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Abstract

Serine/threonine kinase 33 (STK33) is a novel protein that has attracted considerable interest in

recent years. Previous research has revealed that STK33 expression plays a special role in cancer

cell proliferation. However, the mechanisms of STK33 induction of cancer cells remain largely

unknown. In this study, it is demonstrated that STK33 expression varies in NL9980 and L9981 cells

which are homogeneous cell lines with similar genetic backgrounds. STK33 can promote cell migra-

tion and invasion and suppress p53 gene expression in the NL9980 and L9981 cells. In addition, this

protein also promotes epithelial–mesenchymal transition (EMT). Moreover, STK33 knockdown de-

creases tumor-related gene expression and inhibits cell migration, invasion, and EMT, suggesting

that STK33 may be a mediator of signaling pathways that are involved in cancer. In conclusion,

our results suggest that STK33 may be an important prognostic marker and a therapeutic target

for the metastatic progression of human lung cancer.
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Introduction

The human serine/threonine kinase 33 (STK33) gene (called stk33 in
mouse) is located on chromosome 11, region 11p15.3, and includes
12 introns and a 1545 bp open-reading frame; while the stk33 gene
is found on chromosome 7 in mouse [1,2]. Researchers have analyzed
STK33 mRNA and protein expression in many normal human adult
and embryonic tissues to investigate the distribution and location of
STK33. The results from these studies revealed that STK33 expression
is limited, with low expression in most tissues. However, STK33 is
highly expressed in testis, particularly in the spermatogenic epithelium
[2]. Based on a sequence comparison with other kinases, the STK33/
Stk33 protein was classified as a member of the Ca2+/calmodulin-
dependent kinase family [3]. STK33 has been widely studied for its
‘synthetic lethal’ function, which is dependent on the Ras gene in
many tumor cells. Some researchers identified this synthetic lethal
interaction using high-throughput RNA interference (RNAi) technol-
ogy in cancer cells expressing mutant KRAS [4]. However, another

research has refuted the conclusion that STK33 is a potential target
for treating humanmutant KRAS tumors [5]. These conflicting reports
demonstrate that some controversies regarding STK33 remain and
indicate the complexity of STK33 function.

Lung cancer is the most severe cancer, having both a high incidence
rate and mortality rate and accounting for ∼25% of all cancers;
and the incidence of lung cancer is rapidly increasing [6].
Non-small-cell-lung cancer (NSCLC), which includes squamous cell
carcinoma, adenocarcinoma, and large cell lung cancer, constitutes
80%–85%of total lung cancer cases. Thus, the investigation of migra-
tion mechanisms and early biomarkers of large cell lung cancer is im-
portant for the diagnosis and individualized treatment of NSCLC.
Large cell lung cancer includes two general cell lines: high migration
human lung large cell cancer (L9981) and low migration human
lung large cell cancer (NL9980). These lines were established from a
human lung large cell carcinoma cell line (WCQH-9801) and had a
similar genetic background [7]. The primary reasons for treatment
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failure and death in lung cancer patients are lung cancer invasion and
metastasis.

Epithelial-mesenchymal transition (EMT) is an important and
common phenotypic transformation process in cancer cells that causes
cell motility and invasion, thereby increasing the metastatic potential
of these cells [8,9]. Many transcription factors, such as Snail, Slug, and
Twist, have been shown to be important regulators of EMT [10].
Therefore, in this study, we detected these EMT regulators and
many cancer-related genes in the L9981 and NL9980 cell lines,
which display differential STK33 expression. New cancer-related
genes identified in this study will be useful for in-depth investigation
of lung cancer mechanisms that may be potential targets for targeted
gene therapy.

Materials and Methods

Cell lines and reagents

The NL9980 and L9981 cell lines were purchased from Shanghai
Baili Biotechnology Company (Shanghai, China). All cell lines were
cultured in Dulbecco’s modified Eagle’s medium (DMEM; Invitrogen-
Gibco, Karlsruhe, Germany) supplemented with 10% heat-
inactivated research grade fetal bovine serum (FBS, Hyclone South
American origin; Hyclone, Logan, USA), 100 U/ml penicillin, and
100 μg/ml streptomycin (Invitrogen-Gibco). The cells were maintained
at 37°C with 5% CO2 in a humidified atmosphere, and cells between
the third and sixth passages were used for the experiments. The
STK33 siRNA oligonucleotide sequences were as follows: forward:
5′-GATCCCAGAGAATGAGACAAGGTGTTCAAGAGACACCTT
GTCTCATTCTCTGAGA-3′; reverse: 5′-AGCTTCTCAGAGAATG
AGACAAGGTGTCTCTTGAACACCTTGTCTCATTCTCTGG-3′,
and both were synthesized by Shenggong Biotechnology (Shanghai,
China).

STK33 RNAi and over-expression

We inserted the STK33 siRNA oligonucleotide sequences into the
pSilencer4.1-CMV plasmid with BamHI and HindIII enzyme sites
using FuGene HD Transfection reagents (Promega Biotech, Madison,
USA), resulting the STK33 siRNA pSilencer4.1-CMV/STK33. pRecei-
ver-M02/STK33 is an STK33 over-expression plasmid purchased
from Shenggong Biotechnology. NL9980 and L9981 cells were seeded
in 6-well plates at a density of 3 × 105 cells/well for western blot and
cell migration assays, and in 24-well Transwell plates (3 µm; Corning
Incorporated, Corning, USA) for tumor cell invasion assay. The day
after seeding, the cells were transfected in DMEM containing glycosa-
minoglycan-depleted FBS with pReceiver-M02/STK33, pSilencer4.1-
CMV/STK33, and the empty vector as a control according to the
manufacturer’s protocol. NL9980 cells transfected with pReceiver-
M02/STK33 were named NL9980(+) cells, and L9981 cells trans-
fected with pSilencer4.1-CMV/STK33 were named L9981(−) cells.
After incubation, cells were washed with phosphate-buffered saline
(PBS) for cell migration assay, tumor cell invasion assay, cell scratch
test, cell adhesion test, real-time quantitative polymerase chain reac-
tion (qPCR) and western blot analysis as described following.

Wound-healing assay

Cell migration was measured using a scratch-wound assay in which
the cells migrated from a confluent area to an area that had beenmech-
anically denuded of the culture. Initially, the NL9980 and L9981 cells
were seeded in 6-well plates and transfected with pReceiver-M02/
STK33 or pSilencer4.1-CMV/STK33, respectively. After 24 h, the

mediumwas discarded, and a scratch woundwas inflicted in a straight
line across the cell cultures using a sterile plastic 200-μl micropipette tip.
Then, the plates were rinsed with PBS to remove non-adherent cells and
incubated at 37°Cwith 5%CO2 in a humidified atmosphere.Wound clos-
ure was monitored, imaged, and analyzed after incubation for another
24 h using a light microscope (Olympus, Tokyo, Japan) and Photoshop
7.0 software (Adobe, San Jose, USA). The shortest distances between the
edges of cells migrating from both sides were measured [11].

In vitro cell invasion assay

Cell invasion was assayed in Transwell chambers that were coated
with Matrigel (BD Biosciences, San Jose, USA) on the upper surface.
NL9980 and L9981 cells (5 × 104 or 10 × 104 cells/well) that had been
treated with the control medium for 24 h were seeded in the upper
chamber after transfection, and serumwas added to the bottom cham-
ber to induce cell migration. After incubation for 8 or 24 h, the cells
that had migrated or invaded through the membrane to the lower sur-
face were fixed in 10% formaldehyde solution (Beyotime, Shanghai,
China), stained with 0.5% crystal violet hydrate solution (Beyotime)
and counted.

Quantitative polymerase chain reaction

For qPCR assay, the NL9980 and L9981 cells were seeded in 6-well
plates and transfected with pReceiver-M02/STK33 or pSilencer4.1-
CMV/STK33, respectively. After 48 h, mRNA was extracted using
the Trizol (Takara, Dalian, China) according to the manufacturer’s
recommendations. The mRNA was eluted in 20 µl of DEPC water
(Qiagen, Dusseldorf, Germany) and quantified with a NanoDrop
ND-2000 device (Thermo Fisher Scientific, Waltham, USA). One
microgram of mRNA from each samplewas subject to cDNA synthesis

Table 1. Primer sequences of real-time PCR

Gene Primers (5′→3′) PCR length (bp)

Integrin AGGCTTCCCTTGGAAACAAACTGC 152
TGGTGACCACCATGTAGACAGCAT

CXCR4 ATTCTCTTGTGCCCTTAGCCCACT 211
TGAGCCCATTTCCTCGGTGTAGTT

p53 TTGCACCTACCTCACAGAGTGCAT 173
AGAAACTACCAACCCACCGACCAA

CDC2 CAGAGCTTTGGGCACTCCCAATAA 129
ATGGGATGCTAGGCTTCCTGGTTT

STK33 GGTGGATCATTCAAAGTCTCGC 212
GCTAAGCCAAAATCAGTCACCTT

E-cadherin ATGCTGAGGATGATTGAGGTGGGT 199
CAAATGTGTTCAGCTCAGCCAGCA

β-catenin TGCAGTTCGCCTTCACTATGGACT 145
GATTTGCGGGACAAAGGGCAAGAT

Fibronectin AAACTTGCATCTGGAGGCAAACCC 181
AGCTCTGATCAGCATGGACCACTT

Vimentin AGAACCTGCAGGAGGCAGAAGAAT 223
TTCCATTTCACGCATCTGGCGTTC

Snail TTTCTGGTTCTGTGTCCTCTGCCT 215
TTCCCAGTGAGTCTGTCAGCCTTT

Slug CAAGGACACATTAGAACTCACAC 220
CTACACAGCAGCCAGATTC

Twist ACCATCCTCACACCTCTGCATTCT 179
GTGATGCCTTTCCTTTCAGTGGCT

FoxC2 CAACATGTTCGAGAACGGCAGCTT 244
CGCTCTTGATCACCACCTTCTTCT

β-Actin TGACGTGGACATCCGCAAAG 402
CTGGAAGGTGGACAGCGAGG
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using PrimeScript RT Reagent Kit (Takara). cDNA synthesis was per-
formed according to the manufacturer’s recommendations by mixing
1 µg mRNA, 4 µl 5× PrimeScript buffer, 1 µl 50 µM oligo-dT primer,
1 µl PrimeScript RT Enzyme Mix, and 11.5 µl ddH2O in PCR tubes.
The mixture was then incubated at 37°C for 1 h. cDNA was diluted
with 20 µl ddH2O and stored at −80°C until use. cDNAwas amplified
by PCRwith primers for each target gene. The real-time qPCR program
was as follows: 95°C for 10 min, followed by 35 cycles at 95°C for 15 s,
60°C for 31 s, and the dissolution curvewas added. β-Actin was used as
a control for mRNA integrity. The qPCR primer sequences were shown
in Table 1.

Western blot analysis

Whole-cell protein extracts for western blot analysis were prepared
using lysis buffer (Beyotime). Protein extracts (containing 50–100 μg
protein) were subject to 10% sodium dodecyl sulfate–polyacrylamide
gel electrophoresis and transferred to polyvinylidene fluoride mem-
branes (Whatman, Meetall Stone, UK). The membranes were blocked
with 5% dry milk in PBS containing 0.2% Tween-20, followed
by incubation with primary antibodies and then with horseradish
peroxidase-conjugated secondary antibodies (Invitrogen-Gibco). The
bands were quantified by densitometric analysis using ImageJ soft-
ware. The following antibodies were used: anti-β-actin, anti-STK33,
anti-Integrin, anti-C-X-C chemokine receptor type 4 (CXCR4),
anti-cell division control protein kinase 2 (CDC2), and anti-p53
(Sigma-Aldrich, San Francisco, USA), as well as anti-Twist, anti-Snail,
anti-Slug, and anti-Forkhead box C2 (FoxC2) (Proteintech Group,
Inc., Chicago, USA).

Immunocytochemistry

NL9980 and L9981 cells were seeded in 24-well plates and transfected
with different plasmids for 48 h. Then, the cells were fixed in 4% par-
aformaldehyde for 30 min, followed by several rinses with PBS. Non-
specific binding sites were blocked for 2 h with normal goat serum
(Sigma-Aldrich) that was diluted in 0.1% Triton-X-100/PBS. Then,
cells were incubated overnight at 4°C with primary antibodies
(1:200 dilution). The anti-E-cadherin, anti-β-catenin, anti-Vimentin,
and anti-Fibronectin antibodies were purchased from Proteintech
Group, Inc. Fluorescein isothiocyanate-conjugated secondary anti-
bodies were used to stain the cells, which were subsequently imaged
using a fluorescence or optical microscope (Olympus).

Statistical analysis

All results were obtained from at least three independent experiments.
Statistical significancewas assessedwith an unpaired Student’s t-test and
one-way ANOVA Tukey test using GraphPad Prism Version 5.0a
(GraphPad Software). P < 0.05 was considered of significant difference.

Results

STK33 is expressed at higher levels in L9981 cells

than in NL9980 cells

STK33 expression was analyzed in the NL9980 and L9981 large cell
lung cancer cell lines using qPCR assays to identify the function of
STK33 in lung cancer cell lines. We found that NL9980 and L9981
cells had similar morphological characteristics, with cells adhering

Figure 1. STK33 gene expression is higher in L9981 cells than in NL9980 cells (A) Micrographs of L9981 and NL9980 cells, at ×100 magnification. (B) RNA was

extracted from L9981 and NL9980 cells, reverse transcribed to cDNA and subject to real-time PCR. (C) NL9980 cells were transfected with pReceiver-M02/STK33.

(D) L9981 cells were transfected with pSilencer4.1-CMV/STK33. All of the data were analyzed using the 2−ΔΔct formula; n = 3. Statistical significancewas assessed by

unpaired Student’s t-test using GraphPad Prism Version 5.0a software. *P < 0.05; **P < 0.01; ***P < 0.001.
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to the dish and generally displaying circular and polygonal shapes
(Fig. 1A). Different levels of STK33 mRNA expression were detected
in these cell lines. As shown in Fig. 1B, L9981 cells expressed higher
levels of STK33 mRNAwhen compared with NL9980 cells. NL9980
cells were transiently transfected with either pReceiver-M02/STK33
or control DNA, and L9981 cells were transfected with either
pSilencer4.1-CMV/STK33 or control siRNA (scrambled or mock).
Then, we collected these samples and analyzed STK33 expression
after 48 h. The level of STK33 expression increased significantly in
pReceiver-M02/STK33-treated NL19980 cells compared with con-
trols (Fig. 1C). In contrast, the level of STK33 expression markedly
decreased in pSilencer4.1-CMV/STK33-treated L9981 cells compared
with controls (Fig. 1D). STK33, which was highly expressed in L9981
cells, may play a critical role in the proliferation of NSCLC cell lines.
The different levels of STK33 expression in these two lung cancer cell
lines suggested its potential functions in lung cancer.

STK33 promotes cell migration and invasion in both

NL9980 and L9981 cells

We investigated the effect of STK33 on the migration and invasion
ability of L9981 and NL9980 cells in vitro. A wound-healing assay
was conducted to determine whether STK33 affects the migration
ability of L9981 and NL9980 cells. At 24 h after scratching,
pReceiver-M02/STK33-transfected NL9980 cells had almost fully
closed the wound compared with control DNA-transfected cells.

pSilencer4.1-CMV/STK33-transfected L9981 cells closed the scratch
wound to a lesser extent than control siRNA-transfected cells. Thus,
we concluded that L9981 cells have a higher capacity for migration
than NL9980 cells (Fig. 2A,B). Similarly, both increased migration
and invasion of pReceiver-M02/STK33-treated NL9980 cells and de-
creased migration and invasion of pSilencer4.1-CMV/STK33-treated
L9981 cells were observed relative to controls in an invasion assay.
The number of cells on the lower side of the membrane reflects the
invasive capacity of the cells being investigated. After transfection,
pReceiver-M02/STK33-treated NL9980 cells increased cell invasion
by ∼2 folds compared with NL9980 cells, and pSilencer4.1-CMV/
STK33-treated L9981 cells decreased cell invasion by ∼60% com-
pared with L9981 cells (Fig. 2C). These results showed that the
STK33 gene could influence the migration and invasion of the
L9981 and NL9980 large cell lung cancer cell lines. The inhibition
of STK33 can decrease the migration and invasion of NL9980 cells,
suggesting that this protein can be targeted to inhibit cancer cells.

STK33 induces the expression of tumor-related genes

Integrin, CXCR4, and CDC2, and suppresses the p53

gene expression in both NL9980 and L9981 cells

Previous studies of Integrin, CXCR4, CDC2, and p53 genes have pro-
vided significant insight into the mechanisms of tumor development.
Therefore, we analyzed changes in the expression of these four genes in
NL9980(+), L9981(−), and control cells. It was found that STK33

Figure 2. STK33 promotes cell migration and invasion in both NL9980 and L9981 cells (A) The migratory capacity of differentially treated cells was evaluated by

wound-healing assay. The representative images at 0 and 24 h post-wounding are shown at ×40 magnification. (B) Quantitative results of cell migration in vitro. The
spacing between cells was measured at 0 and 24 h and the migration ratio was calculated by dividing the migration distance by the cell spacing at 0 h. The

experiments were performed in triplicate with three independent experiments. (C) Cell invasion was evaluated by a 24-h Transwell assay, followed by counting

cells on the lower face of the membrane. Statistical significance was assessed by one-way ANOVA, followed by Tukey’s test, using GraphPad Prism Version 5.0a

software. n = 3, *P < 0.05; **P < 0.01; ***P < 0.001.
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interference decreased the expression of Integrin, CXCR4, and CDC2
genes in L9981(−) cells relative to L9981 controls. In addition, STK33
over-expression significantly increased the expression of these genes in
NL9980(+) cells relative to NL9980 controls. However, for the p53
gene, a tumor suppress gene, STK33 interference obviously increased
the expression of p53 gene in L9981(−) cells comparedwith L9981 con-
trols. And STK33 over-expression inhibited the p53 gene expression in
NL9980(+) cells compared with NL9980 controls (Fig. 3A). These
changes were also observed in western blot analysis (Fig. 3B). STK33
protein expression served as a marker of successful transfection, and
β-actin served as a loading control in the western blots.

STK33 induces EMT in the NL9980 and L9981 cell lines

Based on our observations that STK33 can promote cell migration and
invasion in lung cancer cells, we further investigated whether STK33
was capable of inducing EMT in both the NL9980 and L9981 cell
lines. EMT-inducing transcription factors (EMT-TFs), such as
Twist, Snail, and Slug, were examined by qPCR and western blotting
to determine whether STK33 expression could affect EMT. FoxC2
mRNA and protein expression were also assessed by qPCR and west-
ern blotting. The qPCR results for all the above genes showed that
these genes were notably down-regulated in L9981(−) cells compared
with that in L9981 cells, and were also obviously up-regulated in
NL9980(+) cells compared with that in NL9980 cells (Fig. 4A). The
results of western blot analysis showed the same changes
(Fig. 4B). It revealed that STK33 can promote EMT both in
L9981 and NL9980 cell lines.

The mRNA and protein expression of the epithelial markers
(E-cadherin and β-catenin) and themesenchymal markers (Fibronectin
and Vimentin) were also assessed by qPCR and western blotting,

respectively. Real-time reverse transcriptase-PCR analysis of these
cells revealed obvious down-regulation of E-cadherin and β-catenin in
NL9980(+) cells, whereas Fibronectin and Vimentin were notably up-
regulated (Fig. 4C). In addition, western blot analysis demonstrated
that protein expression results are consistent with EMT (Fig. 4D).

Immunofluorescence analysis further revealed that the levels of
β-catenin (Fig. 5A) and E-cadherin (Fig. 5B), which displayed mem-
brane localization, were dramatically decreased in NL9980(+) cells
but increased in L9981(−) cells. In contrast, the levels of Vimentin
(Fig. 5C) and Fibronectin (Fig. 5D) were strongly increased in
NL9980(+) cells but decreased in L9981(−) cells. Vimentin localized
to both the membrane and cytoplasm, while Fibronectin was found at
the membrane and in the extracellular space.

The optical densities (ODs) of these proteins are provided in
Fig. 5E. From the OD values of β-catenin and E-cadherin, it was
found that the L9981(−) cells have higher OD value than L9981
cells, and the NL9980(+) cells have lower OD value than NL9980
cells. Meanwhile, for Vimentin and Fibronectin proteins, the
L9981(−) cells have lower OD value than L9981 cells, and the
NL9980(+) cells have higher OD value than NL9980 cells. It implies
that STK33 is important for EMT both in L9981 and NL9980 cell
lines.

Collectively, these results demonstrate that STK33 can promote
EMT in NL9980 and L9981 cells.

Discussion

Tumor development often involves many intricate hereditary and
acquired genetic variations, although the complexity, formation, and
survival of some cancers are often induced by a particular oncogene
[12]. Therefore, when we inhibit a particular oncogene, we can

Figure 3. STK33 induces the expression of tumor-related genes Integrin, CXCR4, and CDC2, and suppresses the expression of p53 gene in both NL9980 and L9981

cells (A) The relative expression levels of Integrin, CXCR4, CDC2, and p53 genes were evaluated by real-time qPCR. The mRNA expression level was calculated by

the 2−ΔΔct analytical method. (B) Western blot analysis of STK33, Integrin, CXCR4, CDC2, and p53 in NL9980 and L9981 cells following the above-described

treatments. Statistical significance was assessed by one-way ANOVA, followed by Tukey’s test, using GraphPad Prism Version 5.0a software. n = 3, *P < 0.05,

**P < 0.01, ***P < 0.001.
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influence the survival, differentiation, inhibition, or progression of
cancer. However, few cancer therapies targeting specific oncogenes
have shown promising results in clinical settings. Many aspects of
tumor progression still need clarification because not all genes and
signaling pathways that are involved in the onset and development
of tumors are naturally carcinogenic [13].

Scholl et al. [4] found that the inhibition of STK33 can cause syn-
thetic lethal interactions in mutant KRAS-dependent cancer cell lines
but not in mutant KRAS-independent cancer cell lines.

Integrin-mediated cellular processes are associated with tumor cell
adhesion and migration [14]. Previous studies have revealed that the
chemokine receptor CXCR4 is highly expressed in human breast can-
cer cells and plays a critical role in determining the metastatic destin-
ation of tumor cells [15,16]. The CDC2 protein, which is also called
p34cdc2, is a cell cycle regulator. Inhibiting CDC2 may be used to
treat common cancers [17]. p53, which is also known as cellular
tumor antigen p53, is a tumor suppressor that functions to prevent
cancer [18,19].

Figure 4. STK33 induces Snail, Slug, and Twist, which are regulators of EMT, as well as the FoxC2 gene in both NL9980 and L9981 cells The relative mRNA

expression levels of Snail, Slug, Twist, and FoxC2 (A) and E-cadherin, β-catenin, Vimentin, and Fibronectin (C), evaluated by real-time qPCR. The mRNA

expression levels were calculated by the 2−ΔΔct analytical method. Western blot analysis of Snail, Slug, Twist, and FoxC2 proteins (B) and of E-cadherin,

β-catenin, Vimentin, and Fibronectin proteins (D) in NL9980 and L9981 cells following the above-described treatments. Statistical significance was assessed by

one-way ANOVA, followed by Tukey’s test, using GraphPad Prism Version 5.0a software. n = 3, *P < 0.05; **P < 0.01; ***P < 0.001.
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In this study, we demonstrated that STK33 could promote the mi-
gration and invasion of NL9980 and L9981 cell lines, while STK33
gene inhibition also inhibited the migration and invasion of these
cell lines. In addition, STK33 also increased the expression of the

tumor-related genes Integrin, CXCR4, and CDC2, and decreased
the expression of the tumor suppressor gene p53. STK33 also affected
the components of EMT, such as the Twist, Snail, Slug, and FoxC2
genes, and E-cadherin, β-catenin, Vimentin, and Fibronectin genes.

Figure 5. STK33 induces cell metastasis and EMT in both NL9980 and L9981 cells (A–D) Fluorescence micrographs of E-cadherin, β-catenin, Vimentin, and

Fibronectin in L9981, L9981(−), NL9980, and NL9980(+) cells at ×100. Scale bars = 100 µm. Green indicates the protein of interest, and blue indicates the cell

nucleus. (E) Quantification of E-cadherin, β-catenin, Vimentin, and Fibronectin expression in L9981, L9981(−), NL9980, and NL9980(+) cells using Image-Pro Plus

6.0 software. Statistical significance was assessed by one-way ANOVA, followed by Tukey’s test, using GraphPad Prism Version 5.0a software. n = 3, *P < 0.05,

**P < 0.01, ***P < 0.001.
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Our results showed that STK33 could induce EMT in lung cancer
cells. Twist, Snail, and Slug are all EMT-TFs and E-cadherin inhibitors
[20,21]. Twist is a basic helix-loop-helix transcription factor that is
over-expressed in many tumor cells [22]. We also investigated the
FoxC2 gene because FoxC2 is a member of the winged helix/Fox fam-
ily of transcription factors. FoxC2 may regulate tumor vasculature,
growth, invasion, and metastasis [23]. We examined β-catenin,

which is an epithelial marker, Vimentin, which is a mesenchymal
marker, and Fibronectin, which highly correlates with cancer metasta-
sis [24,25]. We also assessed E-cadherin, which is one of the major
EMT-related proteins. E-cadherin is a calcium-dependent transmem-
brane glycoprotein that sustains homotypic interactions with neigh-
boring epithelial cells and correlates with the metastatic progression
of several types of cancer [26,27]. Our results showed that STK33

Figure 5. Continued.
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could promote the expression of Twist, Snail, Slug, Foxc2, Vimentin,
and Fibronectin, and inhibit the expression of β-catenin and Vimentin.
Therefore, STK33 can induce EMT in lung cancer cells.

We also examined the interaction of STK33 with p38 mitogen-
activated proteinkinase (MAPK)or p-PAK1using co-immunoprecipitation
(co-IP) assays to identify which signaling pathway is critically asso-
ciated with STK33. These assays revealed that STK33 may have
some relation with p38MAPK, but not with p-PAK1.We hypothesize
that STK33 may be necessary for lung cancer development. Because
some ambiguous and inadequate co-IP results were obtained that re-
quire additional experiments for clarification, we did not show these
results in this paper. p38 is a mitogen-activated protein kinase
(MAPK) that can regulate cellular responses to some stress; p38 also
has other functions, including crucial roles in inflammation, tumori-
genesis, and tissue homeostasis [28]. p38 signaling may also control
tissue homeostasis by inducing differentiation while negatively regu-
lating the proliferation of many cell types, including epithelial cells
[29]. However, MAPK is also a double-edged sword in different can-
cers [30,31]. p21-activated kinases (PAKs) are well-known regulators
of cytoskeletal remodeling during cell motility, and PAK kinases may
play a role in promoting metastasis in malignant tumors [32]. In add-
ition, PAK1 over-expression was recently reported in NSCLC, primar-
ily in squamous cell histology [33,34]. Our study demonstrates the
important role of STK33 in NSCLC phenotypes (e.g. migration and
adhesion). However, some studies have indicated that the therapy tar-
geting STK33 kinase activity may not be effective for patients with
mutant KRAS cancers [35,36]. While the normal function of the
STK33 protein remains unknown, the relationship between STK33
and MAPK should be further examined.

In summary, our findings provide mechanistic insight into the
activity and inhibition of STK33 in different NSCLC cell lines. In
addition, our work indicates that the inhibition of STK33 can alleviate
lung cancer and suggests that STK33 may promote lung cancer
through MAPK signaling pathway activation. Therefore, STK33
expression may be used as a biomarker for guided therapeutic strat-
egies in many cancer patients. However, subsequent in vivo studies
are required to confirm the important role of STK33 in lung cancer.
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