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Aim: Interleukin-33 (IL-33), belonging to IL-1 family cytokines, has been reported to participate
in cancer growth and metastasis. The clinical values of IL-33 in lung cancer have been previously
investigated. We aimed to elucidate the probable role of IL-33 in the migration and invasion
of lung cancer cells.

Methods: Cell migration and invasiveness were tested by Transwell assay. Western blotting
analysis was performed to detect protein expression.

Results: We found that I[L-33 treatment in human lung A549 cells dose-dependently enhanced
their migratory and invasive ability, accompanied by elevated expression of matrix metallo-
proteinase (MMP) 2 and MMP9. Meanwhile, IL-33-induced cell migration and invasion were
significantly abolished by small interfering RNA-targeting ST2, the specific receptor of IL-33.
Furthermore, IL-33 exposure induced the phosphorylation of AKT. Pretreatment with an AKT
inhibitor LY294002 markedly attenuated IL-33-induced cell migration and invasion.
Conclusion: IL-33/ST2 promoted the migration and invasiveness of lung cancer cells through
AKT pathway. Our findings strongly suggest that IL-33 may serve as a promising therapeutic
strategy for lung cancer.
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Introduction

Lung cancer is the principal cause of cancer-associated death and accounts for ~1.4 million
deaths every year in the world.! More than 80% of primary lung cancers are identified
as non-small-cell lung carcinoma (NSCLC).? Lung cancer is highly malignant and
rapidly metastasizing, which is the main reason for the poor 5-year survival rate of
lung cancer patients. Increasing evidence suggests that genetic and epigenetic altera-
tions, which cause DNA damage, can transform normal lung epithelial cells into lung
cancer cells, thus causing lung carcinogenesis.’

Interleukin-33 (IL-33), a specific ligand of ST2, belongs to the IL-1 family cytokines.
Once secreted, IL-33 binds to ST2, activates mitogen-activated protein kinase (MAPK),
nuclear factor (NF)-xB, or AKT,*’ and then initiates downstream effector responses.®
The functions of IL-33 have been widely studied in a variety of inflammatory diseases,
such as asthma, arthritis, and inflammatory bowel disease.” '’ Recent data have showed

the implication of IL-33/ST2 axis in tumor development and metastasis.'' 3

By using
4T1 breast cancer model, Jovanovic et al'! showed that IL-33/ST2 axis could increase
the intratumoral accumulation of immunosuppressive cells and then enhance the pro-
gression of breast cancer. Liu et al'> demonstrated that ectopic expression of IL-33 in
colon cancer cells enhanced their growth and metastasis in nude mice. A subsequent

study showed the promoting effects of IL-33 on the invasiveness and migration of gastric
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cancer cells.” The clinical values of IL-33 in lung cancer have
been studied.'*!> Hu et al'* reported that NSCLC patients had
higher levels of serum IL-33 than the healthy control and
patients with benign lung diseases. They proposed that serum
IL-33 was an independent prognostic indicator for NSCLC.
A study based on male patients who were current smokers
or ex-smokers showed that the plasma level of IL-33 was
increased in Stage I of lung cancer in comparison to that in
normal healthy control but was evidently reduced in Stages
I and IV of lung cancer.'> However, the roles of IL-33 in the
metastasis of lung cancer still need to be elucidated.

In this study, we have investigated the biological func-
tions of IL-33 in the migration and invasiveness of lung
cancer cells. The results showed that IL-33 significantly
promoted cell invasion and migration and induced the expres-
sion of matrix metalloproteinase (MMP) 2 and MMP9 via
ST2 and AKT pathway.

Methods

Cell culture

Human lung cancer cell lines, A549 and NCI-H1299 (Cell
Bank of the Chinese Academy of Sciences, Shanghai, China),
were cultured in Dulbecco’s Modified Eagle’s Medium
(DMEM; Thermo Fisher Scientific, Waltham, MA, USA)
containing 10% fetal bovine serum (FBS; Hyclone, Logan,
UT, USA). The cells were maintained at 37°C in an atmo-
sphere of 5% CO, and 95% air.

Small interfering RNA (siRNA)

transfection

A549 cells at 70%—-80% confluence were transfected with
2 pug/mL ST2 siRNA or Ctrl siRNA using Lipofectamine
2000 (Thermo Fisher Scientific) following the manu-
facturer’s instruction. The knockdown efficiency was
analyzed by Western blot analysis at 48 h posttransfec-
tion. The sequences of ST2 siRNAs are as follows:
siST2-1, 5'-GCGAAUGUCACCAUAUAUA-3’; siST2-2,
5’-GCACCUCUUGAGUGGUUUA-3’; siST2-3, 5-GCA
CUUUGUUCACCAGAUU-3".

Experimental grouping

To study the effects of IL-33, A549 and NCI-H1299 cells were
treated with 0, 20, or 50 ng/mL IL-33 (R&D Systems, Inc., Min-
neapolis, MN, USA). To investigate the involvement of ST2,
IL-33 siRNA (siST2) or Ctrl siRNA was transfected into A549
cells. At 24 h following transfection, A549 cells were treated
with 0 or 50 ng/mL IL-33. To explore the role of AKT, A549
cells were pretreated with LY294002 (10 uM; Merck Millipore,
Billerica, MA, USA) or vehicle ( dimethylsulfoxide) for 1 h and

then with 0 or 50 ng/mL IL-33. Cell migration, invasion, and
protein expression were assessed at 24 h after treatment.

Transwell assay

Non-Matrigel-coated and Matrigel-coated Boyden chambers
(BD Biosciences, San Jose, CA, USA) were used to detect the
migration and invasive abilities of A549 and NCI-H1299 cells,
respectively. After starvation overnight in serum-free DMEM,
the cells were harvested by trypsinization. Equal numbers of
cells (1x10%/well) in serum-free medium were plated onto
the upper chamber, and DMEM with 10% FBS was added
to the lower chamber. After 24 h, the nonmigrated cells were
carefully scraped from the upper chamber with cotton tips.
The migrated cells were subjected to 4% formaldehyde fixa-
tion and then 0.5% crystal violet staining. The migrated and
invaded cells from at least five random microscopic fields
(200x) were counted under a light microscope.

Western blotting

A549 cells were lysed in ice-cold radioimmunoprecipita-
tion assay buffer with fresh-added protease inhibitor cock-
tail (Hoffman-La Roche Ltd., Basel, Switzerland) at 4°C.
Bicinchoninic acid assay (Pierce, Rockford, IL, USA) was
used to measure protein concentration. A total of 30 ug of pro-
tein was resolved by sodium dodecyl sulfate-polyacrylamide
gels and electronically transferred onto nitrocellulose mem-
branes (EMD Millipore, Billerica, MA, USA). The mem-
branes were blocked with 5% nonfat milk in Tris-buffered
saline/Tween 20 (TBST) and then probed with primary anti-
bodies according to the manufacturers’ protocols. After wash-
ing three times with TBST, the membranes were incubated
with the corresponding horseradish peroxidase-conjugated
secondary antibodies (Beyotime, Shanghai, China) at room
temperature for 1 h. Enhanced chemiluminescent (ECL)
(Pierce) was used for the detection of signals. The sources of
primary antibodies are as follows: anti-ST2 was purchased
from Santa Cruz Biotechnology Inc. (Dallas, TX, USA);
anti-MMP2 and anti-MMP9 were purchased from Abcam
(Cambridge, MA, USA); and antibodies against phospho-
rylation of AKT (p-AKT) (S473), AKT, and GAPDH were
obtained from Cell Signaling Technology (Danvers, MA,
USA). GAPDH was used as loading Ctrl. The intensity of the
Western blot signals was analyzed using the ImageJ software
(http:/rsb.info.nih.gov/ij/, Bethesda, MD, USA).

Statistical analysis

The experiments were performed three times independently.
Data presented are mean + standard deviation (SD). Statistics
was calculated with GraphPad Prism Version 6 (GraphPad
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Software, Inc., La Jolla, CA, USA). One-way analysis of
variance (ANOVA) followed by Tukey’s test was used for
statistical comparisons. A P-value of <0.05 was defined as
statistically significant.

Results

IL-33 exposure leads to an increase in
cell migration and invasion of lung cancer
cell lines

To determine whether the 1L-33 affects the migration and
invasion of lung cancer cells, Transwell assays were con-
ducted on A549 and NCI-H1299 cells exposed to various
concentrations of IL-33 (0, 20, or 50 ng/mL). As shown in
Figure 1A and B, stimulation with IL-33 greatly increased
the number of cells that migrated across the non-Matrigel-
coated membranes or Matrigel-coated membranes in a
dose-dependent manner. Similar results were achieved
in NCI-H1299 cells. These abovementioned results sug-
gested that exposing lung cancer cells to IL-33 significantly
enhanced cell migration and invasiveness.

IL-33 upregulates the levels of MMP2,

MMP9 and p-AKT
AKT, MMP2, and MMP9!%17 have been proven to function
in tumor metastasis; thus, p-AKT and the expression of

Migration

(vy)

Invasion

NCI-H1299

Figure | IL-33 stimulation enhances cell migration and invasiveness of lung cancer cells.

MMP2 and MMP9 were examined to further investigate the
mechanisms of how IL-33 affects migration and invasion.
The results showed that the levels of MMP2, MMP9, and
p-AKT were upregulated in A549 cells exposed to 20 or
50 ng/mL of IL-33 when compared with that in cells without
IL-33 treatment (Figure 2A and B).

Knockdown of ST2 mitigates the effects
of IL-33 on A549 cells

IL-33 exerts functions via its specific receptor, ST2. To inves-
tigate the involvement of ST2 in IL-33-stimulated migration
and invasiveness of A549 cells, ST2 expression was knocked
down by siRNA transfection in A549 cells. Western blot
analysis showed that A549 cells transfected with ST2 siRNAs
(siST2-1, -2, and -3) expressed a significantly lower level of
ST2 when compared with A549 cells transfected with Ctrl
siRNA or wild-type (WT) A549 cells (Figure 3A). siST2-1
showed the best knockdown efficiency and was used in the
subsequent studies.

Next, A549 cells were transfected with siST2-1 or Ctrl
siRNA and then treated with 50 ng/mL of IL-33. We found
that IL-33-stimulated migration and invasion were notably
attenuated in siST2-transfected cells as compared to Ctrl-
transfected cells (Figure 3B and C). Additionally, as shown
in Figure 4, knockdown of ST2 reduced the expression
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Notes: A549 and NCI-H 1299 cells were treated with 0, 20, or 50 ng/mL IL-33. Transwell assays were performed to determine the migration (A) and invasive (B) abilities of
A549 and NCI-H1299 cells after 24 h of culture. Migrated and invaded cells were counted under a microscope. Representative images (magnification, 200x) and quantitative
data from three independent experiments are shown. *P<<0.05, **P<<0.01, and **P<<0.001.

Abbreviation: IL-33, interleukin-33.
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Figure 2 IL-33 stimulation enhances the p-AKT and the protein expression of MMP2 and MMP9.

Notes: A549 cells were treated with 0, 20, or 50 ng/mL IL-33. Western blot analysis was conducted after 24 h of culture. Representative images (A) and quantitative data
(B) from three independent experiments are shown. *P<<0.05, **P<<0.01, and ***P<<0.001.

Abbreviations: IL-33, interleukin-33; MMP, matrix metalloproteinase; p-AKT, phosphorylation of AKT.

of MMP2, MMP9, and p-AKT induced by IL-33. These
abovementioned results suggested that the stimulation
effects of IL-33 on the migration and invasion, as well as
the levels of MMP2, MMP9, and p-AKT in A549 cells, were
dependent on ST2.

Inhibition of AKT pathway suppresses

IL-33-mediated migration and invasion

To further clarify the role of AKT during IL-33-mediated
migration and invasion, AKT activity was inhibited by
LY294002 in A549 cells. Asillustrated in Figure 5, LY294002
treatment significantly suppressed the protein levels of
MMP2, MMP9, and p-AKT, as well as the migration and
invasion of A549 cells with or without IL-33 treatment.
These data indicated that IL-33 promoted cell migration and
invasion through AKT pathway.

Discussion
Accumulating evidence has supported that 1L-33, an IL-1
family cytokine, plays an essential role in various inflamma-

19 and cancer growth and metastasis.!'"'* Recent

tory diseases
studies have revealed the clinical values of IL-33 in lung
cancer.'*!* In this study, we investigated the probable role of
IL-33 in the migration and invasion of lung cancer cells and
characterized the signaling pathway affected by I1L-33 by the
stimulation of A549 cells with recombinant IL-33. We found
that stimulation with IL-33 significantly promoted the migra-
tion and invasion of A549 cells. The present study also
demonstrated that, 1) IL-33 exposure was associated with
AKT activation and the increased expression of MMP2 and
MMP9 in A549 cells; 2) IL-33 treatment caused a remarkable
increase in cell migration and invasion in an ST2-dependent

manner; and 3) AKT took part in mediating the effect of

IL-33 on cell migration and invasiveness. Our data suggest
that IL-33 regulates the migration and invasion of lung cancer
cells via ST2 and activation of AKT pathway.

High invasive potential is one of the main hallmarks of
lung cancer.? Previous studies have demonstrated that IL-33
promotes the metastasis of colorectal cancer and the migra-
tion and invasion of gastric cancer cells.'>!* Consistent with
these findings, we showed that IL-33 stimulation significantly
enhanced the migration and invasion of A549 cells. MMPs,
a family of zinc-dependent endopeptidases, are key players
in the degradation of extracellular matrix (ECM). Consider-
able evidence has implicated MMPs in cancer cell invasion,
the metastatic process, and angiogenesis.'®!® In particular, the
clinical values of MMP2 and MMP9, two type IV collage-
nases, have been reported in lung cancer.'”?° Here, Western
blot analysis revealed a much higher level of MMP2 and
MMP9 in IL-33-treated cells than that in the untreated cells,
further suggesting the role of IL-33 in the migration and
invasion of A549 cells. IL-33 binds to its specific receptor,
ST2 and then initiates downstream effector responses.® In
the present study, our results demonstrated that transfection
with ST2-targeted siRNA significantly repressed the cell
migration and invasion and the expression of MMP2 and
MMP9 induced by IL-33, suggesting that IL-33 induced cell
migration and invasion in an ST2-dependent manner.

PI3K/AKT has been found to be activated in several
cancers,” > including pancreatic, thyroid, ovarian, and lung
cancers. 1L-33 activates AKT phosphorylation in immune
cells.* However, it remains unknown whether IL-33 treat-
ment is associated with the activation of AKT pathway in
lung cancer cells. Our data showed that AKT phosphoryla-
tion was dose-dependently increased by IL-33 exposure.
ST2 played a critical role in the induction effects of I1L-33
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Figure 3 ST2 contributes to IL-33-mediated A549 cell migration and invasion.

Notes: (A) A549 cells at 70%-80% confluence were transfected with ST2 siRNA (siST2-1, -2, and -3) or Ctrl siRNA. ST2 protein expression was assessed at 48 h
posttransfection. Representative images and quantitative data of three independent experiments are shown. (B and C) IL-33 siRNA (siST2) or Ctrl siRNA were transfected
into A549 cells. At 24 h after transfection, the cells were treated with or without 50 ng/mL IL-33. Transwell assays were done to determine the migration (B) and invasive
(C) abilities of A549 cells after 24 h of culture. ¥P<<0.05, ¥**P<<0.01, and ***P<<0.001.

Abbreviations: Ctrl, control; IL-33, interleukin-33; MMP, matrix metalloproteinase; siRNA, small interfering RNA; WT, wild type.

on AKT phosphorylation. Moreover, blocking of AKT with ~ migration and invasion. Previous reports have shown that
LY294002 attenuated IL-33-induced cell migration and  AKT can promote cell migration and invasion via inducing
invasion. Thus, we suggest that IL-33/ST2 activates AKT ~ MMP proteins.?® Here, we found that increased AKT phos-
in lung cancer cells, which subsequently enhances cellular  phorylation was associated with the increased levels of
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Figure 4 Knockdown of ST2 suppresses the effects of IL-33 on MMP2, MMP9, and p-AKT.
Notes: A549 cells were transfected with IL-33 siRNA (siST2) or Ctrl siRNA. At 24 h after transfection, A549 cells were treated with or without 50 ng/mL IL-33. Western
blot analysis was conducted after 24 h of culture. Representative images (A) and quantitative data of three independent experiments (B) are shown. *P<<0.05, **P<0.01,

and *¥P<<0.001.
Abbreviations: Ctrl, control; IL-33, interleukin-33; MMP, matrix metalloproteinase; p-AKT, phosphorylation of AKT; siRNA, small interfering RNA.

MMP2 and MMP9. Thus, our findings suggest that IL-33/ Conclusion
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Notes: A549 cells were pretreated with DMSO or LY294002 (10 uM) for | h and then with or without 50 ng/mL IL-33. Transwell assays were performed to determine
the migration (A) and invasive (B) abilities of A549 cells after 24 h of culture. Representative images (magnification, 200x) and quantitative data are shown. (C) Western
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Abbreviations: DMSO, dimethylsulfoxide; IL-33, interleukin-33; MMP, matrix metalloproteinase; p-AKT, phosphorylation of AKT; siRNA, small interfering RNA.
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ST2-dependent manner. Furthermore, our results suggested

that AKT signaling pathway was involved in this process.
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