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showed that, in DENV2-infected A549 cells, autophagy 
promoted a pro-inflammatory response to significantly 
increase TNF-α and IL-6 production. Taken together, our 
results define a novel role for miR-146a as a negative regu-
lator of DENV-induced autophagy and identify TRAF6 as 
a key target of this microRNA in modulating the DENV-
autophagy interaction.

Introduction

Dengue virus (DENV) is a positive single-stranded RNA 
virus of the family Flaviviridae, which is serologically sub-
divided into four serotypes, DENV1, 2, 3, and 4 [1]. DENV 
infection can manifest itself either as the self-limiting dis-
ease dengue fever (DF) or as severe dengue hemorrhagic 
fever (DHF) and dengue shock syndrome (DSS), and den-
gue has become one of the most prevalent arthropod-borne 
viral diseases in subtropical and tropical regions of the world 
[2]. Unfortunately, dengue pathogenesis and the interplay 
between the virus and the host immune system remains 
incompletely understood.

DENV infection can activate the cellular autophagic 
pathway [3, 4]. Autophagy is a highly conserved catabolic 
process by which host cells remove protein aggregates and 
damaged organelles for maintaining cellular homeostasis 
[5]. The autophagic cascade starts with engulfment of cyto-
plasmic cargo by an autophagosome, which then fuses with 
an endosome to form an autolysosome, exposing the inner 
compartment to lysosomal hydrolases for degradation [6]. 
It has been demonstrated that stresses, such as nutrient star-
vation and pathogenic infection, can also induce autophagy 
[7, 8]. Many protein factors that are important for autophagy 
have been identified. The microtubule-associated protein 
light-chain 3 (LC3), as one of these factors, is often used as 
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a marker for autophagy [9]. LC3 is a cytosolic protein. When 
cells undergo autophagy, the lipidation process promotes 
the conversion of LC3-I to its lipidated form LC3-II and 
allows it to localize to autophagosomal membranes [10]. In 
addition, the unc-51-like kinase 1 (ULK1) complex and the 
beclin 1/class III phosphoinositide-3-kinase (PI3K) complex 
are both important components of autophagy [11].

Several recent studies have shown a role for autophagy 
in the interaction between host cells and viruses. During 
viral infection, autophagy can perform either a pro-viral or 
an anti-viral function. On one hand, autophagy may be an 
important antiviral defense mechanism of the innate immune 
system, presumably by degrading sequestered viral struc-
tures to help reduce virus replication [12–14]. On the other 
hand, many viruses, such as poliovirus, coronaviruses, enter-
oviruses, hepatitis C virus (HCV), and DENV, have been 
reported to subvert the autophagic process for their own 
replication strategy [3, 15–18]. Studies from several groups 
have demonstrated that autophagy is required for efficient 
DENV replication [3, 19–21], and autophagy contributes to 
robust DENV replication by altering cellular lipid metabo-
lism to generate ATP, which produces a favorable replication 
environment for DENV [22]. However, all of these studies 
were undertaken primarily in liver cell lines, such as Huh7 
and HepG2. Other authors found that, in marked contrast 
to these studies, induction of autophagy reduced DENV2 
yield in the monocytic cell line, U937 [23]. This suggests 
that the DENV-autophagy interaction is mediated in a cell-
type-specific manner, and the role of autophagy in DENV 
replication remains controversial.

In addition to its role in regulating virus replication, 
autophagy can directly influence the production of a num-
ber of inflammatory cytokines. In particular, disruption of 
normal autophagic pathways has been reported to markedly 
increase the secretion of the pro-inflammatory cytokines 
IL-1α, IL-1β and IL-18 [24–26]. There is also evidence 
that autophagy can positively regulate the production of 
other cytokines. Treatment of both human and murine cells 
with autophagy inhibitor 3-methyladenine (3-MA) strongly 
inhibits TLR-dependent secretion of TNF-α and IL-6 [27], 
and silencing of ATG7 has been shown to decrease TLR-
dependent IL-8 production in intestinal epithelial cells 
[28]. Moreover, autophagy also plays a role in regulating 
secretion of type I IFN. A recent study found that knock-
down of either beclin 1 or ATG7 significantly increases the 
expression of IFN-α and IFN-β in HCV-infected immortal-
ized human hepatocytes (IHH) [29]. These studies suggest 
a regulatory role for the autophagic machinery on innate 
immune responses and inflammation.

Many studies have focused on the role of autophagy in 
the interaction between host cells and infectious patho-
gens. However, it is still unclear how this autophagic 
process is regulated. Recently, a group of novel gene 

regulators, microRNAs (miRNAs), have been reported to 
play important roles in regulating autophagy. miRNAs are 
short (~22 nucleotides) non-coding RNAs that are endog-
enously expressed in various organisms from plants to 
mammals. They control biological events through binding 
to the 3’-untraslational region (UTR) of target mRNA to 
induce degradation or suppress its translation [30]. Recent 
studies have shown that a number of miRNAs, such as 
miR-30a [31], miR-155 [32, 33], miR-181A [34], miR-
376b [35], and miR-100 [36], are capable of regulating 
autophagic activity by targeting key autophagy proteins. 
However, whether miRNAs regulate DENV-induced 
autophagy in similar ways remains unclear. Our previous 
study demonstrated that miR-146a is an important host 
factor in facilitating DENV replication through targeting 
the key innate adaptor TRAF6 in monocytic cells [37], 
but it remains unknown whether miR-146a has an impact 
on other DENV-induced biological processes, such as 
autophagy.

In this study, we sought to investigate the interaction 
between miR-146a and autophagy in DENV-infected 
cells. We found that overexpression of miR-146a signifi-
cantly blocks DENV2-induced autophagy in A549 cells 
and THP-1 cells and that silencing of miR-146a increases 
autophagy. These alterations in autophagy are exerted 
through targeting TRAF6, a target of miR-146a. Further 
studies showed that autophagy enhances the production 
of the pro-inflammatory cytokines TNF-α and IL-6. Thus, 
our results demonstrate for the first time that miR-146a 
negatively regulates DENV-induced autophagy by target-
ing TRAF6, and this might help to uncover previously 
unknown signaling pathways related to the host’s response 
to DENV infection.

Materials and methods

Reagents

Antibody specific for LC3 was obtained from Novus Biolog-
icals (Littleton, CO). Bafilomycin A1 and antibody against 
TRAF6 were purchased from Santa Cruz Biotechnology 
(Santa Cruz, CA). β-actin antibody, rapamycin, 3-MA and 
DMSO vehicle control (0.2%) were obtained from Sigma-
Aldrich (St. Louis, MO). Recombinant human IFN-β protein 
was purchased from PBL Assay Science (Piscataway, NJ). 
Anti-NS1 (DENV) monoclonal antibody was generously 
provided by Prof. Trai-Ming Yeh at National Cheng Kung 
University [49]. Goat anti-rabbit IgG (H+L) secondary anti-
body (Alexa Fluor 488) and F(ab’)2-goat anti-mouse IgG 
(H+L) secondary antibody (Alexa Fluor 594) were obtained 
from Thermo Fisher Scientific (Rockford, IL).
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Cell culture

Human lung carcinoma epithelial cells (A549 cells) (ATCC; 
CCL-185) were maintained in DMEM (GIBCO, Carls-
bad, CA) supplemented with 5% fetal bovine serum (FBS) 
(Hyclone, Logan, Utah) at 37 °C. Human monocytic cells 
(THP-1 cells) (ATCC; TIB-202) were cultured in RPMI-
1640 (GIBCO, Carlsbad, CA) with 10% FBS and 1% 2-mer-
captoethanol (Invitrogen, Carlsbad, CA) at 37 °C. Mosquito 
cell line C6/36 cells (ATCC; CRL-1660) were cultured in 
RPMI-1640 with 5% FBS at 28 °C. All media were sup-
plemented with 1% sodium pyruvate, 100 μg of penicillin 
per ml and 100 units streptomycin (Invitrogen, Carlsbad, 
CA) per ml.

Virus

The dengue virus type 2 (DENV2) New Guinea C strain 
was provided by Guangzhou Centers for Disease Control 
and propagated in C6/36 cells. C6/36 cells were inoculated 
with DENV2 at a multiplicity of infection (MOI) of 0.01 and 
incubated at 35 °C for 2-3 days. Then the supernatants were 
collected and clarified by centrifugation (4 °C, 3000 rpm, 
10 min). Virus titer was measured by TCID50 assay in C6/36 
cells, and viral stocks were stored at -80 °C.

Infection of cells

Cells were infected with DENV2 after adherence to tis-
sue culture plastic (A549 cells) or in suspension (THP-1 
cells). Virus particles were diluted in DMEM (A549 cells) 
or RPMI-1640 (THP-1 cells) without FBS and inoculated 
to cell monolayers or suspensions at an MOI of 1. After a 
1-h incubation at 37 °C to allow virus attachment, superna-
tants were removed and cells were washed three times with 
PBS to remove residual virus. Infected cells were cultured in 
DMEM (A549 cells) or RPMI-1640 (THP-1 cells) contain-
ing 2% FBS at 37 °C for 24 h (A549 cells) or 48 h (THP-1 
cells).

Virus titration

Virus titers in the supernatants harvested from DENV2-
infected cells were determined by TCID50 assay. Samples 
were serially diluted and inoculated onto C6/36 cells in 
96-well plates. After 5-7 days of incubation at 35 °C and 5% 
CO2, cells were examined for cytopathic effect (CPE) under 
a light microscope. The virus titer (TCID50/ml) was calcu-
lated using the Reed–Muench method [38]. One TCID50/ml 
was equivalent to 0.69 PFU/ml [39].

miRNA mimics and inhibitors of transfection

Pre-miR-146a precursor molecules (miR-146a mimic) and 
control miRNA precursors (ctl mimic) were purchased from 
Ambion (Austin, Texas). Locked nucleic acid (LNA)-anti-
miR-146a (LNA-146a) and LNA control (LNA-ctl) were 
purchased from Exiqon (Vedbaek, Denmark). In each well 
of a 12-well plate, 2×105A549 cells were seeded and trans-
fected with miR-146a mimic at a final concentration of 10 
nM or LNA-146a at 50 nM. Ctl mimic or LNA-ctl were used 
for transfection as matched controls.

siRNA and plasmid transfection

For siRNA transfection, scrambled siRNA (siNC), siTRAF6, 
siBeclin 1 and siATG7 were purchased from Ribo-
Bio (Guangzhou, China). The sequences were as follows: 
CAU​UAA​GGA​UGA​UAC​AUU​A (siTRAF6), AAC​AGU​
UUGG CAC​AAU​CAAUA (siBeclin 1), and GGA​GUC​ACA​
GCU​CUU​CCU​U (siATG7). siNC was used as a negative 
control. In each well of a 12-well plate, 2 × 105A549 cells 
were seeded and transfected with siRNA at a final concen-
tration of 40 nM, using Lipofectamine 2000 (Invitrogen, 
Carlsbad, CA) according to the manufacturer’s instructions.

For plasmid transfection, the pUNO vector and pUNO-
hTRAF6 plasmids were purchased from Invivogen (San 
Diego, CA). In each well of a 12-well plate, 2.5×105A549 
cells were seeded and transfected with 0.8 μg pUNO vec-
tor or pUNO-hTRAF6 plasmid using Lipofectamine 2000 
(Invitrogen, Carlsbad, CA) according to the manufacturer’s 
instructions.

Western blot

Whole-cell extracts were prepared in lysis buffer contain-
ing 1 mM phenylmethylsulfonyl fluoride (PMSF), 1% pro-
tease inhibitor cocktail (Sigma-Aldrich, St. Louis, MO), 
and 1 mM DTT. Equal amounts (30 μg) of cell lysates were 
resolved by SDS-PAGE and then transferred to PVDF mem-
branes. Membranes were blocked in 5% non-fat dry milk 
in PBST and incubated overnight with the respective pri-
mary antibodies at 4°C. The membranes were incubated at 
room temperature for 1 h with appropriate HRP-conjugated 
secondary antibodies and visualized with Plus-ECL kit 
(KeyGEN, Nanjing, China) according to the manufacturer’s 
instructions.

Immunofluorescence assay

A549 cells were seeded onto coverslips (30-50% conflu-
ency) and infected with DENV2 (MOI of 1) for 24 h or left 
uninfected. Then, the cells were fixed with 4% paraform-
aldehyde at room temperature for 30 min, permeabilized 
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with PBS containing 0.1% Triton X-100, and blocked with 
5% BSA. Primary antibody against LC3 (1:500) and anti-
rabbit IgG (H+L) secondary antibody (Alexa Fluor 488) 
(1:400) were used to detect the LC3 puncta. Primary anti-
body against NS1 (1:1000) and anti-mouse IgG (H+L) 
secondary antibody (Alexa Fluor 594) (1:1000) were used 
to detect the virus protein. Cell nuclei were stained with 
DAPI (Invitrogen, Carlsbad, CA). Stained samples were 
visualized using a Zeiss fluorescence microscope. The per-
centage of LC3-puncta-positive cells was determined by 
PicCnt (Picture Counter) 100× software (≥200 cells from 
each culture were examined).

Quantitative RT‑PCR

Total RNA was extracted using TRIzol Reagent (Invitro-
gen, Carlsbad, CA) following the manufacturer’s instruc-
tions. For miRNA, the expression of miR-146a was meas-
ured using a TaqMan miRNA kit (Ambion, Austin, Texas) 
and normalized to the internal control U6. For mRNA, 
first-strand cDNA synthesis was performed using a Rever-
tAid First Strand cDNA Synthesis Kit (Thermo Fisher Sci-
entific, Rockford, IL). For quantitative PCR, the reactions 
were performed in triplicate with each cDNA template 
using IQ SYBR Green Supermix (Bio-Rad, Hercules, CA) 
and performed on a Bio-Rad CFX96 Real-Time Detection 
System (Bio-Rad, Hercules, CA). The primer sequences 
used for PCR were as follows:

TNF-α, 5’-TCC​AGA​CTT​CCT​TGA​GAC​AC-3’ (for-
ward) and 5’-GGA​ACA​GCC​TAT​TGT​TCA​GC-3’ 
(reverse);

IL-6, 5’-CAC​CTC​TTC​AGA​ACG​AAT​TGAC-3’ (for-
ward) and 5’-CAC​CTC​TTC​AGA​ACG​AAT​TGAC-3’ 
(reverse);

IFN-β, 5’-AAA​CTC​ATG​AGC​AGT​CTG​CA-3’ (for-
ward) and

5’-AGG​AGA​TCT​TCA​GTT​TCG​GAGG-3’ (reverse);
DENV2-C gene, 5’-TCC​TAA​CAA​TCC​CAC​CAA​

CAGCA-3’ (forward) and 5’-AGT​TCT​GCG​TCT​CCT​GTT​
CAAGA-3’ (reverse);

β-actin, 5’-GCT​CCT​CCT​GAG​CGC​AAG​-3’ (forward) 
and 5’-CAT​CTG​CTG​GAA​GGT​GGA​CA-3’ (reverse).

Statistical analysis

For each separate set of assays, at least three independ-
ent experiments were evaluated. Data are represented as 
the mean ± SD. Statistical significance was determined 
by two-tailed, unpaired Student’s t-test, with p-values of 
<0.05 considered to be statistically significant.

Results

miR‑146a blocks DENV2‑induced autophagy in A549 
cells and THP‑1 cells

To examine whether miR-146a has an effect on DENV2-
induced autophagy, we first overexpressed or inhibited miR-
146a by transfection with an miR-146a mimic or LNA-146a 
in A549 cells. Quantitative RT-PCR was performed to ensure 
successful overexpression or inhibition of miR-146a. As shown 
in Fig. 1A and B, the miR-146a level increased to almost 
250,000-fold in cells transfected with the miR-146a mimic 
and decreased to 10% after transfection with LNA-146a. After 
transfection, A549 cells were infected with DENV2 and were 
harvested for Western blot to detect the conversion of LC3, 
an indicator of autophagy. As shown in Fig. 1C and D, the 
conversion of LC3-I to LC3-II was significantly increased after 
DENV2 infection (lane 3 vs. lane 1), consistent with a previous 
report [3]. Transient transfection with the miR-146a mimic 
significantly decreased the amount of LC3-II in mock-infected 
and DENV2-infected cells (Fig. 1C; left panel, lane 2 vs. lane 
1, lane 4 vs. lane 3), as calculated by the relative integrated 
density values (Fig. 1C, right panel). Consistently, inhibition 
of miR-146a increased the amount of LC3-II with or without 
DENV2 challenge (Fig. 1D).

We then investigated whether miR-146a regulates 
autophagy in THP-1 cells, another DENV2-permissive 
cell line. THP-1 cells were transfected with the miR-146a 
mimic or LNA-146a, followed by DENV2 infection. Over-
expression of miR-146a decreased the amount of LC3-II in 
DENV2-infected cells (Fig. 2A, lane 4 vs. lane 3), and inhi-
bition of miR-146a increased the amount of LC3-II (Fig. 2B, 
lane 4 vs. lane 3). Taken together, these results suggest that 
miR-146a is involved in regulating the autophagic activity 
in DENV2-infected A549 cells and THP-1 cells.

miR‑146a suppresses autophagosome formation 
and reduces LC3 puncta in DENV2‑infected cells

The dynamics of LC3-II accumulation during the process 
of autophagy depend on both the rate of conversion from 
LC3-I to LC3-II and the rate of degradation of LC3-II by 
auto-lysosomes [6]. To confirm the role of miR-146a in 
autophagy activity, we employed bafilomycin A1, an antag-
onist of vacuolar H+ ATPase, to prevent luminal acidifica-
tion and degradation of autophagosomal cargo. The results 
showed that, in the presence of bafilomycin A1, the amount 
of LC3-II was decreased after transfection with miR-146a 
mimic in A549 cells (Fig. 3A), while inhibition of miR-146a 
by LNA-146a increased the amount of LC3-II (Fig. 3B), 
as calculated based on the relative integrated density val-
ues (Fig. 3A and B, right panel).We also carried out an 
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immunofluorescence assay to observe LC3 puncta forma-
tion, which is another indicator of autophagy. Cells were 
co-stained for DENV2 NS1 protein to show that LC3 puncta 
formation correlates with DENV2 infection. As shown in 
Fig. 3C and D, DENV2-infected A549 cells showed spe-
cific staining for viral protein NS1, suggesting the cells were 
efficiently infected. Consistent with the Western blot data 
shown in Fig. 1, obtained from, DENV2 infection signifi-
cantly increased the percentage of LC3-puncta-positive cells 
(around 35%, Fig. 3C), whereas the formation of LC3 puncta 
was reduced in miR-146a-overexpressing cells (around 18% 
positive cells, Fig. 3C). Moreover, a significant increase in 
the percentage of LC3-puncta-positive cells was seen in the 
LNA-146a-transfected sample (around 45%, Fig. 3D). Taken 
together, our data suggest an inhibitory role for miR-146a in 
autophagosome formation in DENV2-infected A549 cells.

miR‑146a inhibits DENV2‑induced autophagy 
by targeting TRAF6

In order to identify the potential targets of miR-146a that 
are involved in DENV2-induced autophagy, a bioinformat-
ics analysis with TargetScan was performed. Two proteins, 
ATG12 and TRAF6, were predicted to be its targets. Our 
Western blot data showed that miR-146a overexpression did 
not affect the expression level of ATG12, a key autophagy 
protein, while overexpression of miR-146a significantly 
decreased the protein level of TRAF6 (Fig. 4A,left panel). 
Likewise, inhibition of miR-146 by LNA-146a increased 
the expression level of TRAF6, without changing ATG12 
expression (Fig. 4A, right panel). TRAF6 an identified target 
of miR-146a [37], has been reported to be involved in other 
autophagy signaling pathways [40, 41]. To test whether 

Fig. 1   miR-146a inhibits 
autophagic activity in DENV2-
infected A549 cells. miR-146a 
was overexpressed in A549 cells 
by transfecting them with an 
miR-146a mimic (10 nM) for 
24 h, and quantitative RT-PCR 
was performed to determine 
the mRNA level of miR-146a 
(A). miR-146a was silenced in 
A549 cells by transfecting them 
with LNA-146a (50 nM) for 24 
h, and the relative miR-146a 
mRNA level was determined by 
quantitative RT-PCR (B). After 
miR-146a was overexpressed 
(C) or silenced (D), A549 cells 
were infected with DENV2 
(MOI of 1) for 24 h, and the 
conversion of LC3-I to LC3-II 
was examined by Western blot. 
The percentage of LC3-II / 
(LC3-I+LC3-II) was calculated 
as shown beside the representa-
tive blot. Data are shown as the 
mean ± SEM of three independ-
ent experiments. *, P < 0.05; 
**, P < 0.01



3650	 J. Pu et al.

1 3

Fig. 2   miR-146a blocks 
DENV2-induced autophagy in 
THP-1 cells. THP-1 cells were 
transfected with an miR-146a 
mimic (10 nM) (A) or LNA-
146a (50 nM) (B) for 24 h and 
then infected with DENV2 
(MOI of 1) for 48 h, and the 
conversion of LC3-I to LC3-II 
was examined by Western blot. 
The percentage of LC3-II / 
(LC3-I+LC3-II) is shown. Data 
are shown as the mean ± SEM 
of three independent experi-
ments. *, P < 0.05; **, P < 0.01

Fig. 3   Suppression of autophagosome formation and reduction 
of LC3 puncta by miR-146a in DENV2-infected cells. A549 cells 
transfected with an miR-146a mimic (10 nM) (A) or LNA-146a (50 
nM) (B) were incubated with DMSO or bafilomycin A1 (BafA.) at a 
concentration of 100 nM for 2 h, and a Western blot assay was per-
formed to measure the conversion of LC3-I to LC3-II. The percent-
age of LC3-II / (LC3-I+LC3-II) is shown beside the representative 

blot. A549 cells were transfected with an miR-146a mimic (10 nM) 
(C) or LNA-146a (50 nM) (D) and then infected with DENV2 (MOI 
of 1) for 24 h. An immunofluorescence assay was used to detect LC3 
puncta formation in mock-infected or DENV2-infected cells. The per-
centage of LC3 dot-positive cells was determined. Data are shown as 
the mean ± SEM of three independent experiments. *, P < 0.05; **, 
P < 0.01
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TRAF6 plays a role in DENV2-induced autophagy, the 
extent of autophagy was compared in TRAF6-silenced cells 
and control cells by Western blot and immunofluorescence 
assay. The efficacy of siRNA against TRAF6 was confirmed 
by Western blot (Fig. 4B). Conversion of LC3-I to LC3-
II and the percentage of LC3- puncta-positive cells stimu-
lated by DENV2 infection were significantly decreased in 
TRAF6-silenced A549 cells (Fig. 4B and C). These results 
suggest that TRAF6 might be involved in DENV2-induced 
autophagy.

As TRAF6 is a key molecule in the IFN path-
way and studies have shown that type I IFN could 
induce autophagy [42, 43], we deduced that TRAF6 might 
affect DENV2-induced by through regulating the produc-
tion of type I IFN. Our data showed that DENV2-induced 
IFN-β was markedly decreased in TRAF6-silenced A549 
cells (Fig.  4D). Moreover, the reduction of LC3-II in 
TRAF6-silenced cells was reversed when the cells were 
treated with recombinant IFN-β in mock-infected and 
DENV2-infected cells (Fig. 4E). These results suggest 

Fig. 4   Silencing of TRAF6 abrogates DENV2-induced autophagy. 
A549 cells were transfected with an miR-146a mimic (10 nM) or 
LNA-146a (50 nM), followed by infection with DENV2 (MOI of 
1) for 24 h. The expression levels of ATG12 and TRAF6 were esti-
mated by Western blot (A). A549 cells were transfected with TRAF6 
siRNA and then infected with DENV2 (MOI of 1) for 24 h. A West-
ern blot was used to confirm the efficiency of siRNA and to deter-
mine the conversion of LC3-I to LC3-II. The percentage of LC3-II 
/ (LC3-I+LC3-II) is shown (B). An immunofluorescence assay was 
used to detect the formation of LC3 puncta. The percentage of LC3 

dot-positive cells was determined (C). A549 cells were transfected 
with TRAF6 siRNA, followed by infection with DENV2 (MOI of 1) 
for 24 h. The expression level of IFN-β was determined by quantita-
tive RT-PCR (D). siTRAF6-transfected A549 cells were infected with 
DENV2 (MOI of 1) for 12 h or mock-infected and then incubated 
with PBS or recombinant IFN-β protein (500 unit/ml). The conver-
sion of LC3-I to LC3-II was examined by Western blot. The percent-
age of LC3-II / (LC3-I+LC3-II) is shown (E). Data are shown as the 
mean ± SEM of three independent experiments. *, P < 0.05; **, P < 
0.01; NS, non-significant
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that TRAF6 regulates DENV2-induced autophagy through 
IFN-β.

To determine whether the inhibitory role of miR-146a 
on DENV2-induced autophagy is exerted by targeting 
TRAF6, an miR-146a mimic and a TRAF6 expression 

plasmid (pUNO-hTRAF6) lacking the 3’-UTR of TRAF6 
were used to co-transfect A549 cells, followed by DENV2 
infection. Western blot results showed that the plasmid 
pUNO-hTRAF6 was successfully introduced into A549 
cells and that the cells expressed TRAF6 protein (Fig. 5A, 
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lanes 2 and 5). In accordance with the results shown in 
Fig.1C, miR-146a overexpression blocked the conversion 
of LC3-I to LC3-II (Fig. 5A, lane 4 vs. lane 3) and LC3 
puncta formation (Fig. 5B) in DENV2-infected A549 cells. 
Furthermore, the inhibitory effect of miR-146a on DENV2-
induced autophagy was significantly reversed by overexpres-
sion of TRAF6 (Fig. 5A and B). To confirm these results, 
A549 cells were co-transfected with LNA-146a and TRAF6 
siRNA, followed by DENV2 infection. The silencing effect 
of TRAF6 was confirmed by Western blot (Fig. 5C, lanes 2 
and 5). The positive effects of LNA-146a on the amount of 
LC3-II and the formation of LC3 puncta were significantly 
reversed in TRAF6-silenced cells (Fig. 5C and D). Taken 
together, these data indicate that TRAF6 is the main tar-
get of miR-146a in negatively regulating DENV2-induced 
autophagy.

Autophagy has no influence on DENV2 replication 
in A549 cells

Studies have shown that DENV2 can activate autophagic 
machinery that is favorable for viral replication in liver cell 
lines, such as Huh7 and HepG2 [3, 19–21]. However, induc-
tion of autophagy reduces the yield of DENV2 in the mono-
cytic cell line, U937 [23]. To investigate whether autophagy 
regulates DENV2 replication in A549 cells, rapamycin, a 
potent inducer of autophagy, was used. We first confirmed 
the effect of rapamycin on autophagy in A549 cells by West-
ern blot; an increase in the amount of LC3-II was observed 
after rapamycin treatment when compared to the control 
(Fig. 6A). Then, the effects of rapamycin on DENV2 repli-
cation were examined by quantitative RT-PCR and TCID50 
assay. Both viral RNA and progeny viral titer were com-
parable between rapamycin-stimulated cells and control 
cells (Fig. 6B and C). Furthermore, A549 cells were treated 
with autophagy inhibitor 3-MA. The inhibitory effect of 
3-MA on LC3-II was confirmed by Western blot (Fig. 6D). 

Similarly, 3-MA treatment did not influence DENV2 replica-
tion in A549 cells (Fig. 6E and F). To confirm these results, 
siRNA-mediated knockdown of beclin 1 or ATG7 was used 
to inhibit autophagy (Fig. 6G). Likewise, neither the viral 
RNA level not the titer was affected by silencing of beclin 1 
or ATG7 in A549 cells (Fig. 6H and I).

Since miR-146a decreased DENV2-induced autophagy 
in both A549 cells and THP-1 cells, we next investigated 
the effect of autophagy on DENV2 replication in THP-1 
cells. Rapamycin, 3-MA, and beclin 1 or ATG7 siRNA were 
also used. As shown in Fig. 6J to L, autophagy induced by 
rapamycin in THP-1 cells significantly decreased the prog-
eny DENV2 titer, while 3-MA, siBeclin 1 or siATG7-medi-
ated inhibition of autophagy increased the viral titer. These 
results were consistent with a previous study using another 
monocytic cell line, U937 [23].

We have previously reported that miR-146a enhances 
DENV2 replication in THP-1 cells [37]. However, it remains 
unclear whether miR-146a facilitates DENV2 replication in 
A549 cells. A549 cells were transfected with an miR-146a 
mimic or LNA-146a, followed by DENV2 infection. Intra-
cellular and extracellular virus production were measured by 
quantitative RT-PCR and TCID50 assay. As shown in Fig. 7A 
and B, both the DENV2 RNA level and the virus titer were 
comparable between miR-146a-overexpressing cells and 
control cells. Consistently, in LNA-146a-transfected A549 
cells, the level of virus production did not differ from that 
observed with LNA-ctl (Fig. 7C and D). These data indicate 
that miR-146a does not affect DENV2 replication in A549 
cells, suggesting the effect of miR-146a on DENV is cell 
type specific.

Autophagy increases pro‑inflammatory cytokines 
in DENV2‑infected A549 cells

Autophagy has been reported previously to directly influ-
ence the transcription, processing and secretion of a num-
ber of inflammatory cytokines [24–28]. Thus, we speculated 
whether autophagy regulates DENV2-induced cytokines 
in A549 cells. As shown in Fig. 8A and B, induction of 
autophagy by rapamycin significantly increased the pro-
duction of TNF-α and IL-6 in DENV2-infected A549 cells. 
Consistently, inhibition of autophagy by beclin 1 or ATG7 
siRNA decreased DENV2-induced TNF-α and IL-6 pro-
duction (Fig. 8C and D). However, rapamycin-medicated 
autophagy did not affect IFN-β expression (Fig. 8I). These 
data indicate that autophagy positively regulates pro-inflam-
matory cytokine production in DENV2-infected A549 cells.

We next investigated the effect of miR-146a on the level 
of DENV2-induced cytokines in A549 cells. As shown 
in Fig. 8E and F, miR-146a overexpression significantly 
reduced TNF-α and IL-6 levels, whereas co-transfection 
with TRAF6 restored the expression of these cytokines. 

Fig. 5   miR-146a inhibits DENV2-induced autophagy by target-
ing TRAF6. A549 cells were either transfected separately or co-
transfected with an miR-146a mimic (10 nM) and a TRAF6 expres-
sion plasmid lacking the 3’UTR region, followed by infection with 
DENV2 (MOI of 1) for 24 h. A Western blot assay was used to deter-
mine the TRAF6 expression levels and the conversion of LC3-I to 
LC3-II. The percentage of LC3-II / (LC3-I+LC3-II) is shown (A). 
An immunofluorescence assay was used to detect LC3 puncta forma-
tion. The percentage of LC3 dot-positive cells was determined (B). 
A549 cells were either transfected separately or co-transfected with 
LNA-146a (50 nM) and a TRAF6 siRNA, followed by infection with 
DENV2 at an MOI of 1 for 24 h. TRAF6 expression and LC3-I-
to-LC3-II conversion were determined by Western blot. The percent-
age of LC3-II / (LC3-I+LC3-II) is shown (C). The formation of LC3 
puncta was detected by immunofluorescence assay, and PicCnt 100× 
software was used to determine the percentage of LC3 dot-positive 
cells (D). Data are shown as the mean ± SEM of three independent 
experiments. *, P < 0.05; **, P < 0.01

◂
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Fig. 6   Induction or blocking of autophagy has no influence on 
DENV2 replication in A549 cells. A549 cells were stimulated with 
rapamycin (Rapa) (2 μM, 12 h) or 3-MA (8 μM, 6 h), and the effect 
of rapamycin or 3-MA on autophagy was examined using a West-
ern blot assay (A, D). After treatment with rapamycin or 3-MA, 
the cells were infected with DENV2 (MOI of 1) for 24 h. The cells 
were then harvested for viral RNA detection by quantitative RT-
PCR (B, E), and the supernatants were collected for virus titration 
by TCID50 assay (C, F). A549 cells were transfected with beclin1 or 
ATG7 siRNA for 24 h, and the efficacy of silencing was determined 

by Western blot (G). After silencing of beclin1 or ATG7, A549 cells 
were infected with DENV2 (MOI of 1) for 24 h, and the viral RNA 
level and viral titer were measured by quantitative RT-PCR (H) and 
TCID50 assay (I) respectively. THP-1 cells were stimulated with rapa-
mycin (4 μM, 6 h) or 3-MA (10 μM, 3 h), or transfected with beclin1 
or ATG7 siRNA, followed by DENV2 (MOI of 1) infection for 48 h. 
The supernatants were collected for virus titration by TCID50 assay 
(J, K, L). Data are shown as the mean ± SEM of three independent 
experiments. *, P < 0.05; NS, non-significant
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Similarly, a significant increase in DENV2-induced TNF-α 
and IL-6 was observed in LNA-146a-transfected cells 
(Fig. 8G and H), and the positive effects of LNA-146a on 
TNF-α and IL-6 production were significantly reversed in 
TRAF6-silenced cells (Fig. 8G and H). Taken together, these 
results suggest that the miR146a-autophagy axis in DENV2-
infected A549 cells is involved in regulating the production 
of pro-inflammatory cytokines.

Discussion

Previous studies have shown that DENV infection can induce 
autophagy, but little is known about how this autophagic 
pathway is regulated. In this study, miR-146a was found to 
be a novel regulator of DENV2-induced autophagy. Our 
data revealed that miR-146a inhibited autophagic activity in 
DENV2-infected A549 cells and THP-1 cells. Further stud-
ies demonstrated that the inhibition of autophagy by miR-
146a was due to targeting TRAF6, resulting in reduction 
of IFN-β. Moreover, autophagy enhanced DENV2-induced 
TNF-α and IL-6 production in A549 cells.

Many studies have shown that miR-146a is involved in 
many cellular events related to growth, development, aging, 
apoptosis, and diseases such as cancer and inflammation [44, 
45]. In this study, we identified a new function for miR-
146a in regulating DENV2-induced autophagy. Two differ-
ent cell lines (A549 and THP-1) were used. The monocytic 
cell line THP-1 was used as a substitute for peripheral blood 
mononuclear cells (PBMC) to mimic in vivo infection [50]. 
The lung epithelial cell line A549 has high susceptibility to 
DENV infection and has been widely used in DENV studies 
[51–54], but the DENV-autophagy interaction in A549 cells 
remains unclear. Therefore, A549 was the main cell line used 
in our study. Overexpression of miR-146a inhibited DENV2-
induced LC3-I-to-LC3-II conversion and LC3 puncta forma-
tion. Likewise, inhibition of endogenous miR-146a enhanced 
the DENV2-induced autophagic response. Combined with 
our earlier report that miR-146a plays an important role in 
enhancement of DENV replication in monocytes [37], these 
data indicate that miR-146a is a crucial regulator of DENV 
infection. In addition, in mock-infected A549 cells, an obvi-
ous change in the amount of LC3-II was observed after miR-
146a overexpression or inhibition, indicating that miR-146a 
contributes to the limitation of basal autophagic activity in 
A549 cells.

Currently, many proteins have been identified as tar-
gets of miR-146a. Among these reported targets, TRAF6 
has been shown to be an important protein in many sign-
aling pathways [46, 47]. The data presented here show 
that depletion of TRAF6 significantly decreases DENV2-
induced autophagy, suggesting that TRAF6 is involved in 
the autophagic pathway, which is consistent with previous 
reports [40, 41]. Shi et al. showed that TRAF6 mediates 
the ubiquitination of beclin 1, which is crucial for TLR4-
triggered autophagy in macrophages [41], and for rapam-
ycin-induced autophagy, TRAF6 promotes autophagy by 
supporting ULK1 ubiquitination [40]. However, in the case 
of DENV2 infection, the degree of ubiquitination of beclin 
1 or UL K1 did not differ between siTRAF6- and siNC-
transfected cells (data not shown). Hence, the mechanism 
of TRAF6 in regulating DENV2-induced autophagy was not 
through ubiquitination of beclin 1 or ULK1. Our data also 
showed that TRAF6 promotes DENV2-induced autophagy 
by upregulating the production of IFN-β, which is consistent 
with reports that pre-treatment with type I IFN could induce 
autophagy [42, 43].

Furthermore, we found that activation of autophagy 
by rapamycin had no influence on DENV2 replication 
in A549 cells. Consistently, inhibition of autophagy 
by 3-MA, siBeclin 1 or siATG7 did not affect DENV2 
replication. These results differ from those of previous 
studies conducted with liver cell lines. Four independ-
ent groups have reported that in Huh7 and HepG2 cells, 
DENV activates autophagy upon infection, and utilizes the 

Fig. 7   miR-146a has no influence on DENV2 replication in A549 
cells. Cells were transfected with an miR-146a mimic (10 nM) or 
LNA-146a (50 nM), followed by infection with DENV2 at an MOI 
of 1 for 24 h. Cells were harvested for viral RNA detection by quan-
titative RT-PCR (A, C), and the supernatants were collected for virus 
titration by TCID50 assay (B, D). Data are shown as the mean ± SEM 
of three independent experiments. NS, non-significant
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autophagic process as part of its replication strategy [3, 
19–21]. However, in the monocytic cell line U937, activa-
tion of autophagy significantly reduces DENV output [23]. 
We also investigated the role of autophagy on DENV2 
replication inTHP-1 cells and found results similar to those 
obtained with U937. Hence, these studies revealed that the 

effect of autophagy on DENV replication in different cell 
types differs.

Although autophagy had no influence on DENV2 repli-
cation in our study, we found that induction of autophagy 
with rapamycin significantly enhanced TNF-α and IL-6 
production in DENV2-infected A549 cells. Consistently, 

Fig. 8   Autophagy increases the expression of DENV2-induced pro-
inflammatory cytokines. A549 cells were stimulated with rapamy-
cin (Rapa) (2 μM, 12 h) (A, B) or transfected with beclin1 or ATG7 
siRNA (C, D), followed by DENV2 infection at an MOI of 1 or mock 
infection. The cells were then harvested for RNA extraction, and 
quantitative RT-PCR was performed to determine the expression lev-
els of TNF-α (A, C) and IL-6 (B, D). A549 cells were either trans-
fected separately or co-transfected with an miR -146a mimic (10 nM) 
and a TRAF6 expression plasmid, and the cells were then infected 
with DENV2 (MOI of 1) or left uninfected. The expression levels of 

TNF-α (E) and IL-6 (F) were determined by quantitative RT-PCR. 
A549 cells were either transfected separately or co-transfected with 
LNA-146a (50 nM) and a TRAF6 siRNA, followed by infection with 
DENV2 at an MOI of 1 or mock infection. Quantitative RT-PCR was 
performed to measure the levels of TNF-α (G) and IL-6 (H). A549 
cells were stimulated with rapamycin (2 μM, 12 h) and then infected 
with DENV2 (MOI of 1) or left uninfected. IFN-β expression was 
detected by quantitative RT-PCR (I). Data are shown as the mean ± 
SEM of three independent experiments. *, P < 0.05; **, P < 0.01; 
***, P < 0.001; NS, non-significant



3657Inhibition of dengue-virus-induced autophagy by miR-146a﻿	

1 3

inhibition of autophagy using beclin 1 or ATG7 siRNA 
decreased DENV2-induced TNF-α and IL-6 production. 
These data suggest that autophagy modulates the DENV2-
induced pro-inflammatory cytokine response. The regu-
lation role of autophagy on TNF-α and IL-6 production 
has been reported previously by several groups. Crisan 
et al. showed that treatment of both human and murine 
cells with 3-MA strongly inhibits TLR-dependent TNF-α 
and IL-6 secretion [27]. Moreover, in M. tuberculosis-
infected macrophages, treatment with 3-MA decreased 
transcription of TNF-α but increased IL-6 transcription 
[48]. In these experiments, it is not yet clear whether this 
is a specific effect of autophagy or some other off-target 
or toxic effect of 3-MA. However, in our study, beclin 1 
or ATG7 siRNA was used, which would help to clarify 
this. In addition, our data showed that miR-146a signifi-
cantly regulated the expression of DENV2-induced TNF-α 
and IL-6 by targeting TRAF6, suggesting that the miR-
146a-autophagy axis plays important roles in regulating 
the induction of pro-inflammatory cytokines in DENV 
infection. Pro-inflammatory cytokines play important roles 
in dengue disease development. However, not all of them 
can affect DENV replication. A previous study demon-
strated that DENV replication is not strongly affected by 
either the addition of high levels of TNF-α or the block-
ing of endogenous TNF-α in macrophages [55]. A similar 
observation has been made for DENV-infected dendritic 
cells [56]. Furthermore, these studies found that DENV-
infected cells do not respond normally to TNF-α stimula-
tion, suggesting a possible mechanism for subverting host 
antiviral responses by DENV.

In conclusion, we have, for the first time, defined a 
novel function for miR-146a in DENV infection: the regu-
lation of the autophagic pathway. The results presented in 
this work can be summarized as follows: miR-146a neg-
atively regulates the expression of TRAF6, resulting in 
inhibition of autophagic activity in DENV2-infected A549 
cells and THP-1 cells. Therefore, an autophagy-related 
miRNA, miR-146a, has been found to inhibit DENV-
induced autophagy by targeting TRAF6 and potentially 
suppressing excessive inflammation in host cells to lessen 
pathological damage of dengue infection.
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