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Introduction

Autophagy is an evolutionarily conserved process through 
which organelles and proteins are sequestered into autophagic 
vesicles (autophagosomes) within the cytosol.1 These vesicles 
fuse with lysosomes to form autolysosomes leading to degrada-
tion of intracellular contents.2 Although autophagy is regarded 
as a double-edged sword in cancer development, progression, 

and responses to treatment,3 increasing evidence has shown that 
it promotes tumor cell survival and resistance to apoptosis.3-5 
However, whether autophagy plays a role in regulating cancer 
cell migration and invasion remains less understood.

Toll-like receptors (TLRs) are centrally involved in the ini-
tiation of innate immunity and induction of adaptive immune 
responses by recognizing distinct pathogen-associated molecu-
lar patterns.6,7 They signal mainly through MYD88 (myeloid 

*Correspondence to: Huimin Fan; Email: frankfan@tongji.edu.cn; Zhongmin Liu; Email: liu.zhongmin@tongji.edu.cn
Submitted: 04/03/2013; Revised: 11/01/2013; Accepted: 11/11/2013
http://dx.doi.org/10.4161/auto.27162

Autophagy facilitates TLR4- and TLR3-triggered 
migration and invasion of lung cancer cells 

through the promotion of TRAF6 ubiquitination
Zhenzhen Zhan,1,† Xuefeng Xie,2,† Hao Cao,3 Xiaohui Zhou,1 Xu Dong Zhang,4 Huimin Fan,1,3,* and Zhongmin Liu1,3,*

1Research Center for Translational Medicine & Institute of Heart Failure; East Hospital; Tongji University School of Medicine; Shanghai, China; 2School of Pharmacology;  
Anhui Medical University; Hefei, Anhui, China; 3Department of Cardiac Surgery; East Hospital; Tongji University School of Medicine; Shanghai, China; 4School of Medicine  

and Public Health; University of Newcastle; NSW, Australia

†These authors contributed equally to this work.

Keywords: toll-like receptors, autophagy, migration, invasion, TRAF6, lung cancer cells

Abbreviations: 3MA, 3-methyladenine; ATG5, autophagy-related 5; ATG7, autophagy-related 7; BECN1, Beclin 1, autophagy 
related; CCL2, chemokine (C-C motif) ligand 2; CCL20, chemokine (C-C motif) ligand 20; FBS, fetal bovine serum;  

LPS, lipopolysaccharide; MAP1LC3A/B (LC3A/B), microtubule-associated protein 1 light chain 3 alpha/beta; MAP3K7, mitogen-
activated protein kinase kinase kinase 7; MAPK1/3, mitogen-activated protein kinase 1/3; MAPK8/9, mitogen-activated protein 

kinase 8/9; MAPK14, mitogen-activated protein kinase 14; MMP, matrix metallopeptidase; MYD88, myeloid differentiation 
primary response 88; NFKB, nuclear factor of kappa light polypeptide gene enhancer in B-cells; poly(I:C), polyinosinic-

polycytidylic acid; RELA, v-rel avian reticuloendotheliosis viral oncogene homolog A; siRNA, small interfering RNA;  
SQSTM1, sequestosome 1; TICAM1, toll-like receptor adaptor molecule 1; TLR, toll-like receptor; TRAF6, TNF receptor-

associated factor 6, E3 ubiquitin protein ligase; VEGFA, vascular endothelial growth factor A

Autophagy contributes to the pathogenesis of cancer, whereas toll-like receptors (TLRs) also play an important role in 
cancer development and immune escape. However, little is known about the potential interaction between TLR signaling 
and autophagy in cancer cells. Here we show that autophagy induced by TLR4 or TLR3 activation enhances various cyto-
kine productions through promoting TRAF6 (TNF receptor-associated factor 6, E3 ubiquitin protein ligase) ubiquitination 
and thus facilitates migration and invasion of lung cancer cells. Stimulation of TLR4 and TLR3 with lipopolysaccharide 
(LPS) and polyinosinic-polycytidylic acid [poly(I:C)] respectively triggered autophagy in lung cancer cells. This was medi-
ated by the adaptor protein, toll-like receptor adaptor molecule 1 (TICAM1/TRIF), and was required for TLR4- and TLR3-
induced increases in the production of IL6, CCL2/MCP-1 [chemokine (C-C motif) ligand 2], CCL20/MIP-3α [chemokine (C-C 
motif) ligand 20], VEGFA (vascular endothelial growth factor A), and MMP2 [matrix metallopeptidase 2 (gelatinase A, 72 
kDa gelatinase, 72 kDa type IV collagenase)]. These cytokines appeared to be necessary for enhanced migration and inva-
sion of lung cancer cells upon TLR activation. Remarkably, inhibition of autophagy by chemical or genetic approaches 
blocked TLR4- or TLR3-induced Lys63 (K63)-linked ubiquitination of TRAF6 that was essential for activation of MAPK and 
NFKB (nuclear factor of kappa light polypeptide gene enhancer in B-cells) pathways, both of which were involved in the 
increased production of the cytokines. Collectively, these results identify induction of autophagy by TLR4 and TLR3 as 
an important mechanism that drives lung cancer progression, and indicate that inhibition of autophagy may be a useful 
strategy in the treatment of lung cancer.
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Figure 1. LPS or poly(I:C) induces autophagy in lung cancer cells. (A) Whole cell lysates from A549 and H460 cells treated with indicated doses of LPS 
or poly(I:C) for the indicated time were subjected for immunoblot analysis of LC3 and ACTB (as a loading control). The LC3-II to LC3-I ratio (II:I) is shown. 
(B) After stimulation with LPS (10 μg/ml) or poly(I:C) (20 μg/ml) for 12 h, A549 and H460 cells were immunolabeled with LC3 antibody followed by 
Alexa Fluor 488-conjugated secondary antibody (green). Images shown are representative fluorescence confocal microscopic photographs (left panel). 
Original magnifications: 630×. Quantification of the percentage of cells with autophagosomes is shown (right panel). (C) Ultrastructural features of A549 
and H460 cells treated with LPS (10 μg/ml) or poly(I:C) (20 μg/ml) for 12 h, as revealed by transmission electron microscopy (left panel). Graph represents 
quantification of the number of autophagosomes per cross-sectioned cell (right panel). (D) Whole cell lysates from A549 and H460 cells treated with 
LPS (10 μg/ml) or poly(I:C) (20 μg/ml) for the indicated time were subjected for immunoblot analysis of BECN1, SQSTM1, and ACTB (as a loading control). 
Numbers below lanes indicate densitometry of the protein presented relative to ACTB expression in that same lane. (E) A549 and H460 cells cotreated 
with or without E64d (10 μg/ml) and pepstatin A (10 μg/ml) were stimulated with LPS (10 μg/ml) or poly(I:C) (20 μg/ml) for 12 h. Whole cell lysates were 
subjected for immunoblot analysis of LC3 and ACTB (as a loading control). The LC3-II to LC3-I ratio (II:I) is shown. Data are representative of 3 indepen-
dent experiments with similar results (A, left panel in B–E) or are mean ± SEM from 3 independent experiments (right panel in B and C). **P < 0.01.
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differentiation primary response 88) and/or TICAM1/
TRIF (toll-like receptor adaptor molecule 1)-depen-
dent pathways to activate NFKB (nuclear factor of 
kappa light polypeptide gene enhancer in B-cells) and 
MAPK pathways, leading to production of inflamma-
tory cytokines.6,8 Besides expression on immune cells 
such as macrophages and dendritic cells, TLRs are 
expressed on a wide variety of cancer cells.9 Although 
TLR7 and TLR9 agonists produce antitumor 
effects,9,10 emerging evidence indicates that activation 
of TLRs can promote cancer cell survival and prolif-
eration.11-13 Moreover, proinflammatory cytokines and 
immunosuppressive factors induced by TLR signal-
ing in cancer cells inhibit immune cell functions and 
enhance resistance of tumor cells to cytotoxic lympho-
cyte-mediated killing, leading to immune evasion.13-15

Pathogen-associated molecular patterns such as 
lipopolysaccharide (LPS), single-strand RNA, and bac-
teria are able to induce autophagy via different TLRs 
in innate immune cells. This plays an important role 
in elimination of intracellular pathogens.16-18 However, 
it remains unknown whether TLRs can similarly trig-
ger autophagy in cancer cells. In this report, we show 
that TLR4 and TLR3 activation induces autophagy 
via the TICAM1 adaptor in lung cancer cells, and that 
this in turn promotes ubiquitination of TRAF6 that 
is essential for TLR4- and TLR3-triggered increases 
in the production of multiple cytokines that enhance 
cell migration and invasion, including IL6, CCL2, 
CCL20, VEGFA, and MMP2. These results reveal 
that induction of autophagy contributes to TLR4- and 
TLR3-triggered progression of lung cancer cells, and 
suggest that inhibition of autophagy may be a useful 
strategy in the treatment of lung cancer.

Results

TLR4 and TLR3 activation induces autophagy in 
lung cancer cells

Consistent with previous reports that lung can-
cer cells express TLR4 and TLR3,19 we found that 
TLR4 and TLR3 were expressed in A549 and H460 
non-small cell lung cancer (NSCLC) cells (Fig. S1). 
Strikingly, we also found that the expression levels of 
TLR4 and TLR3 were upregulated by stimulation with 
the TLR4 ligand LPS and the TLR3 ligand polyino-
sinic-polycytidylic acid [poly(I:C)], respectively (Fig. 
S1). Moreover, exposure to LPS or poly(I:C) triggered 
autophagy in A549 and H460 cells. This was shown 
by conversion of microtubule-associated protein 1 light 
chain 3 α/β (MAP1LC3A/B, LC3A/B)-I into LC3-II, 
aggregation of LC3-II, formation of double-membraned auto-
phagosomes, and increases in the expression of BECN1/Beclin 
1 (Fig.  1A–D), and was further consolidated by degradation 
of sequestosome 1 (SQSTM1) (Fig.  1D) and increased accu-
mulation of LC3-II when autophagy flux was blocked with the 

lysosomal protease inhibitors, E64d and pepstatin A (Fig. 1E), 
or by the autophagosome-lysosome fusion inhibitors, bafilomy-
cin A

1
 (Fig. S2).20

The TICAM1 pathway is required for TLR4- and TLR3-
induced autophagy in lung cancer cells

Figure 2. LPS or poly(I:C) induces autophagy through the TLR receptor and TICAM1 
adaptor protein. (A and B) A549 cells were transfected with control siRNA or siRNA 
specific for TLR4 (left panel) or TLR3 (right panel). Forty-eight hours later, cells were 
treated with LPS (10 μg/ml) or poly(I:C) (20 μg/ml) for 12 h. (A) Whole cell lysates 
were subjected for immunoblot analysis of LC3, TLR4, TLR3, and ACTB (as a load-
ing control). The LC3-II to LC3-I ratio (II:I) is shown. (B) Cells were immunolabeled 
with LC3 antibody to visualize immunofluorescence images. Quantification of the 
percentage of cells with autophagosomes is shown. (C and D) A549 cells were 
transfected with control siRNA or siRNA specific for TICAM1 (C and D) or MYD88 
(D). Forty-eight hours later, cells were treated with LPS (10 μg/ml) or poly(I:C) (20 
μg/ml) for 12 h. (C) Whole cell lysates were subjected for immunoblot analysis of 
LC3, TICAM1, and ACTB (as a loading control). The LC3-II to LC3-I ratio (II:I) is shown. 
(D) Cells were immunolabeled with LC3 antibody to visualize immunofluorescence 
images. Quantification of the percentage of cells with autophagosomes is shown. 
Numbers below lanes indicate densitometry of TLR4, TLR3 or TICAM1 relative to 
ACTB expression in that same lane (A and C). Data are representative of 3 indepen-
dent experiments with similar results (A and C) or are mean ± SEM from 3 indepen-
dent experiments (B and D). **P < 0.01.



©
20

14
 L

an
de

s 
B

io
sc

ie
nc

e.
 D

o 
no

t d
is

tri
bu

te
.

260	A utophagy	 Volume 10 Issue 2

TLR4 initiates signaling through the adaptor proteins 
MYD88 and TICAM1, whereas TLR3 signals via TICAM1.6,8 
We investigated whether MYD88 and/or TICAM1 were 
involved in TLR-induced autophagy in lung cancer cells. siRNA 
knockdown of TLR4 inhibited conversion of LC3-I to LC3-II 
and LC3-II aggregation induced by LPS, whereas knockdown 

of TLR3 similarly inhibited LC3 conversion and LC3-II aggre-
gation triggered by poly(I:C) in A549 cells (Fig.  2A and B), 
indicating that LPS and poly(I:C) induces autophagy via TLR4 
and TLR3, respectively. Noticeably, inhibition of TICAM1 by 
siRNA recapitulated the effect of knockdown of TLR4 or TLR3 
in A549 cells (Fig. 2C and D). In contrast, inhibition of MYD88 

Figure 3. LPS- or poly(I:C)-induced autophagy facilitates the production of IL6, CCL2, CCL20, VEGFA, and MMP2 in lung cancer cells. A549 (A and C) and 
H460 (B and D) cells were transfected with control siRNA, ATG5 siRNA (A and B) or ATG7 siRNA (C and D). Forty-eight hours later, cells were treated with 
LPS (10 μg/ml) or poly(I:C) (20 μg/ml) for 24 h, the levels of IL6, CCL2, CCL20, VEGFA, and MMP2 in the supernatant fraction were measured by ELISA. Data 
are mean ± SEM from 3 independent experiments. **P < 0.01.
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did not significantly impinge on LC3-II aggregation and LC3 
conversion induced by LPS or poly(I:C) (Fig. 2D and data not 
shown). These results suggest that TICAM1 plays an essential 
role in TLR4- and TLR3-triggered autophagy in lung cancer 
cells.

Autophagy facilitates induction of IL6, CCL2, CCL20, 
VEGFA, and MMP2 by TLR4 and TLR3 in lung cancer cells

To examine whether induction of autophagy impacts on 
production of proinflammatory and immunosuppressive cyto-
kines, chemokines, and MMPs triggered by TLR4 and TLR3 in 
lung cancer cells, we treated A549 and H460 cells with LPS or 
poly(I:C) in the presence or absence of 3-methyladenine (3MA). 
Remarkably, induction of IL6, CCL2, CCL20, VEGFA, and 
MMP2 by LPS or poly(I:C) was reduced when autophagy was 
blocked by 3MA (Figs. S3 and S4). In support, knockdown 
of autophagy-related 5 (ATG5) or autophagy-related 7 (ATG7) 

similarly inhibited the production of IL6, CCL2, CCL20, 
VEGFA, and MMP2 induced by LPS or poly(I:C) in A549 and 
H460 cells (Fig.  3A–D; Fig. S5). These results indicate that 
autophagy plays an important role in TLR-triggered production 
of the cytokines in lung cancer cells.

TLR4- and TLR3-induced autophagy promotes migration 
of lung cancer cells

Tumor cell-derived CCL2 plays an important role in migra-
tion of the cells.21 CCL20 has also been shown to be involved 
in metastasis of various cancers.22,23 We therefore examined 
whether autophagy-mediated regulation of CCL2 and CCL20 
resulting from activation of TLR4 and TLR3 impinges on 
migration of lung cancer cells. As anticipated, exposure to LPS 
or poly(I:C) enhanced migration of A549 and H460 cells as 
shown in wound healing and transwell assays. However, this 
increase was reversed by 3MA (Fig. 4A and D; Fig. S6A) and 

Figure  4. LPS- or poly(I:C)-induced autophagy promotes migration of lung cancer cells. (A–C) The confluent monolayer of A549 and H460 cells in 
6-well plates was scratched with a yellow Gilson-pipette tip to inflict a 400-μm wound width, then incubated in FBS-free medium and treated with LPS  
(10 μg/ml) or poly(I:C) (20 μg/ml) in the presence or absence of 3MA (5 mM) (A) or neutralizing antibody against CCL2 or CCL20 (C) for 24 h. In (B), cells 
were transfected with control siRNA or siRNA specific for ATG5 48 h before scratch with pipette tip. Cells were photographed and the average wound 
widths were measured from 10 separate microscopy fields in each group. (D–F) A549 and H460 cells were placed in the upper chamber of transwell 
insert, then incubated with LPS (10 μg/ml) or poly(I:C) (20 μg/ml) in the presence or absence of 3MA (5 mM) (D) or neutralizing antibody against CCL2 
or CCL20 (F) for 24 h. In (E), cells were transfected with control siRNA or siRNA specific for ATG5 48 h before placing in the upper chamber of transwell 
insert. The cells that migrated to another side of membrane were stained and cell numbers in 10 random fields were counted. Data are mean ± SEM of 
3 independent experiments. *P < 0.05; **P < 0.01.
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knockdown of ATG5 or ATG7 (Fig. 4B and E; Figs. S6B, S7A, 
and S7B), which was recapitulated by treatment with a neutral-
izing antibody against CCL2 or CCL20 (Fig.  4C and F; Fig. 
S6C). Therefore, TLR4- and TLR3-triggered autophagy pro-
motes migration of lung cancer cells by promoting autocrine sig-
naling of CCL2 and CCL20.

TLR4- and TLR3-induced autophagy pro-
motes invasion of lung cancer cells

We also examined whether TLR4- and TLR3-
triggered autophagy affects the invasive behavior 
of lung cancer cells using matrigel invasion assays. 
As shown in Figure 5A–D, cells treated with LPS 
or poly(I:C) displayed approximately a 3-fold 
increase in traversal of the matrigel membrane in 
comparison to those untreated, which was never-
theless markedly reversed by the addition of 3MA 
(Fig. 5A and B) or knockdown of ATG5 or ATG7 
(Fig. 5C and D; Fig. S7C).

The pleiotropic cytokine IL6 induces autocrine 
release of VEGFA and MMPs that in turn medi-
ate invasion of cancer cell.24-26 We therefore exam-
ined whether IL6 similarly plays a role in invasion 
of lung cancer cells upon activation of TLR4 and 
TLR3. Cotreatment with a neutralizing antibody 
against IL6 markedly reversed the increase in inva-
sion of A549 and H460 cells in response to LPS 
or poly(I:C) (Fig. 6A and B). This was associated 
with inhibition of release of VEGFA and MMP2 
induced by LPS or poly(I:C) (Fig.  6C and D). 
These results suggest that IL6-mediated autocrine 
release of VEGFA and MMP2 plays an important 
role in invasion of lung cancer cells triggered by 
activation of TLR4 and TLR3.

Rapamycin induces autophagy in cancer cells.20 
However, it did not appear to induce the produc-
tion of IL6, CCL2, CCL20, VEGFA, and MMP2 
in A549 and H460 cells (Fig. S8A). Similarly, it 
did not impinge on the migration and invasion 
potential of A549 and H460 cells with or without 
ATG5 knocked down (Fig. S8B and S8C). These 
results suggest that autophagy-mediated promo-
tion of lung cancer migration and invasion is 
highly context-dependent, and reiterate the impor-

tance of the interaction between TLR signaling and autophagy 
in lung cancer progression.

Inhibition of autophagy impairs TLR-triggered activation 
of the MAPK and NFKB pathways

Similar to activation of survival signaling pathways in 
immune cells, stimulation of TLR4 and TLR3 induced 

Figure 5. LPS- or poly(I:C)-induced autophagy promotes 
invasion of lung cancer cells. (A and B) A549 and H460 
cells were placed in the upper chamber of matrigel inva-
sion insert, then treated with LPS (10 μg/ml) or poly(I:C) 
(20 μg/ml) in the presence or absence of 3MA (5 mM) 
for 24 h. (C and D) A549 and H460cells were transfected 
with control siRNA or siRNA specific for ATG5 48 h before 
placing in the insert. Cells that penetrated through the 
matrigel to the lower surface of the filter were stained, 
photographed (A and C; A549 cells) and cell numbers in 
10 random fields were counted (B and D). Data are rep-
resentative of 3 independent experiments with similar 
results (A and C) or are mean ± SEM of 3 independent 
experiments (B and D). **P < 0.01.
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activation of MAPK and NFKB signal-
ing in lung cancer cells (Fig.  7A and 
B). However, activation of MAPK and 
NFKB by LPS or poly(I:C) was abol-
ished when cells were cotreated with 
3MA (Fig. 7A and B), suggesting that 
autophagy plays an important role in 
TLR4- and TLR3-induced activa-
tion of the MAPK and NFKB path-
ways. In support, phosphorylation of 
MAPK1/ERK2 and MAPK3/ERK1 
(mitogen-activated protein kinase 1/3), 
MAPK8/JNK1 and MAPK9/JNK2 
(mitogen-activated protein kinase 
8/9), MAPK14/p38α (mitogen-acti-
vated protein kinase 14) and RELA/
p65 (v-rel avian reticuloendotheliosis 
viral oncogene homolog A) by LPS or 
poly(I:C) was substantially attenuated 
in A549 cells with ATG5 knocked down 
(Fig. 7C and D).

To clarify the role of MAPK and 
NFKB signaling in TLR-triggered, 
autophagy-mediated enhancement 
in cytokine production in lung can-
cer cells, we treated A549 cells with 
LPS or poly(I:C) in the presence of 
the specific inhibitor of MAPK1/3, 
MAPK8/9, MAPK14, or RELA. As 
shown in Figure  7E, the increase in 
IL6 production induced by LPS or 
poly(I:C) could be partially reversed 
by either the MAPK1/3, MAPK8/9, 
MAPK14, or RELA inhibitor. 
Collectively, these results suggest that 
autophagy is required for TLR4- and 
TLR3-triggered activation of MAPK  
and NFKB signaling that in turn  
plays an important role in the increased 
cytokine production in lung cancer 
cells.

Inhibition of autophagy impairs 
TLR-triggered TRAF6 ubiquitination and MAP3K7 activation

Since TLR4 and TLR3 activation causes Lys63 (K63)-
linked ubiquitination of TRAF6, which in turn activates the 
downstream complex of MAP3K7/TAK1 (mitogen-activated 
protein kinase kinase kinase 7), and TAB1/2/3 (TGF-β acti-
vated kinase 1/MAP3K7 binding protein 1/2/3) leading to 
activation of MAPK and NFKB signaling and cytokine pro-
duction,8 we examined whether TRAF6 ubiquitination and 
MAP3K7 activation participates in autophagy-dependent acti-
vation of MAPK and NFKB signaling in lung cancer cells in 
response to stimulation with LPS or poly(I:C). Knockdown of 
ATG5 or ATG7 reduced K63-linked ubiquitination of TRAF6 
in A549 cells treated with LPS or poly(I:C) (Fig.  8A and B). 
Similarly, blockade of autophagy by 3MA also downregulated 

Figure 6. IL6 plays an important role in TLR-triggered invasion of lung cancer cells. (A and B) A549 
and H460 cells were placed in the upper chamber of matrigel invasion insert, then treated with LPS 
(10 μg/ml) or poly(I:C) (20 μg/ml) in the presence or absence of neutralizing antibody against IL6 
for 24 h. Cells that penetrated through the matrigel to the lower surface of the filter were stained, 
photographed (A, A549 cells) and cell numbers in 10 random fields were counted (B). (C and D) A549 
and H460 cells were treated with LPS (10 μg/ml) or poly(I:C) (20 μg/ml) in the presence or absence of 
neutralizing antibody against IL6 for 24 h, the levels of VEGFA (C) and MMP2 (D) in the supernatant 
fraction were measured by ELISA. Data are representative of 3 independent experiments with similar 
results (A) or are mean ± SEM of 3 independent experiments (B–D). **P < 0.01.

TRAF6 ubiquitination (Fig. S9A). Moreover, phosphoryla-
tion of MAP3K7 induced by LPS or poly(I:C) was attenuated 
when ATG7 was knocked down or autophagy was inhibited by 
3MA (Fig. 8C; Fig. S9B).These results indicate that autophagy 
induced by TLR activation maintains TRAF6 ubiquitination 
and subsequent MAP3K7 activation in lung cancer cells.

Discussion

In this report, we present evidence that TLR4 and TLR3 
activation-induced, TICAM1 adaptor-dependent autophagy 
promotes migration and invasion of lung cancer cells by enhanc-
ing the production of chemokines and immunosuppressive fac-
tors including CCL2, CCL20, IL6, VEGFA, and MMP2. In 
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addition, we show autophagy is critical 
for maintaining TLR4- and TLR3-
triggered K63-linked ubiquitination 
of TRAF6 and subsequent activation 
of MAPK and NFKB signaling. Our 
results indicate that the crosstalk 
between autophagy and TLR signaling 
plays a key role in the pathogenesis of 
lung cancer.

TLR activation enhances cancer cell 
survival, proliferation, invasion, and 
metastasis.27-29 Moreover, it triggers 
tumor cell release of a number of biolog-
ical factors, including proinflammatory 
cytokines (i.e., IL6), chemokines, pro-
angiogenic factor (i.e., VEGFA), immu-
nosuppressive factors (i.e., PGE2 and 
TGFB1), and MMP, which promotes 
evasion of cancer cells from immune 
surveillance.27-29 In particular, previous 
studies have shown that TLR4 signal-
ing promotes proliferation of A549 lung 
cancer cells through PTGS2/COX-2 
[prostaglandin-endoperoxide synthase 
2 (prostaglandin G/H synthase and 
cyclooxygenase)] and EGFR (epidermal 
growth factor receptor) activation.30,31 
Moreover, TLR7 and TLR8 activation 
induces survival and chemoresistance 
of lung cancer cells.32 However, little 

Figure  7. Inhibition of autophagy attenu-
ates TLR-triggered activation of MAPK 
and NFKB pathways. (A and B) Whole cell 
lysates from A549 cells treated with LPS  
(10 μg/ml) (A) or poly(I:C) (20 μg/ml) (B) 
in the presence or absence of 3MA (5 mM) 
for the indicated time were subjected for 
immunoblot analysis of phosphorylated 
(p-) or total level of MAPK1/3, MAPK8/9, 
MAPK14 or RELA. (C and D) A549 cells were 
transfected with control siRNA or ATG5 
siRNA. Forty-eight hours later, cells were 
treated with LPS (10 μg/ml) (C) or poly(I:C) 
(20 μg/ml) (D) for the indicated time. Whole 
cell lysates were subjected for immunoblot-
analysis as in (A). Numbers below lanes indi-
cate densitometry of the phosphorylated 
protein relative to the total protein level 
in that same lane. (E) A549 cells were pre-
treated with inhibitors of MAPK1/3 (U0126), 
MAPK8/9 (SP600125), MAPK14 (SB203580) 
or RELA (JSH-23) for 30 min, then treated 
with LPS (10 μg/ml) or poly(I:C) (20 μg/ml) 
for 24 h. The level of IL6 in the supernatant 
fraction was measured by ELISA. Data are 
representative of 3 independent experi-
ments with similar results (A–D), or are 
mean ± SEM of 3 independent experiments 
(E). *P < 0.05; **P < 0.01.
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is known about the potential role of 
TLRs in migration and invasion of 
lung cancer cells. Our results show-
ing that TLR4- and TLR3-induced 
autophagy increases the production of 
several cytokines leading to enhanced 
migration and invasion of lung can-
cer cells identify a new mechanism 
by which TLRs function to promote 
lung cancer progression.

Autophagy is required for cellu-
lar homeostasis and its deregulation 
is closely related to a variety of dis-
eases, such as neurodegeneration and 
impaired immunity.33,34 Although 
there have been conflicting reports 
in regard to the role of autophagy 
in cancer development and progres-
sion,35 increasing evidence indicates 
that autophagy primarily promotes 
cancer cell survival.2,5 In addition, 
autophagy plays a role in invasion of 
glioma cells.36 These observations, 
along with our finding that auto-
phagy resulting from TLR4 and 
TLR3 signaling is critical for TLR-
triggered lung cancer cell migration 
and invasion, suggest that autophagy 
may have diverse roles in promoting 
the pathogenesis of cancer.

Autophagy has a role in regulat-
ing TLR-induced proinflammatory 
responses. For example, while several 
autophagy-related proteins including 
ATG16L1 [autophagy related 16-like 
1 (S. cerevisiae)] and ATG5 negatively 
regulate inflammatory signaling acti-
vated by TLRs in macrophages,37,38 
autophagy appears to be necessary 
for TLR7-triggered induction of type 
I IFNs and other cytokines in plas-
macytoid dendritic cells upon RNA 
virus infection.39 Moreover, auto-
phagy is required for TLR-mediated 
IL8 production in intestinal epithelial cells.40 Similar to these 
observations, we found in this study that autophagy was required 
for TLR-triggered production of a number of chemokines and 
cytokines in lung cancer cells. It seems that autophagy may have 
distinct regulatory effects on TLR signaling in a cell type- and 
context-dependent manner.

It has been previously shown that TRAF6 plays an impor-
tant role in tumorigenesis and invasion of lung cancer.41,42 In this 
study, we found that TRAF6 was also critical for the crosstalk 
between TLR signaling and autophagy. Interestingly, TRAF6 
activates autophagy induction after TLR activation or mecha-
nistic target of rapamycin (MTOR) inhibition by acting as an 

Figure 8. Blockade of autophagy impairs TLR-triggered TRAF6 ubiquitination and MAP3K7 activation. 
(A and B) A549 cells were transfected with control siRNA or siRNA specific for ATG5 (A) or ATG7 (B). Forty-
eight hours later, cells were treated with LPS (10 μg/ml) or poly(I:C) (20 μg/ml) for 12 h or left untreated. 
Whole cell lysates were immunoprecipitated with anti-TRAF6 antibody and then immunoblotted with 
anti-K63 specific ubiquitin and anti-TRAF6 antibody. (C) A549 cells were transfected with control siRNA 
or siRNA specific for ATG7. Forty-eight hours later, cells were treated with LPS (10 μg/ml) or poly(I:C)  
(20 μg/ml) for the indicated time. Whole cell lysates were subjected for immunoblot analysis of phos-
phorylated (p-) or total level of MAP3K7. Numbers below lanes indicate densitometry of phospho-
MAP3K7 relative to total MAP3K7 expression in that same lane. Data are representative of 3 independent 
experiments with similar results.

E3 ligase to ubiquitinate BECN1 and ULK1 (unc-51 like auto-
phagy activating kinase 1).43,44 This, together with our data 
showing that TLR-induced autophagy maintains TRAF6 ubiq-
uitination and activation, points to a positive feedback loop 
between TRAF6 and autophagy. Although the exact molecular 
mechanism(s) involved remains to be defined, some components 
of autophagosome or other proteins recruited by autophagy 
proteins may contribute to sustained ubiquitination of TRAF6 
triggered by TLR activation. In this regard, we have found that 
ATG7, an E1 enzyme-like protein and a key component of ubiq-
uitin-like systems essential for autophagosome formation,45,46 
interacted with TRAF6 when TLR signaling was activated (Fig. 
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S10). Nevertheless, the functional significance of the interac-
tion between ATG7 and TRAF6 remains a subject of further 
investigation.

A question that remains unaddressed is how TLR activation 
causes autophagy in lung cancer cells. Nevertheless, our results 
clearly showed that TICAM1-dependent signaling was essential 
for autophagy induced by activation of both TLR4 and TLR3 in 
lung cancer cells. Consistently, it has been reported that TLR4 
stimulation triggers autophagy through TICAM1- but not 
MYD88-dependent signaling in human macrophages,17 whereas 
TLR3-induced autophagy similarly requires TICAM1-mediated 
signaling in the mouse macrophage cell line RAW264.7.47 
However, MYD88 is involved in autophagy triggered by TLR4 
activation in mouse macrophages.47 It is therefore conceivable 
that the mechanisms by which TLRs trigger autophagy are cell 
type-dependent.

In conclusion, we have shown in this study that autophagy 
induced by TLR signaling promotes TLR-triggered cyto-
kine production, which is required for enhanced migration 
and invasion of lung cancer cells. These results provide new 
insights into the biological properties of autophagy and iden-
tify the crosstalk between autophagy and TLR signaling as 
an important mechanism that drives invasion and metastasis 
of lung cancer cells. These results reinforce that inhibition of 
autophagy may be a useful strategy in the treatment of lung 
cancer.

Materials and Methods

Cell lines
Human lung cancer cell lines A549 and H460 were from 

Type Culture Collection of the Chinese Academy of Sciences. 
A549 Cells were cultured in F-12K Medium (ATCC, 30-2004) 
supplemented with 10% fetal bovine serum (FBS) (Invitrogen, 
26400044) and H460 cells were cultured in RPMI 1640 (Gibco, 
11875-093) supplemented with 10% FBS in a humidified atmo-
sphere of 5% CO2 at 37 °C.

Reagents
LPS (0111:B4, L3024), poly(I:C) (P1530), 3MA (M9281), 

E64d (E8640), pepstatin A (P4265) and bafilomycin A
1
 (B1793) 

was from Sigma. Inhibitors of MAPK1/3 (U0126, 662005), 
MAPK8/9 (SP600125, 420119), MAPK14 (SB203580, 559389) 
and RELA (JSH-23, 481408) were from Merck. Stock solu-
tions were prepared in DMSO (Sigma, D8418). The final con-
centration of DMSO in culture medium is < 0.2% volume. 
Neutralizing antibodies against IL6 (AB-206-NA), CCL2 
(AF-279-NA) and CCL20 (MAB360) were from R&D Systems. 
Antibodies were obtained from the following sources: TLR4 
(ab13867), TLR3 (ab62566), Abcam; TICAM1 (4596), LC3A/B 
(4108), BECN1 (3495), ATG5 (8540), ATG7 (8558), phos-
pho-MAPK1/3 (Thr202/Tyr204) (9106), phospho-MAPK8/9 
(Thr183/Tyr185) (9255), phospho-MAPK14 (Thr180/Tyr182) 
(9211), phospho-RELA (Ser536) (3033), Phospho-MAP3K7 
(Thr184/187) (4531), ACTB (3700), Cell Signaling Technology; 
Lys63-specific ubiquitin (05-1313), EMD Millipore; TRAF6  
(sc-7221), SQSTM1 (sc-25575), Santa Cruz.

Cytokine detection
IL6 (D6050), CCL2 (DCP00), CCL20 (DM3A00), VEGFA 

(DVE00), and MMP2 (DMP2F0) levels in the supernatant 
fractions were measured by ELISA (R&D Systems) according to 
the manufacturer’s protocols.

RT-PCR and quantitative PCR
Total cellular RNA was exacted using TRIzol regent 

(Invitrogen, 15596-026) following the manufacturer’s instruc-
tions. Total RNA (1 μg) was used in a 20 ml reverse-transcrip-
tion reaction using the First Strand cDNA Synthesis kit (Toyobo, 
FSK-101), and then the cDNA was diluted into 80 ml water as 
the template of real-time quantitative PCR (Q-PCR). Q-PCR 
analysis was performed with Light Cycler (Roche Diagnostic). 
Data were normalized by the level of ACTB expression in each 
sample. The Q-PCR primers for analysis of cytokine RNA levels 
are shown in Table S1.

RNA interference
Small interfering RNAs (siRNAs) targeting human ATG5 

(6345), ATG7 (6604) and control siRNA (6568) were from 
Cell Signaling Technology. siRNAs targeting human TLR4 
(L-008088-01), TLR3 (L-007745-00), TICAM1 (L-012833-00) 
and control siRNA (D-001810-10-05) were from Dharmacon. 
siRNA duplexes were transfected into cells using INTERFERin 
reagent (409-10, Polyplus-transfection) according to the stan-
dard protocol.

Immunoblot and immunoprecipitation analysis
Cells were washed twice with ice cold PBS and lysed with cell 

lysis buffer (Cell Signaling Technology, 9803) containing pro-
tease inhibitor mixture (Calbiochem, 539134). Protein concen-
trations of the extracts were measured with BCA assay (Pierce, 
23225). Immunoprecipitation and immunoblot analysis were 
done as described previously.48 The detection of LC3 conversion 
(LC3-I to LC3-II) by immunoblot analysis was performed as 
described previously.20,49

Immunofluorescence microscopy
For detection of LC3 puncta, cells were grown on glass cov-

erslips overnight. Then cells were fixed with 4% paraformalde-
hyde (Sigma, P-6148) and treated with 0.2% Triton X-100 to 
permeabilize for 30 min on ice. After blocking with 2% BSA 
for 1 h, cells were incubated with primary rabbit anti-LC3 anti-
body (1:200 dilution) for 2 h, then incubated with Alexa Fluor 
488-conjugated donkey anti-rabbit IgG (Molecular Probes, 
A21206, 1:500 dilution) for 1 h at room temperature. After 
washing with PBS, slides were mounted in vecta shield mount-
ing medium (Vector Laboratories, H-1000) and examined under 
a confocal laser microscope (Leica TCS SP5II STED). At least 
200 cells on each slide were counted and the percentage of cells 
with LC3 puncta (autophagosomes) was calculated.5,20

Transmission electron microscopy
Prepared cells were fixed with 2.5% glutaraldehyde in 0.1 M 

cacodylate buffer for 1 h, post fixed in 1% OsO
4
 for 30 min, 

rinsed with double-distilled water, and dehydrated in a graded 
series of ethanol. Then cells were embedded in EMbed 812 resin 
(Electron Microscopy Sciences, 14120), and sectioned at a thick-
ness of 70 to 90 nm. The sections were mounted on mesh cop-
per grids, stained with aqueous uranyl acetate and lead citrate, 
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and then analyzed with transmission electron microscope (JEOL 
1230). A minimum of 50 independent sectioned cells were 
examined and the number of autophagic vacuoles per cross-sec-
tioned cell was calculated.5,20

Wound-healing assay
Cells were plated in 6-well plates and grown to confluence. 

Subsequently the cell monolayer was gently scratched with a 
sterile yellow Gilson-pipette tip, thus resulting in the formation 
of an approximately 400-μm wide gap. Cells were then rinsed 
with medium to remove floating cells and debris. Prepared cells 
were incubated in FBS-free medium with other treatment for 24 
h. Cells were photographed under phase-contrast microscopy 
(100×) (Leica, DMI3000 B). Gap width was measured using 
image software and measurements were taken from 10 individ-
ual microscopic fields in each group.50

Transwell migration assay and matrigel invasion assays
For migration assay, transwell inserts (8-μm pore, Costar, 

3422) were placed into the wells. Cells were kept for 24 h in 
serum-free medium, then were trypsinized and resuspended 
in serum-free medium and placed in the upper chamber of the 
transwell insert (5 × 104 cells/well). Full medium containing 
10% FBS was added to the lower chamber. After culture with 
other treatment for 24 h, the nonmigrated cells in the upper 
chamber were mechanically removed with a cotton swab. The 
cells that migrated to another side of membrane were fixed with 
methanol, stained with Giemsa (Electron Microscopy Sciences, 

26773-1A) and then photographed. Cell numbers were counted 
under light microscopy at 100× magnification (Leica, DMI3000 
B). For invasion assay, cells were placed in the upper chamber 
of the Matrigel invasion chamber (BD Biocoat, 354480), and 
treated as described in transwell migration assay.50

Statistical analysis
The statistical significance of comparisons between 2 groups 

was determined with the 2-tailed Student t test. P values of less 
than 0.05 were considered statistically significant
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