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MicroRNAs (miRNAs) have emerged as key regulators of cellular processes by

suppressing target mRNAs at the posttranscriptional level. However, little is known

regarding the expression of miRNAs in peripheral blood mononuclear cells (PBMCs) from

Hashimoto’s thyroiditis (HT) patients. Therefore, 38 HT patients and 36 healthy volunteers

were enrolled in this study to identify HT-mediated changes in miRNA expression.

Over 1,000 dysregulated miRNAs and their biological functions in the HT patients

were identified. Among them, miR-125a-5p expression was upregulated and inversely

correlated with low levels of MAF, a transcription factor that inhibits Th1 cells activity

and the production of IFN-γ. Luciferase assay results demonstrated that MAF is a

direct target gene of miR-125a-5p. Moreover, the proportion of circulating Th1 cells

and the transcript levels of IFN-γ were increased in the HT patients. MiR-125a-5p

expression positively correlated with the proportion of circulating Th1 cells and the

serum concentrations of anti-thyroperoxidase antibodies in the HT patients. Interestingly,

knockdown of miR-125a-5p in CD4+ T cells resulted in an elevated level of MAF

but decreased the proportion of Th1 cells and the transcript level of IFN-γ in vitro.

Furthermore, upregulated miR-125a-5p and IFN-γ transcript levels and downregulated

MAF expression were detected in thyroid tissues from HT patients. Receiver operating

characteristic (ROC) curves suggested that miR-125a-5p has a crucial role in the HT. Our

results demonstrate that the elevated levels of miR-125a-5p contribute to the Th1 cells

response in the HT patients and may be involved in the pathogenesis of HT.
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INTRODUCTION

Hashimoto’s thyroiditis (HT), also known as chronic lymphocytic
thyroiditis (CLT), is an organ-specific autoimmune disease
that belongs to the spectrum of chronic autoimmune thyroid
diseases (AITD) (1). HT patients typically exhibit infiltration of
lymphocyte cells in the interstitium between thyroid follicles, a
diffusely enlarged thyroid gland and elevation of autoantibody
production, including anti-thyroglobulin antibody (TgAb) and
anti-thyroperoxidase antibody (TPOAb) (2). Although patients
can be euthyroid or even clinically manifest thyrotoxicosis,
most of them ultimately develop hypothyroidism. HT was first
described by Hakaru Hashimoto in 1912, and its prevalence
exhibits an increasing trend (3). After more than a century,
HT is now considered the most common autoimmune disease,
endocrine disorder and cause of hypothyroidism (1). Although
the results of studies suggest that cellular and humoral immune
dysregulation are important pathogenic factors in the HT, the
underlying pathogenesis remains poorly understood (4).

Non-coding RNAs are well-known to play crucial roles in
the pathogenesis of HT (5, 6). MicroRNAs (miRNAs or miRs)
are a class of small non-coding endogenous RNA molecules
of ∼22 nucleotides in length that are involved in the post-
transcriptional regulation of gene expression. MiRNAs bind
to the 3’-untranslated regions (3’-UTRs) of messenger RNAs
(mRNAs) in a sequence-dependent manner and ultimately either
repress translation or cause degradation of target mRNAs (7).
MiRBase has an estimated 3,000 annotated human miRNAs that
regulate approximately one-third of protein-coding genes (8).
Accumulating evidence suggests that miRNAs play critical roles
in the development of autoimmune diseases (9). Until recently,
studies of the dysregulated expression of miRNAs in the HT
have focused on plasma and thyroid tissue (10, 11). However,
little is known regarding the expression profiles and functions
of miRNAs in the peripheral blood mononuclear cells (PBMCs)
from HT patients.

In this study, we aimed to identify miRNAs expression
profiles in PBMCs from HT patients and the role of miRNAs
in the pathogenesis of HT with next-generation high-throughput
sequencing (NGS). Using this approach, we hoped to identify the
potential roles of miRNAs in the HT patients.

MATERIALS AND METHODS

Subjects and Samples
Twenty-three HT patients, 16 females and 7 males, were
enrolled in this study. The primary clinical characteristics
of these patients are shown in Table 1. All patients were
diagnosed by clinical manifestation and auxiliary examination,
including B-mode ultrasonography and laboratory criteria.
The serum concentrations of free triiodothyronine (FT3)
(3.28–6.47 pmol/L), free thyroxine (FT4) (7.64–16.03 pmol/L),
thyroid stimulating hormone (TSH) (0.56–5.91 uIU/ml), TgAb
(0–4 IU/ml) and TPOAb (0–9 IU/ml) were measured by
chemiluminescent immunoassay using an LDX-800 instrument
(BECKMAN COULTER, California, USA). Positive TgAb or
TPOAb tests were obtained for all HT patients, nine of whom

TABLE 1 | Clinical features of HT patients and healthy subjects induced in

the study.

HT patients Healthy subjects Range

Number 23 25

Gender (M/F) 7/16 8/17

Age (year) 51 ± 15 49 ± 11

FT3 (pmol/L) 4.86 ± 0.64 5.31 ± 0.61 3.28–6.47

FT4 (pmol/L) 10.72 ± 1.76 10.68 ± 1.28 7.64–16.03

TSH (uIU/ml) 6.34 ± 5.79 2.27 ± 0.97 0.56–5.91

TgAb (IU/ml) 95.8 ± 120.0 0.2 ± 0.5 0–4

TPOAb (IU/ml) 277.9 ± 346.0 1.3 ± 1.4 0–9

Data correspond to the arithmetic mean± SD and were compared using unpaired t-tests.

M, male; F, female.

with hypothyroidism had a high serum TSH concentration,
which in some cases was combined with a low level of serum
FT4, while the remaining patients were euthyroid. Twenty-
five age- and sex-matched healthy subjects were included as
controls, all of whom were euthyroid and their thyroid-specific
autoantibodies were within the normal range. They also had no
history of thyroid diseases or other autoimmune diseases. The
number of peripheral leukocytes in all individuals was within
the normal range. For miRNA sequencing analysis, 5 patients
and 5 healthy subjects were selected at random and 48 other
samples (23 patients and 25 healthy subjects) were prepared for
real-time fluorescent quantitative PCR (qRT-PCR) verification
experiments. Peripheral blood samples were obtained from all
patients and healthy subjects.

Fresh tissue samples from the thyroid glands of 10 HT patients
and 6 simple goiter patients were collected during thyroidectomy
and stored at −80◦C. Samples from simple goiter patients were
used as control thyroid samples.

All patient sampling procedures were approved by the
ethics committee of the Affiliated People’s Hospital of Jiangsu
University and collected at the Affiliated People’s Hospital of
Jiangsu University after informed consent was obtained from
the subjects. All operations in this study adhered to standard
biosecurity and institutional safety procedures.

Cell Isolation and Purification
Human PBMCs were isolated by density-gradient centrifugation
over Ficoll-Hypaque solution (Tianjin Haoyang Biological
Technology Co., Tianjin, China) according to the manufacturer’s
instructions. Human CD4+ T cells were purified from PBMCs
with magnetic beads using a CD4+ T cell Isolation Kit (Miltenyi
Biotec GmbH, Bergisch Gladbach, Germany) according to
the manufacturer’s instructions. Human PBMCs and CD4+ T
cells were cultured in RPMI-1640 medium (Gibco, California,
USA) supplemented with 10% fetal bovine serum (Gibco).
HEK293T cells were cultured with DMEM (Gibco) containing
10% fetal bovine serum (Gibco) at 37◦C in 5% CO2. Thyroid
specimens were minced and then digested with collagenase II
(Sigma-Aldrich, California, USA) for 1–2 h at 37◦C. Thyroid
tissue cells were isolated by density-gradient centrifugation
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over Ficoll-Hypaque solution (Tianjin Haoyang Biological
Technology Co.) according to the manufacturer’s instructions.

RNA Library Preparation and miRNA
Sequencing
RNA library preparation and high-throughput sequencing were
performed by Cloud-Seq Biotech Ltd. Co. (Cloud-Seq Biotech
Ltd., Shanghai, China). A TruSeq Stranded Total RNA Library
Prep lit (Illumina, USA) was used to pretreat RNA in preparation
for the construction of the sequencing library. Library quality
control and quantitative analysis were performed using a Bio-
Analyzer 2100 system (Agilent Technologies, USA). The 10 pM
libraries were denatured into single-stranded DNA molecules,
captured on an Illumina Flowcell, amplified into clusters in
situ, and sequenced for 150 cycles on an Illumina HiSeq 4000
sequencing instrument in two-terminal mode (PE mode).

miRNA Profiling Analysis
Paired-end reads were obtained from the Illumina HiSeq 4000
sequencing instrument, and quality control was performed by
assessing the Q30 quality score. High-quality reads were obtained
by using CutAdapt (v1.9.3) to remove low-quality reads for the
analysis of miRNAs and were subsequently compared with the
human reference genome (UCSC HG19) using hisat2 software
(v2.0.4). The FPKM (fragments per kilobase of exon per million
fragments mapped) values of miRNAs, representing the miRNA
expression profiles for the PBMCs of HT patients and healthy
volunteers, were calculated using cuffdiff as described in the GTF
gene annotation file. Moreover, the fold changes and p-values
of statistical indicators between the experimental and control
groups were calculated to identify miRNAs with significantly
different expression levels (fold-change> 1.5 and p< 0.05). Gene
Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes
(KEGG) analyses of differentially expressed miRNA-associated
genes were performed to predict the function of miRNAs.

RNA Extraction and qRT-PCR
Total RNA was isolated from PBMCs with TRIzol reagent
(Invitrogen, California, USA) according to the manufacturer’s
instructions. RNA concentrations were measured using a
NanoDrop ND-1000 instrument (Thermo Fisher Scientific,
Waltham, MA, USA), while the quality of RNA was assessed by
determining the OD260/280 ratio. RNA integrity was measured
by modified agarose gel electrophoresis. Reverse transcription
(Toyobo, Osaka, Japan) was performed to synthesize cDNA
according to the manufacturer’s instructions using the oligo-
dT and random primers provided in the ReverTraAca R© qPCR
RT kit (Toyobo). qRT-PCR was performed in triplicate using
TaKaRa TB GreenTM Premix Ex Taq II (TaKaRa, Osaka, Japan).
The primer sequences used for qRT-PCR were as follows: MAF,
sense, 5′-TGGCAATGAGCAACTCCGAC-3′, antisense, 5′-CAC
TGGCTGATGATGCGGTC-3′; IFN-γ, sense, 5′-GAGTGTGGA
GACCATCAAGGA-3′, antisense, 5′-TGTATTGCTTTGCGTT
GGAC-3′; and β-actin, sense, 5′-CACGAAACTACCTTCAACT
CC-3′, antisense, 5′-CATACTCCTGCTTGCTGATC-3′. MiRNA
sequences were obtained from miRbase, and the primers used
to amplify miRNAs were designed by RiboBio Co. (RiboBio,

Guangzhou, China). The data were analyzed using Applied
Biosystems 7500 Manager software.

Flow Cytometry Analysis
Isolated PBMCs or CD4+ T cells were resuspended at 1 ×

106/ml in RPMI-1640 medium containing 10% fetal bovine
serum and stimulated with 50 ng/ml phorbol myristate acetate
(PMA; Sigma-Aldrich) and 1µg/ml ionomycin (Sigma-Aldrich)
for 2 h. Subsequently, the cells were incubated for an additional
4 h in the presence of 1µg/ml brefeldin-A (eBioscience, San
Diego, USA) at 37◦C in 5% CO2. After incubation, the
suspended cells were stained with relevant mAbs, including
phycoerythrin-cyanin 5 (PE-Cy5)-conjugated anti-human CD3
mAb, fluorescein isothiocyanate (FITC)-conjugated anti-human
CD8 mAb (eBioscience), PE-conjugated anti-human IFN-γ
mAb, PE-conjugated anti-human IL-4 mAb (Miltenyi Biotec
GmbH) and Alexa Fluor 488-conjugated anti-human c-MAF
mAb (eBioscience). The data were analyzed using FlowJo 10
(Stanford University, San Francisco, USA). In this study, we
defined CD3+ CD8− IFN-γ+ cells as Th1 cells and CD3+ CD8−

IL-4+ cells as Th2 cells.

miRNA Transfection
A miR-125a-5p-specific inhibitor and negative control (NC)
(RiboBio) were designed to chemically modify target-specific
miR-125a-5p in cells. The isolated human CD4+ T cells
were transfected with miR-125a-5p or NC using Entranster-R
(Engreen Biosystem, Co. Ltd., Beijing, China) according to the
manufacturers’ instructions for 48 h in the presence of 0.5µg/ml
functional anti-human CD3 Ab plus 2µg/ml functional anti-
human CD28 Ab (Miltenyi Biotec GmbH) before restimulation.
Subsequently, the IFN-γ+ cells and IL-4+ cells were subjected to
flow cytometric analysis.

Luciferase Reporter Assay
The wild-type (WT) sequence of the MAF 3’UTR containing
the miR-125a-5p binding site was generated by Sangon Biotech
Co. (Sangon, Shanghai, China), as was a mutant unable to
bind miR-125a-5p. The WT and mutated sequences of the
MAF 3’UTR (NM_001031804) were cloned into the vector
psiCHECK-2 (Promega, Madison, USA). Then, a dual-luciferase
reporter plasmid and miR-125a-5p mimics, inhibitor or NC
were cotransfected into HEK293T cells using Lipofectamine
3000 reagent (Thermo Fisher Scientific, Waltham, MA, USA)
and Entranster-R in 24-well plates. Forty-eight hours after
transfection, luciferase activity was measured using the Dual-
Luciferase Reporter Assay System (Promega, Madison, USA)
according to the manufacturers’ instructions.

Statistical Analysis
GraphPad Prism version 5 software (GraphPad Software, Inc.,
San Diego, USA) was used for the management and analysis of
data. Student’s unpaired t-test was performed for comparisons
between two groups when variables pass the normal distribution
test. Mann-Whitney U test was used to analyse the difference
between the two groups of non-normal distribution data.
Correlations between variables were determined by Pearson’s
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correlation coefficient. A p < 0.05 was considered significant (∗p
< 0.05, ∗∗p < 0.01, ∗∗∗p < 0.001).

RESULTS

miRNA Expression Profiles in HT Patients
NGS was performed to identify human miRNAs (microarray
GEO ID: GSE148157), and hierarchical clustering analysis results
revealed different miRNA expression patterns in PBMCs from
the HT and control samples (Figure 1A; red and green squares
indicate up- and downregulated miRNAs, respectively). Volcano
plots (Figure 1B) and scatter plots (Figure 1C) were generated
to identify significantly and differentially expressed miRNAs.
Using a 1.5-fold change as a cutoff, the results indicated that
the levels of miRNAs in the HT samples were distinctly different
from those in the control samples. A total of 1,310 dysregulated
miRNAs were identified in PBMCs from HT patients and
healthy volunteers, of which 659 were upregulated and 651 were
downregulated. Among them, 655miRNAs (331 upregulated and
324 downregulated) had a fold change > 1.5, and 22 miRNAs
(12 upregulated and 10 downregulated) were verified as being
significantly differentially expressed miRNAs (fold change > 1.5,
p < 0.05) (Figure 1D). Although we identified many up- and
downregulated miRNAs in the HT patients, only a small number

of these differentially expressed miRNAs (12 upregulated and 10
downregulated) were significant from the sequencing data. One
possible explanation for this result is that the sample size for NGS
was too small. Therefore, we subsequently verified the sequencing
results by expanding the sample size.

Validation of Selected miRNAs by qRT-PCR
To confirm the NGS data, we selected six differentially expressed
miRNAs, 3 upregulated (miR-125a-5p, miR-301a-5p and miR-
132-5p) and 3 downregulated (miR-33a-5p, miR-146b-3p and
miR-196b-5p), based on the differential expression fold change,
p-value and consistent dysregulated expression in each HT
sample. qRT-PCR was performed to verify the expression of the
selected miRNAs in PBMCs from 23 HT patients and 25 healthy
controls. The results for miR-125a-5p, miR-301a-5p, miR-132-
5p, miR-146b-3p, and miR-196b-5p were consistent with the
NGS data, but only miR-125a-5p, miR-301a-5p, miR-132-5p, and
miR-146b-3p expression achieved statistical significance. MiR-
33a-5p expression was inconsistent with the trend observed in
the NGS data (Figures 2A–F). The fold changes in the expression
of the six selected miRNAs between qRT-PCR and NGS are
shown in Figure 2G. The results indicated that the miRNA
qRT-PCR and sequencing results were consistent at a rate of
∼83%, but there were inconsistencies in the fold change and

FIGURE 1 | miRNA expression profiles in HT patients. (A) Hierarchical clustering analysis were performed to classified next generation sequencing (NGS) data of

PBMCs and each square represented one patient or one healthy volunteer. Red and green represented upregulated and downregulated expression, respectively. HT

indicates disease group; Con indicates control group. Volcano plots (B) and scatter plots (C) distinguished the expression patterns of different miRNAs. (D) Statistical

analysis of differentially expressed miRNAs. Green represented differential expression, pink represented fold change > 1.5 of differential expression and red

represented fold change > 1.5 (p < 0.05) of differential expression.
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FIGURE 2 | Validation of selected miRNAs by qRT-PCR. PBMCs was obtained from 23 HT patients and 25 healthy volunteers. The expression of miR-125a-5p (A),

miR-301a-5p (B), miR-132-5p (C), miR-33a-5p (D), miR-146b-3p (E), and miR-196b-5p (F) in the PBMCs from HT patients and healthy volunteers were determined

by qRT-PCR. The fold changes of six selected miRNAs expression between qRT-PCR and NGS were determined (G). Horizontal lines show the mean. *p < 0.05, **p

< 0.01; NS, no significance.

significance. Thus, it was necessary to verify the sequencing
results by increasing the sample size.

Predicted Functions and Pathways of
Differentially Expressed miRNAs in HT
GO and KEGG analyses were performed to determine the
potential biological functions of differentially expressed

miRNAs. The GO enrichment analysis included biological
process (BP), cellular component (CC) and molecular function
(MF) categories. The top 10 GO enriched terms are shown in
Figure 3. We observed that “myoblast proliferation,” “leukocyte
migration involved in inflammatory response,” and “nephron
tubule formation” were significantly regulated by overexpressed
miRNAs in HT (Figure 3A). “CD40 receptor complex” and
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FIGURE 3 | GO and KEGG pathway analysis of differentially expressed miRNAs in HT. GO enrichment analysis included biological processes, cellular components

and molecular functions. The top 10 GO terms of source genes regulated by upregulated miRNAs (A,C,E) and downregulated miRNAs (B,D,F). The top 10 KEGG

pathways for upregulated miRNAs (G) and downregulated miRNAs (H).

“phosphatidylinositol-3,5-bisphosphate binding” were also
significantly regulated by these miRNAs (Figures 3C,E).
Moreover, the GO term “MAP kinase kinase kinase activity”
was associated with low miRNA expression (Figure 3F). These
predicted GO terms regulated by miRNAs involve well-known
functional genes associated with the pathogenesis of HT.

The KEGG analysis results identified 18 signaling pathways
associated with potential target genes of upregulated miRNAs
and 16 signaling pathways associated with downregulated
miRNAs in HT, and the top 10 KEGG pathway terms of
dysregulated miRNAs are shown in Figure 3G (upregulated
miRNAs) and Figure 3H (downregulated miRNAs). Among
these terms, “apoptosis,” “T cell receptor signaling pathway,”

and “AGE-RAGE signaling pathway in diabetic complications”
are involved in the regulation of the NF-κB, PI3K-Akt, MAPK,
and Jak-STAT signaling pathways, which have been shown to
participate in the pathogenesis of HT (Supplementary Figure 1,
Supporting Information).

Prediction of Potential miRNA Target
Genes
Target gene prediction was performed to evaluate the potential
functions of differentially expressed miRNAs in HT and to
determine whether they can directly regulate gene expression.
miR-125a-5p, miR-301a-5p, miR-132-5p, and miR-146b-3p were
selected for this analysis due to the consistent results obtained
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FIGURE 4 | Prediction of potential miRNA target genes. Target genes prediction of verified miRNAs were performed by prediction software, including TargetScan and

miRanda. The top 30 target genes were displayed by a distinct network diagram. Roundness indicated mRNA and Triangle indicated miRNAs.

between the NGS and qRT-PCR results. As shown in Figure 4,
the top 30 potential target genes were selected according to the
binding free energy and context+ scores between miRNAs and
the 3’UTR binding sites of target genes. The information may aid
in determining the mechanisms of the selected miRNAs.

Correlation Between miR-125a-5p and
MAF Expression in Peripheral Blood From
HT Patients
To determine the specific mechanisms associated with the
verified miRNAs, we screened the predicted target genes that
were potentially involved in the pathogenesis of HT. It was

previously reported that MAF inhibits Th1 cell differentiation
by suppressing the production of IFN-γ, and MAF has been
shown to be downregulated in PBMCs from Multiple sclerosis
(MS) patients (12, 13). Moreover, Th1 cells are highly associated
with the pathogenesis of HT (14), and MAF was predicted
to be a target of miR-125a-5p according to our sequencing
results. Thus, we speculated that miR-125a-5p might promote
the Th1 cells response by targeting MAF in HT (Figure 5A).
To investigate the relationship between MAF and miR-125a-
5p, MAF transcript levels were determined by qRT-PCR. As
shown in Figure 5C, MAF transcript levels in PBMCs were
decreased and inversely correlated with those of miR-125a-5p in
HT patients (r = −0.4453; p = 0.0332) (Figure 5D). Moreover,
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FIGURE 5 | Correlation between miR-125a-5p and MAF in peripheral blood from HT patients. (A) Schematic diagram of potential mechanism of miR-125a-5p in HT.

(B) The interactional sites between miR-125a-5p and the 3’UTR of MAF gene was displayed by prediction program. (C) The relative expression of MAF mRNA in the

PBMCs from HT patients and healthy controls was determined by qRT-PCR. (D) The correlation between the levels of miR-125a-5p and the levels of MAF mRNA in

the PBMCs from 23 HT patients. Each data point represents an individual subject, horizontal lines show the mean. **p < 0.01.

one perfectly matched sequence of miR-125a-5p in the MAF
3’UTR was identified by prediction programmes (Figure 5B).
These data suggested that the elevated levels of miR-125a-5p are
associated with MAF expression in HT patients.

MAF Is a Functional Target of miR-125a-5p
To determine whether miR-125a-5p directly targets MAF, WT
and mutated MAF sequences were designed and synthesized
(Figure 6A). Recombinant reporters were cotransfected into
HEK293T cells with the miR-125a-5p mimics, the miR-125a-5p
inhibitor or the NC. We found that the miR-125a-5p mimics
inhibited the luciferase activity of the WT MAF 3’UTR reporter
compared to that observed for the NC treatment, whereas the
reporter with a mutated 3’UTR and unable to bind miR-125a-
5p was unaffected by the miR-125a-5p mimics (Figure 6B).
Moreover, the miR-125a-5p inhibitor enhanced the luciferase
activity of the WT MAF 3’UTR reporter compared to that
observed for the NC treatment but not for the reporter with the

mutated 3’UTR (Figure 6C). Subsequently, to determine whether
miR-125a-5p regulates MAF expression in human PBMCs,
the miR-125a-5p inhibitor or NC was transfected into human
PBMCs using Entranster-R. Treatment with the miR-125a-5p
inhibitor resulted in a reduction in miR-125a-5p levels and an
increase in MAF mRNA compared to that observed for the NC
treatment (Figures 6D,E). Moreover, downregulated miR-125a-
5p expression resulted in an increase in the percentage of c-
MAF+ cells compared with that observed for the NC treatment
(Figures 6F,G). Taken together, these data indicated that miR-
125a-5p decreases MAF expression at both the transcriptional
and translational levels.

miR-125a-5p Contributes to Increased
Circulating Th1 Cells in HT Patients
To address the possibility that miR-125a-5p contributes to
increased proportion of Th1 cells in HT patients, peripheral
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FIGURE 6 | MAF is a functional target of miR-125a-5p. (A) MAF 3’UTR contained complementarities to miR-125a-5p seed regions using prediction programs

analysis. (B) Luciferase activity of reporter carrying wild-type (WT) and mutant MAF 3’UTR and empty cotransfected into HEK293T cells with miR-125a-5p mimics and

its negative control (NC). (C) Luciferase reporter activity in psiCHECK2 with WT and mutant MAF 3’UTR and empty cotransfected with miR-125a-5p inhibitor and its

NC. MiR-125a-5p inhibitor and NC were transfected into human PBMCs, and the level of miR-125a-5p were detected by qRT-PCR (D), and the level of MAF mRNA

were detected by qRT-PCR (E), and the percentage of c-MAF cells were analyzed by flow cytometry (F,G). **p < 0.01; ***p < 0.001.
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FIGURE 7 | miR-125a-5p contributes to increased circulating Th1 cells in HT patients. Peripheral blood was obtained from 23 HT patients and 25 healthy volunteers.

(A) Representative flow cytometry dot plots of Th1 cells were displayed. Values in the rectangular region corresponded to the percentage of Th1 cells. We used isotype

control to determine the positive cells, and CD3+ CD8− IFN-γ+ cells represented Th1 cells. (B) The proportion of Th1 cells were compared between HT patients and

controls. (C) The relative expression of IFN- mRNA in the PBMCs from HT patients and healthy controls was determined by qRT-PCR. (D) The correlation between the

levels of miR-125a-5p and the proportion of Th1 cells in peripheral blood from HT patients. (E) The correlation between the levels of miR-125a-5p and the transcript

levels of IFN-γ mRNA in PBMCs from HT patients. Each data point represents an individual subject, horizontal lines show the mean. *p < 0.05; **p < 0.01.

Th1 cells were first gated on CD3+ CD8− cells as CD4+ T cells,
owing to the downregulated expression of surface membrane
CD4 molecules on human PBMCs after stimulation with PMA
and ionomycin (15), and then IFN-γ+ cells were quantified
by flow cytometric analysis (Figure 7A). The proportion of
peripheral Th1 cells and the transcript levels of IFN-γ in PBMCs
were increased in the HT patients (Figures 7B,C). Moreover, a
positive correlation between the levels of miR-125a-5p and the
proportion of Th1 cells was observed in the HT patients (r =

0.4737; p = 0.0224) (Figure 7D). However, no correlation was
observed between the expression of miR-125a-5p and IFN-γ in
PBMCs fromHT patients (r=−0.1429; p= 0.5157) (Figure 7E).
In contrast to the observed correlation betweenmiR-125a-5p and
the percentage of Th1 cells, no correlation was observed between

the levels of miR-125a-5p and the increased proportion of CD8+

IFN-γ+ T cells (Supplementary Figures 2A,B, Supporting
Information) from HT patients (Supplementary Figure 2C,
Supporting Information).

Subsequently, to determine the influence of miR-125a-5p on
Th1 cells in vitro, purified human CD4+ T cells were transfected
with the miR-125a-5p inhibitor or NC. The miR-125a-5p
inhibitor downregulated the amount of miR-125a-5p and
increased MAF transcript levels compared with that observed
for the NC treatment (Figures 8A,B). Moreover, downregulation
of miR-125a-5p decreased the proportion of Th1 cells and IFN-
γ transcript levels in CD4+ T cells (Figures 8C–E). However,
the proportion of Th2 cells was similar in the miR-125a-5p
inhibitor and NC groups (Figures 8F,G). We also observed that
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FIGURE 8 | Influence of miR-125a-5p on Th1 cells in vitro. Human purified CD4+ T cells were isolated from PBMCs, and then transfected with miR-125a-5p inhibitor

or NC. The transcript levels of miR-125a-5p (A), MAF mRNA (B), and IFN-γ mRNA (C) in CD4+ T cells between miR-125a-5p inhibitor and NC were detected by

qRT-PCR. Downregulated expression of miR-125a-5p resulted in the reduction of the proportion of Th1 cells compared with that of the NC (D,E). The proportion of

Th2 cells between miR-125a-5p inhibitor and NC were analyzed by flow cytometry (F,G). Each data point represents an individual subject, horizontal lines show the

mean. **p < 0.01; ***p < 0.001; NS, no significance.

downregulated miR-125a-5p expression was unable to reduce
IFN-γ transcript levels in PBMCs (Supplementary Figure 3,
Supporting Information). Taken together, these results indicate
that miR-125a-5p promotes the Th1 cells response in the
HT patients.

MiR-125a-5p Expression in HT Patients Is
Associated With Thyroid Antibodies
A distinguishing feature of HT is the presence of elevated levels of
the thyroid antibodies TgAb and TPOAb. Therefore, we analyzed
the relationship between miR-125a-5p and thyroid antibodies
and observed that there was a significant positive correlation
between miR-125a-5p and TPOAb (r = 0.4979; p = 0.0156)
(Figure 9A). However, no correlation was observed between
miR-125a-5p and TgAb (r = 0.3926; p = 0.0639) (Figure 9B).
These data show that dysregulated miR-125a-5p expression is
associated with the process of HT.

MiR-125a-5p Expression in Thyroid Tissues
From HT Patients
As an organ-specific autoimmune disease, an understanding of
the expression patterns between peripheral blood and thyroid
tissues is crucial to functional and mechanistic research on
HT. However, miR-125a-5p expression in thyroid tissues from
HT patients remains unclear. Therefore, we assessed miR-125a-
5p expression in thyroid tissues from HT patients and simple
goiter patients. The elevated levels of miR-125a-5p (Figure 10A)
and IFN-γ (Figure 10C) as well as decreased MAF expression
(Figure 10B) were showed in HT patients.

Potential Diagnostic Value of miR-125a-5p
in HT Patients
ROC curve analysis was performed to evaluate the potential
diagnostic value miRNAs showing significantly different
expression in peripheral blood between HT patients and healthy
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FIGURE 9 | miR-125a-5p expression in HT associated with thyroid antibodies. The serum concentrations of TPOAb and TgAb from HT patients were detected by

chemiluminescence. (A) The correlation between the levels of miR-125a-5p and serum concentrations of TPOAb in the HT patients. (B) The correlation between the

levels of miR-125a-5p and serum concentrations of TgAb in the HT patients. Each data point represents an individual subject.

FIGURE 10 | miR-125a-5p expressed in thyroid tissues from HT patients. Thyroid tissues were obtained from 10 HT patients and 6 simple goiter patients. The levels

of miR-125a-5p (A), MAF mRNA (B), and IFN-γ mRNA (C) in thyroid tissues between HT patients and simple goiter patients were detected by qRT-PCR. Horizontal

lines show the mean. *p < 0.05; ***p < 0.001.

controls. The levels of miR-125a-5p, miR-301a-5p, and miR-
132-5p could distinguish HT patients from healthy volunteers.
Compared to miR-301a-5p (AUC 0.741, 95% CI = 0.603–0.879,
p = 0.004), miR-132-5p (AUC 0.682, 95% CI = 0.530–0.834,
p = 0.031), and miR-146b-3p (AUC 0.656, 95% CI = 0.500–
0.812, p = 0.065), miR-125a-5p had the largest area under the
ROC curve (AUC), up to 0.744 (95% CI = 0.606–0.833, p =

0.004), with a sensitivity and specificity of 72.91 and 68.00%,
respectively (Figure 11). These data show that miR-125a-5p may
be more valuable than the other identified miRNAs as a potential
biomarker of HT.

DISCUSSION

The importance of aberrant miRNA expression is increasingly
being recognized in autoimmune diseases, and the disease-
associated miRNAs has become the key checkpoints of
autoimmune diseases studies (16). In this study, we performed
NGS to determine the miRNA profile of HT patients,

the results of which identified 1,310 differentially expressed
miRNAs (659 upregulated and 651 downregulated) in the
PBMCs of HT patients. Among them, 22 miRNAs showed
significantly dysregulated expression in HT patients. Some
of these dysregulated miRNAs, including miR-132, miR-301a
and miR-125a (overexpressed) (17–19) and miR-33a, miR-
196b, and miR-146b (downregulated) (8, 20, 21), have been
reported to be involved in immunological pathways or related
to various autoimmune diseases. However, the relationships
between these miRNAs and HT have rarely been reported.
Immune dysregulation is known to be the primary cause of
HT. Therefore, we speculated that these dysregulated miRNAs
may be involved in the pathogenesis of HT by regulating the
immune response.

Since only 5 samples used for NGS, which led to occasional
inconsistencies, we subsequently verified miRNA candidates
using an increased number of samples and observed that
miR-125a-5p, miR-301a-5p, miR-132-5p, and miR-146b-3p were
significantly differentially expressed in HT, which was consistent
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FIGURE 11 | Potential diagnostic value of miR-125a-5p in HT. ROC curve analysis of miR-125a-5p, miR-301a-5p, miR-132-5p, and miR-146b-3p were performed to

distinguish HT patients form healthy volunteer.

with the NGS data. To further explore the potential biological
functions of these miRNAs, GO and KEGG enrichment
analyses were performed to analyse the NGS data. Upregulated
miRNAs were potentially associated with the GO terms
myoblast proliferation (associated gene: HGF), CD40 receptor
complex (associated gene: TRAF3), leukocyte migration involved
in inflammatory response (associated gene: S100A9) and
phosphatidylinositol-3,5-bisphosphate binding (associated gene:
RAG2), which may participate in the occurrence of HT (22–
25). In addition, Pax-8, which was associated with the GO
term ‘nephron tubule formation’, participates in the pathogenetic
process of AITD by regulating TG and TPO gene expression
(26). SMARCA2, which is associated with vascular smooth
muscle cell differentiation, is involved in apoptosis and thyroid
volume in HT patients (27). Moreover, 34 signaling pathways
associated with dysregulated miRNAs were identified by KEGG
analysis. Among them, the NF-κB, PI3K-Akt, Jak-STAT, and
MAPK signaling pathways were shown to be associated with

the inflammatory response of HT (28–31). These data further
indicate the accuracy of the NGS data and provide potential
biological functions for miRNAs related to HT.

Generally, miRNAs are believed to function through complete
or incomplete complementary binding with the 3’UTRs of target
genes, and a network of miRNAs directly or indirectly controls
the expression of target genes in a one-to-many or many-to-one
manner (32). Our results identified 123 predicted target genes of
miR-125a-5p, miR-301a-5p, miR-132-5p, and miR-146b-3p for
further study. It has also become clear that miRNAs play multiple
roles in the negative regulation of immune checkpoints (18, 33).
Therefore, we wanted to determine whether the dysregulated
miRNAsmentioned above are involved in the pathogenesis of HT
by regulating specific immune checkpoints.

The Maf proto-oncogene, a basic region/leucine zipper
transcription factor, is a pleiotropic regulator of T cell effector
programming. As a member of the AP-1 transcription factor
family, Maf is essential for the activation or repression of key
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immune checkpoints in CD4+ T cells, for the commitment of
IL-17-producing γδ T cells (34–37), and for the differentiation
and function of regulatory T cells in iTreg-Th17 homeostasis
(38). Studies have shown that Maf, and its human ortholog, MAF,
are downregulated in mouse and human Th1 cells, respectively,
which impair Th1 differentiation and inhibit the production of
IFN-γ (13, 39). A potential mechanism for the decreased Maf
expression observed in Th1 cells is the low levels of histone
H3 lysine 4 trimethylation (H3K4me3) and RNA polymerase
II occupancy at the Maf promoter region (40). However, the
mechanism has not been fully elucidated. Intriguingly, after
extensive screening, MAF gene was identified as a potential
target of miR-125a-5p. Since HT is a Th1-associated disease,
we speculated that miR-125a-5p-mediated changes in MAF
expression may be involved in the pathogenesis of HT. To
confirm this hypothesis, firstly, prediction programmes were
used to identify miR-125a-5p binding sites in the MAF 3’UTR,
and an inverse correlation between increased levels of miR-125a-
5p and decreased levels of MAF were detected in the PBMCs
fromHTpatients. Secondly, miR-125a-5pwas observed to inhibit
the luciferase activity of a reporter containing the WT MAF
3’UTR but not that of a reporter with a mutated 3’UTR that is
unable to bind miR-125a-5p, and the opposite phenomenon was
observed in cells transfected with miR-125a-5p inhibitor. Finally,
miR-125a-5p knockdown resulted in a considerable increase in
MAF transcription and translation levels. These data suggest
that miR-125a-5p directly regulates the expression of MAF in
HT patients.

Subsequently, we wanted to determine whether miR-125a-
5p can regulate Th1 cells. As expected, a significant positive
correlation was observed between the levels of miR-125a-5p and
the increased proportion of Th1 cells in HT patients. However,
no correlation was observed between miR-125a-5p and IFN-γ
transcript levels in the PBMCs from HT patients. One possible
interpretation for this result is that activated CD8+ T cells,
belonging to PBMCs, also secrete IFN-γ. Although our data
showed that the miR-125a-5p inhibitor decreased the proportion
of Th1 cells and IFN-γ transcript levels in purified CD4+ T cells,
no correlation was observed between the levels of miR-125a-
5p and the percentage of CD8+IFN-γ+ T cells, which was also
increased in the PBMCs from HT patients. Moreover, PBMCs
transfected with the miR-125a-5p inhibitor could not inhibit the
expression of IFN-γ in vitro. Another possible interpretation
is the involvement of different Maf activities between Th1 and
CD8+ T cells. Maf has been shown to be induced in CD8+

T cells of type 2 NOD mice, which also have an increased
propensity to produce IFN-γ. This activity may induce an overall
type 1-biased immune response by inhibiting Maf-dependent
DNA binding activities rather than the mode of action of Maf
has in Th1 cells (41). Another study showed that Maf was
expressed in CD8 cells and enhanced CD8 cells susceptibility
to apoptosis by transactivating caspase 6 (42). However, the
underlying mechanisms remain to be further elucidated.

Maf is highly expressed in both mouse and human Th2
cells, and its homodimers can bind to a Maf response element
(MARE) in the proximal IL-4 promoter (12, 43, 44). Since
miR-125a-5p was shown to directly regulate MAF expression,

we hypothesized that miR-125a-5p knockdown resulted in
an increased proportion of human Th2 cells. However, the
percentage of Th2 cells was similar between cells transfected with
the miR-125a-5p inhibitor and NC. One possible explanation
for this result is that overexpression of MAF by the miR-
125a-5p inhibitor attenuates the Th1 pathway through IL-4-
independent mechanisms in human Th cells. Maf upregulation
has been reported to skew naive CD4+ T cells toward the
Th2 pathway to increase the production of IL-4 and decrease
the production of IFN-γ (12, 35). However, we noted that
miR-125a-5p transfection of CD4+ T cells also impaired the
production of IFN-γ. In a previous study, the ectopic expression
of Maf in mouse mature Th1 cells did not confer the ability
to produce IL-4 but did attenuate IFN-γ production (13). The
influence of Maf on Th1/Th2 polarization may be traced back to
very early Th cell differentiation, even the Th0 stage. Another
potential explanation is that MAF alone does not drive IL-4
expression but may need to synergize with other Th2-specific
transcriptional factors, such as GATA-3 and NF-AT (45, 46).
A similar phenomenon has been observed in Jurkat T cells,
which produce endogenous IL-4 owing to the coexpression
of MAF and GATA-3 (47, 48). Additional mechanisms that
could explain the results of this study will be investigated in
the future.

HT is an organ-specific autoimmune disease, and prior to
this study, the expression of miR-125a-5p and MAF in the
thyroid tissues of HT patients remained unclear. Compared
with that detected in simple goiter patients, increased miR-
125a-5p and IFN-γ expression and decreased MAF expression
were observed in HT patients. Elevated serum concentrations
of TgAb and TPOAb are widely accepted as the most common
manifestations of HT in patients. Our data showed that miR-
125a-5p expression was positively correlated with the serum
levels of TPOAb but not TgAb. This result may be due to
the different human IgG subclasses of TPOAb and TgAb.
TPOAb and TgAb are represented by all four human IgG
subclasses, while IFN-γ production by human Th1 cells only
drives the generation of subclass IgG1 (49). These results
suggest that miR-125a-5p expression, to some extent, indicates
the disease severity of HT. In addition, we assessed the
potential of miR-125a-5p as a diagnostic marker for HT,
and the results indicated that miR-125a-5p could potentially
differentiate HT patients from healthy controls, which combined
with thyroid autoantibody levels could improve the diagnosis
of HT.

The results of this study elucidated the expression profiles
and potential biological functions of miRNAs in HT and
demonstrated that miR-125a-5p regulates Th1 cells by directly
targeting MAF. In HT patients, miR-125a-5p expression is
significantly increased and correlates with the proportion of
Th1 cells and disease severity. However, this study had some
limitations. For instance, the relative expression of miR-125a-
5p in PBMCs was obtained from a small number of patients
and controls. Studies have shown that HT is more common
in Whites and Asians than in African Americans (1). The
associated study of miR-125a-5p and HT in Chinese Han
Population, and our conclusions do not reflect all ethnic
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groups. The differences of miR-125a-5p expression among
different regions, race and ethnicity deserve further study.
In addition, we need to assess miR-125a-5p expression in
hypothyroid patients and euthyroid patients. Taken together,
our findings suggest that miR-125a-5p may contribute to the
pathogenic role of the Th1 cells response in HT patients,
although additional studies with larger cohorts of HT patients
are needed.
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Supplementary Figure 1 | KEGG analysis was performed to reveal the signaling

pathways, which were involved in the pathogenesis of HT, including Apoptosis, T

cell receptor signaling pathway and AGE-RAGE signaling pathway in diabetic

complications. These signaling pathways were associated with of NF-κB,

PI3K-Akt, MAPK, and Jak-STAT, which have been proved to play a crucial role in

pathogenesis of HT.

Supplementary Figure 2 | The correlation between the levels of miR-125a-5p

and CD8+ IFN-γ+ T cells in HT patients. (A) Representative flow cytometry dot

plots of CD8+ IFN-γ+ T cells in HT patients and healthy controls. Values in the

upper right rectangular region corresponded to the proportion of CD8+ IFN-γ+ T

cells. (B) The proportion of CD8+ IFN-γ+ T cells in PBMCs of HT patients and

healthy volunteers were detected by flow cytometric analysis. (C) The correlation

between the levels of miR-125a-5p and the proportion of CD8+ IFN-γ+ T cells in

the HT patients. Each data point represents an individual subject, horizontal lines

show the mean. ∗∗p < 0.01.

Supplementary Figure 3 | The transcript level of IFN-γ mRNA in PBMCs

between miR-125a-5p inhibitor and NC were detected by qRT-PCR. Horizontal

lines show the mean. NS, no significance.

REFERENCES

1. Caturegli P, De Remigis A, Rose NR. Hashimoto thyroiditis:

clinical and diagnostic criteria. Autoimmun Rev. (2014) 13:391–

7. doi: 10.1016/j.autrev.2014.01.007

2. Radetti G. Clinical aspects of Hashimoto’s thyroiditis. Endocr Dev. (2014)

26:158–70. doi: 10.1159/000363162

3. Aozasa K. Hashimoto’s thyroiditis as a risk factor of thyroid lymphoma. Acta

Pathol Jpn. (1990) 40:459–68. doi: 10.1111/j.1440-1827.1990.tb01587.x

4. Antonelli A, Ferrari SM, Corrado A, Di Domenicantonio A, and Fallahi

P. Autoimmune thyroid disorders. Autoimmun Rev. (2015) 14:174–

80. doi: 10.1016/j.autrev.2014.10.016

5. Peng H, Liu Y, Tian J, Ma J, Tang X, Rui K, et al. The long noncoding

RNA IFNG-AS1 promotes T helper type 1 cells response in patients with

hashimoto’s thyroiditis. Sci Rep. (2015) 5:17702. doi: 10.1038/srep17702

6. Xiong S, Peng H, Ding X, Wang X, Wang L, Wu C, et al. Circular RNA

expression profiling and the potential role of hsa_circ_0089172 in hashimoto’s

thyroiditis via sponging miR125a-3p. Mol Ther Nucleic Acids. (2019) 17:38–

48. doi: 10.1016/j.omtn.2019.05.004

7. Stefani G, Slack FJ. Small non-coding RNAs in animal development. Nat Rev

Mol Cell Biol. (2008) 9:219–30. doi: 10.1038/nrm2347

8. Martinez-Hernandez R, Sampedro-Nunez M, Serrano-Somavilla A, Ramos-

Levi AM, de la Fuente H, Trivino JC, et al. A MicroRNA signature for

evaluation of risk and severity of autoimmune thyroid diseases. J Clin

Endocrinol Metab. (2018) 103:1139–50. doi: 10.1210/jc.2017-02318

9. Zhang L, Wu H, Zhao M, Lu Q. Identifying the differentially expressed

microRNAs in autoimmunity: a systemic review and meta-analysis.

Autoimmunity. (2020) 53:122–36. doi: 10.1080/08916934.2019.1710135

10. Zhu J, Zhang Y, Zhang W, Zhang W, Fan L, Wang L, et al. MicroRNA-142-

5p contributes to Hashimoto’s thyroiditis by targeting CLDN1. J Transl Med.

(2016) 14:166. doi: 10.1186/s12967-016-0917-6

11. Zhao L, Zhou X, Shan X, Qi LW, Wang T, Zhu J, et al. Differential expression

levels of plasma microRNA in Hashimoto’s disease. Gene. (2018) 642:152–

8. doi: 10.1016/j.gene.2017.10.053

12. Zhang F Liu G, Wei C, Gao C, Hao J. Linc-MAF-4 regulates Th1/Th2

differentiation and is associated with the pathogenesis of multiple sclerosis

by targeting MAF. FASEB J. (2017) 31:519–25. doi: 10.1096/fj.201600838R

13. Ho IC, Lo D, Glimcher LH. c-maf promotes T helper cell type

2 (Th2) and attenuates Th1 differentiation by both interleukin 4-

dependent and -independent mechanisms. J Exp Med. (1998) 188:1859–

66. doi: 10.1084/jem.188.10.1859

14. Rydzewska M, Jaromin M, Pasierowska IE, Stozek K, Bossowski A. Role of

the T and B lymphocytes in pathogenesis of autoimmune thyroid diseases.

Thyroid Res. (2018) 11:2. doi: 10.1186/s13044-018-0046-9

15. Petersen CM, Christensen EI, Andresen BS, Moller BK. Internalization,

lysosomal degradation and new synthesis of surface membrane CD4 in

Frontiers in Immunology | www.frontiersin.org 15 June 2020 | Volume 11 | Article 1195

https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE148157
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE148157
https://www.frontiersin.org/articles/10.3389/fimmu.2020.01195/full#supplementary-material
https://doi.org/10.1016/j.autrev.2014.01.007
https://doi.org/10.1159/000363162
https://doi.org/10.1111/j.1440-1827.1990.tb01587.x
https://doi.org/10.1016/j.autrev.2014.10.016
https://doi.org/10.1038/srep17702
https://doi.org/10.1016/j.omtn.2019.05.004
https://doi.org/10.1038/nrm2347
https://doi.org/10.1210/jc.2017-02318
https://doi.org/10.1080/08916934.2019.1710135
https://doi.org/10.1186/s12967-016-0917-6
https://doi.org/10.1016/j.gene.2017.10.053
https://doi.org/10.1096/fj.201600838R
https://doi.org/10.1084/jem.188.10.1859
https://doi.org/10.1186/s13044-018-0046-9
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles


Liu et al. miR-125a-5p Promotes Th1 Cells in HT

phorbol ester-activated T-lymphocytes and U-937 cells. Exp Cell Res. (1992)

201:160–73. doi: 10.1016/0014-4827(92)90360-K

16. Chen JQ, Papp G, Szodoray P, Zeher M. The role of microRNAs in the

pathogenesis of autoimmune diseases. Autoimmun Rev. (2016) 15:1171–

80. doi: 10.1016/j.autrev.2016.09.003

17. Long HC, Wu R, Liu CF, Xiong FL, Xu Z, He D, et al. MiR-

125a-5p regulates vitamin D receptor expression in a mouse model of

experimental autoimmune encephalomyelitis. Neurosci Bull. (2020) 36:110–

20. doi: 10.1007/s12264-019-00418-0

18. Tavakolpour V, Shokri G, Naser Moghadasi A, Mozafari Nahavandi P,

Hashemi M, Kouhkan F. Increased expression of mir-301a in PBMCs of

patients with relapsing-remitting multiple sclerosis is associated with reduced

NKRF and PIAS3 expression levels and disease activity. J Neuroimmunol.

(2018) 325:79–86. doi: 10.1016/j.jneuroim.2018.10.002

19. Dix A, Czakai K, Leonhardt I, Schaferhoff K, BoninM, Guthke R, et al. Specific

and novel microRNAs are regulated as response to fungal infection in human

dendritic cells. Front Microbiol. (2017) 8:270. doi: 10.3389/fmicb.2017.00270

20. Garabet L, Ghanima W, Rangberg A, Teruel-Montoya R, Martinez C, Lozano

ML, et al. Circulating microRNAs in patients with immune thrombocytopenia

before and after treatment with thrombopoietin-receptor agonists. Platelets.

(2019) 31:1–8. doi: 10.1080/09537104.2019.1585527

21. Selmaj I, Cichalewska M, Namiecinska M, Galazka G, Horzelski W, Selmaj

KW, et al. Global exosome transcriptome profiling reveals biomarkers for

multiple sclerosis. Ann Neurol. (2017) 81:703–17. doi: 10.1002/ana.24931

22. Ruggeri RM, Vitarelli E, Barresi G, Trimarchi F, Benvenga S, Trovato M. The

tyrosine kinase receptor c-met, its cognate ligand HGF and the tyrosine kinase

receptor trasducers STAT3, PI3K and RHO in thyroid nodules associated

with Hashimoto’s thyroiditis: an immunohistochemical characterization. Eur

J Histochem. (2010) 54:e24. doi: 10.4081/ejh.2010.e24

23. Neely RJ, Brose MS, Gray CM, McCorkell KA, Leibowitz JM, Ma C, et al. The

RET/PTC3 oncogene activates classical NF-κB by stabilizing NIK. Oncogene.

(2011) 30:87–96. doi: 10.1038/onc.2010.396

24. Korkmaz H, Tabur S, Savas E, OzkayaM, Aksoy SN, Aksoy N, et al. Evaluation

of serum S100A8/S100A9 levels in patients with autoimmune thyroid diseases.

Balkan Med J. (2016) 33:547–51. doi: 10.5152/balkanmedj.2016.15881

25. Armengol MP, Juan M, Lucas-Martin A, Fernandez-Figueras MT,

Jaraquemada D, Gallart T, et al. Thyroid autoimmune disease: demonstration

of thyroid antigen-specific B cells and recombination-activating gene

expression in chemokine-containing active intrathyroidal germinal centers.

Am J Pathol. (2001) 159:861–73. doi: 10.1016/S0002-9440(10)61762-2

26. Schuppert F, Deiters S, Rambusch E, Sierralta W, Dralle H, von zur

Muhlen A. TSH-receptor expression and human thyroid disease: relation

to clinical, endocrine, and molecular thyroid parameters. Thyroid. (1996)

6:575–87. doi: 10.1089/thy.1996.6.575

27. Brcic L, Baric A, Benzon B, Brekalo M, Gracan S, Kalicanin D, et al. AATF

and SMARCA2 are associated with thyroid volume in Hashimoto’s thyroiditis

patients. Sci Rep. (2020) 10:1754. doi: 10.1038/s41598-020-58457-x

28. Zheng T, Xu C, Mao C, Mou X, Wu F, Wang X, et al. Increased interleukin-

23 in Hashimoto’s thyroiditis disease induces autophagy suppression

and reactive oxygen species accumulation. Front Immunol. (2018)

9:96. doi: 10.3389/fimmu.2018.00096

29. Larson SD, Jackson LN, Riall TS, Uchida T, Thomas RP, Qiu S, et al. Increased

incidence of well-differentiated thyroid cancer associated with Hashimoto

thyroiditis and the role of the PI3k/Akt pathway. J Am Coll Surg. (2007)

204:764–73; discussion 773–5. doi: 10.1016/j.jamcollsurg.2006.12.037

30. Kotkowska A, Sewerynek E, Domanska D, Pastuszak-Lewandoska D, and

Brzezianska E. Single nucleotide polymorphisms in the STAT3 gene influence

AITD susceptibility, thyroid autoantibody levels, and IL6 and IL17 secretion.

Cell Mol Biol Lett. (2015) 20:88–101. doi: 10.1515/cmble-2015-0004

31. Luo X, Zheng T, Mao C, Dong X, Mou X, Xu C, et al. Aberrant MRP14

expression in thyroid follicular cells mediates chemokine secretion through

the IL-1beta/MAPK pathway in Hashimoto’s thyroiditis. Endocr Connect.

(2018) 7:850–8. doi: 10.1530/EC-18-0019

32. Bai YY, Wu Z, Xu CM, Zhang L, Feng J, Pang DW, et al. One-to-many single

entity electrochemistry biosensing for ultrasensitive detection of microRNA.

Anal Chem. (2020) 92:853–8. doi: 10.1021/acs.analchem.9b03492

33. Wei Y, Chen S, Sun D, Li X, Wei R, Li X, et al. miR-223-3p promotes

autoreactive Th17 cell responses in experimental autoimmune uveitis (EAU)

by inhibiting transcription factor FOXO3 expression. FASEB J. (2019)

33:13951–65. doi: 10.1096/fj.201901446R

34. Bauquet AT, JinH, Paterson AM,MitsdoerfferM,Ho IC, Sharpe AH, et al. The

costimulatory molecule ICOS regulates the expression of c-Maf and IL-21 in

the development of follicular T helper cells and TH-17 cells. Nat Immunol.

(2009) 10:167–75. doi: 10.1038/ni.1690

35. Ho IC, Hodge MR, Rooney JW, Glimcher LH. The proto-oncogene c-maf

is responsible for tissue-specific expression of interleukin-4. Cell. (1996)

85:973–83. doi: 10.1016/S0092-8674(00)81299-4

36. Perucha E, Melchiotti R, Bibby JA, Wu W, Frederiksen KS, Roberts CA, et al.

The cholesterol biosynthesis pathway regulates IL-10 expression in human

Th1 cells. Nat Commun. (2019) 10:498. doi: 10.1038/s41467-019-08332-9

37. Zuberbuehler MK, Parker ME, Wheaton JD, Espinosa JR, Salzler HR, Park

E, et al. The transcription factor c-Maf is essential for the commitment

of IL-17-producing gammadelta T cells. Nat Immunol. (2019) 20:73–

85. doi: 10.1038/s41590-018-0274-0

38. XuM, Pokrovskii M, Ding Y, Yi R, Au C, Harrison OJ, et al. c-MAF-dependent

regulatory T cells mediate immunological tolerance to a gut pathobiont.

Nature. (2018) 554:373–7. doi: 10.1038/nature25500

39. Tsukamoto H, Senju S, Matsumura K, Swain SL, Nishimura Y. IL-

6-mediated environmental conditioning of defective Th1 differentiation

dampens antitumour immune responses in old age. Nat Commun. (2015)

6:6702. doi: 10.1038/ncomms7702

40. Ranzani V, Rossetti G, Panzeri I, Arrigoni A, Bonnal RJ, Curti S, et al. The

long intergenic noncoding RNA landscape of human lymphocytes highlights

the regulation of T cell differentiation by linc-MAF-4. Nat Immunol. (2015)

16:318–25. doi: 10.1038/ni.3093

41. Chen XP, Falkner DH, Morel PA. Impaired IL-4 production by CD8+ T cells

in NODmice is related to a defect of c-Maf binding to the IL-4 promoter. Eur

J Immunol. (2005) 35:1408–17. doi: 10.1002/eji.200425483

42. Peng S, Wu H, Mo YY, Watabe K, Pauza ME. c-Maf increases apoptosis

in peripheral CD8 cells by transactivating Caspase 6. Immunology. (2009)

127:267–78. doi: 10.1111/j.1365-2567.2008.03014.x

43. Gabrysova L, Alvarez-Martinez M, Luisier R, Cox LS, Sodenkamp J, Hosking

C, et al. c-Maf controls immune responses by regulating disease-specific

gene networks and repressing IL-2 in CD4(+) T cells. Nat Immunol. (2018)

19:497–507. doi: 10.1038/s41590-018-0083-5

44. Li B, Tournier C, Davis RJ, Flavell RA. Regulation of IL-4 expression by the

transcription factor JunB during T helper cell differentiation. EMBO J. (1999)

18:420–32. doi: 10.1093/emboj/18.2.420

45. Zhang Y, Zhang Y, Gu W, Sun B. TH1/TH2 cell differentiation

and molecular signals. Adv Exp Med Biol. (2014) 841:15–

44. doi: 10.1007/978-94-017-9487-9_2

46. Hodge MR, Chun HJ, Rengarajan J, Alt A, Lieberson R, Glimcher LH. NF-

AT-Driven interleukin-4 transcription potentiated by NIP45. Science. (1996)

274:1903–5. doi: 10.1126/science.274.5294.1903

47. Ho IC, Vorhees P, Marin N, Oakley BK, Tsai SF, Orkin SH, et al.

Human GATA-3: a lineage-restricted transcription factor that regulates the

expression of the T cell receptor alpha gene. EMBO J. (1991) 10:1187–

92. doi: 10.1002/j.1460-2075.1991.tb08059.x

48. Rockwell CE, Qureshi N. Differential effects of lactacystin on cytokine

production in activated Jurkat cells and murine splenocytes. Cytokine. (2010)

51:12–7. doi: 10.1016/j.cyto.2010.03.018

49. Rapoport B, McLachlan SM. Graves’ hyperthyroidism is antibody-mediated

but is predominantly a Th1-type cytokine disease. J Clin Endocrinol Metab.

(2014) 99:4060–1. doi: 10.1210/jc.2014-3011

Conflict of Interest: The authors declare that the research was conducted in the

absence of any commercial or financial relationships that could be construed as a

potential conflict of interest.

Copyright © 2020 Liu, Ding, Xiong, Wang, Tang, Wang, Wang and Peng. This is an

open-access article distributed under the terms of the Creative Commons Attribution

License (CC BY). The use, distribution or reproduction in other forums is permitted,

provided the original author(s) and the copyright owner(s) are credited and that the

original publication in this journal is cited, in accordance with accepted academic

practice. No use, distribution or reproduction is permitted which does not comply

with these terms.

Frontiers in Immunology | www.frontiersin.org 16 June 2020 | Volume 11 | Article 1195

https://doi.org/10.1016/0014-4827(92)90360-K
https://doi.org/10.1016/j.autrev.2016.09.003
https://doi.org/10.1007/s12264-019-00418-0
https://doi.org/10.1016/j.jneuroim.2018.10.002
https://doi.org/10.3389/fmicb.2017.00270
https://doi.org/10.1080/09537104.2019.1585527
https://doi.org/10.1002/ana.24931
https://doi.org/10.4081/ejh.2010.e24
https://doi.org/10.1038/onc.2010.396
https://doi.org/10.5152/balkanmedj.2016.15881
https://doi.org/10.1016/S0002-9440(10)61762-2
https://doi.org/10.1089/thy.1996.6.575
https://doi.org/10.1038/s41598-020-58457-x
https://doi.org/10.3389/fimmu.2018.00096
https://doi.org/10.1016/j.jamcollsurg.2006.12.037
https://doi.org/10.1515/cmble-2015-0004
https://doi.org/10.1530/EC-18-0019
https://doi.org/10.1021/acs.analchem.9b03492
https://doi.org/10.1096/fj.201901446R
https://doi.org/10.1038/ni.1690
https://doi.org/10.1016/S0092-8674(00)81299-4
https://doi.org/10.1038/s41467-019-08332-9
https://doi.org/10.1038/s41590-018-0274-0
https://doi.org/10.1038/nature25500
https://doi.org/10.1038/ncomms7702
https://doi.org/10.1038/ni.3093
https://doi.org/10.1002/eji.200425483
https://doi.org/10.1111/j.1365-2567.2008.03014.x
https://doi.org/10.1038/s41590-018-0083-5
https://doi.org/10.1093/emboj/18.2.420
https://doi.org/10.1007/978-94-017-9487-9_2
https://doi.org/10.1126/science.274.5294.1903
https://doi.org/10.1002/j.1460-2075.1991.tb08059.x
https://doi.org/10.1016/j.cyto.2010.03.018
https://doi.org/10.1210/jc.2014-3011
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles

	Circulating microRNA Expression Profiling Identifies miR-125a-5p Promoting T Helper 1 Cells Response in the Pathogenesis of Hashimoto's Thyroiditis
	Introduction
	Materials and Methods
	Subjects and Samples
	Cell Isolation and Purification
	RNA Library Preparation and miRNA Sequencing
	miRNA Profiling Analysis
	RNA Extraction and qRT-PCR
	Flow Cytometry Analysis
	miRNA Transfection
	Luciferase Reporter Assay
	Statistical Analysis

	Results
	miRNA Expression Profiles in HT Patients
	Validation of Selected miRNAs by qRT-PCR
	Predicted Functions and Pathways of Differentially Expressed miRNAs in HT
	Prediction of Potential miRNA Target Genes
	Correlation Between miR-125a-5p and MAF Expression in Peripheral Blood From HT Patients
	MAF Is a Functional Target of miR-125a-5p
	miR-125a-5p Contributes to Increased Circulating Th1 Cells in HT Patients
	MiR-125a-5p Expression in HT Patients Is Associated With Thyroid Antibodies
	MiR-125a-5p Expression in Thyroid Tissues From HT Patients
	Potential Diagnostic Value of miR-125a-5p in HT Patients

	Discussion
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	Acknowledgments
	Supplementary Material
	References


