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Abstract

Children exposed to common aeroallergens may develop
asthma that progresses into adulthood. Inflammation regu-
lated by T helper 2 (Th2) cells, a specific subpopulation of
CD4+ T lymphocytes, is involved in asthmatic injury. Herein,
our microarray data indicated that microRNA-451a-5p (miR-
NA-451a) expression decreased by 4.6-fold and ETS proto-
oncogene 1 (ETS1) increased by 2.2-fold in the peripheral
blood lymphocytes isolated from asthmatic children (n = 4)
as compared to control individuals (n = 4). The negative cor-
relation between miRNA-451a and ETS1 was further validat-
ed in 40 CD4+ T cell samples (10 healthy vs. 30 asthmatic
samples). In vitro, naive CD4+ T cells isolated from control
individuals were cultured under Th2 cell polarizing condi-
tion. miRNA-451a expression decreased while ETS1 in-
creased in CD4+T cells in the setting of Th2 cell polarization.
Moreover, miRNA-451a knockdown enhanced Th2 cell po-
larization - cells positive for both GATA3 (GATA binding pro-
tein 3,a Th2-transcription factor) and CD4 increased, and the
generation of Th2 cell cytokines, interleukin (IL)5 and IL13,
increased. In contrast, miRNA-451a overexpression inhibited

Th2 cell differentiation. Interestingly, dual-Luciferase assay
proved ETS1 as a novel target of miRNA-451a. Moreover, en-
forced expression of ETS1 partially restored miRNA-451a-
induced inhibition of IL5 and IL13, and increased the
GATA3+CD4+ cell population. Collectively, our work dem-
onstrates that downregulation of miRNA-451a upregulates
ETS1 expressionin CD4+ T cells, which may contribute to Th2
cell differentiation in pediatric asthma.

© 2020 The Author(s)
Published by S. Karger AG, Basel

Introduction

As a common chronic immunological disease, asthma
affects people from childhood to adulthood [1]. Children
exposed to common aeroallergens may develop asthma
that progresses into adulthood [2, 3]. Such clinical find-
ings highlight the urgent need to identify the underlying
mechanisms of asthma that occurs in early life. Sensitiza-
tion of the airways to aeroallergens commonly results
from selective expansion of T lymphocytes, particularly T
helper 2 (Th2) cells [4, 5]. Th2 cells, a specific subpopula-
tion of CD4+ T cells, are known to generate a group of
type 2 cytokines, including interleukin (IL)4, IL5, and
IL13, to orchestrate the asthma-associated airway granu-

© 2020 The Author(s)
Published by S. Karger AG, Basel

This article is licensed under the Creative Commons Attribution-
NonCommercial-NoDerivatives 4.0 International License (CC BY-
NC-ND) (http://www.karger.com/Services/OpenAccessLicense).
Usage and distribution for commercial purposes as well as any dis-
tribution of modified material requires written permission.

karger@karger.com
www.karger.com/jin

il
Karger~

B OPEN ACCESS

Yunxiao Shang

Department of Pediatrics, Shengjing Hospital of China Medical University
36 Sanhao Street

Shenyang 110004 (PR China)

yXs_yunxiao @ 126.com



locyte infiltration, excess mucus production, airway re-
modeling, and hyper-reactivity [6]. IL4 and IL5 is able to
facilitate eosinophil recruitment and B-cell class switch-
ing, establishing a plausible link between T cells produc-
ing these cytokines and allergic disease [7]. Recent studies
have discovered that type 2 innate lymphoid cells (ILC2s)
acting similarly to Th2 cells are critical effectors of the
type 2 immune response to allergens and implicated in
asthma [8, 9]. Considering asthma as a disease resulting
from type 2 inflammation, lymphocytes (T cells and
ILC2s) have been recognized as contributors to asthma
pathogenesis [7]. Glucocorticoids with the capability of
suppressing the type 2 inflammatory response are the
most effective drugs used in treating asthma [1, 10]. How-
ever, a high dose and prolonged use of these drugs leads
to varied local and systemic side effects [1]. More specific
inhibitors of type 2 inflammation, such as anti-IL5 anti-
body, have been introduced into the clinic to treat asthma
[11]. Understanding the molecular mechanisms underly-
ing the type 2 inflammation in the setting of asthma will
help to develop novel therapeutic strategies for childhood
asthma.

As endogenous small RNA molecules, the microRNAs
(miRNAs) are identified as regulators of post-transcrip-
tional gene silencing and control the expression of ap-
proximately 30% of all genes [12]. There is an increasing
attention on miRNAs because of their functional effect on
polarization of CD4+ T cells [13-15]. Intensive effort has
been devoted to identifying the miRNA-gene axes in-
volved in asthma-associated type 2 inflammation.

In this study, data mining from the present miRNA
and mRNA microarray results showed that the expres-
sion of miRNA-451a-5p (referred to miRNA-451a) mark-
edly decreased in lymphocytes from children with asth-
ma. We also noted that the expression of miRNA-451a
was negatively correlated with that of ETS proto-onco-
gene 1 (ETSI1), a predictive target of miRNA-451a. Al-
though a previous study revealed that downregulation of
miRNA-451a contributes to the activation and prolifera-
tion of CD4+ T cells [16], its role in Th cell polarization
in pediatric asthma is unknown. ETS1 belongs to the ETS
family of transcription factors and possesses a conserved
ETS DNA binding domain that recognizes the core con-
sensus DNA sequence GGAA/T present in target genes
[17]. Interestingly, loss of ETS1 impaired the generation
of Th2 cytokines, IL5 and IL13, in ILC2s, another cell
population that regulates type 2 allergic inflammation [6,
18]. This study suggests a requirement of ETS1 expres-
sion for the differentiation of type 2 inflammation-related
immune cells. A hypothesis that elevation of ETS1 con-

miRNA-451a Downregulation
Contributes to Th2 Cell Polarization

Table 1. Clinical characteristics

Controls Asthmatic  p value
children (Student
t test)

Female, n 1 1 -
Male, n 3 3
Recurrent wheezing no yes -
Age, years 6.5+2.4 6.8+2.4 0.89
Height, cm 120.5+14.1 128.8+12.5 0.41
FEVy, % (B, agonist)  0.14+1.66 14.7+2.5 <0.001
Serum IgE, IU/mL 26.9+10.3 219.2+63.4 0.001

Data are presented as the mean + SD, or as indicated. p < 0.05
was considered significant.

tributes to Th2 cell polarization in pediatric asthma is
proposed. Whether ETSI is regulated by miRNA-451a
requires further elucidation.

In this study, expanded CD4+ T cell samples were iso-
lated from children with asthma and controls, and the
correlation between miRNA-451a and ETS1 expression
was determined. Moreover, miRNA-451a gain- and loss-
of-function experiments were performed to study its role
in Th2 cell differentiation in vitro.

Materials and Methods

Human Samples

According to recommendations of the Global Initiative for
Asthma (GINA), asthmatic children whose forced expiratory vol-
ume in 1 s (FEV;) increased by 12% following the inhalation of 3,
agonist were recruited in Shengjing Hospital of China Medical
University, and their clinical details are summarized in Table 1.

Microarrays

A blood sample (4-6 mL) from each participant was mixed
with lymphocyte separation medium (P8610, Solarbio, Beijing,
China) to isolate lymphocytes via centrifugation (1,000 g, 30 min,
room temperature). Lymphocytes lay between the plasma layer
and separation medium. The purity of lymphocytes was confirmed
with Wright-Giemsa stain. Total RNAs were extracted from the
lymphocytes (2 x 10° per sample) collected from 4 asthmatic and
4 healthy children. The miRNA and mRNA expression profiles
were obtained via Agilent human miRNA microarray containing
probes for 2,549 mature miRNAs (ID 070156) and gene microar-
ray containing probes for 18,463 genes (ID 084410; Agilent Tech,
Santa Clara, CA, USA). In brief, RNAs were quantified via Nano-
Drop ND-2000 (Thermo Scientific, Pittsburgh, PA, USA) and
their integrity was tested with Bioanalyzer 2100 (Agilent Tech). A
sample of RNA integrity number >7 and 285/18S >0.7 was used as
the template. One sample was divided into two parts for miRNA
and mRNA microarrays. Sample labeling and microarray hybrid-
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ization were performed at Shanghai OE Biotech Co. Ltd (Shanghai,
China). Raw data were scanned with a Scanner G2505C (Agilent
Tech) and exported via Feature Extraction software (Agilent
Tech). The Student ¢ test was used to analyze the difference be-
tween the two groups. A fold change (FC) 22 and p value <0.05
were used to select differentially expressed miRNAs and mRNAs.
A hierarchical clustering heatmap was used to show the expression
patterns of miRNAs and genes among samples. The normalized
signal intensities were analyzed and calculated with the Pearson
correlation coefficient (PCC) to evaluate the correlation between
miRNAs and genes. A miRNA-gene pair with PCC r < -0.7
(p value <0.05) was considered a significant correlation.

Culture of CD4+ Cells and Th2 Cell Differentiation

Lymphocytes collected from mixed blood samples from 4 healthy
children were subjected to isolation of CD4+ cells. Briefly, lympho-
cytes (1 x 107) suspended in an 80-pL buffer were incubated with 20
pL of CD4 microbeads (130-045-101; Miltenyi Biotec, Bergisch
Gladbach, Germany) for 15 min at 4 °C. After washing, the cell-bead
mixture was centrifuged at 300 g for 10 min and cell pellets were col-
lected and then separated via MACS separator according to the man-
ufacturer’s protocols. The purity of CD4+ cells was over 95% as con-
firmed with flow cytometry assay (online suppl. Fig. s1; for all online
suppl. material, see www.karger.com/doi/10.1159/000509714). The
demographic and clinical characteristics of all participants are in-
cluded in online supplementary Table s1.

The isolated CD4+ cells were added to 24-well plates coated
with anti-CD3 and anti-CD28 antibodies (16-0037-81 and 16-
0289-81, eBioscience, Shanghai, China). Cells were first cultured in
RPMI-1640 (Gibco, Grand Island, NY, USA) supplemented with
30 IU/mL IL2 (11848-HNAE, Sino Biological Inc., Beijing, China)
and 10% fetal calf serum for 48 h, and then replaced by the medium
with 100 IU/mL IL2 for approximately 14 days to allow cell expan-
sion (purity >90% determined with flow cytometry). Thereafter,
the cells were maintained in RPMI-1640 supplied with 1 ug/mL
anti-CD3 and 2 pg/mL anti-CD28 antibodies (eBioscience).

To induce Th2 cell differentiation, naive CD4+ T cells were
incubated with 10 ng/mL of IL4 and 10 pg/mL of anti-IFN-y for
96 h. Thereafter, these cells were treated with 50 ng/mL of phorbol-
12-myristate-13-acetate (PMA; MCE, Monmouth Junction, NJ,
USA) and 2 pm of ionomycin (Aladdin, Shanghai, China) for an
additional 6 h.

Flow Cytometry

CD4+ cells (5 x 10°) suspended in 100 uL of PBS were incu-
bated with 2 pL of anti-CD4 FITC antibody (130-113-775; Milte-
nyi Biotec) and/or 2 pL of anti-GATA3 PE antibody (130-109-161,
Miltenyi Biotec) in the dark at 4 °C for 10 min. Cells were washed
with 1 mL of buffer, centrifuged at 300 g for 10 min, and then ana-
lyzed with flow cytometer (NovoCyte, San Diego, CA, USA).

Lentivirus Infection

miRNA-451a (MIMAT0001631: 5’ -aaaccguuaccauuacugaguu-
3"), miR-3646 (MIMAT0018065: 5'-aaaaugaaaugagcccagecca-3'),
and ETS1 (NM_005238) overexpression, and miRNA-451a and
miR-3646 knockdown in CD4+ T cells were mediated by lentivirus
systems: TET-PLKO-PURO (Addgene, Cambridge, MA, USA) for
miRNA-451a and miR-3646, and PLJM1-FLAG (FenfhuiBio,
Changsha, China) for ETS1. High-titer lentiviruses (108 TU/mL),
including LV-miRNA-45la, LV-anti-miRNA-45la, LV-mi-
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Table 2. Real-time qPCR primers

Name 5/ -3/

IL5F atctttcagggaataggc
IL5R aagaaactcttgcaggtag
IL13 F gcatggtatggagcatcaa
IL13R agcatcctctgggtcttct
ETSIF tctgacccagatgaggtg
ETSIR tttgtcgtaatagtagcgtag
CDHI11F ggggaggaagtaggaagagt
CDHIIR gtgtttcatagtcegttgtg
MYO3AF tttatctgggtgtctcge
MYO3AR ttccctgactgtctttcee
PABPC3 F ccaggcttacctcactaacg
PABPC3 R ggttctgagtctgtgggaca
miRNA-1246 F atggatttttggagcagggt
miRNA-1246 R gcagggtccgaggtattc
miRNA-3646 F ggatttttggagcagggtt
miRNA-3646 R gcagggtccgaggtattc
miRNA-133b F cgtttggtccecttcaacc
miRNA-133b R gcagggtccgaggtattc
miRNA-4449 F ggggctgcgcgaggeagt
miRNA-4449 R gcagggtccgaggtattc
miRNA-451a F aaaccgttaccattactgagtt
miRNA-451a R gtgcagggtccgaggtattc

RNA-3646, LV-anti-miRNA-3646, LV-ETSI overexpression, and
negative controls (NC) were obtained according to the suppliers’
instructions. CD4+ T cells (5 x 10° cells) seeded in 6-well plates
were maintained in Th2 differentiation media for 24 h, and then
infected with viruses atan MOI of 20. Seventy-two hours later, cells
were stimulated with PMA and ionomycin for an additional 6 h.

PmirGLO Dual-Luciferase Assay

There were 2 potential binding sites on ETS1 for miRNA-451a
as predicted via the mirnada database. The wild-type (WT-1 and
WT-2) fragments and mutants (MT-1 and MT-2) were inserted
into pmirGLO dual-luciferase expression vector. PmirGLO plas-
mids and miRNA-451a/NC mimics were transfected into 293T
cells. Normalized firefly luciferase activity (firefly/Renilla lucifer-
ase activity) was compared to that of cells transfected with pmir-
GLO-WT and NC mimics. The luciferase activity was averaged
from 3 replicates.

Western Blot Assay

Protein fractions were extracted from 1 x 10° cells with RIPA
Lysis Buffer (SolarBio, Beijing, China), and quantified with a BCA
kit (Beyotime, Shanghai, China). Proteins (15-20 pg) were sepa-
rated on SDS-PAGE before transferring onto PVDF membranes
(Millipore, Billerica, MA, USA). Membranes were incubated with
5% (M/V) non-fat milk for 60 min, and incubated overnightat 4°C
with antibodies (all from ABclonal, Shanghai, China) against ETS1
(A13302, 1:1,000), IL5 (A7690, 1:1,000), and IL13 (A2089, 1:500),
followed by incubation with IgG-HRP for 60 min. After visualiza-
tion, blot intensities were analyzed with Gel Pro-analyzer. GAPDH
(60004-1-Ig, 1:10,000; ProteinTech, Rosemont, IL, USA) was used
as a control.
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Quantitative Real-Time PCR

Cellular RNAs were isolated via an RNAsimple extraction kit
(TTANGEN Biotech, Beijing, China), quantified via NanoDrop
ND-2000, and reversely processed into cDNAs via a reverse tran-
scription (RT) primer for mRNA expression detection, and via a
loop primer (5'-gttggctctggtgcagggtecgaggtattcgeaccagagecaa-
caactca-3') for miRNA-45la expression detection. Real-time
qPCR was carried out on an Exicycler 96 sequence detection sys-
tem (Bioneer, Daejeon, Korea) according to the manufacturer’s
protocols. The mRNA expression was normalized to GAPDH,
while the miRNA-451a expression was normalized to U6. The
primers for real-time qPCR are listed in Table 2.

Enzyme-Linked Immunosorbent Assay

Cell supernatants were collected and diluted (1:2 for IL5 and 1:
5 for IL13). The contents of IL5 and IL13 in cell supernatant were
determined with enzyme-linked immunosorbent assay (ELISA)
kits (LIANKE Biotech Co. Ltd, Hangzhou, China) according to the
manufacturer’s protocols.

Statistics

One-way ANOVA followed by Bonferroni’s multiple compar-
ison test was used to analyze data from multiple groups. The Stu-
dent t test was used to analyze data between the two groups. p val-
ues <0.05 were considered statistically significant.

Results

Downregulation of miRNA-451a and Upregulation of

ETSI Were Observed in Lymphocytes Derived from

Children with Asthma

The population characteristics of age- and sex-
matched asthmatic and healthy children are shown in
Table 1. The average FEV value (p, agonist) and serum
IgE value of asthma patients were 14.7% and 219.2 IU/
mL, which were significantly higher than those of the
control individuals. Lymphocytes were extracted from
the whole blood of each participant and analyzed with
miRNA and mRNA microarrays. miRNAs and mRNAs
with FC 22 and p < 0.05 were considered differentially
expressed. Two miRNAs were upregulated and three
were downregulated in asthmatic lymphocytes (Fig. 1a,
b). miRNA-451a with an FC of 4.6, and a p value of
0.008 (asthma vs. control) was selected for the following
study due to its regulatory role in the activation and
proliferation of CD4+ T cells [16]. Real-time qPCR was
performed to validate the expression of differentially
expressed miRNAs and genes using RNA samples sub-
jected to microarray analysis as templates (online suppl.
Fig. s2A, B).

The expression of miRNA-451a was further analyzed
in expanded CD4+ T cell samples (10 healthy and 30 asth-
matic children). Our data demonstrated that miRNA-

miRNA-451a Downregulation
Contributes to Th2 Cell Polarization

451a was downregulated in CD4+ T cells derived from
children with asthma (online suppl. Fig. s2C).

Moreover, 355 mRNAs were upregulated and 346
were downregulated in asthmatic lymphocytes as com-
pared to control cells (Fig. 1¢, d). The correlation between
miRNA-451a and differentially expressed mRNAs was
calculated with PCC based on microarray data. mRNAs
with a negative correlation to miRNA-451a were screened
according to a PCC r value <-0.7 and p value <0.05. A
total of 197 mRNAs were identified (Fig. 1e). In addition,
the potential targets of miRNA-451a were predicted with
miranda software. Targets with a score over 140 (58
genes) were cross-checked with the above 197 mRNAs,
and 29 genes were screened out, including ETS1 (Fig. le;
online suppl. Table s2).

Results from real-time qPCR showed that ETS1 sig-
nificantly increased in CD4+ T cells from children with
asthma (online suppl. Fig. s2D). We also analyzed the
correlation between miRNA-45la and ETS1 in 10
healthy and 30 asthmatic samples, and found a negative
correlation between their expression (Fig. 1f; r = -0.4,
p=0.03).

miRNA-451a Overexpression Inhibits the

Differentiation of CD4+ T Cells towards Th2 Cells

Naive CD4+ T cells were maintained in Th2 differen-
tiation culture media for 96 h. Cells positive for both
GATA3 (GATA binding protein 3, a Th2 transcription
factor) and CD4 were analyzed with flow cytometry assay
(Fig. 2a). Moreover, cells were double stained with
GATA3 and CD4 in the setting of Th2 differentiation in-
duction. The expression levels of Th2 cell cytokines (IL5
and IL13) and miRNA-451a were detected with real-time
qPCR. A significant elevation in IL5 and IL13 also indi-
cated differentiation towards Th2 post-induction
(Fig. 2b). Interestingly, the expression of miRNA-451a
decreased and that of ETS1 increased in response to Th2
polarization (Fig. 2c).

Fig. 1. Downregulation of miRNA-451a and upregulation of ETS1
observed in lymphocytes derived from children with asthma (CA).
a, ¢ Volcano blots showed downregulated miRNAs as blue dots,
and upregulated miRNAs as red dots. b, d All differentially ex-
pressed miRNAs and mRNAs are shown in heatmaps. Each row
represents an miRNA or an mRNA, and each column indicates a
sample. e The predictive targets of miR-451a with expression levels
negatively correlated with miR-451a based on microarray data are
shown in the Venn diagram. f The expression correlation between
miR-451a and ETS1 CD4+ T cell samples from 10 control and 30
asthmatic children was analyzed with the Spearman correlation
test (p < 0.05). (For legend see next page.)
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Anti-miRNA-451a lentiviruses were used to block the
expression and function of endogenous miRNA-451a in
CD4+ T cells cultured in Th2 differentiation medium
(online suppl. Fig. s3A, B). Silencing of miRNA-451a fur-
ther upregulated the GATA3+CD4+ cell percentage and
augmented the production of IL5 and IL13 induced by
Th2 differentiation medium (Fig. 3a, b, e). In contrast,
overexpression of miRNA-451a displayed opposite ef-

miRNA-451a Downregulation
Contributes to Th2 Cell Polarization

in naive CD4+ T cells under Th2 polarizing conditions. ¢ The lev-
el of miRNA-451a and ETS1 was analyzed by qRT-PCR or West-
ern blot. Statistically significant differences in b and ¢ were ana-
lyzed by two-tailed unpaired ¢ test (n = 3). ** p < 0.01, *** p < 0.001.

fects (Fig. 3c, d, f). These data suggested that miRNA-
451a downregulation was required for Th2 cell differen-
tiation.

Aside from miRNA-451a, miRNA-3646 had an FC of
4.8 (p=0.04). We additionally explored its role in regulat-
ing Th2 cell differentiation by gain- and loss-of-function
experiments. The efficiency of lentivirus-mediated over-
expression or knockdown of miR-3646 was determined
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Fig. 4. miRNA-451a directly targets ETS1 in CD4+ T cells in vitro.
a, ¢ Miranda (http://www.microrna.org/microrna/home.do) and
RNAhybrid (https://bibiserv.cebitec.uni-bielefeld.de/rnahybrid)
were used for target prediction. Sequence information of ETS1 WT
and mutant-type (MT) 3'UTR. These fragments were inserted into
pmirGLO plasmids, and co-transfected into 293T cells together
with miRNA-451a mimics or NC mimics. b, d The relative lucif-
erase activity was determined and analyzed with one-way ANO-
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VA. Additionally, CD4+ T cells were induced with Th2 cell differ-
entiation followed by infection with LV-anti-miRNA-451a and
LV-miRNA-451a. The expression levels of ETS1 were analyzed by
Western blot (e) and real-time qPCR (f). Data in e and f are shown
as the mean + SD from three separate experiments, with two-tailed
unpaired t test (n = 3). ** p <0.01, *** p < 0.001. NC, negative con-
trol.
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Fig. 5. miRNA-451a inhibits Th2 cell differentiation through
downregulating ETS1. Cells overexpressing miRNA-451a were in-
fected with LV-OE-ETS1 or LV-OE-NC. a Representative images
of flow cytometry analysis showing GATA3+CD4+ cells. b The
mRNA levels of IL5 and IL13 were analyzed by qRT-PCR. ¢ The
protein expression of ETS1, IL5, and IL13 were determined with

by real-time qPCR analysis (online suppl. Fig. s3C, D).
Interestingly, reduction in the GATA3+CD4+ cell popu-
lation and production of IL5 and IL13 indicated that miR-
3646 also inhibited the differentiation of Th2 cells in vitro
(online suppl. Fig. s4). Genes that were potential targets
for miR-3646 with negative miRNA-gene correlation
based on the microarray data are listed in online supple-
mentary Table s2. With the information listed in online
supplementary Table s2, their function can be found in
GeneCards (https://www.genecards.org/).

miRNA-451a Directly Targets ETS]1

As predicted, miRNA-451a may target ETS1 through
two areas on its 3'UTR (Fig. 4a, ¢). Dual-luciferase results
indicated that the miRNA-451a mimic significantly re-
duced the relative luciferase activity of ETS1 WT 3'UTR,
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Western blot. d ELISA analysis of IL5 and IL13. The quantitative
analysesin b and care presented as the mean + SD calculated based
on three separate experiments with two-tailed unpaired ¢ tests
(n=3).**p<0.01, *** p < 0.001. NC, negative control; OE, over-
expression.

but not that of mutant 3'UTR (Fig. 4b, d). The inhibitory
effects of miRNA-451a on both WT fragments were com-
parable to each other.

CD4+ T cells in Th2 cell polarization medium were
further infected with LV-anti-miRNA-451a or LV-miR-
NA-451a. Data from real-time qPCR and Western blot
demonstrated that ETS1 expression was upregulated fol-
lowing miRNA-451ainhibition, but downregulated when
miRNA-451a was overexpressed (Fig. 4e, f). These data
together with the dual-luciferase results confirmed ETS1
as a target of miRNA-451a for the first time.

miRNA-451a Inhibits Th2 Cell Differentiation

through Downregulating ETS1

To determine the role of ETSI in miRNA-451a-medi-
dated Th2 differentiation, ETS1 was additionally re-ex-
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pressed in cells overexpressing miRNA-451a (online sup-
pl. Fig. s5). The results illustrated that ETS1 re-expression
increased the Th2 cell portion and augmented the gen-
eration of IL5 and IL13 (Fig. 5a-d). These data demon-
strated that miRNA-451a did suppress Th2 cell differen-
tiation by targeting ETS1.

Discussion

By analyzing the expression of miRNA-451a and ETS1
in CD4+ T cells isolated from lymphocyte samples from
healthy and asthmatic children, we first found an opposite
expression pattern between them. miRNA-451a expres-
sion spontaneously decreased in CD4+ T cells under Th2
induction, whereas ETS1 increased. In vitro, we identified
a novel suppressive role of miRNA-451a on Th2 differen-
tiation, in which ETS1 silencing was involved.

The information of miRNA and mRNA expression
profiles obtained from microarrays paved the way to
identify novel molecules involved in the pathology of pe-
diatric asthma. In agreement with previous studies, our
microarray results reported a downregulation of miRNA-
451ain CD4+ T cells of asthmatic children [19]. Our data
further illustrated that miRNA-45la downregulation
concurrently occurred with Th2 cell polarization, and
that antagonizing its function enhanced the generation of
Th2 cytokines, IL5 and IL13. Additional gain-of-function
analysis showed that miRNA-451a inhibited the differen-
tiation of Th2 cells. Our work identified for the first time
miRNA-451a as a negative regulator for Th2 polarization.
Inconsistent with our findings, Cheng et al. [20] demon-
strated that miRNA-451a deficiency led to reduced pro-
duction of IL4 in mice with systemic lupus erythemato-
sus. Their study suggests that miRNA-451a upregulation,
but not its downregulation, is required for Th2 polariza-
tion. This phenomenon implies that the role of miRNA-
451a in regulating the polarization of Th cells may differ
in different immune diseases. As a highly conserved miR-
NA, the sequences of homo, mmu, rno miRNA-451a were
the same (http://mirbase.org). Additional experiments
on rodent models are needed to better elucidate the role
of miRNA-451ain Th2 polarization in childhood asthma.

A total of 29 upregulated genes were identified as po-
tential targets for miRNA-451a. Among them, ETS1, a
molecule that was previously found to be associated with
Th2 polarization [21, 16], drew our attention. As a tran-
scription factor, ETS1 cooperated with GATA-3 to acti-
vate the IL5 promoter in Jurkat cells through a GGAA/T
motif [21]. Despite lack of evidence for ETS1 in regulating

miRNA-451a Downregulation
Contributes to Th2 Cell Polarization

the activity of the IL13 promoter, a previous study illus-
trated that ETS1 deletion suppressed IL13 generation in
ILC2s [18], suggesting its positive regulatory role in pro-
moting IL13 expression. We analyzed the promoter se-
quence of IL13 with the JASPER database (http://jaspar.
genereg.net/analysis) and found several potential binding
sites for ETS1 within its promoter (<-1,000 bp). All the
previous evidence suggests ETS1 as a contributor to Th2
cell differentiation. ETS1 expression, in contrast to miR-
NA-451a, was elevated during IL4-induced Th2 cell ex-
pansion in vitro. Additional dual-Luciferase results con-
firmed ETSI1 as a novel target for miRNA-451a. These
data together with previous findings suggest that mi-
RNA-451a possibly suppresses Th2 polarization by in-
hibiting ETS1.

The transcriptional activation effect of ETS1 on IL5/
IL13 has been demonstrated before [21] or is foreseeable
(JASPER database). Our present data directly demon-
strated that elevating ETS1 expression in CD4+ T cells
enhanced the transcription of IL5 and IL13, implying
ETS1 may act on their promoter. Previous studies also
showed a different functional role of ETS1 than regulat-
ing the transcription of Th2 cytokines. Li and Lau [22]
demonstrated that the sequential mutation of ETS1 bind-
ing sites inhibited the promoter activity of IL10, a maker
for regulatory T (Treg) cells. The immunodeficiency vi-
rus trans-activator (Tat) is a strong inducer of IL10 pro-
duction [23]. ETS1 could further enhance Tat-induced
IL10 transcription [22]. In addition, exosomes carrying
miRNA-451a promoted Th17 cell differentiation within
the tumor microenvironment [24]. These findings along
with ours suggest that, under different polarizing condi-
tions for varied types of CD4+ Th cells, ETS1 may selec-
tively bind to the promoter of genes encoding different
types of Th cytokines. Further exploration of whether
miRNA-451a-ETS1 interaction affects the balance among
different types of CD4+ Th cells will help with the grow-
ing understanding of molecular and cellular mechanisms
of childhood asthma.

Besides ETS1, another 28 genes were identified as po-
tential targets for miRNA-451a. These genes could be an-
notated into multiple signaling pathways (data not
shown). Some of these pathways, including Janus kinase-
signal transducer and activator of transcription (JAK-
STAT), RAS, and MAPK signaling pathways, have been
reported to play an important role in orchestrating type
2 allergic inflammation [25-27]. Such results inspire us
to further explore the cellular mechanisms underlying
miRNA-451a-mediated Th2 polarization in pediatric
asthma.
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In conclusion, we have demonstrated that miRNA-
451a downregulation and the subsequent ETS1 elevation
contribute to the type 2 allergic inflammatory response.

Our work reveals the deregulated miRNA-451a-ETS1

axis as a novel molecule mechanism that underlies the

pathogenesis of childhood asthma.
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