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Background: There has been increasing evidence for the vital role played by gap junction
protein beta-1 (GJB1) in ovarian cancer (OC) and for the possibility of this protein serving as
a therapeutic target. However, the detailed mechanism of GJB1 in OC has not yet been
clearly determined. The current study aimed to establish the molecular mechanisms of the
involvement of GJB1 in OC and to further predict potential drugs targeting this protein.
Methods: To better understand the molecular mechanisms of the involvement of GJB1 in
OC, RNA-Seq transcriptome sequencing was performed. Then, we carried out an RNA-Seq
analysis to determine the genes differentially co-expressed with GJB1. Subsequently, we
carried out bioinformation methods to study the upstream regulatory transcriptional factor
(TF) of GJBI1. Further, the binding of FOXA1 and GJB1 promoter was tested using ChIP-
gqPCR. Moreover, we performed pathway enrichment to identify the downstream regulatory
mechanisms of GJBI. Furthermore, potential drugs targeting GJB1 were screened using
AutoDock 4.2.

Results: We constructed the transcriptional factor FOXA1 regulatory network based on the
AnimalTFDB, JASPAR, RNA-Seq, TCGA cohort and ChIP-qPCR to study the upstream
regulation of GJBI. In addition, two key pathways for the involvement of GJB1 in OC—
namely the “ECM-receptor interaction” and “focal adhesion” KEGG pathways—were iden-
tified. Furthermore, ZINC000005552022 was found in a screening to be a potentially
promising drug targeting GJBI.

Conclusion: Our study results suggested that the transcriptional factor FOXA1 regulates the
involvement of GJB1 in OC through ECM-receptor interaction and focal adhesion KEGG
pathways, and that ZINC000005552022 may have promising potential as a drug targeting
GJBI; this finding might be used to help accelerate drug development and improve the
outcomes for patients with OC.
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Introduction

Although ovarian cancer (OC) diagnostic criteria and clinical therapeutic strategies
have evolved in recent decades, this disease is the leading cause of death among
women with gynecological malignancies, and it is characterized by high recurrence
and mortality." The high mortality rate is due to most cases of OC being identified
at advanced stages, that is stages III or IV, and due to its increased risk of
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recurrence even after any initial response to traditional
platinum-based therapy.? Thus, there is an urgent need to
identify new molecular targets and develop more effective
therapies against ovarian cancer.

Connexins (Cxs) normally assemble into gap junctions
(GJs), which directly exchange cytoplasmic substances with
molecular weights of < 1 kDa, including ions, second mes-
sengers and metabolites, between adjacent cells. The gap
junction protein beta-1 (GJB1) gene encodes specifically
the transmembrane channel protein connexin 32 (Cx32),
which belonged to Cxs family.® GJB1 might play an essential
role in OC and hence might also be a therapeutic target for
this disease.* ® Previous work has shown the abnormal dis-
tribution of Cx32 promoting the progress of cervical cancer
and hepatocellular carcinoma. Further, upregulated GIB1 in
OC cell line A2780 could contribute to resistance to
cisplatin.” In addition, Lai et al reported that GIB1 sup-
pressed extrinsic apoptosis in OC via the NF-xB signaling
pathway.® Further, Zhao et al suggested the ability of GIB1 to
induce an anti-apoptotic effect via epidermal growth factor

receptor (EGFR) upregulation.’

Moreover, Zhang et al
showed that GJIB1 might be involved in cisplatin resistance
by modulating the expression of drug efflux transporters and
activating the EGFR-Akt anti-apoptosis axis.” These studies
suggested the potential mechanisms of the involvement of
GJB1 in OC to include multiple pathways. However, the key
signaling pathway for this mechanism is still not clear. There
is, therefore, a crucial need to systematically investigate the
underlying mode of action of GIB1 in OC.

In the present study, we carried out a bioinformatics
analysis based on an RNA-Seq analysis and the large-
scale multi-omics data in The Cancer Genome Atlas
(TCGA) to investigate the detailed molecular mechanism
of the involvement of GJBI1 in the OC, and we found
potential drugs for targeting GJB1. Our study has provided
new insight into OC at the molecular level. In the study, we
investigated the therapeutic potential of medicines to over-
come OC. The results might lead to improvements in the
outcomes for OC patients.

Materials and Methods

Cell Culture

As previously described,” HeLa-GJB1 (purchased from
Ltd.) with a tetracycline-
inducible promoter was found to be capable of constitutively

Shanghai Genechem Co.,

expressing GJB1, when treated with 1 pg of doxycycline
(Sangon Biotech) for 48 h. OC cell lines A2780 and

SKOV3 were purchased from the cell library of the
Chinese Academy of Sciences. Cells were cultured in
DMEM with 10% fetal bovine serum at 37 °C, 5% CO,, in
a humidified incubator.

Experimental Design
The workflow of this study is shown in Figure 1. To better
understand the molecular mechanisms of GJB1 in OC,
RNA-Seq transcriptome sequencing was performed on
HeLa-GJB1 and control (Cntrl) groups. Then, we carried
out an RNA-Seq analysis to determine the genes differen-
tially co-expressed with GJB1. Subsequently, we investi-
gated the upstream regulatory transcriptional factor (TF)
of GJBI by carrying out various analyses, including those
involving AnimalTFDB,'® JASPAR,'! genes positively co-
expressed with GJB1 determined using RNA-Seq, and
upregulated DEGs in TCGA. We also performed
a pathway enrichment analysis to identify the mechanisms
regulation of GJBI.
targeting GJBI1

controlling the downstream

Furthermore, potential drugs were

screened using AutoDock 4.2.

RNA Isolation and Sequencing

Cells were collected and pooled for RNA-Seq analysis,
with each treatment run in triplicate. Total RNAs of the
cell lines from the control groups and HeLa-GJB1 groups
were extracted using an RNeasyMini Kit (Qiagen), and
RNA quality was assessed by using NanoDrop (Thermo
Fisher Scientific, Waltham, MA) and Qubit (Invitrogen).
High-quality RNA samples (28 S/18 S = 2.0-2.2, RIN >
9.0) were used to construct libraries following
a standardized procedure at the Beijing Genome Institute
on a BGISEQ-500 platform, with three replicates per

treatment group.

TCGA Data Collection

HTSeq-Counts of gene expression data (3 normal samples
and 306 tumor samples) and corresponding OC clinical
data were collected from The Cancer Genome Atlas
(TCGA) database (https://www.cancer.gov/tcga; accessed
on February 4, 2020). In the present study, we used TCGA
data based on the TCGA publication guidelines.

Identification of Differentially Expressed

Genes
The R package edgeR'? was used to normalize and ana-
lyze genes differentially expressed between HeLa-GIB1
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Figure | Flow diagram of the current study: data collection, preprocessing, analysis, and validation.
Abbreviations: GJBI, gap junction protein beta |; RNA-Seq, RNA-Sequencing; DEGs, differentially expressed genes; OC, ovarian cancer; PPI, protein-protein interaction;

cor, correlation; Cntrl, control; GSEA, gene set enrichment analysis.

groups (n = 3) and the Cntrl groups (n = 3) significantly.
Further, the analysis was also performed on the TCGA
cohort (306 OC samples and 3 normal samples). A gene
was considered differentially expressed to a statistically
significant extent if its |log2 fold change| > 2 and FDR <
0.05. Then, DEGs were identified based on the above
threshold for RNA-Seq the TCGA cohort.
Furthermore, we performed an analysis of the co-
expression of RNA-Seq-derived DEGs with GJB1 using
a Pearson correlation value cutoff > 0.9 and p < 0.001.

and

Prediction of the Transcription Factor
Binding Site in the GJBl Promoter

To study the upstream transcription factor (TF) regulation,
we downloaded the sequence of the GJIB1 promoter from
UCSC (http://www.genome.ucsc.edu/). Then, we carried

out analyses to predict the transcription factor binding
site (TFBS) for GJBI based on the AnimalTFDB'® and
JASPAR databases.'' As we previously’ showed GIBI to
be highly expressed in OC cells, we carried out various
analyses, including those of the genes positively co-
expressed with GJB1 and upregulated genes in TCGA to
further screen for the TF. We also investigated Chig-seq
data in the Cistrome database to further identify the bind-
ing of the TF to the GIB1 promoter.'?

Chromatin Immunoprecipitation
(ChIP)-qPCR

Chromatin immunoprecipitation (ChIP) assays were per-
formed according to the manufacturer’s instructions for the
Chromatin Immunoprecipitation Kit (17-10,086, Merck)
and according to the instructions in a previous study.'* In
brief, cells were fixed with 1% formaldehyde to cross-link
protein and chromatin, and then sonicated to produce
200-1000-bp DNA fragments (ultrasound 10 s, stop 10 s,
repeated seven times). The lysate was precleared with
protein A/G agarose and incubated with specific antibo-
dies, namely anti-FOXA1 (ab23738, Abcam) or IgG
(ab171870, Abcam), at 4 °C overnight. IgG antibody was
used as a control. Then, the protein/DNA complexes were
eluted and reverse cross-linking of the protein/DNA com-
plexes was carried out according to manufacturer’s
instructions in order to free the DNA. The free DNA was
purified and analyzed using real-time quantitative PCR
(qPCR, denaturation at 95°C for 20 sec, followed by 40
cycles of treatment at 95°C for 10 sec, 60°C for 20 sec and
70°C for 10 sec.). The primer sequences against the GIB1
promoter were as follows: forward
5'-GTCTTCAGGTAAGCCGTCAGT-3; reverse 5'-AATT
GCTTTCTACCCTCAAGGC-3' at the location shown in

Figure S1.
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Pathway Enrichment Analysis Based on
RNA-Seq and a TCGA Cohort

A KEGG over-representation test was performed by
using the R package clusterProfiler,'” at a cutoff of
p < 0.01, with the co-expression of GJB1 from RNA-
Seq results. Simultaneously, gene set enrichment ana-
lysis (GSEA) was performed'® to explore the potential
molecular mechanisms of the HeLa-GJB1 groups (n
= 3) and Cntrl groups (n = 3) based on the expression
profile of all of the protein-coding genes with a false
discovery rate (FDR) cutoff of < 0.25 and p < 0.05.
Furthermore, GSEA was also used to examine the
enrichment pathways of the normal samples (n = 3)
and OV samples (n = 306). Finally, the critical path-
ways of GJBI1 involved in OC were identified based on
the pathway enrichment results.

Protein—Protein Interaction Analysis

A protein—protein interaction (PPI) network was con-
the GIBI1
involved in crucial pathways based on the STRING

structed using and co-expressed genes
database (medium confidence: 0.4)'7 and visualized
using Cytoscape 3.7.1.'"% We performed a shortest-
pathway analysis by wusing the Python package
NetworkX (http://networkx.github.io) to find possible
and the key signaling

connections between GJBI1
pathways.

|dentifying a Potential Drug to Target
GJBI

We obtained the 3D structure of GJB1 from SWISS-
MODEL (https://swissmodel.expasy.org/). Then, Binding
Site Detect in AutoDock 4.2'° was employed to find the
binding site of GJB1. Subsequently, we used a library of

50,353 drug-like chemical compounds obtained from the
ZINC15 database.?® Finally, virtual screening and molecu-
lar docking were performed using AutoDock 4.2 to find
a potential GJB1-targeting drug.

Statistical Analysis

Statistical analysis was performed by using R 3.6.3.
A normal distribution test and homogeneity of variance
test were performed before carrying out statistical ana-
lysis. A value of p < 0.05 was considered statistically

significant.

Results
DEGs and Genes Co-Expressed with
GJBI| Based on RNA-Seq Analysis

To investigate the mechanism of the involvement of GJB1
in ovarian cancer, the genes differentially expressed
between HeLa-GJB1 and Cntrl groups were analyzed,
according to the count values of all detected genes.
A volcano plot of the DEGs is shown in Figure 2A.
A total of 3832 genes differentially expressed between
the HeLa-GJB1 and Cntrl groups (1979 upregulated, indi-
cated by the red dots in the figure, and 1853 downregu-
lated, indicated by the green dots; Figure 2A and Table S1)
were identified at a cutoff of |log,Fold Change| > 2 and
FDR < 0.05. A heat map of the top 50 DEGs was produced
to visualize their expression levels in the different samples
(Figure 2B). Then, we carried out a co-expression analysis
of GJB1 with the all 3832 DEGs by performing RNA-Seq.
We obtained 2737 genes co-expressed with GJB1 (1400
positively co-expressed genes and 1337 negatively co-
expressed genes; Table S2), with the 10 genes most
strongly co-expressed with GIB1 shown in Figure 2C.

Constructing the TF Upstream
Regulatory Network of GJBI in OC

To understanding the upstream regulation mechanism of
GJBI in OC, we performed a bioinformatics analysis to
find the TF that could regulate the GJB1 gene. We down-
loaded the GJB1 promoter from the UCSC genome web-
site (~2K, Table S3). Then, we used the AnimalTFDB and
JASPAR databases to predict which TF could bind to the
promoter of GJB1. Here, 252 and 486 TFs were obtained
from the AnimalTFDB (p < 0.05; Table S4) and JASPAR
(score > 6; Table S5), databases, respectively. As we pre-
viously showed GJB1 to be upregulated in OC cells, we
speculated that its TF should be highly expressed in OC
and that this level of expression should be positively
correlated with the level of expression of GIB1. By carry-
ing out various analyses, including those involving
AnimalTFDB, JASPAR, genes positively co-expressed
with GJB1 using RNA-Seq, and upregulated DEGs in
TCGA (Table S6), we suggested that FOXA1 might reg-
ulate the GJB1 gene in OC (Figure 3A). The FOXALl
binding site on the promoter of GJB1 is shown in Figure
3B. We also explored the ChIP-seq data in the Cistrome
database to identify the relationship between FOXA1 and
GJB1. Based on this analysis of the ChIP-seq data, we
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Figure 2 Determination of genes differentially expressed between Hela-GJBI and control (Cntrl) groups. (A) Volcano plot of all unique genes from the genes differentially
expressed between Hela-GJB| and Cntrl groups. Vertical and horizontal lines indicate the significance thresholds of |log2 Fold Change| > 2 and false discovery rate (FDR) <
0.05, respectively. (Blue and red dots indicate significantly downregulated and significantly upregulated genes, respectively; while black dots indicate genes with nonsignificant
changes in expression levels). (B) Heat map of the top 50 DEGs (Red indicate upregulated and Blue indicate downregulated). (C) Circos plot of the top 10 genes co-
expressed with GJBI (Red indicate positive co-expression and Green indicate negative co-expression).

Abbreviation: GJBI, gap junction protein beta I.

found that FOXA1 could bind to the GJB1 promoter determine whether FOXAI directly binds to the promoter
(Figure S1). Furthermore, we performed ChIP-qPCR in region of GJB1. As shown in Figure 3C and D, FOXA1
cells of the OC cell lines A2780 or SKOV3 to further could directly bind to the GIB1 promoter.
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Figure 3 Constructing the TF upstream regulatory network of GJBI in ovarian cancer (OC). (A) Venn diagram of the results of the analyses of AnimalTFDB, JASPAR, genes
positively co-expressed with GJBI using RNA-Seq, and upregulated differentially expressed genes (DEGs) in TCGA. (B) Sequence logo display of the binding site of the
FOXAI transcription factor (TF) on the GJBI promoter. (C and D) Chromatin immunoprecipitation was performed using antibodies against FOXAI or using a control IgG
in (C) A2780 and (D) SKOV3 cells. Here, DNA immunoprecipitated by the IgG or the anti-FOXAI antibody was in each case observed to be enriched compared with the
input chromatin. Data are expressed each as mean * SD (n = 3). *p < 0.05 compared with the IgG group (unpaired t-test).

Abbreviation: GJBI, gap junction protein beta I.

Identification of the Downstream
Regulation Mechanism of GBI

To investigate the involvement of the region downstream
of the GJB1 gene in OC, we performed a pathway enrich-
ment analysis. Specifically, we performed a KEGG over-
test
expressed according to an RNA-Seq analysis; this test

representation based on genes differentially
revealed an enrichment of 13 KEGG pathways associated

with GJB1 (Figure 4A). Pathway analysis was also

performed by carrying out GSEA, which targets the
expression of all of the genes. The GSEA analysis pro-
duced a total of 2 pathways for the HeLa-GJB1 groups
and 22 pathways (Table S7) for the Cntrl groups accord-
ing to the cutoff of FDR <25% and p < 0.05. To make the
analysis more accurate, we also employed GSEA in the
TCGA cohort. This analysis yielded 34 pathways for the
OC groups and 20 for the normal groups (Table S8).
Based on the KEGG over-representation test and GSEA
results (Figure 4B), two overlapping pathways—namely,
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Figure 4 Downstream regulation mechanism of GJBI in OC. (A) KEGG over-representation test based on genes differentially expressed according to an RNA-sequencing (RNA-
Seq) analysis achieved using clusterProfiler (p < 0.01). (B) The results of gene set enrichment analysis (GSEA) of RNA-Seq and a TCGA cohort (p < 0.05 and FDR < 25%, False
discovery rate (FDR). (C) Protein—protein interaction network was constructed based on the String database.

Abbreviation: GJBI, gap junction protein beta I.
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the “ECM receptor interaction” and “focal adhesion”
KEGG pathways—were identified. To investigate the
interaction of GJB1 with these two key KEGG pathways,
we searched for the genes (involved in the two overlap-
ping pathways) in the STRING database, and this search
yielded a combined score of > 0.4. The resulting PPI
network comprised 35 nodes and 239 edges. From the
PPI network and shortest path analysis, we found that
GJB1 could only directly interact with EGFR (Figure
4C), a receptor belonging to the focal adhesion KEGG
pathway. Then, we showed the first-stage nodes (nodes
directly connected) of EGFR, to attempt to help under-
stand the interactions between GJBI and the two key
pathways.

A

Identifying Potential Drugs Targeting GBI
Virtual screening was performed using AutoDock 4.2 to
identify potential GJB1-targeting drugs. We built the 3D
protein structure of GJBI based on the SWISS-MODEL
database (Figure S2). Its active site was found using
AutoDock 4.2 and is shown in Figure S5A.
ZINC000005552022, whose 3D structure is shown in
Figure 5B, was the top hit of a structure-based virtual
screening process based on glide scores (Table S9). The
3D structure of ZINC000005552022 docked into GJB1 is
shown in Figure 5C, and their interaction with each other
was indicated according to this docking to include one
H-bond and one m-m interaction as well as hydrophobic

interactions.

Figure 5 The potential drugs based on the three-dimensional (3D) structure of GJBI. (A) The active site of GJB| was found using AutoDock 4.2 2019-1. (B) The structure
of ZINC000005552022 based on ZINCI5 database. (C) AutoDock-derived structure of ZINC000005552022 bound to GJBI. The yellow dashed line represents a hydrogen

bond, and the blue one a TI-TT interaction.
Abbreviation: GJBI, gap junction protein beta I.
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Discussion

About 60% of OC patients are diagnosed at an advanced
clinical stage?' and have a high risk of recurrence despite
any initial response to traditional platinum-based therapy.”
These issues ultimately lead to the poor prognosis for OC
patients, with a five-year survival rate of only 25%—
30%.%** Therefore, it is critical to identify new molecular
targets and develop more effective anti-cancer therapies.
There has been increasing evidence of the important role
played by GJB1 in OC and increasing evidence that it
might be a therapeutic target,”**> but the key signaling
pathway of GJB1 involved in OC is not understood. In the
present study, we carried out a systematic bioinformatics
analysis to investigate the detailed molecular mechanism
of the involvement of GJB1 in OC and searched for
potential GJB1-targeting drugs. These efforts were made
with the aim of providing new information and supporting
data to improve the outcomes for OC patients.

Recently, many studies have demonstrated GJB1 to be
upregulated in OC cells.* ®® However, the mechanism
underlying the upregulation of GJB1 in OC remains poorly
understood. In the present study, we showed the upregu-
lated expression of GJBI to coincide with a coordinated
increase in the transcript levels of transcription factors.
Therefore, we performed an upstream regulator analysis
to find potential relevant transcription factors. Since GJB1
was found to be upregulated in OC, we presumed that its
transcription factors would be positively co-expressed with
GJB1 and would also be upregulated in OC. By carrying
out various analyses, including those involving
AnimalTFDB and JASPAR databases, we identified upre-
gulation of the transcription factor FOXA1 as correspond-
ing to the upregulation of GJB1 in OC. We also found, by
performing ChIP-qPCR, that FOXA1 could bind to the
GJB1 promoter. FOXA1 was previously ascribed onco-
genic roles in breast cancer’® and prostate cancer.”’®
Moreover, FOXA1 was shown to be related to the epithe-
lial-to-mesenchymal transition in colorectal cancer.”” The
previous studies were in line with our laboratory results
showing a tumor-promoting effect of GJB1 in OC. By
taking these results together, we found that FOXA1 was
related to the high GJB1 expression levels in OC.

Though most of the studies found GJB1 playing an
essential role in OC, the molecular mechanism of GJBI1
has remained controversial. To clarify this issue, we per-
formed a systematic bioinformatics analysis to identify the
key pathways based on RNA-Seq and a TCGA cohort.

First, we employed pathways enrichment by two methods
(KEGG over-representation test and GSEA) according to
an RNA-Seq analysis. Secondly, to make the results more
accurate, we also performed GSEA based on the TCGA
cohort. Then, the ECM-receptor interaction and focal
adhesion KEGG pathways were identified as key pathways
of the involvement of GIJB1 in OC. Previous studies found
the ECM-receptor interaction KEGG pathway playing
a key role in OC and affecting the survival of OC
patients.’® Moreover, several reports showed that the
focal adhesion KEGG pathway could influence cell pro-
liferation, migration, and invasion in 0C.3'33 Taken
together, we provided evidence for the involvement of
GJBI in OC through ECM-receptor interaction and focal
adhesion KEGG pathways.

There used to be a debate about whether GJB1 plays
a role in OC with or without EGFR. A previous report
showed that GJBI1 could inhibit apoptosis without EGFR.°
However, GJB1 was proposed by Xie et al to induce
resistance to afatinib via a transcriptional increase in
EGFR expression.'* Further, GJB1 was reported in pre-
vious studies to exert anti-apoptotic and pro-tumor effects
via EGFR.*® Additionally, previous research suggested
that GJB1 could interact with EGFR to promote resistance
to cisplatin in cells of the OC cell line A2780.” Moreover,
based on the STRING database,34 GJB1 and EGFR were
co-expression (score 0.064) and co-mentioned in Pubmed
Abstracts (score 0.591). In the present study, we hypothe-
sized that GJB1 in general interacts with EGFR in OC.
Based on our co-expression analysis resulting from RNA-
Seq, GJB1 was found to be positively co-expressed with
EGFR (cor > 0.9 and p < 0.001). Further, based on the
results of our PPI and shortest path analysis (Figure 4C),
we concluded that GIJB1 indeed in general interacts with
EGFR in OC. In previous study,” GIB1 in OC cells was
shown to contribute to tumor growth and to have an anti-
apoptotic effect. Then, based on these previous results
combined with our current pathway enrichment results
(Figure 4A and B), we speculated that GJB1 in general
interacts with EGFR, and has an anti-apoptotic effect
through the ECM-receptor interaction and focal adhesion
KEGG pathways in OC. Because previous studies indi-
cated the participation of the ECM-receptor interaction
and focal adhesion KEGG pathways in the process of

3536 we carried out a systemic investigation of

apoptosis,
the detailed mechanism of the involvement of GJB1 in

OC, the results of which we expect to provide a basis for
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subsequent corresponding drug research and clinical
research.

1437 we not only

In contrast to other related studies,
identified the potential mechanism for the involvement of
GJB1 in OC, but also found potential drugs targeting
GJB1. We sought out the potential drugs targeting GJB1
by carrying out a virtual screening. This technique and the
corresponding results we obtained might expand the pos-
sible therapeutic strategies for achieving OC treatments—
and in this way accelerate the development of a drug or

drugs to improve the outcomes for OC patients.

Conclusions
In summary, we carried out a bioinformatics analysis to
construct a TF network for GJBI, the results of which
expanded our understanding of the upstream regulation
mechanism for GJB1 in OC and might provide therapeutic
targets to improve OC prognoses. Moreover, we uncov-
ered an interaction of GJB1 with EGFR, and showed GJB1
to be involved in OC through the ECM-receptor interac-
tion and focal adhesion KEGG pathways by performing
analysis and pathway enrichment.
we found ZINC000005552022 to be
a potential GJBI-targeting drug by carrying out virtual

co-expression
Furthermore,

screening based on the structure of GJBI, and this finding
might accelerate drug development to improve the out-
comes for OC patients.
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