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Pan-cancer analysis of the
prognostic and immunological
role of GJB2: a potential target
for survival and immunotherapy

Yuting Jia, Bin Guo, Wenbin Zhang, Feng Wang, Yong Zhang*,
Quanmao Zhang and Erfeng Li

Department of Endoscopy Center, Shanxi Province Cancer Hospital, Taiyuan, China
Background: GJB2 plays an essential role in the growth and progression of

several cancers. However, asystematic pan-cancer analysis of GJB2 is lacking.

Therefore, in this study, we performed a comprehensive pan-cancer analysis to

determine the potential role of GJB2 in prognostic prediction and cancer

immunotherapy response.

Methods: The differential expression of GJB2 in the tumor and adjacent normal

tissues of various cancer types was analyzed using the TIMER, GEPIA, and

Sangerbox databases. GEPIA and Kaplan–Meier plotter databases were used to

analyze the survival outcomes based on GJB2 expression levels in pan-cancer.

Furthermore, the association of GJB2 expression with the immune checkpoint

(ICP) genes, tumor mutational load (TMB), microsatellite instability (MSI),

neoantigens, and tumor infiltration of immune cells was analyzed using via the

Sangerbox database. The cBioPortal database was used to determine the

characteristics of GJB2 gene alterations in the cancer tissues. The STRING

database was used to identify the GJB2-binding proteins. GEPIA database was

used to identify the GJB2 co-expressed genes. DAVID was used to perform the

functional enrichment analysis of gene ontology (GO) terms and KEGG pathways

associated with GJB2. Finally, the mechanistic role of GJB2 in pancreatic

adenocarcinoma (PAAD) was analyzed using the LinkedOmics database.

Results: The GJB2 gene was highly expressed in a variety of tumors.

Furthermore, GJB2 expression levels showed significant positive or negative

association with the survival outcomes in various cancers. GJB2 expression levels

cor related with tumor mutational burden, microsatellite instability, neoantigens,

and tumor infiltration of immune cells in multiple cancers. This suggested that

GJB2 played a critical role in the tumor microenvironment. Functional

enrichment analysis showed that the biological role of GJB2 in tumors

included modulation of gap junction-mediated intercellular transport,

regulation of cell communication by electrical coupling, ion transmembrane

transport, autocrine signaling, apoptotic signaling pathway, NOD-like receptor

signaling pathway, p53 signaling pathway, and PI3K-Akt signaling pathway.
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Conclusions: Our study demonstrated that GJB2 played a significant role in

tumorigenesis and tumor immunity in multiple cancers. Furthermore, GJB2 is a

potential prognostic biomarker and a promising therapeutic target in multiple

types of cancers.
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Introduction

Cancer is a major public health issue and the leading cause of

human deaths globally. The International Agency for Research on

Cancer (IARC) reported 19.3 million new cancer cases and 10 million

cancer deaths worldwide in 2020 (1). Tumorigenesis is a multi-

faceted process that involves complex mechanisms regulating cancer

cell proliferation and survival, tumor microenvironment, and tumor

immune infiltration (2). Cancer patients experience high

psychological stress and poor quality of life. Furthermore, patients

with advanced stages of cancer are associated with worse prognosis

than those diagnosed with cancer in the early stages. The main

treatment options for cancer patients include surgery, chemotherapy,

radiotherapy, targeted therapy, and immunotherapy.

In recent years, advances in molecular biology research have

resulted in the emergence of molecular targeted therapies and

immunotherapies based on the PD-1/PD-L1 inhibitors with

improved outcomes. Most of the currently available targeted

therapeutics act on single targets (genes or pathways). However,

tumor pathogenetic mechanisms involve complex interactions

between multiple factors. Therefore, multi-target drugs are

required for better survival outcomes cancer patients.

Furthermore, the efficacy of immunotherapy in cancer patients is

limited by the complexity and diversity of the tumor

microenvironment (TME) and the status of the tumor-infiltrated

immune cells. These factors significantly influence the clinical

outcomes of cancer patients that are treated with molecular

targeted therapeutics and immunotherapies (3). Therefore, there

is an urgent need to identify novel therapeutic targets and highly

sensitive tumor biomarkers for cancer treatment.

Gap junction protein (GJB2), also known as connexin 26 (Cx26),

is a member of the gap junction protein family, which is involved in

the formation of the hemichannels and the gap junction channels.

The opening of hemichannels allows the release of signaling

molecules such as ATP and glutamate into the extracellular

environment. The gap junction channels allow the exchange of ions

and physiologically active molecules such as the second messengers

between adjacent cells in direct contact through a process known as

gap junctional intercellular communication (GJIC) (4). GJIC is

closely related to cellular proliferation, differentiation, and

apoptosis and its dysregulation is closely associated with

oncogenesis (5). The aberrant expression of GJB2 causes

dysregulation of GJIC in breast, colon, lung, and cervical cancers
02
(6–8). Furthermore, connexins regulate cancer progression by

modulating via the release of autocrine and/or paracrine signals

into the extracellular environment through the hemichannels (9).

Teleki et al. (10) reported that GJB2 expression was reduced

after chemotherapy in the breast cancer patients, thereby

highlighting the association between GJB2 expression and the

clinical response to chemotherapy. This also suggested that GJB2

was a promising anti-cancer drug target. However, to date the

neoplastic role of GJB2 has been investigated in only a limited

number of carcinomas. Moreover, pan-cancer analysis of the

essential role of GJB2 has not been investigated. Therefore, we

performed a comprehensive pan-cancer analysis of GJB2 expression

levels in the tumor tissues and the adjacent normal tissues.

Furthermore, we analyzed the prognostic value of GJB2 in pan-

cancers and the association of GJB2 with the clinical pathological

stages, immune checkpoint (ICP) genes, tumor mutation burden

(TMB), microsatellite instability (MSI), and neoantigens. We also

performed GJB2 gene co-expression analysis and gene set

enrichment analysis in pan caner.
Methods

GJB2 gene expression analysis

The TIMER2.0 database(http://timer.cistrome.org) was used to

determine the differential expression levels of the GJB2 gene in

various tumor tissues and their corresponding adjacent normal

tissues. Because paired tumor and normal tissues were not available

for some tumors in the TIMER database, the “Expression analysis-

Box Plots” module of the GEPIA database(http://gepia2.cancer-

pku.cn/#analysis) was used to further confirm differential GJB2

expression in the pan-cancer tissues compared with the

corresponding normal tissues by combining data from The

Cancer Genome Atlas (TCGA) and the Geno type-Tissue

Expression (GTEx) databases as controls. The TIMER 2.0

database does not contain data for the following tumor types:

colon adenocarcinoma/rectum adenocarcinoma esophageal

carcinoma (COADREAD), glioma (GBMLGG), pan-kidney

cohort (KIPAN), and Stomach and Esophageal carcinoma (STES).

Therefore, comprehensive analysis of GJB2 expression levels in the

tumor and the corresponding normal tissues of the COADREAD,

GBMLGG, KIPAN, and STES cohorts was performed using the
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Sangerbox database(http://Sangerbox.com/Tool). The Human

Protein Atlas (HPA) database includes information regarding the

spatial distribution and expression of various proteins in the human

tissues and cells. We analyzed the GJB2 protein expression levels in

various tumor tissues and their corresponding normal tissues based

on the immunohistochemistry data in the HPA database.
Prognosis and clinical phenotype analysis

The “Survival Analysis” module of GEPIA2 was used to

determine the overall survival (OS) and the disease-free survival

(DFS) rates based on the GJB2 expression levels (high or low) in

patients with different types of tumors from the TCGA database (11).

We also analyzed the association between GJB2 expression and

overall survival (OS) as well as relapse-free survival (RFS) in pan-

cancer using the Kaplan–Meier Plotter database. The correlations

between GJB2 expression levels and the clinicopathological

parameters such as clinical stages, grades, sex, and age in pan

cancer were analyzed using the Sangerbox database. The data for

clinical stages, grades, and gender were shown as box plots, whereas

the correlation between GJB2 expression and age was shown as

bubble plots. P< 0.05 was considered as statistically significant.
Analysis of GJB2 gene alterations

The cBioPortal database was used to analyze the GJB2 gene

mutation frequency, types, and copy number alterations (CNA) in

the pan-cancer tissues (12). The “Mutations” module in the

cBioPortal database was used to display the mutation site

information of GJB2 and the corresponding position in the 3D

protein structure. We also explored the mutation count of GJB2 in

pan-cancer.
Correlation analysis between
GJB2 expression levels and
tumor immunity markers

The Sangerbox database was used to analyze the relationship

between GJB2 expression levels and critical tumor immunity

biomarkers such as immune checkpoint (ICP) genes (including

inhibitory ICPs and stimulatory ICPs), tumor mutational load

(TMB), microsatellite instability (MSI), and neoantigens in theTME

(13). P value < 0.05 was considered as statistically significant.
Analysis of tumor immune infiltration

The Sanger Box database was used to download the

standardized pan-cancer dataset (TCGA Pan-Cancer data from

the UCSC database). GJB2 gene expression data was extracted for

each sample and transformed using log2(X + 0.001). Furthermore,

GJB2 expression profile of each tumor was extracted separately and

mapped to the GeneSymbol. The ESTIMATE R package (version:
Frontiers in Oncology 03
1.0.13) https://bioinformatics.mdanderson.org/public-software/

estimate/) was used to calculate the stromal, immune, and

ESTIMATE scores for all the patients with different types of

tumors . Furthermore, the TIMER algorithm and the

deconvo_EPIC, IPS, MCPcounter, CIBERSORT, xCell, and

QUANTISEQ algorithms in the IOBR R package (version 0.99.9)

(https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8283787/) were

used to analyze the relationship between GJB2 gene expression

levels and tumor immune cell infiltration in various tumors.
Functional enrichment analysis

The STRING database was used to construct a protein–protein

interaction (PPI) network of the predicted GJB2- binding proteins.

The STRING database was searched to identify the potential GJB2

binding proteins. Then, the top 50 GJB2-related target genes were

identified by analyzing all the different cancer datasets in the TCGA

database (tumor and normal tissues) using the “Similar Gene

Detection” module of GEPIA2. Pearson correlation analysis was

then performed between GJB2 and the 50 GJB2-related target genes

u sing the “Correlation Analysis”module of GEPIA2. The heat map

data of the selected genes was generated using the “Gene Corr”

module of TIMER2. The results of the two datasets were intersected

using a Venn diagram to to obtain the common genes of the two

datasets. The genes in the two data sets were combined and the

Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway and

Gene Ontology (GO) enrichment analyses was performed. The gene

list was uploaded to DAVID (Database for Annotation,

Visualization, and Integrated Discovery) and the functional

annotation map was generated. Then, the results were visualized

using the Sangerbox tool.
GJB2 gene co-expression network analysis

Finally, we further validated the enriched biological functions

and pathways related to GJB2 in PAAD using the LinkedOmics

database. The LinkedOmics database was used to determine the

correlation coefficients of genes that co-express with GJB2. The

results were displayed as heatmaps and volcano plots. Then, we

investigated Gene Ontology Biological processes (GO_BP) and the

KEGG pathways of GJB2 and its coexpression genes utilizing Gene

Set Enrichment Analysis (GSEA).
Results

GJB2 is differentially expressed in
several cancers

The TIMER2.0 database analysis showed that GJB2 expression

was significantly higher in BLCA, BRCA, CESC, ESCA, KIRC,

LUAD, LUSC, PRAD, STAD and UCEC but significantly reduced

in CHOL, COAD, KICH, LIHC, and PCPG (Figure 1A). Since the

TIMER 2.0 database lacked normal controls for ACC, DLBC,
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HNSC, LAML, OV, SARC, SKCM, TGCT, THYM, and UCS

tumors, we performed a supplemental analysis using the GEPIA

database, which includes data from the TCGA and GTEx databases.

The analysis results showed that GJB2 expression was significantly

higher in DLBC, OV, THYM, and UCS but was reduced in SKCM

(Figure 1B). Then, we performed comprehensive analysis of GJB2

expression in 33 different cancers and adjacent normal tissues using

the Sangerbox database and found that GJB2 was overexpressed in

GBM, UCEC, BRCA, CESC, LUAD, ESCA, STES, KIRP, KIPAN,

COAD, COADREAD, PRAD, STAD, KIRC, LUSC, BLCA, THCA,
Frontiers in Oncology 04
OV, PAAD, UCS, and ALL but downregulated in LGG, LIHC,

SKCM, TGCT, LAML, PCPG, ACC, KICH, and CHOL

(Supplementary Figure 1). The results from both Sangerbox and

TIMER2.0 databases showed consistent trends in the GJB2

expression profiles in various tumors.

We analyzed the immunohistochemistry data in the HPA

database to determine the expression levels of the GJB2 protein

level in partial tumors. GJB2 protein expression levels were higher

in the COAD, BRCA, CESC, LUSC, READ, and STAD tissues

compared to the corresponding normal tissues (Figure 2).
A

B

FIGURE 1

GJB2 gene expression in different cancers. (A) GJB2 expression levels in the tumor and normal tissues from the TCGA pan-cancer datasets using the
TIMER2.0 database. (B) GJB2 expression levels in the paired tumor/normal samples of the pan-cancer datasets from the TCGA and GTEx databases.
*P < 0.05, **P < 0.005, ***P < 0.001.
FIGURE 2

GJB2 protein expression levels in the normal and tumor tissues of the colon, cervical, kidney, breast, lung, and stomach cancer datasets from the
HPA database. *P < 0.05.
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GJB2 expression correlates with survival
outcomes in several cancers

The cancer patients were classified into high and low expression

groups based on the GJB2 expression levels and the survival

outcomes were determined based on the GJB2 expression levels in

various tumors to determine the prognostic value of GJB2. The

GEPIA database analysis showed that higher GJB2 expression was

associated with worse OS outcomes in patients with ACC, CESC,

GBM, KIRC, LUAD, and PAAD (all P < 0.05). However, high GJB2

gene expression was associated with better OS outcomes in patients

with STAD (P < 0.05). Furthermore, high GJB2 expression

correlated with poorer DFS in patients with GBM, KIRC, and

LUAD (all P < 0.05) (Figures 3A, B).

We then assessed the prognostic value of GJB2 in pan-cancer

using the Kaplan–Meier plotter database. Kaplan–Meier survival

curves showed that GJB2 were associated with poorer OS outcomes

in patients with OV, BLCA, KIRC, ESCA, LUAD, PAAD, CESC,

and THCA (all P<0.05), but was associated with better OS outcomes

in patients with THYM, STAD, and LUSC (all P<0.05) (Figures 4A–

K). Kaplan–Meier survival curve analysis demonstrated that high

GJB2 expression levels were associated with poor RFS outcomes in

patients with PAAD, LUAD, TGCT, and SARC, but were associated

with better RFS outcomes in patients with CESC, STAD, LUSC, and

LIHC (Figures 4L–S). These data showed that the prognostic

outcomes based on the expression levels of GJB2 varied between

different tumors. In conclusion, these data demonstrated that GJB2

was a potential prognostic biomarker in multiple types of cancer.

We also analyzed the correlation between GJB2 expression levels

and clinicopathological parameters of cancer such as clinical stages,

grades, gender, and ageusing the Sangerboxdatabase.GJB2 expression

levels showed significant correlation with the clinical stages in LUAD,
Frontiers in Oncology 05
COAD, STES, KIPAN, KIRC, PAAD, and TGCT (all P<0.05)

(Figure 5A). Furthermore, GJB2 expression levels showed significant

correlation with the tumor grades in CESC, ESCA, STES, KIPAN,

HNSC, KIRC, LIHC, and PAAD (Figure 5B) (all P<0.05). GJB2

expression levels showed significant correlation with gender in STES,

KIRP, HNSC, KIRC, and READ (all P<0.05) (Figure 6). Furthermore,

GJB2 expression levels showed significant positive correlationwith age

in GBMLGG, KIRP, KIPAN, KIRC, THYM, and KICH (all P<0.05)

and significant negative association with age in ESCA, STES, and

TGCT (all P<0.05) (Figure 7).

Analysis of GJB2 gene alterations in
pan-cancer datasets

Weused the cBioPortal database to analyzemutations in theGJB2

gene in pan-cancer datasets. GJB2 gene mutation frequency was

highest in SKCM. Furthermore, all the alterations in the GJB2 gene

were copy number amplifications (CNA) in UCS, PCPG, PAAD, and

KIRP. In HNSC and KIRC, deep deletions were observed in the GJB2

gene (Figure 8A). The specific GJB2 gene mutations including

mutation types, mutation sites, and the corresponding number of

cases were listed for all the cancer types. Missense mutations were the

main type of GJB2 genetic alterations, and L36F mutation was

identified in two SKCM patients (Figure 8B). L36F site in the 3D

structure of the GJB2 protein is shown in Figure 8C. The GJB2

mutation counts in pan-cancer datasets are shown in Figure 8D.

GJB2 expression correlateswith ICP genes, TMB,
MSI, and neoantigens in pan-cancer datasets

Immune checkpoint (ICP) genes play a significant role in the

tumor infiltration of immune cells and immunotherapy responses
A

B

FIGURE 3

Survival outcomes of cancer patients based on high and low GJB2 expression in the pan-cancer datasets using the GEPIA2 tool. (A) The analysis of
overall survival (OS) based on the level of GJB2 gene expression in the TCGA pan-cancer datasets. (B) The analysis of disease-specific survival (DSS)
based on the level of GJB2 gene expression in the TCGA pan-cancer datasets.
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(14). Immune checkpoint proteins are key regulators of immunity

by activating orsuppressing critical immune regulatory signaling

pathways. Thus, ICP proteins are critical for the maintenance of

self-tolerance and immune responses. Furthermore, immune

checkpoint-related genes play a key role in the immune escape

mechanisms of tumors. Therefore, we analyzed the correlation

between expression levels of GJB2 and the ICP genes to

determine the role of GJB2 in immunotherapy. GJB2 expression

levels were associated with 60 ICP genes in cancer types such as

HNSC, LUSC, ESCA, STES, OV, KIPAN, KIRC, KICH, PAAD,

THCA, BRCA, LUAD, READ, COAD, and COADREAD.

Additionally, GJB2 expression showed positive correlation with

the expression of several immune-related genes in GBM, THCA,

BRCA, LUAD, BLCA, READ, COAD, LAML, SKCM, and KIRP.

However, GJB2 expression showed negative association with the
Frontiers in Oncology 06
expression of several immune-related genes in HNSC, LUSC, ESCA

and STES. These data demonstrated that GJB2 expression

correlated with immune-related genes in most tumors

(Figure 9A). Therefore, GJB2 could be a promising target for

tumor therapy.

Previous studies have shown that TMB, MSI, and neoantigens

are significantly associated with the tumor immunotherapy

responses and are used as predictive biomarkers of the

immunotherapy response in the cancer patients (15–17).

Therefore, we analyzed the relationship between GJB2 expression

levels and the status of TMB, MSI, and neoantigens (NEO) in all the

tumors from the TCGA database. GJB2 expression levels showed

positive correlation with TMD in patients with LUAD, COAD,

COADREAD, KIPAN, KIRP, and STAD, but demonstrated

negative correlation with TMD in patients with PRAD, HNSC,
A B D
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FIGURE 4

Kaplan–Meier survival curve analysis of pan-cancers based on GJB2 gene expression levels. (A–K) The analysis of overall survival (OS) based on the
level of GJB2 gene expression in the TCGA pan-cancer datasets; (L–S) The analysis of relapse-free survival (RFS) based on the level of GJB2 gene
expression in the TCGA pan-cancer datasets.
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and THCA (all P<0.05) (Figure 9B). GJB2 expression levels showed

positive correlation with MSI in patients with COADREAD and

STAD, but showed negative correlation with MSI in patients with

GBMLGG, KIPAN PRAD, HNSC, and THCA (all P <0.05)

(Figure 9C). Furthermore, GJB2 expression levels showed

negative correlation with neoantigens in patients with HNSC (P

<0.001) (Figure 9D). These results suggested that GJB2 expression

influenced the status of antitumor immunity by regulating the

TME, including mechanisms related to tumor immunity.
Frontiers in Oncology 07
GJB2 expression correlates with tumor
immune infiltration in pan-cancer datasets

The relationship between GJB2 expression levels and the tumor

immune infiltration status in pan-cancer was analyzed by

estimating the immune scores, stromal scores, and the

ESTIMATE scores. In most cancers, GJB2 expression levels

showed posit ive correlat ion with the stromal scores

(Supplementary Figure 3) and the immune scores (Supplementary
A

B

FIGURE 5

Correlation analysis of GJB2 expression with clinical stages and grades of various tumors. (A) GJB2 expression levels show significant correlation with
different clinical stages in patients witxh LUAD, COAD, STES, KIPAN, KIRC, PAAD, and TGCT. (B) GJB2 expression levels demonstrate significant
association with the grade of CESC, ESCA, STES, KIPAN, HNSC, KIRC, LIHC, and PAAD. ∗P < 0.05, ∗∗P < 0.01, ∗∗∗P < 0.001, ****P < 0.0001, and - P≥0.05.
FIGURE 6

Correlation analysis between GJB2 expression levels and se in the pan-cancer datasets. As shown, GJB2 expression significantly correlates with sex
in STES, KIRP, HNSC, KIRC, and READ. *P < 0.05, **P <0.01, and ****P < 0.0001.
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FIGURE 7

Correlation analysis between GJB2 expression levels and age in the pan-cancer datasets. As shown, GJB2 expression positively correlates with age
in GBMLGG, KIRP, KIPAN, KIRC, THYM, and KICH, and negatively correlates with age in ESCA, STES, and TGCT. Note: The different color codes
indicate the size of different p-values; the direction and length of the vertical axis indicates positive or negative correlation between GJB2 and age;
Cor represents correlation efficient; size of the circles indicates sample size.
A

B

D

C

FIGURE 8

Mutational features of the GJB2 gene in various cancers. (A) The mutational frequency and mutation type of the GJB2 gene in various cancers.
(B) The mutation counts of the GJB2 gene in various cancer types from the TCGA database. The mutational types are represented by differentially
colored. (C) 3D structure of GJB2 with L36F, which represents the site with the highest mutational frequency among all cancers. (D) General
mutation count of the GJB2 gene in various cancer types from the TCGA database.
g
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Figure 4). However, GJB2 expression levels showed negative

correlation with the immune scores in ESCA, LUSC, THYM and

MESO. Furthermore, in most cancer types, GJB2 expression levels

showed positive correlation with the ESTIMATE scores (Figure 10).

We also analyzed the relationship between the infiltration levels of

immune cells andGJB2 expression levels indifferent types of tumors in

the TCGA database using the CIBERSORT, QUANTISEQ,

MCPCOUNTER, IPS, TIMER, EPIC, and the XCELL algorithms

(Figure 11–13; Supplementary Figures 2, 5–7). TIMER database

analysis showed positive correlation between GJB2 expression levels

and the infiltration of B cells, T cell CD4+ T cells, CD8+ T cells,

neutrophils, macrophages, and dendritic cells (DCs) in THCA, PRAD

and KIRC. Furthermore, tumor infiltration levels of neutrophils,

macrophages and DCs showed significant positive correlation with
Frontiers in Oncology 09
the GJB2 expression levels in several tumors, especially CHOL, KICH,

and COAD. Moreover, GJB2 expression levels showed significant

negative correlation with the tumor infiltration levels of B cells in

several tumors, especially CHOL.QUANTISEQ and TIMER database

analyses showed positive correlation between GJB2 expression levels

and the infiltration levels of macrophages and neutrophils in a variety

of tumors.EPIC,QUANTISEQ,andTIMERdatabaseanalyses showed

negative correlation between GJB2 expression levels and the

infiltration levels of B cells in LUSC, HNSC, ESCA, BLCA, CESC,

STAD, SKCM, TGCT, CHOL, and BRCA.

EPIC database analysis showed positive correlation between GJB2

expression levels and the infiltration levels of cancer-associated

fibroblasts (CAFs) in multiple tumors, especially OV and BRCA. IPS

database analysis showed negative correlation between GJB2
A B

D

C

FIGURE 9

Association between GJB2 expression and tumor immunity biomarkers. (A) The relationship between GJB2 expression and immune checkpoint (ICP)
genes [inhibitory (24) and stimulatory (36)] in pan-cancer. Each small rectangular module represents co-expression of immune-related genes and
GJB2 in various cancers; color in the upper left corner represents the correlation coefficient (Cor); the asterisk and color in the lower right corner
represents the P value. (B–D) The relationship of GJB2 expression levels with (B) TMB, (C) MSI, and (D) neoantigens. The different colors represent
the P-value. The horizontal axis represents the positive/negative correlation, including the magnitude of the correlation between GJB2 expression
and age in pan-cancer. (B) GJB2 expression shows significant positive association with TMB in LUAD, COAD, COADREAD, KIRP, KIPAN, and STAD;
GJB2 expression shows significant negative association with TMB in PRAD, HNSC, and THCA. (C) GJB2 expression shows positive correlation with
MSI in COADREAD and STAD; GJB2 expression shows negative correlation with MSI in GBMLGG, KIPAN, PRAD, HNSC, and THCA. (D) GJB2
expression shows positive correlation with neoantigens in HNSC. ∗P < 0.05, ∗∗P < 0.01, and ∗∗∗P < 0.001.
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expression levels and the levels of suppressor cells (SC), immune

checkpoints (CP), and average z-scores (AZ), and positive correlation

between GJB2 expression levels and the infiltration levels of effector

cells (EC) in a variety of tumors. MCP algorithm results showed

positive correlation between GJB2 expression levels and infiltration of

themonocytic lineage,myeloiddendritic cells, neutrophils, endothelial

cells, and fibroblasts, and negative correlation between GJB2

expression levels and the infiltration of T cells and the CD8+ T cells

in several tumors. These results suggested that GJB2 expression was

closely related to immune infiltration. Therefore, GJB2may play a key

role in the tumor-immune interactions.

In a few instances, the results from different algorithms were

contradictory regarding the relationship between GJB2 expression

levels and the immune infiltration levels. For example, the

correlation between GJB2 expression levels and the B-cell

infiltration levels in KIRC was positive according to the TIMER

algorithm and negative according to the QUANTISEQ algorithm.

Furthermore, the association between GJB2 expression levels and
Frontiers in Oncology 10
the infiltration levels of macrophages in DLBC was negative

according to the TIMER algorithm and positive according to the

EPIC algorithm. Overall, the results showed that GJB2 regulated

immune infiltration in multiple tumor types.
Functional enrichment analyses of the
GJB2-related genes

The STRING database analysis identified 50 potential GJB2-

binding proteins. The PPI network of GJB2 and the 50 GJB2-

binding proteins is shown in Figure 14A. We obtained the top 50

genes associated with GJB2 expression using the GEPIA2 tool

combined with all tumor expression data from TCGA.All the

genes that co-express with GJB2 in the cancer tissues are shown

in Supplementary Table 1. GJB2 expression levels showed positive

correlation with the expression levels of GJB6, KRT6A, KRT6B,

KRT14, and IVL (Figure 14B). The heat map shows positive
FIGURE 10

Correlation analysis between GJB2 expression and ESTIMATE scores in pan-cancer using the ESTIMATE algorithm.
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correlation between GJB2 and the five genes (GJB6, KRT6A,

KRT6B, KRT14, and IVL) in pan-cancer (Figure 14C).

The intersection of GJB2-binding proteins shown in the PPI

network and the GJB2-coexpressing genes using the Venn diagram

identified three genes, namely, GJB5, GJB3, and GJB6 that were

common to both the datasets (Figure 14D). Finally, we combined

the genes related toGJB2 from both the data sets (PPI network and co-

expression network) and performed functional enrichment analysis to

determine the enriched KEGG pathways and GO terms. GO

enrichment analysis showed that GJB2 was involved in
Frontiers in Oncology 11
tumorigenesis through the following pathways: 1) GJIC-dependent

pathways that regulate gap junction channel activity and gap junction-

mediated intercellular transport, which is the most common mode of

intercellular communication and plays an important role in regulating

cellular growth, and survival; GJB2 expression caused defective GJIC

and resulted in abnormal cell proliferation and differentiation, thereby

promoting tumorigenesis; 2)Hemichannels-dependent pathways that

regulate inter cellular communication through electrical coupling, ion

transmembrane transport, autocrine signaling, and participate in

tumorigenesis by releasing autocrine and/or paracrine signaling
FIGURE 11

MCPCOUNTER analysis results show significant correlation between GJB2 expression levels and the infiltration levels of various immune cells. *P
<0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001.
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molecules into the extracellular environment through the

hemichannels; 3) Inflammation-related pathways that regulate

neutrophil aggregation, chronic inflammatory response, positive

regulation of interleukin-1 production, and facilitate oncogenesis by

regulating the functions of tumor- associated inflammatory cells; 4)

Other pathways including the Toll-like receptor 4 (TLR4) binding

related pathway, which suppressed apoptosis and promoted tumor

growth. Therefore, GJB2 may be involved in tumorigenesis by

regulating the intrinsic apoptotic signaling pathway and the binding

of cell adhesion molecules (Figures 14E–G; Supplementary Table 2).

KEGGpathway analysis suggested thatGJB2 facilitatedoncogenesis by
Frontiers in Oncology 12
suppressing the expression of P53, a well known tumor suppressor

gene (Figure 14H; Supplementary Table 3).
Validation of GJB2 co-expression
networks in PAAD

The above results confirmed that GJB2 was significantly

associated with tumor prognosis and immunity. Therefore, we

further verified the KEGG pathways and GO_BP terms associated

with GJB2 and related genes in PAAD using the LinkedOmics
FIGURE 12

IPS analysis results show significant correlation between GJB2 expression levels and the infiltration levels of various immune cells. *P < 0.05,
**P <0.01, ***P < 0.001, and ****P < 0.0001.
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database. Figure 15A shows the volcano map with GJB2 co-

expressed genes in PAAD. Figures 15B, C shows the heat map

with the top 50 genes that positively or negatively correlate with

GJB2 in PAAD. All the GJB2 coexpressed genes in PAAD are shown

in Supplementary Table 4. GSEA module in the LinkedOmics

database was used to determine the most enriched GO terms

(biological process) and the KEGG pathways in relation with the

GJB2 co-expressed genes in PAAD. GO analysis showed that GJB2

was associated with integrin-mediated signaling pathways,

epithelial cell proliferation, positive regulation of cell adhesion,
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NIK/NF-kappaB signaling, ATP hydrolysis coupled cation

transmembrane transport, calcium ion- regulated exocytosis, and

regulation of membrane potential (Figure 15D).

Integrins primarily mediate intercellular recognition and

adhesion, and may be closely related with the cellular adhesion

characteristics of the pancreatic adenocarcinoma cells. GJB2

facilitated pancreatic cancer development by releasing ATP

through the hemichannels, thereby promoting inflammation by

activating the leukocytes. Furthermore, these results also suggested

that GJB2 was involved in the initiation and development of PAAD
FIGURE 13

EPIC analysis results show significant correlation between the GJB2 expression levels and the infiltration levels of various immune cells. *P < 0.05, **P <
0.01, ***P < 0.001, and ****P < 0.0001.
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by modulating the activities of the gap junctions and hemichannels.

KEGG pathway analysis showed that the GJB2 co-expressed genes

were enriched in pathways such as apoptotic signaling pathway,

NOD-like receptor signaling pathway, p53 signaling pathway,

PI3K-Akt signaling pathway, proteoglycans in cancer, TNF

signaling pathway, NF-kappa B signaling pathway, ECM-receptor

interactions, and oxidative phosphorylation (Figure 15E). These

data demonstrated that GJB2 regulated the development of

pancreatic cancer by inhibiting cellular apoptosis, promoting

cellular proliferation, and altering cellular differentiation through

the enriched KEGG pathways.
Discussion

Connexins are trans membrane proteins that assemble to form

connexons or hemichannels, which then dock with the hemichannels

of the adjacent cells to form the intercellular gap junction (GJ)

channels. In 1966, Loewenstein and Kanno (18) conducted a
Frontiers in Oncology 14
seminal ex vivo study that demonstrated loss of electrical coupling

in rat liver tumors and suggested a tumor suppressor role for the

GJIC, which are formed from the connexins. Later, other studies

confirmed the tumor suppressive function of the connexins (19–21).

Subsequent studies have shown that the role of connexins or gap

junctions in cancer is complex, and their function varies and is

dependent on the cell type and the cancer stages. For example, the

migration potential of various types of cancer cells is reduced by

increased GJIC; however, high expression of connexins has been

reported at the metastatic sites in glioma and colorectal cancer (22).

Furthermore, high Cx26 expression is associated with poor prognosis

in the renal, pancreatic, and lung cancers (23). This suggested that

Cx26 played a significant role in tumorigenesis. The role of connexin-

associated GJIC in cancer has been widely reported. Furthermore,

there is a growing interest regarding the role of hemichannels in

cancer. Several studies have reported that aberrant activation of

intracellular pathways and autocrine/paracrine signaling through

the hemichannels altered tumor cell proliferation and disease

progression through the transmembrane exchange of signaling
A B D
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FIGURE 14

Functional enrichment analysis of GJB2-associated genes. (A) STRING database analysis shows identification of 50 potential GJB2-binding proteins. (B)
GEPIA2 analysis shows identification of 50 GJB2-related genes from the TCGA database. GJB2 shows significant correlation with GJB6, KRT6A, KRT6B,
KRT14, and IVL. (C) Heatmap shows the expression of GJB2-correlated genes in various cancer types. (D) Venn diagram shows the intersection between
GJB2-binding genes and GJB2-related genes. (E–G) GO enrichment analysis results of the GJB2-binding and GJB2-related genes. (H) KEGG pathway
analysis results of the GJB2-binding and GJB2-related genes.
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molecules (24–26). Paracrine signaling between tumor cells and

stromal cells through the hemichannels played a significant role in

tumor growth and progression (20).

It is not clear if the pathogenic role of GJB2 in different tumors is

through similar or diverse molecular mechanisms. Furthermore, the

relationship between GJB2 expression and various clinicopathological

parameters in the pan-cancer datasets has not been studied. Therefore,

we first comprehensively analyzed the GJB2 gene expression in the

pan- cancer datasets from various databases.We then investigated the

prognostic role of GJB2 and the underlying molecular mechanisms in

different cancers by analyzing the correlations between GJB2 gene

expression and the status of survival outcomes, GJB2 gene alterations,

tumor immune infiltration, and related cellular pathways.

First, analysis of clinical data in the TIMER, GEPIA, and

Sangerbox databases showed that GJB2 was highly expressed in
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14 cancer types, including BRCA, CESC, LUAD, and STAD. This

was in accordance with previous findings (6, 10, 27, 28). The HPA

database analysis showed that GJB2 protein expression was

significantly increased in the tumortissues compared with the

corresponding normal tissues in patients with BRCA, LUAD,

BLCA, UCEC, STAD, COAD, and LUSC. These results

demonstrated that GJB2 played a critical role in oncogenesis.

Then, we investigated the prognostic role of GJB2 in various

tumors. Our results were in concordance with previous studies,

which showed that high GJB2 expression was associated with worse

prognosis outcomes in patients with PAAD (29), ECSA (30), and

LUAD (31). Kaplan–Meier survival curve analysis showed that low

expression of GJB2 correlated with better prognosis outcomes in

patients with BLCA. Li et al. (32) reported that decreased Cx26

expression was associated with the progression of bladder cancer.
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FIGURE 15

LinkedOmics database analysis of GJB2 co-expression genes in PAAD. (A) Pearson’s correlation test results show genes with significantly high correlation
with GJB2 in the PAAD cohort. (B, C) Heatmaps of the top 50 genes that show (B) positive and (C) negative correlations with GJB2 in the PAAD cohort.
(D) Directed no-loop plots for the GO analysis of GJB2-related genes in the PAAD cohort. (E) Volcano map shows the KEGG pathway analysis of GJB2-
related genes in the PAAD cohort.
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This was contradictory to our findings. Therefore, further high-

quality clinical studies are needed to confirm our findings. Previous

studies have also reported contradictory findings regarding the

correlation between GJB2 expression and the prognosis of gastric

cancer patients. Liu et al. (10) showed that high GJB2 expression

was a favorable prognostic marker for intestinal gastric cancer.

However, Kim et al. (33) showed that the overexpression of Cx26

was a biomarker for poor prognosis in patients with intestinal

gastric cancer. In our study, GEPIA and KM plotter database

analysis showed that high GJB2 expression was associated with

good prognosis outcomes in patients with gastric cancer. In the

future, comprehensive clinical studies are required to further

validate the correlation between gastric cancer prognosis and

GJB2 expression.Our data also showed that high expression of

GJB2 was associated with worse prognosis outcomes in patients

with CESC, KIRC, OV, GBM, and SARC. These data demonstrated

that GJB2 was a promising prognostic bio marker in pan-cancer.

Our study demonstrated that the expression levels of GJB2 were

significantly associated with the clincial stages, grades, gender, and age

of patients with various tumors. This suggested that GJB2 may be of

great significance in guiding the clinical treatment of cancer patients

belonging to different ages, genders, and tumor pathological stages. In

conclusion, our study demonstrated that GJB2 played an important

role in tumor progression and was a potential prognostic predictor.

In this era of precision mediciine, several studies have shown that

TMB, MSI, and neoantigens are promising tumor immunity-related

biomarkers for guiding immunotherapy (16, 34–36). The immune

checkpoint (ICP) genes are associated with the tumor inflitration of

immunecells and immunotherapy response (37).Hence,we studied the

associationbetweenGJB2 expression levels and the status of TMB,MSI,

neoantigens, and ICP in human cancers to determine the potential of

GJB2 as a biomarker of immunotherapy response. Our findings

demonstrated that GJB2 was linked to multiple immune checkpoint

genes in most tumors. Furthermore, GJB2 expression correlated with

several immune checkpoint genes in KICH and KIRC. This suggested

that GJB2 was a potential therapeutic target for future anti-cancer

immunotherapy. TMB is a predictive biomarker for accurately

predicting the response of individual cancer patients for

immunotherapy. TMB is also used to predict the prognosis of patient

undergoing various anti-cancer treatments including immunotherapy

(38). Several clinical studies have demonstrated that cancer patients

with high TMB show enhanced response to treatment with immune

checkpoint inhibitors such as anti-CTLA-4 therapy formelanoma (36),

anti-PD-L1 therapy for uroepithelial cancer (39), and anti-PD-1

therapy for non-small cell lung cancer and colorectal cancer (40).

MSI causes tumor-related gene abnormalities due to replication

errors resulting in code-shifting mutations, which in turn induce

cancer development. MSI is an essential clinical biomarker for

immunotherapy (35). Neoantigens are abnormal proteins that are

produced because of genetic mutations in the cancer cells and are not

present in the normal cells. Therefore, neoantigens can activate the

immune system after recognition by the immune cells and have been

established as one of the biomarkers for tumor immunotherapy (41).

Our study demonstrated thatGJB2 expressionwas positively correlated

with TMD in patients with LUAD, COAD, COADREAD, KIPAN,

KIRP, and STAD. Furthermore, GJB2 expression was positively
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correlated with MSI in patients with COADREAD and STAD.

Therefore, we hypothesized that patients with high GJB2 expression

levels as well as high TMB and MSI may show better prognosis after

immunotherapy in those cancers where the GJB2 expression levels

demonstrate positive correlation with TMB and MSI.

The TME is composed of tumor cells, stromal cells such as the

fibroblasts, multiple types of immune cells such as T lymphocytes, NK

cells, macrophages and dendritic cells, and the extracellular matrix.

The TME plays a crucial role in the tumor progression and treatment

response. The immune cells and stromal cells represent twomain types

of non-tumor components with immense clinical value for the

diagnostic and prognostic assessment of tumors. In majority of the

human cancer types, GJB2 showed positive correlation with immune

scores, stromal scores, and ESTIMATE scores for the TME. This

implied that GJB2 expression levels were associated with TME,

especially tumor infiltration of immune cells. Furthermore, the status

of tumor infiltration of the immune cells is a critical parameter that is

associated with the clinical response to immunotherapy (42, 43). Our

results showed that GJB2 was involved in the tumor infiltration of

immune cells in multiple cancer types. Furthermore, GJB2 expression

levels showed positive correlation with the ESTIMATE scores in

several cancer types. ESTIMATE score is negatively correlated with

tumor purity (44). Low tumor purity is associated with advanced

cancer stage and worse prognosis (45). Furthermore, our data showed

positive correlation betweenGJB2 expression levels and the infiltration

status of multiple types of immune cells such as cancer associated

fibroblasts (CAF), macrophages, myeloid dendritic cells, DCs,

neutrophils, monocytes, and endothelial cells in most tumors.

Cancer- associated fibroblasts showed positive correlation with GJB2

expression in most tumors, with the strongest positive correlation in

ovarian cancer.GJB2 expression also showednegative correlationwith

the level of B-cell infiltration in ESCA, BLCA, CESC, STAD, SKCM,

TGCT, and others. These results suggested that GJB2 was strongly

associated with the TME in most human cancers.

CAFs play multiple roles in tumor microenvironment. They

inhibit the function of immune cells by secreting various cytokines

or metabolites that promote tumor growth, invasion, and metastasis.

Furthermore, CAFs play a significant role in remodeling the extra-

cellular matrix, thereby reducing the effectiveness of tumor treatment

by creating a barrier for the deep penetration of drugs and immune

cells into the tumor tissues (46). This suggests that tumor suppression

can be reversed by modulating the CAFs or overcoming their barrier

effect and can be novel strategy for tumor therapy. Our results

demonstrated that GJB2 was involved in immunomodulation and

tumor infiltrationof immunecells inmultiple cancers.Therefore,GJB2

is a potential target for immunomodulation in tumor therapy that can

impact tumor growth, proliferation, and progression.

Our studyalsoperfromed functionenrichment analysis todetermine

the biological functions of GJB2. The results of functional enrichment

analysis in pan-cancer and PAAD showed that GJB2 modulated cancer

progression through the p53 signaling pathway, apoptotic signaling

pathway, TNF signaling pathway, PI3K-Akt signaling pathway, and

others. These results were in concordance with previously published

data (28, 29, 47). P53 is a well established tumor suppressor gene that

regulates cell cycle and apoptosis. Nomura et al. (48) reported that Cx26

suppressed colorectal cancer by inhibiting P53 expression. Cancer
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progression isdeterminedbythebalancebetweenpro-apoptoticandanti-

apoptotic proteins, the mutation of cIAP, and activation of NF-kB
transcriptional activity mediated by c-FLIP, all of which promote

resistance of cancer cells resistant to apoptotic stimuli (49). PI3K-Akt

signaling pathway is commonly dysregulated in several human cancers.

This is caused by mutations in the proteins involved in this pathway

through gain of function or loss of function mutations. Aberrant

regulation of the PI3K-Akt signaling pathway promotes cellular

transformation and also regulates tumor cell proliferation, survival, and

invasiveness (50). We investigated the potential biological functions of

GJB2 through the GO analysis. GJB2 expression was associated with

biological processes such as gap junction-mediated intercellular

transport, positive regulation of interleukin-1 production, cell adhesion

molecule binding, positive regulation of intrinsic apoptotic signaling

pathway, regulation of cell growth, negative regulation of mRNA

catabolic process, RAGE receptor binding, Toll-like receptor 4 binding

and morphogenesis of an epithelium.

Previous studies have also shown that GJIC mediated by Cx26

promotes tumorigenesis by regulating cell proliferation and

differentiation and facilitates cancer cell migration by reducing cell

adhesion (51). The presence of DAMPs in cells stimulates the

secretion of inflammatory cytokines induced by the toll-like receptors

(TLR), thereby inducing chronic inflammation in the tumor

microenvironment. Previous studies have shown that the

hemichannels formed by GJB2 are closely associated with

tumorigenesis (26, 52, 53), which agrees with the findings of our

study. Our study showed that GJB2 was involved in tumor cell

proliferation and migration mainly through regulation of cell

communication by electrical coupling, ion transmembrane transport,

and autocrine signaling. Our results also suggested that GJB2 regulated

tumorigenesis through inflammation-related pathways, which was in

line with previous findings (54, 55). Hemichannels of connexins

promote inflammatory responses. Tumor cells produce cytokines that

attract tumor-associated inflammatory cells such as neutrophils (TANs)

andmacrophages (TAMs) to the tumor site. TANs and TAMs promote

tumor growth by secreting growth factors that also induce tumor

angiogenesis. These changes promote tumor progression, inhibit

apoptosis of tumor cells, and induce tumor resistance to immune

responses (56). In conclusion, these data suggested that GJB2

modulated tumorigenesis through diverse mechanisms.

Overall, our findings demonstrated thatGJB2was an independent

prognostic factor for manifold cancers Furthermore, GJB2 expression

correlatedwith TMB,MSI, ICP, neoantigens, and tumor infiltration of

immune cells in diverse cancer types. The impact of GJB2 on tumor

immunity also varies depending on the tumor type. As a result, we

hypothesized thatGJB2was not only a promising prognostic factor for

multiple cancer types but also a potential target for immunotherapy.

Our data provides the basis for exploring the clinical applications of

GJB2-targeted cancer immunotherapy in the future preclinical and

clinical studies as well as further exploring the biological role of GJB2.

Our study has some limitations. First, we analyzed clinical data

fromdifferentdatabases.Therewere a fewdifferences in thedata across

databases that could have resulted in bias. Secondl our data regarding

the biological function of GJB2 needs to be confirmed through in vivo

and in vitro experiments. Third, we concluded that GJB2 expression
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was strongly associated with immune cell infiltration and prognosis of

human cancers. However, we did not provide direct evidence for the

role of GJB2 in tumor immune infiltration and its relationship with

prognosis. Finally, none of the anti-GJB2 targeting drugs have been

tested so far in clinical trials. Therefore, currently, the potential

immunotherapeutic effects of anti-GJB2 treatment is speculative. In

the future, there is a need to develop and test anti-tumor

immunotherapeutic agents targeting GJB2. Moreover, future

prospective studies with larger sample sizes are needed to further

validate the clinical value of GJB2 in pan-cancer.
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Correlation analysis between GJB2 expression and stromal scores in pan-
cancer using the ESTIMATE algorithm.

SUPPLEMENTARY FIGURE 4

Correlation analysis between GJB2 expression and immune scores in pan-

cancer using the ESTIMATE algorithm.

SUPPLEMENTARY FIGURE 5

CIBERSORT analysis results show that GJB2 expression levels are significantly

correlated with the infiltration levels of various immune cells. ∗P < 0.05.

SUPPLEMENTARY FIGURE 6

MCPCOUNTER analysis results show significant correlation between GJB2

expression levels and the infiltration levels of various immune cells. ∗P < 0.05,

∗∗P < 0.01, and ∗∗∗P < 0.001.

SUPPLEMENTARY FIGURE 7

TIMER database analysis results show significant correlation between GJB2

expression levels and the infiltration levels of various immune cells. ∗P < 0.05,
∗∗P < 0.01, and ∗∗∗P < 0.001.
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Glossary

ACC adrenocortical carcinoma

BLCA bladder urothelial carcinoma

BRCA breast carcinoma

CESC cervical squamous cell carcinoma and endocervical
adenocarcinoma

CHOL cholangiocarcinoma

COAD colon adenocarcinoma

DLBCL diffuse large B-cell lymphoma

ESCA esophageal carcinoma

GBM glioblastoma multiforme

HNSC head and neck squamous cell carcinoma

KICH kidney chromophobe

KIRC kidney renal clear cell carcinoma

KIRP kidney renal papillary cell carcinoma

LAML acute myeloid leukemia

LIHC liver hepatocellular carcinoma

LUAD lung adenocarcinoma

LUSC lung squamous cell carcinoma

MESO mesothelioma

OV ovarian serous cystadenocarcinoma

PAAD pancreatic adenocarcinoma

PCPG pheochromocytoma and paraganglioma

PRAD prostate adenocarcinoma

READ rectal adenocarcinoma

SARC sarcoma

SKCM skin cutaneous melanoma

STAD stomach adenocarcinoma

TGCT testicular germ cell tumors

THCA thyroid carcinoma

THYM thymoma

UCEC uterine corpus endometrial carcinoma

STES Stomach and Esophageal carcinoma

COADREAD Colon adenocarcinoma/Rectum adenocarcinoma Esophageal
carcinoma

GBMLGG Glioma

KIPAN Pan-kidney cohort

HPA Human Protein Atlas

(Continued)
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GEPIA2 Gene Expression Profiling Interactive Analysis 2

GEO Gene Expression Omnibus

TCGA The cancer genome atlas

TME Tumor microenvironment

CAN copy number alteration

OS overall survival

DFS disease-free survival

TMB tumor mutation burden. ICP, immune checkpoint

MSI microsatellite instability

NEO Neoantigen

KEGG Kyoto Encyclopedia of Genes and Genomes

GO Gene Ontology.
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