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MicroRNAs (miRNAs) associate with Argonaute (Ago), GW182, and FXR1 proteins to form RNA-induced silencing complexes (RISCs).
RISCs represent a critical checkpoint in the regulation and bioavailability of miRNAs. Recent studies have revealed dysregulation of
miRNAs in multiple sclerosis (MS) and its animal model, experimental autoimmune encephalomyelitis (EAE); however, the function of
RISCs in EAE and MS is largely unknown. Here, we examined the expression of Ago, GW182, and FXR1 in CNS tissue, oligodendrocytes
(OLs), brain-infiltrating T lymphocytes, and CD3 �splenocytes (SCs) of EAE mic, and found that global RISC protein levels were signifi-
cantly dysregulated. Specifically, Ago2 and FXR1 levels were decreased in OLs and brain-infiltrating T cells in EAE mice. Accordingly,
assembly of Ago2/GW182/FXR1 complexes in EAE brain tissues was disrupted, as confirmed by immunoprecipitation experiments. In
parallel with alterations in RISC complex content in OLs, we found downregulation of miRNAs essential for differentiation and survival
of OLs and myelin synthesis. In brain-infiltrating T lymphocytes, aberrant RISC formation contributed to miRNA-dependent proinflam-
matory helper T-cell polarization. In CD3 � SCs, we found increased expression of both Ago2 and FXR1 in EAE compared with nonim-
munized mice. Therefore, our results demonstrate a gradient in expression of miRNA between primary activated T cells in the periphery
and polarized CNS-infiltrating T cells. These results suggest that, in polarized autoreactive effector T cells, miRNA synthesis is inhibited
in response to dysregulated RISC assembly, allowing these cells to maintain a highly specific proinflammatory program. Therefore, our
findings may provide a mechanism that leads to miRNA dysregulation in EAE/MS.
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Introduction
Multiple sclerosis is a chronic demyelinating disease of the CNS
that manifests a wide spectrum of pathology including inflamma-
tion, demyelination, and axonal loss (Moore et al., 1984b). Sev-
eral immune cell types, immune mediators, and loss of
immunoregulatory mechanisms have been implicated in the gen-
eration of autoreactive mechanisms in MS (Sospedra and Martin,
2005). Recent studies have suggested a strong association be-
tween the dysregulation of different microRNAs (miRNAs) and
the development of MS, as well as in the pathogenesis of its ani-
mal model, experimental autoimmune encephalomyelitis (EAE;
Cox et al., 2010, Junker et al., 2009, 2011; Guerau-de-Arellano et
al., 2011; Ponomarev et al., 2011; Mycko et al., 2012; Thamila-

rasan et al., 2012; Guan et al., 2013; Ode et al., 2012; Ma et al.,
2014). miRNAs constitute a class of small, noncoding RNAs that
regulate gene expression at the posttranscriptional level, affecting
mRNA stability. Although miRNA and other small RNA classes
are distinct entities and exert different functions, they all cooper-
ate with members of the Argonaute (Ago) and GW182 families of
proteins to form RNA-induced silencing complexes (RISCs)
(Kawamata and Tomari, 2010; Kuhn and Joshua-Tor, 2013).
RISCs loaded with an miRNA guide strand inhibit mRNAs by
two different mechanisms. When the guide strand and target
mRNA are fully complementary, the slicer activity of Ago2
cleaves the target mRNA between nucleotides complementary to
position 10 and 11 of the guide strands, leading to rapid decay of
mRNA (Liu et al., 2004). However, when there is not full com-
plementarity between miRNA and its target sequences, Ago2 re-
cruits GW182 proteins, which are large multidomain proteins,
that interact with Ago through their N-terminal glycine and
tryptophan-rich (GW) domain (Pauley et al., 2006; Eulalio et al.,
2009). The C-terminal part of GW182 contains a bipartite
silencing domain that interacts with cytoplasmic polyA-
binding protein deadenylases and provides the link between
miRNA-target recognition by Ago and mRNA degradation (Liu
et al., 2004). Importantly, another partner of RISC, fragile X
mental retardation-related protein 1 (FXR1), regulates RISC-
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dependent posttranscriptional processing by binding with Ago2
(Bhattacharyya and Filipowicz, 2007; Vasudeva and Steitz, 2007;
Breving and Esquela-Kerscher, 2010; Fabian et al., 2010). FXR1 is
one of the more important FXR family molecules that binds se-
lectively to Ago2 (Vasudeva and Steitz, 2007). In addition, FXR1
has been shown to be involved in posttranscriptional regulation
of proinflammatory cytokines such as TNF, IL-1�, IL-1�, IL-6,
and GM-CSF through interaction with the ARE located in the
3�-UTR of mRNA (Bhattacharyya and Filipowicz, 2007). Dys-
regulated RISC assembly also influences miRNA formation and
function (Jakymiw et al., 2005; Diederichs and Haber, 2007;
Johnston and Hutvanger, 2011; Lund et al., 2011; Winter and
Diederichs, 2011). Therefore, miRNA availability and interac-
tions with RISC proteins could contribute to the complexity of
posttranscriptional regulatory mechanisms of the immune re-
sponse (Smibert et al., 2013). Here, we address the role of RISC
proteins, in particular the major component Ago2, in the devel-
opment of EAE. We studied how RISC assembly influences
miRNA expression within endogenous CNS cells and in inflam-
matory infiltrating cells.

Materials and Methods
Subcutaneous immunization with a myelin antigen. C57B/6 mice were
housed and maintained in an accredited facility, the Animal Core De-
partment of the Medical University of Lodz. All experiments were ap-
proved by University Ethics Committee (12/LB702/2014). Six- to
8-week-old female C57B/6 mice were injected subcutaneously in four
abdominal sites with myelin oligodendrocyte (MOG) peptide MOG35–55

in CFA. On day 0, each mouse received 0.25 ml of a mixture of 0.15 mg of
MOG35–55 dissolved in 0.1 ml of PBS containing 0.75 mg of Mycobacte-
rium tuberculosis in 0.15 ml of CSF. In addition, 0.2 �g of pertussis toxin
(Sigma) was injected into a tail vein on days 0 and 2. Mice were observed
daily for neurologic signs of EAE and were scored on the scale from 0 to
5 as follows: 0 � no disease; 1 � weak tail or wobbly walk; 2 � hindlimb
paresis; 3 � hindlimb paralysis; 4 � hindlimb and forelimb paralysis; and
5 � death or euthanasia for humane reasons. On day 23, mice were
sampled and, after brain reperfusion, brain cells including oligodendro-
cytes (OLs) were isolated.

Histopathologic examination of CNS. Twenty-three days after injection
of MOG or control peptide, representative animals were perfused with 25
ml of cold-buffered 2.5% glutaraldehyde. After brain perfusion, spinal
cords were removed, fixed in PFA, and assessed for CNS pathology. An
arbitrary inflammation score of 0 – 4 based on the density of inflamma-
tion in the meningeal, perivascular, and parenchymal compartments of
the CNS was determined in a blinded fashion according to established
criteria (Moore et al., 1984a). A demyelinating score (0 – 4) was deter-
mined according to the number and extent of denuded axons (Moore et
al., 1984a).

Isolation of brain-infiltrating T cells, splenocytes, and oligodendrocytes.
Under anesthesia, mice were perfused intracardially with PBS and then the
brain and spinal cord were removed and homogenized in PBS. Brain mono-
nuclear cells were isolated using 37–70% (v/v) Percoll gradients (Sigma-
Aldrich). from mice at the peak (day 23) stage of EAE and sorted by flow
cytometry into subsets: T-cell (TCR� �/CD11b �), microglia (CD11b �/
CD45 int), and macrophages/activated microglia (CD11b �/CD45 high).
Four or five brains were used for each experiment. To support the con-
clusion that T cells isolated from EAE brain were mature, effector cells
that crossed the blood– brain barrier, we analyzed the expression of cu-
taneous lymphocyte antigen (CLA), which is a specific indicator for ma-
ture lymphocytes that come from the peripheral blood (Piccio et al.,
2005). All isolated brain-infiltrating T cells were CLA positive compared
with other isolated EAE brain mononuclear cells such as microglia and
activated microglia.

Mouse primary OLs were prepared from adult mouse brains and spi-
nal cords. Mice were anesthetized and brains and spinal cords removed.
The tissue was cut into small pieces and digested with trypsin (0.25%)
and DNase I (0.005%) for 10 min at 37°C. Subsequently, tissue was

passed through a mesh and spun down on a continuous Percoll gradient
(0 –50% Percoll in PBS centrifuged for 30 min 23,500 � g in a fixed-angle
rotor) for 15 min at 23,500 � g. The dissociated cells were suspended in
DMEM/F12 (Invitrogen) with 5% FCS supplemented with streptomy-
cin/penicillin, transferrin, insulin, sodium selenite, triiodothyronine, hy-
drocortisone, biotin, and sodium pyruvate (all Sigma) and then cultured
for 2 h in culture flasks. This step enables the separation of adherent cells,
such as microglia, from nonadherent cells (OLs; Jurynczyk et al., 2007).
The identification and purity of the prepared OLs was determined by
immunocytochemical (ICC) staining for myelin associated glycoprotein
(MAG) and glial fibrillary acidic protein (GFAP) according to previously
established protocols (Jurynczyk et al., 2007; Koenning et el., 2012).
CD3 � SCs were isolated using physical disruption of the spleen by pass-
ing the tissue through a cell strainer (70 �m; BD Falcon), followed by a
negative isolation procedure for CD3 � T cells using magnetic columns
(AutoMACS cell sorter; Miltenyi Biotec). To increase the purity of the
CD3 � T cells, we used a double-column magnetic separation procedure.

Western blotting. After perfusion, white matter was homogenized in
hypotonic buffer (10 mM NaHCO3, 0.2 U/ml aprotynin, 0.5 mM PMSF,
pH 7.1, and BSA 1 mg/ml) by Dounce homogenization (all reagents were
purchased from Sigma-Aldrich). Lysates were centrifuged (14,000 rpm,
30 min, 4°C) and protein concentration in the lysates was determined
using the NanoDrop 2000 spectrophotometer (Thermo Scientific). Total
homogenates of samples were resolved on SDS electrophoresis gels by
standard procedures. Immunoblotting was performed with rabbit poly-
clonal anti-GW182 antibody (H-70; Santa Cruz Biotechnology; 1:500 in
blocking buffer), rabbit anti-FXR1 antibody (Protein Tech Group,
1:500), rat anti-Ago2 antibody (clone 11A9; Sigma-Aldrich, 1:750), rab-
bit Ago1 antibody (MBL, 1 �g/ml), goat Ago3 antibody (Santa Cruz
Biotechnology, 1:200), and goat Ago4 antibody (Santa Cruz Biotechnol-
ogy, 1:200). Final detection was achieved with the appropriate secondary
antibody coupled to HRP: anti-rabbit IgG-HRP, anti-goat IgG-HRP or
anti-rat IgG-HRP (Santa Cruz Biotechnology), followed by Western
Lightning ECL Pro substrate (PerkinElmer), and visualized by a gel im-
aging system for chemiluminescence (G:Box Chemi XR5; Syngene).
Equal loading of proteins was checked by immunodetection of �-actin
using anti-� actin mouse IgG (Sigma-Aldrich, 1:4000) and anti-mouse
IgG-HRP as a secondary antibody (Santa Cruz Biotechnology). The den-
sitometric scanning of the blots and analysis of the visualized bands was
performed using a G-Box (Syngene) and Genesys Image Acquisition
software, version 1.2.5.0. The results are presented as the intensity of
optical density of the area under each band’s peak (average value of the
pixels enclosed after background correction).

Immunoprecipitation analysis of GW182/Ago2, GW182/FXR1 and
Ago2/FXR1. For immunoprecipitation (IP) analysis, fragments of white
matter were homogenized in hypotonic buffer as describe above. In par-
allel, SCs were isolated and lysed in ice-cold RIPA lysis buffer (1% Triton
X-100, 20 mM Tris, 150 mM NaCL, pH 7.4) containing 1 mM PMSF, 5 mM

NaF, 2 mM activated sodium orthovanadate, 1 mM EGTA, 1 mM EDTA,
1% protease inhibitor mixture for 30 min on ice (all reagents were pur-
chased from Sigma-Aldrich). After centrifugation (14,000 rpm, 30 min,
4°C), the aqueous phase was collected and protein concentration deter-
mined using a NanoDrop 2000 Spectrophotometer (Thermo Scientific).
Next, primary antibodies against GW182 (mouse mAbs, clone 4B6; Santa
Cruz Biotechnology) or Ago2 (rat mAbs, 11A9; Sigma-Aldrich) or pan
Ago (clone 2A8; Millipore) were added and incubated with lysates by
shaking on ice for 60 min. Twenty microliters of protein A/G PLUS-
agarose (Santa Cruz Biotechnology) was added for overnight incubation
and rocking on ice. In parallel, the negative control IP was done. The
immunoprecipitates were washed 5 times, subjected to SDS PAGE (25
mA, 60 min, room temperature), and immunoblotted for Ago2 or FXR1.
After membrane stripping, samples were probed with antibodies to
GW182 or Ago2 (analysis of GW182 we used as the positive control IP for
Ago2/GW182, FXR1/GW182 complexes and Ago2 we used as the posi-
tive control IP for FXR1/Ago2 complexes).

RNA-binding protein immunoprecipitation (RIP). To determine the
total miRNA associated with Ago proteins, RNA-binding protein immu-
noprecipitation (RIP) (Magna RIP; Millipore) was performed according
to the manufacturer’s protocol and the profile of total miRNA bound to
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Ago was checked with a 2100 Bioanalyzer System and a small RNA kit
(Agilent Technologies)

Immunohistochemistry. For immunohistochemistry (IHC), after
whole mouse perfusion with paraformaldehyde, the brain and spinal
cord were prepared and frozen in sectioning medium (�80°C, Neg50;
Richard-Allan Scientific). The brain was cut into 6 �m sections at �20°C
using cryostat microtome method (MTE-S; Slee) and transferred to
gelatin-coated microscope slides. Samples were fixed with ice-cold ace-
tone (10 min) and washed three times in PBS. Subsequently, slides were

blocked (10% normal blocking serum in PBS, supplemented with 0.3%
Triton X-100. and 0.01% sodium azide; 20 min at room temperature)
and washed. Sera were derived from the same species as secondary mAbs
(Santa Cruz Biotechnology). Samples were incubated overnight with an
appropriate first antibody (Ago2, GW182, FXR1, MAG), washed, and
subsequently stained with the appropriate secondary fluorescent anti-
bodies supplemented with 1.5% normal blocking rabbit serum and 0.3%
Triton X-100; 0.01% sodium azide was added for 1 h at 21°C (goat pAb to
rabbit Cy3, goat pAbs to mouse FITC; Abcam, 1:100). For fluorescent

Figure 1. Ago2 and FXR1 downregulation in brain lysates from EAE mice compared with control healthy mice. A, Examples of Western blot analysis for Ago1, Ago3, and Ago4. B, Western blot
analysis for Ago2, GW 182, and FXR1 in whole-brain protein lysates. Each value represents data for brain lysates isolated from four EAE and four control mice. Histograms show average optical
density � SD. C, mRNA expression in whole-brain lysates. Data represent the mean of relative mRNA expression (EAE/control) � SD from four independent experiments (five mice per experiment).
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DNA nuclei staining, DAPI (1.5 �g/ml Ultra-
Cruz Mounting Medium; Santa Cruz Biotech-
nology) was used. Images were acquired using
a confocal microscope (BD Biosciences Path-
wayTM Bioimager 850 with AttoVision 1.5.3
software). For quantitative fluorescence inten-
sity analysis, an Olympus UApo/340 20� 0.75
objective was used and microscope slides were
analyzed by IPLab Pathway 4.0 software (BD
Biosciences). The final image was prepared
from a montage of at least 250 single images.
Fluorescence intensity is expressed as the av-
erage fluorescence of the measured segments
(sum of the fluorescence regions of all seg-
ments divided by the number of segments)
and total intensity (total area; Dima et al.,
2011).

ICC analysis. For quantitative immunofluo-
rescence analysis, isolated cells were trans-
ferred to gelatin-coated microscope slides by
cytospin (300 � g, 10 min) and fixed with PBS
containing 4% (w/v) paraformaldehyde for 20
min at 21°C. Fixed cells were washed exten-
sively with PBS and blocked with 10% rabbit
normal blocking serum (Santa Cruz Biotech-
nology) supplemented with 3% Triton X-100
(Sigma-Aldrich) for 45 min at 21°C. Next, cells
were washed and incubated with unlabeled 5
�g/ml anti-mouse Ago2 with FXR1, Ago2 with
GW182, anti-GFAP (rabbit polyclonal anti-
body; Santa Cruz Biotechnology 1:300), or
anti-MAG (goat polyclonal; Santa Cruz Bio-
technology, 1:300). As negative isotype con-
trols, we used rat IgG2b (Invitrogen). All
antibodies were suspended in the PBS supple-
mented with 1.5% normal blocking rabbit se-
rum, 0.3% Triton X-100, and 0.01% sodium
azide and incubated for 1 h at room tempera-
ture in a wet chamber. Subsequently, cells were
washed in PBS 3 times and the appropriate sec-
ondary fluorescent antibody supplemented
with 1.5% of normal blocking rabbit serum
and 0.3% Triton X-100 and 0.01% sodium
azide were added for 1 h at 21°C (rabbit pread-
sorbed polyclonal TRITC to rat; Abcam; goat
pAb to rabbit Cy3 or goat pAbs to mouse FITC;
Abcam). For fluorescent DNA nuclei staining,
DAPI (1.5 �g/ml UltraCruz Mounting Medium; Santa Cruz Biotechnol-
ogy) was used. Images were acquired using spin confocal microscope BD
Biosciences PathwayTM Bioimager 850 with AttoVision 1.5.3 software.
For quantitation of the fluorescence intensity analysis, an Olympus Pla-
nApo N 60�1 oil objective was used and 16 sites per microscope slides
were analyzed by IPLab Pathway 4.0 software (BD Bioscience). Fluores-
cence intensity was determined as the average fluorescence (average
area), the the sum of the fluorescence from all segments divided by the
number of segments (Dima et al., 2011). The average fluorescence was
calculated using at least 100 single cells taken from four independent
experiments.

RNA isolation and real-time PCR. Total RNA was isolated from brain
tissue using TRIzol (Invitrogen) and the RNeasy Mini Kit (Qiagen) ac-
cording to the manufacturer’s instructions and treated with RNase-free
DNase I (Qiagen) to remove contaminating genomic DNA. One micro-
gram of the total RNA was reverse transcribed to cDNA with random
hexamers and M-MMLV reverse transcriptase using ReactionReadyTM
First Strand cDNA Synthesis Kit (SuperArray Bioscience Corporation).
Primer sequences were as follows: Ago2 reverse primer, 5�-TTA CCA
TCC ATG AGG TAC ACC CCT G-3�; GW182: 5�-AGC AAA CAT GGT
GCT ATT TCA AGT G-3�; Ago1: 5�-AGT CAA CCG GGA GGT GGT
GGA ATA C-5�; AGO3: 5�-AGA AAG GGT TGG AAG AAG CGG CAA

C-3�; Ago4: 5�-TAG AGT CAA CAG GGA GGT GGT AGA C-3�; Ago5:
5�-ATC CAC AAc GTG GGC TAG TCC G-3�; FXR1: 5�- TTG AAA ATA
ATTGGC AAC CAG AAC G-3�; �-actin: 5�-TGT TAC TGA GCT GCG
TTT TAC ACC C-3�. cDNA was amplified in the presence of specific
primers in 96-well microtiter plates on a 7500 Real Time PCR System
(Applied Biosystems) according to the following program: 95°C for 10
min and 40 cycles of 95°C for 15 s and 60°C for 60 s. Separate samples
from EAE and controls were measured in triplicate. As a positive control,
cDNA synthesized from mouse XpressRefTM Universal Reference Total
RNA was used (SuperArray Bioscience). Specificity of the reaction was
checked by melting curve analysis, and relative expression of the genes
was determined using a software program supplied by Applied Biosys-
tems. All of the reagents, TaqMan Gene Expression Master Mix, 20�
TaqMan gene expression Assay Mix, and specific primers were provided
by Applied Biosystems.

miRNA isolation and analysis. miRNA was isolated from brain tissue,
isolated OLs, splenocytes, and EAE brain-infiltrating T cells using an
acid-phenol:chloroform procedure and a mirVana miRNA isolation kit
(Ambion) according to the manufacturer’s instructions. After isolation,
the level of miRNA and the purity analysis was performed by a commer-
cially available small RNA kit (2100 Bioanalyzer; Agilent Technologies
2100 expert software). For each sample, the level of miRNA was normal-

Figure 2. Coimmunoprecipitation of Ago2 and FXR1 with GW182 in brain lysates of EAE and control healthy mice. A, Decreased
Ago2 coexpression in GW182 complex in the EAE brain compared with control mice. B, Decreased FXR1 coexpression in GW182
complex in the brain in EAE compared with control mice. Ago2 and FXR1 were normalized to GW182. C, Expression of GW182 in
control and EAE brain tissue. Histograms depict optical density of the area under each band’s peak � SD taken from four indepen-
dent experiments (four mice per experiment).
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ized to total RNA quantified using Agilent Technologies RNA Pico Chips
(2100 Bioanalyzer).

Multiple miRNA profiling microarray (miRNA real-time qRT-PCR).
Specific miRNA expression was analyzed using mice miScript miRNA
PCR Array (Qiagen). cDNA was amplified in the presence of 84 specific
primers (NCBI accession numbers and gene symbols are presented in
Tables 1 and 2), coated in 96-well microtiter plates on a 7500 Real Time
PCR System (Applied Biosystems) according to the following program:
95°C for 15 min (activation of HotStarTaq DNA polymerase); 40 cycles

of 94°C for 15 s, 55°C for 30 s, and 70°C for 30 s.
The mean expression levels of the six snoRNA/
snRNA panels (SNORD6, SNORD68, SNORD72,
SNORD95, SNORD96A, and RNU6-2) were used
for normalization of the data.

Statistical analysis of mRNA and miRNA ex-
pression. Data from real-time PCR were calcu-
lated using the ��Ct method as described
previously (Hansel et al., 2008). The complete
calculation was as follows:

2�Ct	GOI
EAE

2�Ct	HKG;snoRNA/snRNA
EAE

2�Ct	GOI
h.m.

2�Ct	HKG;snoRNA/snRNA
h.m.

�
2��Ct	GOI
�Ct	HKG;snoRNA/snRNA
�EAE

2��Ct	GOI
�Ct	HKG;snoRNA/snRNA
�h.m.

�
2�CtEAE

2�Cth.m.
� 2��Ct

Where GOI is the gene of interest (mRNA or
miRNA factors); HKG is the housekeeping
genes or snoRNA/snRNA control for miRNA
normalization; Ct is the threshold cycle; ��Ct
is equal to �Ct (EAE) � �Ct (h.m.); and h.m.
is healthy mice.

Statistics. Arithmetic means and SDs were
calculated for all parameters in at least four in-
dependent experiments. For WB, IP, qPCR,
and IHC methods, EAE and control groups
contained four mice each. For IP, ICC, and
miRNA analysis performed on isolated brain
mononuclear cells, CD3 � SCs and OLs, six
mice from each group were taken for a single
experiment and four independent experiments
were performed. A statistical analysis of differ-
ences was performed using the one-way
ANOVA test. Scheffe’s test was used for multi-
ple comparisons as a post hoc test when statis-
tical significances were identified in the
ANOVA test. Statistical significance was set at
p  0.05.

Results
RISC proteins in EAE brain
We analyzed the composition of RISCs in
brain tissue by measuring the expression
of Ago1, Ago2, Ago3, Ago4, GW182, and
FXR1 in EAE and healthy mice by West-
ern blot and q-mRNA. The data showed
that, whereas the levels of Ago1, Ago3, and
Ago4 and GW182 were not altered in EAE
mice, Ago2 and FXR1 were downregu-
lated in EAE brain tissue at both the
protein and mRNA level (Fig. 1). Densito-
metric analysis of Western blots gave val-
ues for Ago2 in EAE of 1503 � 942 versus

control 4557 � 1440; FXR1 in EAE 4190 � 3030 versus control
9080 � 4031; and GW182 in EAE 3725 � 1692 verseus control
3750 � 1758 AVG (Fig. 1A,B). qPCR analysis showed decrease
relative fold differences in EAE to control group by3.8 � 0.63 for
Ago2; by 6.9 � 1.03 for FXR. For GW182, the fold difference was
not significant (�0.9 � 0.68) between EAE and control (Fig. 1C).
To confirm that Ago2 was decreased in RISCs, we assessed the

Figure 3. Downregulation of miRNAs in EAE whole-brain lysates. A, miRNA-containing region (magnified at bottom) was
defined arbitrarily ranging from 10 to 40 nt. Data are presented as the mean of miRNA concentration � SD from four experiments.
miRNA was normalized to total mRNA levels. B, Diminished global miRNA expression in EAE brain. C, Diminished global miRNA
expression in coimmunoprecipitates with Ago proteins (pan Ago). The bars represent a mean expression � SD from four indepen-
dent experiments (four mice per experiment).
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amount of Ago2 in complexes with GW182 and FXR1 in brain
lysates by immunoprecipitation. The data showed less intense
signal for Ago2 (1193 � 476 vs control 2509 � 981 AVG) and
FXR1 (2497 � 1087 vs control 7598 � 1201 AVG) in complexes
with GW182 in EAE (Fig. 2A,B). These results indicate an altered
composition of RISCs in the brain tissue of mice with EAE.

Dysregulation of global miRNA levels in EAE brain
Previous studies have suggested that dysregulation and/or deac-
tivation of RISC proteins during inflammation might affect total
miRNA levels (Jakymiw et al., 2005; Liu et al., 2005; Pillai et al.,
2005; Boudreau et al., 2014). To test whether this mechanism
might operate in EAE, we then analyzed the total level of small
RNAs (up to 150 nt), including miRNA (up to 40 nt), in whole
brain cell lysates of EAE and control mice (Fig. 3A). We found
that total miRNA levels were decreased (171 � 97 pg/�l) at the
peak of disease compared with healthy control mice (396 � 162
pg/�l; Fig. 3B). Subsequently, we analyzed the total amount of
miRNAs associated with RISC proteins. Ago proteins were im-
munoprecipitated and miRNA levels measured as described in

Material and Methods. This analysis showed that the amount of
miRNA bound to Ago proteins was diminished by 1/3 in EAE
mouse brain tissue compared with levels found in healthy mice
(740 � 118 vs 1162 � 179 pg/�l; Fig. 3C). Therefore, these results
support the hypothesis that dysfunction of RISC assembly corre-
lates with decreased total amounts of miRNAs in whole EAE
brain tissue.

Ago2 and FXR1 are downregulated within RISC in OLs
during EAE
To address the RISC composition in CNS target cells affected by
immune attack in EAE/MS, we first measured RISC protein ex-
pression in OLs by IHC using a double-staining procedure. The
IHC analysis demonstrated that Ago2 and FXR1 expression mea-
sured as the total area values were downregulated in OLs in EAE
(Ago2 in EAE 27,970 � 4243 vs control 70,064 � 9987; FXR1 in
EAE 62,252 � 9311 vs control 146,133 � 21,911), whereas the
expression of GW182 did not differ from that found in healthy
mice (79,320 � 10,116 vs 73,241 � 11,988; Fig. 4). Analysis of the
average area values confirmed decreased Ago2 (2.39 � 0.36) and

Figure 4. Whole-brain IHC analysis of Ago2, FXR1, and GW182 in EAE compared with control healthy mice. A, Ago2 expression was decreased in EAE brain (green) and in MAG-positive cells versus
healthy mice brain (yellow in merge images). B, FXR1 expression was decreased in EAE brain (green color) and in MAG-positive cells (yellow color) versus healthy mice brain. C, Expression of GW182
was not different in EAE versus healthy mice in whole-brain and in MAG-positive cells. Frozen 6 �m sagittal cross-sections of whole brain were prepared, scanned, and the final image prepared from
a montage of at least 250 single images. Average fluorescence (average area) and total fluorescence intensity (Tot. Area) were analyzed using an electronic fluorescence autosegmentation system
(BD Biosciences AttoVision software). The isotype control and secondary antibody incubated without the first Ab were negative.
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Figure 5. Decreased expression of Ago2 and FXR1 and the deficient formation of Ago2/GW182 and Ago2/FXR1 complexes in EAE OLs. A, ICC analysis of Ago2/GW182 (top) and Ago2/FXR1
(bottom) in ex vivo isolated OLs. Yellow areas on the merged images indicate colocalization of Ago2 with GW182 and Ago2 with FXR1. The isotype control and secondary antibody incubated without
the first Ab were negative. Numerical data from four independent experiments are presented as a sum of the fluorescence regions of all segments divided by the number of segments (average area).
B, mRNA for Ago2, GW182, and FXR1 relative expression in EAE compared with healthy OL lysates. Data represent the mean of relative mRNA expression � SD from four independent experiments.
C, Diminished global miRNA levels in EAE compared with healthy OLs. The bars represent the mean amount of miRNA from four independent experiments (four mice per experiment). D, Differential
expression of 86 miRNAs in EAE OLs versus OLs isolated from healthy mice. The pink lines indicate thresholds of at least 3-fold upregulation or downregulation of respective miRNA levels. Data are
representative of three independent experiments.
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FXR1 (3.92 � 0.65) expression versus control 4.53 � 0.65 and
7.43 � 1.21 for Ago2 and FXR1, respectively. GW182 expression
was not changed in EAE 6.93 � 1.09 versus control 6.74 � 1.12
(Fig. 4).

Next, we examined RISC protein expression in OLs isolated
from EAE brain tissue. The ICC analysis confirmed that both
Ago2 and FXR1 proteins were decreased in OLs from EAE brain
samples compared with control mouse brains (Ago2 in EAE 36 �
6.2 vs control 234 � 32.1; FXR1 in EAE 63 � 11.3 vs control
249 � 47.3 average area; Fig. 5A). The expression of GW182 was
unchanged in OLs from EAE brain (EAE 146 � 23.1 vs control
158 � 27.1 average area; Fig. 5A). In addition, we found that
signal for Ago2 in double-stained OLs, Ago2/GW182 and Ago2/
FXR1, from EAE mouse brains showed lower expression com-
pared with OLs from control healthy mouse brains (Fig. 5A).
These findings suggest the deficient presence of Ago2 in RISC of
OLs during EAE. This was confirmed by measurements of mRNA
expression for Ago2, FXR1, and GW182 in OLs (Fig. 5B). The
relative fold differences in EAE compared with control showed
decreased by 3.9 � 0.76 for Ago2 and by 6.3 � 1.16 for FXR1.
mRNA for GW182 in EAE was not different from control OLs
(fold difference �0.2 � 0.53 for GW182; Fig. 5B).

Dysregulation of miRNAs in EAE OLs
Inadequate composition of RISCs in OLs might affect miRNA
machinery. We investigated the global level of miRNAs in OLs
from EAE and control brain tissue. Freshly ex vivo isolated OLs
were used for RNA isolation. Total RNA was measured and used
for normalization of miRNA expression. Compared with total
RNA, global miRNA expression was downregulated in OLs de-
rived from brain tissue of EAE animals harvested at the peak of
disease (EAE 474 � 109.0 vs control 767 � 176.4 pg/�l; Fig. 5C).
Next, we analyzed a panel of 86 miRNAs previously found to be
associated with OL cell survival within the CNS using real-time
qRT-PCR (Table 1). As shown in Figure 5D, levels of the majority
of miRNAs were decreased in OLs from EAE brain tissue com-
pared with OLs from control healthy mice. Fifty-six CNS-related
miRNAs of 86 examined were downregulated (fold change 
�2.0), 22 miRNAs were unchanged (range �1.9 –1.9), and miR-
27a-3p was upregulated (fold change 5.4). The most strikingly
downregulated miRNAs, 106b-5p, 15a-5p, 15b-5p, 181a-5p,
181c-5p, 181d-5p, 20b-5p, 320-3p, 328-3p, and 338-3p, have
been found previously to be linked to differentiation, prolifera-

Table 1. Fold differences in relative miRNA expression between EAE and healthy
mice OLs

miRNA NCBI accession no. Fold change EAE OLs/healthy OLs

let-7b-5p MIMAT0000522 �2.16
let-7c-5p MIMAT0000523 �2.25
let-7d-5p MIMAT0000383 �2.33
let-7e-5p MIMAT0000524 �1.83
let-7i-5p MIMAT0000122 �3.11
miR-101a-3p MIMAT0000133 �3.66
miR-101b-3p MIMAT0000616 �3.63
miR-105 MIMAT0004856 �3.94
miR-106b-5p MIMAT0000386 �4.56
miR-107-3p MIMAT0000647 �3.46
miR-124-3p MIMAT0000134 �2.49
miR-125b-5p MIMAT0000136 �1.69
miR-126a-5p MIMAT0000137 �2.00
miR-128-3p MIMAT0000140 1.32
miR-133b-3p MIMAT0000769 �3.94
miR-134-5p MIMAT0000146 �3.94
miR-135b-5p MIMAT0000612 �3.94
miR-138-5p MIMAT0000150 1.62
miR-139-5p MIMAT0000656 �1.69
miR-140-5p MIMAT0000151 �2.32
miR-146a-5p MIMAT0000158 1.72
miR-146b-5p MIMAT0003475 1.29
miR-148b-3p MIMAT0000580 �1.11
miR-151-3p MIMAT0000161 �3.92
miR-152-3p MIMAT0000162 �1.90
miR-15a-5p MIMAT0000526 �4.98
miR-15b-5p MIMAT0000124 �4.01
miR-181a-5p MIMAT0000210 �5.51
miR-181a-1-3p MIMAT0000660 �3.94
miR-181c-5p MIMAT0000674 �6.42
miR-181d-5p MIMAT0004324 �6.83
miR-191-5p MIMAT0000221 �1.54
miR-193b-3p MIMAT0004859 �3.94
miR-194-5p MIMAT0000224 �2.43
miR-195a-5p MIMAT0000225 �2.72
miR-19b-3p MIMAT0000513 �2.23
miR-203-3p MIMAT0000236 �3.60
miR-20a-5pa MIMAT0000529 �3.70
miR-20b-5p MIMAT0003187 �4.30
miR-22-3p MIMAT0000531 �2.27
miR-24-3p MIMAT0000219 �1.01
miR-26b-5p MIMAT0000534 �1.26
miR-27a-3pb MIMAT0000537 5.27
miR-28a-5p MIMAT0000653 1.05
miR-298-5p MIMAT0000376 �3.94
miR-29a-3p MIMAT0000535 �1.15
miR-29b-3p MIMAT0000127 1.78
miR-29c-3p MIMAT0000536 �2.21
miR-30a-5p MIMAT0000128 �2.46
miR-30d-5p MIMAT0000515 1.10
miR-30e-5p MIMAT0000248 �3.14
miR-320-3p MIMAT0000666 �8.38
miR-328-3p MIMAT0000565 �4.23
miR-33-5p MIMAT0000667 �3.94
miR-337-3p MIMAT0000578 �3.94
miR-338-3pb MIMAT0000582 �9.94
miR-339-5p MIMAT0000584 1.32
miR-342-3p MIMAT0000590 1.18
miR-346-5p MIMAT0000597 �3.94
miR-34a-5p MIMAT0000542 �1.57
miR-376b-3p MIMAT0001092 �3.58
miR-381-3p MIMAT0000746 �3.94
miR-409-3p MIMAT0001090 �3.94
miR-431-5p MIMAT0001418 �3.94

(Table Continues)

Table 1. Continued

miRNA NCBI accession no. Fold change EAE OLs/healthy OLs

miR-433-3p MIMAT0001420 �2.67
miR-455-5p MIMAT0003485 �3.94
miR-484 MIMAT0003127 �2.80
miR-485-5p MIMAT0003128 �3.94
miR-485-3p MIMAT0003129 �3.94
miR-488-3p MIMAT0003450 �3.94
miR-489-3p MIMAT0003112 �3.94
miR-598-3p MIMAT0004942 �2.77
miR-652-3p MIMAT0003711 �1.17
miR-7a-5p MIMAT0000677 1.66
miR-9-5p MIMAT0000142 �1.40
miR-9-3p MIMAT0000143 �3.61
miR-92a-3pa MIMAT0000539 �2.30
miR-93-5p MIMAT0000540 �7.76
miR-98-5p MIMAT0000545 �3.94
amiRNAs associated with myelin protein synthesis and survival OLs.
bmiRNAs associated with differentiation and proliferation of OLs.
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tion, and myelin protein synthesis (Fig. 5D, Table 1; Zheng et al.,
2012). Most importantly, we found that the miRNA-17-92 clus-
ter represented by miRNA-20a and miRNA-92a-1 was specifi-
cally downregulated in OLs during EAE. Recent studies have
shown that this miR-17-92 cluster is essential for the differentia-
tion, proliferation, and survival of OLs (Budde et al., 2010). An-
other striking observation was that miRNA-338-3p was the most
extensively decreased miRNA (nearly 10-fold) in EAE OLs com-
pared with healthy OLs; this miRNA, together with miR-338-5p,
has been implicated in the regulation of oligodendrocyte precur-
sor cell (OPC) differentiation and myelin gene expression (Dugas
et al., 2010; Wang and Cambi, 2012; de Faria et al., 2012). The

only upregulated miRNA in EAE OLs found in our study was
miR-27a-3p, which has been linked to the control of cell prolif-
eration (Lerner et al., 2011; Xu et al., 2013).

Ago2 and FXR1 were downregulated within RISC in
infiltrating T cells from EAE brain
To address RISC composition in EAE brain-infiltrating T cells,
we isolated T cells from CNS tissue of EAE mice and measured
Ago2, GW182, and FXR1 expression and compared them with
levels found in splenocytes from the same animals. The data
showed that Ago2 and FXR1 were downregulated in infiltrating T
cells compared with SCs from EAE animals (Ago2 30 � 3.9 vs

Figure 6. Decreased expression of Ago2 and FXR1 in brain-infiltrating T lymphocytes in EAE and deficiency formation of Ago2/GW182 and Ago2/FXR1 complexes. A, ICC analysis of Ago2/GW182
(top) and Ago2/FXR1 (bottom) proteins in EAE brain-infiltrating T cells and CD3 � SCs from EAE and healthy mice. Yellow areas on merged images (arrows) indicate colocalization of Ago2 with
GW182 and Ago2 with FXR1. The isotype control and secondary antibody incubated without the first Ab were negative. Numerical data from four independent experiments are presented as a sum
of the fluorescence regions of all segments divided by the number of segments (average area). B, mRNA for Ago2, FXR1, and GW182 expression in EAE brain-infiltrating T cells compared with EAE
CD3 � SCs. Data represent the mean of relative mRNA expression � SD from four independent experiments (four mice per experiment).
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Figure 7. Coimmunoprecipitation of Ago2, GW182, and FXR1 in CD3 � SCs of EAE and control healthy mice. A, Increased Ago2 expression in Ago2/GW182 complexes. B, Increased FXR1 expression
in FXR1/GW182 complexes. C, Increased FXR1 expression in FXR1/Ago2 complexes in EAE CD3 � SCs versus control CD3 � SCs. Ago2 and FXR1 Western blots were normalized to GW182 (right top)
and for FXR1/Ago2 immunoprecipitation to Ago2 (right bottom). Data are presented as the intensity of optical density of the area under each band’s peak � SD. Each bar represents mean data from
four independent experiments (four mice per experiment). D, mRNA for Ago2, FXR1, and GW182 in EAE CD3 � SCs compared with control healthy mouse CD3 � SCs. Data represent the mean of
relative mRNA expression � SD from four independent experiments (four mice per experiment).
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56 � 10.1 average area; FXR1 19 � 2.5 vs 63 � 18.1 average area)
and also compared with SCs from control mice (Ago2 35 � 6.3
average area; FXR1 27 � 3.1 average area; Fig. 6A). GW182 ex-
pression remained at the same level in EAE as in control mice

(EAE brain-infiltrating T cells 39 � 2.8 vs EAE CD3� SCs 43 �
8.2 vs healthy CD3� SCs 37 � 3.2 average area). The decreased
expression of Ago2 and FXR1 in infiltrating T cells was confirmed
using mRNA expression analysis for both these proteins (Fig.

Figure 8. Confocal microscopy analysis of FXR1 with Ago2 in EAE CD3 � SCs and EAE brain-infiltrating T lymphocytes compared with CD3 � SCs from healthy mice. Arrows highlight more intense
formation of Ago2/FXR1 complexes (yellow color) in EAE CD3 � SCs compared with healthy CD3 � SCs or brain-infiltrating T cells. To better visualize colocalization of FXR1 with Ago2, three
representative merged cells without DNA signal were magnified.
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6B). In EAE brain-infiltrating T cells, qPCR analysis showed
downregulation of Ago2 (fold difference decreased by 10.2 �
1.87) and FXR1 (decreased by 7.4 � 1.36) compared with EAE
CD3� SCs (Fig. 6B).

Ago2 and FXR1 expression in EAE CD3 � SCs is increased
Apart from downregulation of Ago2 and FXR1 in brain-
infiltrating T cells, we observed marked upregulation of these
proteins in CD3� SCs of EAE animals. To confirm that Ago2 and
FXR1 expression were increased in RISC assembly in CD3� SCs
of EAE mice, we assessed the amount of Ago2 and FXR1 in com-
plexes with GW182 in SCs of EAE and control mice. In immuno-
precipitation experiments, we detected significantly higher
expression of Ago2 and FXR1 in complexes with GW182 in EAE
compared with control mice (Ago2 with GW182 3887 � 332 vs
control 301 � 42; FXR1 with GW182 7498 � 804 vs 2501 � 603
AVG; Fig. 7A,B). Furthermore, the Ago2 that coimmunoprecipi-
tated with FXR1 in EAE SCs showed a more intense signal
(3005 � 465 vs control 1099 � 173 AVG; Fig. 7C). The spin-
confocal microscopy confirmed a higher amount of FXR1 colo-
calized with Ago2 in CD3� SCs from EAE mice compared with
EAE brain-infiltrating T cells, as well as the absence of colocaliza-
tion in control CD3� SCs (Fig. 8A). In addition, qPCR analysis

showed in EAE CD3� SCs significant upregulation of Ago2 (fold
difference 9.7 � 1.97) and FXR1 (fold difference 6.3 � 1.65)
compared with healthy CD3� SCs (Fig. 7D). These results indi-
cate inadequate (diverse) composition of RISC in SCs of EAE
animals as opposed to brain-infiltrating T cells.

Dysregulation of miRNAs in EAE infiltrating T lymphocytes
To explore the role of inadequate RISC protein composition in
the regulation of miRNA machinery in EAE brain-infiltrating
autoreactive T cells, we analyzed miRNA expression in T cells
isolated from EAE brain tissue. Total RNA was measured and
used for normalization of the miRNA expression in T cells. In
relation to total RNA, the global miRNA level was decreased in T
cells derived from brain tissue of EAE animals at the peak of the
disease compared with global miRNA levels in SCs from the same
EAE animals (378 � 94.8 vs 3198 � 768.6 pg/�l; Fig. 9A,B). The
infiltrating T-cell-derived global miRNA level was also decreased,
albeit at a lower rate, compared with the global miRNA expres-
sion pattern from control SCs derived from healthy mice (378 �
94.8 vs 1772 � 431.9 pg/�l; Fig. 9B). We observed that the global
miRNA level in SCs from EAE mice was significantly higher than
that inSCs of control healthy mice. We analyzed further a panel of
86 miRNAs associated with autoimmunity and inflammation in

Figure 9. Upregulation of global miRNA level in EAE CD3 � SCs and downregulation of global miRNA level in EAE brain-infiltrating T cells. A, miRNA region defined arbitrarily (range 10 – 40 nt).
Data from one of four experiments performed is shown. B, Average global miRNA concentration � SD in EAE CD3 � SCs versus control healthy mouse CD3 � SCs and brain-infiltrating T cells. C,
miRNA profiling of control healthy mouse CD3 � SCs, EAE CD3 � SCs, and brain-infiltrating T cells. The majority of analyzed miRNAs are overexpressed in EAE CD3 � SCs compared with healthy
control mouse SCs (top) and the majority of miRNA from brain-infiltrating T cells showed decreased expression compared with EAE CD3 � SCs (bottom).
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Table 2. Fold differences in relative miRNA expression between EAE brain-infiltrating T cells and healthy or EAE mice CD3 � SCs

miRNA NCBI accession no.

Fold change

EAE T SC/healthy mouse T SC EAE-infiltrating T cells/EAE T SC Effector cells

let-7a-5p MIMAT0000521 59.02 �97.34
let-7b-5p MIMAT0000522 16.66 �1.83
let-7c-5p MIMAT0000523 10.91 �3.74
let-7d-5p MIMAT0000383 22.20 1.10
let-7e-5pa MIMAT0000524 36.13 �52.62 Positive regulate Th1
let-7f-5pb MIMAT0000525 402.87 �77.84 Negative regulate Th17
let-7g-5p MIMAT0000121 40.43 3.95
let-7i-5pc MIMAT0000122 13.91 �4.86 Positive regulate Treg
miR-106a-5p MIMAT0000385 6.72 �10.02
miR-106b-5pa MIMAT0000386 2.82 �135.56 Modulates the TGF-� signaling pathway
miR-1192 MIMAT0005850 13.44 13.16
miR-126a-5pa MIMAT0000137 23.28 �10.33 Positive regulate Th diferentation
miR-128-3pa MIMAT0000140 22.99 �11.37 Positive regulate Th1 and negative Th2
miR-130a-3p MIMAT0000141 53.84 �6.03
miR-130b-3p MIMAT0000387 44.04 4.12
miR-135a-5p MIMAT0000147 33.84 �1.23
miR-140-5p MIMAT0000151 18.41 �1.08
miR-144-3p MIMAT0000156 41.50 �90.42
miR-155-5pa MIMAT0000165 119.82 9.44 Positive regulate Th1, Th17, Treg, and negative Th2
miR-15a-5pc MIMAT0000526 8.00 2.12 Positive regulate Treg
miR-15b-5p MIMAT0000124 17.19 2.76
miR-16-5p MIMAT0000527 10.33 1.39
miR-17-5pb MIMAT0000649 11.65 �1.26 Positive regulate Th1 and negative Treg
miR-181a-5pb MIMAT0000210 50.74 �59.55 Intrinsic modulator of T-cell sensitivity and selection
miR-181b-5pb MIMAT0000673 147.69 1.02 Involved in class switch recombination in B-cell
miR-181c-5p MIMAT0000674 42.19 �3.74
miR-181d-5p MIMAT0004324 102.83 3.14
miR-182-5pb MIMAT0000211 43.84 11.48 Induced by IL-2 promotes clonal expansion of activated CD4 cells
miR-186-5pa MIMAT0000215 45.20 �1.37
miR-195a-5p MIMAT0000225 102.60 2.31
miR-19a-3p MIMAT0000651 50.19 �7.74
miR-19b-3pb MIMAT0000513 20.55 �9.49 Positive regulate Th1 and negative Treg
miR-200c-3p MIMAT0000657 53.84 �2.01
miR-20a-5pb MIMAT0000529 9.06 �5.10
miR-20b-5p MIMAT0003187 8.22 �1.73
miR-221-3p MIMAT0000669 73.84 �3.77
miR-222-3p MIMAT0000670 127.38 1.87
miR-23a-3pb MIMAT0000532 111.84 �8.86
miR-23b-3p MIMAT0000125 128.10 8.22
miR-26a-5pb MIMAT0000533 122.48 2.86
miR-26b-5pb MIMAT0000534 256.21 �22.93
miR-27a-3p MIMAT0000537 16.87 �1.04
miR-27b-3pa MIMAT0000126 18.89 1.05 Positive regulate Th1 and negative Th2
miR-291a-3p MIMAT0000368 42.84 1.21
miR-294-3p MIMAT0000372 40.42 �1.35
miR-295-3p MIMAT0000373 31.24 7.53
miR-29a-3pb MIMAT0000535 1.62 �9.99 Negative regulate Th1
miR-29b-3pb MIMAT0000127 7.45 �9.02 Negative regulate Th1
miR-29c-3p MIMAT0000536 59.36 �3.98
miR-301a-3pc MIMAT0000379 28.11 2.11 Positive regulate Th17
miR-301b-3p MIMAT0004186 47.02 1.22
miR-302b-3p MIMAT0003374 33.14 13.16
miR-302d-3p MIMAT0003377 22.89 19.24
miR-30a-5p MIMAT0000128 2.65 2.24
miR-30b-5p MIMAT0000130 2.70 1.11
miR-30c-5p MIMAT0000514 4.48 2.95
miR-30d-5p MIMAT0000515 11.22 3.01
miR-30e-5p MIMAT0000248 2.75 2.42
miR-322-5p MIMAT0000548 16.49 �1.48
miR-326-3pa MIMAT00002107 73.84 �13.16 Positive regulate Th17
miR-338-5p MIMAT0004647 73.84 �1.09
miR-340-5pc MIMAT0004651 27.48 �5.85 Positive regulate Th1 and negative Th2
miR-350-3p MIMAT0000605 67.36 �3.45
miR-369-3p MIMAT0003186 52.24 13.16
miR-384-5p MIMAT0004745 44.81 56.28
miR-410-3p MIMAT0001091 33.09 13.16
miR-429-3p MIMAT0001537 21.59 �1.38

(Table Continues)
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brain-infiltrating T cells and in CD3� SCs from EAE and healthy
mice using qRT-PCR. This allowed us to trace the dynamics of
individual miRNA and gradient change during EAE (Fig. 9C,
Table 2). We found that the majority of analyzed miRNAs were
decreased in brain-infiltrating T cells (Fig. 9C), whereas in CD3�

SCs from EAE mice, the same miRNAs were increased (Fig. 9C).
This pattern of miRNA expression allowed us to trace the dynam-
ics of individual miRNA changes during EAE development. The
most highly downregulated miRNAs in infiltrating T cells were
let-7a-5p, let-7e-5p, let-7f-5p, 106b-5p, 144-3p, and 188a-5p,
with a 100-fold decrease compared with SCs from EAE mice.

Discussion
The role of miRNAs in autoimmunity, including EAE, is cur-
rently under intense investigation (Sethi et al., 2013). Here, we
present data that strongly support the conclusion that global
miRNA expression in brains from mice with EAE is regulated by
the availability of Ago2, a component of RISCs. Diminished Ago2
expression was found in OLs, the target cells of the autoimmune
attack in EAE, as well as in brain-infiltrating effector T lympho-
cytes. We also found decreased Ago2 and FXR1 presence in
RISCs, as well as deficiencies in the formation of Ago2/GW182
and Ago2/FXR1 complexes, in T cells and OLs isolated from EAE
brain tissue. Decreased expression of Ago2 and FXR1 correlated
with global downregulation of miRNA in both populations of
cells.

Mammalian miRNAs are known to be regulated at both the
transcriptional and posttranscriptional level. Although many
mechanisms of miRNA regulation have been identified, the Ago
family of proteins are considered to play a critical role in regulat-
ing miRNA homeostasis and to function as the rate-limiting step
for miRNA maturation (Diederichs and Haber, 2007; Johnston
and Hutvagner, 2011). Overexpression of any of the four Ago
(1– 4) proteins leads to an increased expression of mature
miRNA (Diederichs and Haber, 2007; Johnston and Hutvagner,
2011) and, in Ago2-knock-out mice (disrupted gene for Eif2c2),
lower total miRNA expression has been observed (Morita et al.,
2007). Because Ago2 represents an important regulatory check-
point for miRNAs, it was critically important to show that Ago2
expression was downregulated in activated T cells infiltrating

brain tissue. Our data clearly indicate a diminished presence of
Ago2 associated with the RISC complex, deficient formation of
Ago2 complexes with FXR1 and GW182, and reduced miRNA
binding to RISC. Therefore, reduced expression of Ago2 corre-
lated with inhibition of miRNA expression in infiltrating T cells
in EAE CNS tissue.

It has been shown previously that activation of T cells leads to
global posttranscriptional downregulation of mature miRNA
that is dependent on Ago2 activity, suggesting that mature
miRNA inhibition during cell activation allows for active repro-
gramming of the pattern of miRNA expression in differentiated
effector cells (Bronevetsky et al., 2013). Indeed, naive T cells and
various Th cell lineages have been found to express profound
differences in the expression patterns of miRNA (Sethi et al.,
2013). Therefore, our findings on miRNA inhibition in polarized
effector T cells infiltrating EAE brain tissue are consistent with
the hypothesis that activation-induced miRNA downregulation
promotes acquisition of T-cell effector functions by diminishing
the repression of genes involved in T-cell differentiation (Bro-
nevetsky et al., 2013). The function of Ago2 protein can also be
modulated in response to specific binding of FXR1, leading to
enhanced translation by Ago2/FXR1. Specifically, it has been
shown that Ago2 and FXR1 bind to the AU-rich element in the
3�-UTR of TNF-� mRNA, activating its translation within im-
mune cells (Vasudeva and Steitz, 2007). Collectively, our data
suggest that activation of infiltrating T cells in EAE culminates in
inhibition of Ago2 and FXR1 proteins that correlates with de-
creased miRNA expression, allowing for active mRNA synthesis.
Consistent with this conclusion, it has been shown that, although
Ago2-deficient T cells are phenotypically normal before activa-
tion, they are more prone to differentiate into cytokine-secreting
cells after TCR stimulation (Bronevetsky et al., 2013). Infiltrating
T cells in EAE secrete a wide range of proinflammatory cytokines
that have been shown to contribute to the inflammatory pathol-
ogy of this disease (Jurewicz et al., 2005).

The data on global inhibition of miRNAs in activated T cells in
EAE brain were supported by the data from qRT-PCR arrays that
analyzed the expression of 86 miRNAs in confirmatory experi-
ments with brain-infiltrating T cells. We found that the majority

Table 2. Continued

miRNA NCBI accession no.

Fold change

EAE T SC/healthy mouse T SC EAE-infiltrating T cells/EAE T SC Effector cells

miR-466d-3p MIMAT0004931 21.24 12.91
miR-466k MIMAT0005845 11.32 15.40
miR-495-3p MIMAT0003456 31.21 13.16
miR-497-5pa MIMAT0003453 53.91 �2.69 Positive regulate CD8
miR-568 MIMAT0004892 21.34 13.16
miR-590-3p MIMAT0004896 33.12 13.16
miR-669 h-3p MIMAT0005842 22.94 �32.11
miR-669k-3p MIMAT0005831 25.77 �2.38
miR-694 MIMAT0003474 34.34 10.06
miR-712-5p MIMAT0003502 53.09 �1.24
miR-721 MIMAT0003515 33.11 13.16
miR-743a-3p MIMAT0004238 45.04 13.16
miR-743b-3p MIMAT0004840 30.09 13.16
miR-876-3p MIMAT0004855 23.13 13.16
miR-9-5p MIMAT0000142 39.88 6.48
miR-93-5p MIMAT0000540 �7.45 �3.14
miR-98-5p MIMAT0000545 �63.00 �63.00
amiRNAs associated with in EAE/SM pathogenesis and autoimmune inflammation.
bmiRNAs associated with autoimmune inflammation by enhancing inflammatory T-cells developed.
cmiRNAs associated with EAE or MS pathogenesis.
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of miRNAs that are associated with the inflammatory response
and autoimmunity, such as let-7e-5p, 126a-5p, 128-3p, 155-5p,
186a-5p, 340-5p, and 497-5p (Sethi et al., 2013), were decreased
in EAE brains compared with miRNA profiling in EAE SCs. The
miRNA profile in CD3� SCs from EAE animals showed signifi-
cantly higher expression compared with SCs from healthy mice.
Previous studies have shown that, on average, activated T cells
demonstrate increased production of mRNA by 10-fold (Heap et
al., 2010; Zhao et al., 2014), which allows for the translation of a
number of specific immune factors that determine their immune
function. Furthermore, in MS patients, the level of miRNA-340
was found to be increased in peripheral memory CD4� cells,
thereby favoring a proinflammatory Th1 response (Guerau-de-
Arellano et al., 2012). The gradient of miRNA expression that we
observed between healthy and EAE SCs suggests active involve-
ment of miRNA in T-cell polarization toward effector cells in
EAE. Furthermore, diminished miRNA expression in EAE brain-
infiltrating T cells suggests that mature, polarized effector T cells
do not require extensive posttranscriptional regulation.

miRNAs also play an important role in OL differentiation and
survival (Budde et al., 2010; Dugas et al., 2010; Wang and Cambi,
2012; Zheng et al., 2012; de Faria et al., 2012). Of particular in-
terest is the finding that ablation of DICER in OLs leads to inhi-
bition of pre-miRNA generation, resulting in demyelination and
inflammation, features characteristic of EAE and MS pathology
(Dugas et al., 2010; Zhao et al., 2010). In addition, conditional
knockout of the miRNA 17–92 cluster inhibits OL proliferation
and causes reduction in OL numbers (Budde et al., 2010). These
results strongly support the concept that miRNAs regulate my-
elin stability (Shin et al., 2012). The results of our study showing
that during EAE global miRNA expression in OLs is diminished
are consistent with this hypothesis. In addition, our data showing
that miRNA inhibition in OLs during EAE is linked with down-
regulation of Ago2 and FXR1 proteins and dysregulation of RISC
assembly formation, as demonstrated by impaired ability to cre-
ate Ago2/GW182 and Ago2/FXR1 complexes, indicates that
Ago2 and FXR1 might play a regulatory role for miRNAs in OLs
similar to T cells. To explore further the role of disruption of
RISC protein composition and diminished Ago2 and FXR1 in
OLs on miRNA expression, we examined miRNA profiling in
these cells. We found that the majority of miRNAs were
downregulated (56 of 86), including the miRNA-17-92 cluster
(miRNAs 20a and 92a-1). Recent studies have shown that the
miR-17-92 cluster is essential for the differentiation, prolifera-
tion, and/or survival of OLs (Budde et al., 2010). In addition,
miR-338-3p and -5, which we found to be strikingly decreased
(nearly 10-fold) in EAE OLs, have been implicated in the regula-
tion of OPC differentiation and OL myelin gene expression
(Dugas et al., 2010).

The mechanism of Ago2 downregulation in infiltrating T cells
and OLs is not clear. Altered Ago2 expression revealed that Ago2
is a limiting factor that determines miRNA abundance and global
miRNA expression levels (Diederichs and Haber, 2007; O’Carroll
et al., 2007; Lund et al., 2011; Bronevetsky et al., 2013). Ago2
actively participates in miRNA biogenesis and increases miRNA
expression by stabilizing the effect of Ago2 on mature miRNA in
a silencing-independent manner (Winter and Diederichs, 2011).
Cells lacking Ago2 show profound inhibition and reduced half-
lives of miRNA (Winter and Diederichs, 2011). Accordingly,
overexpression of Ago2 decelerates miRNA degradation (Winter
and Diederichs, 2011). In our study, low miRNA levels, which are
associated with decreased Ago, might point to destabilization of
Ago2 in EAE brain. The unstable unloaded form of Ago is more

sensitive to degradation by the ubiquitin-proteasomal system
(Rybak et al., 2009; Bronevetsky et al., 2013). It was suggested that
miRNA availability controls Ago2 levels (Hauptmann and Meis-
ter 2013; Smibert et al., 2013). Dicer-deficient fibroblasts show
reduced Ago2 expression caused by enhanced proteasome-
mediated Ago2 degradation. It has also been suggested that phos-
phorylation of Ago2 impairs loading of miRNA onto Ago2
leading to Ago2 destabilization (Shen et al., 2013). However, sev-
eral other signaling pathways might also be involved in Ago2
regulation, such as protein prolyl hydroxylation (Qi et al., 2008),
phosphorylation (Zeng et al., 2008; Rüdel et al., 2011; Horman et
al., 2013), ubiquitination, poly-ADP-ribosylation (Leung et al.,
2011, Leung and Sharp, 2013), autophagy degradation (Gibbings
et al., 2012), or change in Ago2 localization (Jee and Lai, 2014). It
also remains possible that the inflammatory environment con-
tributes to this phenomenon because we observed downregula-
tion of miRNA biogenesis related to decreased RISC formation
during EAE in CNS endogenous cells, OLs, and brain-infiltrating
T cells. Based on some initial studies, it has also been proposed
that a genetic association of miRNA and inflammatory pathology
might also exist (Jennewein et al., 2010), but these data are lim-
ited in regard to inflammatory disorders.

In summary, our findings suggest that Ago2 and inadequate
RISC assembly might be critical factors regulating miRNA ex-
pression, which contributes to the development of autoimmune
demyelination in EAE and MS. Diminished Ago2 expression al-
lows for decreased translational inhibition and the expression of
a proinflammatory profile in brain-infiltrating T cells, whereas
diminished Ago2 expression in OLs contributes to demyelination
and OL loss. Therefore, Ago2-mediated miRNA abnormalities
might contribute to MS pathology by multiple mechanisms and
modification of mechanisms that regulate the level of Ago2 may
be a significant factor in future therapies.
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