miR-27b, miR-23b, 
miR-15a, miR-16

RICTOR rapamycin-insensitive companion of 
mTOR 2.00 3E-04 miR-34b, miR-152, miR-148a, 

miR-195, let-7e

NOTCH2 notch 2 preproprotein 2.79  9E-04 miR-18a, miR-181a, miR-
181b, miR-15a, miR-16

11-Sep septin 11 2.13  0.007 miR-27b, miR-23b, miR-15a, 
miR-16

ASPH aspartate beta-hydroxylase isoform a 2.14  8E-04 miR-584, miR-27b, miR-15a, 
miR-16

GRIA3 Glutamate receptor, ionotrophic, 
AMPA 3. 3.05 0.001 miR-92b, miR-363, miR-485-

5p, miR-149

SLC12A2 solute carrier family 12 2.02 0.015 miR-92b, miR-363, miR-195, 
miR-34a

LRP2 low density lipoprotein-related 
protein 2 4.81 4E-04 miR-152, miR-148a, miR-142-

5p, miR-195 

CUGBP2 CUG triplet repeat, RNA binding 
protein 2 2.72  0.016 miR-219, miR-32, miR-27b

KITLG Homo sapiens stem cell factor 
precursor, mRNA, complete cds. 2.91 0.001 miR-181a, miR-181b, miR-

27b

NEK6 putative serine-threonine protein 
kinase 2.03  0.002 miR-219, miR-27b, miR-23b

MYCN v-myc myelocytomatosis viral related 
oncogene, 2.57 7E-04 miR-142-5p, let-7e, miR-34a

MARCKS myristoylated alanine-rich protein 
kinase C 2.14 0.001 miR-584, miR-27b, miR-23b

The algorithm of TargetScan Human was used to identify predicted mRNA targets of differentially expressed 
miRNAs. Only predicted mRNA targets that were differentially expressed in the reverse direction as compared 
with the selected miRNA were considered as potential targets.   and  indicate up- and down-regulation, 
respectively, in MS lesions. P-value is the corrected P-value after adjustment for multiple testing.
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shown in Table 3A, and mRNAs that were a predicted target of two or more miRNAS in 
GM are shown in Table 3B. Interestingly, the analysis revealed that miRNAs belonging to 
the same miRNA family, i.e. miR-152 and miR-148a, miR-92b and miR-363, miR-181a and 
miR-181b, and miR-15a and miR-16, had the same or highly similar mRNA targets in the 
current data set. The various predicted mRNA targets encode proteins involved in critical 
functions, for example myelin formation, neurite growth, synapse function, cell growth 
and death, mitochondrial function, ion channels, mTOR pathway and inflammation. 

Pathways and networks associated with differentially expressed miRNAs
To visualise networks and pathways in which differentially expressed miRNAs might be 

involved in white and grey matter lesion development in MS, miRNAs and their predicted 
mRNA targets were loaded into Cytoscape (Supplementary Fig. S1 and S2). As shown 
in the figure, several mRNAs were the predicted target of different miRNAs. Analysis of 
gene ontology was performed on the list of expressed predicted target mRNAs from the 
differentially expressed miRNAs to identify enriched biological pathways that might be 
modulated in MS (Table 4). This analysis revealed that the Wnt signaling pathway, central 
nervous system development, metal ion and cation transport, mesoderm development, 
apoptosis and cell death, neurogenesis, and regulation of transcription were enriched. 

Discussion 
MiRNAs are crucial players in neurodegenerative and autoimmune diseases.6-11 Previous 

Table 3B. Differentially expressed mRNAs which are a predicted target of differentially expressed miRNAs in 
subpial grey matter MS lesions 

Symbol Description Fold 
Change P-value Predicted target of 

miRNA

BRWD1 bromodomain and WD repeat domain 
containing 1 2.18 0.025 miR-634, miR-181d, miR-

197
ZBTB20 zinc finger and BTB domain containing 20 2.30 0.024 miR-214, miR-634

CREBZF HCF-binding transcription factor 
Zhangfei 2.06 0.003 miR-634, miR-485-3p

MITF microphthalmia-associated transcription 
factor 2.24 0.044 miR-214, miR-768-5p

Table 4. Enriched biological pathways in chronic active white matter lesions that are predicted 
targets of differentially expressed miRNAs

Pathway P-value

Wnt signaling 9 0.002
CNS development 10 0.003
small GTPase mediated signal transduction 9 0.006
negative regulation of transcription 9 0.019
metal ion and cation transport 12 0.026
mesoderm development 4 0.023
positive regulation of apoptosis 9 0.007
induction of programmed cell death 8 0.010
organ morphogenesis 11 0.017
neurogenesis 8 0.059

The algorithm of TargetScan Human was used to identify predicted mRNA targets of differentially expressed 
miRNAs. Only predicted mRNA targets that were differentially expressed in the reverse direction as 
compared with the selected miRNA were considered as potential targets.   and  indicate up- and down-
regulation, respectively, in MS lesions. P-value is the corrected P-value after adjustment for multiple testing.

The predicted differentially expressed mRNA targets of differentially expressed miRNAs in the opposite direction, 
were imported into DAVID for GO analysis to identify enriched biological pathways in WM MS lesions. CNS = 
central nervous system

Count of 
transcripts
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studies showed that miRNAs are differentially expressed in blood cells of patients with MS, 
and altered expression levels are associated with disease severity in MS and experimental 
autoimmune encephalomyelitis (EAE), an animal model for MS.14-19 Here, we found a great 
number of differentially expressed miRNAs in WM and GM MS lesions as compared with 
control WM and GM. The predicted differentially expressed mRNA targets are involved in 
biological pathways that are essential for CNS homeostasis and might probably contribute 
to the development of white and grey matter MS lesions.  

In general, miRNAs are fundamental for proper cell development and functioning.13 
Over the  last  decade many  studies showed that miRNAs are essential regulators 
during embryonic development, cell development and outgrowth, inflammation, 
protein production, cell signaling, apoptosis and cell death.7,11,32,40 Several studies 
showed that certain miRNAs are vital for neurogenesis and others for developing 
oligodendrocytes.26-31,34,37,39,41 Altered miRNA expression has also been implicated in 
neurodegenerative and neuropsychiatric diseases.6,8,33,35,36,38 In addition, miRNA regulation 
plays a critical role during immune system development and immune response, and 
altered patterns of miRNA expression have been associated with autoimmune diseases, 
like rheumatoid arthritis and systemic lupus erythematosus.10,11,32

Recently, several papers have been published on miRNAs and MS.14-19,21 One computational 
based study showed a potential relationship between disease-linked single nucleotide 
polymorphisms, specific miRNAs and MS.42 One study investigated miRNA expression 
levels in white matter lesions with comparable findings as compared to our study.20 A 
global mRNA target study was not performed in this study. Six other studies focused 
on differences in miRNA expression levels in blood cells between patients and control 
persons or between different stages of relapsing remitting MS. A few miRNAs that were 
increased in one study,17 i.e., miR-584 and miR-223 were also significantly upregulated 
in our analysis. Our microarray data indicate that the differentially expressed miRNAs 
in MS lesions are distinct from the differentially expressed miRNAs found in blood cells 
of patients with MS. This can probably be explained by the different histopathological 
features in patients with relapsing remitting and chronic MS, combined with the fact that 
miRNAs are tissue and cell specific.

In   our  study  we   found  that  miRNA  expression  profiles  clearly  differentiate between  
white  and grey matter tissue in general,  whereas other miRNAs show a well defined 
difference between MS and control samples determined both in WM and GM tissue. Some 
miRNAs, e.g., miR-7,  miR-125a, and miR-218, that were upregulated in MS and control grey 
matter tissue as compared with MS and control white matter tissue have been reported 
as increased in neuronal progenitor cells.39 ISH for miR-124, a neuron-specific miRNA and 
thus not present in white matter, showed that this miRNA is not affected in demyelinated 
subpial MS lesions. Several differentially expressed miRNAs in chronic active white matter 
lesions have been associated with autoimmune diseases, immune cell development 
and immune response, e.g. miR-181a, miR-181b, miR-189, miR-16, miR-142-5p, and miR-
223.10,11,32 In contrast, only one differentially expressed miRNA in subpial grey matter 
lesions, i.e. miR-223, has been associated with the immune system. This might reflect 
that inflammatory cells are less prevalent in grey matter lesions as compared with white 
matter lesions.43 In our study, miR-219, required for oligodendrocyte differentiation and 
myelination,29-31 was clearly decreased in white and grey matter MS lesions. The predicted 
differentially expressed mRNA targets included transcripts that are involved in neurite 
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growth, myelin formation, synapse functioning, cell growth and death, mitochondrial 
functioning, ion channels, mTOR pathway and inflammation. For example, based on 
the predicted mRNA target analysis, the transcript of the protein tyrosine phosphatase 
receptor D (PTPRD) gene, which was decreased in chronic active white matter lesions 
as compared with control white matter, was found to be a target of seven upregulated 
miRNAs in these lesions. Studies in the PTPRD knockout mouse showed that this protein 
is essential for axon guidance during axonogenesis.44 Also, the upregulated transcript of 
AT-motif binding factor1 (ATBF1) in chronic active white matter lesions, that showed to be 
modulated in our analysis by five downregulated miRNAs in white matter tissue, might 
play a role in neuronal cell differentiation.45 These findings reveal an exciting new field 
that might explain an essential part of the pathogenesis of MS.

Our study elucidates fundamental mechanisms that are either causative or might have 
secondary effects on the pathogenesis of MS. However, some points must be considered 
when interpreting the miRNA and mRNA microarray analysis of post-mortem MS and 
control brain tissue. First, miRNAs target their mRNAs intracellularly. Therefore, although 
microarray studies are able to identify a large number of possible targets, this approach 
does not differentiate between the transcripts from different cell types within a tissue. To 
assess whether a miRNA and its predicted mRNA target(s) are present in the same cell, 
and to confirm that the miRNA actually modulate the given mRNA, in situ hybridisation 
methods, functional studies in animal models and, and in vitro studies in primary cells and 
cell lines are crucial. Second, the algorithms to predict miRNA targets have their limitations. 
miRNAs usually base pair to evolutionarily conserved complementary sequences in the 
3’ untranslated region of the target mRNA. Computational target prediction algorithms, 
including TargetScan Human, use this information to search for potential miRNA 
binding sites. Two recent studies showed that most miRNA target prediction programs 
have an accuracy of approximately 50%, and a low sensitivity.46,47 However, with today’s 
knowledge, computational target prediction programs are the sole option for rapid and 
extensive miRNA target prediction.

In fact, using miRNA target prediction algorithms in combination with biological 
knowledge about the putative targets, important inferences on cell functioning during 
health and disease have already been made. Combining prediction algorithm models 
with in vitro experiments revealed that a single miRNA can modestly repress hundreds of 
proteins.40,48 Based on miRNA target prediction programs and in vitro and in vivo studies, 
it has been shown that the brain enriched miRNA miR-124 is essential for neurogenesis in 
mice, that miR-219 might play a role in schizophrenia, and that miR-133b is essential for 
proper dopamine neuron functioning.26,35,36 These findings, combined with the knowledge 
that miRNAs are detectable and well preserved in cerebrospinal fluid and serum, give 
confidence that miRNA analyses, will elucidate novel pathways and biomarkers that are 
related to MS or subtypes of the disease.49,50

The aim of this study was to collect evidence from MS diseased brains for the involvement 
of miRNAs in the pathology of this disease. Here we show for the first time that miRNAs 
are abundantly differentially expressed in WM and GM MS brain lesions. Their predicted 
mRNA targets are related to transcripts of genes that are critical for proper cell functioning 
in the CNS, and to biological pathways that are likely involved in the pathogenesis of MS. 
These findings support the idea that deepening our understanding of miRNAs in relation 
to MS contributes to a better insight in the etiology, and might eventually have clinical 
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implications for patients with this disease.
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Supporting Information

S1
Supplementary Figure S1 and S2. miRNA based network in white (S1) and grey (S2) matter. Differentially ex-
pressed miRNAs and their predicted differentially expressed mRNA targets were loaded into Cytoscape to visu-
alise the miRNA networks. The size of nodes of the mRNA targets is proportional to the P-value of the given tran-
script used to calculate the differences in gene expression between MS and control white or grey matter tissue.

S2


