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ABSTRACT
Dectin-1 is the critical sensor for β-glucan from Candida which is the most 

common human fungal pathogen and cause superficial and system infection. 
MicroRNAs (miRNAs) play crucial roles in regulating innate immunity. However, the 
functional role of miRNAs in inflammatory response dependent on the activation of 
dectin-1 pathway has not been defined. In the present study, we found insoluble 
β-glucan from the cell wall of Candida albicans (CaIG) was able to increase the 
production of of IL-6 and TNFα through Dectin-1-Syk-NF-κB and p38MAPK pathway. 
MiRNAs profiles combined with real-time PCR validation revealed that miR-146a, 
miR-30-5p, miR-210-3p expression level were increased in THP-1 cells treated with 
CaIG. The interaction between Dectin-1 and CaIG resulted in an long lasting increase 
of miR-146a expression dependent on Dectin-1-Syk-NF-κB, p38MAPK, contrasting 
with a rapid and transient increase of IL-6 and TNFα. Overexpression of miR-146a 
significantly suppressed the production of IL-6 and TNFα. MiR-146a mimics inhibited 
CaIG-induced activity of p-IκBα and translocation of NF-κB p65. Luciferase reporter 
assays showed miR-146a inhibited NF-κB promoter-binding activity. Together, 
our data suggest miR-146a may play the potent negative feedback regulator in 
inflammatory response following Dectin-1 stimulation. 

INTRODUCTION

Candida species are most common cause of 
opportunistic fungal pathogens infections. As a result of 
the growing number of immunosuppressive population 
over the recent decade, the incidence of life-threatening 
invasive Candida infections has dramatically increased. 
C. albicans is the major species responsible for superficial 
and system candidiasis [1–4].

Innate immune system including neutrophils, 
monocytes, macrophages and dendritic cells constitute 
the first line of host defense against Candida infection. 
Candida cell walls are mainly composed of β-glucan, 
mannan and chitin. Recognition of these polysaccrides 
by pattern-recognition receptors (PRRs) leads to the 

activation of innate immune responses. Toll-like receptors 
(TLRs) TLR2 and 4, C-type lectin receptors (CLRs) 
including dectin-1, dectin-2, mannose receptor (MR), 
DC-SIGN, Galectin-3 and Mincle are sensors for Candida 
invasion [5–14]. Dectin-1 as the key β-glucan receptor has 
been demonstrated to induce phagocytosis, the respiratory 
burst and the production of cytokines and chemokines. 
The interaction between Dectin-1 and β-glucan can trigger 
two intracellular signaling transduction pathways, the 
spleen tyrosine kinase (Syk)-caspase recruitment domain-
containing protein 9 (CARD9) pathway and the RAF 
pathway [15–18].

MicroRNAs (miRNAs) are a class of small 
noncoding RNAs that regulate gene expression at the 
post-transcriptional level via the RNA interference 

Research Paper



Oncotarget37356www.impactjournals.com/oncotarget

mechanism [19]. MiRNAs play crucial roles in regulation 
of immune and inflammatory response [20]. Previous 
studies have shown that miR-155, miR-146a, miR-146b, 
miR-125a and miR-455 can be up-regulated by heat killed 
C. albicans in Bone marrow derived macrophages [21]. 
MiR-146 and miR-155 have been reported to negatively 
regulate the production of inflammatory cytokines upon 
TLRs activation [22, 23]. However, whether miRNAs 
are regulated to suppress inflammatory responses 
after dectin-1 stimulation remains unknown. Hence, a 
microarray analysis was initially conducted to identify 
alterations in the miRNAome in THP-1 cells after dectin-1 
activation trigger with CaIG. Subsequent experiments 
were conducted to investigate the regulation role of  
miR-146a in inflammatory response dependent on the 
activation of dectin-1 pathway and related mechanism.

RESULTS

CaIG triggers the expression and secretion of 
IL-6 and TNFα through Dectin-1-Syk pathway

The time course study mRNA of expression of IL-6 
and TNFα in THP-1 cells exposed to 100 μg/ml CaIG 
was detected using real-time PCR. CaIG induced the 
expression of IL-6 and TNFα in a time-dependent manner. 
CaIG significantly up-regulated the mRNA expression 
of IL-6 and TNFα starting at 1 hour after stimulation, 
reached a peak at 4 hour and 6 hour respectively, and 
maintained the elevated level at 24 hour post stimulation  
(Figure 1A). The concentration of IL-6 and TNFα in the 
culture media of THP-1 cells after exposure to CaIG 
(100 μg/ml) 24 hours was measured by ELISA. The 
secretion of IL-6 and TNFα was up-regulated by CaIG 
(Figure 1B). Flowcytometry was used to analysis whether 
CaIG could regulate the protein expression of Dectin-1 
in THP-1 cells. The results showed that exposure to 
CaIG highly up-regulated the expression of Dectin-1  
(Figure 1C). To determine the activation of spleen tyrosine 
kinase (Syk), phosphorylation of Syk in THP-1 clles was 
assessed by western blotting. THP-1 clles challenged with 
CaIG (100 μg/ml) for 30 mins showed the significant Syk 
phosphorylation was induced (Figure 1D). To explore the 
effect of CaIG on activation of NF-κB in THP-1 cells, the 
phosphorylation and degradation of IκB-α was assessed by 
western blotting and nuclear translocation of NF-κB p65 
observed using confocal microscopy. The results showed 
there was apparent IκB-α phosphorylation, degradation 
and nuclear translocation of NF-κB p65 in THP-1 cells 
stimulated with CaIG (Figure 1D, 1E). Western blotting 
result showed the phosphorylation p38MAPK was 
increased in THP-1 cells the treatment of CaIG (Figure 1D).

To determined whether Dectin-1 was involved in the 
producation of proinflammatory cytokine challenged with 
CaIG, silencing of Dectin-1 by specific small interfering 
RNA (siRNA; Supplementary Figure 1A, 1B) abolished 

significantly the induction of IL-6 and TNFα (Figure 1F). 
Syk inhibitor (Piceatannol), NF-κB inhibitor (BAY 11-
7082) and p38MAPK inhibitor (SB203580) attenuated the 
enhanced expression of IL-6 and TNFα induced by CaIG 
(Figure 1G, 1H). These data strongly suggest that CaIG is 
recognized by dectin-1, and then activates Syk-dependent 
signaling pathway, results in activation of NF-κB and 
p38MAPK, and induction of proinflammatory cytokines, 
including tumor necrosis factor α (TNF-α) and interleukin 
6 (IL-6).

Profiling miRNA expression of THP-1 cells 
induced by the interaction between Dectin-1 and 
CaIG and qRT-PCR validation

To identify alterations in the miRNAome in  
THP-1 cells after dectin-1 activation trigger with CaIG, 
a microarray analysis was conducted on total RNA from 
THP-1 cells stimulated by 100 μg/ml CaIG for 24 hours  
(n = 3) and unstimulated controls (n = 3). 6 miRNAs which 
significantly increased (> two fold changes, P < 0.01) 
were identified (Figure 2A). No miRNAs were found to 
be significantly decreased in CaIG stimulated compared to 
non-stimulated THP-1 cells. We further validated all the 
increased miRNAs using real-time quantitative reverse 
transcription-PCR (qRT-PCR). Slightly different with the 
microarray data, only three miRNAs (miR-146a, miR-30a-
5p, miR-210-3p) are significantly increased (P < 0.001) in 
THP-1 cells after CaIG treated (Figure 2B).

MiR-146a is induced upon engagement of 
Dectin-1 in THP-1 cells

In this study, we found CaIG induced the expression 
of miR-146a in a time-dependent manner. Exposure to  
100 μg/ml CaIG resulted in significant expression of 
miR-146a. MiR-146a was strongly upregulated by CaIG 
at 6 hours, the response peaked at 24 hours and remained 
significantly elevated at all time points studied, up to 
48 hours (Figure 3A). Next studies were undertaken to 
characterize the expression of miR-146a in THP-1 cells 
upon Dectin-1 stimulation. Exposure to the Dectin-1 
ligand CaIG induced miR-146a expression in THP-1 cells 
after 24 hours. Silencing of Dectin-1 by specific small 
interfering RNA (siRNA-Dectin-1) abolished significantly 
the induction of miR-146a by CaIG (P < 0.01; Figure 3B), 
demonstrating that induction of miR-146a by CaIG was 
Dectin-1 dependent.

To explore the intracellular pathways that lead to the 
induction of miR-146a upon Dectin-1 stimulation, we used 
specific chemical inhibitors that target pathways known 
to act downstream of Dectin-1 signaling, i.e., the Syk,  
NF-κB and p38MAPK pathways. We used inhibitors for 
Syk (Piceatannol), NF-κB (BAY 11-7082) and p38MAPK 
(SB203580). None of these inhibitors had an effect on the 
miR-146a baseline expression (Figure 3C), suggesting that 
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these pathways are not involved in the baseline transcription 
of the miR-146a gene. Induction of miR-146a by CaIG was 
reduced by pretreatment with the Syk inhibitor piceatannol 
or NF-κB inhibitor BAY 11-7082 and p38MAPK inhibitor 

SB203580 (Figure 3C). These results demonstrate that 
CaIG-induced miR-146a expression in THP-1 cells is 
mediated via the Syk-NFκB pathway and Syk-p38MAPK 
pathway.

Figure 1: CaIG induces the transcription and expression of IL-6, TNFα involving the dectin-1-Syk pathways.  
(A) RNA was harvested at 0, 1, 3, 6, 24 hours after treated with 100 μg/ml CaIG and subjected to gene expression analysis by qRT–
PCR normalized to β-actin expression. For both genes analyzed, the significant difference of the CaIG treated cells was compared 
with the corresponding untreated cells. (B) The culture medium of THP-1 cells treated with 100 μg/ml CaIG for 24 hours was 
analyzed by ELISA to determine the protein level of IL-6 and TNFα. (C) The expression of dectin-1 in THP-1 cells. The THP-1 cells  
(2 × 105 cells) were incubated with anti-human primate Dectin-1 monoclonal antibody for flow cytometric analysis. (D) Representative 
images of Western Blot analyses of p-Syk, Syk, p-IκBα, IκBα, p-p38 and p38 protein levels.  Protein extracts were made from untreated 
cells and from CaIG treated cells for 30, 60 and 90 minutes. Extracted protein samples (50 µg per lane) were subjected to electrophoresis 
and immunoblotting with antibodies specific for the 6 proteins and β-actin as control for equal loading. (E) NF-κB p65 translocation was 
analyzed by staining with NF-κB-p65 (red); and nucleuses were colored with DAPI (blue). Scale bar = 20 μm. (F) THP-1 cells were 
transfected with dectin-1 specific siRNA (siRNA-dectin-1) or scrambled control siRNA (NC) for 48 hours, and were subsequently treated 
with CaIG for 6 hours. Total RNA was collected and IL-6 and TNFα expression levels were determined by qRT–PCR and normalized 
to β-actin expression. (G) THP-1 cells were treated with the inhibitor of Syk (piceatannol), (H) NF-κB (BAY 11-7082) or p38MAPK 
(SB203580) and were exposed to CaIG 30 min later for 6 hours. Total RNA was collected and IL-6 and TNFα expression levels were 
determined by qRT–PCR and normalized to β-actin expression. Values are means ±S.E.M. from three experiments performed in triplicate. 
*P < 0.05; **P < 0.01; ***P < 0.001.
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MiR-146a suppresses the CaIG-induced 
production of inflammatory mediators in THP-1 
cells

To assess the functional relevance of miR-146a 
expression under inflammatory conditions, we studied 
the effect of miR-146a on Dectin-1-induced expression 
of selected inflammatory mediators. To that end, we 
transfected THP-1 cells with synthetic miR-146a or 
scrambled control oligonucleotides (Supplementary 
Figure 1C). THP-1 cells were stimulated with CaIG 48 
hours after transfection and the expression and secretion 
of the inflammatory mediators IL-6 and TNF-α were 
determined 6 and 24 hours later via quantitative real-time 
reverse-transcriptase-PCR and ELISA. Overexpression 
of miR-146a markedly suppressed Dectin-1-induced 

expression and production of IL-6 and TNF-α (Figure 4A). 
To determine whether the Dectin-1-induced endogenous 
miR-146a can act as a negative feedback in THP-1 cells, 
we inhibited miR-146a expression using specific inhibitors 
or scrambled controls before CaIG treatment (Figure 4B). 
Inhibition of endogenous miR-146a further increased 
Dectin-1-induced expression and production of IL-6 
and TNF-α, demonstrating that CaIG induced miR-146a 
expression acts as a negative feedback on this pathway.

MiR-146a regulates CaIG-induced inflammatory 
response of THP-1 cells through NF-κB signaling 
pathway 

To determine whether suppression of inflammatory 
mediators via miR-146a was dependent on Syk, NF-κB 

Figure 2: Characteristic alteration in the miRNAome of CaIG treated THP-1 cells. (A) Aberrantly expressed miRNAs of 
THP-1 cells after treated with 100 μg/ml CaIG are displayed as a heat map, green indicating low expression, red indicating high expression. 
(B) The aberrantly miRNAs were analyzed using qRT-PCR normalized to U6 expression.Values are means ± S.E.M. from three experiments 
performed in triplicate.. ***P < 0.001.
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and p38MAPK signaling molecules. In our study, we 
found that in THP-1 cells, overexpression and knock 
down of miR-146a had no influence to the CaIG-induced 
activity of Syk and p38MAPK pathways. While the 
CaIG-induced p-IκBα level was suppressed after the 
over-expression of miR-146a (Figure 5). Conversely, 
inhibition of endogenous miR-146a upregulated the 
CaIG-induced activity of p-IκBα (Figure 5). In addition 
to these, the CaIG-induced translocation of NF-κB p65 
was also blocked due to the over-expression of miR-146a  
(Figure 6). We further transfected an NF-κB luciferase 
reporter into THP-1 cells. After CaIG stimulation, the 
results of measurement of luciferase activity showed 
there was a 15-fold increase in the NF-κB-dependent 
DNA-binding activity. CaIG-induced NF-κB activity 
was significantly suppressed after the over-expression of 
miR-146a. Inhibition of endogenous miR-146a further 

increased CaIG-induced NF-κB activity (Figure 5A). 
Altogether, these data imply that MiR-146a regulates 
CaIG-induced inflammatory response of THP-1 cells 
through NF-κB Signaling.

DISCUSSION

Monocytes and monocyte-derived macrophages take 
part in host innate immune responses against Candida 
through the interaction between expressed PRPs and 
the Candida cell wall polysaccharide components. Our 
previous report showed that CaIG, the highly branched 
polymers of D-glucose containing β-(1,3) and β-(1,6) 
linkage isolated from C. albicans cell wall, induced the 
production of cytokine and chemokine (TNF-α and IL-8) 
and H2O2 release [24]. Herein, we further demonstrated 
that CaIG as a dectin-1 ligand was able to trigger 

Figure 3: CaIG induces miR-146a, involving the Dectin-1, NF-κB, and p38 MAPK pathways. (A) THP-1 cells were 
treated with 100 μg/ml CaIG. Total RNA was collected 0–48 hours later and miR-146a expression level was determined by qRT–PCR.  
(B) THP-1 cells were transfected with Dectin-1-specific siRNA (siRNA-Dectin-1) and subsequently treated with 100 μg/ml CaIG. miR-
146a expression was measured after 24 hours by qRT–PCR. (C) THP-1 cells were treated with chemical inhibitors for NF-κB (BAY 
11-7082) p38MAPK (SB203580) and Syk (Piceatannol) were exposed to CaIG 0.5 hour later. Relative RNA levels of MiR-146a were 
analyzed using qRT-PCR normalized to U6 expression. Values are means ± S.E.M. from three experiments performed in triplicate.  
**P < 0.01; ***P < 0.001.
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activation of dectin-1 downstream signal molecules 
including Syk, NF-κB and p38MAPK, upregulate 
secretion of IL-6, TNF-α in the dectin-1-Syk-NF-κB and 
p38MAPK signaling pathway dependent manner. 

MiRNAs have also been shown to play crucial roles 
during infection by diverse pathogens, including viruses, 
parasites and bacteria [25]. The activation of PRRs including 
Toll-like receptors (TLRs), C-type lectin receptors (CLRs), 
cytosolic proteins such as NOD-like receptors (NLRs) and 
RIG-I-like receptors (RLRs) which is vital for innate immune 
defense against microbial pathogens [26]. It is becoming 
increasingly evident that miRNA execute important 
regulatory functions in TLR signaling. In this study, we 
first explored whether miRNAs have roles in Dectin-1 
signaling. Our study reveals the dectin-1 ligand CaIG 
induced significant up-regulation of and no down-regulation 
using combination microarray analysis with real-time PCR 
validation. TLR2, TLR4, TLR7 and TLR9 play roles in the 
initiation of immune responses against Candida albicans 
[27]. Profiles of miRNA expression upon TLRs activation 
have been described. There are upregulation of miR-155, 
miR-146, miR-132, miR-147, miR-9, miR-21, miR-223, 
miR-125b, miR-27b, let-7e and down-regulation of miR-

125, let-7i, miR-98 following TLR4 stimulation [22, 23, 
28–35]. It has been showed the expression of miR-155, miR-
146, miR-147, miR-9 increased through TLR2-dependent 
induction [22, 23, 28]. The up-regulated expression of 
miR-155 and miR-132 by TLR9 activation [22, 28], miR-
9 by TLR7 activation [28], respectively. In comparison to 
above data, our observations suggest that only miR-146a 
is the common to both dectin-1 activation and TLR2,  
4 signaling. 

Monk et al. reported that miR-455, miR-125, miR-
146 and miR-155 were up-regulated in murine bone marrow 
derived macrophages (BMDMs) stimulated with heat killed 
C. albicans [21]. In agreement with their results, we also 
found miR-146a increased in THP-1 cells treated with 
dectin-1 ligand CaIG. However, in contrast to their results, 
the up-regulation of miR-455, miR-125 and miR-155 was 
not be detected in our study. The reasons of the differences 
between our results and their results are unclear but may 
be related to the different cells used in vitro study (human 
THP-1 monocytes in our study vs murine bone marrow 
derived macrophages in their study), different stimulator 
(insoluble β-glucan from the cell wall of C. albicans in our 
study vs heat killed C. albicans in their study). 

Figure 4: MiR-146a suppresses the CaIG-induced production of IL-6 and TNF-α in THP-1 cells.  THP-1 cells were 
transfected with (A) miR-146a precursor (Pre-146a) or scrambled control precursor (Pre-NC); (B) miR-146a inhibitor (Anti-146a) or 
scrambled control inhibitor (Anti-NC). After 48 hours, cells were exposed to 100μg/ml CaIG. The expression and secretion of IL-6 and 
TNF-α were determined 6 and 24 hours later using qRT–PCR and ELISA, respectively. Values are means ± S.E.M. from three experiments 
performed in triplicate. *P < 0.05; **P < 0.01; ***P < 0.001.
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Since miR-146a has been shown to act as a crucial 
negative regulator in inflammation and innate immune 
response by emerging evidence [36], we were particularly 
attracted to miR-146a from dectin-1 ligand CaIG- induced 
miRNAs. Taganov [22] et al. firstly demonstrated that 
TLR4 ligand LPS and TLR2 agonist (peptidoglycan 
and its synthetic analog, Pam3CSK4) increased miR-
146a expression in THP-1 cells. Similar to miR-146a 
induction by TLR2, 4 ligands, CaIG could up-regulate 
the expression of miR-146a in THP-1 cells dependent 

on dectin-1 , which further confirmed by abolishment of 
miR-146a level through silencing of dectin-1. Thus, it is 
possible that miR-146a is a common element of the host 
innate immune response. Dectin-1-induced inflammatory 
response is known to trigger special intracellular signal 
transduction pathways involving activation of Syk,  
NF-κB and p38MAPK [17, 27]. To investigate whether 
miR-146a up-regulation is regulated via the dectin-1 
signaling pathway, we compared miRNA level between 
pretreatment with and without Syk, NF-κB and p38MAPK 

Figure 5: MiR-146a regulates CaIG-induced inflammatory response of THP-1 cells through NF-κB signaling pathway. 
(A) THP-1 cells were transfected with miR-146a precursor (Pre-146a) or scrambled control precursor (Pre-NC); miR-146a inhibitor 
(Anti-146a) or scrambled control inhibitor (Anti-NC). After 48 hours, cells were exposed to 100 μg/ml CaIG. THP-1 cells lysates were 
collected 0.5 and 1 hours after exposed to CaIG. Western Blot analysis of p-Syk, Syk, p-IκBα, IκBα(1 hours after exposed to CaIG), 
p-p38 and p38(0.5 hours after exposed to CaIG) protein levels using appropriate antibodies and β-actin as control for equal loading.  
(B) THP-1 cells were co-transfected with an NF-κB luciferase reporter plasmid and miR-146a precursor/inhibitor or regarding controls for 
48 hours, exposed to medium or 100 μg/ml CaIG, and luciferase activity was measured after 6 hours. Values are means ± S.E.M. from three 
experiments performed in triplicate. *P < 0.05; **P < 0.01.
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inhibitors. Our results provide the first evidence that the 
regulation of dectin-1 dependent miR-146a expression 
may relate to the activation of Syk, NF-κB and p38MAPK 
pathway. Moreover, our data showed miR-146a 
expression did not return to baseline level but remained 
significantly elevated up to 48 hours in contrast to the 
transient induction of proinflamatory cytokines (TNFα 
and IL-6) following the challenged with CaIG. The 
observed kinetics of miR-146a expression upon Dectin-1 
stimulation suggested that miR-146a may be involved in 
the resolution of the inflammatory response. 

It is reported that over expression of miR-146a could 
inhibit TNFα production in THP-1 cells induced by LPS 
[37]. Moreover, miR-146a knock-out mice treated with 
LPS could develop an exaggerated pro-inflammatory 
response [38]. In this study, we investigated miR-146a 
function by over-expression and inhibition and showed that 
miR-146a negatively regulated pro-inflammatory cytokines 
(TNFα and IL-6). Our findings demonstrate miR-146 
may “fine-tune” the innate immune response triggered by 
dectin-1, prevent an uncontrolled inflammatory response 
and return to homeostasis after candida infection. 

Figure 6: MiR-146a suppresses the CaIG -induced translocation of NF-κB P65 in THP-1 cells. THP-1 cells were transfected 
with miR-146a precursor (Pre-146a) or scrambled control precursor (Pre-NC); miR-146a inhibitor (Anti-146a) or scrambled control 
inhibitor (Anti-NC). After 48 hours, cells were exposed to 100 μg/ml CaIG for 1 hours. NF-κB p65 translocation was analyzed by staining 
with NF-κB-p65 (red); and nucleuses were colored with DAPI (blue). Scale bar = 20 µm.
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TLR signaling molecules including MYD88, mAL, 
IRAK1, IRAK2, TRAF6, BTK and TAB2 have been 
shown to be direct targets of miRNAs [39]. Taganov  
et al. found that miR-146a could decrease the protein 
level of IRAK1, TRAF6 through interact with their 
mRNA in the TLR signaling pathway, which suppresses 
the secretion of inflammatory cytokines [22]. Hou et al. 
reported that miR-146a decreased the production of type-I 
interferon by targeting not only IRAK2 and TRAF6, but 
also IRAK1 [40]. During inflammatory response, miR-
146a controlled the amplitude of the Ly-6Chi monocyte 
response through combining with Relb which the member 
of the noncanonical NF-κB/Rel family and identified as 
a direct miR-146a target [41]. It has been showed that 
miR-146a which expressed in regulatory T cells could 
suppress Th1 responses by targeting STAT1 [42]. In the 
present study, we showed that miR-146a inhibited dectin-1 
downstream signaling NF-κB activation and negatively 
regulated proinflamatory cytokines (TNFα and IL-6) 
expression. Future studies will be needed to reveal the 
global expression of targeting molecules in the dectin-1 
signaling pathway regulated by miR-146a and the role 
of the role of miR-146a in modulating systemic Candida 
infection with in vivo experiment models.

In summary, the present study indicates that 
dectin-1-ligand (CaIG)-induced miR-146a acts as a 
negative feedback regulator of inflammation through 
down-regulation of the NF-κB pathway. Thus, miR-
146a may contribute to the resolution of inflammation 
by shutting down excess inflammatory responses 
against candida infection. Investigation of the molecular 
regulation mechanisms of miR-146a in the inflammatory 
consequences triggered by Candida albicans may provide 
better understanding of the pathogenesis of candidiasis and 
useful information for developing potential therapeutic 
interventions against the disease.

MATERIALS AND METHODS

Cell lines and culture conditions

Human monocyte leukemia THP-1 cells were 
provided by American Type Culture Collection (ATCC). 
The cells were cultured in RPMI-1640 medium (Gibco, 
Grand Island, NY, USA) supplemented with 10% fetal 
bovine serum (FBS) (Gibco), and were maintained at 
37°C in a humidified incubator under an atmosphere of 
95% air and 5% CO2. For the preparation of differentiated 
THP-1 macrophage, THP-1 cells were incubated 
in a culture plate with medium including FBS and  
100 ng/ml phorbol 12-myristate-13-acetate (PMA) 
(Sigma, St. Louis, MO, USA) for 48 h. At the end of 
the incubation, the cells were washed with PBS three 
times to exclude undifferentiated THP-1 cells, and then 
were replaced into medium without PMA, which was 
used throughout this study. The insoluble β-glucan from 

the cell wall of Candida albicans (CaIG) was isolated 
according to the method described elsewhere [24]. For 
inhibiting signaling pathways, THP-1 cells were pretreated 
with piceatannol (Sigma, St. Louis, MO, USA) at 50 µM 
concentration or BAY-11-7082 (Sigma, St. Louis, MO, 
USA), SB203580 (Sigma, St. Louis, MO, USA) at 10 µM 
concentration for 0.5 hour.

Microarray analysis

MiRNA microarrays were performed using Agilent’s 
miRNA Microarray System (Agilent, Santa Clara, CA, 
USA) according to the manufacturer’s instructions. Total 
RNA was quantified by the NanoDrop ND-2000 (Thermo 
Scientific) and the RNA integrity was assessed using 
Agilent Bioanalyzer 2100 (Agilent Technologies). The 
sample labeling, microarray hybridization and washing 
were performed based on the manufacturer’s standard 
protocols. Briefly, total RNA were dephosphorylated, 
denaturated and then labeled with Cyanine-3-CTP. After 
purification the labeled RNAs were hybridized onto the 
microarray. After washing, the arrays were scanned with 
the Agilent Scanner G2505C (Agilent Technologies). 
Feature Extraction software (version10.7.1.1, Agilent 
Technologies) was used to analyze array images to get 
raw data. Next, Genespring software (version 13.1, 
Agilent Technologies) was employed to finish the basic 
analysis with the raw data. To begin with, the raw data 
was normalized with the quantile algorithm. The probes 
that at least 100.0 percent of samples in any 1 condition 
out of 2 conditions have flags in “Detected” were chosen 
for further data analysis. Differentially expressed miRNAs 
were then identified through fold change as well as  
P value calculated using t-test. The threshold set for up- 
and down-regulated genes was a fold change > = 2.0 and a 
P value < = 0.05. 

RNA isolation and qRT-PCR

Total RNA was isolated using Trizol reagent 
(Invitrogen, Carlsbad, CA, USA) according to the 
manufacturer’s instructions. 1 μg of total RNA was 
reverse-transcribed to cDNA with PrimeScript™ RT 
Master Mix (Takara, Japan). qRT-PCR for target genes 
was performed on an Applied Biosystems 7300 Sequence. 
Detection System using SYBR green PCR Mix (iTAP, 
Bio-Rad). The reactions were incubated in a 96-well 
plate at 95°C for 10 min, followed by 40 cycles of 95°C 
for 15 s, 60°C for 30 s and 72°C for 30 s. The resulting 
amplification and melt curves were analyzed to ensure 
the identity of the specific PCR product. Threshold 
cycle values were used to calculate the fold change in 
the transcript levels by using the 2-ΔΔCT method. The 
relative mRNA expression levels were normalized to the 
β-actin gene. The method to quantify mature miRNAs 
was performed by stem-loop RT-PCR [43]using SYBR 
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green PCR Mix (iTAP, Bio-Rad) with U6 snRNA as the 
internal reference control.1μg RNA and primers were put 
at 65°C for 5 min to form highly target-specific stem-loop 
structure, then reverse transcriptase, RNase inhibitor, 
dNTPs and 5 × buffer were added for reverse transcription. 
The amplification results were analyzed using  
7300 System Software (V1.3.1, Applied Biosystems). The 
relative expression of each mRNA was calculated by the 
comparative ΔΔCt method [44]. The primer sequences are 
listed in Supplementary Table 1. 

Transient transfection

Hsa-miR-146a mimics, has-miR-146a inhibitor 
and negative control were double-stranded RNA 
oligonucleotides that were purchased from GenePharma 
(ShangHai, China). They were transfected into normal 
human THP-1 cells using Lipofectamine 2000 (Invitrogen) 
according to the manufacturer’s instructions.

Three sequences of small interfering RNAs for 
Dectin-1 (si-dectin-1) were ordered from GenePharma. 
After transfection for 24 h, 48 h or 72 h, cells and the 
supernatants were harvested for the following experiments.

ELISA assay

The expression of secreted IL-6 and TNFα in the 
supernatants of THP-1 cells with or without CaIG after 
transfected with miRNAs oligonucleotides was detected 
using a specific commercial ELISA kit (Neobioscience, 
Shen Zhen, China) for IL-6 and TNFα according to the 
manufacturer’s instructions.. After 48 h transfection, the cell 
supernatants were collected and centrifuged at 12000 × g for 
10 mins, subsequently preserved at −80°C. All experiments 
were performed in triplicate (n = 3). The concentration 
of TNF-α and IL-6 was determined by measuring the 
absorbance at 450 nm with a microplate reader (MTP-32).

Western blotting

After treatment, cells were washed two times with 
ice-cold phosphate-buffered saline (PBS) and then lysed in 
RIPA Lysis Buffer containing Protease Inhibitor Cocktail 
and the phosphatase inhibitor PhosSTOP (both from 
Roche Applied Science, Basel, Switzerland). The protein 
concentration of the whole cell lysate was quantified using 
BCA Protein Assay kit (Beyotime Biotechnology, Haimen, 
Jiangsu, China). Equal amounts of protein were separated 
by 12% SDS-PAGE (Beyotime Biotechnology) and were 
then transferred onto PVDF membranes (Millipore, 
Billerica, MA, USA). After blocking, the membranes 
were sequentially incubated with the indicated primary 
and secondary antibodies (Cell Signaling Technology). 
The protein bands were visualized using Page Ruler Plus 
Prestained Protein Ladder (Thermo Fisher Scientific, 
Waltham, MA, USA) using a chemiluminescence imaging 

method. The band intensities were quantified using 
Quantity One. β-Actin severed as the loading control. 

Nuclear translocation of NF-κB

The NF-κB-p65 in THP-1 cells was detected 
by indirect immunofluorescence assay using confocal 
microscopy. THP-1 cells were cultured on glass dishes. 
After the respective treatments, the cells were fixed using 
4% paraformaldehyde, permeabilized with 0.2% Triton 
X-100 (w/v), and blocked with 3% bovine serum albumin 
(Sigma-Aldrich, Germany). Subsequently monoclonal 
antibodies against NF-κB-p65 (1:100) were applied for 
12 h followed by 1 h incubation with anti-rabbit IgG 
conjugated to Texas Red antibody (1:400). Excitation and 
emission maxima used were 578 nm 602 nm respectively. 
The nuclei were visualized by staining with DAPI 
(excitation wavelength 359 nm and emission wavelength 
461 nm).

Flowcytomertry

100 μl cells were labeled with 10μl phycoerythrin 
(PE)-conjugated anti-human primate Dectin-1 monoclonal 
antibody (12-9856-41, eBioscience, San Diego, CA, 
USA) for 30 minutes at 4°C to determine the expression 
of Dectin-1. After washings, the cells were suspended in 
200 μl PBS and analyzed by flowcytometry (BD FACS 
VerseTM, America). Cells were identified by the forward-
scatter properties, and were subsequently included in 
a gate. Dectin-1 expression was assayed after different 
duration. The results were analyzed with the software 
Flow Jo 7.6.2.

Luciferase reporter assay 

A luciferase reporter plasmid pNF-κB-luc (1μg/
ml) containing NF-κB response elements (Beyotime 
Biotechnology, Haimen, Jiangsu, China) was co-
transfected into THP-1 cells with a renilla control 
plasmid (1μg/ml) and Pre-146a, Pre-NC (100 nM), Anti-
146a or Anti-NC (200 nM) using Lipo2000 transfection 
reagent (Invitrogen, Carlsbad, CA, USA). 24 hours after 
transfection cells were treated with medium or CaIG 
for 6 hours. Luciferase activity was analyzed using the 
Dual-Luciferase Reporter Gene Assay Kit (Beyotime 
Biotechnology).

Statistical analysis

Results were presented as mean ± standard error 
of the mean (SEM). Graphpad prism version 5.01 was 
used to perform graphics and the Student’s t-test and 
One-way analysis of variance were used to analyze 
the significance between groups. P < 0.05 was set as a 
statistical significance.



Oncotarget37365www.impactjournals.com/oncotarget

ACKNOWLEDGMENTS AND FUNDING

This work was supported by a grant from National 
Natural Science Foundation of China (No. 81371750), 
The National Basic Research Program of China 
(Program973, 2013CB531605）to Min Li. Jiangsu 
R&D program social development project (BE2015717), 
"Twelfth Five" Key Medical Talent’s Project in Science 
and Education of Jiangsu Province (RC2011088) to Qing 
Chen.

CONFLICTS OF INTEREST

Authors declare that they have no conflicts of 
interest.

REFERENCES

 1. Horn DL, Neofytos D, Anaissie EJ, Fishman JA, 
Steinbach WJ, Olyaei AJ, Marr KA, Pfaller MA, Chang CH, 
Webster KM. Epidemiology and outcomes of candidemia 
in 2019 patients: data from the prospective antifungal 
therapy alliance registry. Clinical infectious diseases. 2009; 
48:1695–1703.

 2. Wisplinghoff H, Bischoff T, Tallent SM, Seifert H, 
Wenzel RP, Edmond MB. Nosocomial bloodstream 
infections in US hospitals: analysis of 24,179 cases from 
a prospective nationwide surveillance study. Clinical 
infectious diseases. 2004; 39:309–317.

 3. Pfaller MA, Diekema DJ. Epidemiology of invasive 
candidiasis: a persistent public health problem. Clinical 
microbiology reviews. 2007; 20:133–163.

 4. Wagner DK, Sohnle PG. Cutaneous defenses against 
dermatophytes and yeasts. Clinical microbiology reviews. 
1995; 8:317–335.

 5. Jouault T, Ibata-Ombetta S, Takeuchi O, Trinel PA, 
Sacchetti P, Lefebvre P, Akira S, Poulain D. Candida 
albicans phospholipomannan is sensed through toll-
like receptors. The Journal of infectious diseases. 2003; 
188:165–172.

 6. Netea MG, Gow NA, Munro CA, Bates S, Collins C, 
Ferwerda G, Hobson RP, Bertram G, Hughes HB, Jansen T, 
Jacobs L, Buurman ET, Gijzen K, et al. Immune sensing 
of Candida albicans requires cooperative recognition of 
mannans and glucans by lectin and Toll-like receptors. The 
Journal of clinical investigation. 2006; 116:1642–1650.

 7. Brown GD, Gordon S. Immune recognition. A new receptor 
for beta-glucans. Nature. 2001; 413:36–37.

 8. Taylor PR, Tsoni SV, Willment JA, Dennehy KM, Rosas M, 
Findon H, Haynes K, Steele C, Botto M, Gordon S, 
Brown GD. Dectin-1 is required for beta-glucan recognition 
and control of fungal infection. Nature immunology. 2007; 
8:31–38.

 9. Saijo S, Ikeda S, Yamabe K, Kakuta S, Ishigame H, 
Akitsu A, Fujikado N, Kusaka T, Kubo S, Chung SH, 

Komatsu R, Miura N, Adachi Y, et al. Dectin-2 recognition 
of alpha-mannans and induction of Th17 cell differentiation 
is essential for host defense against Candida albicans. 
Immunity. 2010; 32:681–691.

10. Zhu LL, Zhao XQ, Jiang C, You Y, Chen XP, Jiang YY, 
Jia XM, Lin X. C-type lectin receptors Dectin-3 and Dectin-2 
form a heterodimeric pattern-recognition receptor for host 
defense against fungal infection. Immunity. 2013; 39:324–334.

11. van de Veerdonk FL, Marijnissen RJ, Kullberg BJ, 
Koenen HJ, Cheng SC, Joosten I, van den Berg WB, 
Williams DL, van der Meer JW, Joosten LA, Netea MG. 
The macrophage mannose receptor induces IL-17 in 
response to Candida albicans. Cell host & microbe. 2009; 
5:329–340.

12. Cambi A, Gijzen K, de Vries lJ, Torensma R, Joosten B, 
Adema GJ, Netea MG, Kullberg BJ, Romani L, Figdor CG. 
The C-type lectin DC-SIGN (CD209) is an antigen-uptake 
receptor for Candida albicans on dendritic cells. European 
journal of immunology. 2003; 33:532–538.

13. Taylor PR, Brown GD, Herre J, Williams DL, Willment JA, 
Gordon S. The role of SIGNR1 and the beta-glucan receptor 
(dectin-1) in the nonopsonic recognition of yeast by specific 
macrophages. Journal of immunology. 2004; 172:1157–1162.

14. Jouault T, El Abed-El Behi M, Martinez-Esparza M, Breuilh L, 
Trinel PA, Chamaillard M, Trottein F, Poulain D. Specific 
recognition of Candida albicans by macrophages requires 
galectin-3 to discriminate Saccharomyces cerevisiae and needs 
association with TLR2 for signaling. Journal of immunology. 
2006; 177:4679–4687.

15. Wells CA, Salvage-Jones JA, Li X, Hitchens K, Butcher S, 
Murray RZ, Beckhouse AG, Lo YL, Manzanero S, 
Cobbold C, Schroder K, Ma B, Orr S, et al. The 
macrophage-inducible C-type lectin, mincle, is an essential 
component of the innate immune response to Candida 
albicans. Journal of immunology. 2008; 180:7404–7413.

16. Gross O, Gewies A, Finger K, Schafer M, Sparwasser T, 
Peschel C, Forster I, Ruland J. Card9 controls a non-TLR 
signalling pathway for innate anti-fungal immunity. Nature. 
2006; 442:651–656.

17. LeibundGut-Landmann S, Gross O, Robinson MJ, Osorio F, 
Slack EC, Tsoni SV, Schweighoffer E, Tybulewicz V, 
Brown GD, Ruland J, Reis e Sousa C. Syk- and CARD9-
dependent coupling of innate immunity to the induction 
of T helper cells that produce interleukin 17. Nature 
immunology. 2007; 8:630–638.

18. Gringhuis SI, den Dunnen J, Litjens M, van der Vlist M, 
Wevers B, Bruijns SC, Geijtenbeek TB. Dectin-1 directs 
T helper cell differentiation by controlling noncanonical 
NF-kappaB activation through Raf-1 and Syk. Nature 
immunology. 2009; 10:203–213.

19. Bartel DP. MicroRNAs: genomics, biogenesis, mechanism, 
and function. Cell. 2004; 116:281–297.

20. O’Connell RM, Rao DS, Baltimore D. microRNA 
regulation of inflammatory responses. Annual review of 
immunology. 2012; 30:295–312.



Oncotarget37366www.impactjournals.com/oncotarget

21. Monk CE, Hutvagner G, Arthur JS. Regulation of miRNA 
transcription in macrophages in response to Candida 
albicans. PloS one. 2010; 5:e13669.

22. Taganov KD, Boldin MP, Chang KJ, Baltimore D. NF-
kappaB-dependent induction of microRNA miR-146, an 
inhibitor targeted to signaling proteins of innate immune 
responses. Proceedings of the National Academy of Sciences 
of the United States of America. 2006; 103:12481–12486.

23. Ceppi M, Pereira PM, Dunand-Sauthier I, Barras E, 
Reith W, Santos MA, Pierre P. MicroRNA-155 modulates 
the interleukin-1 signaling pathway in activated human 
monocyte-derived dendritic cells. Proceedings of the 
National Academy of Sciences of the United States of 
America. 2009; 106:2735–2740.

24. Li M, Liu ZH, Chen Q, Zhou WQ, Yu MW, Lu GX, Lu XL, 
Shen YN, Liu WD, Wu SX. Insoluble beta-glucan from the 
cell wall of Candida albicans induces immune responses 
of human THP-1 monocytes through Dectin-1. Chinese 
medical journal. 2009; 122:496–501.

25. Xiao C, Rajewsky K. MicroRNA control in the immune 
system: basic principles. Cell. 2009; 136:26–36.

26. Kawai T, Akira S. Toll-like receptors and their crosstalk 
with other innate receptors in infection and immunity. 
Immunity. 2011; 34:637–650.

27. Plato A, Hardison SE, Brown GD. Pattern recognition 
receptors in antifungal immunity. Seminars in 
immunopathology. 2015; 37:97–106.

28. Bazzoni F, Rossato M, Fabbri M, Gaudiosi D, Mirolo 
M, Mori L, Tamassia N, Mantovani A, Cassatella MA, 
Locati M. Induction and regulatory function of miR-
9 in human monocytes and neutrophils exposed to 
proinflammatory signals. Proceedings of the National 
Academy of Sciences of the United States of America. 
2009; 106:5282–5287.

29. Hu G, Zhou R, Liu J, Gong AY, Eischeid AN, Dittman JW, 
Chen XM. MicroRNA-98 and let-7 confer cholangiocyte 
expression of cytokine-inducible Src homology 
2-containing protein in response to microbial challenge. 
Journal of immunology. 2009; 183:1617–1624.

30. Shaked I, Meerson A, Wolf Y, Avni R, Greenberg D, 
Gilboa-Geffen A, Soreq H. MicroRNA-132 potentiates 
cholinergic anti-inflammatory signaling by targeting 
acetylcholinesterase. Immunity. 2009; 31:965–973.

31. Sheedy FJ, Palsson-McDermott E, Hennessy EJ, 
Martin C, O’Leary JJ, Ruan Q, Johnson DS, Chen Y, 
O’Neill LA. Negative regulation of TLR4 via targeting 
of the proinflammatory tumor suppressor PDCD4 by the 
microRNA miR-21. Nature immunology. 2010; 11:141–147.

32. Liu G, Friggeri A, Yang Y, Park YJ, Tsuruta Y, Abraham E. 
miR-147, a microRNA that is induced upon Toll-like 
receptor stimulation, regulates murine macrophage 
inflammatory responses. Proceedings of the National 
Academy of Sciences of the United States of America. 
2009; 106:15819–15824.

33. Androulidaki A, Iliopoulos D, Arranz A, Doxaki C, 
Schworer S, Zacharioudaki V, Margioris AN, Tsichlis PN, 
Tsatsanis C. The kinase Akt1 controls macrophage response 
to lipopolysaccharide by regulating microRNAs. Immunity. 
2009; 31:220–231.

34. Jennewein C, von Knethen A, Schmid T, Brune B. 
MicroRNA-27b contributes to lipopolysaccharide-
mediated peroxisome proliferator-activated receptor gamma 
(PPARgamma) mRNA destabilization. The Journal of 
biological chemistry. 2010; 285:11846–11853.

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

36. Saba R, Sorensen DL, Booth SA. MicroRNA-146a: A 
Dominant, Negative Regulator of the Innate Immune 
Response. Frontiers in immunology. 2014; 5:578.

37. Nahid MA, Pauley KM, Satoh M, Chan EK. miR-146a is 
critical for endotoxin-induced tolerance: IMPLICATION IN 
INNATE IMMUNITY. The Journal of biological chemistry. 
2009; 284:34590–34599.

38. Zhao JL, Rao DS, Boldin MP, Taganov KD, O’Connell RM, 
Baltimore D. NF-kappaB dysregulation in microRNA-
146a-deficient mice drives the development of myeloid 
malignancies. Proceedings of the National Academy of 
Sciences of the United States of America. 2011; 108: 
9184–9189.

39. O’Neill LA, Sheedy FJ, McCoy CE. MicroRNAs: the 
fine-tuners of Toll-like receptor signalling. Nature reviews 
Immunology. 2011; 11:163–175.

40. Hou J, Wang P, Lin L, Liu X, Ma F, An H, Wang Z, Cao X. 
MicroRNA-146a feedback inhibits RIG-I-dependent Type 
I IFN production in macrophages by targeting TRAF6, 
IRAK1, and IRAK2. Journal of immunology. 2009; 
183:2150–2158.

41. Lu LF, Boldin MP, Chaudhry A, Lin LL, Taganov KD, 
Hanada T, Yoshimura A, Baltimore D, Rudensky AY. 
Function of miR-146a in controlling Treg cell-mediated 
regulation of Th1 responses. Cell. 2010; 142:914–929.

42. Etzrodt M, Cortez-Retamozo V, Newton A, Zhao J, 
Ng A, Wildgruber M, Romero P, Wurdinger T, Xavier R, 
Geissmann F, Meylan E, Nahrendorf M, Swirski FK, et al. 
Regulation of monocyte functional heterogeneity by miR-
146a and Relb. Cell reports. 2012; 1:317–324.

43. Chen C, Ridzon DA, Broomer AJ, Zhou Z, Lee DH, 
Nguyen JT, Barbisin M, Xu NL, Mahuvakar VR, 
Andersen MR, Lao KQ, Livak KJ, Guegler KJ. Real-
time quantification of microRNAs by stem-loop RT-PCR. 
Nucleic acids research. 2005; 33:e179.

44. Livak KJ, Schmittgen TD. Analysis of relative gene 
expression data using real-time quantitative PCR and the 
2(-Delta Delta C(T)) Method. Methods. 2001; 25:402–408.


