
8890  |     J Cell Mol Med. 2021;25:8890–8903.wileyonlinelibrary.com/journal/jcmm

1  |  INTRODUC TION

Globally, the incidence of gastric cancer (GC) ranks fifth and the mor-
tality rate ranks fourth.1 One million incident cases are estimated 
annually, and Eastern Asia has the highest incidence.2 China has 
478,508 newly diagnosed cases of GC and 373,789 cancer- related 
deaths in 2020.1 Although the proportion of early GC in north-
ern China increased from 10.0% to 15.5%, there were still 28.1% 
initial diagnoses of TNM stage IV GC.3 The most common therapy 
currently for GC is surgical resection; however, distant metastasis 

requires chemotherapy. Despite the development of combined 
treatment strategies and a deep understanding of the pathogene-
sis of GC, the mortality rate of patients with GC is relatively high.4 
Therefore, there is an urgent need to explore new molecular markers 
and discover innovative methods for treating GC.

During mitosis, accurate chromosome separation is fundamen-
tal for maintaining the number of diploid chromosomes.5 Most 
cancer cells are aneuploid and have unstable chromosomes, which 
means that chromosomes increase or decrease with each mitosis.6 
Increasing evidence suggests that dysregulation or dysfunction of 
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Abstract
Previous studies have indicated that centromere protein K (CENPK) is upregulated in 
several cancers and related to tumorigenesis. Nevertheless, the potential function of 
CENPK in gastric cancer (GC) remains unknown. Here, we investigated the function 
of CENPK on oncogenicity and explored its underlying mechanisms in GC. Our results 
showed that CENPK was dramatically overexpressed in GC and was associated with 
poor prognosis through bioinformatics analysis. We demonstrated that CENPK is up-
regulated in GC tissues and cell lines. Moreover, knockdown of CENPK significantly 
inhibited proliferation in vitro and attenuated the growth of implanted GCs in vivo. In 
addition, CENPK silencing induced G1 phase cell cycle arrest and facilitated apoptosis 
of GC cells. KEGG pathway analysis indicated that the PI3K- AKT signalling pathway 
was considerably enriched. Knockdown of CENPK decreased the expression of PI3K, 
p- Akt (Ser437) and p- GSK3β (Ser9) in GC cells, and increased the expression of PTEN. 
In conclusion, this study indicated that CENPK was overexpressed in GC and may pro-
mote gastric carcinogenesis through the PTEN- PI3K- AKT signalling pathway. Thus, 
CENPK may be a potential target for cancer therapeutics in GC.
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centromeres represents a possible source of chromosomal instabil-
ity and aneuploidy production and promotes the development of 
cancer.7,8 Centromere protein K (CENPK), also known as AF- 5alpha, 
Solt, ICEN37, FKSGl4 and P33, is one of the centromere proteins 
(CENPs), which is located on chromosome 5q12.3.9 CENPK is a 
component of the CENPA- CAD (distal nucleosome) complex, in-
volved in the assembly of centromere proteins, mitotic processes 
and chromosome separation. It may be related to the newly syn-
thesized centromere protein A (CENPA) binding to the centromere 
through the interaction with the CENPA- nac complex and coop-
erates with KNL1 (Kinetochore Scaffold 1) to recruit the NDC80 
(Kinetochore Complex Component) complex to the external cen-
tromere.10 CENPA is one of the earliest centromere components 
discovered in humans and is involved in the development of sev-
eral human malignancies.11 Centromere proteins related to the 
development of malignant tumours include CENPA,11,12 CENPE,13 
CENPH14 and CENPK.15 These proteins play a role in many import-
ant cellular activities, such as gene transcription12 and cell cycle 
process regulation,13 and are closely linked to apoptosis and tu-
mour invasion.14 Nevertheless, the relevant regulatory mechanisms 
remain unknown.

CENPK is associated with malignant progression and is markedly 
upregulated in ovarian cancer,15 triple- negative breast cancer16 and 
liver cancer.17 As a less studied member of the centromere protein 
family, CENPK was associated with tumorigenesis, implying that 
CENPK might serve as a prognostic target for cancers. To the best 
of our knowledge, there are no reports of CENPK contributing to 
the occurrence or progression of GC or the potential clinical signif-
icance of CENPK expression in GC patients. With this in mind, we 
were interested in studying the regulatory role of CENPK in GC. 
In this study, we aimed to detect the expression pattern and func-
tion of CENPK and explore the possible mechanism of CENPK in 
GC. In the present study, we examined the expression of CENPK 
in GC tissues and found that CENPK expression was significantly 
upregulated in GC tissues compared with adjacent normal tissues. 
Furthermore, we demonstrated that CENPK silencing inhibited tum-
origenesis in vivo and in vitro, induced cell cycle arrest and triggered 
apoptosis. Meanwhile, we found that CENPK silencing resulted in 
the decreased expression of PI3K, p- Akt (Ser437) and p- GSK3β 
(Ser9) and the increased expression of PTEN. Based on these re-
sults, we hypothesized that CENPK is a potential oncogene in GC.

2  |  MATERIAL S AND METHODS

2.1  |  Bioinformatics database prediction

We initially used the Oncomine database to predict the level of 
CENPK mRNA expression in GC and normal gastric tissues. The 
online database Gene Expression Profiling Interactive Analysis 
(GEPIA)18 and UALCAN cancer database19 were used to further 
forecast the expression level of CENPK mRNA in GC and normal 

gastric tissues. Subsequently, we logged in to the official portal 
GDC (https://portal.gdc.cancer.gov/) of The Cancer Genome Atlas 
(TCGA) to download relevant data for GC. A total of 404 cases con-
taining CENPK gene expression information were downloaded. The 
R software (3.5.3) was used with the "edgeR" and "DSEeq" pack-
ages to normalize the data. At the same time, the clinicopatho-
logical information, including survival time, was screened from the 
downloaded data. The data containing the CENPK gene expression 
information and clinicopathological characteristics were combined 
to obtain a total of 263 cases for further analysis. Finally, all pa-
tients were divided into the CENPK high- expression group or the 
CENPK low- expression group by the "surv_cutpoint" function. The 
patient survival curve was drawn using the Kaplan- Meier method, 
and Cox multivariate survival analysis was performed. The detailed 
clinicopathological characteristics of the 263 patients are shown in 
Table S1.

The function of CENPK and the genes significantly related to 
CENPK alterations were predicted through the Gene Ontology (GO) 
and Kyoto Encyclopedia of Genes and Genomes (KEGG) analysis. 
The potential molecular function of CENPK can be reversed through 
the co- expression genes most relevant to CENPK expression, a 
method known as the guilt of association.20 The CENPK gene was 
analysed in batches with other encoded genes to obtain the cor-
relation coefficient and p- value. Genes with a p- value < 0.05 and 
the top 500 in the absolute value of the correlation coefficient were 
screened for enrichment analysis (Table S2). GO enrichment anal-
ysis predicted the functional roles of target host genes from three 
fields: biological processes, cell composition and molecular function. 
Subsequently, the “cluster profiler”21 package was used to analyse 
and visualize gene ontology in the CC, MF and BP categories using 
R software. Furthermore, the KEGG pathway enrichment analysis 
was conducted, where adjusted p < 0.05 was considered statistically 
significant.22

2.2  |  Clinical specimens

Twenty pairs of paraffin tissues, including GC tissues and adjacent 
normal tissues, from patients undergoing gastrectomy in 2019 
were collected from the First Affiliated Hospital of the University 
of Science and Technology of China. The inclusion criteria were 
postoperative pathological diagnosis of gastric adenocarcinoma 
and not receiving any anticancer treatment before surgery. The 
exclusion criterion was that only one postoperative paraffin 
specimen was available. This study was approved by the Ethics 
Committee of The First Affiliated Hospital of University of Science 
and Technology of China (West District, Hefei, China). The ethics 
committee waived the need for written informed consent because 
the study was conducted using residual samples from previous 
clinical diagnoses, the risks of the study did not exceed minimal 
risks, and the waiver of informed consent would not adversely af-
fect the subjects.

https://portal.gdc.cancer.gov/
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2.3  |  Immunohistochemistry

Tissues were altered with 4% paraformaldehyde at 4°C for 48 h, 
and paraffin was cut into 5 μm thick segments. After sectioning, 
the slides were deparaffinized and rehydrated. For antigen retrieval, 
slides were warmed at the sub- boiling point temperature using 
a citrate cushion (ph6. 0) for 10 min, cooled to room temperature 
and washed three times with PBS for 5 min each time. Endogenous 
peroxidase activity was blocked with immunostaining blocking solu-
tion at room temperature for 15 min, and the slides were incubated 
with anti- CENPK (1:200; MyBioSource, San Diego, CA, USA) at 4°C 
overnight. The following day, slides were incubated with secondary 
antibodies (Abbkine Scientific, Wuhan, China) at 37°C for 30 min. 
Following diaminobenzidine (DAB) staining, haematoxylin stain-
ing was performed. A staining score lower than 4 indicated nega-
tive CENPK expression, and a score higher than 4 indicated positive 
CENPK expression.23

2.4  |  Cell lines

The human normal gastric epithelial cell line (GES- 1) and GC cell 
lines SGC- 7901, MGC- 803, HGC- 27 and AGS were purchased from 
the cell bank of the Chinese Academy of Sciences (Shanghai, China). 
Cells were cultured in RPMI1640 (Gibco, Carlsbad, CA, USA) supple-
mented with 10% foetal bovine serum (FBS, 10099141; Gibco BRL/
Invitrogen, CA, USA) and incubated at 37°C with 5% CO2.

2.5  |  Quantitative real- time polymerase chain 
reaction (qRT- PCR)

Total RNA was extracted from cells using TRIzol (Life Technologies, CA, 
USA). Two micrograms of total RNA from each test was reverse- transcribed 
using M- MLV- RTase (Promega, Madison, WI, USA), according to the man-
ufacturer's guidelines. qreverse transcriptase- polymerase chain reaction 
(qRT- PCR) was performed in a Bio- Rad Real- Time PCR detection system 
utilizing the SYBR premix ex taq (Takara Bio, Dalian, China). The primers used 
were as follows: CENPK forward, 5'- AGTACCTTGGGCGAGTTTCTA- 3’ 
and reverse, 5'- AGGCAATTCCATTACGCAGCA- 3’; PTEN forward, 
5'- TTTGAAGACCATAACCCACCAC- 3’ and reverse, 5'- ATTACACCAG 
TTCGTCCCTTTC- 3’; and GAPDH forward, 5'- GGAAGCTTGTCATCAA 
TGGAAATC- 3’ and reverse, 5'- TGATGACCCTTTTGGCTCCC- 3'. Relative 
expression levels were calculated using the 2−ΔΔCt method.

2.6  |  Lentiviral plasmids and cell transfection

Biogenetech (Shanghai, China) designed and synthesized len-
tiviral particles containing shRNA sequences targeting CENPK 
(AGTACCTTGGGCGAGTTTCTG). AGS cell was infected with CENPK- 
shRNA lentiviral particles. AGS cell suspension was seeded on a six- 
well plate with 5 × 104 cells per well and incubated at 37°C until 30% 

confluence was reached. Subsequently, CENPK shRNA lentivirus 
(shCENPK) and negative control (shNC) were affiliated based on the mul-
tiplicity of infection. The infected cells were cultured in a CO2 incubator 
for 12h. After 72 h of infection, the expression of the GFP- labelled gene 
was observed under a fluorescence microscope. Cells with a transfection 
efficiency >70% were selected for subsequent analyses. The knockdown 
effectiveness of CENPK in the AGS cells was verified using qRT- PCR.

2.7  |  Proliferation assay

CENPK- knockdown cells and NC cells were used for proliferation 
detection. Cell Counting Kit 8 (CCK- 8) was used to detect cell prolif-
eration. After transfection, 1000 cells per well were placed on a 96- 
well plate and preincubated overnight. Next, 10 μL of CCK- 8 reagent 
(BioLite Biotech, Tianjin, China) reagent was infused into each well 
once a day for four days. After 2 h of incubation, the optical density 
of each well was determined at 450 nm using a microplate reader.

2.8  |  Apoptosis and cell cycle distribution

Apoptotic cells were analysed using flow cytometry. After 72 h of 
transfection, AGS cells were collected and washed twice with ice- 
cold PBS. Apoptotic cells were assayed by staining with annexin 
V- APC (AAT Bioquest, Sunnyvale, CA, USA). Apoptosis was simulta-
neously assayed by caspase 3/7 (AAT Bioquest), which was designed 
to assay cell apoptosis by caspase 3 activation. Briefly, cells were 
prepared by adding 10 µL/well of 10X test compounds, and then an 
equal volume of caspase 3/7 working solution was added and in-
cubated at room temperature for 1 h following the manufacturer's 
protocol. A fluorescence microplate reader was used to measure the 
fluorescence intensity at Ex/Em = 350/450 nm (cut- off = 420 nm).

Adherent cells were collected and washed with pre- cooled D- 
Hanks. Cells for cycle distribution were settled with pre- cooled 75% 
ethanol at 4°C for at least 1 h, then incubated with 100 μL RNase A 
(Fermentas, Shanghai, China) at 37°C for 30 min and stained with 
propidium iodide (Sigma, St. Louis, MO, USA). The suspension was 
then subjected to flow cytometry analysis.

2.9  |  Animal experiments

Twenty female BALB/c nude mice (4 weeks old) were purchased from 
Shanghai Lingchang BioTech Co., Ltd. (Shanghai, China). The concentra-
tion of luciferase- labelled AGS cells that were transfected with shCENPK 
or shNC in the logarithmic phase was adjusted to 2 × 107 cells/ml in 
PBS solution. Two hundred microlitres of the cell suspension were in-
jected subcutaneously into female BALB/c nude mice. The formula: vol-
ume = π/6 × L × W × W was used to calculate tumour volumes, where W 
and L represent the short diameter and the long diameter of the tumours, 
respectively. Subsequently, the measurements were performed three 
times a week. After 28 days of subcutaneous injection, the experimental 
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animals were euthanized with an overdose of 2% pentobarbital sodium, 
and tumour tissues from the sacrificed mice were removed.

Mice were intraperitoneally injected with D- luciferin (15 mg/ml, 
Qianchen, Shanghai, China) at a dose of 10 µl/g before anaesthetization 
with 0.7% pentobarbital sodium the day before euthanasia. Images were 
acquired and analysed using a Caliper IVIS Lumina II (PerkinElmer, Waltham, 
MA, USA). The total flux of the region of interest (ROI) was recorded in 
photons/s after 5 s of exposure for each animal. All animal studies were 
performed in accordance with the guidelines issued in the Guide for the 
Care and Use of Laboratory Animals of the National Institutes of Health.

2.10  |  Western blot assay

Western blot analysis was performed as previously described.24 The 
primary antibodies included p- Akt (Ser473) (CST; 4060), GAPDH 
(Abcam; ab181602), cyclin D1 (Abcam; ab16663), p- GSK3β (Ser9) 
(CST, 5558), CDK4 (Abcam; ab199728), P21 (Abcam; ab109199), 
GSK3β (CST, 12456), P27 (Abcam; ab193379), PI3K (Abcam; 
ab86714), Akt (CST, 4691) and PTEN (ProteinTech; 10047- 1- AP). 
GAPDH was used to homogenize the samples.

2.11  |  Statistics

The correlation between CENPK expression levels and clinicopatho-
logical parameters was analysed using the Wilcoxon rank- sum test. 
Kaplan- Meier survival analysis was used to compare the overall sur-
vival (OS) between the two groups. Each experiment was indepen-
dently conducted in triplicates. Continuous data were expressed as 
mean ± standard deviation (SD) using two- way analysis of variance 
or t test. Statistical analyses were performed using GraphPad Prism 
8 and SPSS 24.0. The significance level was characterized by the 
probability *p < 0.05, **p < 0.01, ***p < 0.001 and ****p < 0.0001.

3  |  RESULTS

3.1  |  Overexpression of CENPK mRNA levels in GC 
predicted by bioinformatics

First, we used three gastric datasets (Cho gastric,25 Cui gastric,26 
DErrico gastric27) in the Oncomine database to detect the differ-
ences in the expression of CENPK between GC and normal gastric 

tissues. Significantly increased expression of CENPK was observed 
in GC vs. normal gastric tissues in all three datasets (p < 0.0001, 
Figure 1A). The GEPIA also indicated that the transcripts per mil-
lion (TMP) and log2 (TMP +1) levels of the CENPK gene in GC were 
significantly higher than those in normal gastric tissues (all p < 0.01, 
Figure 1B). This result is consistent with that of the Ualcan database. 
In the Ualcan database, which is based on TCGA samples, CENPK 
was overexpressed in GC compared with normal gastric tissues 
(p < 0.0001, Figure 1C). According to TNM staging, GC is classified 
into stages I- IV. Significantly higher expression of CENPK was seen 
in different stages of GC when compared with normal gastric tissue 
(all p < 0.0001). However, CENPK expression was not statistically 
different between the different stages of GC compared with each 
other (Figure 1D).

3.2  |  Overexpression of CENPK associated with 
tumour progression

Two hundred and sixty- three patients with GC in TCGA were 
divided into the low- expression group (n = 201) and the high- 
expression group (n = 62). We found that the OS of patients in the 
high- expression group was worse than that of the low- expression 
group (p = 0.034, Figure 1E). GC patients were classified into mi-
crosatellite stable (MSS), microsatellite highly unstable (MSI- H) 
and microsatellite low unstable (MSI- L) according to their micro-
satellite status. The expression of CENPK in MSI- H was signifi-
cantly higher than that in MSS/MSI- L (p = 0.028, Figure 1F), and 
the expression of CENPK in the pathological stage tumour depth 
T3- T4 was observably higher than that in T1- T2 (p = 0.0052, 
Figure 1F). In the multivariate analysis, CENPK was indepen-
dently associated with OS (p = 0.023, HR: 1.681; 95% CI: 1.075– 
2.630, Table 1).

3.3  |  Overexpression of CENPK in GC cell 
lines and tissues

To verify the aforementioned predictive findings, we tested 20 
pairs of paraffin samples from patients with GC by immunohis-
tochemistry. As shown in Figure 2A, the expression of CENPK in 
GC tissues was significantly increased. Among 20 pairs of post-
operative GC tissues, 15 cases of GC tissues were positive for 
CENPK staining, and five cases were negative. However, 16 cases 

F I G U R E  1  CENPK is upregulated in GC and correlates with overall survival. A, All three gastric data sets (Cho gastric, Cui gastric and 
DErrico gastric) in the Oncomine database showed significantly higher expression levels of CENPK mRNA in GC tissues than in normal 
gastric tissues (all p < 0.0001). B, According to the GEPIA database, the transcripts per million (TMP) and log2 (TMP + 1) levels of CENPK 
in GC were significantly higher than those in normal gastric tissues (all p < 0.01). C and D, In the Ualcan database, CENPK was significantly 
overexpressed in GC compared with normal gastric tissues (p < 0.0001). Significantly higher expression of CENPK was seen in different 
stages of GC when compared with normal gastric tissue (all p < 0.0001). However, CENPK expression was not statistically different between 
the different stages of GC. E, CENPK high expression was correlated with a poor survival rate of GC patients (n = 263, p < 0.05). F, CENPK 
expression was significantly increased in patients with microsatellite instability- high (MSI- H) (p = 0.028) and pathological stage tumour 
depth T3- T4 (p = 0.0052). ****p < 0.0001
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of adjacent normal tissues were negative for CENPK, and four 
cases were positive (Figure 2B, p < 0.001). We also explored the 
expression of CENPK mRNA in GC cell lines, the human normal 
gastric epithelial cell line (GES- 1) and four types of GC cell lines 

(AGS, MGC- 803, HGC- 27 and SGC- 7901) were selected for qRT- 
PCR analysis. Significantly increased CENPK mRNA levels were 
found in the four GC cell lines compared with GES1 (all p val-
ues < 0.0001, Figure 2C).
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3.4  |  CENPK silencing inhibits cell proliferation 
in vitro

As substantial overexpression of CENPK was observed in several 
GC cell lines, AGS cells were transfected with shCENPK or shNC. 
Figure 3A demonstrates that the introduction of a lentivirus carrying 
the CENPK gene resulted in a significant decrease in CENPK expres-
sion, indicating successful transfection. The CCK- 8 assay revealed 
that silencing CENPK significantly inhibited the proliferation of GC 
cells (Figure 3B).

3.5  |  CENPK silencing promotes apoptosis

To determine the effect of CENPK expression on cell survival, 
cell apoptosis was analysed using flow cytometry. There was 
a significant increase in the proportion of apoptotic cells in 
CENPK- silenced cells compared with that in controls (Figure 3C- 
D, p < 0.0001). Caspase 3/7 activity apoptosis assay was per-
formed to monitor cell viability. Figure 3E shows that the activity 
of caspase 3/7 and the number of apoptotic cells distinctly in-
creased in the shCENPK group compared with the control group 
(p < 0.0001). These data indicate that knockdown of CENPK- 
affected cell survival.

3.6  |  CENPK silencing induces G1 phase arrest in 
GC cells

To investigate the mechanism by which CENPK promotes tumour 
cell proliferation, we examined the effect of CENPK on the cell 
cycle using flow cytometry. Compared with the control group, the 
shCENPK group showed a significant increase in the proportion of 
G0/G1 phase cells (p < 0.01), a significant decrease in S phase cells 
(p < 0.0001) and a decrease in G2/M phase cells, but the difference 
was not statistically significant (p > 0.05; Figure 4A- B). Cell cycle 
regulators, including cyclins, cyclin- dependent kinases (CDKs) and 
kinase inhibition protein (KIP), play a vital in cell cycle progression. 

Thus, G1 phase- related molecules, including cyclin D1, CDK4, p21 
and p27 in AGS cells after CENPK knockdown were identified by 
Western blotting. Figure 4C illustrates that the expression of CDK4 
and cyclin D1 protein in the shCENPK group decreased, whereas 
p21 and p27 were increased in AGS cells following shCENPK trans-
fection. These results implied that knockdown of CENPK may result 
in cell cycle arrest in the G1 phase.

3.7  |  CENPK silencing inhibits cell growth in vivo

Next, we examined the effect of CENPK on GC growth in vivo. 
Further studies are needed to elucidate the potential effect of 
CENPK on GC formation in vivo. After construction of the subcu-
taneous GC xenograft model, the tumour sizes in the groups were 
recorded at set intervals during the growth phase. As shown in 
Figure 5A- B, tumour volume in the CENPK- silencing group was 
lower than that in the control group (p < 0.05), and the tumour 
weight in the shCENPK group was remarkably lower than that in 
the control group (Figure 5C- D, p < 0.001). It was demonstrated 
that cell lines transduced with CENPK shRNA lentivirus in in vivo 
experiments can produce smaller tumours due to CENPK silenc-
ing. We then analysed the expression levels of CENPK mRNA in 
xenograft tumours and found that CENPK mRNA levels were sig-
nificantly lower in the shCENPK group than in the control group 
(Figure 5E, p < 0.0001). In addition, in vivo bioluminescence was 
used to examine tumour formation. Notably, the fluorescence in-
tensity of green fluorescent protein in the shCENPK group was 
weaker than that in the shNC group (Figure 5F). The ROI of the 
shNC group was significantly higher than that of the shCENPK 
group (Figure 5G, p < 0.0001). These results suggest that CENPK 
may influence gastric cancer growth both in vivo and in vitro.

3.8  |  GO and KEGG pathway enrichment analysis

To further explore the molecular mechanisms by which CENPK 
promotes GC, GC samples from TCGA were used for annotation. 

Characteristics HR (95% CI) p Value

Age (years) <65 vs. ≥65 2.088 (1.366– 3.193) 0.001

Gender Female vs. male 1.270 (0.816– 1.975) 0.289

Histologic grade Grade 1– 2 vs. grade 3 1.644 (1.072– 2.522) 0.023

CENPK expression Low vs. high 1.681 (1.075– 2.630) 0.023

MSI status MSS/MSI- L vs. MSI- H 0.822 (0.472– 1.431) 0.488

Tumour stage Stage I– II vs. stage III– IV 1.657 (1.064– 2.579) 0.025

Pathological stage T T1– T2 vs. T3- T4 1.218 (0.701– 2.116) 0.485

Lymph node metastasis No vs. yes 1.006 (0.481– 2.106) 0.987

Distant metastasis No vs. yes 2.688 (1.303– 5.546) 0.007

Abbreviations: MSI, microsatellite instability; MSI- H, MSI- high; MSS, microsatellite stable; MSI- L, 
MSI- low; pathological T, pathological tumour depth.

TA B L E  1  Multivariate analysis
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The top 10 results of GO enrichment analysis suggested that or-
ganelle fission, nuclear division and chromosome segregation were 
dramatically regulated by CENPK alteration in GC (Figure 6A). The 
chromosomal region, condensed chromosome, ATPase activity and 
tubulin binding were also significantly controlled by CENPK altera-
tions (Figure 6B,C). Figure 6D shows the top 12 pathways in GC 
most relevant to CENPK as identified by KEGG enrichment analy-
sis. For example, the PI3K- AKT signalling pathway, DNA replication, 
cellular senescence, p53 signalling pathway, pathways in cancer and 
cell cycle were all enriched.

3.9  |  CENPK inhibits apoptosis and promotes 
cell growth involving the PTEN- PI3K- AKT 
signalling pathway

Enrichment analysis results of GO and KEGG illustrated that 
CENPK is closely related to the cell cycle. Our data also indicated 

that CENPK silencing induced G1 phase arrest and promoted ap-
optosis in AGS cells. After shCENPK- transfected AGS cells, the 
expression of p21 and p27 in the shCENPK group increased, while 
the expression of CDK4 and cyclin D1 decreased. KEGG enrich-
ment analysis revealed that PI3K- AKT was enriched, and the 
upstream signalling pathways of p21, p27, CDK and cyclin were 
PI3K- AKT signalling pathways.28 Therefore, we speculated that 
CENPK might regulate the cell cycle via the PI3K- AKT signalling 
pathway. As shown in Figure 7A, CENPK silencing reduced the ex-
pression of PI3K, p- Akt (Ser437) and p- GSK3β (Ser9), while the 
changes in AKT and GSK3β were not obvious. Hyperactivation of 
the PI3K- AKT signalling pathway is often accompanied by a defi-
ciency of PTEN.29,30 Therefore, we used the Pearson correlation 
coefficient in GEPIA to detect the correlation between CENPK and 
PTEN in TCGA gastric cancer samples. As shown in Figure 7B, the 
correlation between CENPK and PTEN has a p value of 0.0000013 
and an R- value of 0.24. In the present study, it was also confirmed 
that after CENPK knockdown, PTEN mRNA and protein levels in 

F I G U R E  2  Overexpression of 
CENPK in GC tissues and cell lines. (A) 
Representative images of IHC for CENPK 
expression in GC tissues and adjacent 
normal tissues. Scale bar, 100 μm (left), 
20 μm (right). B, Percentage of CENPK 
IHC in GC and adjacent normal tissues. 
C, The relative mRNA expressions of 
CENPK levels were detected in four 
kinds of GC cell lines (SGC- 7901, HGC- 
27, MGC- 803 and AGS) and human 
normal gastric epithelial cell line (GES- 1) 
by qRT- PCR. Quantitative data were 
shown as mean ± SD. ΔCt value ≤ 12, 
CENPK expression abundance was high; 
12 < ΔCt value < 16, CENPK expression 
abundance was medium; ΔCt value ≥ 16, 
CENPK expression abundance was low. 
****p < 0.0001
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shCENPK group were significantly higher than those in the control 
group (Figure 7C,D). Moreover, we examined the expression levels 
of PTEN mRNA in tumours of sacrificed animals. The shCENPK 

group had significantly higher expression levels of PTEN mRNA 
than the shNC group in xenograft tumours (Figure 7E, p < 0.0001). 
The results of the correlational analysis indicated that CENPK 

F I G U R E  3  Knockdown of CENPK inhibited cell growth and promoted apoptosis in AGS cells. A, The relative mRNA expressions of CENPK 
after CENPK knockdown in AGS cells were identified by qRT- PCR. B, Knockdown of CENPK inhibited cell proliferation. The OD 450nm and 
OD 450nm/fold values of AGS cells were detected by CCK- 8 assay. C and D, Representative images and bar plots of apoptosis rate in the 
AGS cells. E, Knockdown of CENPK increased the activity of caspase 3/7. ****p < 0.0001
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accelerated cell proliferation, interrupted cell cycle and influenced 
cell survival via the PTEN- PI3K- AKT signalling pathway in GC.

4  |  DISCUSSION

The occurrence of GC is a multi- stage and multifactorial process, that 
severely threatens the health of Chinese people.2,31 Therefore, it is 
urgent to explore new GC- related molecules as potential therapeutic 

targets. Centromeres, large protein complexes that accumulate in 
the centromere region of chromosomes, promote chromosome 
separation during the cell cycle.32 Growing evidence indicates that 
dysregulation of centromere proteins is closely associated with tum-
origenesis, and the family of centromere proteins has been reported 
to be overexpressed in various malignant tumours, including GC.33,34 
For example, a previous study showed that CENPO is upregulated 
in GC and is related to prognosis. Knockdown of CENPO inhibited 
cell growth and promoted apoptosis.34 However, the expression and 

F I G U R E  4  Knockdown of CENPK blocked cell cycle at the G1 phase in AGS cells. A, After transfection, flow cytometry showed that 
shCENPK induced accumulation in the G0/G1 phase. Each group is displayed in triplicates. B, Bar plots of flow cytometry analysis in the 
AGS cells. The percentages of cells at different phases are expressed as the mean ± SD of three independent experiments. C, G1 phase- 
associated molecules were determined by Western blotting assay in AGS cells. **p < 0.01, ****p < 0.0001
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function of CENPK in GC remain unknown. Collectively, our data 
from this study confirmed that CENPK is overexpressed in GC cell 
lines and tissues, and GC patients with high CENPK expression have 
a worse prognosis. Lentiviral- mediated gene knockdown of CENPK 
suppressed GC growth in vitro and in vivo, induced G1 phase arrest 
and promoted apoptosis in vitro through the PTEN- PI3K- AKT signal-
ling pathway.

Previously, CENPK was identified as an oncogene that was over-
expressed in hepatocellular carcinoma, ovarian cancer and triple- 
negative breast cancer.15- 17 The OS of ovarian cancer patients with 
low CENPK expression was significantly longer than that of patients 
with high CENPK expression (n = 26).15 In the present study, we first 
identified that CENPK was markedly upregulated in GC using bioin-
formatics databases, further validated in GC cell lines and tissues. 

F I G U R E  5  Knockdown of CENPK inhibited cell growth in vivo. A, AGS cells transfected with CENPK- shRNA and control shRNA were 
injected into nude mice (n = 10), respectively. The photograph shows tumour formation in two groups. B, Tumour volumes and tumour 
formed (C) in shCENPK group were significantly smaller than that of shNC group. D, The shCENPK group had significantly lighter tumour 
weights at the end of the experiment than the shNC group. E, Analysis of the expression level of CENPK mRNA in xenograft tumours. F, 
Tumour formation was examined by bioluminescence assay in vivo. G, The total flux of the region of interest (ROI) in the shCENPK group 
was significantly lower than that of the shNC group. *p < 0.05, **p < 0.01, ****p < 0.0001
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Moreover, the present study indicated that the OS of GC patients 
with high CENPK expression was considerably worse than that of 
patients with low expression and that CENPK expression was statis-
tically correlated with microsatellite status and pathological stage T 
according to the TCGA database. Multivariate analysis showed that 
CENPK expression levels and clinicopathological characteristics, 
such as age, histologic grade, tumour stage and distant metastasis 
in GC patients were independent prognostic factors for OS. These 
results suggest that CENPK may be an oncogene in GC, which is con-
sistent with the results of previous studies. Therefore, we speculate 
that CENPK plays a vital role in the occurrence of GC, which may be 
closely related to GC.

We confirmed that CENPK is overexpressed in GC cell lines 
and tissues. We also investigated the influence of CENPK silencing 
on GC cell lines. Consistently, AGS cell lines forced to knockdown 
CENPK exhibited limited proliferative capacity and were more prone 
to apoptosis. Tumour xenograft studies further demonstrated the 
function of CENPK in accelerating GC growth in nude mice. These 
studies demonstrated that CENPK had a stimulatory effect on GC. 
Our findings elucidate for the first time that CENPK is upregulated 
in GC and suggest that CENPK is an oncogene that promotes GC 
progression, which is consistent with the role of CENPK in other tu-
mours, such as ovarian cancer,15 triple- negative breast cancer16 and 
hepatocellular carcinoma.17 The present study also revealed that 

F I G U R E  6  GO and KEGG pathway enrichment analysis. Top 10 significantly enriched GO annotations of biological process (A), 
cell composition (B) and molecular function (C). D, Top 12 significantly enriched KEGG pathways
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CENPK silencing blocked the cell cycle in the G1 phase. According 
to the cell cycle assay, we found that attenuated CENPK in AGS cells 
delayed the cell cycle process and arrested at the G1 phase. It is sug-
gested that the abnormal expression of CENPK severely interrupts 
the cell cycle process.

CENPK was reported to have a decisive influence on the correct 
kinetochore function and, mitotic progression,35 and is associated 
with cell cycle and mitotic spindle assembly in bladder cancer.36 To 
further explore the molecular mechanism of CENPK in promoting 
tumorigenesis in GC, enrichment analysis of GO and KEGG based 
on the TCGA gastric cancer database was performed. The results 
revealed that molecular processes related to the cell cycle, such as 
tubulin binding, chromosomal region, chromosome segregation, nu-
clear division, condensed chromosome and organelle fission were 
significantly enriched. KEGG enrichment analysis revealed that the 
most relevant pathway to CENPK was the cell cycle in GC. Our re-
sults are consistent with the findings of Liu et al. in bladder can-
cer.36 The results of KEGG enrichment analysis also indicated that 
the PI3K- AKT pathway was significantly enriched. Accumulating 
evidence suggests that the PI3K- AKT signalling pathway is involved 
in the pathogenesis of GC and regulates cellular processes, such as 
differentiation, proliferation and metastasis.37- 39 Moreover, inhibi-
tion of the PI3K- AKT signalling pathway can block the cell cycle in 
GC cell lines.40 Therefore, we focussed on the PI3K- AKT pathway. 
Our results showed that CENPK silencing decreased the expres-
sion of PI3K, p- AKT(Ser437) and p- GSK3β(Ser9) in GC cells. CENPK 

knockdown may promote apoptosis and inhibit cell proliferation 
through the PI3K- AKT signalling pathway in GC. Unfortunately, 
there were no rescue experiments to further confirm this find-
ing. Previous evidence indicated that the activation of the PI3K- 
AKT pathway in GC was accompanied by reduced expression of 
PTEN.41 Phosphorylation of PTEN can reduce the activation of AKT 
and hamper all downstream signalling events regulated by AKT.42 
PTEN malfunction is closely associated with aberrant activation of 
the PI3K- AKT pathway. AKT activation due to PTEN deficiency is 
strongly associated with the occurrence and development of GC.43 
Bioinformatics analysis suggested that CENPK and PTEN were 
strongly correlated in GC. Our results revealed that CENPK silencing 
elevated PTEN expression in vitro and in vivo. Collectively, CENPK 
facilitated proliferation and inhibited apoptosis through the PTEN- 
PI3K- AKT signalling pathway.

5  |  CONCLUSION

In summary, the present study indicated that CENPK expres-
sion is upregulated in GC and is associated with the prognosis of 
GC. CENPK silencing inhibits GC cell proliferation in vivo and in 
vitro by promoting apoptosis and blocking the cell cycle at the 
G1 phase. Additionally, CENPK may regulate cellular behav-
iours through the PTEN- PI3K- AKT signalling pathway in GC. In 
conclusion, our results illustrate the potential role of CENPK in 

F I G U R E  7  CENPK promoted cell 
proliferation and inhibited apoptosis 
involving PTEN- PI3K- AKT signalling 
pathway. A, The Western blotting 
assay indicated that the levels of 
proteins p- Akt (Ser437), PI3K, and 
p- GSK3β(Ser9) in the shCENPK group 
were significantly lower than that in the 
NC group. B, The correlation analysis 
was performed between CENPK and 
PTEN in TCGA gastric cancer samples 
by GEPIA online database. The levels 
of PTEN in AGS cells transfected with 
or without shCENPK were analysed by 
qRT- PCR (C) and Western blotting (D). E, 
Analysis of the expression level of PTEN 
mRNA in xenograft tumours. **p < 0.01, 
****p < 0.0001
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promoting GC and suggest that CENPK may be a potential target 
for intervention in GC.

ACKNOWLEDG EMENT
This research was supported by the Natural Science Foundation 
of Anhui Province (Grant No. 1808085MH234 and Grant No. 
1408085MH179) and the youth fund project of the west district of 
the first affiliated hospital of USTC (Grant No. 2020YJQN002).

CONFLIC T OF INTERE S T
The authors confirm that there are no conflicts of interest.

AUTHORS CONTRIBUTION
Shusheng Wu: Conceptualization (lead); Data curation (lead); Formal 
analysis (lead); Investigation (lead); Methodology (lead); Software 
(lead); Visualization (lead); Writing- original draft (lead); Writing- review 
& editing (lead). Lulu Cao: Investigation (lead); Project administration 
(lead). Lihong Ke: Methodology (equal); Validation (equal). Ying Yan: 
Investigation (equal); Software (equal). Huiqin Luo: Methodology 
(supporting); Visualization (equal). Xiaoxiu Hu: Data curation (equal); 
Methodology (supporting). Jiayu Niu: Methodology (supporting). 
Huimin Li: Methodology (supporting); Supervision (equal). Huijun Xu: 
Conceptualization (supporting); Methodology (supporting). Wenju 
Chen: Conceptualization (supporting); Methodology (supporting). 
Yueyin Pan: Funding acquisition (equal); Supervision (equal). Yifu He: 
Conceptualization (equal); Funding acquisition (equal); Project admin-
istration (equal); Supervision (equal); Writing- review & editing (equal).

DATA AVAIL ABILIT Y S TATEMENT
The data that support the findings of this study are available from 
the corresponding author upon reasonable request.

ORCID
Shusheng Wu  https://orcid.org/0000-0003-1084-8630 
Yifu He  https://orcid.org/0000-0003-1990-0298 

R E FE R E N C E S
 1. Sung H, Ferlay J, Siegel RL, et al. Global cancer statistics 2020: 

GLOBOCAN estimates of incidence and mortality worldwide for 
36 cancers in 185 countries. CA Cancer J Clin. 2021;71(3):209- 249.

 2. Siegel RL, Miller KD, Jemal A. Cancer statistics, 2020. CA Cancer J 
Clin. 2020;70(1):7- 30.

 3. Tan YE, Wang PL, Yin SC, Zhang C, Xu HM. Thirty- year trends in 
clinicopathologic characteristics and prognosis after gastrectomy 
for gastric cancer: a single institution in Northern China. J Cancer. 
2020;11(5):1056- 1062.

 4. Song WM, Lin X, Liao X, et al. Multiscale network analysis reveals 
molecular mechanisms and key regulators of the tumor microenvi-
ronment in gastric cancer. Int J Cancer. 2020;146(5):1268- 1280.

 5. Cortez D, Replication- Coupled DNA. Repair. Mol Cell. 
2019;74(5):866- 876.

 6. Cimini D. Merotelic kinetochore orientation, aneuploidy, and can-
cer. BBA Rev Cancer. 2008;1786(1):32- 40.

 7. Voutsadakis IA. Chromosome 17 centromere amplification and 
chromosomal instability (CIN) in breast cancer: pathogenic and 
therapeutic implications. Neoplasma. 2019;66(6):859- 869.

 8. Saha AK, Mourad M, Kaplan MH, et al. The genomic landscape of 
centromeres in cancers. Sci Rep. 2019;9(1):1- 10.

 9. Okada M, Cheeseman IM, Hori T, et al. The CENP- H- I complex is re-
quired for the efficient incorporation of newly synthesized CENP- A 
into centromeres. Nat Cell Biol. 2006;8(5):446- 457.

 10. Cheeseman IM, Hori T, Fukagawa T, Desai A. KNL1 and the CENP- -
H/I/K complex coordinately direct kinetochore assembly in verte-
brates. Mol Biol Cell. 2008;19(2):587- 594.

 11. McGovern SL, Qi Y, Pusztai L, Symmans WF, Buchholz TA. 
Centromere protein- A, an essential centromere protein, is a prog-
nostic marker for relapse in estrogen receptor- positive breast can-
cer. Breast Cancer Res. 2012;14(3):R72.

 12. Sharma AB, Dimitrov S, Hamiche A, Van Dyck E. Centromeric and 
ectopic assembly of CENP- A chromatin in health and cancer: old 
marks and new tracks. Nucleic Acids Res. 2019;47(3):1051- 1069.

 13. Shan L, Zhao M, Lu Y, et al. CENPE promotes lung adenocarci-
noma proliferation and is directly regulated by FOXM1. Int J Oncol. 
2019;55(1):257- 266.

 14. Wu X, Lin Y, Shi L, et al. Upregulation of centromere protein H is 
associated with progression of renal cell carcinoma. J Mol Histol. 
2015;46(4– 5):377- 385.

 15. Lee YC, Huang CC, Lin DY, Chang WC, Lee KH. Overexpression of 
centromere protein K (CENPK) in ovarian cancer is correlated with 
poor patient survival and associated with predictive and prognostic 
relevance. PeerJ. 2015;3:e1386.

 16. Komatsu M, Yoshimaru T, Matsuo T, et al. Molecular features of 
triple negative breast cancer cells by genome- wide gene expression 
profiling analysis. Int J Oncol. 2013;42(2):478- 506.

 17. Wang J, Li H, Xia C, et al. Downregulation of CENPK suppresses 
hepatocellular carcinoma malignant progression through regulating 
YAP1. OncoTargets Ther. 2019;12:869- 882.

 18. Tang Z, Li C, Kang B, Gao G, Li C, Zhang Z. GEPIA: a web server for 
cancer and normal gene expression profiling and interactive analy-
ses. Nucleic Acids Res. 2017;45(W1):W98- W102.

 19. Chandrashekar DS, Bashel B, Balasubramanya SAH, et al. UALCAN: 
a portal for facilitating tumor subgroup gene expression and sur-
vival analyses. Neoplasia (New York, NY). 2017;19(8):649- 658.

 20. van Dam S, Võsa U, van der Graaf A, Franke L, de Magalhães JP. 
Gene co- expression analysis for functional classification and gene- 
disease predictions. Brief Bioinform. 2018;19(4):575- 592.

 21. Jing JJ, Wang ZY, Li H, Sun LP, Yuan Y. Key elements involved in 
Epstein- Barr virus- associated gastric cancer and their network reg-
ulation. Cancer Cell Int. 2018;18(1):1- 12.

 22. Chen J, Hu B, Wang W, Qian XJ, Shan BJ, He YF. A six- microRNA 
signature to predict outcomes of patients with gastric cancer. FEBS 
Open Bio. 2019;9(3):538- 547.

 23. Chen YL, Li DP, Jiang HY, et al. Overexpression of HACE1 in gastric 
cancer inhibits tumor aggressiveness by impeding cell proliferation 
and migration. Cancer Med. 2018;7(6):2472- 2484.

 24. Xuan Z, Zhao L, Li Z, et al. EPS8L3 promotes hepatocellular carci-
noma proliferation and metastasis by modulating EGFR dimeriza-
tion and internalization. Am J Cancer Res. 2020;10(1):60- 77.

 25. Cho JY, Lim JY, Cheong JH, et al. Gene expression signature- 
based prognostic risk score in gastric cancer. Clin Cancer Res. 
2011;17(7):1850- 1857.

 26. Cui J, Chen Y, Chou WC, et al. An integrated transcriptomic and 
computational analysis for biomarker identification in gastric can-
cer. Nucleic Acids Res. 2011;39(4):1197- 1207.

 27. D'Errico M, de Rinaldis E, Blasi MF, et al. Genome- wide expression 
profile of sporadic gastric cancers with microsatellite instability. Eur 
J Cancer. 2009;45(3):461- 469

 28. Duronio RJ, Xiong Y. Signaling pathways that control cell prolifera-
tion. Cold Spring Harb Perspect Biol. 2013;5(3):a008904.

 29. Ramírez- Moya J, Wert- Lamas L, Santisteban P. MicroRNA- 146b 
promotes PI3K/AKT pathway hyperactivation and thyroid cancer 
progression by targeting PTEN. Oncogene. 2018;37(25):3369- 3383.

https://orcid.org/0000-0003-1084-8630
https://orcid.org/0000-0003-1084-8630
https://orcid.org/0000-0003-1990-0298
https://orcid.org/0000-0003-1990-0298


    |  8903WU et al.

 30. Driessen GJ, IJspeert H, Wentink M, et al. Increased PI3K/Akt ac-
tivity and deregulated humoral immune response in human PTEN 
deficiency. J Allergy Clin Immunol. 2016;138(6):1744- 1747.e5.

 31. Figueiredo C, Camargo MC, Leite M, Fuentes- Pananá EM, Rabkin CS, 
Machado JC. Pathogenesis of gastric cancer: genetics and molecu-
lar classification. Curr Top Microbiol Immunol. 2017;400:277- 304.

 32. Chik JK, Moiseeva V, Goel PK, et al. Structures of CENP- C cupin do-
mains at regional centromeres reveal unique patterns of dimeriza-
tion and recruitment functions for the inner pocket. J Biol Chem. 
2019;294(38):14119- 14134.

 33. Barra V, Fachinetti D. The dark side of centromeres: types, causes 
and consequences of structural abnormalities implicating centro-
meric DNA. Nat Commun. 2018;9(1):1- 17.

 34. Cao Y, Xiong J, Li Z, et al. CENPO expression regulates gastric can-
cer cell proliferation and is associated with poor patient prognosis. 
Mol Med Rep. 2019;20(4):3661- 3670.

 35. Verdaasdonk JS, Bloom K. Centromeres: unique chromatin struc-
tures that drive chromosome segregation. Nat Rev Mol Cell Biol. 
2011;12(5):320- 332.

 36. Liu Y, Xiong S, Liu S, et al. Analysis of gene expression in bladder can-
cer: possible involvement of mitosis and complement and coagula-
tion cascades signaling pathway. J Comput Biol. 2020;27(6):987- 998.

 37. Hu M, Zhu S, Xiong S, Xue X, Zhou X. MicroRNAs and the 
PTEN/PI3K/Akt pathway in gastric cancer (Review). Oncol Rep. 
2019;41(3):1439- 1454.

 38. Jia L, Zhu Z, Li H, Li Y. Shikonin inhibits proliferation, migration, 
invasion and promotes apoptosis in NCI- N87 cells via inhibi-
tion of PI3K/AKT signal pathway. Artif Cells Nanomed Biotechnol. 
2019;47(1):2662- 2669.

 39. Zhang C, Lin X, Zhao Q, et al. YARS as an oncogenic protein that 
promotes gastric cancer progression through activating PI3K- Akt 
signaling. J Cancer Res Clin Oncol. 2020;146(2):329- 342.

 40. Kim SM, Vetrivel P, Ha SE, Kim HH, Kim JA, Kim GS. Apigetrin in-
duces extrinsic apoptosis, autophagy and G2/M phase cell cycle 
arrest through PI3K/AKT/mTOR pathway in AGS human gastric 
cancer cell. J Nutr Biochem. 2020;83:108427.

 41. Wang J, Lv X, Guo X, et al. Feedback activation of STAT3 limits the 
response to PI3K/AKT/mTOR inhibitors in PTEN- deficient cancer 
cells. Oncogenesis. 2021;10(1):8.

 42. Li X, Yan X, Wang F, et al. Down- regulated lncRNA SLC25A5- AS1 
facilitates cell growth and inhibits apoptosis via miR- 19a- 3p/PTEN/
PI3K/AKT signalling pathway in gastric cancer. J Cell Mol Med. 
2019;23(4):2920- 2932.

 43. Zhao C, Tao T, Yang L, et al. Loss of PDZK1 expression activates 
PI3K/AKT signaling via PTEN phosphorylation in gastric cancer. 
Cancer Lett. 2019;453:107- 121.

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

How to cite this article: Wu S, Cao L, Ke L, et al. Knockdown of 
CENPK inhibits cell growth and facilitates apoptosis via 
PTEN- PI3K- AKT signalling pathway in gastric cancer. J Cell Mol 
Med. 2021;25:8890– 8903. https://doi.org/10.1111/
jcmm.16850

https://doi.org/10.1111/jcmm.16850
https://doi.org/10.1111/jcmm.16850

