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Abstract 

Background:  This study attempted to verify the potential of KCNJ14 as a biomarker in colorectal cancer (CRC).

Methods:  Data on transcriptomics and DNA methylation and the clinical information of CRC patients were down-
loaded from The Cancer Genome Atlas and Gene Expression Omnibus databases. Biological information analysis 
methods were conducted to determine the role of KCNJ14 in the prognosis, diagnosis, immune cell infiltration, and 
regulation mechanism of CRC patients. The effect of KCNJ14 on the proliferation and migration of HCT116 and SW480 
CRC cell lines was verified by in vitro experiments (MTT, colony-forming, wound healing, and transwell assays). West-
ern blotting was performed to detect the effect of KCNJ14 on the levels of mTOR signalling pathway-related proteins.

Results:  KCNJ14 expression was remarkably increased in CRC tissues and cell lines, which reduced the overall survival 
time of patients. KCNJ14 mRNA was negatively regulated by its methylation site cg17660703, which can also endan-
ger the prognosis of patients with CRC. Functional enrichment analysis suggested that KCNJ14 is involved in the 
mTOR, NOD-like receptor, and VEGF signalling pathways. KCNJ14 expression was positively correlated with the num-
ber of CD4 + T cells and negatively correlated with that of CD8 + T cells in the immune microenvironment. KCNJ14 
knockdown significantly reduced not only the proliferation and migration of CRC cell lines but also the levels of mTOR 
signalling pathway-related proteins.

Conclusions:  This study not only increases the molecular understanding of KCNJ14 but also provides a potentially 
valuable biological target for the treatment of colorectal cancer.
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Background
Colorectal cancer is the fourth most lethal cancer 
worldwide, and its incidence is expected to increase to 
2,500,000 cases in 2035 [1]. Evidence suggests that the 
development of CRC is due to hereditary and environ-
mentally harmful factors and long-standing inflammatory 
bowel disease [2]. Owing to the complex pathogenesis of 

colorectal cancer, it is difficult to improve the prognosis 
of patients despite the comprehensive treatment by sur-
gery and adjuvant radiotherapy [3]. Therefore, a treat-
ment scheme that improves the prognosis of patients 
with colorectal cancer is urgently required. Previous 
studies have suggested that biologically targeted therapy 
may be ideal for the treatment of malignant tumours 
[4]. However, the basic premise of biologically targeted 
therapy is to identify key regulatory genes that affect the 
prognosis of patients with malignant tumours.
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KCNJ14, also known as IRK4 and KIR2.4, has been 
mapped to the chromosomal locus 19q13, and the 
encoded protein has been identified to belong to a family 
of integral membrane proteins that act as ATP-sensitive 
inward rectifier potassium (K+) channels [5]. Central to 
the entire discipline of inward rectifier K+ channels is 
the concept of regulation of K+ flow into cells at poten-
tials negative to the potassium equilibrium potential 
[6]. Hence, this class of proteins is a major interest of 
researches focusing on multiple biological processes, 
such as heart rate regulation, neurotransmitter release, 
epithelial electrolyte transport, and participation in 
immune regulation [7]. Recent advances in inward rec-
tifier K+ channels have heightened the need for cancer 
research on lung cancer [8], neuroblastoma [9], and glio-
blastoma [10]. However, only few studies have explored 
on the regulatory effect of KCNJ14 on the pathological 
process of malignant tumours, especially in the prognosis 
of patients with colorectal cancer.

Therefore, this study attempted to investigate the effect 
of KCNJ14 on the prognosis of patients with colorectal 
cancer and evaluate its regulatory relationship with the 
complex pathological process of colorectal cancer. First, 
transcriptomic expression data, DNA methylation data, 
and the detailed clinical characteristics of patients with 
colorectal cancer were collected from the public data-
base to explore the changes in KCNJ14 expression in 
colorectal cancer and the relationship between KCNJ14 
expression and the clinical characteristics of patients. 
Subsequently, we verified that KCNJ14 knockdown could 
significantly reduce the proliferation and migration of 
colorectal cancer cell lines and revealed the regulatory 
mechanism of KCNJ14 leading to poor prognosis in colo-
rectal cancer. To our knowledge, this is the first study to 
investigate the potential mechanism of KCNJ14 in colo-
rectal cancer. From a genetic perspective, we identified 
a novel biological target for diagnosis, treatment, and 
prognosis of patients with CRC.

Methods
Data collection
TCGA transcriptome profiling data and the clinical infor-
mation of 488 patients with colorectal adenocarcinomas 
and 42 adjacent tissues (workflow type: HTSeq-FPKM) 
were collected from the Genomic Data Commons (GDC) 
Data Portal (https://​portal.​gdc.​cancer.​gov/). Those with 
missing clinical data, such as age, sex, lymphatic invasion, 
pathological TNM classification, tumour stage, overall 
survival (OS), and survival status, were excluded. Thus, 
339 patients with complete clinical information were 
included in the analysis (Table 1). DNA methylation data 
of colorectal cancer patients were downloaded to fur-
ther explore the effects of KCNJ14 expression. We also 

downloaded microarray datasets for GSE50117 based on 
the GPL6480 platforms from the GEO database (http://​
www.​ncbi.​nlm.​nih.​gov/​geo), which contained nine 
paired tumour-normal colorectal samples, to explore the 
changes in KCNJ14 expression in colorectal cancer [11]. 
GSE31595, based on the GPL570 platform, had 37 tissue 
samples of colorectal cancer and the survival status of 
patients [12]. The GSE31595 and TCGA transcriptomic 
data were used to perform a meta-analysis.

Meta‑analysis
To date, no study has explored the prognostic value of 
KCNJ14 in colorectal cancer; thus, herein, we performed 
a meta-analysis to evaluate the importance of KCNJ14 
expression in the prognosis of patients from both data-
bases. OS was considered a prognostic outcome, and the 
prognostic significance of KCNJ14 expression is shown as 
hazard ratios (HRs) with 95% confidence interval (CIs). 
The Q test (I2 statistics) was used to evaluate heteroge-
neity between the two databases. A fixed effects model 
was chosen because there was no statistical heterogene-
ity (I2 < 50%, P ≥ 0.1). Otherwise, when there was statis-
tical heterogeneity between the two databases (I2 > 50%, 
P < 0.1), a random-effects model was used [13].

Table 1  The detailed clinical features of CRC patients in TCGA 
database

Covariates Type Total Percentages (%)

Age <=65 146 43.07

>65 193 56.93

Gender Female 159 46.9

Male 180 53.1

Lymphatic invasion No 203 59.88

Yes 136 40.12

Pathologic_M M0 269 79.35

M1 44 12.98

M2 26 7.67

Pathologic_N N0 197 58.11

N1 84 24.78

N2 58 17.11

Pathologic_T T1 9 2.65

T2 60 17.7

T3 232 68.44

T4 38 11.21

Tumor_stage Stage I 59 17.4

Stage II 135 39.82

Stage III 100 29.5

Stage IV 45 13.28

KCNJ14 expression High 170 50.15

Low 169 49.85

https://portal.gdc.cancer.gov/
http://www.ncbi.nlm.nih.gov/geo
http://www.ncbi.nlm.nih.gov/geo
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TIMER database analysis
The Tumour Immune Estimation Resource (TIMER; 
https://​cistr​ome.​shiny​apps.​io/​timer) is an interactive 
database that provides comprehensive computation and 
visualisation of the inextricable relationship between 
tumour immunologic and genetic information, such as 
gene expression, mutation, and copy number variants 
[10]. In this study, we evaluated the association between 
KCNJ14 expression and the infiltration of six different 
immune cell types (B cells, CD4 + T cells, CD8 + T cells, 
macrophages, neutrophils, and dendritic cells).

GO and KEGG analysis
Gene ontology (GO) enrichment and Kyoto Encyclope-
dia of Genes and Genomes (KEGG) analyses were per-
formed to explore the biological processes and signalling 
pathways associated with KCNJ14 expression in colorec-
tal cancer. First, we divided the patients into two groups 
based on median KCNJ14 expression as follows: high and 
low KCNJ14 expression groups. We then selected the 
differentially expressed genes between the two groups, 
and R software (v.4.0.3) was used to analyse the signifi-
cant biological functions and critical pathways related to 
KCNJ14. Results were considered significantly enriched 
when P < 0.05.

CMap analysis
The connectivity map (CMap, https://​porta​ls.​broad​insti​
tute.​org/​CMap/) is a public database that contains drug-
induced gene expression profiles and reveals the biologi-
cal connection between genes, drugs, and diseases [14]. 
We used CMap analysis to select candidate drugs for 
colorectal cancer by comparing the transcriptome data 
with database information. Genes with positive and neg-
ative relationship with KCNJ14 were selected to obtain 
information on alternative drugs by accessing the CMap 
database. Four candidate drugs were selected accord-
ing to the most negative enrichment index, while setting 
P < 0.001 as the filter condition. The corresponding chem-
ical structure formulas were obtained from the publicly 
available PubChem database (https://​pubch​em.​ncbi.​nlm.​
nih.​gov/).

Cell treatment and RT‑PCR
The human normal colorectal mucosal cell line FHC and 
the colorectal cancer cell lines HCT116 and SW480 were 
purchased from the American Type Culture Collection 
(ATCC) and cultured in RPMI 1640 medium with 10% 
foetal bovine serum (FBS) in a 5% CO2 cell incubator at a 
constant temperature of 37 °C. Both HCT116 and SW480 
cell lines were treated with S-adenosyl methionine at 
concentrations of 100  μM and 200  μM or decitabine at 

5 μM and 10 μM, respectively, and expression of KCNJ14 
was verified by RT-PCR. Total RNA was extracted from 
cells using TRIzol reagent (Invitrogen, US) and reverse-
transcribed into cDNA. We performed RT-PCR to evalu-
ate KCNJ14 expression using specific primers as follows: 
5′-GGG​GTC​CCT​CCG​TCC​AAT​-3′ (sense) and 5′-CAG​
TGC​CCG​TCT​TTC​TTG​AC-3′ (antisense). In addition, 
HCT116 and SW480 cells were transfected with the neg-
ative control shRNA (NC) or KCNJ14-targeted shRNA 
(shKCNJ14: 5′-GAT​CCG​CCA​GGA​TGT​GGA​TGT​GGG​
CTT​TGA​TTT​CAA​GAG​AAT​CAA​AGC​CCA​CAT​CCA​
CAT​CCT​GGT​TTT​TTG​GAAG-3′) for 24 h and used for 
subsequent experiments.

Western blotting
The shRNA-treated HCT116 and SW480 cells were col-
lected and lysed in RIPA buffer containing protease 
and phosphatase inhibitors. After incubation on ice for 
30  min, cell lysates were centrifuged at 12,000  rpm at 
4 ℃ for 15 min. An amount of 25 μL 4 × protein loading 
buffer was added to 75  μL supernatant after quantifica-
tion of protein concentration. The mixed protein sam-
ples were analysed by SDS-PAGE and transferred onto 
polyvinylidene fluoride (PVDF) membranes. Next, the 
membrane was sealed with skimmed milk at room tem-
perature for 1 h and incubated with specific primary anti-
bodies against mTOR signalling pathway-related proteins 
(KCNJ14, Cat 14-171-1-AP, Proteintech; phospho-AKT, 
Cat 66444-1-Ig, Proteintech; AKT, Cat 60203-2-Ig, Pro-
teintech; Phospho-mTOR, Cat 67778-1-Ig, Proteintech; 
and mTOR, Cat 66888-1-Ig, Proteintech) at 4  °C over-
night. After washing with TBST, the membranes were 
incubated with the corresponding secondary antibodies 
conjugated with horseradish peroxidase (HRP) at 25 °C in 
the dark for 1 h. Finally, band signals were detected using 
a chemiluminescence (ECL) detection system.

MTT and colony‑forming experiment
The shRNA-treated HCT116 and SW480 cells were 
inoculated in 96 well plates at a density of 2000 cells per 
well, 20 μL MTT was added to each well, and cells were 
incubated at 37 ℃ for 4  h. After which, 150 μL DMSO 
was added to the wells, and further incubation for 
15 min in the dark was performed to dissolve the formed 
formazan crystals. Finally, the absorbance of the treated 
SW480 cells was measured using a microplate reader at 
490 nm. The number of HCT116 and SW480 cells trans-
fected with shRNA was calculated to be 103 for culture 
in 60 mm dishes with complete medium. After 14 days, 
the cells were washed with PBS, fixed with paraformal-
dehyde, and stained with a crystal violet solution. Finally, 
the number of cell colonies was recorded and calculated.

https://cistrome.shinyapps.io/timer
https://portals.broadinstitute.org/CMap/
https://portals.broadinstitute.org/CMap/
https://pubchem.ncbi.nlm.nih.gov/
https://pubchem.ncbi.nlm.nih.gov/
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Wound healing assay and Transwell assay
HCT116 and SW480 cells were cultured in six-well plates 
and treated with either NC or shKCNJ14. When the cells 
reached 95% confluence, a sterile pipette tip was used 
to wound them. After washing with PBS, the cells were 
continuously cultured for 48  h in serum-free medium. 
The relative distances between cells at the same location 
were recorded by photography. HCT116 and SW480 cells 
were treated with shRNA and resuspended in a medium 
containing 5% serum. A total of 105 cells were selected 
and cultured in the Transwell chamber, and 500 μL of 
medium with 20% serum was added to the lower cham-
ber of the 24-well plate. Cells that invaded the bottom 
surface of the transwell chamber after 48 h were stained 
with crystal violet and photographed after fixation.

Statistical analysis
R software (v.4.0.3) was used to analyse the raw data 
from the TCGA and GEO databases. The differential 
expression of KCNJ14 in colorectal and adjacent tissues 
was analysed using a t-test. Therein, 42 normal mucosae 
and their corresponding tumour tissues were further 
assessed using matched-pair analysis. Pearson’s correla-
tion coefficient was used to identify co-expressed genes 
and the relationship between KCNJ14 expression and 
DNA methylation. Moreover, we used Kaplan–Meier 
curves to evaluate the association between patient sur-
vival and KCNJ14 expression, as well as KCNJ14 DNA 
methylation. Receiver operating characteristic (ROC) 
analysis was used to assess the diagnostic significance of 
KCNJ14. In addition, we utilised univariate and multivar-
iate Cox regression models to estimate whether KCNJ14 
is an independent prognostic factor for colorectal cancer. 
Finally, the results obtained from in  vitro experiments 
are presented as mean ± SD, and a t-test and a one-way 
analysis of variance (ANOVA) test were used for statisti-
cal analysis. P-value less than 0.05 was considered statis-
tically significant.

Results
KCNJ14 mRNA expression is abnormally increased 
in colorectal cancer
To explore the difference in KCNJ14 expression in colo-
rectal cancer tissues [15], we obtained colorectal cancer 
and adjacent tissue samples from the TCGA (cancer: 488 
cases; adjacent: 42 cases) and GSE50117 (cancer: 9 cases; 
adjacent: 9 cases) databases, respectively. The results 
showed that the mRNA expression level of KCNJ14 
increased significantly in both the TCGA (P < 0.001) and 
GSE50117 (P = 0.019) datasets (Fig. 1a, c). In addition, we 
conducted a matched-pair analysis to process 42 pairs 
of tumour-normal samples and obtained a similar result 
(P < 0.001) (Fig. 1b).

To verify the reliability of the results, we used RT-qPCR 
to evaluate the mRNA expression of KCNJ14. We found 
that HCT116 and SW480 CRC cells had a significantly 
upregulated KCNJ14 mRNA expression compared to 
the normal cell line (Fig.  1d). Western blotting revealed 
that the protein levels of KCNJ14 in HCT116 and SW480 
CRC cells are significantly increased compared to those 
in the normal cell line (Fig.  1e). More importantly, the 
expression of KCNJ14 increased with an increase in 
tumour stage (P = 0.040) (Fig.  1f ), and the increase in 
tumour stage of patients with colorectal cancer was a 
poor prognostic factor [16]. Collectively, these results 
suggest that KCNJ14 may have an important regulatory 
effect on the pathological process of colorectal cancer.

High KCNJ14 mRNA level is regulated by its DNA 
methylation in colorectal cancer
To determine why the expression of KCNJ14 is abnor-
mally increased in colorectal cancer cells, we downloaded 
the DNA methylation data of patients with colorectal dis-
ease from the TCGA database. Based on the important 
regulatory effect of DNA methylation on the expression 
of downstream mRNA [17], from a large number of DNA 
methylation sites, we selected 11 CpG sites with regula-
tory effects on KCNJ14 expression (Additional file 1: Fig. 
S1a). Subsequently, we conducted a co-expression analy-
sis and found that the methylation level of cg17660703 is 
positively correlated with KCNJ14 (Additional file 1: Fig. 
S1b). However, the methylation of the remaining 10 CpG 
sites showed no significant association. The high methyl-
ation status of cg17660703 was negatively correlated with 
overall survival (P = 0.006) (Additional file  1: Fig. S1c). 
Based on these results, the high expression of KCNJ14 
in colorectal cancer may be positively regulated by the 
methylation site of cg17660703.

High expression of KCNJ14 can independently affect poor 
prognosis of patients
Based on the abnormally high expression of KCNJ14 in 
colorectal cancer, we further explored its influence on 
patient prognosis. First, we used Kaplan–Meier curves 
to assess the correlation between high expression of 
KCNJ14 and patient survival and found that high KCNJ14 
expression is associated with shorter overall survival of 
patients (P = 0.012) (Fig.  2a). Subsequently, further sub-
type analysis showed that the high expression of KCNJ14 
could significantly reduce the disease-free survival (stage 
I to III) (Additional file 2: Fig. S2a) and progression-free 
survival (stage IV) of patients (Additional file 2: Fig. S2b).

ROC and AUC were used to estimate the diagnostic 
value of KCNJ14 (Fig.  2c). To further improve the reli-
ability of our results, we used Cox regression models to 
predict the effect of KCNJ14 on the prognosis of patients. 
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Univariate analysis showed that KCNJ14 and several clin-
ical characteristics, such as lymphatic invasion, patholog-
ical TNM stage, and tumour stage (hazard ratio [HR] > 1; 
P < 0.05), are significantly related to OS (Fig.  2b). Mul-
tivariate analysis showed that KCNJ14, pathological T 
stage, and pathological M stage can independently affect 
the prognosis of colorectal patients (HR > 1; P < 0.05; 
Fig.  2d). Collectively, these results suggest that high 
KCNJ14 expression is an independent risk factor for the 
prognosis of patients and may play a pathogenic role in 
colorectal cancer.

KCNJ14 knockdown significantly inhibits the biological 
behaviour of colorectal cancer cell lines
We further verified the adverse effects of KCNJ14 
expression on the prognosis of patients with colorectal 
cancer. A meta-analysis found no significant hetero-
geneity between the two databases (I2 = 0%, P = 0.98); 
thus, a fixed-effect model was applied. Because the 
pooled HR for the correlation between high KCNJ14 

expression and patient OS was 2.24 (95% CI: 1.37–
3.65), we can conclude that KCNJ14 high expression 
is an independent predictor of unfavourable OS in 
patients with colorectal cancer (Fig. 3a).

To further verify the effect of KCNJ14 on the biologi-
cal behaviour of colorectal cancer cells, we used gene 
interference technology to reduce the protein and 
mRNA levels of KCNJ14 in two colorectal cancer cell 
lines (Additional file 3: Fig. S3). We found that knock-
ing down KCNJ14 significantly inhibits the proliferation 
of HCT116 and SW480 cells (Fig.  3b, c). In addition, 
wound healing assay results showed that knockdown of 
KCNJ14 significantly inhibits the migration of HCT116 
(Fig.  3d) and SW480 (Fig.  3e) cell lines. Finally, Tran-
swell assay results suggested that KCNJ14 knockdown 
can reduce the invasive ability of cancer cells (Fig. 3f ). 
Collectively, these results suggest that knockdown of 
KCNJ14 expression can significantly inhibit the malig-
nant behaviour of cancer cells in the pathological pro-
cess of colorectal cancer.

Fig. 1  KCNJ14 mRNA and protein levels in colorectal cancer cells and tissues and normal cells and adjacent tissues. a The mRNA level of KCNJ14 
in colorectal cancer and adjacent tissue samples based on the TCGA database. b The mRNA level of KCNJ14 in 42 pairs of tumor-normal samples 
based on the matched-pair analysis. c The mRNA level of KCNJ14 in nine paired tumor-normal colorectal samples of GSE50117. d The mRNA level of 
KCNJ14 in normal human colonic epithelial cells (FHC) and colorectal cancer cell lines (HCT116 and SW480). e The protein level of KCNJ14 in three 
cell lines. f The correlation between KCNJ14 expression and tumour stage in CRC. ****P < 0.0001, compared with the FHC group
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Regulatory mechanism of KCNJ14 in the pathological 
process of colorectal cancer
To explore the possible mechanism behind KCNJ14, 
we collected the data of correlated genes from Pearson 
correlation analyses and presented the top five most 
relevant genes that were positively and negatively corre-
lated with the expression of KCNJ14 (Additional file 4: 
Fig. S4a, b). Subsequently, we performed a gene anno-
tation analysis on the genes with expression relation-
ship of KCNJ14, and the results showed that there were 
neutrophil activation, neutrophil-mediated immunity, 
and Fc receptor-mediated stimulatory signalling path-
ways in biological processes, including immunoglobu-
lin complex and ficolin-1-rich granules, and molecular 
functions were immunoglobulin receptor binding, cad-
herin binding, and cell adhesion molecule binding 
(Fig.  4a). In addition, KEGG pathway analyses were 

further applied to obtain more specific information 
about vital signaling pathways KCNJ14 participated in, 
such as the mTOR, NOD-like receptor, and VEGF sig-
nalling pathways (Fig. 4b). Finally, we verified the puta-
tive signalling pathway in KEGG results and found that 
knockdown of KCNJ14 remarkably inhibited the phos-
phorylation of AKT and mTOR in SW480 (Fig. 4c) and 
HCT116 (Fig.  4d) cell lines, thus blocking the mTOR 
signalling pathway, which greatly affected many bio-
logical activities of CRC cells, such as proliferation and 
migration. In addition, we also uploaded the genes with 
expression relationships with KCNJ14 to the CMap 
database to match the inhibitory drug discovery and 
found that four candidate drugs (thiostrepton, ivermec-
tin, corticosterone, and indoprofen) may have potential 
value in the treatment of colorectal cancer (Additional 
file 4: Fig. S4c).

Fig. 2  Association between KCNJ14 expression and prognosis of CRC patients. a The overall survival of CRC patients with high or low expression of 
KCNJ14. b Results of univariate analysis of clinical characteristics related to CRC. c The relationship between of KCNJ14 expression and 1-year, 3-year, 
and 5-year survival rates of CRC patients. d Results of multivariate analysis of clinical characteristics related to CRC​
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Relationship between KCNJ14 and immune cell infiltration 
in colorectal cancer
Due to the regulation of pathogenic genes in a variety 
of ways and the important impact of immune microen-
vironment on the prognosis of colorectal cancer [18, 
19], Therefore, we explored the relationship between 

KCNJ14 expression and immune cell infiltration through 
the TIMER database to reveal the effect of KCNJ14 
expression on immune microenvironment. As shown 
in Fig.  5, the expression level of KCNJ14 was positively 
correlated with CD4 + T cells in both COAD (colon 
adenocarcinoma) and READ (rectum adenocarcinoma) 

Fig. 3  KCNJ14 knockdown remarkably reduced the proliferative and invasive capacities of CRC cells. a Forest plot of high KCNJ14 expression with 
unfavourable OS in CRC patients from two databases based on a meta-analysis. b Proliferation curves of HCT116 and SW480 cells treated with NC or 
shKCNJ14. c Staining results of cell colonies in NC or shKCNJ14 group of HCT116 and SW480 cells. d, e The relative distances of the wound healing 
assay of HCT116 and SW480 cells treated with NC or shKCNJ14. f Staining results of the Transwell assay in NC or shKCNJ14 group of HCT116 and 
SW480 cells. ***P < 0.001, ****P < 0.0001 vs NC group
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(P = 3.52e-06, COAD; P = 1.26e-05, READ) and nega-
tively associated with CD8 + T cells in colorectal cancer 
(P = 2.18e-05, COAD; P = 1.58e-02, READ). In addition, 
KCNJ14 expression was found to be related to neutro-
phils and dendritic cells in COAD; however, there were 
no significant differences in READ, B cells, or mac-
rophages in either COAD or READ. This demonstrates 
that KCNJ14 is significantly associated with the tumour 
immune microenvironment.

Discussion
Colorectal cancer is responsible for almost 10% of 
newly diagnosed cancers and related deaths worldwide 
[20]. The current treatments for CRC have not achiev-
ing satisfactory prognosis. Because the mechanisms 
underlying CRC pathogenesis are not fully understood, 
targeted therapy is rapidly becoming a key instrument. 
In this study, we examined the relationship between 

Fig. 4  KCNJ14 knockdown significantly inhibited the mTOR signalling pathway. a GO annotation of KCNJ14. BP: biological process, CC: cell 
component, MF: molecular function. b KEGG analysis of the biological functions of KCNJ14. c The levels of mTOR signalling pathway-related proteins 
in NC and shKCNJ14 groups of SW480 cells. d The levels of mTOR signalling pathway-related proteins in NC and shKCNJ14 groups of HCT116 cells. 
**P < 0.01, ***P < 0.001 vs NC group
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KCNJ14 expression and CRC and investigated its 
potential diagnostic and therapeutic value.

We analysed the TCGA and GEO datasets and con-
ducted a matched-pair analysis. We found that the 
expression of KCNJ14 was much higher in colorectal 
cancer tissues than in adjacent tissues. To verify the 
reliability of the results, RT-qPCR and western blotting 
were performed, and results showed that the mRNA 
and protein levels of KCNJ14 were significantly higher 

in colorectal cancer cells than in normal mucosal cells. 
In addition, the Kaplan–Meier curves showed that high 
KCNJ14 expression is correlated with shorter OS in 
patients with CRC, and multivariate Cox hazard analy-
sis verified that KCNJ14 is an independent prognostic 
factor for CRC. Furthermore, we performed a meta-
analysis and confirmed that high KCNJ14 expression is 
a critical prognostic factor for colorectal cancer. This 
study is the first to report the prognostic role of high 
expression of KCNJ14 in colorectal cancer.

Fig. 5  Correlation between KCNJ14 expression and the infiltration of six immune cells in OAD and READ. The immune cells analysed were B cells, 
CD8 + T cells, CD4 + T cells, macrophages, neutrophils, and dendritic cells. COAD: Colon adenocarcinoma; READ: Rectum adenocarcinoma
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Although the mechanism of action of KCNJ14 in 
cancer has not been elucidated, the roles of homolo-
gous proteins in various cancers have been extensively 
reported. For example, KCNJ2 regulates the expression 
of MRP1/ABCC1 to regulate cell growth and chemore-
sistance in small-cell lung cancer [21]. Kir2.2 can act as a 
constitutive activator to increase the phosphorylation of 
RelA, resulting in enhanced NF-kB activity and cell pro-
liferation in cancer [22]. In this study, we demonstrated 
that high KCNJ14 expression is positively correlated with 
tumour stage, suggesting that KCNJ14 may be a patho-
genic gene in colorectal cancer; therefore, we further 
verified the effect of KCNJ14 expression on the cellular 
behaviour of colorectal cancer cells. We knocked down 
KCNJ14 in two colorectal cancer cell lines and using 
in  vitro experiments, found that the proliferation and 
migration ability of cancer cells decreased significantly, 
thereby verifying the carcinogenic effect of KCNJ14 in 
colorectal cancer. Hence, we infer that increased KCNJ14 
expression in colorectal cancer can not only indepen-
dently reduce the overall survival time of patients, but 
also enhance the malignant behaviour of colorectal can-
cer cells.

We next investigated whether increased KCNJ14 
expression in the pathological process of colorectal can-
cer is regulated by DNA methylation. Previous studies 
have suggested that aberrant DNA methylation regulates 
the risk and prognosis of cancer by altering the expres-
sion of various genes [23]. Therefore, we detected the 
methylation level of 11 CpG sites of KCNJ14 in CRC 
and applied Pearson correlation analysis to screen out 
that methylation of the cg17660703 site might increase 
KCNJ14 expression. Generally, DNA methylation often 
leads to the silencing of gene expression; however, with 
the development of wide-scale analyses of gene expres-
sion profiles and DNA methylomes, the positive associa-
tion between DNA methylation sites and gene expression 
has been confirmed [24]. The possible mechanisms 
included negative regulatory element methylation and 
gene-body DNA methylation [25, 26].

Our results showed that the cg17660703 high methyla-
tion status of KCNJ14 CpG sites is related to unfavour-
able OS in CRC patients. Similar conclusions have been 
published to support the theory that aberrant DNA 
methylation can regulate the activation of oncogenes, 
leading to malignant progression of cancers [27]. Taken 
together, our study is the first to demonstrate that the 
cg17660703 high methylation status of KCNJ14 CpG 
sites, along with KCNJ14 expression, can be a clear indi-
cator of poor prognosis of colorectal cancer patients.

Previous studies have reported that tumour-infiltrating 
immune cells are recruited to generate a proinflamma-
tory microenvironment, which benefits the progression 

of CRC and immune cells have become a prognostic 
marker for colorectal cancer [28, 29]. The TIMER data-
base revealed that KCNJ14 expression is positively cor-
related with infiltration of CD4 + T cells and negatively 
correlatied with that of CD8 + T cells. Consistent with 
our expectations, CD8 + T cells are considered a pref-
erable prognostic factor for relapse and overall survival 
in patients with CRC [30]. Increased CD4 + T cell infil-
tration can enhance the formation of a tumour inhibi-
tory immune microenvironment and lead to a poor 
prognosis [31]. Our findings indicate that the mRNA 
level of KCNJ14 is positively correlated with CD4 + T 
cells, and that increased expression of KCNJ14 can lead 
to poor prognosis in colorectal patients. This suggests 
that KCNJ14 and CD4 + T cells may exert a synergistic 
effect to promote the formation of an inhibitory immune 
microenvironment in colorectal cancer. Overall, CD4 + 
T cells play a key role in regulating the cancer immune 
microenvironment, and our study demonstrated that 
KCNJ14 mainly regulates the infiltration of CD4 + and 
CD8 + cells to influence the development of CRC.

To determine the biological functions of KCNJ14, 
we performed GO annotation analysis. We found that 
KCNJ14 is mainly enriched in neutrophil -and immu-
noglobulin-mediated humoral immunity. Immune 
responses are believed to participate in the development 
of colorectal cancer. For example, neutrophil extracellular 
traps can interact with platelets and endothelial cells to 
mediate procoagulant activity and contribute to throm-
bogenesis in colorectal cancer [32]. Moreover, infiltrated 
neutrophils secrete metalloproteinases to activate latent 
TGFβ and suppress T-cells, leading to an immunosup-
pressive microenvironment in colorectal cancer [33]. 
Finally, immunoglobulin-related mechanisms were also 
investigated. Immunoglobulin-like receptors on killer 
cells, such as 3DS1 and 2SD1, contribute to a high risk 
of CRC [34]. In addition, studies have reported that 
engineered immunoglobulins with Fc regions can guide 
activated NK cells against CRC [35]. KEGG analysis also 
showed that KCNJ14 participates in cancer-related sig-
nalling pathways in colorectal cancer, such as the mTOR, 
NOD-like receptor, and VEGF signalling pathways. 
Activation of these pathways can lead to malignant pro-
gression of tumour cells [36, 37]; however, we could not 
verify the influence of KCNJ14 on these signalling path-
ways. Therefore, we only performed knockdown KCNJ14 
experiments in two cell lines of colorectal cancer and 
found that the levels of mTOR signalling pathway-related 
proteins decreased significantly. This indicates that 
KCNJ14 regulates the activity of the mTOR signalling 
pathway in the pathological process of colorectal cancer.

To validate the possible molecular mechanism of 
KCNJ14, we probed the cancer-related functions of the 
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most positively correlated co-expressed genes. Shadow 
of prion protein (SPRN) is the one which is accurately 
reported that the SPRN appears exclusively in leiomyoma 
in contrast to normal samples, and its overexpression can 
increase the migratory ability of bladder cancer cells [38]. 
As a potential splicing factor, SFSWAP can alternatively 
regulate gene expression, and the cg09170112 methyla-
tion site of SFSWAP has been verified to be significantly 
correlated with colon cancer prognosis [39]. AGAP4 and 
AGAP6 have not been previously reported; they belong 
to the GTPase-activating protein family that play a vital 
role in cancer progression. For example, the homolo-
gous protein AGAP1 mainly mediates the migration and 
invasion of breast cancer cells [40]. Considering its loca-
tion and function, we speculate that as an ATP-sensitive 
inward rectifier potassium (K+) channel, KCNJ14 mal-
functions in cancer-related microenvironment and con-
sequently activates the following signalling pathways.

Finally, we expanded the treatment options for CRC 
using CMap analysis and identified four candidate drugs. 
Thiostrepton was previously considered a thiazole anti-
biotic and is currently identified as an effective thera-
peutic drug for colon cancer that targets the oncogenic 
transcription factor FoxM1 [41]. Ivermectin can reverse 
chemotherapy resistance in colorectal cancer and breast 
cancer cells by regulating the EGFR/ERK/Akt/NF-κB 
pathway [42]. Although the other two agents have not 
been used for the treatment of CRC, there are indications 
for their use in enteric diseases and cancers. Corticoster-
one can inhibit the invasion of bladder cancer cells, and 
its production in inflamed intestines is increased [43]. 
Indoprofen can function as a pyruvate kinase M2 (PKM2) 
inhibitor to facilitate the radiosensitivity of non-small cell 
lung cancer [44]. Our study expands drug indications and 
achieves the aim of drug repurposing for a more compre-
hensive treatment of CRC.

Conclusions
High expression of KCNJ14 in CRC can be used as an 
independent prognostic risk factor, resulting in the poor 
prognosis in patients with CRC. Therefore, it is expected 
to become a potential biological target for colorectal 
treatment. In addition, this study provides novels insights 
for future studies aiming to investigate the complex path-
ological process of colorectal cancer and broadens the 
molecular knowledge on the role of KCNJ14 in the patho-
logical process of cancer.
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