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Abstract Multiple sclerosis (MS) is a chronic and incur-

able autoimmune neurodegenerative disease of the central

nervous system. Although the symptoms of MS can be

managed by vitamin D3 treatment alone, this condition

cannot be completely eradicated. Thus, there might be

unknown factors capable of regulating the vitamin D

receptor (VDR). Genome-wide analysis showed that

miRNAs were associated with VDRs. We sought to

determine the role and mechanism of action of miRNA-

125a-5p and VDRs in a model of MS, mice with

experimental autoimmune encephalomyelitis (EAE), which

was induced by myelin oligodendrocyte glycoprotein

35–55 peptides. EAE mice showed decreased mean body

weight but increased mean clinical scores compared with

vehicle or control mice. And inflammatory infiltration was

found in the lumbosacral spinal cord of EAE mice. In

addition, VDR expression was significantly lower while the

expression of miR-125a-5p was markedly higher in the

spinal ventral horn of EAE mice than in vehicle or control

mice. Importantly, activation of VDRs by paricalcitol or

inhibition of miR-125a-5p by its antagomir markedly

decreased the mean clinical scores in EAE mice. Interest-

ingly, VDR and miR-125a-5p were co-localized in the

same neurons of the ventral horn. More importantly,

inhibition of miR-125a-5p remarkably blocked the

decrease of VDRs in EAE mice. These results support a

critical role for miR-125a-5p in modulating VDR activity

in EAE and suggest potential novel therapeutic

interventions.

Keywords Multiple sclerosis � Experimental autoimmune

encephalomyelitis � Vitamin D receptor � MiR-125a-5p �
Myelin oligodendrocyte glycoprotein 35–55 peptides

Introduction

Multiple sclerosis (MS) is a genetically [1–3] and immuno-

logically complex disease defined by both myelin loss and

neurodegeneration. It is characterized by infiltration of T

lymphocytes and monocytes, inflammatory mediators, loss

of oligodendrocytes, formation of reactive astrocytes, and

axonal injury and loss [4–7]. The therapeutic interventions

for MS are very limited and poorly effective [8], resulting

in repeated attacks of the condition [9, 10]. Moreover, the

molecular mechanisms underlying MS are poorly under-

stood. Therefore, investigation of the pathogenic mecha-

nism of MS is essential. The experimental autoimmune

encephalomyelitis (EAE) mouse is a useful experimental

model of MS in which inflammation provokes neurological

and pathological symptoms similar to those of MS patients

[4].

A growing body of evidence has pointed out that

environmental factors might play a major role in MS
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[11, 12]. Studies have shown that deficiency of vitamin D3

(D3) increases the incidence of EAE. Direct immunomod-

ulatory effects of D3 on cells of the central nervous system

(CNS), including astrocytes [13] and microglia [14], have

recently been reported, and the D3 signals in a variety of

immune cells are mediated by the vitamin D receptors

(VDRs) [15–17]. The regulatory role of VDRs in adaptive

immune responses also includes an inhibitory effect on

dendritic cell maturation and differentiation [18, 19].

Vitamin D analogs like paricalcitol (PC) attenuate the

inflammatory process and preserve the myelin sheath

[20, 21]. However, the regulation of VDR expression and

its involvement in MS are still unclear.

MicroRNAs (mRNAs) are small non-coding RNAs that

regulate gene expression and stabilize the translation of

mRNAs. They are involved in many biological and

pathological processes such as development, functional

dysregulation, differentiation, regeneration, and ontogene-

sis [2, 22–24], as well as several autoimmune diseases

including MS [25, 26]. However, in autoimmune diseases,

promising miRNA candidates for therapeutic development

remain severely limited. MiRNAs exert their functions by

binding to the 3’ untranslated regions (UTRs) of their

target mRNAs, thus promoting mRNA degradation or

repressing protein translation [27, 28]. However, the

regulation of VDR expression by miRNAs in MS remains

unclear. According to bioinformatics analysis (Targetscan

and miRNA.org), miR-125-5p can bind to the 3’ UTR of

VDR mRNA. MiR-125a-5p has been confirmed to be

functionally relevant in the context of immune cell

activation, and inflammation – particularly in the settings

of rheumatoid arthritis, neuroinflammation [29], and

autoimmune diseases [30], but its role in MS remains

unclear.

Based on these findings, we focused on roles of miR-

125a-5p and VDRs. We hypothesized that miR-125a-5p

regulates VDR expression in the spinal ventral horn in a

mouse model of EAE.

Materials and Methods

Animals

Adult female C57BL/6 mice (n = 60, 8–12 weeks old,

18–20 g) were housed at a constant temperature of

24 ± 2 �C, 40%–60% relative humidity, and a 12-h

light-dark cycle in a clean-level animal facility at the

Experimental Animal Center of Soochow University.

Animals were provided by the Animal Care and Use

Committee of Soochow University. Food and water were

given ad libitum. Animals were used for behavioral

experiments and detection of molecular biological changes.

All procedures were performed according to the guidelines

of the International Association for the Study and the

Animal Care Committee of the Soochow University and

were approved.

Experimental Design

Mice were separated into the following groups (n = 60 in

total, Fig. 1): 1. Control group (CON, n = 10), mice did not

receive any injection; 2. Vehicle group (Vehicle, n = 10),

each mouse was injected with 0.1 mL complete Freund’s

adjuvant (CFA) (Sigma-aldrich, St. Louis, MO) only; 3.

EAE group (EAE, n = 10), each mouse was immunized by

injecting 0.1 mL myelin oligodendrocyte glycoprotein

(MOG) 35–55 peptide (A Peptide Co., Ltd, Shanghai,

China) subcutaneously – this formulation comprised 8 mg

MOG 35–55 peptides emulsified in 4 mL CFA at a final

concentration of 2 mg/mL, and contained 4 mg/mL of

mycobacterium tuberculosis (Kaichuang, Shijiazhuang,

China). This was followed by intraperitoneal injection of

0.1 mL of pertussis toxin (300 ng/0.1 mL, Sigma) in

phosphate buffered saline (PBS) 1 h after MOG injection.

A second identical dose of pertussis toxin was given 48 h

after immunization (by intraperitoneal injection). 4.

EAE ? PC group (n = 10), mice were anesthetized by

isoflurane and PC was administered by intraperitoneal

injection (0.1 mL, 1 lg/kg). 5. EAE ? miR-125a-5p

antagomir (n = 10), MOG-injected mice were given miR-

125a-5p antagomir or antagomir NC (10 lL, 200 nmol)

(n = 10) daily after EAE induction [31].

The total number of animals used was 72, but 12 were

excluded (rule out models that are not successful), leaving

60.

EAE severity was determined by body weight and

clinical scores. Body weight and symptoms were recorded

daily. The clinical scores were assigned according to the

following scale: Grade 0, no clinical signs; Grade 1, tail

paralysis; Grade 2, abnormal gait; Grade 3, hind limb

paralysis; Grade 4, complete paralysis; Grade 5, death or

euthanasia with scoring intervals of 0.5 as described

previously [32, 33]. Twenty-one days after EAE induction,

mice were sacrificed and spinal cord tissue was collected

and stored at - 80 �C for further analyses.

Hematoxylin and Eosin Staining

Histopathological analysis was performed on day 21 after

EAE induction. After euthanasia, lumbar spinal cord

specimens were removed and fixed in 10% neutral buffered

formalin. The tissue was dehydrated in graded ethanols and

embedded in Paraplast Plus (McCormick, St. Louis, MO).

Serial sections were cut at 10 lm and stained with

hematoxylin and eosin (HE). Five photomicrographs were
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captured from each animal with a Nikon microscope

(Olympus, Shinjuku-ku, Tokyo, Japan). CNS inflammation

was assessed using a semi-quantitative scoring system

according to the following previously-described criteria

[34]: 0, no infiltrates; 1, partial meningeal infiltration; 2,

pronounced meningeal infiltration; 3, pronounced menin-

geal and some parenchymal infiltration.

Immunofluorescence

Mice were deeply anesthetized by isoflurane inhalation and

then transcardially perfused with normal saline and 4%

paraformaldehyde (Sinopharm Chemical Reagent Co. Ltd,

Shanghai, China). Next, the lumbar enlargement was

removed, post-fixed for 2 h with paraformaldehyde, and

then dehydrated successively in 10%, 20% and 30%

sucrose (dissolved in PBS; Sinopharm Chemical Reagent

Co. Ltd.) until the tissue sank. The tissue was embedded in

optimal cutting temperature compound (Sakura, Tokyo,

Japan) and stored at – 80 �C until sectioning. The tissue

was cut at 10 lm on a freezing microtome (Leica, Wetzlar,

Germany). For immunofluorescence, the sections were

washed with PBS, blocked with 2% bovine serum albumin

in PBS for 2 h, and then incubated overnight with primary

antibodies against VDR (1:1000, Santa Cruz Biotechnol-

ogy, CA, USA), NeuN (1:50, Merck Millipore, MA, USA),

GFAP (1:300, Millipore), and CD11b (1:200, Abcam,

Cambridge, UK) at 4 �C overnight. The sections were

washed three times with PBS for 5 min, and then incubated

with the secondary antibodies Alexa Fluor488 (1:500,

Molecular Probes, New York, USA) and Alexa Fluor555

(1:100, Molecular Probes) for 2 h at room temperature

(RT). Primary antibodies were omitted to provide negative

controls.

Fluorescence In Situ Hybridization (FISH)

FISH was performed with an enhanced sensitivity ISH

detection Kit I (POD, Boster, Wuhan, China). A locked

nucleic acid probe complementary to miR-125a-5p was

labeled with 50 and 30-digoxigenin and synthesized by

Exiqon (Woburn, MA, USA). The slides were incubated in

blocking buffer for 30 min at RT before they were pre-

hybridized for 2 h at 37 �C, and then exposed to a 1 lg/mL

probe in 60–120 lL of hybridization mixture that was

added to each slide and incubated overnight at 37 �C. After

washing with 2 9 Saline Sodium Citrate (SSC),

0.5 9 SSC, and 0.2 9 SSC, the slides were blocked in

blocking solution, biotinylated mouse anti-digoxin was

added and left for 1–2 h, then after 3 washes with 0.5 mol/

L PBS for 5 min each, the slides were incubated with POD-

CY3 (1:100) for 1 h (Boster). The slides were blocked with

2% bovine serum albumin in PBS for 2 h and then

incubated overnight with primary antibodies and fluoro-

genic secondary antibodies. All images were captured with

a confocal microscope (Leica, TCS SP8).

Western Blot

Spinal ventral horns isolated from control and EAE mice

were homogenized by ultrasonication in lysate. The re-

suspended pellets were kept on ice for 2 h, centrifuged at

15,000 rpm for 30 min at 4 �C, and the supernatant

retained to estimate proteins. The quantity of protein was

determined with a BCA protein assay kit (MultiSciences,

Hangzhou, China). After denaturation in a water bath at

75 �C for 10 min, protein samples (40 lg) were loaded

onto 10% sodium dodecyl sulfate polyacrylamide gels

(Bio-Rad, Hercules, CA) and transferred onto polyvinyli-

dene difluoride membranes (Millipore). After transfer, the

membranes were blocked with Tris-HCl buffer solution

Fig. 1 Flowchart of the exper-

imental design.
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(TBS) (50 mmol/L Tris-HCl, 133 mmol/L NaCl, pH =

7.4) containing 5% non-fat dried milk for 2 h at RT, and

incubated overnight at 4 �C with the following specific

antibodies: VDR (1:1000; Santa Cruz Biotechnology,

USA) and GAPDH (1:2000, Santa Cruz Biotechnology).

Then, membranes were washed in TBST (TBS containing

0.5% Tween) and incubated with horseradish peroxidase-

conjugated anti-mouse (1:2000, Multi sciences, Hangzhou,

China) or anti-rabbit IgG secondary antibody (1:2000,

Jackson ImmunoResearch Laboratories, PA, USA) for 2 h

at RT. Then, protein bands were quantified by enhanced

chemiluminescence (Tanon, Shanghai, China) followed by

optical density analysis. All images were captured using

ImageJ software (Bio-Rad, CA, USA).

Real-Time Quantitative PCR (qPCR)

According to the manufacturer’s instructions, RNA was

extracted with TRIzol reagent (Ambion, Shanghai, China).

The first-strand cDNA of the VDR was synthesized and

analyzed from total RNA using a standard protocol with a

reverse transcription kit (Transgen Biotech, Beijing,

China). The PCR denaturation temperature curve was

composed of 40 cycles at 95 �C for 15 s, with an annealing

and elongation reaction at 60 �C for 1 min. The primers

used for qPCR were utilized by Sangon Biotech (Shanghai,

China). U6 was used as an internal control for miRNA. The

primers used in this study were as follows:

GAPDH-F: 50-GGTTGTCTCCTGCGACTTCA-30;
GAPDH-R: 50-TGGTCCAGGGTTTCTTACTCC-30;
mmu-miR-125b-5p-F: 50-CGCGTCCCTGAGACCCTA

AC-30;
mmu-miR-125b-5p-RT: 50-GTCGTATCCAGTGCAGG

GTCCGAGGTATTCGCACTGGATACGACTCACAA-

30;
mmu-miR-351-5p-F 50-GTCCCTGAGGAGCCCTTTG

-30;
mmu-miR-351-5p-RT: 50-GTCGTATCCAGTGCAGGG

TCCGAGGTATTCGCACTGCATACGACCAGGCT-30;
mmu-miR-125a-5p-F: 50-GCGTCCCTGAGACCCTTT

AAC-30;
mmu-miR-125a-5p-RT: 50-GTCGTATCCAGTGCAGG

GTCCGAGGTATTCGCACTGGATACGACTCACAG

-30;
U6-F: 50-AGAGAAGATTAGCATGGCCCCTG-30;
U6-R: 50-AGTGCAGGGTCCGAGGTATT-30;
U6-RT: 50-GTCGTATCCAGTGCAGGGTCCGAGGT

ATTCGCACTGGATACGACAAAAAT-30;
VDR-F: 50-GCAGCGTAAGCGAGAGATGAT-30;
VDR-R: 50-AGGGGGTGTACAGATCAGAGTTTG-30.
Common primer downstream of stem loop: 50-AGTGC

AGGGTCCGAGGTATT-30.

Levels of gene expression are presented as relative fold

difference using the method of the delta-delta threshold

(2-DDCt).

Statistical Analysis

All results are expressed as the mean ± SEM. Prior to

analysis, all data were tested for normality. When the

comparisons involved two means, Student’s t-test was

used. When multiple comparisons were involved, a single

factor analysis of variance (ANOVA) or Friedman

ANOVA was first performed to obtain a global test of

the null hypothesis. If the overall P-value (alpha value) of

the null hypothesis test was P\ 0.05, subsequent compar-

ison of different groups was conducted using the Dunn’s

subsequent test. The Mann–Whitney test was used when

the means were not normally distributed. When an alpha

value of P\ 0.05 was evident, the comparison was

considered statistically significant. Quantitative statistical

data were analyzed using Prism software for multi-group

comparisons (Version 8, GraphPad-Prism, San Diego, CA).

Results

Mean Clinical Scores are Higher and Body Weight

Lower in EAE Mice

From the day of administration, EAE animals were less

active and responsive, with a weak tail and rough unkempt

fur. By comparing the mean clinical scores of the three

groups, we found that the scores in the EAE group were

significantly higher, but their body weights were clearly

lower than the control and vehicle groups from day 7 after

immunization (n = 6). The mean clinical score of the

control and vehicle groups was 0 ± 0 on all days, and body

weight gradually increased from day 0 to 21 (n = 6).

However, the mean clinical score of the EAE group

gradually increased (Fig. 2A), and their body weight

gradually decreased from day 0 to 21 (Fig. 2B).

Inflammatory Infiltration in Lumbosacral Spinal

Cord of EAE Mice

On day 21 post-immunization, the lumbosacral spinal cord

was removed from mice of each group, paraffin sectioned,

and stained with HE (Fig. 2C, D). The results showed that

there was no phenomenon of ‘‘vascular cuff’’ and inflam-

matory infiltration in control mice (Fig. 2C, left). However,

diffuse inflammatory infiltration and a phenomenon of

‘‘vascular cuff’’ were found in EAE mice (Fig. 2C, right).

Pathological scores were 0 ± 0 (n = 3) in control mice and
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significantly higher at 3.00 ± 0.02 (n = 3) in EAE mice

(Fig. 2D).

VDR Expression is Lower in the Ventral Horn

of EAE Mice

VDR expression in the ventral horn was assessed by qPCR

and Western blot. The results showed that the relative

mRNA levels of VDR were 1.00 ± 0.24 (n = 4) in control

mice, 0.97 ± 0.16 (n = 4) in vehicle mice, and

0.11 ± 0.04 (n = 4) in EAE mice. Statistical analysis

showed that the VDR mRNA in EAE mice was markedly

lower than that in control or vehicle mice (Fig. 3A).

Western blots showed that the relative protein levels of

VDR were 0.83 ± 0.07 (n = 4) in control mice,

0.67 ± 0.02 (n = 4) in vehicle mice, and 0.43 ± 0.01

(n = 4) in EAE mice, and VDR expression was signifi-

cantly lower in EAE mice than in age-matched control or

vehicle mice (Fig. 3B).

VDR is Mainly Expressed in Neurons of the Ventral

Horn

Localization of VDRs in the ventral horn of EAE mice was

determined by immunofluorescence staining. As shown in

Fig. 4, cells were stained red by NeuN (a marker of

neurons), CD11b (a marker of microglia), or GFAP (a

marker of astrocytes) (Fig. 4A, D, G), and VDR-positive

cells were stained green (Fig. 4B, E, H). The merged

images showed that VDR was mainly expressed in neurons

(Fig. 4C), but not in microglia (Fig. 4F) or astrocytes

(Fig. 4I).

EAE Enhances the Expression of MiR-125a-5p

in the Ventral Horn

Using bioinformatics prediction software (Targetscan and

miRNA.org), we found that miR-125a-5p, miR-125b-5p,

and miR-351-5p targeted to the 3’ UTR of VDR mRNA.

To test whether these selected miRNAs are involved in

EAE, qPCR was used to assess their expression in the

lumbar enlargement. The relative miRNA levels of miR-

Fig. 2 Changes in mean clinical scores, body weight, and HE

staining in EAE mice. A The mean clinical score was higher in the

EAE than in the control (CON) and vehicle groups (n = 6,

***P\ 0.001, two-way ANOVA). B The body weight of EAE mice

decreased gradually, while that of control and vehicle mice increased

(n = 6, **P\ 0.01, ***P\ 0.001, two-way ANOVA). C, D Control

mice had no phenomenon of ‘‘vascular cuff’’ or inflammatory

infiltration. However, EAE mice showed diffuse inflammatory

infiltration, some of which showed a phenomenon of ‘‘vascular

cuff’’. n = 3; ***P\ 0.001, Mann–Whitney test; scale bars, 50 lm.
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125a-5p were 1.00 ± 0.87 in control, 1.32 ± 1.04 in

vehicle, and 4.76 ± 0.54 in EAE mice (n = 4 for each).

Statistical analysis showed significantly higher miRNA

levels of miR-125a-5p in EAE than that in control or

vehicle mice (Fig. 5A). The relative miRNA levels of miR-

125b-5p were 1.00 ± 0.50, 2.02 ± 0.57, and 0.74 ± 0.19

(n = 4 for each), respectively. The same values for miR-

351-5p were 1.00 ± 0.31, 1.78 ± 0.34, and 1.97 ± 0.25

(n = 4 for each). There were no significant differences in

the miRNA levels of miR-125b-5p and miR-351-5p for

EAE compared with control or vehicle mice (Fig. 5B, C).

These results suggested that the expression of miR-125a-5p

is enhanced in the ventral horn of EAE mice, but miR-

125b-5p and miR-351-5p are unchanged.

MiR-125a-5p is Mainly Expressed in Neurons

of the Ventral Horn

FISH was conducted to detect miR-125a-5p localization.

Cells were stained green by NeuN (a marker of neurons,

Fig. 6A), CD11b (a marker of microglia, Fig. 6E), or

GFAP (a marker of astrocytes, Fig. 6I), while miR-125a-

5p-positive cells were stained red (Fig. 6B, F, J), and DAPI

stained nuclei blue (Fig. 6C, G, K). The merged images

showed that miR-125a-5p was mainly expressed in neurons

(Fig. 6D), but not in microglia (Fig. 6H) or astrocytes

(Fig. 6L).

Fig. 3 VDR expression was

decreased in the ventral horn of

EAE mice. VDR expression

assessed by qPCR and Western

blot. A The VDR mRNA level

in EAE mice was markedly

lower than in control (CON) or

vehicle mice (n = 4,

**P\ 0.01, one-way ANOVA).

B Western blots and statistics

showing that VDR expression

was lower in EAE than in age-

matched control or vehicle mice

(n = 4, ***P\ 0.001, one-way

ANOVA).

Fig. 4 VDR was mainly

expressed in neurons of the

ventral horn. (A, D, G) Cells

stained red by NeuN (a marker

of neurons), CD11b (a marker

of microglia), or GFAP (a

marker of astrocytes), and (B, E,

H) VDR-positive cells stained

green. The merged images show

that VDR was mainly expressed

in neurons (C), but not in

microglia (F), or astrocytes

(I) in the ventral horn of EAE

mice. Scale bar, 50 lm.
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MiR-125a-5p and VDRs are Co-Localized

A precondition of the reaction between miR-125a-5p and

VDRs is that they must be co-expressed in the same cell, so

we used FISH to detect their co-localization. MiR-125a-5p-

positive cells were stained red (Fig. 7A), VDR-positive

cells were stained green (Fig. 7B), and DAPI stained nuclei

blue (Fig. 7C). The merged results for VDRs and miR-

125a-5p showed that they were co-expressed in the same

neurons (Fig. 7D). The results for merged DAPI and miR-

125a-5p showed that miR-125a-5p was mainly expressed

in the cytoplasm (Fig. 7E, F).

Agonist of VDR or miR-125a-5p Antagomir Atten-

uates the Symptoms of EAE Mice

To verify the involvement of VDR in EAE mice, we used

PC, an efficient agonist of VDR. On day 9 after PC

treatment, the mean clinical score of EAE mice was lower

and remained at a lower level than untreated EAE mice

(Fig. 8A). Similarly, by day 9 after intraperitoneal injection

of PC, the mean body weight of EAE mice gradually

increased (Fig. 8B). These data suggested that VDR is

involved in the MS of EAE mice. To further confirm the

involvement of miR-125a-5p in MS, we used its antagomir.

As expected, the miR-125a-5p antagomir (intrathecal

Fig. 5 EAE enhanced the expression of miR-125a-5p in the ventral

horn. A Statistical analysis showing significantly higher miRNA

levels of miR-125a-5p in EAE than in control (CON) and vehicle

mice (n = 4, **P\ 0.01, one-way ANOVA). B, C Statistical analysis

showing no significant differences in miRNA levels of miR-125b-5p

and miR-351-5p for EAE compared with control and vehicle mice

(n = 4, P[ 0.05, one-way ANOVA).

Fig. 6 MiR-125a-5p was

mainly expressed in neurons of

the ventral horn. The merged

images showed that miR-125a-

5p was mainly co-expressed

with NeuN (A–D). MiR-125a-

5p was not co-labelled with

CD11b (E–H) or GFAP (I–L) in

the ventral horn of EAE mice.

Scale bar, 50 lm.
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Fig. 7 MiR-125a-5p and VDR

were co-localized. A, B MiR-

125a-5p-positive cells were

stained red (A), and VDR-pos-

itive cells were stained green

(B). C DAPI stained the nuclei

blue. D VDR and miR-125a-5p

merged showing that both were

co-expressed in the same neu-

rons. E DAPI and miR-125a-5p

merged showing that miR-125a-

5p was mainly expressed in the

cytoplasm. F Merged images

showing that miR-125a-5p and

VDR were mainly co-expressed

in the cytoplasm of EAE mice.

Scale bar, 25 lm. Arrow indi-

cates a representative cell which

co-expressed miR-125a-5p dyed

in red and VDR dyed in green.

Fig. 8 Agonist of VDR or miR-125a-5p antagomir attenuated the

symptoms of EAE mice. A Mean clinical scores of EAE mice were

lower from day 9 after PC treatment than in untreated EAE mice

(n = 6, ***P\ 0.001, two-way ANOVA). B The body weight of

mice in the EAE ? PC group gradually increased from day 9 after PC

treatment, while the body weight of the untreated EAE group

gradually decreased (n = 6, **P\ 0.01,***P\ 0.001, two-way

ANOVA). C Intrathecal injection of miR-125a-5p antagomir

decreased mean clinical scores of EAE mice and attenuated the

paralysis (n = 6, **P\ 0.01, ***P\ 0.001, two-way ANOVA).

D Intrathecal injection of miR-125a-5p antagomir increased the body

weight of EAE mice (n = 6, **P\ 0.01, ***P\ 0.001, two-way

ANOVA).
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injection) significantly improved the clinical scores

(Fig. 8C) and body weight (Fig. 8D) of EAE mice

compared with the antagomir-NC group.

MiR-125a-5p Antagomir Reverses the Decreased

VDR Expression and Pathogenesis in EAE Mice

To determine how VDRs are regulated by miR-125a-5p,

we assessed the mRNA and protein expression levels of

VDR after intrathecal injection of miR-125a-5p antagomir

or antagomir-NC. QPCR showed that the relative mRNA

levels of VDR were 1.00 ± 0.92 (n = 4, EAE),

1.01 ± 0.67 (n = 4, antagomir-NC), and 12.62 ± 0.14

(n = 4, miR-125a-5p antagomir). Statistical analysis sug-

gested that the VDR mRNA level was significantly higher

in EAE mice after intrathecal injection of the miR-125a-5p

antagomir than in the antagomir-NC and EAE groups

(Fig. 9A). Western blot assays showed that VDR protein

expression in EAE mice was significantly increased after

intrathecal injection of the miR-125a-5p antagomir com-

pared with the antagomir-NC or EAE groups (Fig. 9B).

The relative densitometry of VDR was 0.34 ± 0.03 (n = 4)

in EAE mice, 0.33 ± 0.00 (n = 4) in EAE mice treated

with antagomir-NC, and 0.75 ± 0.06 (n = 4) in EAE mice

treated with miR-125a-5p antagomir. These results sug-

gested that miR-125a-5p targets VDRs in the mouse model

of EAE.

Discussion

Vitamin D and its receptor VDR are closely associated

with the development and appearance of autoimmune

diseases, especially in MS [19, 35–37]. Although the

symptoms of MS can be managed by vitamin D3 (D3)

treatment alone, this condition cannot be completely

eradicated. Thus, we suspected that there might be some

unknown factors capable of regulating VDRs. The exten-

sive involvement of miRNAs in human diseases has

strengthened our understanding of pathogenesis and could

help guide therapy [38]. However, candidates for miRNAs

that have the potential to control autoimmune pathogenesis

remain limited. Bioinformatics prediction software (Tar-

getscan and miRNA.org) revealed three small molecules

that can regulate VDRs as identified via a systematic

combination of bioinformatics resources [39]. However,

we found that only miR-125a-5p was up-regulated and the

others were not changed in EAE mice.

MiR-125a-5p is a key regulator of the tight integrity of

brain endothelial cells and the egress of migrating immune

cells [40, 41]. Studies have shown that miR-125a-5p is

down-regulated in systemic lupus erythematosus [42], in

oral mucosal disease [43], and in blood samples from

pediatric patients with MS [44]. These findings provide a

valuable candidate biomarker for some autoimmune dis-

eases. In the present study, we demonstrated for the first

time that miR-125a-5p in the spinal ventral horn (lumbar

enlargement) is involved in an EAE model induced by

MOG. We provided the following supporting evidence:

first, miR-125a-5p expression was increased at both the

protein and mRNA levels in the ventral horn of the lumbar

enlargement of EAE mice; second, and importantly,

application of the miR-125a-5p antagomir significantly

reduced the clinical symptoms in EAE mice.

So far, how miR-125-5p contributes to the development

of autoimmunity is unclear. Some researchers have

demonstrated that miR-125a-5p inhibits inflammation by

disrupting the differentiation of other effector molecules,

thereby stabilizing regulatory T cell commitment and

immunoregulation [40, 45]. This finding identified miR-

Fig. 9 MiR-125a-5p antagomir

enhanced VDR expression.

A QPCR showed that the VDR

mRNA level was significantly

higher in EAE mice after

intrathecal injection of the miR-

125a-5p antagomir than in the

antagomir-NC and EAE groups

of mice (n = 4, **P\ 0.01,

one-way ANOVA). B Western

blot assays showed that VDR

protein expression in EAE mice

was significantly higher after

intrathecal injection of the miR-

125a-5p antagomir than in the

antagomir-NC and EAE groups

(n = 4, *P\ 0.01, one-way

ANOVA).
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125a-5p as a key regulator of CD4? T-cell differentiation

that prevents autoimmune pathogenesis by controlling the

balance between immune tolerance and the development of

autoimmunity [46, 47]. We showed here that miR-125-5p

specifically targeted VDRs in the spinal ventral horn; this

might be one of mechanisms of MS development, although

miR-125a-5p has[ 100 targets. We showed that inhibition

of miR-125a-5p reversed the pattern of decreased VDR

expression at the protein and mRNA levels. Importantly,

the results of immunofluorescence analysis and FISH

demonstrated that miR-125a-5p was co-localized with

VDRs in the same spinal neurons – an observation that

indicated the anatomical possibility of the regulation of

VDR expression by miR-125a-5p. More importantly,

application of the miR-125a-5p antagomir clearly reversed

the decreased VDR expression both at the protein and at

the mRNA levels.

In summary, we demonstrated that miR-125a-5p/VDR

signaling plays a critical role in EAE, and suggested a

potential novel therapeutic application in MS and other

autoimmune disease states.
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