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Among gynecological cancers, cervical cancer is a common malignancy and
remains the leading cause of cancer-related death for women. However, the
exact molecular pathogenesis of cervical cancer is not known. Hence,
understanding the molecular mechanisms underlying cervical cancer
pathogenesis will aid in the development of effective treatment modalities.
In this research, we attempted to discern candidate biomarkers for cervical
cancer by using multiple bioinformatics approaches. First, we performed
differential expression analysis based on cervical squamous cell carcinoma
and endocervical adenocarcinoma data from The Cancer Genome Atlas
database, then used differentially expressed genes for weighted gene co-
expression network construction to find the most relevant gene module for
cervical cancer. Next, the Gene Ontology and Kyoto Encyclopedia of Genes and
Genomes enrichment analyses were performed on the module genes, followed
by using protein—protein interaction network analysis and Cytoscape to find the
key gene. Finally, we validated the key gene by using multiple online sites and
experimental methods. Through weighted gene co-expression network
analysis, we found the turquoise module was the highest correlated module
with cervical cancer diagnosis. The biological process of the module genes
focused on cell proliferation, cell adhesion, and protein binding processes,
while the Kyoto Encyclopedia of Genes and Genomes pathway of the module
significantly enriched pathways related to cancer and cell circle. Among the
module genes, SOX9 was identified as the hub gene, and its expression was
associated with cervical cancer prognosis. We found the expression of SOX9
correlates with cancer-associated fibroblast immune infiltration in immune
cells by Timer2.0. Furthermore, cancer-associated fibroblast infiltration is
linked to cervical cancer patients’ prognosis. Compared to those in normal
adjacent, immunohistochemical and real-time quantitative polymerase chain
reaction (qPCR) showed that the protein and mRNA expression of SOX9 in
cervical cancer were higher. Therefore, the SOX9 gene acts as an oncogene in
cervical cancer, interactive with immune infiltration of cancer-associated
fibroblasts, thereby affecting the prognosis of patients with cervical cancer.

KEYWORDS

differentially expressed genes (DEGs), weighted gene co-expression network analysis
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Introduction

Among gynecological cancers, cervical cancer (CC) is a common
malignancy, which has a high mortality rate and morbidity rate (Li
et al,, 2020a). Its incidence is second only to breast cancer (Li et al.,
2019a) and has increased significantly worldwide (Jin et al., 2020).
The global incidence was estimated to be 570,000 cases and nearly
311,000 deaths in 2018 (Li et al, 2019b). In China, CC is also the
second of the commonest gynecological malignancies. The incidence
and mortality of it in young women are increasing (Chen et al., 2017).
The pathogenesis of CC is diverse, including infection with human
papillomavirus (HPV), cervical thymus (CT), herpes simplex virus
type 2 (HSV-2), and other bad habits (Chen et al,, 2019a). Although
the pathogenesis of CC is complicated, HPV is an important reason
for the development of it, which has been widely accepted (Lin et al,,
2019a). The persistent infection of HPV caused by high-risk types is
highly associated with CC. HPV vaccination can effectively prevent it
(Gongetal., 2020). Hence, CC represents one of the most preventable
cancers (Paz Soldan et al., 2008). Secondary prevention efforts such as
early detection of CC and precursor lesions can reduce the incidence
and mortality of it (Chen et al., 2019b). CC remains the leading cause
of cancer-related death for women worldwide despite advances in
prevention, detection, diagnosis, and treatment (Liu et al., 2019a), yet
the molecular mechanisms underlying CC development and
progression are unclear (Che et al,, 2016). It is likely a multigene,
multifactor, multistep, and multistage process (Zhang et al., 2014).
Therefore, understanding the molecular mechanisms underlying CC
pathogenesis will aid in the development of effective treatment
modalities (Lin et al., 2019a).

In recent years, bioinformatics has been widely used at the
genomic level of various cancer types to reveal the internal
mechanisms of tumor progression and canceration (Li et al,
2020b). Molecular mechanism explanation and tumor-correlated
diagnostic markers have been facilitated in part by a
bioinformatics approach combining biology, mathematics, and
computer science (Wang et al, 2017a). In molecular biology
research, gene expression analysis plays an important role (Ye
et al, 2018) and has become a popular method for detecting
differentially expressed genes in human diseases (Li et al., 2020c).
Weighted gene co-expression network (WGCNA) is a new tool used
to identify co-expressed modules and hub genes by analyzing gene
co-expression networks (Xing et al., 2020). It can be used to identify
clinical biomarkers for diagnosis and therapy as it clusters highly
correlated genes into one unit and relates them to clinical traits (Liu
et al,, 2021). As an alternative, differentially expressed genes (DEGs)
from The Cancer Genome Atlas (TCGA) database were used to
analyze WGCNA to identify genes associated with the occurrence
and progression of cancer (Gao et al, 2020). A large-scale
collaboration, TCGA, is dedicated to improving the understanding
of cancer using multiple layers of genomic data (Bengtsson et al,
2009). It is a publicly available data set that provides various types of
genomic data (Xu et al., 2020). At the same time, it provides detailed
clinical information (Zhao et al., 2020). Therefore, it is widely used in
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tumor research and is useful for the identification of new biological
markers and drug targets (Lin et al,, 2019b).

The SOX protein family is a group of proteins that have a high-
mobility group (HMG) domain with 50% or greater amino acid
sequence similarity to that of mammalian testis-determining factor
Sry protein. They are important in the regulation of gene expression
and this activity is carried out through the conserved HMG structural
domain. The family can be classified into eight different categories
based on the degree of HMG sequence identity, and SOX9 belongs to
the SOXE subclass (Paskeh et al., 2021). The current study suggests
that SOX9 is a positive factor in the development of cancer; its
upregulation increases cancer cell survival and metastasis; it can affect
various downstream targets in cancer malignancies; upstream
mediators are regulators of SOX9 cancer; inhibition of its
expression and nuclear translocation may be useful in cancer
therapy (Ashrafizadeh et al,, 2021).

Our study used DEGs from cervical squamous cell carcinoma
and endocervical adenocarcinoma (CESC) data of TCGA to
perform WGCNA and construct gene co-expression networks
and tried to find key genes in the development of CC.

Materials and methods
Data collection

We obtained transcriptome data and corresponding clinical data
for CECS from TCGA database (https://portal.gdc.cancer.gov/). The
study included a total of 306 CESC RNA sequencing data samples
and survival follow-up time and three adjacent normal tissue
sequencing data samples. The workflow is illustrated in Figure 1.

Screening for differentially expressed
genes

The CESC RNA-seq counts data were downloaded from
TCGA. Our studies identified DEGs by using the limma
(Ritchie et al., 2015) package of R version 3.6.3 (http://www.r-
project.org/). The threshold for identifying significant DEGs was
FDR <0.01 and [log2 (fold change)| >2.

Co-expression analysis of differentially
expressed genes in carcinoma and
endocervical adenocarcinoma

In systems biology, WGCNA is a widely employed method
designed to analyze data with high dimensions (i.e., gene expression,
DNA methylation, and metabolites) (Tremblay et al., 2019). It can
reveal the correlation of genes and look for significantly related gene
modules. This study constructed a co-expression network of DEGs in
CECS through the “WGCNA” package (Langfelder and Horvath,
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FIGURE 1
Flowchart for this study.

2008; Langfelder and Horvath, 2012) and analyzed potential
pathogenic genes in CC.

Identification of clinically significant
modules

Modules related to clinical characteristics were identified using
two methods. The gene significance (GS) was determined using the
log10 transformation of the p-value using a linear regression analysis
between gene expression and clinical characteristics, and then GS
values for all genes in a module are averaged out to calculate the
module significance (MS). Overall, it was generally considered that
the module with the highest absolute value was most closely linked to
clinical features. Furthermore, we calculated the correlation between
module exigencies (MEs) and clinical traits to identify the relevant
module. Further analysis was conducted on modules that were highly
relevant to a given feature.
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‘ Immunohistochemistry ‘

Establishment of protein—protein
interaction network and hub gene
identification

We constructed a PPI network based on genes in the
module which was highly relevant to a given clinical feature
by using the STRING protein database 11.0 (http://string-db.
org/). Next, exported and imported the results of the
STRING database into the Cytoscape software (Shannon
et al., 2003). The cytohubba plugin was used to find the
hub genes.

Timer2
A bioinformatics platform called TIMER?2 (Li et al., 2020d)

enables systematic analysis of immune infiltrates in various
tumor types. It is implemented for analyzing the relationship
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between immune infiltration and hub gene expression (Li
et al., 2020c). The expression of hub genes in various
TCGA tumors and the relationship between hub genes
related to immune infiltrating cells and CC prognosis were

also examined.

Pathway analysis and functional
annotation

In order to identify the functional processes and pathways,
DAVID’s online tool (Huang et al., 2009a; Huang et al., 2009b)
was used to perform Gene Ontology (GO) and Kyoto
Encyclopedia of Genes and Genomes (KEGG) analysis of
genes in the module. Then, we downloaded the enrichment
results and used the R software to map the results.

Hub genes’ basic expression in normal and
cancer tissues

By using the gene expression profile interactive analysis
(GEPIA2) database (http://gepia2.cancer-pku.cn/) (Tang et al,
2019), further verification of hub genes was performed. Both
disease-free survival and the overall survival curve of hub genes
were analyzed using the GEPIA online platform, with a p-value of <0.
05. Meanwhile, validated candidate by
immunohistochemistry using the Human Protein Atlas (Uhlen

we hub  genes

et al, 2017) (https://www.proteinatlas.org/).

Tissue collection

From October 2020 to January 2021, 16 samples of CC and
adjacent normal tissues were collected at Zhuzhou Central Hospital.
All specimens were evaluated by immunohistochemistry and
confirmed by two independent pathologists. At the same time,
fresh tissue specimens of the corresponding patients were
collected and stored in an ultra-low temperature refrigerator for
qPCR. Ethics committee approval was granted for the research at
Zhuzhou Central Hospital (ZZCHEC2020080-01), and each eligible
participant signed an informed consent form. All procedures
followed the ethical guidelines laid out in the Declaration of
Helsinki and relevant Chinese policies.

Reverse transcription-quantitative
polymerase chain reaction

After obtaining the hub gene, we verified the hub gene by
quantitative real-time polymerase chain reaction (qPCR).
RNAiso Plus (9,109; Takara, Dalian, China) was used to
extract total RNA, and 1pg of total RNA was then
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TABLE 1 Primers of SOX9 and ACTB.

Primer Sequence (5'-3") Product (bp)
SOX9-F2 CCCGCTCACAGTACGACTAC 113

SOX9-R2 CTGAGCGGGGTTCATGTAGG

ACTB-F2 AGACCTGTACGCCAACACAG 132

ACTB-R2 CGCTCAGGAGGAGCAATGAT

transcribed into complementary DNA by using the Hifair” I
Ist Strand ¢DNA Synthesis Kit (11119ES60;
Biotechnology, Shanghai, China) according to the manufacturer’s

Yeasen

instructions. Use this system for mRNA amplification: 85°C for
5 min, then 40 cycles of 95°C for 10 s and 60°C for 30 s. ACTB was
used as an internal control for mRNA evaluation. To standardize
SOX9 gene expression, ACTB expression levels were assessed as
housekeeping genes, and comparative CT (27**“") methods were

Z—AACI

used for the analysis. indicates the ratio of target gene
expression between cancer and normal groups. AACT = ACt
cancer group - ACt normal group and ACt = Ct target gene - Ct

control gene. Tablel shows the primers of SOX9 and ACTB.

Immunohistochemistry

The following steps were followed when performing
immunohistochemistry. After sections were dewaxed and
hydrated, high-pressure antigen repairing was performed on
them. Then, we blocked samples with goat serum and
incubated them overnight with primary antibodies (Abcam
ab185966 Dilution 1:800). On the next day, a secondary
antibody was added, and color development was carried out
by a DAB chromogen Kkit.

Statistical analysis

The Student’s t-test (R function t-test) was used to determine
whether there were significant differences between the two
groups, and a p-value < 0.05 was considered to be statistically
significant. The ggplot package was used for plotting.

Result

Differential gene expression in the cancer
genome atlas carcinoma and endocervical
adenocarcinoma

Based on the set criteria, there were 1,265 DEGs between

306 CESC samples and three normal samples. Select all DEGs for
subsequent co-expression network construction.
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Weighted co-expression network
construction

Co-expression modules were constructed with all DEGs using the
WGCNA algorithm. With a soft threshold of B = 7 (ratio R2 = 0.92)
(Figures 2A, B), five modules were found; Distribution of the
connectivity of each node and scale free of DEGs were shown in
Figures 2C,D; the minimum size (genome) of the gene tree diagram was
30, and the tangent line of the module tree diagram was 0.25 (Figure 3).
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Identification of clinically significant
module

Combining the relationship between the module traits
and the module significance, we found that the turquoise
module was the most relevant module for CC diagnosis. The
turquoise module holds the highest correlation with the
diagnosis (Figure 4). In the following analyses, the module
was chosen as the module of interest.
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0.049). Low expression of SOX9 may lead to higher survival rates and disease-free survival.

Gene ontology and kyoto encyclopedia of
genes and genomes pathway enrichment

In the turquoise module, a total of 384 genes were
enriched in GO and KEGG pathway analysis by using the
ClusterProfiler and the org. Hs.eg.db packages. The biological
process of the turquoise module focused on cell proliferation,
cell adhesion, and protein binding processes (p < 0.05). The
KEGG pathway of the turquoise module significantly
enriched pathways related to cancer and cell circle (Figures
5A, B-D).

PPl network construction

A PPI network was constructed in order to distinguish
hub genes from common genes. Then, PPI results were
analyzed by Cytoscape software. Use the cytohubba plugin
in Cytoscape to estimate the node degree. Ten most critical
node degree genes were selected as hub genes, and they were
CDKN2A, KRT5, SOX2, KRTS8, CAVI, EPCAM, FOXAI,
KRT14, ARF6, and SOX9.

Identification of hub genes and related
immune infiltration cell

Among the 10 most important node degree genes, univariate
analysis showed that SOX9 expression level was significantly

Frontiers in Genetics

related to the overall survival (OS) and disease-free survival
(DES) of CC (p < 0.05) (Figures 6A, B). The mRNA
expression of SOX9 is higher than that in normal tissues in
most TCGA tumors (Figure 7). The expression of SOX9
correlates with cancer-associated fibroblast (CAF) immune
infiltration in immune cells (Figure 8). Furthermore, CAF
infiltration is associated with CC patients’ prognosis (Figures
9A, B). As shown in Figures 10A and B, in CC specimens, the
protein expression of SOX9 was higher than that in normal
tissues in the HPA database. Similarly, the expression of SOX9
between cancerous tissue and normal paracancerous tissue in the
patient’s specimen showed the same result (Figures 10C-F). In
addition, the qPCR results showed that the SOX9 mRNA
expression levels in CC tissues were upregulated compared to
those in adjacent normal tissues (Figurell).

Discussion

In this study, we downloaded the TCGA CESC mRNA
count databases for differential expression analysis, then
utilized the DEGs to construct a weighted co-expression
network. The turquoise module was found to be closely
related to the diagnosis of CC. After PPI network
construction for the genes in the turquoise module, we
used the Cytoscape software to calculate the results of the
PPI network analysis and obtained 10 particularly important
genes. Among them, SOX9 was correlated with the overall
survival and disease-free survival of CC. Compared to normal
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Box plot of SOX9 expression in TCGA tumors. The mRNA expression of SOX9 is higher than that of normal tissues in most TCGA tumors.
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Correlation between SOX9 gene expression and CAF immune infiltration. Expression of SOX9 positively correlates with tumor-associated

fibroblasts.

immunohistochemistry results showed that SOX9

and

tissues, the SOX9 mRNA expression in cancer tissues was

expression was significantly higher in CC tissues.

significantly upregulated. The expression of SOX9 correlates

box transcription factor

The official name of SOX9 is SRY-
9, located at 17q24.3 in humans. This transcription factor has

with CAF immune infiltration in immune cells. Furthermore,

prognosis.

>

CAF infiltration is associated with CC patients

(HMG)-box DNA-binding domain

a high-mobility group

Also, in the Human Protein Atlas online database, the SOX9
protein expression of CC tissues was significantly higher than

G DNA sequences and

)

(T/A

controls the expression of target genes (Yamashita et al,

that recognizes (A/T) (CA)A

that of normal tissues. Therefore, we selected the SOX9 gene

2019). The function of SOX9 was first found to play a

as the hub gene and collected specimens to verify our

critical role in cartilage and testes development (Lei et al.,

findings. Compared to adjacent normal tissues, both qPCR
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2018). Later, with the increase of research, it was found that it
enhances the activity of DNA-binding transcription factors
(RNA polymerase II specificity), protein binding, etc. It is
also involved in many processes, including positive
regulation of epithelial cell proliferation, epithelial cell
migration, and cell population proliferation (Shefchek
et al., 2020). SOX9 plays an important role in many tumor
types (Drivdahl et al., 2004; de Bont et al., 2008; Galmiche
et al.,, 2008; Jiang et al., 2010; Zhou et al., 2011; Burnichon
et al., 2012; Guo et al., 2012; Matheu et al., 2012; Wang et al.,
2012; Zhou et al., 2012; Cai et al., 2013; Sakamoto et al., 2013;
Yu et al,, 2013; Wang et al., 2015a; Matsushima et al., 2015;
Pomp et al.,, 2015; Wang et al., 2017b; Chang et al., 2017; Liu
et al.,, 2017; Wan et al,, 2017; Kim et al., 2018; Tsuda et al.,
2018; Wanget al.,, 2018; Zhang et al., 2018; Huang et al., 2019;
Yang et al., 2019; Ma et al., 2020; Voronkova et al., 2020) and
acts as an oncogene in most tumors. SOX9 could be an
emerging target for anticancer drugs and a prognostic
biomarker for cancer drug resistance (Tripathi et al., 2022).

The role of SOX9 in CC has been much studied but remains
controversial. Some studies suggest that SOX9 is an oncogene in CC.
SOX9 could enhance squamous cell carcinoma cells’ colony-forming
activity. Liu et al. (2016) found that SOX9 expression in CC was
higher than that in normal cervical tissue; downregulation of SOX9
could inhibit CC cell growth and metastasis in vivo (Liu et al., 2019b).
Studies have shown a number of molecular pathways involved in the
progression of cervical cancer by targeting SOX9. For example,
upregulation of miR-215-3p inhibited SOX9 expression, thereby
suppressing the growth and metastasis of CC cells in vivo (Liu
et al,, 2019b); SOX9 could promote the expression of miR-130a by
binding to its promoter region, thereby suppressing the expression of
Ctrl and PTEN, the downstream genes of miR-130a, and ultimately
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increasing chemoresistance to DDP in CC cells, while a significant
upregulation of SOX9 and miR-130a expression was found in DDP-
resistant CC tissues (Feng et al,, 2018); Zhao et al. (2021) also
demonstrated that SOX9 could cooperate with EGRI to promote
CC cell proliferation and invasion by inducing CC stemness, and the
5-year OS rate of low SOX9 expression patients was significantly
higher than those with high expression; He et al. (2022) found the
effects of the  SOX9/IncRNA  ANXA2P2/miR-361-3p/
SOX9 regulatory loop on cervical cancer cell growth and
resistance to cisplatin. Therefore, upregulation of SOX9 is involved
in cervical cancer formation, chemoresistance, tumor cell stemness,
metastasis, and invasion. All these studies suggest that SOX9 is an
oncogene in CC. This is also consistent with our findings that high
SOX9 expression was associated with an unfavorable prognosis
in CC.

However, SOX9 has shown the opposite effect in some
studies. Wu et al. (2013) screened hypermethylated genes in
48 normal cervices, 30 CIN I, 30 CIN II-III, and 48 cervical
squamous cell carcinomas, for a total of 156 samples. They
found that the methylation level of SOX9 increased with
tumor severity. Their study was based on the view that
SOX9 is a tumor suppressor gene because CpG islands
methylated in promoter regions can silence transcription
(Hou et al, 2021). Wang et al. (2015b) found that
overexpression of SOX9 could inhibit the tumor formation,
proliferation, and viability of CC cells in vitro; the protein
expression of SOX9 gradually decreased in normal cervical
tissues, CIN III, and cervical cancer tissues. Therefore, SOX9
has thus been proposed as a possible cancer-inhibiting gene
for CC. Thus, more studies are needed to prove its role in CC.
It was interesting to us that the long control region (LCR) of
HPV16 and HPV52 was found to have a high permanent
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FIGURE 10
SOX9 immunohistochemical images of normal cervical and cervical cancer tissues on the HPA database and patient samples. (A) normal cervix
(HPA), (B) cervical cancer (HPA), (C) normal cervical glands, (D) cervical adenocarcinoma, (E) normal cervical epithelium, and (F) cervical squamous

carcinoma.
binding site for the SOX9 transcription factor (Xi et al., 2017; many studies have found that SOX9 is significantly higher
Song et al., 2021; Mane et al., 2022), and these may be new in tumor tissue than in normal ovarian tissue, and its
targets for the treatment of HPV-associated CC. expression correlates with overall survival and progression-
SOX9 also plays an important role in other types of free survival of ovarian cancer patients; elevated expression of
gynecological malignancies. In ovarian epithelial tumors, some miRNAs can suppress SOX9 expression, thereby
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0.031

transcription
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FIGURE 11

'
normal

group

Quantitative RT-PCR for cancer and adjacent normal cervix tissue. Quantitative RT-PCR assay showed significantly increased SOX9 mRNA level
in cervical cancer tissues compared with adjacent normal cervix tissues (p = 0.031).

inhibiting ovarian cancer cell growth and multicellular
ceRNA network-regulated SOX9
expression is involved in the development of ovarian

spheroids formation;

cancer, maintenance of tumor stem cell properties, anti-
SOX9

expression is associated with chemoresistance resistance in

apoptosis, migration, and invasion; meanwhile,
ovarian cancer patients (Chen et al., 2021). Recent studies
have also demonstrated that cytoplasmic SOX9-mediated cell
death inhibition contributes to the survival of cancer stem
cells in high-grade ovarian cancer (Oh et al, 2022). In
endometrial cancer, upregulation of SOX9 could promote
induce  endometrial

the of
endometrial cancer patients in combination with the
of

upregulation of SOX9 promotes epithelial-mesenchymal

endometrial cell  proliferation,

precancerous lesions, and predict prognosis

expression other genes. In uterine sarcoma,
transition, leading to sarcoma formation (Chen et al., 2021).

Emerging evidence also suggests that SOX9 interacts with
the tumor immune microenvironment (Panda et al., 2021). In
cancers, activated fibroblasts, which are called CAF, make up
a major component of the tumor microenvironment (Zu
et al., 2020). It is composed of about 40%-50% of the total
cell population of cancer patients (Wang et al., 2017¢) and
plays a major role in cancer development. Recent studies also
suggest a role for CAFs in regulating SOX9 expression in
prostate cancer (Qin et al., 2021). Thus, the interaction of
CAF with SOX9 may be important in the development of

certain cancers.
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Conclusion

According to our findings, SOX9 expression level was
significantly related to the OS and PFS of CC. Compared to
cancer adjacent normal tissues, both mRNA and the protein
expression of SOX9 in CC tissue were higher. The expression
of SOX9 correlates with cancer-associated fibroblast immune
infiltration in immune cells. Furthermore, cancer-associated
fibroblast infiltration is associated with CC patients’
prognosis. Therefore, the SOX9 gene acts as an oncogene
in CC and interacts with immune infiltration of cancer-
associated fibroblasts, thereby affecting the prognosis of
patients with cervical cancer.
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