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1  |   INTRODUCTION

Renal cell carcinoma (RCC) is the ninth most common 
cancer in the world and is therefore a major public health 

concern worldwide.1 The American Cancer Society projects 
that in 2019, 73,820 people will be diagnosed with kidney 
and renal pelvic cancer and 14,770 of those diagnosed will 
die.2 The occurrence and metastasis of RCC are extremely 
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Abstract
Mitogen-activated protein kinase 14 (MAPK14), which plays an important role in 
DNA damage and repair, is activated by various environmental stress and proinflam-
matory cytokines. It is highly active in a variety of tumors, acting as a tumor promoter 
or suppressor, but its role in clear cell renal cell carcinoma (ccRCC) has not been elu-
cidated. Cell division cycle 25B (CDC25B) is involved in cell cycle regulation and 
is highly expressed in many malignant tumors. The transcription levels of MAPK14 
and CDC25B in 72 pairs of ccRCC and adjacent healthy tissues from the cancer ge-
nome atlas database and the protein expression levels in 66 pairs of clinical samples 
were analyzed in this study. After MAPK14 was knocked down by small interfering 
RNA (siRNA), P-MAPK14 and CDC25B protein levels decreased. Subsequently, 
Western blot and co-immunoprecipitation demonstrated that P-MAPK14 could bind 
to CDC25B, potentially maintaining its stability. The proliferation and migration of 
ccRCC cell lines were suppressed by siRNA knockdown of MAPK14, however, that 
could be partially reversed by the overexpression of CDC25B. These results suggest 
that downregulation of MAPK14 and P-MAPK14 could inhibit the proliferation and 
migration of ccRCC by downregulating CDC25B.
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complicated, as they are not only related to genetic muta-
tions but also to the imbalances in the tumor suppression 
and activation pathways.3 Clear cell RCC (ccRCC) is the 
most common and aggressive subtype of RCC, accounting 
for approximately 70% of all the cases.1,4 Surgery is still the 
major therapeutic method for patients with localized ccRCC, 
and metastatic lesions are resistant to chemotherapy and ra-
diotherapy at the time of initial diagnosis.5,6 Although great 
progress has been made in the targeted treatment of meta-
static RCC in recent years, the progression-free survival is 
still not satisfactory.7 Therefore, it is necessary to identify the 
effective biomarkers and new therapeutic targets for ccRCC 
in order to improve the prognoses of these patients.

The mitogen-activated protein kinase (MAPK) signaling 
pathway plays an important role in cell integration and is ac-
tivated in response to a variety of environmental and cellular 
stresses, inflammation, and other signals.8,9 Four different p38 
MAPK have been identified, each encoded by a single gene: 
p38α (MAPK14), p38β (MAPK11), p38γ (MAPK12), and 
p38δ (MAPK13). The majority of p38 MAPK functions are 
carried out by MAPK14 (also known as p38α).10,11 Recent 
studies have shown that MAPK14 is highly expressed in many 
tumors. Moreover, it can promote the occurrence, invasion, and 
migration of tumor cells, such as breast cancer, ovarian serous 
adenocarcinoma, and gastric cancer.12-14 However, the biolog-
ical function of MAPK14 in ccRCC has not been elucidated.

Cell division cycle 25B (CDC25B) is a member of the 
CDC25 phosphatase family which consists of three members. 
The other two subtypes are CDC25A and CDC25C, both of 
which are crucial in cell cycle regulation.15 CDC25B is acti-
vated in the G2/M phase of the cell cycle and is highly expressed 
in many malignant tumors.16,17 It has been shown that CDC25B 
is involved in the activation of CDC2 in the G2/M phase by 
dephosphorylating CDC2,18 and knockdown of CDC25B can 
block the cell cycle and inhibit cell proliferation in the G2/M 
phase.19,20 Additionally, p38 MAPK has been shown to bind to 
and phosphorylate CDC25B, which is critical for G2/M check-
point initiation.21 Therefore, CDC25B phosphatase is a poten-
tially attractive target for the management of ccRCC.

In this study, it was revealed that phosphorylated MAPK14 
(P-MAPK14, Thr180, and Tyr182) and CDC25B were overex-
pressed in ccRCC, and P-MAPK14 might affect the stability of 
CDC25B. Moreover, MAPK14 might promote the proliferation 
and migration of ccRCC both in vivo and in vitro, probably by 
stabilizing the expression of CDC25B protein.

2  |   MATERIALS AND METHODS

2.1  |  The cancer genome atlas (TCGA) data

TCGAbiolinks is a program used to facilitate the retrieval 
and processing of data from the open-access GDC Data 

Portal. From the preprocessed Kidney Renal Clear Cell 
Carcinoma or KIRC data, 72 pairs of cancer samples with 
adjacent healthy samples were screened to analyze the target 
gene and related genes.

2.2  |  Tissue specimens and clinical 
data collection

The tissue samples used in this study (tumor and adjacent 
healthy tissues) were obtained from 66 patients admitted to 
the First Hospital of China Medical University (Shenyang, 
China) from January 2015 to December 2018. All tissues 
were examined histologically and diagnosed as ccRCC. The 
Ethics Committee of the First Hospital of China Medical 
University approved this study according to the Declaration 
of Helsinki, and written informed consent was obtained from 
all the patients. Tissue samples were stored at −80°C prior 
to use.

2.3  |  Cell lines and cell culture

The human ccRCC cell lines, ACHN and CAKI-1, were 
obtained from the Chinese Academy of Sciences Type 
Culture Collection Cell Bank (Shanghai, China). The cells 
were cultured according to the manufacturer's guidelines 
and passage time was less than 6 months with mycoplasma 
eliminated. ACHN cells were cultured in MEM medium 
(HyClone, Logan, UT, USA) and CAKI-1 cells were cul-
tured in McCoy's 5A medium (HyClone, Logan, UT, USA), 
both media were supplemented with 10% fetal bovine serum 
(FBS, HyClone). All ccRCC cell lines were cultured in a hu-
midified atmosphere of 5% CO2 at 37°C. When the cell fu-
sion rate was 90%, the cells were digested with 1-ml trypsin 
for 5 minutes, neutralized with 1 ml of medium, collected by 
centrifugation, and passaged.

2.4  |  Small interfering RNA (siRNA) and 
plasmid transfection

ACHN and CAKI-1 cell lines were cultured in 6-well plates. 
When the confluence of the cells was 60%, they were trans-
fected with either MAPK14 siRNA or CDC25B siRNA 
(JTS scientific, Wuhan, China) using Lipofectamine™3000 
(Invitrogen, USA), according to the manufacturer's guide-
lines. The  following siRNA sequences were used (5′-3′): 
siMAPK14-1# (senseCCAGACCAUUUCAGUCCAUTT3 
and anti-senseAUGGACUGAAAUGGUCUGGTT3), 
siMAPK14-2# (sense CCUUGCACAUGCCUACUUUTT 
and anti-sense AAAGUAGGCAUGUGCAAGGTT), 
siCDC25B-1# (sense GCAACAUCGUGGAUAAGUUTT 
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and anti-sense AACUUAUCCACGAUGUUGCTG3), 
siCDC25B-2# (sense GAGAGCUGAUUGGAGAUUATT 
and anti-sense UAAUCUCCAAUCAGCUCUCGG) siNC 
(sense UUCUCCGAACGUGUCACGUTT and anti-sense 
ACGUGACACGUUCGGAGAATT).

MAPK14 knockdown and CDC25B overexpression plas-
mids were synthesized by and purchased from GeneChem 
(Shanghai, China). The stability of ACHN and CAKI-1 cells 
with overexpressed CDC25B was screened over 4 weeks using 
G418 (400  μg/ml). The stability of ACHN-downregulated 
MAPK14 cells was analyzed over approximately 4  weeks 
using puromycin (2 μg/ml).

2.5  |  RNA extraction and RT-PCR

Total RNA was extracted from ACHN and CAKI-1 cells 48 hours 
after siRNA transfection. RNAiso Plus (Takara Biotechnology, 
Dalian, China) was used according to the manufacturer's proto-
col. cDNA was generated using the PrimeScript™RT Master 
Mix (Takara, Dalian), and RT-PCR was performed using the 
SYBR premix ExTaq™ kit (Takara, Dalian). Detection was 
performed using a LightCycler™480 II system (Roche diagnos-
tics, Switzerland). GAPDH was taken as the internal parameter. 
Primers for MAPK14, CDC25B, and GAPDH were as follows 
(5′-3′): MAPK14 (sense CCCGAGCGTTACCAGAACC 
and anti-sense TCGCATGAATGATGGACTGAAAT), 
CDC25B (sense ACGCACCTATCCCTGTCTC and anti-
sense CTGGAAGCGTCTGATGGCAA) and GAPDH 
(sense ACAACTTTGGTATCGTGGAAGG and anti-sense 
GCCATCACGCCACAGTTTC). The 2

−ΔΔC
t method was 

used to calculate the relative expression of different genes.

2.6  |  Western blot

Total tissue and cell lysates were extracted from the radioimmu-
noprecipitation test buffer containing protease and phosphatase 
inhibitors. The protein concentration was determined by bicin-
choninic acid assay (Beyotime Institute of Biotechnology). 
Denatured protein (40 μg/lane) was separated on a 10% sodium 
dodecyl sulfate polyacrylamide gel electrophoresis (140  V, 
50 minutes) gel, followed by transfer to a polyvinylidene flu-
oride membrane (350  mA, 90  minutes). The membrane was 
blocked in a sealed container using 5% fat-free milk at 37°C 
for 1 hour. The membrane was incubated overnight with the 
primary antibody in 5% fat-free milk at 4°C. The primary an-
tibodies were as follows: anti-MAPK14 (1;1000, 9218, CST), 
anti-P-MAPK14 (1;1000, 4511, CST), anti-CDC25B (1;100, 
ab70927, abcam), anti-P-CDC2 (1:1000, ab47594, abcam), 
anti-E-Cadherin (1:10 000, ab40772, abcam), anti-N-Cadherin 
(1:5000, ab76011, abcam), and anti-β-tubulin (1:1000, 2128S, 
CST). The membrane was washed three times (5 minutes each) 

using tris-buffered saline tween-20, followed by incubation 
with the corresponding secondary antibody at 37°C for 1 hour. 
EasySee Western Blot kit (Beijing Transgen Biotech, Beijing, 
China) was used for detection according to the manufactur-
er's guidelines. Density measurements were carried out using 
ImageJ (National Institute of Health, Bethesda, MD, USA), 
with the protein bands normalized to β-tubulin.

2.7  |  Cell viability assay

Cell viability was measured by colorimetric assay using Cell 
Counting Kit-8 (CCK-8) (Bimake, USA). Cells were seeded 
in 96-well plates at 3 × 103 cells per well. After 24 hours of 
transfection, CCK-8 solution was added to the cells to a final 
concentration of 0.5 mg/ml and incubated at 37°C for 1 hour. 
Absorbance at 450  nm was measured using a plate  reader 
(Model 680; Bio-Rad Laboratories).

2.8  |  Cell proliferation assay

ACHN and CAKI-1 cells were transfected with MAPK14 
siRNAs in 24-well plates for 48 h, with EdU (BeyoClick™, 
EDU-488, China) added to the medium (1:1000) according to 
the manufacturer's guidelines. Cells were cultured for 2 hours 
at 37°C, after labeling, the culture medium was removed, and 
1-ml fixative solution (4% paraformaldehyde) was added at 
room temperature for 20 minutes. Cells were incubated at room 
temperature for 15 minutes with 1-ml permeate (0.3% Triton 
X-100) and the click reaction buffer was added according to the 
manufacturer's protocol. A fluorescence microscope (Olympus 
Corporation, Japan) was used to obtain the images.

2.9  |  Transwell assay

Transfected cells (1  ×  105) in 200-μl serum-free medium 
were inoculated on the upper chamber (Corning, NY, USA) 
of the 24-well plates, and 600 μl of the medium (10% FBS) 
was added to the bottom of the chamber. Cells were incu-
bated at 37°C and 5% CO2 for 24 hours. A swab was used 
to remove any remaining cells from the upper chamber, 4% 
paraformaldehyde was used to fix the cells for 10 minutes, 
and crystal violet stain was added for 10 minutes. Cell migra-
tion was detected using optical microscopy, and ImageJ was 
used to calculate the migration efficiency.

2.10  |  Co-immunoprecipitation

Cells were harvested in a culture dish and the appropriate 
amount of cell lysate was added (including protease and 



1186  |      LIU et al.

phosphatase inhibitor). Cells were lysed on ice for 30 min-
utes, followed by centrifugation at 1.2 × 104 g for 30 min-
utes, and the supernatant was removed. A small amount of 
pyrolysis liquid was used for Input group, a primer antibody 
P-MAPK14 or IgG (Santa Cruz Biotechnology) was added 
to residual cracking liquid, and 30-μl protein A/G-beads was 
added to the cell lysis solution and left slowly shaking at 
4˚C overnight. The beads were then washed three times with 
1-ml pyrolysis buffer, followed by 20 μl of 2 × protein load-
ing buffer at 100°C for 10 minutes. Western blot was then 
performed.

2.11  |  Tumor formation in nude mice

Four-week-old female nude mice were purchased from 
Beijing Vital River Experimental Animal Technology 
(Beijing, China). The Ethics Committee of Medical 
Experimental Animal Welfare of China Medical University 
approved this study, and the study was allowed to be per-
formed at the Experimental Animal Department of China 
Medical University. The mice were divided into three groups 
with six mice for each group. Fifty microliter PBS containing 
1 × 106 treated ACHN cells (MAPK14-KD, CDC25B-OE, 
and Vector) and 50-μl basilar membrane matrix were sub-
cutaneously injected into the shoulder to establish a human 
ccRCC cell xenograft model. The mice were euthanized 
28 days after injection, then the tumors were excised.

2.12  |  Immunohistochemistry (IHC)

IHC was performed on paraffin-embedded xenograft tissues. 
Immunostaining was performed according to the manufac-
turer's guidelines using the avidin-biotin-peroxidase complex 
method (MaiXin, Fuzhou, China). Peroxidase inhibitors were 
used to block endogenous peroxidase activity. Sections were 
incubated with normal goat serum for 30 min to reduce non-
specific binding, followed by incubation with Ki-67 antibody 
(MaiXin, Fuzhou, China) overnight at 4°C. Images were ob-
tained using an optical microscope. The proportion of Ki-67-
positive cells was counted and the proliferation index was 
determined.

2.13  |  Protein causal relationship

SIGNOR (signor.uniroma2.it), the Signaling Network Open 
Resource, organizes and stores information on signaling 
pathways, which has been published in the scientific litera-
ture. At the heart of the project is a collection of artificially 
annotated causal relationships between more than 11,000 
participating proteins. The association was related to the 

experimental evidence reported in the literature. We used 
SIGNOR to find related proteins that might promote or in-
hibit MAPK14 phosphorylation.

2.14  |  Statistical analysis

GraphPad Prism version 7.0 (La Jolla, CA, USA) was used 
for statistical analyses. For comparisons, Mann-Whitney U-
test, Pearson Chi-square test, Pearson correlation analysis, 
and Student's t test were performed as instructed. Each ex-
periment was performed independently at least three times 
(n ≥ 3). All data were expressed as mean ± SD P < .05 was 
considered statistically significant.

3  |   RESULTS

3.1  |  Expression and correlation of 
MAPK14, P-MAPK14, and CDC25B in ccRCC 
and adjacent healthy tissue

The transcription levels of MAPK14 in 72 pairs of ccRCC 
and adjacent healthy tissues were analyzed from TCGA 
database. No significant differences were observed 
(P  >  .05) (Figure 1A). MAPK14 protein expression in 
66 pairs of clinical samples of ccRCC was detected by 
Western blot. These results revealed no significant differ-
ences (P > .05) (Figure 1B,D), consistent with the results 
from TCGA database. Next, the levels of P-MAPK14 
protein present in ccRCC and adjacent healthy tissues 
were determined. Our results revealed that there was a 
significant increase in the expression of P-MAPK14 pro-
tein in ccRCC tissues in comparison to healthy tissues 
(P < .001) (Figure 1C,D).

CDC25B is a major member of the CDC25 family and 
is important for mitosis. Recent studies have shown that 
high expression levels of CDC25B can promote the ma-
lignant transformation of cells and promote tumor growth. 
Thus, the transcription levels of CDC25B in 72 pairs of 
ccRCC and adjacent healthy tissues from TCGA database 
were analyzed. The result revealed that CDC25B transcrip-
tion level in ccRCC was significantly higher than that in 
adjacent healthy tissues (P  <  .01) (Figure 1E). CDC25B 
protein expression was also significantly higher in ccRCC 
tissues, as demonstrated by Western blot (P < .01) (Figure 
1F,G). Western blot of all tissue images can be viewed in 
Figure S1.

Next, the correlation between MAPK14 and CDC25B 
mRNA in 72 ccRCC samples from TCGA database was an-
alyzed, and no significant correlation was found (P  >  .05) 
(Figure 1H). Similarly, there was no correlation between 
MAPK14 and P-MAPK14 or CDC25B at the protein level 
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(P > .05). However, the expression of P-MAPK14 was sig-
nificantly correlated with CDC25B (P < .001) (Figure 1I).

To assess the significance of P-MAPK14 and CDC25B 
expressions in ccRCC, the associations between P-MAPK14 
or CDC25B and the clinical characteristics were evaluated in 
ccRCC tissues (Table 1). P-MAPK14 and CDC25B were not 
correlated with gender, age, or tumor stage. However, they 
were significantly correlated with pathological grading. In 
this study, it was not able to examine the correlation with 
distant metastases and lymphatic metastases because of the 
lack of advanced tumors.

3.2  |  Knockdown of MAPK14 resulted 
in decreased expression of P-MAPK14 and 
CDC25B while overexpression of CDC25B 
did not affect MAPK14 and P-MAPK14 
expressions

To further investigate the relationship between P-MAPK14 
and CDC25B, two effective siRNAs were used to silence the 
mRNA of MAPK14. Subsequently, the efficiency of MAPK14 
knockdown was detected by RT-PCR and Western blot, and 
it was found that both the mRNA of MAPK14 and protein 

F I G U R E  1   Expression and correlation of MAPK14, P-MAPK14, and CDC25B in ccRCC and adjacent healthy tissue. A, MAPK14 mRNA 
levels in 72 pairs of ccRCC and adjacent healthy tissues from TCGA database (n = 72). B, D, MAPK14 protein levels in 66 pairs of ccRCC and 
adjacent healthy tissues detected by Western blot (n = 66). C, D, P-MAPK14 protein levels in 66 pairs of ccRCC and adjacent healthy tissues 
detected by Western blot (n = 66). E, CDC25B mRNA levels in 72 pairs of ccRCC and adjacent healthy tissues from TCGA database (n = 72). F, 
G, CDC25B protein levels in 66 pairs of ccRCC and adjacent healthy tissues measured by Western blot (n = 66). H, Correlation of MAPK14 and 
CDC25B mRNA in 72 cases of ccRCC from TCGA database (n = 72). I, Correlation of MAPK14, P-MAPK14, and CDC25B proteins in 66 cases 
of ccRCC. T tumor, N adjacent healthy tissue. P < .05 was considered significant (*P < .05, **P < .01, ***P < .001), ns, not significant
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expression of MAPK14 and P-MAPK14 were decreased 
significantly (P  <  .001, and P  <  .05, respectively) (Figure 
2A,B). To investigate whether reduced protein expression 
of P-MAPK14 could influence the CDC25B expression, the 
change in CDC25B mRNA expression after MAPK14 knock-
down was examined with RT-PCR; no significant change in 
CDC25B expression at the transcription level was revealed 
(P >  .05) (Figure 2C). However, the decline of protein ex-
pression of CDC25B was significantly correlated with the 
downregulation of MAPK14 and P-MAPK14 expressions, as 
shown by Western blot (P < .05) (Figure 2D). Surprisingly, 
it was found that phosphorylation of CDC2 (phospho Y15, 
P-CDC2), a downstream gene of CDC25B,22-24 was increased 
(P <  .05) (Figure 2D). To determine whether the increased 
P-CDC2 was caused by the downregulation of P-MAPK14 
and CDC25B, siRNAs were used to knockdown CDC25B, 
and the concordant results were revealed by Western blot 
(P <  .05) (Figure 2E,F). To explore the regulatory relation-
ship of P-MAPK14 and CDC25B with CDC2, Co-IP experi-
ments in two ccRCC cell lines (ACHN and CAKI-1) were 
conducted. These results showed that P-MAPK14 might di-
rectly interact with CDC25B, but not with P-CDC2 (Figure 
2G). MAPK14 and P-MAPK14 protein levels were not found 
to change significantly after the overexpression of CDC25B 
in ccRCC cells (P > .05) (Figure 2H,I).

3.3  |  Knockdown of MAPK14 inhibited cell 
activity, proliferation, and migration

To further study the biological function of MAPK14 in 
ccRCC, the activity of MAPK14-knockdown cells was 
analyzed by CCK-8 assay. The results revealed that after 
transfection with MAPK14 siRNAs for 72 hours, the activ-
ity of ACHN and CAKI-1 cells was significantly reduced 
compared with the siNC group (P < .01) (Figure 3A). Cell 
proliferation test was also conducted in these cell lines. 
The EdU test showed that the proliferation ability of the 
cells decreased significantly after MAPK14 knockdown 
(P  <  .05) (Figure 3B). These results suggest that knock-
down of MAPK14 could inhibit the activity and prolifera-
tion ability of ccRCC cells in vitro.

To confirm whether MAPK14 was involved in cell 
migration, ACHN and CAKI-1 cell lines were used to 
assay cell migration. After 48  hours of transfection with 
siMAPK14-1# and siMAPK14-2#, the migration ability 
of ACHN and CAKI-1 cells was significantly decreased 
(P < .05) (Figure 3C). Since the upregulation of E-cadherin 
and downregulation of N-cadherin have been demonstrated 
to be related to the reduced ability of cell migration, the 
expressions of E-cadherin and N-cadherin after MAPK14-
knockdown were detected with Western blot to further 

T A B L E  1   Correlation between P-MAPK14 and CDC25B expression and the clinicopathological parameters of 66 ccRCC patients

Variables Group N

P-MAPK14

P-valuea

CDC25B

P-valueaLow High Low High

Gender Male 48 25 23 .5804 24 24 >.99

Female 18 8 10   9 9  

Age ≥60 29 14 15 .8041 12 17 .7779

<60 37 19 18   21 16  

T stage T1/T2 64 32 32 >.99 32 32 >.99

T3/T4 2 1 1   1 1  

Fuhrman grade 1/2 48 29 19 .0057* 28 20 .0270*

3/4 18 4 14   5 13  

Distant metastasis Negative 64 32 32 >.99 31 33 .1510

Positive 2 1 1   2 0  

Lymphatic invasion Positive 0   –       –
aP-value was determined by Pearson Chi-square tests and *P < .05 was considered significant. 

F I G U R E  2   Downregulation of MAPK14 resulted in decreased expression of P-MAPK14 and CDC25B while overexpression of CDC25B 
did not affect MAPK14 and P-MAPK14. A, MAPK14 mRNA levels in ACHN and CAKI-1 cell lines determined by RT-PCR. B, Protein levels of 
MAPK14 and P-MAPK14 measured by Western blot. C, CDC25B mRNA expression in ACHN and CAKI-1 cells after transfection with siNC and 
MAPK14 siRNAs was determined by RT-PCR. D, CDC25B and P-CDC2 protein levels measured by Western blot. E, CDC25B mRNA levels in 
ACHN and CAKI-1 cells after transfection with siNC and CDC25B siRNAs was determined by RT-PCR. F, CDC25B and P-CDC2 protein levels 
detected by Western blot. G, The interaction between P-MAPK14 and CDC25B and P-CDC2 was detected by CO-IP assay. H, I, MAPK14 and 
P-MAPK14 protein expression after overexpression of CDC25B in ACHN and CAKI-1 cells was detected by Western blot. P < .05 was considered 
significant (*P < .05, **P < .01, ***P < .001), ns, not significant
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verify this observation. When MAPK14 was silenced in 
these cells, the expression of E-cadherin was significantly 
upregulated compared with the control group, while the 
expression of N-cadherin was downregulated significantly 
(P < .05) (Figure 3D). These results imply that MAPK14 
might play an important role in cell activity, proliferation, 
and migration.

3.4  |  Overexpression of CDC25B partially 
reversed the reduction in cell proliferation and 
migration caused by decreased MAPK14 and 
P-MAPK14 expressions

Two stable CDC25B-overexpression cell lines (ACHN and 
CAKI-1) were constructed, then transfected with MAPK14 

F I G U R E  3   Downregulation of MAPK14 inhibited cell activity, proliferation, and migration. A, Downregulation of MAPK14 suppressed 
cell viability by CCK-8 assay. B, The effect of MAPK14 knockdown on the proliferation of ACHN and CAKI-1 cells was determined with EdU 
assay (magnification × 200). C, Downregulation of MAPK14 inhibited cell migration (magnification × 20). D, The protein level of cell adhesion 
molecules (E-cadherin, N-cadherin) detected by Western blot. P < .05 was considered significant (*P < .05, **P < .01, ***P < .001)
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siRNAs. Western blot revealed that overexpression of CDC25B 
could partially restore the protein levels of CDC25B caused 
by MAPK14 silencing (P <  .05) (Figure 4A). To investigate 
whether overexpression of CDC25B could reverse the decrease 
in cell proliferation caused by the decreased levels of MAPK14, 
the EdU cell proliferation assay was conducted. It was demon-
strated that overexpression of CDC25B could partially restore 
cell proliferation (P < .05) (Figure 4B). Similarly, the decrease 
in cell migration ability caused by the reduction of MAPK14 
and P-MAPK14 was incompletely reversed as a result of 
CDC25B overexpression (P < .05) (Figure 4C). These results 
suggest that downregulation of MAPK1 and P-MAPK14 might 
reduce the migration and proliferation of ccRCC cells in vitro, 
in part due to the declined levels of CDC25B.

3.5  |  MAPK14 knockdown inhibited 
tumor growth while CDC25B overexpression 
promoted tumor growth in vivo

To further investigate the effect of MAPK14 and CDC25B on 
tumor in vivo, MAPK14 knockdown and CDC25B overex-
pression plasmids were constructed and transfected into ACHN 
cell line. Stable transfected ACHN cell line was screened, and 
ccRCC xenotransplantation models in nude mice were estab-
lished. After 4  weeks, it was found that the tumor size and 
weight in MAPK14 knockdown group were significantly lower 
than those of vector group, while in CDC25B overexpression 
group, the tumor size and weight were significantly higher than 
those of the vector group (P < .05) (Figure 5A,B). Compared 
with vector group, the protein expression of downregulation of 
MAPK14 group and upregulation of CDC25B group was de-
tected by Western blot (Figure 5C). In addition, IHC analysis 
showed that the Ki-67 expression was increased in the CDC25B 
overexpression group and was decreased in MAPK14 knock-
down group (P < .05) (Figure 5D). These results indicate that 
downregulation of MAPK14 might inhibit tumor proliferation, 
while overexpression of CDC25B might promote tumor prolif-
eration in vivo.

3.6  |  Related genetic analysis: MAPK14 
phosphorylation

In a diseasenetwork open resource, we found genes promot-
ing phosphorylation and inhibiting dephosphorylation of 
MAPK14 (Figure 6A). The selected genes include those that 
phosphorylate both Thr180 and Tyr182, and unlabeled sites. 
The transcription levels of these genes were analyzed using 
the 72 control samples previously processed from TCGA 
database. Although the protein status of these genes cannot 
directly be inferred, it can be used as a reference for anal-
ysis. According to the comparative analysis of ccRCC and 

healthy tissues, PKN1, PTPN7, DUSP1, DUSP4, DUSP7, 
DUSP10, PTPRR, and PPM1D may maintain the phospho-
rylation of MAPK14. However, certain genes might partici-
pate in the posttranslational modification of MAPK14, such 
as MAP2K3 and MAP2K6. This result is not conclusive, but 
it might helpful with the future studies. Therefore, it could 
infer that in ccRCC, the selected genes may be involved in 
phosphorylation of MAPK14, and P-MAPK14 may regulate 
cell migration and proliferation by binding to CDC25B and 
affecting its protein stability (Figure 6B).

4  |   DISCUSSION

Tens of thousands of patients with ccRCC still face the threat 
of death every year. Recent years, VEGF targeted drugs, 
mTOR inhibitors and cytokines have result in significant 
progress in the management of ccRCC. The immunotherapy 
for ccRCC has also made significant progress, such as PD-1/
PD-L1 inhibitors. Despite these advances, important ques-
tions remain to be resolved, regarding biomarkers of efficacy, 
patient selection, and the optimal combination and sequenc-
ing of agents.25 Identification of the effective biomarkers and 
elucidation of the signaling processes responsible for the de-
velopment and progression of ccRCC would be helpful with 
the exploration of potentially effective therapies.

Three distinct subfamilies of MAPKs are p38, c-Jun 
N-terminal kinase (JNK), and extracellular signal-regulating 
protein kinase (ERK 1/2), with a similarity of 60%-70%.26 As 
an important member of the p38 MAPK family, MAPK14 
has been reported to play a dual role in several cancers.9 
Some studies have demonstrated that MAPK14 promotes the 
occurrence and progression of breast cancer by activating its 
downstream target genes.27,28 Moreover, MAPK14 has also 
been shown to act as a suppressor in some malignancies, such 
as liver, colon, and lung cancer.29-31 In ccRCC, it has been re-
ported that PTEN can decrease MAPK14 activity and inhibit 
cell migration and proliferation, while upregulation of long 
noncoding RNA BX357664 can suppress the proliferation, 
migration, and the activity of ccRCC cells by decreasing the 
phosphorylation level of MAPK1432,33. Furthermore, phos-
phorylation of MAPK14 has been reported to stimulate the 
progression or recurrence of lung, pancreatic, and colon can-
cers.34-36 However, none of these studies has directly targeted 
MAPK14 or P-MAPK14 in ccRCC. In this study, there were 
no significant differences in both the transcription and trans-
lation levels of MAPK14 between ccRCC tissue and adjacent 
healthy tissue, but the level of P-MAPK14 of ccRCC tissue 
was significantly higher than that of the adjacent healthy 
tissues.

In this study, there was no increase in the level of tran-
scription and translation of MAPK14 in ccRCC. However, 
P-MAPK14 level was markedly elevated in ccRCC tissues. 
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In addition, the high expression of P-MAPK14 and CDC25B 
proteins was closely related to the Fuhrman grade of ccRCC 
tissues. The expression of P-MAPK14 was significantly as-
sociated with the expression of CDC25B at the protein level 
in tumor samples. After MAPK14 knockdown, there was 
significant decrease in the protein levels of P-MAPK14 and 
CDC25B, but there was no significant change in the tran-
scription level of CDC25B, indicating that MAPK14 could 
not affect the transcription of CDC25B, but could influence 

its protein expression. Therefore, in combination with the 
strong correlation between P-MAPK14 and CDC25B, it 
could be hypothesized that P-MAPK14 might impact the pro-
tein stability of CDC25B. This was confirmed by the results 
of Co-IP experiments, which showed that P-MAPK14 could 
directly bind with CDC25B. It has been demonstrated that 
p38 can bind to and phosphorylate CDC25B,21 and activa-
tion of p38 might phosphorylate CDC25B at Ser101, leading 
to the rapid degradation of CDC25B and cell cycle arrest.37 

F I G U R E  4   Overexpression of CDC25B could partially restore the reduction in proliferation and migration caused by decreased MAPK14 
levels. A, After transfection of MAPK14 siRNAs into cells with stable high expression of CDC25B, the level of CDC25B protein was detected by 
Western blot. B, Proliferation of ACHN and CAKI-1 cells was determined with EdU assay (magnification × 200). C, Transwell assay was used to 
examine the migration of ACHN and CAKI-1 cells (magnification × 20). P < .05 was considered significant (*P < .05, **P < .01, ***P < .001)
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Here, it was found that the level of MAPK14 phosphorylation 
in ccRCC tissues was higher than that of the healthy tissues, 
and P-MAPK14 could affect the stability of CDC25B. These 
results suggest that MAPK14 and P-MAPK14 might facili-
tate the proliferation and metastasis of ccRCC. In addition, 
these results indicate that overexpression of CDC25B may 
not be able to influence the protein expression of MAPK14 
and P-MAPK14, which is consistent with the hypothesis that 
P-MAPK14 could stabilize the CDC25B protein.

It has been reported that barbaloin treatment can inhibit 
the levels of P-MAPK14 and CDC25B in non-small cell 
lung carcinoma, and suppress cell proliferation and migra-
tion consequently.38 In this study, it was demonstrated that 
P-MAPK14 and CDC25B expressions in ccRCC were sig-
nificantly higher than those in adjacent healthy tissues. Both 
P-MAPK14 and CDC25B could stimulate cell proliferation 
and metastasis in ccRCC in vitro and in vivo.

As some genes could produce certain functions after 
posttranslational modification. For example, phosphorylated 
MEK3/6 can promote phosphorylation of MAPK1439. To 

determine the upstream genes promoting MAPK14 phos-
phorylation, genes that phosphorylated MAPK14 at the tran-
scription level in the 72 pairs of ccRCC and adjacent healthy 
tissues from TCGA database were analyzed, and it was found 
that many genes were highly expressed in ccRCC, which 
might facilitate the phosphorylation of MAPK14. Indeed, 
this is just an inference, requiring the verification of future 
studies.

The binding of P-MAPK14 to CDC25B was confirmed in 
this study; however, it was not clear whether the former could 
directly have an impact upon the protein stability of the lat-
ter. After MAPK14 knockdown, there might be a chain reac-
tion-like event, which might be caused by the changes of other 
undiscovered factors. Collectively, P-MAPK14 and CDC25B 
proteins were overexpressed in ccRCC. P-MAPK14 could 
promote tumor proliferation and migration through binding 
to and affecting the stability of CDC25B. This study provides 
new perspectives and directions for the investigation of the 
molecular mechanisms ccRCC, which would be valuable for 
the development of novel therapies for ccRCC.

F I G U R E  5   MAPK14 knockdown inhibited tumor growth and overexpressed CDC25B promoted tumor growth in vivo. A, Images of 
nude mice xenografts at the end of the experiment. B, Tumor weight of the three groups. C, MAPK14 and CDC25B protein levels in nude mice 
tumors detected by Western blot. D, IHC results revealed that compared with the vector group, the expression of Ki-67 increased in the CDC25B 
overexpression group while decreased in the MAPK14 knockdown group (magnification × 40). P < .05 was considered significant (*P < .05, 
**P < .01, ***P < .001)



1194  |      LIU et al.

CONFLICT OF INTEREST
The authors declare that they have no conflict of interests.

AUTHOR CONTRIBUTIONS
JL and XY performed the experiments and finished the man-
uscript. HY and BL collected the data. ZZ analyzed the data; 
CK and ZL conducted experimental design. ZL supervised 
all experiments and manuscript. All authors have read and 
approved the final manuscript.

ETHICS APPROVAL AND CONSENT TO 
PARTICIPATE
The Ethics Committee of the First Hospital of China 
Medical University (Shenyang, China) approved the use of 
human tissue samples for experiments. All participants pro-
vided written informed consent for the entire study. Animal 
experiments were performed after being approved by the 
Animal Ethics and Welfare Committee of China Medical 
University.

PATIENT CONSENT FOR PUBLICATION
All participants provided written informed consent for the 
entire study.

DATA AVAILABILITY STATEMENT
The datasets used and/or analyzed during the current study 
are available from the corresponding author on reasonable 
request.

ORCID
Junlong Liu   https://orcid.org/0000-0001-5277-0996 

REFERENCES
	 1.	 Jonasch E, Gao J, Rathmell WK. Renal cell carcinoma. BMJ. 

2014;349:g4797.
	 2.	 Siegel RL, Miller KD, Jemal A. Cancer statistics, 2019. CA Cancer 

J Clin. 2019;69:7-34.
	 3.	 Ricketts CJ, De Cubas AA, Fan H, et al. The cancer genome atlas 

comprehensive molecular characterization of renal cell carcinoma. 
Cell Rep. 2018;23(313–26):e5.

	 4.	 Moch H, Cubilla AL, Humphrey PA, Reuter VE, Ulbright TM. The 
2016 WHO classification of tumours of the urinary system and 
male genital organs-Part A: renal, penile, and testicular tumours. 
Eur Urol. 2016;70:93-105.

	 5.	 Ye H, Wang WG, Cao J, Hu XC. SPARCL1 suppresses cell mi-
gration and invasion in renal cell carcinoma. Mol Med Rep. 
2017;16:7784-7790.

	 6.	 Znaor A, Lortet-Tieulent J, Laversanne M, Jemal A, Bray F. 
International variations and trends in renal cell carcinoma inci-
dence and mortality. Eur Urol. 2015;67:519-530.

	 7.	 Buchler T, Poprach A, Bortlicek Z, et al. Outcomes of patients 
with long-term treatment response to vascular endothelial growth 
factor-targeted therapy for metastatic renal cell cancer. Clin 
Genitourin Cancer. 2017;15:e1047–e1053.

	 8.	 Roy S, Roy S, Kar M, et al. p38 MAPK pathway and its interaction 
with TRF2 in cisplatin induced chemotherapeutic response in head 
and neck cancer. Oncogenesis. 2018;7:53.

	 9.	 Igea A, Nebreda AR. The stress kinase p38α as a target for cancer 
therapy. Cancer Res. 2015;75:3997-4002.

	10.	 Cuadrado A, Nebreda AR. Mechanisms and functions of p38 
MAPK signalling. Biochem J. 2010;429:403-417.

	11.	 Deak M, Clifton AD, Lucocq LM, Alessi DR. Mitogen- and 
stress-activated protein kinase-1 (MSK1) is directly activated by 
MAPK and SAPK2/p38, and may mediate activation of CREB. 
EMBO J. 1998;17:4426-4441.

	12.	 Chiacchiera F, Simone C. Signal-dependent regulation of gene ex-
pression as a target for cancer treatment: inhibiting p38alpha in 
colorectal tumors. Cancer Lett. 2008;265:16-26.

	13.	 Song WJ, Dong Y, Luo C, Chen YY. p38MAPK family isoform 
p38α and activating transcription factor 2 are associated with the 
malignant phenotypes and poor prognosis of patients with ovarian 
adenocarcinoma. Pathol Res Pract. 2017;213:1282-1288.

	14.	 Zhao L, Jiang L, He L, et al. Identification of a novel cell cycle-re-
lated gene signature predicting survival in patients with gastric 
cancer. J Cell Physiol. 2019;234:6350-6360.

	15.	 Galaktionov K, Beach D. Specific activation of cdc25 tyrosine 
phosphatases by B-type cyclins: evidence for multiple roles of mi-
totic cyclins. Cell. 1991;67:1181-1194.

F I G U R E  6   The phosphorylation-related genes of MAPK14 and 
the pattern of proteins interaction in ccRCC. A, The selected genes 
include those that phosphorylate Thr180, Tyr182, and unlabeled sites. 
B, The hypothesis illustrates the interaction of MAPK14, P-MAPK14, 
and CDC25B in ccRCC. *P < .05 was considered significant

https://orcid.org/0000-0001-5277-0996
https://orcid.org/0000-0001-5277-0996


      |  1195LIU et al.

	16.	 Wu JW, Zhang H, Duan YQ, et al. Design novel inhibitors 
for treating cancer by targeting Cdc25B catalytic domain 
with de novo design. Comb Chem High Throughput Screen. 
2014;17:837-847.

	17.	 Liu JC, Granieri L, Shrestha M, et al. Identification of CDC25 as 
a common therapeutic target for triple-negative breast cancer. Cell 
Rep. 2018;23:112-126.

	18.	 Lammer C, Wagerer S, Saffrich R, Mertens D, Ansorge W, Hoffmann 
I. The cdc25B phosphatase is essential for the G2/M phase transition 
in human cells. J Cell Sci. 1998;111(Pt 16):2445-2453.

	19.	 Zhong Y, Yang J, Xu WW, et al. KCTD12 promotes tumorigenesis 
by facilitating CDC25B/CDK1/Aurora A-dependent G2/M transi-
tion. Oncogene. 2017;36:6177-6189.

	20.	 Yu XY, Zhang Z, Zhang GJ, Guo KF, Kong CZ. Knockdown of 
Cdc25B in renal cell carcinoma is associated with decreased ma-
lignant features. Asian Pac J Cancer Prev. 2012;13:931-935.

	21.	 Bulavin DV, Higashimoto Y, Popoff IJ, et al. Initiation of a G2/M 
checkpoint after ultraviolet radiation requires p38 kinase. Nature. 
2001;411:102-107.

	22.	 Jeong AL, Yang Y. PP2A function toward mitotic kinases and sub-
strates during the cell cycle. BMB Rep. 2013;46:289-294.

	23.	 Van Horn RD, Chu S, Fan L, et al. Cdk1 activity is required for 
mitotic activation of aurora A during G2/M transition of human 
cells. J Biol Chem. 2010;285:21849-21857.

	24.	 Roshak AK, Capper EA, Imburgia C, Fornwald J, Scott G, Marshall 
LA. The human polo-like kinase, PLK, regulates cdc2/cyclin B 
through phosphorylation and activation of the cdc25C phospha-
tase. Cell Signal. 2000;12:405-411.

	25.	 Barata PC, Rini BI. Treatment of renal cell carcinoma: Current sta-
tus and future directions. CA Cancer J Clin. 2017;67:507-524.

	26.	 Jiménez-Castro MB, Cornide-Petronio ME, Gracia-Sancho J, 
Casillas-Ramírez A, Peralta C. Mitogen activated protein kinases 
in steatotic and non-steatotic livers submitted to ischemia-reperfu-
sion. Int J Mol Sci. 2019;20(7):1785.

	27.	 Anwar T, Arellano-Garcia C, Ropa J, et al. p38-mediated phos-
phorylation at T367 induces EZH2 cytoplasmic localization to pro-
mote breast cancer metastasis. Nat Commun. 2018;9:2801.

	28.	 Chen L, Mayer JA, Krisko TI, et al. Inhibition of the p38 kinase 
suppresses the proliferation of human ER-negative breast cancer 
cells. Cancer Res. 2009;69:8853-8861.

	29.	 Gupta J, del Barco Barrantes I, Igea A, et al. Dual function of p38α 
MAPK in colon cancer: suppression of colitis-associated tumor 
initiation but requirement for cancer cell survival. Cancer Cell. 
2014;25:484-500.

	30.	 Hui L, Bakiri L, Mairhorfer A, et al. p38alpha suppresses normal 
and cancer cell proliferation by antagonizing the JNK-c-Jun path-
way. Nat Genet. 2007;39:741-749.

	31.	 Sakurai T, He G, Matsuzawa A, et al. Hepatocyte necrosis induced 
by oxidative stress and IL-1 alpha release mediate carcinogen-in-
duced compensatory proliferation and liver tumorigenesis. Cancer 
Cell. 2008;14:156-165.

	32.	 Breuksch I, Welter J, Bauer H-K, et al. In renal cell carcinoma the 
PTEN splice variant PTEN-Δ shows similar function as the tumor 
suppressor PTEN itself. Cell Commun Signal. 2018;16:35.

	33.	 Liu Y, Qian J, Li X, et al. Long noncoding RNA BX357664 regu-
lates cell proliferation and epithelial-to-mesenchymal transition via 
inhibition of TGF-β1/p38/HSP27 signaling in renal cell carcinoma. 
Oncotarget. 2016;7:81410-81422.

	34.	 Wagner EF, Nebreda AR. Signal integration by JNK and p38 MAPK 
pathways in cancer development. Nat Rev Cancer. 2009;9:537-549.

	35.	 Gil-Araujo B, Toledo Lobo M-V, Gutiérrez-Salmerón M, et al. 
Dual specificity phosphatase 1 expression inversely correlates with 
NF-κB activity and expression in prostate cancer and promotes 
apoptosis through a p38 MAPK dependent mechanism. Mol Oncol. 
2014;8:27-38.

	36.	 Urosevic J, Garcia-Albéniz X, Planet E, et al. Colon cancer cells 
colonize the lung from established liver metastases through p38 
MAPK signalling and PTHLH. Nat Cell Biol. 2014;16:685-694.

	37.	 Uchida S, Yoshioka K, Kizu R, et al. Stress-activated mitogen-ac-
tivated protein kinases c-Jun NH2-terminal kinase and p38 target 
Cdc25B for degradation. Cancer Res. 2009;69:6438-6444.

	38.	 Zhang Z, Rui W, Wang ZC, Liu DX, Du L. Anti-proliferation and 
anti-metastasis effect of barbaloin in non-small cell lung cancer 
via inactivating p38MAPK/Cdc25B/Hsp27 pathway. Oncol Rep. 
2017;38:1172-1180.

	39.	 Chooi KP, Galan SRG, Raj R, et al. Synthetic phosphorylation 
of p38α recapitulates protein kinase activity. J Am Chem Soc. 
2014;136:1698-1701.

SUPPORTING INFORMATION
Additional supporting information may be found online in 
the Supporting Information section.  

How to cite this article: Liu J, Yu X, Yu H, et al. 
Knockdown of MAPK14 inhibits the proliferation and 
migration of clear cell renal cell carcinoma by 
downregulating the expression of CDC25B. Cancer Med. 
2020;9:1183–1195. https​://doi.org/10.1002/cam4.2795

https://doi.org/10.1002/cam4.2795

