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Objective: To evaluate the prognostic value and explore the biological

significance of gap junction protein beta 2 (GJB2 or Cx26) in cervical

cancer (CC).

Methods:We first compared GJB2 expression between CC and normal tissues

using public databases and immunohistochemistry (IHC). Based on The Cancer

Genome Atlas data (TCGA cohort, n = 304) and tissue microarray samples

(OBC cohort, n = 111), we explored the prognostic value of GJB2 for CC

patients using bioinformatics analysis and IHC scoring. To explore the

biological significance of GJB2, Gene set enrichment analysis (GSEA) and

Gene Ontology (GO) were performed. The impact of GJB2 on the immune

microenvironment was analyzed by CIBERSORTx and ESTIMATE algorithms.

We finally investigated the relationship between GJB2 and drug sensitivity

based on the Genomics of Drug Sensitivity in Cancer (GDSC).

Results: The expression of GJB2 was significantly increased in CC over normal

tissues. Both the TCGA and OBC cohort found that patients with high GJB2

expression had shorter overall survival (OS) time, and high GJB2 expression was

the independent risk factor for prognosis (TCGA: HR, 2.566; 95% CI, 1.066–

6.180; p = 0.036; OBC: HR, 2.198; 95% CI, 1.019–4.741; p = 0.045). GJB2 was

correlated with patient clinical factors such as tumor size and differentiation

grade. The p53 signaling pathway and toll-like receptor pathway may be

regulated by GJB2. The abundance of various immune cells was significantly

different between the low and high GJB2 expression groups. The

ImmuneScore was significantly increased in the high GJB2 expression group.

In addition, the expression level of GJB2 was positively correlated with the

natural log of the half-maximal inhibitory concentration (LN_IC50) value of

cisplatin/paclitaxel (Spearman r = 0.238/0.153, p < 0.001).
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Conclusion: GJB2 can serve as a potential prognostic marker of poor survival

and a therapeutic target in CC. Moreover, GJB2 may affect the immune

microenvironment and is correlated with chemoresistance.
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Introduction

Cervical cancer (CC) is the fourth most frequently diagnosed

cancer and the fourth leading cause of cancer death in women,

with an estimated 604 127 new cases and 341 831 deaths

worldwide for 2020 (1). Although the incidence and mortality

rates have declined for the past few decades due to the screening

program and Human Papillomavirus (HPV) vaccine, the risk of

this disease in younger women has increased in some countries,

and pre-mature CC mortality rapidly increases in areas without

effective screening measurements (1–5). The 5-year overall

survival (OS) for CC varies among countries, ranging from

60–69 in 34 countries and below 60% in a further 20 countries

(6). The recurrence rate for the Federation of Gynecology and

Obstetrics (FIGO) stage IB-IIA and IIB-IVA patients are 11%–

22% and 28%–64%, respectively. Furthermore, the 5-year OS

rate for recurrent CC is less than 5% despite intensive therapy

(7, 8).

The gap junction protein family, also known as the connexin

family, plays a critical role in gap junction intercellular

communication (GJIC) (9). Reduced expression or altered

cytoplasmic localization of connexins results in loss of GJIC in

tumor cells (9). Gap Junction Protein Beta 2 (GJB2), also known

as connexin 26 (Cx26), is one of the most widely studied members

of this family (9). GJB2 has been shown to be correlated with the

prognosis of cancer patients. Naoi et al. reported that GJB2

expression was associated with lymphatic vessel invasion, large

tumor size, high histological grade, and poor relapse-free survival

(10). In a study of colorectal cancer, high GJB2 expression was

related to venous invasion, lung metastasis, and poor disease-free

survival (11). Overexpression of GJB2 has been identified to

promote tumor growth, migration, and invasion via the PI3K/

Akt pathway, and knockdown of GJB2 could reduce migration

and invasion (12). In addition, Teleki et al. found that GJB2

expression decreased post-chemotherapy compared to pre-

chemotherapy and was associated with better survival in breast

cancer, suggesting that GJB2 expression correlated with the

response to chemotherapy (13). Connexins have the potential to

serve as targets to develop drugs against metastasis and

chemoresistance, such as the metastasis inhibitor-18, which can

inhibit GJB2-mediated GJIC (9, 14).
02
This study aimed to explore the prognostic significance of

GJB2 and its function in CC. Based on The Cancer Genome

Atlas (TCGA) and Gene Expression Omnibus (GEO) databases,

we analyzed the relationship between GJB2 and clinical

parameters and its prognostic value for CC. We further

validated the predictive value of GJB2 on the prognosis using

immunohistochemistry (IHC). Gene set enrichment analysis

(GSEA), Gene Ontology (GO) analysis, immune cells

abundance analysis, and chemoresistance analysis were

performed to explore the function of GJB2.
Methods

GJB2 expression analysis

GEPIA (http://gepia.cancer-pku.cn/) was used to compare

the mRNA expression levels of GJB2 in patients with CC (based

on the TCGA database) and normal controls (based on the

GTEx project) (15). The Human Protein Atlas (https://www.

proteinatlas.org/) was also used to explore the expression of

GJB2 at the protein level. We further compared the expression of

GJB2 in the paired CC and paracancerous tissue by IHC.
Data download and collation

The RNA-seq data (304 cases; Workflow Type: HTSeq -

FPKM-UQ) and clinical information of CC were downloaded

from the TCGA database (https://portal.gdc.cancer.gov) using

the TCGAbiolinks R package (16). The overall survival (OS)

information was retrieved from the TCGA Pan-Cancer Clinical

Data Resource (17). The details of clinical information are

shown in Table 1A. The patients were divided into two groups

by the median expression level of GJB2 (the low GJB2 expression

group and high GJB2 expression group). In addition, the

normalized data of GSE75132 were downloaded from the

GEO database, which included 41 cervical samples of normal

morphology (30 samples with persistent HPV16 infection and

11 HPV-negative samples) (18).
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Immunohistochemistry (IHC) and scoring

The tissue microarray HUteS154Su01 was obtained from

Outdo Biotech. Co., Ltd. (OBC; Shanghai, China), which

originally included 154 points (119 CC samples and 35

paracancerous samples). The paracancerous samples were used

to verify the differential expression of GJB2. After excluding

eight unqualified points (blank points, incomplete points, and
Frontiers in Oncology 03
points without carcinoma tissue), a total of 111 CC samples were

included for survival analysis in this study. The details of clinical

information are shown in Table 1B.

The slide was baked at 60°C for 30 mins, and then

deparaffinized in xylene and passed through graded alcohol

followed by antigen retrieval with 1 mM EDTA, pH 9.0

(Servicebio, G1203, Wuhan, China) in a microwave at 50°C

for 10 mins and 30°C for 10 mins. The slide was incubated in 3%
TABLE 1 The clinical information of cervical cancer patients analyzed in this study.

Clinical characteristics Subgroup Frequency Percentage

a. The TCGA database

Total 304

Age [Range: 20-88 (Average: 48.2, Median: 46)] < 45 132 43.4

≥ 45 172 56.6

Histology Squamous cell carcinoma 252 89.0

Adenocarcinomas 31 11.0

HPV subtype 16 103 69.1

18 27 18.1

45 10 6.7

Negative 9 6.1

*FIGO I-IIA2 189 63.4

IIB-IV 109 36.6

Grade G1+G2 153 56.1

G3+G4 119 43.9

Tumor size T1+T2 211 87.6

T3+T4 30 12.4

Lymph node N0 133 68.9

N1 60 31.3

Lymphovascular invasion NO 71 47.3

YES 79 52.7

Distant_metastasis NO 273 89.8

YES 31 10.2

Vital status Alive 233 76.6

Dead 71 23.4

b. The OUTDO BIOTECH Co.,LTD.

Total 111

Age [Range: 29-70 (Average: 46.9, Median: 45)] < 45 49 44.1

≥ 45 62 55.9

FIGO I 64 57.7

II 25 22.5

III 21 18.9

IV 1 0.9

Grade G1+G2 24 21.8

G3 86 78.2

Lymph node N0 90 81.1

N1 21 18.9

Vital status Alive 83 74.8

Dead 28 25.2
f

*FIGO, Five samples descripted as FIGO stage II, which was classified as ≤ IIA2 in this study.
FIGO, The International Federation of Gynecology and Obstetrics
p values < 0.05 are highlighted as the bold values.
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H2O2 for 30 mins and then washed in phosphate-buffered saline

(PBS, pH 7.4) thrice. Bovine serum albumin (3%; Servicebio,

G5001, Wuhan, China) was added onto the slide to cover the

tissue evenly and they were subsequently incubated for 30 mins

at 37°C. The slide was next incubated with the diluted antibody

(ThermoFisher, 51-2800, US, dilution 1:100) overnight at 4°C.

After rinsing with PBS, the slide was incubated with horseradish

peroxidase-conjugated mouse antibody (Servicebio, G1214,

Wuhan, China) for 50 mins, followed by diaminobenzidine

(Servicebio, G1211, Wuhan, China) to detect staining under

the microscope. Finally, the slide was counterstained with

hematoxylin, dehydrated, and covered.

Two pathologists independently evaluated the IHC scores in

a blinded manner. The stain intensity was grouped as 0 (no

staining), 1 (weak staining), 2 (moderate staining), and 3 (strong

staining). The percentage of each category was estimated (0%–

100%). Semiquantitative histologic score (Hscore) was calculated

by multiplying intensity of staining and percentage staining

[Hscore = 1× (%cells 1+) + 2× (%cells 2+) + 3× (%cells 3+)]

(range 0–300). Hscore ≥ 100 was considered as high expression of

GJB2 in this study.
Survival analysis

The survival, survminer, and forestplot R packages were used

for survival analysis and visualization, and Kaplan-Meier survival

curves were obtained for both the TCGA and OBC cohort. In

addition, we explored the prognostic value of GJB2 in squamous

cell carcinoma (SCC) patients, younger patients (<45), older

patients (≥45), early-stage patients (FIGO stage ≤ IIA2), and

late-stage patients (FIGO stage ≥ IIB). A Cox proportional hazard

regression model was used for univariate and multivariate

survival analysis. In univariate analysis, we evaluated the

prognostic value of clinical factors and GJB2. The factors with

a p value < 0.05 were used for multivariate Cox analysis to

determine the prognostic value of GJB2 with clinical factors.
Exploration of the GJB2 function

Gene expression enrichment analysis (GSEA, v.4.1.0) was

used to explore the pathways related to GJB2 (19). GSEA was

performed between the low GJB2 and high GJB2 expression

groups. The annotated gene set c2.cp.kegg.v7.5.symbols.gmt was

selected as the reference gene set. Gene set permutations were

performed 1000 times for analysis. Pathways with normalized

enrichment score (NES) >1, nominal p value < 0.05 and false

discovery rate (FDR) q-value < 0.25 were considered as

significant. To further explore GJB2 function, we obtained the

top 500 genes positively correlated with GJB2 expression using

the Spearman rank correlation test and used them for Gene

Ontology (GO) analysis with the clusterProfiler R package (20).
Frontiers in Oncology 04
Immune microenvironment analysis

CIBERSORTx (https://cibersortx.stanford.edu) was used to

analyze the effect of GJB2 expression on immune cells (21).

CIBERSORTx is a deconvolution algorithm that uses a set of

reference gene expression values (including 547 genes) as a

minimal representation of each cell type and infers the cellular

composition based on the gene expression data from bulk

tumor samples with support vector regression (21). The 304

RNA-seq data were uploaded to CIBERSORTx as a mixture

file, and CIBERSORTx was run with the following options:

LM22 (22 immune cell types), LM22 merged into 10 major cell

subsets, and disable quantile normalization. The estimate R

package was used to evaluate the StromalScore, ImmuneScore,

and ESTIMATEScore (22).
Chemotherapy drugs sensitivity analysis

The natural log of the half-maximal inhibitory concentration

(LN_IC50 value) of chemotherapy drugs and gene expression

lists were downloaded from the Genomics of Drug Sensitivity in

Cancer (GDSC), and the GDSC2 screening set was used in this

study (23). We analyzed the relationship between GJB2

expression and the LN_IC50 value of cisplatin, paclitaxel, and

5-Fluorouracil, which are commonly used in CC chemotherapy.
Statistical analysis

All statistical analyses were performed in R software

(v.3.6.3), and a p value < 0.05 was considered statistically

significant. The differences in GJB2 expression between the

two groups were compared by t-test or Wilcoxon test. The

relationship between the GJB2 expression and clinical factors

was analyzed by Chi-square test and logistic regression. The

survival analysis was based on the log-rank test. Spearman rank

test was used to analyze the correlation.
Results

The GJB2 expression in cervical cancer

The expression of GJB2 was significantly increased in CC

patients compared to normal controls (Figure 1A), and IHC

result also indicated that GJB2 was higher in CC than in

paracancerous tissue (Figure 1B); the result of the HPA

database was consistent with the former (Supplementary

Figure 1A). The expression of GJB2 was higher in SCC

compared to adenocarcinomas (ACC, p < 0.001, Figure 1C).

Moreover, GJB2 expression in late-stage patients (≥ IIB) was
frontiersin.org
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higher than that in early-stage patients (≤ IIA2) (p = 0.013,

Figure 1D). In SCC patients, GJB2 expression level was also

higher in late-stage patients (p = 0.048, Supplementary

Figure 1B). In addition, GJB2 expression was higher in

HPV16-positive samples compared to HPV-negative samples

in GSE75132 (p = 0.013, Supplementary Figure 1C). GJB2

expression was higher in HPV-positive samples than in HPV-

negative samples based on the TCGA database (p = 0.015,

Supplementary Figure 1D). However, there was no difference
Frontiers in Oncology 05
in GJB2 expression among HPV16, 18, and 45 infected samples

(Supplementary Figure 1E).
High expression of GJB2 in CC was
related to poor prognosis

The Kaplan-Meier risk estimate was used to evaluate the

relationship between GJB2 expression and the prognosis of
A B

D E

F

C

FIGURE 1

The expression of GJB2 and its association with clinical factors and survival analysis based on the TCGA database. (A) The result of GEPIA; (B)
GJB2 expression in CC and its paracancerous tissue; (C) Histology; (D) FIGO stage; (E) Impact of GJB2 expression on overall survival in CC; (F)
Forest plot for the univariate and multivariate Cox proportional hazard regression model. TCGA, The Cancer Genome Atlas; CC, Cervical cancer;
SCC, Squamous cell carcinoma; ACC, Adenocarcinomas; FIGO, The International Federation of Gynecology and Obstetrics; HR, Hazard ratio. *p
< 0.05, ***p < 0.001.
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CC patients in both TCGA and OBC cohorts. In the TCGA

cohort, high GJB2 expression was significantly associated

with poor OS (p = 0.028, Figure 1E). The median OS of

patients with high GJB2 expression was 20.34 months (range:

0–176.92 months), and the median OS of patients with low

GJB2 expression was 23.90 months (range: 0–210.53 months).

In SCC patients, patients ≥45 years, early-stage patients

(≤IIA2), and a high GJB2 expression were also related to

shorter OS, and the p values were 0.019, 0.003, and 0.015,

respectively (Supplementary Figures 1F, H, I). In the OBC

cohort, the representative images of high GJB2 and low GJB2

expression are shown in Figure 2A. Similarly, patients with

high GJB2 expression had a poorer prognosis (p =

0.034; Figure 2B).
Univariate and multivariate cox analysis
of the prognostic effect of GJB2

In the TCGA cohort, univariate analysis showed that

tumor size (HR, 3.643; 95% CI, 1.992–6.904; p < 0.001),
Frontiers in Oncology 06
lymph node involvement (HR, 2.695; 95% CI, 1.358–5.349;

p = 0.005), FIGO stage (HR, 1.861; 95% CI, 1.166–2.970; p =

0.009), lymphovascular invasion (HR, 10.041; 95% CI, 2.361–

42.700; p = 0.002), distant metastasis (HR, 3.141; 95% CI,

1.866–5.289; p < 0.001), and high GJB2 expression (HR,

1.694; 95% CI, 1.053–2.728; p = 0.030) were correlated with

patient prognosis. These factors were used for multivariate

analysis and 135 patients were involved. The result indicated

that tumor size (HR, 5.104; 95% CI, 1.402–18.584; p = 0.013),

lymphovascular invasion (HR, 5.957; 95% CI, 1.245–28.492; p

= 0.025), and high GJB2 expression (HR, 2.566; 95% CI,

1.066–6.180; p = 0.036) were independent predictors for

patient prognosis (Figure 1F).

In the OBC cohort, the univariate analysis showed that age

(HR, 8.284; 95% CI, 2.498–27.474; p < 0.001), lymph node

involvement (HR, 6.375; 95% CI, 3.024–13.441; p < 0.001),

FIGO stage (HR, 3.714; 95% CI, 2.353–5.862; p < 0.001), and

high GJB2 expression (HR, 2.186; 95% CI, 1.039–4.597; p =

0.039) were correlated with patient prognosis. Multivariate

analysis showed that age (HR, 9.762; 95% CI, 2.834–33.619; p

< 0.001), FIGO stage (HR, 7.196; 95% CI, 2.918–17.741; p <
A B

C

FIGURE 2

Survival analysis based on the OBC data. (A) The representative images of high GJB2 and low GJB2 expression; (B) Impact of GJB2 expression
on overall survival in CC; (C) Forest plot for the univariate and multivariate Cox proportional hazard regression model. OBC, Outdo Biotech. Co.,
Ltd.; HR, Hazard ratio.
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0.001), and high GJB2 expression (HR, 2.198; 95% CI, 1.019–

4.741; p = 0.045) were independent predictors for patient

prognosis (Figure 2C).
Relationship between GJB2 and clinical
factors based on the TCGA database

The patients were divided into two groups by the median

expression value of GJB2. GJB2 was related to multiple clinical

factors. Using the Chi-squared test, GJB2 was significantly

correlated with age (p = 0.015), histology (p < 0.001), tumor

size (p = 0.048), FIGO stage (p = 0.023), and differentiation

grade (p = 0.001) (Table 2). Multiple logistic regression analysis

showed that the increased expression of GJB2 was also

significantly correlated with age (OR, 0.552; 95% CI, 0.349–

0.874; p = 0.011), histology (OR, 20.635; 95% CI, 4.818–88.380;
Frontiers in Oncology 07
p < 0.001), tumor size (OR, 2.396; 95% CI, 1.070–5.364; p =

0.034), FIGO stage (OR, 1.790; 95% CI, 1.109–2.888; p = 0.017),

and differentiation grade (OR, 0.429; 95% CI, 0.262–0.702; p =

0.001) (Table 3).
Exploration of GJB2-related pathways

The GJB2 related signaling pathways were identified by

GSEA. According to the selection criteria, a total of 12

pathways were significant, including apoptosis, p53 signaling

pathway, and toll-like receptor (TLR) signaling pathway

(Figure 3A, Supplementary Table 1). The top 500 genes

positively associated with GJB2 expression were subjected to

GO analysis, demonstrating that GJB2 was closely associated

with epidermis structuration (Supplementary Figure 2,

Supplementary Table 2).
TABLE 2 Relationships between GJB2 expression and clinical factors in cervical cancer.

Clinicopathological parameters GJB2 expression Total p value

High (n=152) Low (n=152)

Age

< 45 77 55 132 0.015

≥ 45 75 97 172

Histology#

ACC 2 29 31 <0.001

SCC 148 104 252

Tumor size

≤ T2 96 115 211 0.048

≥ T3 20 10 30

Lymph node

N0 58 75 133 0.377

N1 31 29 60

FIGO stage

≤ IIA2 85 103 188 0.023

≥ IIB 65 44 109

Differentiation grade

≤ G2 87 66 153 0.001

≥ G3 43 76 119

Lymphovascular invasion

No 32 39 71 1.000

Yes 36 43 79

Distant metastasis

No 141 132 273 0.088

Yes 11 20 31
fronti
#Fisher’s exact test.
ACC, Adenocarcinomas; SCC, Squamous cell carcinoma.
p values < 0.05 are highlighted as the bold values.
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Effect of GJB2 expression on the
immune microenvironment

CIBERSORTx was used to analyze the proportion of

immune cells between the low and the high GJB2 expression

group (Figure 3B). The abundance of B cells, plasma cells, and

CD8+ T cells was significantly higher in the low GJB2 expression

group than the high GJB2 expression group. Furthermore, the

abundance of monocytes and neutrophils was significantly

increased in the high GJB2 expression group (Figure 3C,

Supplementary Table 3). In addition, according to the 22 types

of cell classification, we found that the abundance of

macrophages (Macrophage M0, M1, M2) was elevated in the

high GJB2 expression group (Supplementary Figure 3A). We

also found that the high GJB2 expression group had the higher

ImmuneScore and ESTIMATEScore (Supplementary Figure 3B,

Supplementary Table 4).
The relationship between GJB2
expression and LN_IC50 values of
cisplatin, paclitaxel, and 5-fluorouracil
based on the GDSC database

The information regarding LN_IC50 values and GJB2

expression are shown in Supplementary Table 5. The LN_IC50

values of cisplatin, paclitaxel, and 5-Fluorouracil in the high

GJB2 expression group were significantly greater than those in

the low GJB2 expression group (Figures 4A–C). We found a

positive correlation between GJB2 expression and LN_IC50
Frontiers in Oncology 08
values of cisplatin/paclitaxel (Spearman r = 0.238/0.153, p <

0.001) (Figures 4A, B). There was no significant correlation

between the GJB2 expression and LN_IC50 value of 5-

fluorouracil (Spearman r = 0.061, p = 0.082) (Figure 4C).
Discussion

Many studies have explored the role of GJB2 in tumors,

including breast cancer, liver cancer, and colorectal cancer (10,

24, 25). However, there is a lack of research regarding GJB2 in

CC. The main objective of this study was to investigate the

prognostic value and function of GJB2 in CC.

We first compared GJB2 expression between CC patients and

normal controls though GEPIA, the HPA database, and IHC,

showing that the expression of GJB2 was higher in CC than in

normal controls. Abnormal expression of GJB2 is common in

tumors. Tang et al. reported that GJB2 expression was

significantly increased in lung adenocarcinoma compared to

normal tissue (26). Using IHC, Sun et al. verified that GJB2

expression was higher in pancreatic cancer than in para-

cancerous tissue (27). In both GSE75132 and TCGA datasets, we

found that GJB2 expression was higher in HPV-positive samples

than in HPV-negative samples. However, GJB2 expression did not

differ in HPV16, 18, and 45 infected samples. Lucke et al. reported

that GJB2 was prominent in viral warts, while it was absent from

normal hair-bearing skin (28). In head and neck squamous

carcinoma, Méndez-Matıás et al. identified that GJB2 expression

was higher in HPV- patients than in HPV+ patients using the

TCGA database, which is contrary to our result (29). Silva et al.
TABLE 3 GJB2 expression correlated with clinical factors (logistic regression).

Clinicopathological parameters Total (N) OR 95% Confidence interval p value

Age

(45 vs. < 45) 304 0.552 0.349 - 0.874 0.011

Histology

SCC vs. ACC 283 20.635 4.818 - 88.380 <0.001

Tumor size

≥ T3 vs. ≤ T2 241 2.396 1.070 - 5.364 0.034

Lymph node

N1 vs. N0 193 1.382 0.750 - 2.548 0.299

FIGO stage

≥ IIB vs. ≤ IIA2 297 1.790 1.109 - 2.888 0.017

Differentiation grade

≥ G3 vs. ≤ G2 272 0.429 0.262 - 0.702 0.001

Lymphovascular invasion

Yes vs. No 150 1.020 0.536 - 1.943 0.951

Distant metastasis

Yes vs. No 304 0.515 0.238 - 1.115 0.092
fronti
ACC, Adenocarcinomas; SCC, Squamous cell carcinoma.
p values < 0.05 are highlighted as the bold values.
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found that GJB2 could co-localized with bovine papillomavirus E5

oncoprotein, suggesting a possible correlation between E5

expression and GJB2 dysregulation, and this indicates that HPV

E5 oncoprotein may have a similar function (30). The relationship

between GJB2 and HPV deserves further investigation.

It was observed that CC patients with high mRNA

expression of GJB2 had a shorter OS (TCGA cohort) and this

was validated at the protein level (OBC cohort). Additionally,

GJB2 is an independent risk factor for OS by multivariate cox

analysis in both cohorts. Increased expression of GJB2 was

associated with poor prognosis in various tumors, including

breast cancer, pancreatic cancer, lung adenocarcinoma, and

esophageal squamous cell carcinoma (10, 31–33). We found
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that GJB2 was associated with various clinical factors in CC, such

as age, tumor size, and differentiation grade. Ezumi et al. found

that high expression of GJB2 was associated with venous

invasion and lung metastasis in colorectal cancer (11). Tang

et al. noted that the expression of GJB2 was significantly

correlated with patient clinical stage, T-classification, and N-

classification in lung adenocarcinoma (26).

GSEA and GO analysis were performed to investigate the

functions of GJB2 in CC. A total of 12 pathways were enriched in

the high GJB2 expression group, including many cancer-related

pathways, such as the p53 signaling pathway and TLR signaling

pathway. The proliferation, migration, and invasion of CC cells

can be modulated by the p53 signaling pathway (34). TLRs are
A

B C

FIGURE 3

Gene set enrichment analysis and immune cell abundance analysis. (A) A merged enrichment plot including the enrichment score and gene
sets. 12 pathways are shown here; (B) Proportion of immune cells in the low and high GJB2 expression group; (C) Immune cell abundance
analysis between the low and high GJB2 expression group. *p < 0.05, ***p < 0.001, ****p < 0.0001. ns: not significant.
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pathogenic pattern recognition receptors involved in the defense

against infection and are widely expressed in a variety of tumors

(35). Li et al. revealed that the TLR signaling pathway might be

involved in the pathogenesis of CC (36).
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We found significant differences in B cells, plasma cells, CD8+

T cells, monocytes, and neutrophils between the high and low GJB2

expression groups. In addition, we found that the expressions of

macrophage M0, M1, and M2 were all predominantly increased in
A

B

C

FIGURE 4

Chemotherapy drugs sensitivity analysis. The relationship between GJB2 expression and LN_IC50 values of (A) cisplatin, (B) paclitaxel, and (C) 5-
fluorouracil. LN_IC50 value: Natural log of the half-maximal inhibitory concentration. **p < 0.01, ***p < 0.001.
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the high GJB2 expression group. Macrophages are the main

contributor to the tumor immune microenvironment (TME), and

are called tumor-associated macrophages (TAMs). TAMs can

promote tumor growth and angiogenesis, reshape tissue, and

inhibit acquired immunity (37). Macrophage M1 can activate the

immune response and inhibit the occurrence of CC (37). Phenotype

transition toward M2 correlates with poor response to

chemoradiation and poor prognosis in CC (38). Macrophage M2

can increase the expression level of CD163, which can predict the

malignant transformation and metastatic potential for CC (39). In

addition, we calculated the StromalScore, ImmuneScore, and

ESTIMATEScore. The high GJB2 expression group had higher

ImmuneScore and ESTIMATEScore, which indicated that this

group had more immune infiltration.

Cisplatin, paclitaxel, and 5-fluorouracil are the most

commonly used drugs for CC chemotherapy (40). Thus, we

analyzed the relationship between GJB2 expression and the

LN_IC50 values of cisplatin, paclitaxel, and 5-fluorouracil

based on the CDSC database. The lower the LN_IC50 value,

the better the sensitivity to the drug. We found that the LN_IC50

values of the three drugs were significantly higher in the high

GJB2 expression group than the low GJB2 expression group,

indicating that GJB2 may be associated with chemoresistance in

CC. The connexins family has been reported to serve as targets

against chemoresistance (9). Lin et al. demonstrated that GJB4

(connexin 30.3) could promote tumor growth and induce

chemoresistance via activation of Src (41).

There were some limitations in our study. The mechanism of

how GJB2 promotes the progression of CC and affects immune

cells, and the mechanism of GJB2-induced chemoresistance

deserve to be further investigated in the future. In summary,

overexpression of GJB2 can serve as a prognostic molecular

marker of poor survival and a therapeutic target in CC. GJB2 is

associated with age, tumor size, and differentiation grade in CC,

and may regulate the p53 signaling pathway and TLR signaling

pathway. Moreover, GJB2 can affect the TME and is correlated

with chemoresistance.
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GJB2 expression on overall survival in patients with FIGO stage ≤ IIA2;

(J) Impact of GJB2 expression on overall survival in patients with FIGO
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stage ≥ IIB. HPA: TheHuman Protein Atlas; FIGO: The International Federation
of Gynecology and Obstetrics; SCC: Squamous cell carcinoma. *p < 0.05, ns:

not significant.

SUPPLEMENTARY FIGURE 2

Gene ontology analysis of the top 500 genes co-expressed with GJB2.
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SUPPLEMENTARY FIGURE 3

Supplementary content for tumor immune microenvironment analysis.
(A) Immune cell abundance analysis with 22 types of cell by CIBERSORTx;

(B) The calculation of StromalScore, ImmuneScore, and ESTIMATEscore
in the low and high GJB2 expression group. *p < 0.05, **p < 0.01, ns:

not significant.
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