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ABSTRACTS: 25 

The short non-coding microRNAs (miRNAs), have emerged as reliable modulators of 26 

various pathological conditions including autoimmune diseases in mammals. The current 27 

study, aims to identify new potential differential expressed miRNAs and their 28 

downstream mRNA targets of the autoimmune disease, Multiple sclerosis (MS). First, we 29 

used a computational tool to identify a new set of miRNA(s) that are probably implicated 30 

in MS. Preliminary, computational screening reveals that miR-659-3p, miR-659-5p, miR-31 

684, miR-3607-3p, miR-3607-5p, miR-3682-3p, miR-3682-5p miR-4647, miR-7188-3p, 32 

miR-7188-5p and miR-7235 are specifically elevated in the secondary lymphoid cells of 33 

EAE mice. In addition, expression of the downstream target genes of these miRNAs such 34 

as FXBO33, SGMS-1, ZDHHC-9, GABRA-3, NRXN-2 were reciprocal to miRNA 35 

expression in lymphoid cells. These confirmed by applying the mimic and silencing 36 

miRNA models, these data suggesting new inflammatory target genes of these promising 37 

miRNA biomarkers. The in vivo adoptive transfer model revealed that the suppression of 38 

miRNA-7188-5p and miR-7235 changed the pattern of astrocytes and CNS 39 

pathophysiology. The current study identified set of miRNAs and their mRNA targets as 40 

reciprocal regulator in MS disease. The absence of miRNA-7188-5p and miR-7235 41 

enhanced the disease alleviation. These optimized results highlight new set of miRNA’s 42 

based biomarkers with therapeutic potential in experimental MS.  43 

 44 
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INTRODUCTION: 53 

Multiple sclerosis (MS) is a neurological autoimmune disease characterized by 54 

infiltration of T lymphocytes and macrophages into the central nervous system (CNS), 55 

that leading to multifocal areas of demyelination in the CNS with loss of 56 

oligodendrocytes and results in microglial mediated pathological conditions [1,2]. 57 

Clinically, MS patients showed a variable pattern of relapsing remittance and intermittent 58 

inflammatory exacerbations. Biomarkers for diagnosing MS are proteins or specific 59 

antibodies including chemokines, glycoproteins, IgG and IgM antibodies, and cell surface 60 

markers of inflammation [3]. However, these biomarkers are not well-correlated with the 61 

disease course of MS [4]), indicating an urgent need of developing and validating 62 

biomarkers correlate MS using different detection methods [5].  63 

 Although the pathological events of MS are well-established, the epigenetic 64 

involvement in the pathogenesis of MS is still not completely understood [6-8].  A class 65 

of non-coding single-stranded RNA called miRNA which is 19–24 nucleotides, it 66 

regulates post transcriptional modulation in genome of the host . MiRNA could interact 67 

to 3′ untranslated region (UTR), or rarely 5′ UTRs, of mRNA transcripts, which made 68 

perfect and imperfect complementary binding, leads to redundant   translational inhibition 69 

of mRNA targets [9-12]. In addition, the computational approach in the identification of 70 

novel and disease-related miRNA has been considered as a reliable and cost-effective 71 

tool [13-15], that reflect the progression of the disease in clinical samples [16]. Strategies 72 

such as qPCR, next-generation sequencing (NGS) and the microarray analysis has been 73 

utilized to analyze the miRNA expression pattern in various body fluids, such as blood, 74 

serum, plasma, cerebrospinal fluid (CSF) and urine in MS patients [17]. The levels of 75 

miRNA are significantly altered in clinical fluids with MS progression and in responses 76 

to treatment [18-21]. These researches implicate miRNAs are promising biomarkers in 77 

the MS autoimmune diseases and studying the role of miRNAs in MS has attracted 78 

attention in recent years [12] 79 

 Similar to clinical samples, dysregulated miRNA expression is noticed in 80 

experimental autoimmune encephalomyelitis (EAE) animal model, a well-characterized 81 

experimental model for the human MS disease, that exhibited CNS inflammation and 82 

pathological features of MS including ascending paralysis and motor neuron damage and 83 

death [22,23. Typically, the EAE model is induced through active immunization with 84 

myelin-derived proteins or peptides (e.g., myelin oligodendrocyte glycoprotein (MOG) in 85 

an adjuvant to sensitize the T cells in the peripheral lymphoid tissue [24]. Moreover, in 86 

https://www.sciencedirect.com/topics/medicine-and-dentistry/single-stranded-rna
https://www.sciencedirect.com/topics/medicine-and-dentistry/nucleotide
https://www.sciencedirect.com/topics/medicine-and-dentistry/untranslated-region


vivo injection of the lipopolysaccharides (LPS) induces EAE in T cell receptor (TCR) 87 

transgenic mice and relapse of encephalomyelitis in normal mice [25]. Recent reports 88 

also identified miR-155 as a key regulator of these inflammatory responses, in mice 89 

resulted in a decrease in Th1 and Th17 cellular differentiation in the CNS as well as 90 

peripheral lymphoid organs. However, animal models for MS can produce chronic 91 

inflammatory events, the in vivo approach for studying miRNAs role in neuronal 92 

degeneration and regeneration is still lacking.  In this study, we aim to fill this knowledge 93 

gap. Here, we applied bioinformatics approach to recognize a new set of miRNAs that 94 

correlate with MS progression and quantified the expression levels of identified miRNAs 95 

and their targets in EAE/MS disease mice model. 96 

 97 

MATERIALS AND METHODS: 98 

Collection of reference miRNA and EST sequences: 99 

 Expressed Sequence Tags (EST) related to MS was used for the identification of 100 

miRNAs (Figure 1) as reported earlier [14]. The above EST sequences (15,042 ESTs as 101 

of December 2018) were extracted from NCBI using the search term “Multiple 102 

sclerosis”. The published pre-miRNA (38589 as of December 2018) and mature miRNA 103 

(48885 as of December 2018) were retrieved from the miRBase  104 

(http://www.mirbase.org/). After eliminating redundant and poor quality sequences, local 105 

nucleotide database was created for MS specific EST sequences. The above nucleotide 106 

database was searched for their homolog among the miRNAs dataset. 107 

 108 

Identification of miRNAs and their precursor sequences: 109 

 The mature miRNAs were used as reference and its homolog were searched 110 

against the created local MS specific nucleotide sequence database at e-value threshold 111 

<0.01 using BLAST 2.2.22+ program with all other parameters as default [26]. The 112 

FASTA formats of all the candidate sequences were saved. Reference precursor and 113 

mature miRNA sequence was aligned against the corresponding singleton ESTs using 114 

ClustalW [27] multiple sequence alignment tool. Selected EST sequences with not more 115 

than three mismatches were validated for their non-protein encoding phenomenon using 116 

BLAST against protein database at NCBI using BLASTx with default parameter [28]. 117 

EST sequences were aligned to reference pre-miRNA sequences, the aligned region were 118 

extracted and considered as candidate pre-miRNA sequence. 119 

 120 



Validation of precursor candidate miRNAs and identification of target: 121 

 The candidate pre-miRNAs extracted were validated for secondary structure using 122 

Mfold v 3.2 (http://www.mfold.rna.albary.edu/). While selecting a candidate miRNA 123 

precursor from the EST resource, the following criteria were used according to Zhang et 124 

al. [29]. (a) RNA sequence must fold into an appropriate stem-loop hairpin secondary 125 

structure, (b) mature miRNA sequence site in one arm of the hairpin structure, (c) 126 

miRNAs should have less than seven mismatches with the opposite miRNA sequence in 127 

the other arm, (d) predicted secondary structures had higher negative energy MFEs (≤−18 128 

kcal/mol) and 40–70 % A + U contents. The TargetScan algorithm [30, 31] was used to 129 

identify potential targets for miRNA regulation in multiple sclerosis. 130 

 131 

Mice and ethics statement 132 

The female 6-8-week-old C57BL/6 mice for all experiments were maintained 133 

under specific pathogen-free conditions of animal facility of College of science, King 134 

Faisal University, Saudi Arabia. All in vivo and in vitro experiments were performed in 135 

accordance with protocols approved by the Research Ethics Committee (KFU-136 

REC/2017-3-1) of King Faisal University, Saudi Arabia. The humane endpoints included 137 

25% body weight loss, paresis or forelimbs paralysis for 24 hr. 138 

 139 

EAE models 140 

EAE was induced following a modified method described previously [32]. 141 

Briefly, MOG35-55(125lg/mL; Pep-tides International, KY, USA) emulsified in 142 

complete Freund’s adjuvant (CFA; Sigma-Aldrich) containing H37RA (Mycobacterium 143 

tuberculosis; Difco Laboratories, NJ, USA) was injected at the base of the tail. On days 0 144 

and 2, the mice received intraperitoneal injections of pertussis toxin (300 ng; Sigma-145 

Aldrich). The scoring system was adopted as described elsewhere [32] and assessed by 146 

expert who is blinded of experimental details; 0,normal; 1, limp tail; 2, hind limb paresis; 147 

3, forelimb weakness; 4,paralysis; and 5, moribund. For adoptive transfer, CD4+T cells 148 

isolated from EAE mice 10 days post immunization were cultured for72 h with MOG35-149 

55(25 μg/mL) and IL-23 (25 ng/mL). The encephalitogenic cells (1x107cell/mouse) were 150 

injected intravenously into EAE mice.  151 

 152 

Isolation of mononuclear cells from CNS 153 



Mice were perfused intracardially with PBS before the dissection of the CNS, 154 

which subsequently minced and homogenized. Mononuclear cells were segregated from 155 

cell mixture using 37–70% (vol/vol) Percoll gradients [33] 156 

 157 

Cell isolation and differentiation 158 

The naïve (CD4+CD62L+) T cells was isolated usinga MACS isolation kit (Miltenyi 159 

Biotec, Bergisch Gladbach, Germany). The conditions for the differentiation of Th17 and 160 

Treg cells were adopted from report with modifications [34]. Briefly, naïve CD4+T cells 161 

were cultured in the presence of Mouse T-Activator CD3/CD28 Dynabeads (Invitrogen, 162 

CA, USA). To generate Th17 cells, the culture media was supplemented with IL-6 (25 163 

ng/mL; R&D Systems, MN, USA), TGF-β1 (3 ng/mL; R&D Systems), and anti-IFN-γ 164 

and anti-IL-4 antibodies (10 μg/mL; BioLegend, CA, USA). To generate Treg cells 165 

(TH2), the cell culture was supplemented with TGF-β1 (4 ng/mL; R&D Systems) and IL-166 

2 (25 U/mL; R&D Systems).  167 

 168 

Macrophage and astrocyte cell cultures and treatment  169 

Macrophages and astrocytes cultures were prepared, as previously described [35]. 170 

Briefly, brain cortex was removed from euthanized C57BL/6 mice under sterile 171 

conditions. Cells were extracted using cell strainer (80 μm) cells were cultured for 5 days 172 

in the presence of M-CSF 50 ng/ (eBioscience) [36]. Differentiated macrophages were 173 

treated with lipopolysaccharide (LPS) (10 and 100 ng/mL) for 12 hr at 37 °C before RNA 174 

extraction. For astrocyte cultures, cells were removed as above and placed in Dulbecco's 175 

Modified Eagle Medium (DMEM/F12) medium under sterile conditions. Brain tissues 176 

were dissected, and astrocyte cells were cultured in (DMEM/F12) medium supplemented 177 

with 20% FBS. Astrocytes were stimulated with 10 and 100 ng/mL LPS (Sigma Aldrich, 178 

Taufkirchen, Germany) for 12 hr at 37 °C [36]. 179 

 180 

Quantitative real-time PCR 181 

cDNA was synthesized using a TaqMan reverse transcription kit and amplified by 182 

using a ViiA7 system. Kits, probes, and reagents for miRNA expression and gene 183 

expression assays and target gene primers (Table TS.1) for coding genes and microRNA 184 

primers were obtained from Applied Biosystems (CA, USA). The relative expression of 185 

mRNAs and miRNAs were calculated by the ΔΔCt method [37]. 186 

 187 



Transfection and luciferase activity 188 

CD4+ cells were transfected with oligonucleotides using Primary Cell 189 

Nucleofector kits and a 4D-Nucleofector system (Lonza, Basel, Switzerland). An 190 

antisense miRNA specific for miR-7188 and miR-7235 (150 nmol/L), a scrambled 191 

siRNA (75 nmol/L), an antisense (as)-of specific targeted miRNA (250 μmol/L) and a 192 

scrambled control (250 μmol/L) were obtained from (Ambion, Austin, TX, USA). qPCR 193 

and immunoblotting were used to confirm transfection efficiencies. Reporter plasmid and 194 

luciferase activities in the presence of siRNA were assessed following a modified method 195 

described elsewhere[28]. A miRNA sequence of differentially expressed mouse miRNA 196 

mature sequences was amplified using the following oligonucleotide primers (Figure S1). 197 

The scrambled or specific miRNA promoter-encoding expression vector (100 ng) was co-198 

transfected with Si-NS into HEK293K cell-conditions electroporation. Luciferase activity 199 

quantified using the Dual-Luciferase Reporter System (Promega) following the 200 

manufacturer’s instructions. 201 

 202 

Protein quantification 203 

Cell lysates from transfected and un-transfected CD4 cells were prepared using 204 

the RIPA Lysis Buffer System. Target proteins in the lysates were detected by rabbit 205 

polyclonal antibodies specific for NRXN-2 (dilution; 1:1000), GABRA-3 (dilution; 206 

1:500), ZDHCC-9 (dilution; 1:1500), MAPK-6 (dilution; 1:500), FXBO-33 (dilution; 207 

1:1000), mouse monoclonal antibodies specific for β-actin (dilution; 1:1,000) and the 208 

corresponding horseradish peroxidase (HRP)-conjugated secondary antibodies (1:5,000). 209 

The Lysis Buffer System and antibodies were purchased from Santa Cruz Biotechnology. 210 

Band intensity was quantified by ImageJ software (version 1.48; 211 

https://imagej.nih.gov/ij/download.html). To quantify the serum and supernatant cytokine 212 

levels, ELISA kits for IL-17a, IL-6, TNF-α, TGFβ (Invitrogen), and IL-10 (GenWay, CA, 213 

USA) were used following the manufacturer’s instructions. 214 

 215 

Immunohistochemistry  216 

To detect T cell infiltration and demyelination in EAE spinal cords, 217 

immunohistochemical staining for CD3 T cell marker was performed on lumbar spinal 218 

cord sections. Briefly, formalin-fixed paraffin-embedded spinal cord sections were 219 

deparaffinized in xylene and rehydrated in decreasing concentrations of ethanol. Antigen 220 

retrieval was performed by boiling the sections in 0.01 M trisodium citrate buffer (pH = 221 



6). Sections were next blocked in 10% normal goat serum containing 0.1% triton X-100 222 

and then incubated overnight at 4°C with antibodies against CD3 (1:100; Santa Cruz 223 

Biotechnology Inc. CA, USA) and myelin basic protein (1:500; Sternberger Monoclonal) 224 

followed by washing. Sections were then incubated with HRP-conjugated secondary 225 

antibodies (1:500, Abcam, MA, USA) followed by color development using DAB 226 

substrate solution.  227 

 228 

Intracellular staining and flow cytometry  229 

To detect intracellular expression of interleukin (IL)-17A, in transfected CD4+ T 230 

cells, cells were surface-stained with anti-CD4 and anti-CD3 antibodies and then fixed 231 

with 1 mL/tube BioLegend’s Fixation Buffer, at room temperature in the dark for 20 min. 232 

The cells were stained with flurochrome-conjugated anti- IL-17A, antibody (Biolegend, 233 

CA, USA). Stained cells were assayed with (FlowSight system, Darmstadt, Germany) 234 

and results were analyzed with Idea Flow software.  235 

Isolated CD4+ T cells were stimulated with 50 ng/mL phorbol 12-myristate 13-acetate 236 

(Sigma-Aldrich) and 800 ng/mL ionomycin (Sigma-Aldrich, Taufkirchen, Germany) for 237 

5 hr, with Protein Transport Inhibitor (Invitrogen) added for the final 2 hr. An 238 

Intracellular Staining kit (Life Technologies, CA, USA) and phycoerythrin (PE)-239 

conjugated anti-IL-17 antibodies (eBioscience, CA, USA) were used following the 240 

manufacturer’s instructions. The analysis was performed using (FlowSight system, 241 

Darmstadt, Germany). 242 

 243 

Analysis of miRNA in MS patients. 244 

Blood and CSF were obtained from 45 consecutive patients referred for 245 

diagnostic lumbar puncture. The Institutional Review Board approved the study and 246 

informed consent was obtained from all subjects. Diagnosis of MS was based on 2010 247 

revisions to the McDonald diagnostic criteria [38]. Totally, 22 subjects (10 male and 12 248 

female) had evidence of inflammatory CNS demyelination, manifested either as MS, or 249 

as a clinically isolated syndrome suggestive of MS in combination with radiology 250 

evidences. Selection of patients based on the non-treated with immunomodulatory drugs 251 

and exposed acute exacerbation during examination. Non-MS Patients were grouped into 252 

diagnostic categories of adult or pediatric inflammatory. Patients who did not fulfill these 253 

criteria were classified as non-immuno neuro diseases. 254 

 255 



Statistical analysis 256 

Data were pooled from three independent experiments performed in triplicate using three 257 

mice per experiment unless otherwise indicated. The mean values were tested for 258 

statistical significance by one-way ANOVA. The values of cytokines and PCR 259 

expression fold are analyzed using student’s t tests parametric and non-parametric mean 260 

comparisons between the two groups. Data are shown as mean + SEM. Significance will 261 

be considered P≤0.05. 262 

 263 

Results: 264 

Computational identification of miRNAs and their targets 265 

A total of 15094 ESTs from multiple sclerosis samples were retrieved from NCBI and 266 

then used for the prediction of miRNAs associated with MS. After careful evaluation of 267 

fewer than four mismatches among the mature, premature miRNAs and the respective 268 

matched EST sequences and secondary structure analysis, 11 miRNA candidates were 269 

proposed to be differentially expressed under multiple sclerosis conditions (Figure 1A-270 

B). Details of the predicted miRNAs are shown in Table TS.1.  Among these 11 miRNAs 271 

hsa_miR-684, hsa_miR-7188-3P and hsa_miR-7188-5P are reported here for the 1st time 272 

in humans, based on their homology with transcripts in Macaca mulatta and Mus 273 

musculus (Figure 1B and Table TS. 1).  274 

 275 

Validation of identified miRNA in EAE mice. 276 

The miRNAs that qualified the validation of the comparison between MS and non-MS 277 

were analyzed based on their expression profiles. Next, we estimated the expression 278 

pattern of the candidate miRNAs from demyelinated tissues which were validated in the 279 

splenocytes of control healthy and EAE mice (Figure 2A). The validation of differential 280 

miRNA in disease symptom patients and volunteered CSF CD4 cells using quantitative 281 

real time PCR analysis (Figure 2B). The results revealed that, the parallel overexpression 282 

of miR-684, miR-4647, miR-7188-3p, miR-7188-5p and miR-7235 were noted in clinical 283 

patients sample compared to control volunteer subjects. The EAE clinical score and 284 

disease incidence of EAE mice were assessed for 22 days post immunization.  The EAE 285 

clinical score increased initially on 12th day of immunization, profoundly peaked on the 286 

18th day, and started to decline after 20th day of MOG immunization (FigureS1 A-B). The 287 

histochemical and microscopy analyses showed damaged glial cells and astrocytes in 288 

addition to other pathological lateral modifications in EAE mice. (Figure S1 C-D). The 289 



histology score of myelin degradation and the infiltration of secondary immunological 290 

cells were significantly increased in EAE-diseased mice. The demyelination score of 291 

EAE-diseased mice as denoted by laxol fast blue score at 22 days of MOG immunization 292 

increased significantly relative to the control mice (Figure S1 E-F). The expression of 293 

miR-659-3p, miR-659-5p, miR-684, miR-3682-3p miR-3682-5p, miR-4647, miR-7188-294 

3p, miR-7188-5p and miR-7235, were significantly increased in EAE mice compared to 295 

control mice. Of these miRNAs, miR-684, miR-4647, miR-7188-3p, miR-7188-5p, and 296 

miR-7235 showed >10-fold increase relative to that in the non-EAE mice. Similarly, the 297 

serum cytokine levels of IL-6, IL-1β and TNF-alpha in naïve and EAE mice after 24 days 298 

of MOG immunization were significantly increased compared to those in control naïve 299 

mice (Figure 3A). Therefore, in this study, these miRNAs were selected for further 300 

examination. 301 

 302 

Select miRNA expression is upregulated in activated splenocytes, macrophages, and 303 

astrocytes.  304 

The involvement of other immune cells in the inflammatory response induced in EAE 305 

mice and their contribution to the activation of subsequent pathological processes were 306 

further analyzed.. RT-PCR data showed that miR-7188-3p,  miR-7188-5p and miR-7235 307 

levels were significantly increased in MOG-treated splenocytes. Typically, miR-7188-3p 308 

and miR7188-5p levels were increased significantly at 16 hr of MOG treatment. 309 

However, the expression levels of miR-684 and miR-4647 not show significant variation 310 

relative to those of the other tested miRNAs (Figure 3B). In studies evaluated the 311 

expression of miRNAs in naïve CD4 cells activated by anti-CD3 and anti-CD28 312 

antibodies, a considerable increase in the expression of miR-684, miR-4647, miR-7188-313 

3p, miR-7188-5p and miR-7235 at 16 hr and greater time points (Figure 3C). Since the 314 

MOG peptide partially activated the splenocytes, the expression of miRNAs was 315 

considerably increased at anti-CD3/CD28 stimulation compared to after MOG 316 

stimulation.  317 

Furthermore, the expression of these miRNAs was analyzed in microglial-based 318 

macrophages and astrocytes extracted from the brain and the spinal cord. The stimulation 319 

of these cells using LPS improved the features of monocyte/glial cell inflamed activation 320 

in multiple sclerosis conditions. Although the expression of the identified miRNAs was 321 

upregulated by LPS stimulation, we did not observe any dose-dependent variation in the 322 

expression levels (Figure 3D-E). However, macrophages delivers the downregulated 323 



expression of miR-7188-3p at LPS (50 ng/mL) concentration. Additionally, LPS-324 

stimulated primary astrocytes showed differential expression of miR-4647 and miR-7235 325 

but no significant expression differences were observed for other selected miRNAs 326 

(Figure 3E). Interestingly, the miRNAs were found to be differentially expressed in 327 

different in vitro conditions and in different cell types, which indicates that astrocytes are 328 

not greatly involved in post transcriptional processes, whereas astrocytes could regulate 329 

other autoimmune cytokine mediators. The results of ELISA estimation of cytokines 330 

showed increased secretion of TNF-α, IL-1β and IL-6 in these conditions. In a parallel 331 

study using T lymphocytes, the expression levels of some cytokines such as IL-17 and 332 

IL-10, were increased, whereas the expression level of TGF-β was decreased in EAE 333 

mice (Figure 3F).  334 

 335 

Expression of miRNA targeted transcripts regulated by mimics and siRNA. 336 

To investigate the potential mRNA transcripts that might be targeted by miR-337 

684, miR-4647, miR-7188-3p, miR-7188-5p, and miR-7235, we mined a list of 338 

predicted mRNA targets from TargetScan tool and Miranda databases. Considering 339 

the large number of potential targets (Table TS.1), we selected miRNA-targeted genes 340 

with known roles in cytokine signaling, myelin regulation and signal receptors in 341 

multiple sclerosis conditions (Figure S1). We selected SGMS-1, ZDHHC-9 and 342 

NRXN-2, FBXO-33, GABRA-3 and MAPK-6 as the target of miR-684, miR-4647, 343 

and miR-7188-3p, miR-7188-5p, and miR-7235, respectively. The mature miRNA 344 

sequences and the mRNA binding sites in the 3' untranslated regions (3' UTRs) of 345 

these genes are conserved between humans and mice and the binding sites are the 346 

same (Fig-S1). The immunohistochemical analysis of demyelination in the spinal cord 347 

showed reduced accumulation of different target proteins in EAE mice (Figure 4A-B). 348 

The mRNA expression levels of selected transcripts in stimulated splenocytes at 349 

different time points (8 hr, 16 hr and 24 hr, Figure 4C) showed that the expression of 350 

these targets was downregulated significantly after 8 hr of stimulation. The expression 351 

of the tested miRNAs varied significantly in stimulated splenocytes; with the 352 

exception of GABRA-3, the expression of other targets was downregulated by 30%. 353 

These results are similar to the observations in the western blot analysis of these 354 

targets at 16 hr and 24 hr time points (Figure 4D-E). 355 

 356 



Furthermore, we overexpressed or silenced the expression of miR-684, miR-4647, 357 

miR-7188-3p, miR-7188-5p and miR-7235 via mimic and siRNA sequence transfection 358 

in splenocytes and astrocytes and analyzed the expression of the respective target 359 

mRNAs using RT-PCR. In both cell types, the overexpression of miRNAs via mimic-360 

miRs produced the downregulation of the expression of the target mRNA transcripts 361 

(Figure 5A-F). However, the silencing of the miRNAs via si-miRs upregulated the 362 

expression of all target mRNAs in both cell types (Figure 5A-F). SGMS mRNA 363 

expression levels showed significant inverse regulation by miR-684 mimic and siRNA 364 

target. The significant expression of target genes was observed in siRNA transfected cells 365 

compared to mimic transfected cells. Interestingly, astrocytes showed more expression of 366 

SGMS-1 compared to splenocytes (Figure 5A). FBXO-33 expression levels showed 367 

reciprocal regulation by miRNA sequences. The significant down regulation was 368 

observed in siRNA transfected cells compared to mimic transfected cells of miR-4647 369 

sequences. Whereas, the mimic affects a similar expression in both cells, but siRNA 370 

showed significant increased expression in astrocytes compared to splenocytes (Figure 371 

5B). GABRA-3 is an signaling receptor in neuronal cells, which also act as regulator of 372 

CNS and astrocytes. GABRA-3 was target of miR-7188-5p. The mimic and siRNA of 373 

miR-7188-5p was potential regulator of GABRA-3 protein. The mimic masks the 374 

GABRA-3 transcripts and down-regulates its level in astrocytes compared to splenocytes. 375 

Despite, siRNA of miR-7188-5p was up-regulate the GABRA-3 transcripts in both 376 

splenocytes and astrocytes (Figure 5C). miR-7188-3p targets the MAPK-6 transcripts 377 

which act on cellular regulations such as, differentiation, development and polarization of 378 

lymphoid cells. The mimic of miR-7188-3p was not significantly altered the MAPK-6 in 379 

splenocytes and astrocytes. Whereas, siRNA of miR-7188-3p regulate significant 380 

increased expression of MAPK-6 in astrocytes compared to splenocytes (Figure 5D). The 381 

transcript of ZDHHC-9 and NRXN-2 expression were parallel on both cells. Particularly, 382 

ZDHHC-9 target increased in siRNA based transfected cells of splenocytes and 383 

astrocytes. Whereas, NRXN-2 was not significant increased expression in splenocytes but 384 

this transcript expressed significant in astrocytes (Figure 5 E-F). These findings 385 

correlated with those of the western blot and luciferase activity assays in transfected cells. 386 

 387 

Reduction of mRNA transcripts by the direct interaction of miRNA  388 

To validate the identified miRNAs, PGL3 vectors encoding 3’UTR region of candidate 389 

mRNA transcripts including MAPK-6, GABRA-3, ZDHHC-9, NRXN-2, FBXO-33 and 390 



SGMS-1 were cotransfected into HEK293T cells in the presence or absence of the 391 

corresponding miRNA mimics. The reciprocal expression of Renilla and firefly luciferase 392 

caused significant degradation of the luciferase signal in the mimic and negative control 393 

transfection systems (Figure 4G-K). Transcript suppression was observed for all 394 

transfected miRNA. However, the miR-684, miR-4647, miR-7188-3p, miR-7188-5p, and 395 

miR-7235 mimic-transfected cells showed relatively less significant differences than the 396 

miR-7188-3p- and miR-7235-transfected cells (Figure 5G-K). Taken together, these 397 

findings suggest that MAPK-6, ZDHHC-9 and NRXN-2 are directly targeted by the 398 

identified miR-7188-5p and miR-7235 miRNAs. 399 

 400 

miR-7188-5p and miR7235 attenuation alleviates EAE by myelin-dependent CD4 401 

cell polarization. 402 

The reciprocal correlation between Th-17 and Treg cells is a hallmark in EAE 403 

pathogenesis. Adoptive transferred of CD4+ T cells from MOG immunized mice 404 

attenuated miR-7188-5p and miR-7235 and scrambled miRNAs, which restimulated with 405 

naïve control mice (Fig-6A).  The death incidence was calculated by humane endpoints 406 

and the disease recovery was calculated and noted for disease and Si-miR- 7188-5p and 407 

miR-7235 respectively (Fig-6A).The effect of Si-miR-7188-5p and miR7235-transfected 408 

CD4+ T cells transferred from EAE mice on Th17 polarization was also investigated, 409 

shown in (Fig- 6B). Th17 cell differentiation was significantly reduced in EAE mice that 410 

received plain CD4+ T cells compared to those that received-antisense miR7188-5p- and 411 

miR-7235-treated CD4+ T cells.  Furthermore, the histological and immunohistochemical 412 

changes were examined; the microscopy-based examinations revealed that, the 413 

infiltration of astrocytes and macrophages was comparatively suppressed in si-miRNA 414 

transfected mice (Figure 6C-E, I). The protein histology revealed that the accumulation of 415 

ZDHHC-9, NRXN-2 and GABRA-3 protein in lumbar spinal cord and cerebellar tissues 416 

increased significantly in Si-miRNA transferred mice (Figure 6F-H,J,K). The regained 417 

protein may reduce EAE pathology; this result is correlated with the results of the newly 418 

resigned ELISA (Figure 6L). The miRNA and mRNA targets were confirmed in patients 419 

CSF leukocytes were confirmed by quantitative realtime PCR analysis (Figure6M,N). 420 

 421 

Discussion 422 

In the present study, we suggest a promising set of miRNAs as potential biomarkers 423 

of MS using the EAE mouse model. None of these identified miRNAs using the 424 



computational approach has been reported previously to be involved in MS disease 425 

progression. In addition, we suggest new inflammatory target genes of these promising 426 

biomarkers and report hsa_miR-684, hsa_miR-7188-3P and hsa_miR-7188-5P for the 427 

first time in humans as novel inflammation-related miRNAs.  428 

The current EAE model displayed the pathological characteristics of MS disease, 429 

including glial cell and astrocyte damage associated with a marked increase in myelin 430 

degeneration and infiltration of secondary immunological cells [2]. In synchronization 431 

with the EAE pathological features, we scored significant increase in serum levels of IL-432 

6, IL-1β, and TNF-alpha in EAE mice after 24 days of MOG immunization, which is 433 

consistent with previous studies[39,40]. The expression of nine out of eleven identified 434 

miRNAs increased  significantly in EAE mice. Of these miRNAs, miR-684, miR- 4647, 435 

miR-7188-3p, miR-7188-5p and miR-7235 showed greater than 10-fold increase in the 436 

expression level compared to that in the non EAE mice. The qPCR data also showed that 437 

miR-7188-3p, miR-7188-5p and miR-7235 levels are significantly increased in MOG-438 

restimulated splenocytes in vitro after 16 hr of MOG treatment. Interestingly, among 439 

these differentially expressed miRNAs, no miRNA other than miR-4647 has been 440 

reported to be expressed in inflammatory autoimmune disease [41,42]. Actually, the 441 

miRNAs profile in splenocytes was shown to be dysregulated in mice model of 442 

human MS. Also, miRNAs upregulation in the spinal cord tissues and splenocytes from 443 

EAE mice (such as miR-92a) were recently reported to be correlated with the progression 444 

of MS [43]. Therefore, in addition to analyzing the expression in splenocytes, we 445 

analyzed the role of these identified miRNAs in other cell types of EAE mice. In general, 446 

our in vitro study showed that there is a significant increase in the expression of the five 447 

miRNAs in LPS-stimulated macrophages and astrocytes compared to control cells. 448 

Consistently, the proinflammatory cytokines (TNF-α, IL-1β and IL-6) released by LPS-449 

stimulated macrophages from EAE mice are significantly elevated relative to those 450 

released by macrophages from non-EAE mice. In addition, IL-17 and IL-10 expressions 451 

is upregulated and TGF-β expression but decreased in EAE mice. Actually, both clinical 452 

and experimental data indicated that proinflammatory cytokines, including TNF-α, IFN-γ 453 

and IL-6, produced by macrophages and other immune cell types establish an 454 

inflammatory microenvironment that facilitates damage induction at the myelin sheath 455 

and the surrounding cells [39, 40]. Related to that, Barin and colleques [44] reported the 456 

participation of macrophages in IL-17-mediated inflammation. An imbalance between the 457 

proinflammatory properties and immunosuppressive activities of TGF-β was found to 458 



rise and then fall during inflammatory responses [45] may explain the decrease in the 459 

TGF-β level in the present study.  460 

Target prediction using TargetScan tools revealed that most of the identified 461 

targets are involved in the process of neural biogenesis, signaling and inflammation. 462 

The mimic of miR-7188-5p masked the neuronal cell signaling receptor GABRA-3 463 

and downregulated its expression in astrocytes. However, the siRNA targeting miR-464 

7188-5p upregulated the GABRA-3 expression in both splenocytes and astrocytes. 465 

Here, we identified GABRA-3, which was previously reported to be a risk factor for 466 

MS in patients who died of their disease [46], as a target for miR-7188-5p.  467 

MAPK-6 that involved on various cellular processes, such as differentiation, 468 

development and the polarization of lymphoid cells, was selected as an important 469 

target of miR-7188-3P. The mimic of miR-7188-3p did not significantly alter MAPK-470 

6 expression in either splenocytes or astrocytes. However, siRNA targeting miR-471 

7188-3p significantly increased the expression of MAPK-6 in astrocytes compared to 472 

splenocytes.  The expression of mitogen-activated protein kinase 6 has been reported 473 

to be downregulated under MS conditions[47]. Among other targets of the miR-7188-474 

5P, neurocalcin delta (NCALD), was found earlier to be downregulated in 475 

Alzheimer’s disease [48]. The ST3 beta-galactoside alpha-2,3-sialyltransferase 2 476 

(ST3GAL2) was also noticed as a target of miR-7188-5P. Silencing the expression of 477 

St3gal2 enhanced the demyelination in mice [49].  In addition, the miR-7188-3P 478 

target, myosin, plays a major role in neurodevelopment and regulation of neurological 479 

disorders [50]. Therefore, miR-7188-5P seems to target set of genes involved in 480 

regulating of MS progression. 481 

Moreover, our results indicate that the adoptive transfer of miRNA-7188-5p-and 482 

miR-7235-silenced CD4+ T cells from control mice to EAE mice alleviates EAE disease 483 

and changes the pattern of astrocytes and CNS pathophysiology. Among the targets of 484 

miR-7235 is the palmitoyltransferase DHHC-type containing 9 (ZDHHC9), which is 485 

involved in regulation of neurological disorder [51]. Both the mRNA and protein levels 486 

of the adhesion molecule neurexins are decreased during MS demyelination [52]. 487 

Therefore, suggesting NRXN-2, as a target of miR-7235 in the current model, may 488 

further potentiate MS pathogenesis. The miR-684 was among miRNAs that are 489 

upregulated by at least 50% in paclitaxel chemotherapy of mice breast cancer. Further, 490 

treatment with glial growth factor reduced inflammation in brain and spinal cord of 491 



Theiler's Murine Encephalomyelitis Virus model of MS and down regulated the 492 

expression of neurexophilin targeting miR-684[42].   493 

 In the current model, in both astrocytes and splenocytes, SGMS-1 mRNA 494 

expression levels significantly dysregulated by the miR-684 mimic and SiRNA. 495 

SGMS-11 plays an important role in the regulation of neurodegenerative diseases and 496 

the proliferation rate of Neuro-2a cells [53]. Phosphatidylinositol-5-phosphate 4-497 

kinase (PIP4K2A) is also targeted by miR-684 and regulates neurodegenerative 498 

disorders such as schizophrenia. However, among the targets of miR-4647, the F-box 499 

protein FBXO33 plays a key role in progressive neurodegenerative disorders [54], and 500 

its expression is downregulated in relapsing-remitting MS (RRMS) compared with 501 

primary progressive MS (PPMS) [55]. Brain-derived neurotrophic factor (BDNF) 502 

involved in immune cell-mediated prevention of axonal and neuronal damage after 503 

various pathological insults of multiple sclerosis lesions, it was also reported to a 504 

target of miR-659-3P. The upregulation of miR-659-3P expression under EAE 505 

conditions targets the mRNA encoding the above target genes, leading to subsequent 506 

pathogenesis of MS.  507 

Here, the study identifies new set of miRNAs as biomarkers with therapeutic 508 

potential in experimental MS and the mRNA targets of these miRNAs. The miRNA 509 

mimic, siRNA and adoptive transfer model results highlights miRNA-7188-5p and 510 

miR-7235 as potential therapeutic biomarkers for MS disease. 511 
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Figures

Figure 1

Identi�cation of differential miRNA using insilico approach. A. Schematic illustration of steps involved in
computational identi�cation of multiple sclerosis responsive miRNAs. B. Secondary structure of identi�ed



multiple sclerosis responsive miRNAs (hsa-miR-659, hsa-miR-684, hsa-miR-3607, hsa-miR-3682, hsa-miR-
4647, hsa-miR-7188 and hsa-miR-7235)

Figure 2

EAE induction and validation of different computationally identi�ed miRNAs.



Figure 3

miRNA pro�le in lymphoid cells and glial derived macrophages and astrocytes. The miRNA expression
was evaluated in different cellular types using quantitative real time PCR and identi�ed highly expressed
miRNAs in multiple sclerosis based cell types. (A) Serum cytokine levels of IL-6, IL-1Beta and TNF-α were
quanti�ed in 24 days after MOG immunization. (B) The splenocytes were isolated from EAE mice after 10
days of MOG immunization and stimulated with MOG 10 ng/ml for 4 hrs. The expression levels of miR-
684, miR-4647, miR-7188-3p, miR-7188-5p and miR-7235 were analyzed in stimulated cells at three
different time intervals (8 hr, 16 hr, and 24 hr). (C) The selected miRNAs were analyzed in anti-CD3 and
anti-CD28 stimulated CD4 cells. Collect the stimulated cells after 0 hr to 24 hr and evaluated the miRNA
expression. These different time points revealed that signi�cant miRNA expression takes place after 16 hr
of stimulation. (D) The glial macrophages were used for evaluating the miRNA expressions. The isolated



macrophages were LPS stimulated two concentrations for 12 hr (10 ng/ml and 50 ng/ml). (E) The
astrocytes were used for evaluating the selected miRNA expressions. The isolated astrocytes were LPS
stimulated in two concentrations (10 ng/ml and 50 ng/ml) for 12 hr. (F) Cytokine levels of IL-17, TGF-Beta
and IL-10 in culture supernatant of CD4+ cells restimulated with MOG for 72 hr. Data were pooled from
three independent experiments and shown as mean ± SD. p< 0.05. Data shown as mean ±SEM, n= 8.
Experiment was repeated twice. p<0.05 using T test.

Figure 4



Regulation of targeted genes and protein in tissues and splenocytes. The immunohistochemistry of
targeted protein were analyzed in immunoslides. (A-B) These pathological slides revealed the expression
level of miRNA targeted protein in tissues at EAE mice after MOG immunization. (C) miRNA predicted
target gene expression in activated splenocytes at different time points. Target genes such as FBXO-33,
SGMS-1, ZDHHC-9, NRXN-2, GABRA-3 and MAPK-6 were analyzed their expression in 8 hr, 16 hr and 24 hr
time points in stimulated splenocytes. The target genes were initially upregulated followed by signi�cant
reduction in its expression above 8 hr of activation. (D,E) The protein blot analysis of target gene in
activated splenocytes. Data are shown as mean ± SD, n=4. Experiment was repeated twice. p< 0.05,
student's t test.

Figure 5

Effect of overexpression and silencing of miRNA sequences in splenocytes and astrocytes. The mRNA
expression of target genes was examined in cells transfected with miRNA sequences by quantitative real



time PCR. (A) SGMS-1 gene was signi�cantly suppressed by mimic miR-684 sequences and reciprocal to
silencing miR-684 sequences. (B) FBXO-33 gene targeted by mimic miR-4647 sequences and reciprocal to
signi�cant upregulation at silencing miR-4647 sequences. (C) GABRA-3 gene expression was
downregulated in mimic as well; it was upregulated with silencing miR-7188-5p approach. (D) MAPK-6
transcripts signi�cantly suppressed in CD4 cells of overexpressing miRNA-7188-3p, compared with
control. The target mRNA transcripts were upregulated at silencing miR-7188-3p. (E, F) ZDHCC-9 gene
was not altered by mimic miR-7235 sequences whereas; target gene NRXN-2 was signi�cantly
downregulated by mimic and reciprocal to signi�cant upregulation at silencing miR-7235 sequences. (G)
The transfected miRNA mimic sequences into HEK293K cell lines and measured the target expression
levels by luciferase assay system. Co-transfection of HEK293K cells containing luciferase 3’ UTR
construct from together with miR mimics showed signi�cant suppression of luciferase activity in
comparison with cells transfected with a control miRNA sequence. mimic of miR-684 target SGMS-1
untranslated region. (H) mimic of miR-4647 target FBXO-33 untranslated region. (I) mimic of miRNA-
7188-5p target GABRA-3 untranslated region. (J) Mimic of miR-7188-3p target MAPK-6 untranslated
region. (J, K) mimic of miR-7235 targets ZDHCC-9 and NRXN-2 untranslated region. Data are shown as
mean ± SD, n=4. Experiment was repeated twice. p< 0.05, student's t test.



Figure 6

Silencing of miRNA attenuates MOG induced EAE model by LNA (locked nucleic acid) approach. (A)
Clinical scores of EAE induced by adoptive transfer of silencing miRNA sequences transfected CD4 cells
from naïve mice. Antisense (as)- miR-7188-5p and miR-7235 treated EAE mice were evaluated for clinical
sign and macroscopic studies. (B) CD4 population in LNA transfected EAE mice. Frequency of CD4 Il-17 T
cells in total CD4 T cells isolated from spinal �uid and tissues after 18 days of MOG immunization and



LNA transfection. (C, D and E) Histopathology of antisense miRNA transfected EAE mice were recorded.
(F, G and H) Immuno histochemistry of miRNA targeted gene speci�c protein using primary anti-ZDHHC-9
and anti-GABRA-3 protein. The expression of target gene was upregulated in silencing miRNA speci�c
sequence EAE mice. (I, J, K) IL-6, IL-1β and TNF-α cytokines were quanti�ed in serum of adoptive
transferred mice with miRNA antisense transfected EAE mice. (L,M) Estimation of protein target of miR-
7188-5p and miR-7235 using conventional standardized ELISA method. (N) Evaluation of death incidence
of anti-miRNA and scrambled transfected EAE. Data are shown as mean ± SD, n=4. Experiment was
repeated twice. p< 0.05, student's t test.
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