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Abstract
Backgrounds  Epithelial mesenchymal transition (EMT) is a critical process involved in the invasion and metastasis of cancer, 
including lung cancer (LC). Transforming growth factor (TGF)-β is one of factors capable of inducing EMT. Polyinosinic-
polycytidylic acid (polyI:C), a synthetic agonist for toll-like receptor (TLR) 3, can enhance immune responses and has been 
used as an adjuvant for cancer vaccines; however, it remains unclear whether it influences other process, such as EMT. In 
the present study, we examined the effects of polyI:C on TGF-β-treated A549 human LC cells.
Methods and results  By in vitro cell proliferation assay, polyI:C showed no effect on the growth of A549 cells treated with 
TGF-β1 at the concentration range up to 10 μg/ml; however, it markedly suppressed the motility in a cell scratch and a cell 
invasion assay. By Western blotting, polyI:C dramatically decreased TGF-β1-induced Ak strain transforming (Akt) phospho-
rylation and increased phosphatase and tensin homologue (PTEN) expression without affecting the Son of mothers against 
decapentaplegic (Smad) 3 phosphorylation or the expression level of E-cadherin, N-cadherin or Snail, indicating that polyI:C 
suppressed cell motility independently of the ‘cadherin switching’. The Akt inhibitor perifosine inhibited TGF-β1-induced 
cell invasion, and the PTEN-specific inhibitor VO-OHpic appeared to reverse the inhibitory effect of polyI:C.
Conclusion  PolyI:C has a novel function to suppress the motility of LC cells undergoing EMT by targeting the phosphati-
dylinositol 3-kinase/Akt pathway partly via PTEN and may prevent or reduce the metastasis of LC cells.
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Introduction

Lung cancer (LC) arises from respiratory epithelial cells and 
are divided into two groups; small cell lung cancer (SCLC) 
and non–small cell lung cancer (NSCLC) [1, 2]. LC is one of 
the most common cancer worldwide and the survival rate of 
LC patients is low among all cancer patients [1, 3]. LC cells 
metastasize to remote tissues, such as brain, bone, lymph 
nodes, and liver, and the presence of LC metastasis is associ-
ated with poor prognosis [4]. Significant progress has been 
made in both diagnosis and treatment of LC; however, the 
exact mechanisms of LC metastasis remain unclear. Addi-
tional studies aiming to better understand the mechanisms of 

LC metastasis and to develop new means to prevent or slow 
the metastasis are needed.

During cancer metastasis, cancer cells first dissociate 
from the primary tumor and invade the surrounding tissue 
and move into the circulation. Epithelial-mesenchymal tran-
sition (EMT) is a well-studied cellular process thought to 
play a critical role in cancer cell invasion and metastasis. 
EMT is characterized by the downregulation of epithelial 
genes, such as E-cadherin, and the upregulation of mesen-
chymal genes, such as neural (N)-cadherin and a zinc-finger 
transcriptional repressor snail [5]. One of the major mol-
ecules that regulate EMT is transforming growth factor-β 
(TGF-β) [6]. The cellular responses to TGF-β are medi-
ated through two major pathways; the canonical pathway 
involving son of mothers against decapentaplegic (Smad) 
proteins, and the noncanonical pathways signaled through 
mitogen-activated protein kinase (MAPK), phosphatidylino-
sitol 3′-kinase (PI3K) and protein kinase B (also known as 
Ak strain transforming; Akt). Previous studies showed that 
treatment of epithelial cells with TGF-β rapidly activated 
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mammalian target of rapamycin (mTOR) via the PI3K/
Akt pathway, which correlated with increases in cell size 
and protein synthesis. Inhibition of mTOR by rapamycin 
blocked the migration of TGF-β-treated epithelial cells [7, 
8]. It was recently reported that farnesol contained in plant 
oils inhibited TGF-β-induced EMT of LC cells by targeting 
the Akt/mTOR pathway [9], reiterating the importance of 
this signaling pathway in EMT. There are three isoforms 
of TGF-β, TGF-β1, β2 and β3, among which TGF-β1 is the 
most studied [10].

Activation of toll-like receptors (TLRs) by their agonists 
is critical for the development of immune responses and 
TLR agonists have been used as adjuvants for cancer vac-
cines and therapies [11, 12]. Systemic administration of TLR 
agonists activated innate immune responses, upregulated 
antibody-dependent effector functions, and increased adap-
tive immune responses in preclinical studies [11]. A double 
stranded RNA, polyinosinic-polycytidylic acid (polyI:C), 
was synthesized as a ligand that activates human TLR3 [11]. 
A phase II study of polyI:C (Poly-ICLC, Hiltonol®), a more 
stable form of polyI:C stabilized by adding poly-L-lysine 
and carboxymethylcellulose [13], in patients with malignant 
embryonal rhabdomyosarcoma, was shown to have a dra-
matic antitumor effect. These anti-tumor effects are consid-
ered caused by stimulating the immune system [14].

In addition to the immunological effects, polyI:C appears 
to directly induce apoptosis in cancer cells via TLR3 [15, 
16], and suppress their motility [16–18]. It is well known that 
a wide variety of cytokines and growth factors are present 
in tumor microenvironments and cancer cells are exposed 
to those factors, including TGF-β. During our research, we 
observed that the treatment of the A549 human lung adeno-
carcinoma cells with control double-stranded siRNA inhib-
ited TGF-β1-induced EMT. Since A549 cells express TLR3 
[19], we hypothesized that activation of TLR3 with polyI:C 
may interfere with TGF-β1-induced EMT. In this report, we 
tested our hypothesis by using A549 cells as a model and 
found that polyI:C suppresses the motility of TGF-β1-treated 
A549 cells by counteracting TGF-β1-induced Akt phospho-
rylation without affecting the phosphorylation of Smad3 and 
the expression of E-cadherin, N-cadherin or Snail. Thus, 
polyI:C exert its anti-tumor effect by suppressing the cell 
motility enhanced by TGF-β, and polyI:C may be useful to 
prevent or reduce the metastasis of lung cancer cells.

Materials and methods

Cell culture

A549 [20] and NCI-H1993 NSCLC cells were obtained from 
the American Type Culture Collection (Manassas, VA) and 
grown in RPMI‐1640 tissue culture medium (Sigma-Aldrich, 

St. Louis, MO) supplemented with 10% heat-inactivated (HI)-
fetal bovine serum (FBS, Gibco, Grand Island, NY), 100 U/
ml penicillin and 100 μg/ml streptomycin (Sigma-Aldrich) at 
37 °C in a humidified atmosphere containing 5% CO2. One 
million cells in the medium were seeded into 60-mm tissue 
culture dishes (BD Falcon, Cat. No. 353002). After incubation 
at 37 °C for 24 h, medium was replaced by fresh RPMI 1640 
containing 0.5% HI-FBS with or without 10 μg/ml polyI:C 
(PolyI:C HMW, InvivoGen, San Diego, CA) and/or 10 ng/ml 
recombinant human TGF-β1 (Peprotech, Rocky Hill, NJ), and 
cells were incubated for additional 24 h. In some experiments, 
5 mM perifosine (Cell Signaling Technology, Danvers, MA) 
or 10 μM VO-OHpic (Santa Cruz Biotechnology, Santa Cruz, 
CA) was used to inhibit Akt or phosphatase and tensin homo-
logue (PTEN), respectively.

Western blotting

After cultured under different conditions, cells were directly 
lysed in 2% SDS lysis buffer (2% SDS, 62.5 mM Tris–HCl, 
10% glycerol and 50 mM DTT). Cell lysates were incubated 
immediately at 95 °C for 5 min, sonicated briefly, spun, and 
the supernatants were stored at − 80 °C until use. Ten µg of 
cell lysates were loaded into wells of 4–12% polyacrylamide 
gels (Thermo Fisher Scientific, Waltham, MA, USA) and 
proteins were separated by sodium dodecyl sulfate (SDS)-
polyacrylamide gel electrophoresis and then transferred onto 
PVDF membranes by a wet transfer system using 1 × transfer 
buffer (3 g Tris, 14.4 g glycine and 200 ml ethanol in 800 ml 
dH2O). After overnight exposure to an appropriate primary 
antibody at 4 °C, the membranes were rinsed and incubated 
with either anti-rabbit or anti-mouse secondary IgG conju-
gated with horseradish peroxidase (Santa Cruz Biotechnol-
ogy, Santa Cruz, CA, USA). Target proteins on the mem-
branes were visualized using ImmunoStar LD reagent (Wako 
Pure Chemicals, Tokyo, Japan). The intensity of detected 
bands was analyzed by the ImageJ image analysis software 
developed by the NIH [21]. Primary antibodies against 
E-cadherin (#3195), N-cadherin (#4061), Snail (#3879), 
p-Akt (#9271), Akt (#9272), p-PI3K (#4228), PI3K (#4292), 
p-Smad3 (#9520), Smad3 (#9523), TLR3 (#6961), p-Erk 
(#4370), Erk (#4695), p-P38 (#9211), P38 (#9212), p-JNK 
(#9251), JNK (#9252), PTEN (#9552), p-GSK-3α/β(#9331), 
GSK-3α/β(#5676), p-β-Catenin (#9561), β-Catenin (#9562), 
and glyceraldehyde 3-phosphate dehydrogenase (GAPDH) 
(#5174), were purchased from Cell Signaling Technology 
(Danvers, MA).

RNA extraction and quantitative real‑time PCR 
(RT‑qPCR)

Total RNA was extracted from cultured cells using High 
Pure RNA Isolation Kit (Roche Applied Science, Mannheim, 
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Germany) and cDNA was reverse transcribed (RT) using a 
kit from Thermo Fisher Scientific. The expression of each 
gene was determined by quantitative polymerase chain 
reaction (qPCR) on a StepOne™ Real-time PCR system 
with Taqman PCR master mix (Applied Biosystems, Fos-
ter City, CA, USA). Primers for PTEN (Hs02621230_s1) 
and GAPDH (Hs02758991_g1) were from Thermo Fisher 
Scientific. The expression level of each gene was adjusted 
by examining the expression level of the GAPDH gene used 
as an internal control, and relative mRNA expression was 
calculated using the ∆∆CT method.

Cell proliferation assay

The effect of polyI:C on cell proliferation weas determined 
using cell counting kit-8 (CCK-8, Dojindo Laboratories, 
Kumamoto, Japan). Briefly, A549 cells (1.5 × 105 cells in 
100 ml medium) were plated in 96- well microplates. After 
incubation at 37 °C in a humidified 5% CO2 incubator for 
24 h, various concentrations of polyI:C (0, 5, 10, 20 μg/ml) 
were added and the plates were incubated for additional 24 
and 48 h with or without 10 ng/ml TGF-β1. A549 cells were 
also incubated with 10 μg/ml polyI:C without TGF- β1. The 
cell number was quantitated by adding 10 μl CCK-8 solution 
to each well of 96-well tissue culture plates and incubat-
ing the plates for 1 h at 37 °C. Absorbance at 450 nm was 
then measured on a microplate reader (SH-1000Lab, Corona 
Electric Co., Ibaraki, Japan).

Cell scratch wound healing assay

Cell scratch wound healing assay was performed accord-
ing to the method previously described [22]. Briefly, 2 × 106 
A549 cells were plated in 60-mm plates and cultured until 
they became 90% confluent. Wounds were made by gently 
scratching cell monolayers with sterile yellow pipette tips 
and plates were incubated for 48 h in the presence of 10 μg/
ml polyI:C alone or in combination with 10 ng/ml TGF-β1 
in RPMI 1640 supplemented with 0.5% HI-FBS. Wounded 
area at each time point is presented as the percentage of the 
original wounded area at time 0.

Matrigel cell invasion assay

Cell invasion assay was performed as previously described 
[23]. Cells were harvested by trypsin- ethylenediamine 
tetraacetic acid (EDTA) (Gibco) at 90% confluency and 
resuspended in RPMI with 0.5% HI-FBS. Two hundred-
fifty thousand cells (in 1 ml medium) were added to rehy-
drated inserts of BioCoat™ Matrigel® Invasion Chamber 
(Corning, catalog number: 354578), and the inserts were 
placed in 24-well plates containing RPMI 1640 containing 
10% HI-FBS. After a 22-h incubation, cells that remained 

above the insert membrane were wiped off using cotton tips. 
Cells attaching the bottom of the filters were fixed in 100% 
methanol for 2 min and stained with crystal violet. Invaded 
cells in four high-power fields (HPFs) were counted by phase 
contrast microscopy (CKX41; Olympus, Tokyo, Japan).

Statistical analysis

Statistical significance was analyzed by Student t test using 
the Prism software (GraphPad Software, San Diego, CA, 
USA). A value of p < 0.05 was considered statistically 
significant.

Results

PolyI:C suppresses the migration of TGF‑β1‑treated 
A549 cell

We first examined the effect of polyI:C on the proliferation 
of the human A549 lung cancer cells. A549 cells were cul-
tured for 24 or 48 h in the absence of TGF-β1 or polyI:C or 
in the presence of each stimulant alone or in combination, 
and the proliferation rates were evaluated by the CCK-8 
assay. Addition of polyI:C at the concentration range up to 
10 μg/ml had no significant effect in the absence or presence 
of TGF-β1, but it caused a slight but significant decrease at 
its highest concentration of 20 μg/ml only in the presence 
of TGF-β1 (7.9% inhibition at 24 h and 10% inhibition at 
48 h) (Fig. 1a). Ten μg/ml polyI:C showed modest growth 
inhibition (approximately 10%) at 72 h, but no acute cyto-
toxicity (Fig. 1b). We used 10 μg/ml of polyI:C for the rest 
of our study.

We next examined its effects on the morphological 
change. As previously reported [7], untreated A549 cells 
showed a cobblestone shape (Fig. 1c, left upper panel). 
TGF-β1 induced morphological changes characterized by 
elongated spindle shape and the space between cell clusters 
became less (Fig. 1c, left lower panel). PolyI:C alone did not 
induce any significant morphological changes (Fig. 1c, right 
upper panel); however, it partly inhibited TGF-β1-induced 
morphological changes and elongated cell shape was less 
obvious (Fig. 1c, right lower panel), suggesting that polyI:C 
may inhibit TGF-β1-induced cell motility and invasiveness 
of A549 cells. Almost identical results were obtained by 
using NCI-H1993 cells (Supplementary Fig. 1a).

To test the effects of polyI:C on the migration of A549 
cells, we used a cell scratch wound healing assay. As shown 
in Fig. 2a, b, TGF-β1 significantly accelerated the restoration 
of the wounds. Although polyI:C did not alter the restoration 
of the wound-width by itself, it significantly suppressed TGF-
β1-induced restoration of wound-width at 48 h (Fig. 2a, b). We 
next used a matrigel cell invasion assay. TGF-β1 significantly 
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promoted the invasion of A549 cells. PolyI:C did not affect the 
invasion of A549 cells by itself (in the absence of TGF-β1), 
but it inhibited the invasion of A549 cells in the presence of 
TGF-β1 (Fig. 2c). The effect of polyI:C was dose-dependent 
(Fig. 2d). These results indicated that polyI:C can inhibit the 
motility and invasiveness of A549 cells activated by TGF-β1.

PolyI:C suppresses Akt phosphorylation 
in TGF‑β1‑treated A549 cells

To study the mechanisms by which polyI:C suppresses cell 
motility and invasiveness induced by TGF-β1, we examined 

the level of TLR3 present in A549 cells cultured in different 
conditions. Similar levels of TLR3 were detected by Western 
blotting after culture with either TGF-β1, polyI:C alone or 
TGF-β1 plus polyI:C (Fig. 3a).

As noted above, TGF-β1 induces cell motility in cancer 
cells, and it also induces epithelial mesenchymal transforma-
tion (EMT) by up-regulating Snail via a Smad-dependent 
manner, and repressing E-cadherin which is thought to sup-
press metastasis during tumor progression [24]. EMT is also 
accompanied by an increase in N-cadherin expression [7]. In 
agreement with the previous observation, TGF-β1 treatment 
induced the phosphorylation of Smad3, increased the protein 
level of N-cadherin and Snail, and reduced the protein level 
of E-cadherin in A549 cells. PolyI:C showed little effects 
on the expression of these molecules (Fig. 3a). In addition, 
polyI:C did not alter the level of p-ERK, p-P38 or p-JNK in 
TGF-β1-treated cells (Fig. 3a). Thus, treatment with polyI:C 
appeared to inhibit the motility and invasiveness of A549 
cells undergoing EMT in response to TGF-β1 by a Smad-
independent mechanism.

It was previously shown that the activation of the PI3K/
Akt pathway plays a critical role in increased migratory 
ability of murine mammalian epithelial cells treated with 
TGF-β1 and undergoing EMT [7]. Since polyI:C inhibited 
TGF-β1-induced increased migration without altering the 
protein level of E-cadherin, N-cadherin or Snail, we hypoth-
esized that polyI:C may target the PI3K/Akt pathway. As 
shown in Fig. 3b, TGF-β1 increased the phosphorylation of 
PI3K and Akt. PolyI:C did not reduce the TGF-β1-induced 
PI3K phosphorylation level, but markedly reduced the Akt 
phosphorylation level. Inhibition of Akt phosphorylation by 
the Akt inhibitor perifosine [25] (Fig. 3c) suppressed the 
migration of TGF-β1-treated A549 cells (Fig. 3d), indicat-
ing a critical role of Akt in the migration of TGF-β1-treated 
cells. Reduced TGF-β1-induced Akt phosphorylation by 
polyI:C was also detected in NCI-H1993 cells (Supplemen-
tary Fig. 1b).

PolyI:C suppresses Akt phosphorylation 
in TGF‑β1‑treated A549 cells partly by upregulating 
PTEN expression

PTEN is shown to downregulate the PI3K/Akt pathway 
by dephosphorylating PIP3; thus, it opposes PI3K activity 
and subsequently downregulates Akt [26]. To examine a 
potential contribution of PTEN to the polyI:C-mediated 
inhibition of Akt phosphorylation and cell migration in 
TGF-β1-treated A549 cells, we first evaluated the level of 
PTEN. As shown in Fig. 4a, b, polyI:C modestly but sig-
nificantly increased the level of PTEN protein and mRNA 
in TGF-β1-treated A549 cells by Western blotting and RT-
qPCR, respectively. TGF-β1-induced Akt phosphorylation 

a

b

c

Fig. 1   The effects of polyI:C on the proliferation and shape change 
of A549 cells treated with TGF-β1. a A549 cells (1.5 × 104) were cul-
tured with 10  ng/ml TGF-β1 plus different doses of polyI:C for 24 
or 48 h and the number of cells in each well was quantitated using 
CCK-8. Data is presented as mean ± SEM. **p < 0.001, n = 12. b 
A549 cells (1.5 × 104) were cultured with 10 μg/ml polyI:C for up to 
96 h and the number of cells in each well was quantitated using CCK-
8. Data is presented as mean ± SEM. *p < 0.05, n = 12. c A549 cells 
(2.5 × 105) were incubated in 60-mm plastic dishes as indicated for 
24 h and changes in cell morphology were examined under micros-
copy (× 200). TGF-β1; 10 ng/ml, polyI:C; 10 μg/ml
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was dose-dependently reduced by polyI:C, whereas the 
level of PTEN protein increased (Fig. 4c).

To further examine the role of PTEN in TGF-β1-
induced cell migration and invasion and their suppression 
by polyI:C, we used a PTEN-specific inhibitor, VO-OHpic 
[27, 28]. Among several PTEN inhibitors, VO-OHpic was 
found to be most potent and specific [28]. As shown in 
Fig. 5a, TGF-β1-induced Akt phosphorylation (lane 1) was 
reduced by polyI:C (lane 2). When VO-OHpic was used 
with TGF-β1 and polyI:C, it tended to reverse polyI:C-
mediated inhibition of Akt phosphorylation although the 
difference was not statistically significant (lane 3). By a 
cell invasion assay, VO-OHpic again showed a tendency to 
reverse the inhibitory effect by polyI:C on the invasion of 
TGF-β1-treated cells (Fig. 5b). These results suggested a 
role for PTEN in polyI:C-mediated inhibition of Akt phos-
phorylation and invasion in TGF-β1-treated A549 cells.

Discussion

Studies using polyI:C and its analogs used as a cancer 
adjuvant have produced encouraging data in both human 
cancer patients and murine cancer models [13, 29]. In 
addition to its function in immune responses, polyI:C 
was demonstrated to inhibit the growth and migration 
of TLR3-expressing tumor cells in vitro [16]. However, 
tumor cells are exposed to an array of cancer-promoting 
factors in cancer microenvironments; thus, it remains 
unclear whether polyI:C has the same effects on cancer 
cells in the presence of cytokines, such as TGF-β1 that 
induces EMT. Here, we demonstrated our novel results that 
polyI:C treatment significantly suppressed the migration 
and invasion of TGF-β1-treated A549 cells. This effect 
by polyI:C was via inhibition of Akt phosphorylation. We 

a b

c d

Fig. 2   The effects of polyI:C on TGF-β1-induced migration and 
invasion of A549 cells. a A549 cells (2 × 106) were incubate 
at 37  °C for overnight in RPMI-1640 containing 10% HI-FBS. 
Wounds were made by gently scratching cell monolayers with ster-
ile yellow pipette tips, and monolayers were cultured for 48  h in 
RPMI 1640 supplemented with 0.5% HI-FBS containing 10  μg/
ml polyI:C alone, 10  ng/ml TGF-β1 alone or both. Wounded areas 
were observed under microscopy and photos were taken. × 100. b 
Wounded areas were quantitated and represented as the percent-
age of wounded area at time 0. Data is presented as mean ± SEM of 
four measures of each wounded area. The summary of ten independ-

ent experiments. ***p < 0.001. c A549 cells (2.5 × 105) were sus-
pended in 0.5  ml RPMI-1640 containing 0.5% HI-FBS and 10  μg/
ml polyI:C, 10 ng/ml TGF-β1 or both and placed in the inner wells 
of BioCoat™ Matrigel® Invasion Chamber and incubated at 37  °C 
for 22 h. Membranes were fixed, stained and the number of invaded 
cells was counted under phase contrast microscopy. Data is presented 
as mean ± SEM. The summary of two independent experiments. 
*p < 0.05, **p < 0.01. n = 8. d Different doses of polyI:C and 10 ng/
ml TGF-β1 were used. Data is presented as mean ± SEM. The sum-
mary of two independent experiments. *p < 0.05, ***p < 0.001
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identified PTEN as a molecule partly involved in the pro-
cess. Thus, polyI:C can inhibit cancer progression by not 
only upregulating immune responses but also inhibiting 
the motility and subsequent invasion and metastasis.

EMT leads to an increased ability in cell motility and 
invasion, and it occurs during cancer progression. TGF-β 
is an inducer of EMT and it acts through Smad proteins-
dependent and Smad proteins-independent pathways. It 
was previously reported that TGF-β increases cell size and 
migration by rapidly activating mammalian target of rapa-
mycin (mTOR) via the PI3K/Akt pathway [30]. In the pre-
sent study, polyI:C did not alter either downregulation of 
E-cadherin or upregulation of N-cadherin and Snail levels 

in TGF-β1-treated A549 cells, which are regulated by the 
Smad3 pathway. By contrast, polyI:C inhibited TGF-β1-
induced Akt phosphorylation and cell migration. These 
results suggest that the PI3K/Akt pathway is the specific 
target of polyI:C.

To determine a potential mechanism of polyI:C-mediated 
inhibition of Akt phosphorylation in TGF-β1-treated cells, 
we examined the role for several signaling molecules, such 
as MAPKs and PTEN, and identified PTEN as a candidate 
molecule. PTEN opposes PI3K activity, leading to the inac-
tivation of Akt [31], and PTEN could inhibit cell migration 
[32]. The elevated level of PTEN in A549 cells treated with 
TGF-β1 plus polyI:C appears to occur at a transcriptional 

a b

c d

Fig. 3   The effects of polyI:C on the expression of TLR3 and EMT 
markers and on the phosphorylation of Smad3 and MAPKs. a One 
million A549 cells were incubated in 60-mm plastic dishes for 24 h 
at 37 °C in RPMI 1640 with 10% HI-FBS. After the incubation, cells 
were incubated for additional 24 h in fresh medium containing 0.5% 
HI-FBS with 10 ng/ml TGF-β1, 10 μg/ml polyI:C or both. The level 
of each protein and the level of phosphorylation were evaluated by 
Western blotting. b The level of phosphorylation in each cell lysate 
was evaluated by Western blotting, followed by analyses using den-
sitometry (lower panels). Data is present as mean ± SEM. A sum-
mary of three independent experiments. **p < 0.01, ***p < 0.001. c 

A549 cells (1 × 106) were suspended in RPMI-1640 containing 10% 
HI-FBS. After a 24-h incubation at 37ºC, medium was replaced by 
fresh medium containing 0.5% HI-FBS and cells were incubated in 
the presence of 10 ng/ml TGF-β1 with or without 5 mM perifosine 
at 37  °C for 24  h. The level of phosphorylated Akt at Ser 473 was 
evaluated by Western blotting. d Two hundred and fifty thousand 
A549 cells were suspended in 0.5  ml RPMI 1640 containing 0.5% 
HI-FBS and incubated for 24  h with 10  ng/ml TGF-β1 in the pres-
ence or absence of 5 mM perifosine. Results are representative of two 
independent experiments. Data is present as mean ± SEM per HPF. 
***p < 0.001. n = 8
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level because we detected increased PTEN mRNA expres-
sion. However, exact mechanism that leads to the increased 
PTEN level remains unclear.

GSK-3 is a serine/threonine protein kinase active in rest-
ing cells and inactivated by phosphorylation [33]. GSK-3 is 
downstream of several major signaling pathways, including 
the PI3K/Akt pathway, and the major kinase to phosphoryl-
ate β-catenin, leading to its degradation. A previous study 
showed that GSK-3β, an isoform of GSK-3, is a critical 

a

b

c

Fig. 4   The effects of polyI:C on the PTEN/Akt signaling pathway. 
a A549 cells (1 × 106) were incubated in 60-mm plastic dishes at 
37  °C for 24  h. Medium was replaced by fresh medium containing 
0.5% HI-FBS and 10  ng/ml TGF-β1, 10  μg/ml polyI:C or both for 
24 h. The level of PTEN in each cell lysate was evaluated by West-
ern blotting, followed by densitometry (right panel). Data is present 
as mean ± SEM. The summary of three independent experiments. 
**p < 0.01. b Expression of PTEN mRNA was analyzed by quanti-
tative RT-PCR. The summary of two independent experiments. Data 
is present as mean ± SEM. **p < 0.01. c A549 cells (1 × 106) were 
suspended in RPMI-1640 medium containing 10% HI-FBS. After 
24  h incubation at 37  °C, medium was replaced by fresh medium 
containing 0.5% HI-FBS and 10 ng/ml TGF-β1 with different doses 
of polyI:C. The level of each protein in each cell lysate and the level 
of phosphorylation were evaluated by Western blotting, followed by 
densitometry (lower panels). Data is present as mean ± SEM. The 
summary of four independent experiments. *p < 0.05, **p < 0.01, 
***p < 0.0001

a

b

Fig. 5   The effects of VO-OHpic on the inhibition of Akt phosphoryl-
ation and invasion of TGF-β1-treated cells by polyI:C. a A549 cells 
(1 × 106) were suspended in RPMI-1640 medium containing 10% 
HI-FBS. After 24  h incubation at 37  °C, the medium was replaced 
by fresh medium containing 0.5% HI-FBS and incubated at 37  °C 
for 24  h as indicated. TGF-β1; 10  ng/ml, polyI:C; 10  μg/ml, VO-
OHpic; 10 μM. The level of Akt and the phosphorylation at Ser 473 
were evaluated by Western blotting. Data is present as mean ± SEM. 
*p < 0.05. Results are representative of three independent experi-
ments. b A549 cells (2.5 × 105) were pre-treated with 10  μM VO-
OHpic for 1 h at 4 °C and then seeded in Matrigel® Invasion Cham-
ber. After a 22-h incubation with 10 ng/ml TGF-β1 with or without 
10 μg/ml polyI:C, cells that migrated through the membranes of the 
inserts were counted under phase contrast microscopy. Data is pre-
sented as mean ± SEM per HPF. *p < 0.05, ***p < 0.001. Results are 
representative of three independent experiments
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signaling molecule for TGF-β1-induced EMT in the ARPE-
19 retinal epithelial pigment cells [34]. Therefore, GSK-3β 
is another candidate molecule regulating polyI:C-mediated 
inhibition of Akt phosphorylation and migration induced by 
TGF-β1. We examined the phosphorylation of GSK-3β in 
A549 cells and did not find any effect by polyI:C (date not 
shown), indicating that the Akt/GSK-3β/β-catenin pathway 
does not play a role (Supplementary Fig. 2a).

PolyI:C induces type I interferon (IFN) production by 
TLR3-expressing cells, such as fibroblasts [35], and IFNs 
produced by A549 cells in response to polyI:C may have 
affected Akt phosphorylation and motility. Therefore, we 
examined a potential role of autocrine production of type 
I IFNs in our model. Treatment with polyI:C inhibited the 
TGF-β1-induced Akt phosphorylation but had no effect on 
the phosphorylation of Stat1. This suggested that polyI:C 
did not cause IFNs production by A549 cells to induce Stat1 
phosphorylation; thus, it is unlikely that the induction of IFN 
production by polyI:C was responsible for the inhibition of 
TGF-β1-induced Akt phosphorylation in A549 cells (Sup-
plementary Fig. 2b, c).

We demonstrated a novel function of polyI:C that contrib-
utes to the inhibition of cancer progression. However, there 
are some limitations. We used A549 cells for all experiments 
and some of the results were validated by using NCI-H1993 
cells. These cells were morphologically very similar. We 
tested additional lung carcinoma cells, such as the human 
HCC4006 lung adenocarcinoma and the mouse Lewis lung 
carcinoma cells. These cells showed the morphology of cells 
that have gone through EMT without any additional treat-
ment and there was no additional induction of Akt phospho-
rylation after TGF-β1 treatment (data not shown), suggesting 
that the polyI:C effects found in this study may be limited to 
cells at a certain stage of cancer cell development. We also 
considered to determine the role of polyI:C in vivo using 
a mouse model; however, since polyI:C affects the growth 
of cancer cells via activation of the immune response, it is 
difficult to evaluate its direct effects on cancer cells in vivo.

Conclusion

PolyI:C and its analogues are being clinically tested as a 
cancer vaccine adjuvant for anti-cancer treatment. A phase 
II study in patients with malignant embryonal rhabdomyo-
sarcoma showed a dramatic antitumor effect [14]. In clinical 
studies of subjects with melanoma or advanced renal cell 
cancer [13], the administration of Poly-ICLC could be well-
tolerated, but no clinical benefit was observed. The results of 
our study suggest that polyI:C can significantly reduce the 
metastatic potential of lung cancer cells undergoing EMT; 
thus, polyI:C and its analogue may be listed as an option 

to be used in combination with existing other anti-cancer 
therapies.

Supplementary Information  The online version contains supplemen-
tary material available at https://​doi.​org/​10.​1007/​s11033-​021-​06625-1.
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