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Abstract. Lung cancer, which is a leading cause of 
cancer‑related deaths, is diagnosed at a male to female ratio 
of  2.1:1. Serine‑threonine kinase  31 (STK31) is a novel 
cancer/testis (CT)‑related gene that is highly expressed in 
several types of cancers, such as lung and colorectal cancer, 
and plays crucial roles in cancer. In the present study, 
increased expression of STK31 and β‑catenin was observed 
in lung cancer tissues and cell lines. Downregulation of 
STK31 expression in lung cancer cells significantly inhibited 
their proliferation by arresting the cell cycle in the G1 phase 
concurrent with decreased β‑catenin, c‑myc and cyclin D1 
protein levels, while upregulation of STK31 had the opposite 
effects. In addition, STK31‑induced lung cancer cell viability, 
proliferation, cell cycle progression, and expression of related 
genes were completely attenuated by a Wnt/β‑catenin inhibitor 
(XAV939). Similar to XAV939, a c‑myc inhibitor (10058‑F4) 
also significantly attenuated STK31‑induced proliferation 
and cell cycle progression in lung cancer cells. Inhibiting 
c‑myc and TRRAP significantly decreased the expression of 
STK31, and a chromatin immunoprecipitation (ChIP) assay 
confirmed that c‑myc directly bound to the STK31 promoter. 
These results indicated that STK31 may act as an oncogene 
in lung cancer and that c‑myc may be the transcription factor 
that promotes STK31 expression. Moreover, the results 
suggested that c‑myc can also regulate STK31 expression in a 
positive feedback loop, and the downregulation of STK31 in 
lung cancer cells had an inhibitory effect on cell viability, cell 
proliferation and cell cycle progression, likely by inactivating 
the Wnt/β‑catenin pathway and positive feedback regulation 
by c‑myc.

Introduction

Lung cancer is a leading cause of cancer‑related deaths 
worldwide, accounting for 18% of cancer‑related deaths in 
2008  (1); The incidence ratio between men and women is 
2.1:1 (2,3). Typically, lung cancer is classified into two main 
types, namely, small‑cell and non‑small‑cell cancers (4), and 
tobacco smoke has been revealed to be the primary cause of 
lung cancer, causing ~85% of all cases of lung cancer (5). Due 
to the lack of observable symptoms at the early stages, the 
long‑term prognosis of lung cancer is poor, with a low 5‑year 
relative survival of 6‑14% for men and 7‑18% for women (6).

The Wnt/β‑catenin pathway is normally inactive in many 
tissues in adults (7), and inappropriate activation is thought 
to be the initiating event in intestinal epithelial cell trans-
formation  (8). Intracellularly, Wnt signaling is transduced 
by disheveled (Dsh) proteins, leading to the accumulation of 
β‑catenin in the cytosol, which then translocates to the nucleus 
to form complexes with transcription factors, such as the T‑cell 
factor family proteins  (TCFs). These transcription factors 
transactivate many target genes, such as the oncogenes c‑myc 
and cyclin D1, which regulate cell proliferation, development 
and genes involved in tumorigenesis (8‑10). A previous study 
revealed that the Wnt/β‑catenin signaling cascade plays a key 
role in cancer (11), and Wnt family genes have been shown to 
be upregulated in many cancers, including lung cancer (12,13). 
In addition, it has been revealed that the metastasis of lung 
tumor cell lines was enhanced by increased Wnt/β‑catenin 
signaling (14).

Serine‑threonine kinases (STKs) comprise a primary 
family of kinases in the human kinase group, and their expres-
sion has frequently been revealed to be altered in human 
cancers, suggesting a key role for the STK family in cancer 
development (15,16). STK31, which is a member of the STK 
family, is a novel cancer/testis (CT)‑related gene that is critical 
in human cancers. It has been revealed that STK31 regu-
lates the cell cycle phases and is highly expressed in several 
types of cancers, including lung and colorectal cancers (17). 
The dysregulated expression of cell cycle kinases has been 
revealed to lead to uncontrolled cell proliferation and genomic 
instability, both of which are hallmarks of carcinogenesis (18). 
As a cell cycle‑regulated protein, STK31 has been reported 
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to contribute to the tumorigenicity of epithelial cancer, and 
overexpression of STK31 promoted cell migration and inva-
sion, whereas STK31 knockdown induced apoptosis (17). In 
addition, STK31 has been revealed to be a novel biomarker 
for the risk of colorectal cancer metastasis (19,20). However, 
the roles and underlying mechanisms of STK31 in lung cancer 
cells remain unclear.

In the present study, analysis of the lung cancer The 
Cancer Genome Atlas (TCGA) dataset revealed that STK31 
was highly expressed in lung cancer, and the Wnt/β‑catenin 
pathway was positively correlated with STK31 expression, 
which is consistent with the high expression of STK31 and 
β‑catenin that is typically observed in lung cancer patients. 
Downregulation of STK31 in lung cancer cells significantly 
suppressed cell proliferation by blocking cell cycle progression, 
whereas upregulation of STK31 resulted in the opposite effect. 
In addition, a Wnt/β‑catenin inhibitor (XAV939) completely 
attenuated the effects of STK31 on the lung cancer cells, and 
a c‑myc inhibitor had an effect similar to that of XAV939. A 
chromatin immunoprecipitation (ChIP) assay confirmed that 
c‑myc directly bound to the STK31 promoter. These findings 
indicated that STK31 may be an oncogene in lung cancer and 
involved in the Wnt/β‑catenin pathway and c‑myc expression.

Materials and methods

Tissue samples of lung cancer and normal lung. After written 
informed consent was obtained, 30 patients with lung cancer 
who were treated at Linyi Central Hospital (Shandong, China) 
aged 55‑80 years old were enrolled in the study. Tissue samples 
of lung cancer and normal lung were collected and frozen in 
liquid nitrogen, followed by RNA and protein extraction. The 
expression of STK31 and β‑catenin in tissue samples was 
determined by real‑time PCR and western blot analysis. All 
experiments performed in the present study were approved by 
the Research Ethics Committee of Linyi Central Hospital of 
Shandong (Linyi, China).

Cell culture. Seven human lung cancer cell lines (A549, 
NCIH1299, CALU3, NCIH23, NCIH358, NCIH1650 and 
NCIH1975) and 16HBE, a normal lung cell line, were 
purchased from the Cell Bank of the Chinese Academy of 
Sciences (Shanghai, China). All cell lines were cultured in an 
incubator at 37˚C with 5% CO2 (Thermo Forma cat. no. 3111; 
Thermo Fisher Scientific, Inc., Waltham, MA, USA) in 
RPMI‑1640 medium (cat.  no.  SH30809.01B; HyClone, 
Logan, UT, USA) containing 10% fetal bovine serum (FBS; 
cat. no. 16000‑044; Gibco; Thermo Fisher Scientific, Inc.) and 
1% antibiotic (penicillin and streptomycin; cat. no. P1400‑100; 
Beijing Solarbio Science & Technology Co., Ltd., Shanghai, 
China). The medium was refreshed every two days during 
culturing.

Construction of the lentivirus. Specific shRNAs targeting 
various sites of the STK31 gene (cat.  no. AF285599.1; as 
shown in Table I) were synthesized, and then inserted into 
the pLKO.1‑puro vector using the restriction sites AgelI and 
EcolI followed by transformation and plasmid extraction. 
Meanwhile, through Genewiz, Inc. (South Plainfield, NJ, 
USA), the coding DNA sequence  (CDS) region of STK31 

(containing EcoRI/BamHI sites, full‑length 3,060 bp) was 
synthesized, and then was inserted into the pLVX‑Puro vector 
using the EcoRI/BamHI restriction sites. After the constructs 
were sequenced (Shanghai Majorbio Pharmaceutical 
Technology Co., Ltd., Shanghai, China), pLKO.1‑shSTK31 or 
pLVX‑Puro‑STK31 was co‑transfected into 293T cells with 
the viral packaging plasmids psPAX2 and pMD2G (Addgene, 
Inc., Cambridge, MA, USA) using Lipofectamine  2000 
(Invitrogen; Thermo Fisher Scientific, Inc.). The viral parti-
cles in the supernatant of the medium were collected 48 h 
post‑transfection.

Experimental grouping. In vitro, the expression of STK31 
in lung cancer cells was regulated by lentivirus‑mediated 
RNA interference or overexpression. NCIH1299 cells were 
infected with lentiviruses carrying the STK31 overexpres-
sion vector (STK31), whereas NCIH358 and NCIH1975 cells 
were infected with lentiviruses carrying the negative control 
(shNC)/STK31 interference (shSTK31‑1, shSTK31‑2 and 
shSTK31‑3). Cells treated with RPMI‑1640 medium alone 
served as an additional control. After 48 h of infection, the 
efficiency of the STK31/shSTK31 lentivirus infection was 
determined by real‑time PCR and western blot analysis.

Following infection with shNC, shSTK31‑1 and shSTK31‑2, 
including medium‑treated cells as a control, the cell viability 
and proliferation of NCIH358 or NCIH1975 cells at 0, 24, 
48 and 72 h were evaluated. The cell cycle and expression 
levels of several related genes were also analyzed. In addition, 
NCIH1299 cells were treated with vector + dimethyl sulfoxide 
(DMSO), vector + 10 µmol/l XAV939 (a Wnt/β‑catenin inhib-
itor; cat. no. S1180; Selleck Chemicals, Houston, TX, USA), or 
STK31 + DMSO, STK31 + 10 µmol/l XAV939, and NCIH358 
cells were treated with vector + DMSO, vector + 100 µmol/l 
10058‑F4 (a c‑myc inhibitor; cat. no. S7153; Selleck Chemicals), 
STK31 + DMSO, or STK31 + 100 µmol/l 10058‑F4. After 
each treatment, the cell viability, proliferation, cell cycle and 
expression levels of several related genes of the NCIH1299 or 
NCIH358 cells were evaluated.

Real‑time polymerase chain reaction (RT‑PCR) analysis. 
Using TRIzol reagent (1596‑026; Invitrogen; Thermo Fisher 
Scientific, Inc.), total RNA was extracted from tissues or cells, 
and then quantified. Following the confirmation of the RNA 
quality, reverse transcription was performed using a reverse 
transcription kit (cat. no. K1622; Fermentas; Thermo Fisher 
Scientific, Inc.) to obtain complementary DNA (cDNA). Using 
the cDNA as a template, RT‑PCR reactions were performed 
in triplicate with a SYBR‑Green PCR kit (cat. no. K0223; 
Thermo Fisher Scientific, Inc.) on an ABI‑7300 Real‑Time 
PCR system (Applied Biosystems; Thermo Fisher Scientific, 
Inc.). The thermocycling program for the RT‑PCR reactions 
was as follows: 95˚C, 10 min (95˚C, 15 sec; 60˚C, 45 sec) 
x40 cycles; 95˚C, 15 sec; 60˚C, 1 min; 95˚C, 15 sec; 60˚C, 
15 sec (21). Subsequently, the mRNA expression of STK31 and 
β‑catenin in tissues and cells was calculated using the 2‑ΔΔCq 
method (22). Gene expression was normalized to that of the 
internal reference, GAPDH. The primers used were as follows: 
STK31 forward (F), 5'‑TGA​ACT​CTG​GTG​GTC​TCC​TTA​C‑3' 
and reverse (R), 5'‑CTT​GGC​TTC​TGT​GTC​AAC​ATC​C‑3'; 
β‑catenin F, 5'‑CGA​CAC​CAA​GAA​GCA​GAG​ATG‑3' and R, 
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5'‑GGG​ACA​AAG​GGC​AAG​ATT​TCG‑3'; transformation/ 
transcription domain‑associated protein (TRRAP) forward, 
5'‑GCC​CGA​CTT​CCT​CTA​CGA​CC‑3' and reverse, 5'‑GCG​
ACT​CCT​TCA​GCA​TCT​TCC‑3'; and GAPDH forward, 
5'‑AAT​CCC​ATC​ACC​ATC​TTC‑3' and reverse, 5'‑AGG​CTG​
TGT​CAT​ACT​TC‑3'.

Western blot analysis. Total protein was extracted from tissues 
or cells using RIPA buffer (cat. no. R0010; Beijing Solarbio 
Science & Technology Co., Ltd.) supplemented with protease 
and phosphatase inhibitors. Following protein quantifica-
tion using the BCA quantification kit (cat. no. PICPI23223; 
Thermo Fisher Scientific, Inc.), 25 µg protein was separated 
by 10 or 12%  sodium dodecyl sulfate‑polyacrylamide 
gel electrophoresis (SDS‑PAGE), and then semi‑trans-
ferred onto polyvinylidene fluoride  (PVDF) membranes 
(cat. no. HATF00010; EMD Millipore, Billerica, MA, USA). 
Subsequently, the membranes were blocked at room tempera-
ture for 1 h in 5% skim milk (BYL40422; BD Biosciences, 
Franklin Lakes, NJ, USA) followed by overnight incubation 
with primary antibodies against STK31 (dilution 1:1,000; 
cat. no. ab69678; Abcam, Cambridge, MA, USA), β‑catenin 
(dilution 1:5,000; cat.  no.  ab32572; Abcam), c‑myc (dilu-
tion 1:1,000; cat. no. ab32072; Abcam), cyclin D1 (dilution 
1:10,000; cat.  no.  ab134175; Abcam) or GAPDH (dilution 
1:1,000; cat. no. 5174; Cell Signaling Technology Inc., Danvers, 
MA, USA) at 4˚C with gentle shaking. Next, after 5‑6 washes 
with Tris‑buffered saline with Tween‑20 (TBST), the 
membranes were incubated with HRP‑labeled goat anti‑rabbit 
(cat.  no.  A0208) and goat anti‑mouse (cat.  no.  A0216) 
secondary antibodies (dilution 1:1,000; Beyotime Institute of 
Biotechnology, Haimen, China) for 2 h at room temperature. 
Finally, the blots were developed with the chemiluminescent 
reagent (cat. no. WBKLS0100; EMD Millipore) for 5 min 
after being washed with TBST, and the blots were exposed 
on an ECL imaging system (Tanon 5200; Tanon Science and 
Technology Co., Ltd., Shanghai, China). Protein expression 
relative to GAPDH was analyzed and calculated using ImageJ 
software version 1.47v (NIH; National Institutes of Health, 
Bethesda, MD, USA).

Cell viability and proliferation assay. A Cell Counting Kit‑8 
(CCK‑8; CP002; SAB Biotherapeutics, Inc., Sioux Falls, SD, 
USA) assay was used to analyze the viability of the lung cancer 
cells. NCIH358, NCIH1975 and NCIH1299 cells were seeded 

at a density of 3,000 cells/well into 96‑well plates (TR4001; 
Trueline Inc., Romeoville, IL, USA) and cultured overnight. 
The following day, the three types of cells were treated as 
described above in the ‘experimental grouping’ section. After 
0, 24, 48 and 72 h of treatment, 100 µl of CCK‑8 solution 
(CCK‑8: serum‑free medium = 1:10) was added followed by 1 h 
of incubation at 37˚C. Subsequently, using a microplate reader, 
the absorbance value (OD) of the lung cancer cells at 450 nm 
(CCK‑8) was measured (DNM‑9602; Beijing Perlong Medical 
Instrument Ltd., Beijing, China). In addition, the proliferation 
of the lung cancer cells was assessed by bromodeoxyuridine 
(BrdU)‑enzyme‑linked immunosorbent assay (ELISA) using a 
BrdU Cell Proliferation ELISA kit (cat. no. Ab126556; Abcam) 
according to the manufacturer's protocol.

Cell cycle detection. NCIH358, NCIH1975 and NCIH1299 
cells in the logarithmic growth phase were trypsinized, resus-
pended at a density of 500,000 cells/well and then inoculated 
in 6‑well plates. Following overnight incubation in a 5% CO2 
incubator at 37˚C, the three types of cells were divided and 
treated as described above in the ‘Experimental grouping’ 
section. After treatment, all the cells were collected and 
centrifuged for 5 min at 1,000 x g, followed by resuspension in 
300 µl phosphate‑buffered saline (PBS) containing 10% FBS 
(16000‑044; Gibco; Thermo Fisher Scientific, Inc.). Next, the 
cells were fixed in 700 µl absolute ethanol (precooled to 20˚C) 
at 4˚C for 24 h, and then centrifuged at 1,000 x g for 5 min. 
After being washed with 1 ml PBS (precooled), the fixed cells 
were slowly and fully resuspended in 100 µl RNase A solution 
(1 mg/ml; R8020‑25; Beijing Solarbio Science & Technology 
Co., Ltd.) and incubated at 37˚C for 30  min in the dark. 
Following a 10 min incubation in 400 µl propidium iodide (PI) 
solution (50 µg/ml; C001‑200; 7Sea Biotech, Shanghai, China) 
in the dark, red fluorescence was detected at 488 nm (excitation 
wavelength) by flow cytometry (Accuri C6; BD Biosciences), 
and then cell cycle progression was analyzed using FlowJo 
software (version 7.6.1; Tree Star, Inc., Ashland, OR, USA).

Online dataset analysis. The mRNA expression levels of 
STK31 in The Cancer Genome Atlas (TCGA) Project for Lung 
Cancer (https://tcga‑data.nci.nih.gov/tcga/; 488 lung cancer 
tissues and 58 normal lung tissues) were analyzed.

To probe for STK31‑associated pathways in lung cancer, 
the STK31 expression data from the lung cancer TCGA dataset 
were subjected to Gene Set Enrichment Analysis (GSEA) as 
previously described (23).

ChIP assay. Cells (~10,000,000) were lysed in sodium dodecyl 
sulfate (SDS containing lysis buffer) following a 10‑min 
treatment with 1% formaldehyde at room temperature. After 
sonification, the cell lysates were centrifuged for 10 min at 
8,000 x g, and then the supernatant was collected and incu-
bated with the anti‑c‑myc antibody (1 µg/µl; cat. no. Ab56; 
Abcam) or the control IgG overnight. Using protein A/G 
beads, the immune complex was captured, followed by DNA 
purification. The binding of c‑myc to SKT31 was detected 
using SYBR‑Green Real‑Time PCR with the following STK31 
promoter primers: STK31 promoter forward (F), 5'‑AGA​TTA​
GGA​AAG​ACC​ACG​AA‑3' and reverse (R), 5'‑GAC​CCT​GGA​
CCC​ACA​TAC‑3'.

Table I. STK31 interference sequences.

Name	 Sequences

STK31 target site 1	 GCTGCTGTGGATTTGACTA
(1045‑1063)	
STK31 target site 2	 GGAGATAGCTCTGGTTGAT
(1713‑1731)	
STK31 target site 3	 GCTGCGCAATAATGTCTTT
(2034‑2052)	

STK31, serine‑threonine kinase 31.
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Statistical analysis. All statistical analyses were performed 
with GraphPad Prism  7.0 software (GraphPad Software, 
Inc., San Diego, CA, USA). The data were presented as the 
mean ± standard deviation (SD), and the experiments were 
performed in triplicate. A two‑tailed Student's t‑test was used 
to examine the differences between groups, and comparisons 
between multiple groups were determined by one‑way analysis 
of variance (ANOVA) followed by Tukey's multiple compar-
ison. Differences were considered statistically significant at 
P<0.05.

Results

Analysis of the available STK31 expression data from the lung 
cancer TCGA dataset. The analysis of the available expression 

data from 488 cancer tissues and 58 normal samples in the lung 
cancer TCGA dataset revealed that the expression of STK31 
was significantly increased in lung cancer tissues compared to 
normal tissues (Fig. 1A), suggesting that STK31 may function 
as an oncogene in lung cancer. Furthermore, to probe the 
STK31‑associated pathways in lung cancer, we performed 
GSEA using lung cancer samples from the TCGA dataset. As 
revealed in Fig. 1B, the Wnt/β‑catenin pathway was identified 
as being positively correlated with STK31 expression.

The expression of STK31 and β‑catenin is significantly 
increased in lung cancer tissues. In vitro, the expression of 
STK31 and β‑catenin was analyzed in lung cancer and normal 
tissues. As revealed in Fig. 2, both the mRNA (upper) and 
protein (lower) expression of STK31 were significantly and 

Figure 1. Analysis of the available STK31 expression data from the lung cancer TCGA dataset. (A) Analysis of the mRNA expression of STK31 in 488 cancer 
tissues and 58 normal tissues from the lung cancer TCGA dataset (P<0.0001). (B) GSEA analysis identified a positive correlation between STK31 expression 
and the Wnt/β‑catenin pathway in the TCGA lung cancer dataset. NES, normalized enrichment score (P<0.01); STK31, serine‑threonine kinase 31; TCGA, 
The Cancer Genome Atlas; GSEA, Gene Set Enrichment Analysis.

Figure 2. The expression of STK31 and β‑catenin is significantly increased in lung cancer tissues. Following the extraction of mRNA and proteins from cancer 
and normal tissues (30 pairs) (A) the mRNA and protein expression of STK31 was analyzed (P<0.0001); and (B) the mRNA and protein levels of β‑catenin 
were determined (P<0.001). STK31, serine‑threonine kinase 31.
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highly expressed in the tumors of 30  lung cancer patients 
compared to normal lung tissues (Fig. 2A). In addition, high 
expression of β‑catenin was also observed in lung cancer 
tissues (Fig. 2B). These findings were consistent with the 
results of the analysis of lung cancer from the TCGA dataset, 
further suggesting the critical role of STK31 in lung cancer, 
which may involve the Wnt/β‑catenin pathway.

STK31 is increased in lung cancer cells, and the expression 
of STK31 is regulated by lentiviral infection. We examined 
the expression of STK31 in seven lung cancer cell lines 
(A549, NCIH1299, CALU3, NCIH23, NCIH358, NCIH1650 
and NCIH1975) and one lung epithelial cell line, 16HBE. 
The results presented in Fig. 3A revealed a high expression 
of STK31 in lung cancer cell lines, further suggesting the 
important role of STK31 in the progression of lung cancer. 
Compared with the other lung cancer cell lines, STK31 expres-
sion was much higher in NCIH358 and NCIH1975 cells but 
lower in NCIH1299 cells. Therefore, in NCIH358, NCIH1975 
and NCIH1299 cells, lentivirus‑mediated STK31 interference 
or overexpression was utilized to regulate STK31 expression. 
As revealed in Fig. 3B‑D, STK31 expression in NCIH1299 
cells was significantly upregulated by STK31 lentivirus infec-
tion (Fig. 3B) at both the mRNA and protein levels, whereas 
infection with shSTK31 lentivirus (shSTK31‑1, shSTK31‑2 
and shSTK31‑3) significantly downregulated STK31 expres-
sion in NCIH358 cells (Fig. 3C) and NCIH1975 cells (Fig. 3D). 
The vectors shSTK31‑1 and shSTK31‑2 resulted in better 
downregulation efficiency and were therefore selected for the 
following experiments.

The downregulation of STK31 in lung cancer cells suppresses 
proliferation by blocking cell cycle progression. To investi-
gate the effect of STK31 on cell viability, proliferation and 
cell cycle progression in lung cancer cells, NCIH358 and 
NCIH1975 cells were infected with the shSTK31 lentivirus. As 
revealed in Fig. 4, the downregulation of STK31 significantly 
inhibited the cell viability and proliferation of NCIH358 and 
NCIH1975 cells (Fig. 4A and C) and arrested the cell cycle 
in the G1 phase, which reduced the proportion of cells in 
the S/G2 phase (Fig. 4B). Moreover, there was a decrease in 
β‑catenin, c‑myc and cyclin D1 in STK31‑silenced lung cancer 
cells (Fig. 4D). These results indicated that the downregulation 
of STK31 had a strong inhibitory effect on the proliferation of 
lung cancer cells by arresting the cell cycle. These findings 
may contribute to lung cancer treatment.

STK31 regulates proliferation and the cell cycle in lung cancer 
cells via activation of the Wnt/β‑catenin pathway. It has been 
reported that activation of the Wnt/β‑catenin pathway is a 
critical oncogenic event during the initiation and progression 
of tumors, and the oncogenes c‑myc and cyclin D1 are two 
downstream targets of the Wnt/β‑catenin pathway (24). In the 
present study, the mechanism underlying the STK31‑mediated 
regulation of lung cancer cells was investigated. As revealed in 
Fig. 5, the upregulation of STK31 significantly increased the 
viability and proliferation of lung cancer cells and promoted 
lung cancer cell entry into the S phase from the G1 phase 
(Fig. 5A‑C) accompanied by an increase in the protein expres-
sion of β‑catenin, c‑myc and cyclin D1 (Fig. 5D). In contrast, 
treatment with XAV939, a Wnt/β‑catenin inhibitor, potently 

Figure 3. STK31 is increased in lung cancer cells, and STK31 expression is regulated by lentivirus infection. (A) The mRNA (upper) and protein (lower) 
expression levels of STK31 in A549, NCIH1299, CALU3, NCIH23, NCIH358, NCIH1650, NCIH1975 and 16HBE cells were detected by RT‑PCR and western 
blotting, respectively. Among these lung cancer cell lines, NCIH358, NCIH1299 and NCIH1975 were infected with lentiviruses, and medium‑treated cells 
served as the control. (B) The upregulation efficiency of STK31 lentivirus was analyzed NCIH1299 cells. (C and D) The downregulation efficiency of shSTK31 
lentivirus (shSTK31‑1, shSTK31‑2 and shSTK31‑3) was analyzed in NCIH358 and NCIH1975 cells. Data are presented as the mean ± SD, *P<0.05, **P<0.01, 
***P<0.001 and ****P<0.0001 compared to 16HBE, vector or shNC. STK31, serine‑threonine kinase 31.
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attenuated the effects of STK31 in lung cancer cells. These 
findings were agreement with prior reports that the activation 
of the Wnt/β‑catenin pathway is frequently observed in lung 
cancer and promotes lung cancer cell proliferation (14,25). 
Therefore, it can be concluded that c‑myc is a downstream 
target of STK31/β‑catenin and that STK31 likely regulates the 
proliferation and cell cycle progression of lung cancer cells by 
activating the Wnt/β‑catenin pathway.

STK31‑mediated regulation of proliferation and the cell 
cycle in lung cancer cells may be achieved through positive 
feedback regulation by c‑myc. Using LASAGNA‑Search 2.0 

(http://biogrid‑lasagna.engr.uconn.edu/lasagna_search/), a 
c‑myc binding site was predicted in the STK31 promoter (‑177 
to ‑167) (Fig. 6F). In the present study, we used 10058‑F4, 
a c‑myc inhibitor, combined with the STK31 lentivirus to 
explore the role of c‑myc in the regulation of STK31 in 
lung cancer cells. As revealed in Fig.  6, STK31‑induced 
cell viability, proliferation and cell cycle progression were 
significantly counteracted by a c‑myc inhibitor (Fig. 6A‑C). 
Moreover, the mRNA and protein expression of STK31 were 
markedly decreased by the c‑myc inhibitor (Fig. 6D), indi-
cating feedback regulation of STK31 expression by c‑myc. It 
is known that another protein, TRRAP, interacts with myc and 

Figure 4. The downregulation of STK31 expression in lung cancer cells suppresses proliferation by blocking the cell cycle progression. NCIH358 and 
NCIH1975 cells were infected with shNC, shSTK31‑1 and shSTK31‑2, and medium‑treated cells served as the control. (A) Cell viability was assessed by 
CCK‑8 assay at 0, 24, 48 and 72 h. (B) The proportion of cells in each phase of the cell cycle was evaluated by flow cytometry after 48 h of infection. (C) Cell 
proliferation was assessed at 0, 24, 48 and 72 h by BrdU‑ELISA. (D) The protein expression of β‑catenin, c‑myc and cyclin D1 was analyzed by western blot-
ting. All data are presented as the mean ± SD, *P<0.05, **P<0.01 and ***P<0.001 compared to shNC. STK31, serine‑threonine kinase 31; CCK‑8, Cell Counting 
Kit‑8; BrdU‑ELISA, bromodeoxyuridine‑enzyme‑linked immunosorbent assay.
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is required for the mitotic checkpoint and normal cell cycle 
progression (26,27). We found that the knockdown of TRRAP 
significantly inhibited STK31 expression (Fig. 6E). As shown 
in Fig. 6F, a ChIP assay confirmed that c‑myc directly binds to 
the STK31 promoter. It could be inferred that c‑myc may also 
act upstream of STK31 and that STK31 potentially regulates 
proliferation and the cell cycle progression in lung cancer cells 
through positive feedback regulation by c‑myc.

Discussion

Emerging research indicates that the STK family of proteins 
plays a crucial role in the development of lung cancer. STK15 
is involved in the initiation and prognosis of lung cancer, and 
its polymorphisms are reported to be closely associated with 
the risk of lung cancer  (28). STK1, a cell cycle‑dependent 
marker, has prognostic value and is a monitoring factor for 
NSCLC  (29). STK11 is a tumor suppressor gene in lung 
cancer  (30,31), and STK39 acts as a tumor oncogene in 
NSCLC, promoting cell growth, migration and invasion (32). 
The results of the present study demonstrated high expres-
sion of STK31 and β‑catenin in lung cancer tissues and cell 
lines, suggesting that STK31 may function as an oncogene in 
lung cancer and may contribute to the carcinogenesis of lung 
cancer. The downregulation of STK31 in lung cancer cells 

exerted an inhibitory effect on cell viability, cell proliferation 
and cell cycle progression. This finding indicated that the 
downregulation of STK31 could suppress the proliferation of 
lung cancer cells by blocking cell cycle progression, which 
may be beneficial for lung cancer treatment.

We also investigated the potential molecular mechanisms 
through which STK31 regulates lung cancer cell prolif-
eration. The Wnt/β‑catenin pathway was identified as being 
positively correlated with STK31 expression by GSEA using 
lung cancer samples from the TCGA dataset. This finding 
was in agreement with previous studies which revealed that 
lung cancer cell proliferation was related to the activation 
of the Wnt/β‑catenin pathway (33,34). In lung cancer tissues 
and cells, STK31 and β‑catenin were significantly increased, 
and downregulation of STK31 strongly suppressed the prolif-
eration of lung cancer cells by arresting the cell cycle in the 
G1 phase concurrent with a decrease in the protein levels 
of β‑catenin, c‑myc and cyclin D1, whereas upregulation of 
STK31 had the opposite effects. c‑myc and cyclin D1 are 
downstream of Wnt/β‑catenin and are reported to play crucial 
roles in cancer  (35,36). Overexpression of cyclin  D1 was 
revealed to promote cell cycle progression by inducing cells 
to enter the S phase (36,37). Our findings demonstrated that 
STK31 may regulate lung cancer cell proliferation via activa-
tion of the Wnt/β‑catenin pathway, and c‑myc and cyclin D1 

Figure 5. STK31 regulates proliferation and the cell cycle in lung cancer cells via the activation of the Wnt/β‑catenin pathway. NCIH1299 cells were treated 
with vector + DMSO, vector + 10 µmol/l XAV939 (a Wnt/β‑catenin inhibitor), STK31 + DMSO, or STK31 + 10 µmol/l XAV939. (A and B) Cell viability and 
proliferation were assessed by CCK‑8 and BrdU‑ELISA assays, respectively, at 0, 24, 48 and 72 h. (C) The proportion of cells in each phase of the cell cycle 
was evaluated by flow cytometry after 48 h of treatment. (D) Proteins related to β‑catenin, c‑myc and cyclin D1 protein levels were detected by western blotting. 
Data are presented as the mean ± SD, **P<0.01 and ***P<0.001 compared to vector, ###P<0.001 compared to STK31. STK31, serine‑threonine kinase 31; DMSO, 
dimethyl sulfoxide; CCK‑8, Cell Counting Kit‑8; BrdU‑ELISA, bromodeoxyuridine‑enzyme‑linked immunosorbent assay.
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may be downstream of STK31/β‑catenin. Furthermore, we 
determined that STK31‑induced proliferation, cell cycle 

progression, and increases in β‑catenin, c‑myc and cyclin D1 
levels in lung cancer cells were potently attenuated by a 

Figure 6. The STK31‑mediated regulation of proliferation and the cell cycle in lung cancer cells may act through the positive feedback regulation by c‑myc. 
NCIH358 cells were treated with vector + DMSO, vector + 100 µmol/l 10058‑F4 (a c‑myc inhibitor), STK31 + DMSO, or STK31 +100 µmol/l 10058‑F4. 
(A and B) Cell viability and proliferation were assessed by CCK‑8 and BrdU‑ELISA assays, respectively, at 0, 24, 48 and 72 h. (C) The proportion of cells in 
each phase of the cell cycle was evaluated by flow cytometry after 48 h of treatment. (D) The levels of STK31 mRNA (left) and protein (right) were determined. 
(E) The expression levels of TRRAP and STK31 were detected by RT‑PCR and western blotting. (F) The direct binding of c‑myc to the STK31 promoter was 
confirmed by a ChIP assay. The data are expressed as the mean ± SD, *P<0.05, **P<0.01 and ***P<0.001, compared to vector or shNC, ##P<0.01, ###P<0.001 
compared to STK31. STK31, serine‑threonine kinase 31; DMSO, dimethyl sulfoxide; CCK‑8, Cell Counting Kit‑8; TRRAP, transformation/transcription 
domain‑associated protein; ChIP, chromatin immunoprecipitation; BrdU‑ELISA, bromodeoxyuridine‑enzyme‑linked immunosorbent assay.
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Wnt/β‑catenin inhibitor. These findings further confirmed that 
the Wnt/β‑catenin pathway is involved in the STK3‑mediated 
regulation of lung cancer cell proliferation. STK31 is a 
serine‑threonine kinase that can activate Wnt signaling by 
phosphorylation and prevent GSK‑3β activation, leading to 
the accumulation of stable β‑catenin, which regulates the 
expression of downstream genes, such as c‑myc and cyclin D1, 
thereby regulating cell proliferation and cell cycle progression. 
In addition, the inhibition of c‑myc strongly suppressed the 
STK‑induced proliferation of lung cancer cells by promoting 
progression from the G to the S phase and by significantly 
decreasing the expression of STK31. Likewise, knockdown of 
TRRAP, a protein that interacts with myc, also significantly 
decreased STK31 expression. In agreement with the predic-
tion of the software analysis, the ChIP assay confirmed that 
c‑myc directly binds to the STK31 promoter. These findings 
indicated that c‑myc may be an upstream transcription factor 
of STK31. We inferred that positive feedback regulation of 
c‑myc may also be involved in STK31‑mediated effects on the 
proliferation and cell cycle progression of lung cancer cells, 
which was consistent with a previous study that revealed that 
Wnt signaling‑mediated oncogenesis was associated with the 
induction of c‑myc in cancer (38). Collectively, these results 
demonstrated that STK31 may act as an oncogene in lung 
cancer and that downregulation of STK31 in lung cancer cells 
could suppress cell proliferation by arresting the cell cycle 
in the G1 phase, possibly by inactivating the Wnt/β‑catenin 
pathway and by positive feedback regulation by c‑myc.

In conclusion, the present study demonstrated that STK31 
may be an oncogene in lung cancer. Downregulation of STK31 
could potentially inhibit the proliferation of lung cancer cells 
by blocking the cell cycle progression, possibly through 
inactivation of the Wnt/β‑catenin pathway and through the 
positive feedback regulation by c‑myc. Therefore, the expres-
sion of STK31 was revealed to be closely associated with lung 
cancer risk and targeting STK31 may likely provide a potential 
therapeutic option for treating lung cancer.
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