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INTRODUCTION 
 
Multiple sclerosis (MS) is a chronic demyelinating 
neurodegenerative autoimmune disease of the central 
nervous system (CNS) and is a major cause of disability 
in young adults in the developed world [1, 2]. Due to 
the limited understanding of the pathogenesis of MS 
and the absence of diagnostic biomarkers, the present 
diagnostic criteria currently used for MS still primarily 
rely on clinical manifestations [3]. However, patients 
with MS may suffer different degrees of motor and 
sensory dysfunction, which may share considerable 
similarities with other disorders of the CNS, leading to 
diagnostic and therapeutic difficulties. Although the  

 

precise pathogenesis of MS remains elusive, CD4+ T 
cell-mediated autoimmunity may play an essential role 
[4]. After antigen stimulation, naive CD4+ T cells can 
activate, proliferate and differentiate into different 
subsets of T helper (Th) cells, such as Th1, Th2, Th17 
and induced regulatory T cells [5, 6]. 
 
Th17 cells, an effector subset that secretes IL-17, IL-21 
and IL-22, are likely to be the most crucial pathogenic 
factors of MS and experimental autoimmune 
encephalomyelitis (EAE) [7, 8]. The differentiation of 
Th17 cells is a complicated process and regulated by a 
series of transcription factors, in which retinoic acid 
receptor-related orphan receptor-γt (RORγt) and signal 
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ABSTRACT 
 
T helper 17 (Th17) cells are regarded as key factors in the pathogenesis of multiple sclerosis (MS). Although the 
involvement of certain microRNAs (miRNAs) in the development of MS has been reported, their roles in Th17 
cell differentiation and MS pathogenesis remain elusive. In this study, we identified that let-7f-5p expression is 
significantly downregulated in CD4+ T cells from MS patients and during the process of Th17 differentiation. The 
overexpression of let-7f-5p suppressed Th17 differentiation, whereas the knockdown of let-7f-5p expression 
enhanced this progress. We then explored the molecular mechanism through which let-7f-5p suppressed Th17 
differentiation and identified signal transducer and activator of transcription 3 (STAT3), a pivotal transcription 
factor of Th17 cells, as a direct target of let-7f-5p. In contrast to the downregulated expression of let-7f-5p, 
STAT3 and p-STAT3 protein levels were dramatically upregulated and inversely correlated with let-7f-5p in 
peripheral blood CD4+ T cells from MS patients. In conclusion, let-7f-5p functions as a potential inhibitor of Th17 
differentiation in the pathogenesis of MS by targeting STAT3 and may serve as a new therapeutic target. 
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transducer and activator of transcription 3 (STAT3) 
play critical roles. Through the activation and 
phosphorylation of STAT3 and downstream regulation 
of RORγt [8, 9], naive CD4+ T cells differentiate into 
Th17 cells. The frequencies of Th17 cells have been 
shown to be upregulated in the peripheral blood and 
cerebrospinal fluid (CSF) of MS patients and are further 
elevated during relapses [10]. Mice with fewer Th17 
cells are less susceptible to EAE [11], and IL-17-
secreting T cells have been observed in the brain lesions 
of MS patients. The levels of IL-17-secreting T cells are 
also elevated in the active areas of MS lesions 
compared with those in the inactive areas [12]. 
MicroRNAs (miRNAs) are small, conserved, single-
stranded noncoding RNA molecules (18-22 nucleo-
tides), that bind to the 3’ untranslated regions (3’-
UTRs) of target genes, suppressing their expression and 
function [13, 14]. Over the past decade, more than 
1,000 miRNAs have been identified, and most of which 
have been shown to regulate various biological 
activities, including organ development, cellular 
development and differentiation, signal transduction and 
immune response [15, 16]. In recent years, many 
researchers have shown that miRNAs may function in 
the pathogenesis and progression of MS [17–19]. 
However, the altered expression and possible role of 
miRNAs in the Th17 differentiation and pathogenesis of 
MS remain largely unknown. 
 
In the present study, we revealed that let-7f-5p was 
consistently downregulated in the peripheral blood 
CD4+ T cells from MS patients. Subsequently, we 
found that let-7f-5p suppressed the Th17 differentiation 
without influencing apoptosis. Furthermore, we 
validated that STAT3 is a direct target gene of let- 
7f-5p and confirmed that let-7f-5p mediates Th17 

differentiation by inhibiting STAT3 expression. Thus, 
our results suggest that let-7f-5p is a Th17 cell-
associated miRNA that functions in the pathogenesis of 
MS by negatively regulating STAT3. 
 
RESULTS 
 
miRNA expression profiling of peripheral blood 
CD4+ T cells from MS patients using Illumina high-
throughput sequencing 
 
High-throughput sequencing was performed for 
peripheral blood CD4+ T cells from MS patients and 
healthy controls (HC) using total RNA extracted from the 
cells of individuals from each group (CD4+ T cells sorted 
from ten individuals were pooled). The two samples 
contained small RNAs with a variety of lengths (Figure 
1A), with numerous species of small RNA, including 
miRNAs, rRNAs, tRNAs and piRNAs, identified using 
bioinformatic tools after sequencing. A total of 996 and 
979 miRNAs were identified in the MS patient and HC 
samples, respectively. Moreover, significant differences 
were observed between the miRNA expression profiles 
of the MS patients and the HC (Figure 1B).  
 
To further narrow down the list of peripheral blood CD4+ 
T cell miRNAs, we identified miRNAs with > 200 
sequencing reads and that exhibited a > 2-fold change in 
expression between the two groups. Ultimately, 15 
miRNAs met these criteria (Supplementary Table 1), 
with 6 being significantly upregulated (fold-change > 2) 
and 9 being significantly downregulated (fold-change < 
0.5) in the MS patients compared with their levels in the 
controls (Figure 1C). We selected the top four 
downregulated miRNAs (miR-150-5p, miR-423-5p, let-
7e-5p and let-7f-5p) for further analysis. 

 

 
 

Figure 1. MiRNA expression profiling of peripheral blood CD4+ T cells from MS patients and healthy controls. (A) The lengths of 
small RNAs from the two pooled samples from the multiple sclerosis (MS) patients and healthy controls (HC). (B) Significant alterations were 
observed between the miRNA expression profiles of the MS patients and healthy controls. (C) Heat map of the significantly altered miRNAs 
(sequencing reads > 200 and fold-change > 2) obtained from Illumina high-throughput sequencing. 
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Downregulation of let-7f-5p expression in peripheral 
blood CD4+ T cells from MS patients and during the 
process of Th17 differentiation 
 
We performed real-time PCR (RT-PCR) assays using 
the peripheral blood CD4+ T cells from the MS patients 
(n = 6) and HC (n = 6) to confirm the results of the 
Illumina high-throughput sequencing assay 
(Supplementary Figure 1). The expression of let-7f-5p 
was significantly decreased in the MS patients 
compared with that observed in the HC (Figure 2A). In 
addition, naive CD4+ T cells were sorted from mouse 
spleens and maintained in Th17 differentiation medium, 
with the expression of let-7f-5p subsequently analyzed 
by RT-PCR. The results of this experiment revealed that 
let-7f-5p expression was markedly decreased during the 
process of Th17 differentiation (Figure 2B). These 
results suggested that let-7f-5p may play a role in Th17 
differentiation. 
 
Let-7f-5p suppresses Th17 differentiation 
 
To explore the role of let-7f-5p in the process of Th17 
differentiation, induced mouse Th17 cells were 
transfected with pre-let-7f-5p, anti-let-7f-5p or negative 
control RNA, and the let-7f-5p ectopic expression was 
verified by RT-PCR (Figure 3A). We subsequently 
observed that the frequency of CD3+CD4+IL17A+ T 
cells was significantly reduced in the pre-let-7f-5p-
transfected cell population (Figure 3B, 3D). 
Furthermore, the expression of Th17-specific genes, IL-
17A and RAR related orphan receptor C (RORC), and 
the concentration of IL-17A in the cell culture 
supernatants of these cells were significantly decreased 

as well (Figure 3F, 3G). In contrast, the frequency of 
CD3+CD4+IL17A+ T cells, Th17-specific gene 
expression and the concentration of IL-17A in the cell 
culture supernatants were elevated in the inhibitor-
transfected cell population (Figure 3). In addition, no 
obvious differences in apoptosis were observed among 
the induced mouse Th17 cells transfected with pre-let-7f-
5p, anti-let-7f-5p or negative control RNA (Figure 3C, 
3E). These results demonstrated that let-7f-5p suppresses 
Th17 cell differentiation without impacting apoptosis. 
 
Prediction of STAT3 as a target gene of let-7f-5p 
 
We used TargetScan, miRanda and PicTar to predict the 
potential target genes of let-7f-5p to explore the 
molecular mechanisms of let-7f-5p-mediated regulation 
of Th17 cell differentiation. STAT3 was identified as a 
target regulated by let-7f-5p because it was predicted to 
be targeted by let-7f-5p has an important role in Th17 
differentiation. The predicted binding between let-7f-5p 
and the STAT3 3’-UTR is presented in Figure 4A, 
which shows that one highly conserved let-7f-5p 
binding site was identified in the 3’-UTR of the STAT3 
mRNA transcript. The minimum free energy value of 
hybridization was -22.6 kcal/mol, which is within the 
range of genuine miRNA-mRNA pairs. Therefore, 
STAT3 was selected for further analysis. 
 
Detection of inverse correlations between let-7f-5p 
and STAT3/p-STAT3 protein levels in peripheral 
blood CD4+ T cells from MS patients 
 
The levels of STAT3 and p-STAT3 were detected in the 
peripheral blood CD4+ T cells from the MS patients and 

 

 
 

Figure 2. Let-7f-5p expression is decreased during MS and downregulated in Th17 cells. (A) CD4+ T cells were sorted from whole 
blood of multiple sclerosis (MS) patients (n = 6) and healthy controls (HC) (n = 6). The expression (let-7f-5p vs. U6) of let-7f-5p was analyzed 
by RT-PCR. (B) Naive CD4+ T cells were sorted from mouse spleens and maintained in Th17 differentiation medium. After 24, 48 and 96 h, the 
expression (let-7f-5p vs. U6) of let-7f-5p was analyzed by RT-PCR. (* p < 0.05, ** p < 0.01) 
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HC, the results of which showed that the levels of both 
were dramatically increased in the MS patient samples 
compared with those from the HC (Figure 4B–4D). In 
addition, the expression of STAT3 at the mRNA level 
was significantly upregulated in the MS group 
compared with that in the HC (Figure 4E). Furthermore, 
the expression of let-7f-5p was inversely correlated with 
the levels of STAT3 and p-STAT3 (Supplementary 
Figure 2). 

Validation of STAT3 as a direct target of let-7f-5p 
 
The ability of let-7f-5p to regulate STAT3 was 
evaluated by assessing STAT3 expression in Jurkat 
cells after the overexpression or knockdown of let-7f-
5p. In these experiments, Jurkat cells were transfected 
with pre-let-7f-5p or anti-let-7f-5p to overexpress or 
knockdown let-7f-5p expression, respectively. As 
shown in Figure 5A, let-7f-5p was successfully 

 

 
 

Figure 3. Let-7f-5p suppresses Th17 differentiation. (A) RT-PCR analysis of the expression of let-7f-5p in induced mouse Th17 
cells transfected with 100 pmol of let-7f-5p mimic (pre-let-7f-5p), let-7f-5p inhibitor (anti-let-7f-5p) or negative control RNA (pre-miR-
control or anti-miR-control). (B) The effect of let-7f-5p on Th17 differentiation. Naive CD4+ T cells were sorted from C57BL/6J mice, 
maintained in Th17 differentiation medium and transfected with pre-let-7f-5p, anti-let-7f-5p or negative control RNA for 96 h. The 
frequency of CD3+CD4+IL17A+ T cells is shown. The statistical analysis of the percentage of CD3+CD4+IL17A+ T cells is shown in (D). Data 
represent means ± SD from three independent experiments. (C, E) The effect of let-7f-5p on Th17 apoptosis. Induced mouse Th17 
cells were cotransfected with pre-let-7f-5p, anti-let-7f-5p or negative control RNA. Cells were collected after 96 h and analyzed by 
flow cytometry. (F) Th17-specific gene expression in the transfected cells in (A) was analyzed by RT-PCR, and presented relative to 
GAPDH expression. (G) IL-17A expression in the culture supernatants of transfected cells in (A) was analyzed by ELISA. (* p < 0.05; ** p 
< 0.01; *** p < 0.001) 
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Figure 4. Identification of STAT3 as a direct target gene of let-7f-5p. (A) Sequence pairing between mature let-7f-5p and the human 
STAT3 3’-UTR. All of the nucleotides of the seed sequence for the binding site are conserved in several species, including Homo sapiens, Pan 
trogodytes, Macaca mulatta, Mus musculus, Oryctolagus cuniculus. The predicted free energy values of the hybrids are indicated. (B) 
Western blot analysis of STAT3 and p-STAT3 protein expression levels in CD4+ T cells from MS patients (n = 6) and HC (n = 6); (B) 
representative images; (C–D) quantitative analysis of STAT3 and p-STAT3 protein level. (E) RT-PCR analysis of STAT3 mRNA levels in CD4+ T 
cells from MS patients and HC. (* p < 0.05; ** p < 0.01; *** p < 0.001) 
 

Figure 5. STAT3 is a direct target of let-7f-5p. (A) RT-PCR analysis of the expression of let-7f-5p in Jurkat cells transfected with 100 pmol of 
pre-let-7f-5p, anti-let-7f-5p or negative control RNA. (B) Western blotting analysis to detect STAT3 and p-STAT3 protein levels in Jurkat cells and 
induced mouse Th17 cells (Th17 cell) transfected with 100 pmol of the pre-let-7f-5p, anti-let-7f-5p or negative control RNA. (B): representative 
image; (C, D) quantitative analysis. (E) RT-PCR analysis of STAT3 mRNA levels in Jurkat cells and induced mouse Th17 cells transfected with 100 
pmol of the pre-let-7f-5p, anti-let-7f-5p or negative control RNA. (F) Luciferase plasmids contain the wild-type (Wt) and mutant 3’-UTR of 
STAT3 and sequences of Wt and Mut target sites for let-7f-5p in the 3’-UTR of STAT3 are shown. (G) Dual luciferase reporter assay was used to 
confirm the direct recognition of the STAT3 3’-UTR by let-7f-5p. Wt and Mut luciferase plasmids were cotransfected into 293T cells with 100 
pmol of pre-let-7f-5p, anti-let-7f-5p or negative control RNA. The β-galactosidase (β-gal) expression plasmid was used as a transfection control. 
(H) The working model of the role of let-7f-5p in Th17 differentiation. (* p < 0.05; ** p < 0.01; *** p < 0.001) 
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overexpressed and knocked down in Jurkat cells. The 
protein levels of STAT3 and p-STAT3 were sig-
nificantly decreased by the overexpression of let-7f-5p, 
whereas the knockdown of let-7f-5p expression 
significantly increased the levels of STAT3 and p-
STAT3 protein in Jurkat cells (Figure 5B–5D). To 
determine the level at which let-7f-5p affects STAT3 
expression, we assessed STAT3 mRNA expression in 
let-7f-5p-overexpressing or let-7f-5p-knockdown Jurkat 
cells. Both the overexpression and knockdown of let-7f-
5p influenced STAT3 mRNA levels, indicating that let-
7f-5p regulates the STAT3 protein level at the 
transcriptional level (Figure 5E). To confirm the results 
of these experiments, we repeated the above 
experiments in induced mouse Th17 cells and observed 
consistent results (Figure 5A–5E). 
 
To explore whether the negative regulatory effects of 
let-7f-5p on STAT3 were mediated by the binding of 
let-7f-5p to the predicted site in the 3’-UTR of STAT3, 
we used a luciferase reporter plasmid harboring the 
STAT3 3’-UTR sequence. The plasmid was co-
transfected into 293T cells with the pre-let-7f-5p, anti-
let-7f-5p or negative control RNA. As anticipated, 
compared with pre-miR-control-transfected cells, those 
transfected with pre-let-7f-5p exhibited a nearly 50% 
reduction in luciferase activity. In contrast, compared 
with cells transfected with the anti-miR-control, those 
transfected with anti-let-7f-5p exhibited an increase in 
luciferase activity (Figure 5F, 5G). Subsequently, we 
mutated the corresponding complementary site in the 
STAT3 3’-UTR to eliminate the predicted let-7f-5p 
binding site. The luciferase activity observed using the 
mutant remained unchanged regardless of how let-7f-5p 
expression was altered (Figure 5F, 5G). These results 
demonstrate that the predicted let-7f-5p binding site in 
the STAT3 3’-UTR contributes to the miRNA-mRNA 
binding.  
 
Recent years, several studies have demonstrated that let-
7 family miRNAs can directly target IL-6 [20–22], the 
activator of STAT3 signaling, so we examined whether 
the role of let-7f-5p on STAT3 expression and 
phosphorylation are specific to IL-6 signaling. As we 
know, IL6, IL-21 and IL-23 are all activators of STAT3 
expression and phosphorylation [23]. To confirm 
whether the effects of let-7f-5p on STAT3 expression 
and phosphorylation are specific to IL-6 signaling, we 
added IL-21 and IL-23, respectively, instead of IL-6 at 
the beginning of Th17 differentiation. As shown in 
Supplementary Figure 3, these results indicated that the 
role of let-7f-5p on STAT3 expression and 
phosphorylation is not specific to IL-6. In summary, the 
above finding suggests that let-7f-5p directly recognizes 
and binds to the 3’-UTR of the STAT3 mRNA 
transcript, resulting in mRNA degradation. 

DISCUSSION 
 
In this study, we found a new Th17 cell-associated 
miRNA, let-7f-5p, which exhibits downregulated 
expression in peripheral blood CD4+ T cells from MS 
patients and in the process of Th17 differentiation. We 
also demonstrated that let-7f-5p suppresses Th17 
differentiation in the pathogenesis of MS by targeting 
STAT3, a working model for which is shown in Figure 
5H. This study uncovered the biological mechanism of 
let-7f-5p in the differentiation of Th17 cells and in the 
pathogenesis of MS. 
 
MS is a chronic demyelinating neurodegenerative 
autoimmune disease of the CNS that affects nearly 2.5 
million people, with a prevalence of 30 cases per 
100,000 people [24]. Progress has been made towards 
understanding the pathogenesis of MS, but its precise 
mechanism remains largely unelucidated. Thus, there is 
tremendous need to identify susceptibility factors and 
new therapeutic targets for MS. 
 
In the past decade, a class of small, conserved single-
stranded noncoding RNA molecules called miRNAs 
has emerged as crucial factors in autoimmune diseases, 
such as rheumatoid arthritis (RA), inflammatory bowel 
disease, systemic lupus erythematosus (SLE), 
myasthenia gravis and MS [25–27]. Several unique 
miRNAs have been shown to function in the 
pathogenesis of MS and EAE through different Th17-
related pathways by targeting specific proteins. For 
example, miR-326 is reported as a Th17 cell–
associated miRNA and promotes Th17 differentiation 
by targeting Ets-1, a negative regulator of Th17 
differentiation [28]. MiR-15b is a key regulator in the 
pathogenesis of EAE that suppresses Th17 
differentiation by targeting O-GlcNAc transferase 
(OGT) [29]. More severe EAE is observed in miR-
146a-/- mice than in wild-type mice as a result of 
changes in the regulation of Th17 differentiation [30]. 
Moreover, many miRNAs have been shown to have 
significantly upregulated or downregulated expression 
in the peripheral blood, peripheral blood mononuclear 
cells (PBMCs), CSF and brain lesions of MS patients 
[31–34]. To explore the miRNA expression profile of 
peripheral blood CD4+ T cells from MS patients, we 
performed a high-throughput sequencing analysis to 
identify miRNAs with significantly altered expression 
levels between samples from MS patients and those 
from HC. The results showed that miR-150-5p, miR-
423-5p, let-7e-5p and let-7f-5p had markedly 
downregulated expression in the MS group. To validate 
the results of the Illumina high-throughput sequencing 
analysis, we performed RT-PCR in a cohort of MS 
patients and HC, and showed that the expression of let-
7f-5p was downregulated in CD4+ T cells from MS 
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patients, whereas the expression of miR-150-5p, miR-
423-5p, let-7e-5p remained unchanged. In addition, the 
expression of let-7f-5p was further found to have a 
remarkable decrease during the process of Th17 
differentiation. 
 
The let-7 family is miRNA family that is highly 
conserved in sequence and function across species. Let-
7 was originally detected in the nematode 
Caenorhabditis elegans as one of the first identified 
miRNAs [35], and fourteen members of this family 
have been subsequently recognized [36]. Let-7f-5p is 
located in the intergenic region at 9q22.3 and is reported 
to be involved in a series of physiological and 
pathological processes, including angiogenesis [37], 
immune response [38], immunocyte differentiation [39] 
and microbial infection [40]. As having been reported, 
let-7f-5p expression was significantly downregulated in 
the peripheral blood of MS patients [41–43]. In 
addition, it has been shown that let-7f-5p inhibits IL-
23R expression in human CD4+ memory T cells [44]. In 
this study, we shown that let-7f-5p can suppress the 
Th17 differentiation without influencing apoptosis, 
leading to the decreased IL-17A secretion. 
 
To illuminate the let-7f-5p-disrupted pathway involved 
in the pathogenesis of MS, potential let-7f-5p targets 
were predicted and identified. We identified STAT3 as 
a putative let-7f-5p target gene. STAT3 is a key Th17 
differentiation-specific signaling protein [45], which is 
required for commitment of naive CD4+ T cells to the 
Th17 developmental pathway [46]. As IL-6, TGF-β, 
IL-21 and IL-23 are involved in Th17 differentiation, 
stimulation with these molecules triggers Janus kinase 
2 (JAK-2) activation and the subsequent phospho-
rylation of STAT3 [23]. STAT3 can bind to the 
promoter of the RORC gene and STAT3-deficient T 
cells have impaired the expression of RORγt [47], 
which is the master regulator of Th17 differentiation 
[48]. The overexpression of STAT3 is sufficient to 
induce Th17 cells and the secretion of IL-17 [46, 49], 
while the deletion of STAT3 abrogates Th17 
differentiation and IL-17 secretion [50]. Mice with 
targeted deletion of STAT3 in the CD4+ T cell are 
completely resistant to EAE [50]. Furthermore, it has 
been reported that the expression level of STAT3 and 
p-STAT3 are significantly higher in PBMCs from MS 
patients during relapses compared with remission [51, 
52]. Thus, we showed that the expression of both 
STAT3 and p-STAT3 was significantly elevated in the 
peripheral blood CD4+ T cells from the MS patients 
and confirmed that the downregulation of let-7f-5p 
expression resulted in the upregulation of STAT3 
expression and phosphorylation, which in turn, 
enhanced the differentiation of Th17 cells. This  
inverse relationship was confirmed by monitoring the 

effect of the up- and downregulation of let-7f-5p 
expression on STAT3 and p-STAT3 protein levels in 
Jurkat and induced mouse Th17 cells. We also 
demonstrated that let-7f-5p downregulated the 
expression of STAT3 at the transcriptional level, 
showing that let-7f-5p targeting of STAT3 mRNA 
inhibits the differentiation of Th17 cells. Furthermore, 
we revealed that the role of let-7f-5p on STAT3 
expression and phosphorylation was not specific to IL-
6. This finding indicates that STAT3 acts as a 
downstream regulator of let-7f-5p in Th17 
differentiation and pathogenesis of MS. 
 
In conclusion, the present study not only revealed the 
critical role of let-7f-5p in the pathogenesis of MS but 
also explored the biological mechanism through which 
let-7f-5p suppressed Th17 differentiation and identified 
STAT3 as a direct target. This study may provide 
insight into the pathogenesis of MS and supply a new 
therapeutic target. 
 
MATERIALS AND METHODS 
 
Patients and control samples 
 
Prior to this study, all of the patients and volunteers 
provided written informed consent. The study was 
conducted in accordance with the Declaration of 
Helsinki, and the protocol was approved by the Ethical 
Committee of Harbin Medical University. The clinical 
information for the MS patients and HC including age, 
sex, the percentage of brain magnetic resonance 
imaging (MRI) abnormalities and Expanded Disability 
Status Scale (EDSS) scores is shown in Table 1. Whole 
peripheral blood samples (with EDTA) were drawn 
from treatment-naive relapsing-remitting multiple 
sclerosis (RRMS) patients at relapse (n = 16) and from 
age/gender-matched healthy volunteers (n = 16) 
attending the Second Affiliated Hospital of Harbin 
Medical University between 2014 and 2017. MS 
patients were diagnosed based on the McDonald criteria 
(2010) [3]. Patients who had a history of cancer, other 
CNS diseases, or additional autoimmune diseases were 
excluded.  
 
CD4+ T cell separation 
 
A two-step process was performed to separate CD4+ T 
cells from whole blood. In the first step, lymphocyte 
separation medium was used to isolate the PBMCs 
following the manufacturer’s protocols. In the second 
step, CD4+ T cells were separated from the PBMCs via 
flow cytometric sorting (BD Biosciences, USA). The 
purity of the CD4+ T cells as measured by flow 
cytometry (FCM) (BD Biosciences) was > 90% 
(Supplementary Figure 4). 
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Table 1. Characteristics of MS patients and HC. 

 HC MS p-value 
Sample size, n 16 16 - 
Age, mean ± SD 35.06 ± 8.54 38.56 ± 11.54 0.35a 
Sex, n   1b 
Male 4 4  
Female 12 12  
Brain MRI abnormalities (%) NA 16/16 (100%) - 
EDSS score, mean ± SD NA 3.23 ± 0.59 - 

HC, healthy controls; MS, multiple sclerosis; MRI, magnetic resonance imaging; EDSS, expanded disability status scale; SD, 
standard deviation; NA, not applicable; a, Student’s-t test; b, Two-sided χ2 test. 

 
Mice 
 
Female C57BL/6J mice (6-8 weeks old) were purchased 
from the Model Animal Research Center of Nanjing 
University (Nanjing, China). All animals were 
maintained under specific pathogen-free conditions at 
Nanjing University and all of the animal procedures 
were approved by the Institutional Animal Care  
and Research Advisory Committee of Nanjing 
University. 
 
Cell culture 
 
Jurkat and human embryonic kidney (HEK) 293T cells 
were purchased from the Shanghai Institute of Cell 
Biology of the Chinese Academy of Sciences 
(Shanghai, China). Jurkat cells were plated in flasks 
containing RPMI 1640 medium (Gibco, Carlsbad, CA, 
USA) supplemented with 10% fetal bovine serum (FBS, 
Gibco) and 1% penicillin/streptomycin (PS) and 
incubated in a humidified chamber (37°C, 5% CO2). 
HEK293T cells were cultured in DMEM supplemented 
with 10% FBS and 1% PS in a humidified chamber 
(37°C, 5% CO2). 
 
Naive CD4+ T cell separation and differentiation 
 
Naive CD4+ T cells were separated by sorting 
CD4+CD62L+ cells from the spleens of female 
C57BL/6J mice with a mouse naive CD4+ T cell 
isolation kit (Biolegend, CA, USA). The purity of the 
sorted naive mouse CD4+ T cells was confirmed by 
FCM with an anti-mouse CD4 FITC-conjugated 
antibody (eBioscience, CA, USA) and an anti-mouse 
CD62L PE-conjugated antibody (eBioscience). For 
Th17 differentiation, the naive CD4+ T cells were 
activated with 1 μg/mL anti-CD3 antibody 
(eBioscience) and 1 μg/mL anti-CD28 antibody 
(eBioscience) for 36 h and were subsequently main-
tained for 96 h under Th17 cell-polarizing conditions: 
RPMI 1640 medium supplemented with 10% FBS, 2.5 

ng/mL TGF-β (R&D Systems), 20 ng/mL IL-6 (R&D 
Systems, MN, USA), 10 μg/mL anti–IL-4 antibody 
(eBioscience) and 10 μg/mL anti–IFN-γ antibody 
(eBioscience). 
 
RT-PCR 
 
Total RNA was extracted from cells using TRIzol 
reagent (Invitrogen, MA, USA). Subsequently, the RNA 
was reverse transcribed into cDNA with avian 
myeloblastosis virus (AMV) reverse transcriptase 
(TaKaRa, Dalian, China) and a stem-loop RT primer 
(Applied Biosystems, Foster City, CA). RT-PCR was 
performed on the Applied Biosystems 7500 Sequence 
Detection System using TaqMan miRNA probes 
(Applied Biosystems). The relative expression level of 
let-7f-5p was normalized to the level of U6 using the 
equation 2−ΔΔCT, where ΔΔCT = (CTlet-7f-5p − CTU6) target 
− (CTlet-7f-5p − CTU6) control. 
 
To assess mRNA expression, total RNA was reverse 
transcribed into cDNA using oligo d(T)18 primers 
(TaKaRa). Next, RT-PCR was performed using SYBR 
Green and specific primers, the detailed sequences of 
which are shown in Supplementary Table 2. The 
relative mRNA expression level of each gene of interest 
was normalized to the mRNA level of GAPDH using a 
method similar to the one described above. 
 
Illumina high-throughput sequencing 
 
Illumina high-throughput sequencing of RNA samples 
was performed by BGI (Wuhan, China). Briefly, 
following the filtration of small RNAs (< 30 bases) 
using a PAGE gel, adaptors were ligated to the 5’ and 3’ 
ends of the small RNAs. The small RNAs were then 
amplified through 17 cycles using adaptor-specific 
primers. The fragments were subsequently purified 
from an agarose gel, and the purified DNA was used to 
perform high-throughput sequencing following the 
manufacturer’s recommendations. 
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Protein extraction and Western blotting 
 
The proteins were extracted from the samples using 
RIPA lysis buffer (Beyotime, Shanghai, China) 
supplemented with a phosphatase inhibitor (Thermo 
Fisher Scientific, Rockford, Cambridge, MA) and were 
separated on a 10% SDS-PAGE gel. Western blotting 
was performed using anti-STAT3 and anti-p-STAT3 
antibodies (Cell Signaling Technology, #9132 and 
#9131, respectively) as well as an anti-GAPDH antibody 
(sc-365062, Santa Cruz, CA, USA). The protein bands 
were detected using FLICapture (Tanon, Shanghai, 
China), and the images were analyzed using ImageJ 1.50i. 
 
Overexpression or knockdown of let-7f-5p 
 
The overexpression or knockdown of let-7f-5p was 
achieved using let-7f-5p mimics or inhibitors, 
respectively, in Jurkat cells and induced mouse Th17 
cells. A synthetic let-7f-5p mimic (pre-let-7f-5p), an 
inhibitor (anti-let-7f-5p) and negative control RNAs (pre-
miR-control and anti-miR-control) (RiboBio, 
Guangzhou, China) were used. For transfection, 
Lipofectamine 2000 (Invitrogen) was used in procedures 
following the manufacturer’s instructions. Moreover, 
anti-CD3 and anti-CD28 antibodies were used to activate 
the naive CD4+ T cells for 36 h and after which the cells 
were transfected with RNA oligoribonucleotides using a 
BTX™ Gemini X2 Electroporation System (BTX 
Harvard Apparatus, Holliston, MA, USA), with pulse 
parameters of 500 volts and a 0.8 ms duration. For each 
transfection, 100 pmol of pre-let-7f-5p, anti-let-7f-5p or 
negative control RNA was used in each transfection. 
 
Luciferase reporter assay 
 
To explore whether let-7f-5p directly regulates STAT3 
expression, the STAT3 3’-UTR sequence was inserted 
into a luciferase reporter plasmid. A STAT3 3′-UTR with 
the sequence mutated from TGAATGT to ACTTACA 
was cloned into an identical luciferase vector to construct 
the plasmid STAT3-Mut (GenScript, Nanjing, China). 
HEK293T cells were cotransfected with 1 μg of 
luciferase reporter plasmid, 1 μg of β-galactosidase (β-
gal) expression plasmid and 100 pmol of pre-let-7f-5p, 
anti-let-7f-5p or negative control RNA. The β-gal 
expression plasmid was used as a transfection control. 
Luciferase activity was measured with a luciferase assay 
kit (Promega, Madison, WI, USA) using a Modulus 
Luminometer (Turner Biosystems, Sunnyvale, USA). 
 
ELISA for IL-17A expression 
 
The concentration of IL-17A in the cell-cultured 
supernatant from the induced mouse Th17 cells was 
measured using a mouse IL-17A enzyme-linked 

immunosorbent assay (ELISA) kit (R&D Systems) 
according to the manufacturer’s recommendations. 
 
Cell apoptosis assay 
 
Induced mouse Th17 cells were cotransfected with pre-
let-7f-5p, anti-let-7f-5p or negative control RNA. After 
96 h, cells were analyzed using an Apoptosis Detection 
Kit (BD Biosciences) by FCM (Backman Coulter, 
USA) within 1 h of staining. 
 
Intracellular staining and flow cytometry 
 
Induced mouse Th17 cells were cotransfected with pre-
let-7f-5p, anti-let-7f-5p or negative control RNA. 
Subsequently, a mouse Th17 staining kit (MULTI 
SCIENCES, China) was used to analyze the cells after 
96 h by FCM (Beckman Coulter, USA) following the 
manufacturer’s recommendations. 
 
Statistical analysis 
 
All of the data are shown as the means ± SD. Statistical 
analyses were conducted using Student’s t-test and p < 
0.05 was considered to be significant. Prism 5.0 (Graph-
Pad, USA) was used to perform statistical analyses. 
 
Abbreviations 
 
MS: multiple sclerosis; HC: healthy controls; CNS: 
central nervous system; Th: T helper; EAE: 
experimental autoimmune encephalomyelitis; RORC: 
RAR related orphan receptor C; RORγt: retinoic acid 
receptor-related orphan receptor-γt; STAT3: signal 
transducer and activator of transcription 3; CSF: 
cerebrospinal fluid; 3’-UTRs: 3’ untranslated regions; 
RT-PCR: real-time PCR; RA: rheumatoid arthritis; 
SLE: systemic lupus erythematosus; OGT: O-GlcNAc 
transferase; JAK-2: Janus kinase 2; MRI: magnetic 
resonance imaging; EDSS: Expanded Disability Status 
Scale; RRMS: relapsing-remitting multiple sclerosis; 
PBMCs: peripheral blood mononuclear cells; FCM: 
flow cytometry; HEK: human embryonic kidney; FBS: 
fetal bovine serum; PS: penicillin/streptomycin; AMV: 
avian myeloblastosis virus; ELISA: enzyme-linked 
immunosorbent assay 
 
AUTHOR CONTRIBUTIONS 
 
Z.H.L., Y.F.W., D.D.H., X.C. and J.F. designed the 
experiments; Z.H.L. performed most of the 
experiments; Z.H.L., Y.F.W., X.C. and J.F. analyzed 
data and wrote the manuscript; D.D.H., X.M.Z., Y.L.Z., 
H.Y., S.H., Z.F., L.Y.Z., Z.Q.M., S.L. and C.Y.Z. 
participated in part experiments and contributed 
materials. All authors approved the final manuscript. 



www.aging-us.com 4472 AGING 

CONFLICTS OF INTEREST 
 
The authors declare that they have no competing 
interests. 
 
FUNDING 
 
This research was supported by grant from the National 
Natural Science Foundation of China (No. 81171120) 
and the Natural Science Foundation for Excellent Youth 
of Heilongjiang Province of China (No.YQ2019H012). 
 
REFERENCES 
 
1. Koch-Henriksen N, Sørensen PS. The changing 

demographic pattern of multiple sclerosis 
epidemiology. Lancet Neurol. 2010; 9:520–32. 

 https://doi.org/10.1016/S1474-4422(10)70064-8 
PMID:20398859  

2. Trapp BD, Nave KA. Multiple sclerosis: an immune or 
neurodegenerative disorder? Annu Rev Neurosci. 
2008; 31:247–69. 

 https://doi.org/10.1146/annurev.neuro.30.051606.09
4313 PMID:18558855  

3. Polman CH, Reingold SC, Banwell B, Clanet M, Cohen 
JA, Filippi M, Fujihara K, Havrdova E, Hutchinson M, 
Kappos L, Lublin FD, Montalban X, O’Connor P, et al. 
Diagnostic criteria for multiple sclerosis: 2010 
revisions to the McDonald criteria. Ann Neurol. 2011; 
69:292–302. 

 https://doi.org/10.1002/ana.22366 PMID:21387374  

4. Sospedra M, Martin R. Immunology of multiple 
sclerosis. Annu Rev Immunol. 2005; 23:683–747. 

 https://doi.org/10.1146/annurev.immunol.23.021704
.115707 PMID:15771584  

5. Abbas AK, Murphy KM, Sher A. Functional diversity of 
helper T lymphocytes. Nature. 1996; 383:787–93. 

 https://doi.org/10.1038/383787a0  
PMID:8893001  

6. Murphy KM, Stockinger B. Effector T cell plasticity: 
flexibility in the face of changing circumstances. Nat 
Immunol. 2010; 11:674–80. 

 https://doi.org/10.1038/ni.1899 PMID:20644573  

7. Zhu J, Yamane H, Paul WE. Differentiation of effector 
CD4 T cell populations (*). Annu Rev Immunol. 2010; 
28:445–89. 

 https://doi.org/10.1146/annurev-immunol-030409-
101212 PMID:20192806  

8. Korn T, Bettelli E, Oukka M, Kuchroo VK. IL-17 and 
Th17 Cells. Annu Rev Immunol. 2009; 27:485–517. 

 https://doi.org/10.1146/annurev.immunol.021908.13
2710 PMID:19132915  

9. Singh RP, Hasan S, Sharma S, Nagra S, Yamaguchi DT, 
Wong DT, Hahn BH, Hossain A. Th17 cells in 
inflammation and autoimmunity. Autoimmun Rev. 
2014; 13:1174–81. 

 https://doi.org/10.1016/j.autrev.2014.08.019 
PMID:25151974  

10. Brucklacher-Waldert V, Stuerner K, Kolster M, 
Wolthausen J, Tolosa E. Phenotypical and functional 
characterization of T helper 17 cells in multiple 
sclerosis. Brain. 2009; 132:3329–41. 

 https://doi.org/10.1093/brain/awp289 
PMID:19933767  

11. Langrish CL, Chen Y, Blumenschein WM, Mattson J, 
Basham B, Sedgwick JD, McClanahan T, Kastelein RA, 
Cua DJ. IL-23 drives a pathogenic T cell population 
that induces autoimmune inflammation. J Exp Med. 
2005; 201:233–40. 

 https://doi.org/10.1084/jem.20041257 
PMID:15657292  

12. Tzartos JS, Friese MA, Craner MJ, Palace J, Newcombe 
J, Esiri MM, Fugger L. Interleukin-17 production in 
central nervous system-infiltrating T cells and glial 
cells is associated with active disease in multiple 
sclerosis. Am J Pathol. 2008; 172:146–55. 

 https://doi.org/10.2353/ajpath.2008.070690 
PMID:18156204  

13. Durant L, Watford WT, Ramos HL, Laurence A, Vahedi 
G, Wei L, Takahashi H, Sun HW, Kanno Y, Powrie F, 
O’Shea JJ. Diverse targets of the transcription factor 
STAT3 contribute to T cell pathogenicity and 
homeostasis. Immunity. 2010; 32:605–15. 

 https://doi.org/10.1016/j.immuni.2010.05.003 
PMID:20493732  

14. Bartel DP. MicroRNAs: genomics, biogenesis, 
mechanism, and function. Cell. 2004; 116:281–97. 

 https://doi.org/10.1016/S0092-8674(04)00045-5 
PMID:14744438  

15. Miranda KC, Huynh T, Tay Y, Ang YS, Tam WL, 
Thomson AM, Lim B, Rigoutsos I. A pattern-based 
method for the identification of MicroRNA binding 
sites and their corresponding heteroduplexes. Cell. 
2006; 126:1203–17. 

 https://doi.org/10.1016/j.cell.2006.07.031 
PMID:16990141  

16. Williams AE. Functional aspects of animal microRNAs. 
Cell Mol Life Sci. 2008; 65:545–62. 

 https://doi.org/10.1007/s00018-007-7355-9 
PMID:17965831  

17. Baltimore D, Boldin MP, O’Connell RM, Rao DS, 
Taganov KD. MicroRNAs: new regulators of immune 
cell development and function. Nat Immunol. 2008; 
9:839–45. 

https://doi.org/10.1016/S1474-4422%2810%2970064-8
https://www.ncbi.nlm.nih.gov/pubmed/20398859
https://doi.org/10.1146/annurev.neuro.30.051606.094313
https://doi.org/10.1146/annurev.neuro.30.051606.094313
https://www.ncbi.nlm.nih.gov/pubmed/18558855
https://doi.org/10.1002/ana.22366
https://www.ncbi.nlm.nih.gov/pubmed/21387374
https://doi.org/10.1146/annurev.immunol.23.021704.115707
https://doi.org/10.1146/annurev.immunol.23.021704.115707
https://www.ncbi.nlm.nih.gov/pubmed/15771584
https://doi.org/10.1038/383787a0
https://www.ncbi.nlm.nih.gov/pubmed/8893001
https://doi.org/10.1038/ni.1899
https://www.ncbi.nlm.nih.gov/pubmed/20644573
https://doi.org/10.1146/annurev-immunol-030409-101212
https://doi.org/10.1146/annurev-immunol-030409-101212
https://www.ncbi.nlm.nih.gov/pubmed/20192806
https://doi.org/10.1146/annurev.immunol.021908.132710
https://doi.org/10.1146/annurev.immunol.021908.132710
https://www.ncbi.nlm.nih.gov/pubmed/19132915
https://doi.org/10.1016/j.autrev.2014.08.019
https://www.ncbi.nlm.nih.gov/pubmed/25151974
https://doi.org/10.1093/brain/awp289
https://www.ncbi.nlm.nih.gov/pubmed/19933767
https://doi.org/10.1084/jem.20041257
https://www.ncbi.nlm.nih.gov/pubmed/15657292
https://doi.org/10.2353/ajpath.2008.070690
https://www.ncbi.nlm.nih.gov/pubmed/18156204
https://doi.org/10.1016/j.immuni.2010.05.003
https://www.ncbi.nlm.nih.gov/pubmed/20493732
https://doi.org/10.1016/S0092-8674%2804%2900045-5
https://www.ncbi.nlm.nih.gov/pubmed/14744438
https://doi.org/10.1016/j.cell.2006.07.031
https://www.ncbi.nlm.nih.gov/pubmed/16990141
https://doi.org/10.1007/s00018-007-7355-9
https://www.ncbi.nlm.nih.gov/pubmed/17965831


www.aging-us.com 4473 AGING 

 https://doi.org/10.1038/ni.f.209  
PMID:18645592  

18. Zhang J, Cheng Y, Cui W, Li M, Li B, Guo L. MicroRNA-
155 modulates Th1 and Th17 cell differentiation and 
is associated with multiple sclerosis and experimental 
autoimmune encephalomyelitis. J Neuroimmunol. 
2014; 266:56–63. 

 https://doi.org/10.1016/j.jneuroim.2013.09.019 
PMID:24332164  

19. Zhu E, Wang X, Zheng B, Wang Q, Hao J, Chen S, Zhao 
Q, Zhao L, Wu Z, Yin Z. miR-20b suppresses Th17 
differentiation and the pathogenesis of experimental 
autoimmune encephalomyelitis by targeting RORγt 
and STAT3. J Immunol. 2014; 192:5599–609. 

 https://doi.org/10.4049/jimmunol.1303488 
PMID:24842756  

20. Iliopoulos D, Hirsch HA, Struhl K. An epigenetic switch 
involving NF-kappaB, Lin28, Let-7 MicroRNA, and IL6 
links inflammation to cell transformation. Cell. 2009; 
139:693–706. 

 https://doi.org/10.1016/j.cell.2009.10.014 
PMID:19878981  

21. Sung SY, Liao CH, Wu HP, Hsiao WC, Wu IH, Jinpu Y, 
Yu, Lin SH, Hsieh CL. Loss of let-7 microRNA 
upregulates IL-6 in bone marrow-derived 
mesenchymal stem cells triggering a reactive stromal 
response to prostate cancer. PLoS One. 2013; 
8:e71637. 

 https://doi.org/10.1371/journal.pone.0071637 
PMID:23977098  

22. Sugimura K, Miyata H, Tanaka K, Hamano R, 
Takahashi T, Kurokawa Y, Yamasaki M, Nakajima K, 
Takiguchi S, Mori M, Doki Y. Let-7 expression is a 
significant determinant of response to chemotherapy 
through the regulation of IL-6/STAT3 pathway in 
esophageal squamous cell carcinoma. Clin Cancer 
Res. 2012; 18:5144–53. 

 https://doi.org/10.1158/1078-0432.CCR-12-0701 
PMID:22847808  

23. O’Shea JJ, Plenge R. JAK and STAT signaling molecules 
in immunoregulation and immune-mediated disease. 
Immunity. 2012; 36:542–50. 

 https://doi.org/10.1016/j.immuni.2012.03.014 
PMID:22520847  

24. GBD 2013 Mortality and Causes of Death 
Collaborators. Global, regional, and national age-sex 
specific all-cause and cause-specific mortality for 240 
causes of death, 1990-2013: a systematic analysis for 
the Global Burden of Disease Study 2013. Lancet. 
2015; 385:117–71. 

 https://doi.org/10.1016/S0140-6736(14)61682-2 
PMID:25530442  

25. Alevizos I, Illei GG. MicroRNAs as biomarkers in 
rheumatic diseases. Nat Rev Rheumatol. 2010; 6:391–
98. 

 https://doi.org/10.1038/nrrheum.2010.81 
PMID:20517293  

26. Vicente R, Noël D, Pers YM, Apparailly F, Jorgensen C. 
Deregulation and therapeutic potential of microRNAs 
in arthritic diseases. Nat Rev Rheumatol. 2016; 
12:211–20. 

 https://doi.org/10.1038/nrrheum.2015.162 
PMID:26698025 

27. Junker A, Hohlfeld R, Meinl E. The emerging role of 
microRNAs in multiple sclerosis. Nat Rev Neurol. 
2011; 7:56–59. 

 https://doi.org/10.1038/nrneurol.2010.179 
PMID:21151203  

28. Du C, Liu C, Kang J, Zhao G, Ye Z, Huang S, Li Z, Wu Z, 
Pei G. MicroRNA miR-326 regulates TH-17 
differentiation and is associated with the 
pathogenesis of multiple sclerosis. Nat Immunol. 
2009; 10:1252–59. 

 https://doi.org/10.1038/ni.1798 PMID:19838199  

29. Liu R, Ma X, Chen L, Yang Y, Zeng Y, Gao J, Jiang W, 
Zhang F, Li D, Han B, Han R, Qiu R, Huang W, et al. 
MicroRNA-15b Suppresses Th17 Differentiation and Is 
Associated with Pathogenesis of Multiple Sclerosis by 
Targeting O-GlcNAc Transferase. J Immunol. 2017; 
198:2626–39. 

 https://doi.org/10.4049/jimmunol.1601727 
PMID:28228555  

30. Li B, Wang X, Choi IY, Wang YC, Liu S, Pham AT, Moon 
H, Smith DJ, Rao DS, Boldin MP, Yang L. miR-146a 
modulates autoreactive Th17 cell differentiation and 
regulates organ-specific autoimmunity. J Clin Invest. 
2017; 127:3702–16. 

 https://doi.org/10.1172/JCI94012  
PMID:28872459  

31. Yang D, Wang WZ, Zhang XM, Yue H, Li B, Lin L, Fu J. 
MicroRNA expression aberration in Chinese patients 
with relapsing remitting multiple sclerosis. J Mol 
Neurosci. 2014; 52:131–37. 

 https://doi.org/10.1007/s12031-013-0138-x 
PMID:24217794  

32. Baulina N, Kulakova O, Kiselev I, Osmak G, Popova E, 
Boyko A, Favorova O. Immune-related miRNA 
expression patterns in peripheral blood mononuclear 
cells differ in multiple sclerosis relapse and remission. 
J Neuroimmunol. 2018; 317:67–76. 

 https://doi.org/10.1016/j.jneuroim.2018.01.005 
PMID:29325906  

33. Moore CS, Rao VT, Durafourt BA, Bedell BJ, Ludwin 
SK, Bar-Or A, Antel JP. miR-155 as a multiple sclerosis-

https://doi.org/10.1038/ni.f.209
https://www.ncbi.nlm.nih.gov/pubmed/18645592
https://doi.org/10.1016/j.jneuroim.2013.09.019
https://www.ncbi.nlm.nih.gov/pubmed/24332164
https://doi.org/10.4049/jimmunol.1303488
https://www.ncbi.nlm.nih.gov/pubmed/24842756
https://doi.org/10.1016/j.cell.2009.10.014
https://www.ncbi.nlm.nih.gov/pubmed/19878981
https://doi.org/10.1371/journal.pone.0071637
https://www.ncbi.nlm.nih.gov/pubmed/23977098
https://doi.org/10.1158/1078-0432.CCR-12-0701
https://www.ncbi.nlm.nih.gov/pubmed/22847808
https://doi.org/10.1016/j.immuni.2012.03.014
https://www.ncbi.nlm.nih.gov/pubmed/22520847
https://doi.org/10.1016/S0140-6736%2814%2961682-2
https://www.ncbi.nlm.nih.gov/pubmed/25530442
https://doi.org/10.1038/nrrheum.2010.81
https://www.ncbi.nlm.nih.gov/pubmed/20517293
https://doi.org/10.1038/nrrheum.2015.162
https://www.ncbi.nlm.nih.gov/pubmed/26698025
https://doi.org/10.1038/nrneurol.2010.179
https://www.ncbi.nlm.nih.gov/pubmed/21151203
https://doi.org/10.1038/ni.1798
https://www.ncbi.nlm.nih.gov/pubmed/19838199
https://doi.org/10.4049/jimmunol.1601727
https://www.ncbi.nlm.nih.gov/pubmed/28228555
https://doi.org/10.1172/JCI94012
https://www.ncbi.nlm.nih.gov/pubmed/28872459
https://doi.org/10.1007/s12031-013-0138-x
https://www.ncbi.nlm.nih.gov/pubmed/24217794
https://doi.org/10.1016/j.jneuroim.2018.01.005
https://www.ncbi.nlm.nih.gov/pubmed/29325906


www.aging-us.com 4474 AGING 

relevant regulator of myeloid cell polarization. Ann 
Neurol. 2013; 74:709–20. 

 https://doi.org/10.1002/ana.23967 PMID:23818336  

34. Junker A. Pathophysiology of translational regulation 
by microRNAs in multiple sclerosis. FEBS Lett. 2011; 
585:3738–46. 

 https://doi.org/10.1016/j.febslet.2011.03.052 
PMID:21453702  

35. Roush S, Slack FJ. The let-7 family of microRNAs. 
Trends Cell Biol. 2008; 18:505–16. 

 https://doi.org/10.1016/j.tcb.2008.07.007 
PMID:18774294  

36. Pasquinelli AE, Reinhart BJ, Slack F, Martindale MQ, 
Kuroda MI, Maller B, Hayward DC, Ball EE, Degnan B, 
Müller P, Spring J, Srinivasan A, Fishman M, et al. 
Conservation of the sequence and temporal 
expression of let-7 heterochronic regulatory RNA. 
Nature. 2000; 408:86–89. 

 https://doi.org/10.1038/35040556 PMID:11081512  

37. Nicoloso MS, Calin GA. MicroRNA involvement in 
brain tumors: from bench to bedside. Brain Pathol. 
2008; 18:122–29. 

 https://doi.org/10.1111/j.1750-3639.2007.00119.x 
PMID:18226107  

38. Sathe A, Patgaonkar MS, Bashir T, Reddy KV. 
MicroRNA let-7f: a novel regulator of innate immune 
response in human endocervical cells. Am J Reprod 
Immunol. 2014; 71:137–53. 

 https://doi.org/10.1111/aji.12165 PMID:24405266  

39. Wu H, Neilson JR, Kumar P, Manocha M, Shankar P, 
Sharp PA, Manjunath N. miRNA profiling of naïve, 
effector and memory CD8 T cells. PLoS One. 2007; 
2:e1020. 

 https://doi.org/10.1371/journal.pone.0001020 
PMID:17925868  

40. Kumar M, Sahu SK, Kumar R, Subuddhi A, Maji RK, 
Jana K, Gupta P, Raffetseder J, Lerm M, Ghosh Z, van 
Loo G, Beyaert R, Gupta UD, et al. MicroRNA let-7 
modulates the immune response to Mycobacterium 
tuberculosis infection via control of A20, an inhibitor 
of the NF-κB pathway. Cell Host Microbe. 2015; 
17:345–56. 

 https://doi.org/10.1016/j.chom.2015.01.007 
PMID:25683052  

41. Cox MB, Cairns MJ, Gandhi KS, Carroll AP, Moscovis S, 
Stewart GJ, Broadley S, Scott RJ, Booth DR, Lechner-
Scott J, and ANZgene Multiple Sclerosis Genetics 
Consortium. MicroRNAs miR-17 and miR-20a inhibit T 
cell activation genes and are under-expressed in MS 
whole blood. PLoS One. 2010; 5:e12132. 

 https://doi.org/10.1371/journal.pone.0012132 
PMID:20711463  

42. Keller A, Leidinger P, Lange J, Borries A, Schroers H, 
Scheffler M, Lenhof HP, Ruprecht K, Meese E. 
Multiple sclerosis: microRNA expression profiles 
accurately differentiate patients with relapsing-
remitting disease from healthy controls. PLoS One. 
2009; 4:e7440. 

 https://doi.org/10.1371/journal.pone.0007440 
PMID:19823682  

43. Muñoz-Culla M, Irizar H, Sáenz-Cuesta M, Castillo-
Triviño T, Osorio-Querejeta I, Sepúlveda L, López de 
Munain A, Olascoaga J, Otaegui D. SncRNA (microRNA 
&snoRNA) opposite expression pattern found in 
multiple sclerosis relapse and remission is sex 
dependent. Sci Rep. 2016; 6:20126. 

 https://doi.org/10.1038/srep20126  
PMID:26831009  

44. Li Z, Wu F, Brant SR, Kwon JH. IL-23 receptor 
regulation by Let-7f in human CD4+ memory T cells. J 
Immunol. 2011; 186:6182–90. 

 https://doi.org/10.4049/jimmunol.1000917 
PMID:21508257  

45. O’Shea JJ, Lahesmaa R, Vahedi G, Laurence A, Kanno Y. 
Genomic views of STAT function in CD4+ T helper cell 
differentiation. Nat Rev Immunol. 2011; 11:239–50. 

 https://doi.org/10.1038/nri2958 PMID:21436836  

46. Yang XO, Panopoulos AD, Nurieva R, Chang SH, Wang 
D, Watowich SS, Dong C. STAT3 regulates cytokine-
mediated generation of inflammatory helper T cells. J 
Biol Chem. 2007; 282:9358–63. 

 https://doi.org/10.1074/jbc.C600321200 
PMID:17277312  

47. Chen G, Shannon M. Transcription factors and th17  
cell development in experimental autoimmune 
encephalomyelitis. Crit Rev Immunol. 2013; 33:165–82. 

 https://doi.org/10.1615/CritRevImmunol.2013006959 
PMID:23582061  

48. Ivanov II, McKenzie BS, Zhou L, Tadokoro CE, Lepelley 
A, Lafaille JJ, Cua DJ, Littman DR. The orphan nuclear 
receptor RORgammat directs the differentiation 
program of proinflammatory IL-17+ T helper cells. 
Cell. 2006; 126:1121–33. 

 https://doi.org/10.1016/j.cell.2006.07.035 
PMID:16990136  

49. Mathur AN, Chang HC, Zisoulis DG, Stritesky GL, Yu Q, 
O’Malley JT, Kapur R, Levy DE, Kansas GS, Kaplan MH. 
Stat3 and Stat4 direct development of IL-17-secreting 
Th cells. J Immunol. 2007; 178:4901–07. 

 https://doi.org/10.4049/jimmunol.178.8.4901 
PMID:17404271  

50. Liu X, Lee YS, Yu CR, Egwuagu CE. Loss of STAT3 in 
CD4+ T cells prevents development of experimental 
autoimmune diseases. J Immunol. 2008; 180:6070–76. 

https://doi.org/10.1002/ana.23967
https://www.ncbi.nlm.nih.gov/pubmed/23818336
https://doi.org/10.1016/j.febslet.2011.03.052
https://www.ncbi.nlm.nih.gov/pubmed/21453702
https://doi.org/10.1016/j.tcb.2008.07.007
https://www.ncbi.nlm.nih.gov/pubmed/18774294
https://doi.org/10.1038/35040556
https://www.ncbi.nlm.nih.gov/pubmed/11081512
https://doi.org/10.1111/j.1750-3639.2007.00119.x
https://www.ncbi.nlm.nih.gov/pubmed/18226107
https://doi.org/10.1111/aji.12165
https://www.ncbi.nlm.nih.gov/pubmed/24405266
https://doi.org/10.1371/journal.pone.0001020
https://www.ncbi.nlm.nih.gov/pubmed/17925868
https://doi.org/10.1016/j.chom.2015.01.007
https://www.ncbi.nlm.nih.gov/pubmed/25683052
https://doi.org/10.1371/journal.pone.0012132
https://www.ncbi.nlm.nih.gov/pubmed/20711463
https://doi.org/10.1371/journal.pone.0007440
https://www.ncbi.nlm.nih.gov/pubmed/19823682
https://doi.org/10.1038/srep20126
https://www.ncbi.nlm.nih.gov/pubmed/26831009
https://doi.org/10.4049/jimmunol.1000917
https://www.ncbi.nlm.nih.gov/pubmed/21508257
https://doi.org/10.1038/nri2958
https://www.ncbi.nlm.nih.gov/pubmed/21436836
https://doi.org/10.1074/jbc.C600321200
https://www.ncbi.nlm.nih.gov/pubmed/17277312
https://doi.org/10.1615/CritRevImmunol.2013006959
https://www.ncbi.nlm.nih.gov/pubmed/23582061
https://doi.org/10.1016/j.cell.2006.07.035
https://www.ncbi.nlm.nih.gov/pubmed/16990136
https://doi.org/10.4049/jimmunol.178.8.4901
https://www.ncbi.nlm.nih.gov/pubmed/17404271


www.aging-us.com 4475 AGING 

 https://doi.org/10.4049/jimmunol.180.9.6070 
PMID:18424728  

51. Frisullo G, Angelucci F, Caggiula M, Nociti V, Iorio R, 
Patanella AK, Sancricca C, Mirabella M, Tonali PA, 
Batocchi AP. pSTAT1, pSTAT3, and T-bet expression in 
peripheral blood mononuclear cells from relapsing-
remitting multiple sclerosis patients correlates with 
disease activity. J Neurosci Res. 2006; 84:1027–36. 

 https://doi.org/10.1002/jnr.20995 PMID:16865709  

`52. Frisullo G, Mirabella M, Angelucci F, Caggiula M, 
Morosetti R, Sancricca C, Patanella AK, Nociti V, Iorio 
R, Bianco A, Tomassini V, Pozzilli C, Tonali PA, et al. 
The effect of disease activity on leptin, leptin receptor 
and suppressor of cytokine signalling-3 expression in 
relapsing-remitting multiple sclerosis. J 
Neuroimmunol. 2007; 192:174–83. 

 https://doi.org/10.1016/j.jneuroim.2007.08.008 
PMID:17904647  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
SUPPLEMENTARY MATERIALS 
 
Supplementary Figures 

 

 
 
Supplementary Figure 1. The expression of miR-150-5p, miR-423-5p, let-7e-5p of peripheral blood CD4+ T cells from MS 
patients and HC. 

 

https://doi.org/10.4049/jimmunol.180.9.6070
https://www.ncbi.nlm.nih.gov/pubmed/18424728
https://doi.org/10.1002/jnr.20995
https://www.ncbi.nlm.nih.gov/pubmed/16865709
https://doi.org/10.1016/j.jneuroim.2007.08.008
https://www.ncbi.nlm.nih.gov/pubmed/17904647


www.aging-us.com 4476 AGING 

 
 

                        Supplementary Figure 2. The inverse correlations between let-7f-5p and STAT3/p-STAT3 protein levels. 
 

 
 
               Supplementary Figure 3.  The role of let-7f-5p on STAT3 expression and phosphorylation is not specific to IL-6.  

 

 
                                                                    Supplementary Figure 4. Purity of the sorted CD4+ T cells. 
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Supplementary Tables  

Supplementary Table 1. miRNAs differentially expressed in CD4+ T cells from MS patients. 

miRNA Copy number in healthy 
control 

Copy number in  
MS patients 

Fold change 

hsa-miR-150-5p 103530 20832 0.176816017 
hsa-miR-423-5p 102714 20992 0.179589533 
hsa-let-7e-5p 5990 1527 0.224010875 
hsa-let-7f-5p 914225 283457 0.272452591 
hsa-miR-744-5p 8685 3084 0.312033669 
hsa-miR-423-3p 33469 12411 0.32585237 
hsa-miR-222-3p 23968 9097 0.333521044 
hsa-miR-181a-2-3p 4318 1882 0.382995647 
hsa-let-7d-5p 10819 4736 0.384663889 
hsa-let-7b-5p 1885 4801 2.238088414 
hsa-miR-26b-5p 24774 63399 2.248760097 
hsa-miR-221-3p 9269 28492 2.701138752 
hsa-miR-451a 11659 39549 2.980787735 
hsa-miR-19b-3p 6163 29161 4.157833396 
hsa-miR-19a-3p 1987 10293 4.551986374 

 

Supplementary Table 2. The primers used for real-time PCR. 

Name  Sequences 
Human   
STAT3 Forward primer (5′>3′) CAGCAGCTTGACACACGGTA 
 Reverse primer (5′>3′) AAACACCAAAGTGGCATGTGA 
RORC Forward primer (5′>3′) GTGGGGACAAGTCGTCTGG 
 Reverse primer (5′>3′) AGTGCTGGCATCGGTTTCG 
IL-17A Forward primer (5′>3′) TCCCACGAAATCCAGGATGC 
 Reverse primer (5′>3′) GGATGTTCAGGTTGACCATCAC 
GAPDH Forward primer (5′>3′) CGAGCCACATCGCTCAGACA 
 Reverse primer (5′>3′) GTGGTGAAGACGCCAGTGGA 
Mouse   
STAT3 Forward primer (5′>3′) CAATACCATTGACCTGCCGAT 
 Reverse primer (5′>3′) GAGCGACTCAAACTGCCCT 
RORC Forward primer (5′>3′) AGTGTAATGTGGCCTACTCCT 
 Reverse primer (5′>3′) GCTGCTGTTGCAGTTGTTTCT 
IL-17A Forward primer (5′>3′) TTTAACTCCCTTGGCGCAAAA 
 Reverse primer (5′>3′) CTTTCCCTCCGCATTGACAC 
GAPDH Forward primer (5′>3′) AGGTCGGTGTGAACGGATTTG 
 Reverse primer (5′>3′) TGTAGACCATGTAGTTGAGGTCA 

 


