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Abstract: MicroRNAs (miRNAs) are known to function as negative gene regulators. Recently, miRNAs have been 
shown to regulate immunity processes; however, the mechanism is unclear. The role of microRNA-214 (miR-214) in 
dendritic cell (DC) maturation has not been investigated. We found that the miR-214 level was correlated with the 
maturation of DCs and inflammatory cytokine secretion, as depressed miR-214 levels induced DC tolerance. We 
also identified β-catenin as a target gene of miR-214 and demonstrated its association with Treg cell differentiation. 
MiR-214 regulates gene expression by binding to the 3’UTR of β-catenin. The results suggest that β-catenin is a criti-
cal regulator of tolerance in DCs via miR-214. The expression of miR-214 could be a potential therapeutic strategy 
in organ transplantation or autoimmunity patients.
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Introduction

MicroRNAs (miRNAs) are noncoding RNAs that 
are critical regulators and bind to the 3’ untrans-
lated region (UTR) of mRNA, leading to mRNA 
translational repression and/or degradation in 
the cytoplasm [1, 2]. MiRNAs play an essential 
role in several cell functions, including cell pro-
liferation, differentiation, metabolism, apopto-
sis, and metastasis [3-5]. MiR-214 is a miRNA 
that is clustered with miR-199a and up-regulat-
ed by the transcriptional repressor Twist1 [6, 
7]. Epithelial ovarian cancer stem cells express 
high levels of β-catenin, which is one of the 
stem cell markers associated with low miR-214 
levels [8, 9].

Dendritic cells (DCs) are important for initiating 
robust immunity against pathogens by main-
taining immunological tolerance. Antigen-
presenting cells (APCs), such as DCs and mac-
rophages, are specialized immune cells that 
play a vital role in stimulating immune respons-
es [10-12]. Recent studies have shown that DC 
immune responses are suppressed by T regula-
tory cells (Treg cells) [13-15]. DCs express 
pathogen-recognition receptors (PRRs) [16-18] 
and initiate downstream signaling cascades 

that lead to adaptive immune responses [12, 
15, 19]. PRRs can activate DCs and cytokines, 
which regulate the differentiation of naive CD4+ 
T cells into inflammatory T helper 1 (Th1), Th17 
or Treg cells to help regulate immunity and 
tolerance.

A recent study found that Wnt-β-catenin signal-
ing regulates the inflammatory responses of 
DCs via IL-10, TNF-β and Treg cells. It was also 
shown that the down-regulation of β-catenin 
levels in DCs enhances inflammatory respons-
es [9]. In this study, we analyzed the roles of 
miR-214 in the regulation of DC differentiation 
and maturation as well as the roles of secreted 
cytokines in inducing T-cell proliferation in vitro. 
In addition, we analyzed the stimulation of regu-
latory T cells by DCs. Our results showed that 
miR-214 directly down-regulates the expression 
of β-catenin by targeting the 3’-UTR and further 
suppresses the generation of Treg cells.

Materials and methods

Animals

Female C57BL/6 mice (aged 6-8 weeks) were 
purchased from the Academy of Military Medical 
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Science (Beijing, China). The experiments were 
performed in accordance with the guidelines 
for animal care and were approved by the 
Animal Ethics Committee of Tianjin Medical 
University (Tianjin, China).

miR-214 lentivirus-mediated overexpression 
and inhibition 

The mouse miR-214 coding region and the 
downstream region of the cytomegalovirus pro-
moter with a modified lentiviral vector were 
generated from pCDH-CMV-MCS-EF1-puro 
(CD510B-1; System Bioscience). The control or 
miR-214 inhibition encoding mutant was cloned 
into the PLKO.1 vector (addgene) according to 
the manufacturer’s instructions.

Cell culture and treatment

Primary DCs were cultured from C57BL/6 
mouse bone marrow (BM) according to an 
established protocol with some modifications 
[20]. Briefly, BM was isolated from the hind legs 
bones, and the cells were resuspended after 
being passed through a 70 μm cell strainer. A 
mouse cell line (DC2.4) was purchased from 
ATCC (American Type Culture Collection, 
Manassas, VA, USA). The cells were cultured to 
1×106 cells/ml at 37°C with 5% CO2 in 6-well 
plates in RPMI 1640 medium (Gibco, Uxbridge, 
UK) containing 10% FBS (Gibco), 100 U⁄ml  
penicillin, 100 μg/ml streptomycin, 10 ng ⁄ml 
murine granulocyte-macrophage colony-stimu-
lating factor (GM-CSF) and 2 ng ⁄ml murine IL-4 
(PeproTech Inc., Rocky Hill, NJ, USA). The cell 
medium was changed after 2 days. 

DC maturation

DCs were cultured with 100 ng/ml LPS (Sigma-
Aldrich Co., St Louis, MO, USA) for 6 days, and 
cells were verified by flow cytometry via staining 
with CD80/83/86- and MHC II-specific 
antibodies. 

DC and Treg response in mice

A single cell suspension was isolated from the 
spleens of lentivirus-treated or control mice by 
mashing and passing the tissue through a cell 
strainer. Splenocytes from the lentivirus-treat-
ed or control mice were subjected to surface 
staining. The expression of CD11c/80/83/86 
and MHC-II was analyzed by staining cells (0.5-
1×106) with FITC-conjugated specific mAbs or 

isotype controls (eBioscience, San Diego, CA) 
diluted in PBS containing 1% BSA. Treg cells 
were stained according to the manufacturer’s 
protocol (eBioscience, San Diego, CA).

Flow cytometry analysis

Cells were harvested on day 5 for the analysis 
of BM-derived DC differentiation or on day 7 for 
the analysis of DC maturation. DCs were 
stained for the surface markers CD80/83/86 
and MHC-II using anti-mouse, fluorescence-
conjugated antibodies and were stained simul-
taneously with PE-conjugated CD11c antibody 
(BD Biosciences, CA, USA). A fluorescence-acti-
vated cell sorter (FACS) was used for the analy-
sis. The data were analyzed using FlowJo soft-
ware (Tree Star, Ashland, OR).

Reporter gene assay

HEK293T cells were maintained in DMEM and 
transfected with PEI (Polyplus). Wild-type or 
mutated 3’-UTR sequences of β-catenin were 
cloned into the pmirGLO vector (Promega). The 
dual-luciferase reporter gene construct (2 ng 
per well) and pCDH-miR-214 (100 ng per well) 
were cotransfected for 24 h, and luciferase 
activity was measured with the Dual-Luciferase 
Reporter Assay system (Promega). 

Quantitative real-time PCR assay

RNA was extracted using TRIzol reagent 
(Invitrogen, Carlsbad, USA) according to the 
manufacturer’s instructions. After RNA purifica-
tion, the samples were treated with DNase to 
remove contaminating genomic DNA. Reverse 
transcription was performed with random hex-
amers and M-MLV reverse transcriptase 
(Promega, Madison, USA). All other reverse 
transcription reagents were supplied by Takara 
(Takara, Japan). The gene-specific primers were 
synthesized at BGI (Beijing, China). For relative 
quantitative real-time PCR, SYBR Green mix 
(Roche, USA) was used according to the manu-
facturer’s instructions. The reactions were per-
formed in triplicate using an ABI PRISM 7500 
Fast Real-Time PCR System (Applied Biosystems 
Inc., Foster City, California, USA), and the gener-
ated products were analyzed using ABI 7500 
software (Version 2.0.6, Applied Biosystems 
Inc., Foster City, California, USA). The following 
primer pairs were used: Sense (5’-3’) Anti-
sense (5’-3’), IL-1β, GCAACTGTTCCTGAACTC- 
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AACT, ATCTTTTGGGGTCCGTCAACT; IL-4, GGTC- 
TCAACCCCCAGCTAGT, GCCGATGATCTCTCTCA- 
AGTGAT; IL-6, TAGTCCTTCCTACCCCAATTTCC, 
TTGGTCCTTAGCCACTCCTTC; IL-10, GCTCTTAC- 
TGACTGGCATGAG, CGCAGCTCTAGGAGCATGTG; 
TNF-α, CCCTCACACTCAGATCATCTTCT, GCTAC- 
GACGTGGGCTACAG; GAPDH, AGGTCGGTGTG- 
AACGGATTTG, TGTAGACCATGTAGTTGAGGTCA. 
Gene expression values were normalized based 
on GAPDH mRNA levels. Data are presented as 
the 2-ΔΔCt values and are representative of at 
least three independent experiments.

Western blot analysis

DC2.4 cells were lysed in a buffer containing 
10 mM Tris-buffer (pH 7.6), 1% Triton X-100, 1% 
phosphatase inhibitor cocktail and 1 mM PMSF. 
The lysates were boiled in sodium dodecyl sul-
fate (SDS) sample buffer and subjected to SDS-
PAGE. Rabbit monoclonal antibodies against 
β-actin and β-catenin were purchased from 
Abcam and were diluted 1:1000. Horseradish 
peroxidase-conjugated goat anti-rabbit immu-
noglobulin G (Santa Cruz Biotechnology, CA, 
USA) was used as the secondary antibody. 

Immunoreactive bands were identified using 
the ECL Western Blotting Detection System 
(Millipore Corporation, Billerica, MA, USA). 

Statistical analysis

One-way analysis of variance (ANOVA) was per-
formed. P < 0.05 was considered statistically 
significant. In addition, the standard deviations 
from the mean, expressed as the SD values or 
as equivalent error bars, were calculated.

Results

The successful overexpression and inhibition 
of miR-214 in DCs in vitro and in vivo

Lentiviral vectors were constructed via in vitro 
and in vivo miR-214 manipulation. Pre-miR-214 
(LV-214), a mutant miR-214 control (LV-ctrl)  
and its specific inhibitor (LV-anti-214) were 
designed, and the overexpression or inhibition 
of miR-214 in DCs were confirmed (Figure 1A). 
Recombinant lentivirus was injected into mice 
daily for 7 days, and the efficacy of lentivirus 
was measured by quantitative PCR analysis. 
Infection with LV-214 led to three-fold greater 
expression of mature miR-214 in spleen and 
1.9-fold greater expression in peripheral lymph 
nodes (Figure 1B).

Effect of miR-214 on the maturation of mouse 
BM-derived DCs

The flushed BM cells were incubated at 37°C 
with 5% CO2 in the presence of GM-CSF and 
IL-4 for 4 days. The various types of recombi-
nant lentivirus were added into culture medium 
with 8 μg/ml polybrene. The maturation of DCs 
was induced by culturing for an additional 24 h 
with LPS at a final concentration of 100 ng/ml 
on the sixth day of DC culture. DC maturation 
status was verified by flow cytometry after 
staining with FITC-CD80/83/86 and MHC-II 
specific Abs. We found that elevated miR-214 
promoted iDC maturation, whereas depressed 
miR-214 inhibited iDC maturation (Figure 2A). 
The results obtained using DC2.4 was similar, 
thus validating the effects of miR-214 on DC 
maturation results (Figure 2B).

Effect of miR-214 on the function of DC in vivo

We subsequently determined whether the dif-
ference was similar in the three groups of lenti-
virus-infected mice with ova antigen sensitiza-
tion. Splenocytes and lymph node cells were 

Figure 1. The mRNA expression levels of miR-214 in 
DC2.4 (A) and in splenocytes and lymph nodes cells 
(B) were determined by quantitative PCR after trans-
fection with three lentiviral vectors. All data were rep-
resentative of those obtained in three independent 
experiments and expressed as mean ± SEM. **P < 
0.01 vs. LV-ctrl.
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Figure 2. The expression levels of CD80, CD83, CD86 and MHC-ll in mouse BM-derived DCs (A) and DC2.4 (B) were examined by flow cytometry after transfection 
with three lentiviral vectors. 
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Figure 3. The expression levels of CD80, CD83, CD86 and MHC-ll in CD11c+ cells derived from mouse spleen (A) and lymph nodes (B) of mice treated with three 
lentiviral vectors were examined by flow cytometry.
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obtained from lentivirus-infected mice and 
were analyzed ex vivo for the expression of 
CD80/83/86 and MHC-II (Figure 3A, 3B). The 
result showed that the surface expression of 
CD80/83/86 and MHC-II was reduced in 
CD11c+ cell populations from the LV-anti-214-
treated mice compared with the LV-ctrl-treated 
mice. The expression levels of CD80/83/86 
and MHC-II were increased in CD11c+ cell pop-
ulations from the LV-214-treated mice com-
pared with the LV-ctrl-treated mice.

Effect of miR-214 on DC-secreted cytokines

DC-derived cytokines are required for the adap-
tive immune response. Therefore, we investi-

gated the potential effects of miR-214 on the 
regulation of the expression of T helper cell-
polarizing cytokines. The iDCs were treated 
with three types of lentivirus and stimulated 
with LPS for 24 h, and the steady-state levels of 
cytokine mRNAs were analyzed using quantita-
tive PCR (Figure 4). The results showed that 
anti-miR-214 substantially inhibited the pro-
duction of the inflammatory cytokines TNF-α, 
IL-1β and IL-6 and induced the production of 
the anti-inflammatory cytokines IL-4 and IL-10. 
These data suggest that anti-miR-214 sup-
presses the DC-mediated polarization of Th1 
and Th17 cells and might be useful for the 
treatment of autoimmune inflammatory diseas-
es that are mediated by Th1 and Th17 cells.

Figure 4. The mRNA expression lev-
els of IL-1β, IL-4, IL-6, IL-10 and TNF-α 
in mouse BM-derived DCs were deter-
mined by quantitative PCR after trans-
fection with three lentiviral vectors. 
All data were representative of those 
obtained in three independent experi-
ments and expressed as mean ± SEM. 
*P < 0.05, **P < 0.01 vs. LV-ctrl. 
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Expression of β-catenin in the overexpression 
and inhibition of miR-214 in DCs

The potential miR-214 targets were predicted 
using the program TargetScan28. It has been 
reported that negative regulators of DC differ-
entiation (Science, 2010), such as β-catenin, 
have putative miR-214-binding elements in the 
3’-untranslated regions (UTRs). In our study, we 
found that miR-214 inhibited the luciferase 
activity of a reporter containing the wild-type 
β-catenin 3’-UTR but not that of a mutated 
3’-UTR (Figure 5A), indicating that miR-214  
targets β-catenin. Consistent with this find- 
ing, miR-214 overexpression suppressed the 
expression of β-catenin, whereas miR-214 inhi-
bition promoted the expression of β-catenin 
(Figure 5B). Moreover, there was a similar cor-
relation between miR-214 and β-catenin pro-
tein levels (Figure 5C).

Effect of miR-214 on Treg cell differentiation 
in vivo

To directly demonstrate that β-catenin is a 
functional target of miR-214 in immunity, we 
isolated splenocytes and lymph nodes cell from 
lentivirus-infected mice with ova antigen sensi-
tization and analyzed the Treg cells. As shown 

in Figure 6A and 6B, miR-214 overexpression 
promoted Treg differentiation, whereas miR-
214 inhibition suppressed Treg differentiation. 
This result is consistent with the DC numbers, 
which indicated that miR-214 might infect DCs 
to suppress immune responses through the 
generation of Treg cells.

Discussion

MiRNAs are vital for controlling immune system 
processes, including cell differentiation and 
homeostasis, cytokine responses, interactions 
with pathogens and tolerance induction [21]. 
Defects in miRNAs have been associated with 
oncogenesis and other diseases [22-24]. In this 
study, our data suggest that miR-214 is a 
DC-associated miRNA that functions as a regu-
lator of β-catenin signaling. First, we observed 
that miR-214 expression was correlated  
with β-catenin levels. We also demonstrated 
that miR-214 overexpression suppresses the 
expression of β-catenin and that miR-214 inhi-
bition enhances the expression of β-catenin. 
Second, we demonstrated that miR-214 
expression affects DC functions, and miR-214 
influences iDC maturation and cytokine secre-
tion in response to LPS stimulation. Third, we 
showed that miR-214 might regulate Treg cells 

Figure 5. (A) Luciferase activity of reporter carrying the mutated (Mut) or wild-type (WT) β-catenin 3’ UTR cotransfect-
ed into HEK293T cells with wildtype miR-214. The mRNA (B) and protein (C) expression levels of β-catenin in DC2.4 
were determined by quantitative PCR and Western blot analysis after transfection with three lentiviral vectors. All 
data were representative of those obtained in three independent experiments and expressed as mean ± SEM. *P < 
0.05 vs. miR-ctrl, **P < 0.01 vs. LV-ctrl, NS indicated P >0 .05 vs. miR-ctrl.
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via DCs. MiR-214 influenced Treg cell differen-
tiation in vivo, which might be mediated by DCs. 
The novel finding of this study is that miR-214 
regulates functional β-catenin to influence DCs 
and thus balance immunity and tolerance. 
Consistent with previous studies [9, 25-27], 
β-catenin signaling was found to program DCs 
into a tolerogenic state and limit the inflamma-
tory response.

Immature DCs, as well as cytokine (TGF-β) and/
or drug-treated ‘tolerogenic’ DCs, can induce T 
cell tolerance. ‘Tolerogenic’ DCs produce less 
pro-inflammatory cytokines in favor of cyto-
kines such as TGF-β and IL-10 [28, 29]. 
Overexpression of miR-30b in DCs leads to 
increased IL-10 and NO production, whereas 
inhibition reduces IL-10 and NO production. In 
addition, miR-125a and miR-99a expression 
has been shown to increase in ‘tolerogenic’ 
DCs [30]. MiR-23b has also been associated 
with a ‘tolerogenic’ DC phenotype. Expression 
of miR-23b in mouse BM-DCs and human 
moDCs results in DCs with a reduced IL-12 but 
increased IL-10 production capacity as well as 
reduced MHC-II, CD80 and CD86 expression. 
Increased expression of Foxp3 was observed 
when CD4+ T cells were co-cultured in the  
presence of miR-23b-expressing DCs [31]. 
Stumpfova et al. [32] showed that 27 miRNAs, 
including miR-17, miR-133b and miR-203, were 
specifically increased in ‘tolerogenic’ DCs com-
pared with mature DCs. They also found four 
miRNAs that were down-regulated in ‘tolero-

genic’ DCs, miR-99b, miR-135a, miR-147 and 
miR-214 [32]. A low level of the miRNA let-7 in 
human moDCs has been shown to favor the 
expansion of Treg cells following interaction 
with these DCs, again demonstrating a link 
between miRNAs and tolerance induction [33, 
34]. In this study, we first found that miR-214 
can regulate ‘tolerogenic’ DCs to favor the Treg 
cell, similar to the action of miR-let-7. The over-
expression of miR-214 promoted Treg differen-
tiation, whereas the inhibition of miR-214 sup-
pressed Treg differentiation.

An increasing body of literature now highlights 
the importance of specific miRNAs in DC devel-
opment as well as their maturation process, 
antigen presentation capacity and cytokine 
release. Given the unique role of DCs within the 
immune system as a link between the adaptive 
and the innate immune response, understand-
ing how specific miRNAs affect DCs function is 
important for understanding disease. In this 
study, we provide the first identification of the 
unique role of miR-214 in DC maturation, lead-
ing to altered cytokine profiles of DCs and acti-
vation of Treg cells, which may be of clinical 
relevance and warrants further investigation in 
defined disease states, such as autoimmunity 
and organ transplantation rejection.

Conclusion

To our knowledge, this is the first study describ-
ing miR-214 association with tolerogenic DCs 
through β-catenin signaling. We provide further 

Figure 6. Effects of miR-214 on Treg cell differentiation in vivo. The abundance of Treg cells as a percentage of 
CD3+CD4+ cells was detected by flow cytometry. CD3+CD4+ cells were obtained from spleen and lymph nodes of 
mice treated with one of three lentiviral vectors. Data are presented as a representative plot (A) and summary graph 
(B). All data were representative of those obtained in three independent experiments and expressed as mean ± 
SEM. *P < 0.05 vs. LV-ctrl.
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evidence that miRNAs are linked with the 
‘tolerogenic’ DC phenotype. We consider it 
important to share these findings and encour-
age further and larger studies.
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