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Abstract: Cervical cancer is the second most common malignancy in women worldwide. HPV infections are the
leading cause of cervical cancer. Although progress has been made in understanding cervical cancer, knowledge
of oncogenic gene clusters that participate in squamous-cell mitosis is still lacking. We performed a computational
analysis with qRT-PCR validation of gene expression profiles of cervical cancer tissues. Genes involved in muscle
contraction and development were downregulated in cervical cancer tissues, suggesting decreased muscle func-
tion in cervical cancer. Among the genes that were upregulated in cervical cancer tissues, several groups of genes
were found to interact with each other and synergistically participate in multiple stages of mitosis including DNA
replication, cell cycle progression, and cell division. An analysis of gene regulatory networks showed that replica-
tive helicase proteins (MCM2, MCM4, MCM5, MCM6, and MCM10) and DNA polymerases (PLOA1/E2/E3/Q) have
enhanced DNA replication in cervical cancer. A group of kinases, cyclins, and transcriptional factors were found to
promote cell cycle transitions from G1 phase to S phase and from G2 phase to M phase. Those proteins included
CDK1, CCNA2, CCNB2, and TFDP2. Moreover, a set of motor proteins (KIF11, KIF14 and KIF4A) and their partner
PRC1 were found to mediate cytokinesis during cervical cancer progression. Those findings present a better under-
standing of the mechanism of mitosis in cervical cancer from an interactomic perspective and provide potential
targets for anticancer therapies.
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Introduction

Cervical cancer is the second most common
malignancy in women worldwide and is the
third leading cause of cancer deaths among
females in less developed countries [1, 2]. It
was estimated that there were 527,600 new
cases of cervical cancer and 265,700 deaths
caused by cervical cancer in 2012 [1]. Although
vaccination and screening are efficient ways to
prevent the disease, poor prognosis is observed
in patients with bulky tumors or adenocarcino-
ma. It is widely recognized that persistent infec-
tion by human papillomaviruses (HPVs) is the
leading cause of cervical cancer [3]. More than
120 HPV types have been identified, and
HPV16 and HPV18 are the types that most fre-

quently infect women [4, 5]. HPV16 is reported
to have the greatest oncogenic potential, and
women who are persistently infected with
HPV16 are at high risk of developing cervical
intraepithelial carcinoma [6, 7].

The pathogenesis of HPV-related cervical can-
cer involves the overexpression of viral oncop-
roteins E5, E6, and E7, which inhibit a variety of
cellular proteins including p53, pRb, p21, and
p27 and affect a series of biological processes
including cell proliferation, cell cycle, and apop-
tosis [8-10]. The HPV E7 protein binds to Rb
family members and marks them for degrada-
tion, which causes the release and activation of
E2F transcription factors and drives S-phase
gene expression [11, 12]. Moreover, E7 can
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control cell cycle progression through interac-
tion with key regulators. E7 can target cyclin-
dependent kinase 2 (CDK2) inhibitors and
maintain CDK2 activity, which is important for
the transition from G1 phase to S phase [13,
14]. In addition, E6 proteins from high-risk HPV
strains can promote the degradation of tumor
suppressor p53 through the ubiquitin pathway,
which prevents the inhibition of cell growth in
both undifferentiated and differentiated cells
[15]. A previous study reported that E6 can also
bind to and inhibit the transcriptional activity of
p53 [16]. In addition to p53, E6 is able to bind
to several other proteins including E6GBP, EGTP1,
and MCM7 [17]. High-risk E6 and E7 proteins
work in synergy with each other to maintain
S-phase competence by targeting factors that
promote cell cycle progression. It was reported
that the combination of E5, E6, and E7 could
promote the hyperproliferation of HPV-infected
cells and facilitate malignant progression [18].

Comprehensively, the aberrant expression of
multiple genes in cervical cancer leads to the
maintenance of cervical epithelial-cell hyperp-
roliferation. To better understand the mecha-
nism of cervical cancer progression, we per-
formed a comparative analysis of the gene
expression profiles of cervical cancer cells. We
employed a series of bioinformatic strategies to
identify the key genes that are dysregulated in
cervical cancer. We also performed validation
assays to examine the genes that may contrib-
ute to carcinogenesis.

Material and methods
Cervical cancer samples

We collected 12 cervical cancer samples and
nine non-cancerous hysteromyoma control
samples from the biological specimen bank of
the Second Affiliated Hospital of Wenzhou
Medical University. The samples were fresh-
frozen and stored in liquid nitrogen. The Bio-
ethics Committee of the Second Affiliated
Hospital of Wenzhou Medical University re-
viewed and approved the study and protocol.
All patients included in the study gave written
informed consent. A pathologist in the De-
partment of Pathology in the Second Affiliated
Hospital of Wenzhou Medical University who
was blind to the study performed histological
examinations of the clinical samples.
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Cervical cancer gene expression dataset

We downloaded the genome-wide transcrip-
tional expression data (GSE63678) of five
human cervical tumors and five normal cervix
tissue samples from the Gene Expression
Omnibus (GEO) database. The mRNA expres-
sion levels in the dataset were measured using
the Affymetrix Human Genome U133A 2.0
Array.

Identification of differentially expressed genes
(DEGSs)

We used the R limma package to normalize the
GEO data and performed a three-dimensional
principle component analysis (PCA) to identify
the DEGs in the cervical cancer tissues and
control tissues [19]. We used the Benjamini-
Hochberg test to calculate the False Discovery
Rate (FDR) for p-value correction. We selected
the DEGs based on the following criteria:
P<0.05, FDR<0.05, and Log,FC (Fold Change)
<-1lorlog,FC>1.

Gene ontology (GO) and two-dimensional view
analysis

We applied GO analysis to identify the signifi-
cant functions of the DGEs according to the
Gene Ontology Database, which is the key func-
tional classification of NCBI [20]. We used
Fisher’s exact test with a significance threshold
of P<0.05 to determine the significance of the
GO terms linked to the DEGs. We used the
DAVID gene functional annotation tool to per-
form a two-dimensional view analysis [21]. We
input all of the DGEs and picked the GO terms
with the highest enrichment scores. Then, we
extracted the associations between the genes
and GO terms and visualized them on a
heatmap.

Pathway analysis

We performed a pathway analysis using KEGG
annotations to discover the significant path-
ways linked to the DEGs [22]. We employed
Fisher's exact test to identify the significant
pathways. We built a pathway interaction net-
work based on the relationships among the
pathways from the KEGG database. The DGEs
that we identified could be involved in multiple
pathways, so there was some overlap among
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Figure 1. Overview of the expression profiles of samples of cervical cancer tissues and healthy control tissues. A:
Three-dimensional principal component analysis. The N and C represent normal controls and cervical cancer, re-
spectively. The numeric labels represent different samples. B: Volcano plot to highlight the differentially expressed
genes (DEGs) among all the transcripts. The red dots represent significant DEGs between tumor and normal tissues,
and black dots represent DEGs with no significance. C: A heatmap showing clusters of DEGs.
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Figure 2. The Gene Ontology (GO) annotations of the differentially expressed genes (DEGs). A: Significant GO terms
of the upregulated DEGs in cervical cancer. B: Significant GO terms of the downregulated DEGs in cervical cancer.
All of the GO terms included biological process, molecular function, and cellular components.

the pathways. We identified the significant Gene regulatory network

pathways that shared the same DGEs and used

Cytoscape to construct graphical representa- We used STRING (Version10.0), a tool for func-
tions of the interactive relationships among the tional protein-association analysis, to build a
pathways. gene regulatory network to elucidate the genes
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Figure 3. Two-dimensional view and pathway analysis of differentially expressed genes (DEGs). A: Two-dimensional
view analysis of upregulated DEGs in cervical cancer. B: Significant pathway analysis based on the KEGG annota-

tions. C: Pathway interaction analysis.

that may play key roles in carcinogenesis [23].
We entered the DEGs into the STRING data-
base and extracted the regulatory relationships
including activation, expression, binding, post-
transcriptional modification, inhibition, and
catalysis to construct the gene interaction net-
work. We used a highest confidence of 0.900
as the minimum required interaction score.

Co-expression network analysis

We calculated the Pearson correlation coeffi-
cient for the expression levels of each pair of
DEGs in the GEO data. We defined 0.99 as the
threshold to build a gene co-expression net-
work. In network analysis, the degree of asso-
ciation is an important factor to determine the
relative importance of DGEs. We marked the
gene nodes with different colors and sizes to
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highlight the degree of the associations with
other nodes. We constructed the co-expression
network using Cytoscape.

qRT-PCR

We used a Trizol-based method to extract RNA
from the cervical cancer and non-cancerous
hysteromyoma control samples. We then
adjusted the RNA concentration of each sam-
ple to 500 ng. We synthesized the first strand
of cDNA using the SuperScript IV First-Strand
Synthesis System. We amplified the selected
genes using 480 SYBR Green | Master kit and
the LightCycler 480 platform (Roche). We nor-
malized the expression level of each gene to
that of B-actin and calculated the relative fold
changes in expression between the cancer and
control samples.

Am J Transl Res 2017;9(6):3048-3059
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Results

Overview of the GEO microarray data and iden-
tification of DEGs

The results of the PCA indicated that the sam-
ples of cervical cancer and normal control tis-
sues were closely associated (Figure 1A). We
identified 190 genes with differential expres-
sion between the cancer and control tissues.
Among the DEGs, 78 were downregulated in the
cancer tissues, and 112 were upregulated in
the cancer tissues (Figure 1B). The results of
the hierarchical cluster analysis of the expres-
sion profiles of the DGEs are shown in Figure
1C.

GO and two-dimensional view analysis

The results of the GO analysis indicated that
DNA replication, DNA metabolic process, mitot-
ic cell cycle, cell division, and cell cycle were the
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Mitosis and Cell Cycle

Figure 4. Gene regulatory network analysis of
differentially expressed genes. The red and
green circles represent genes that were up-
regulated and downregulated, respectively, in
cervical cancer. The size of each node repre-
sents the degree of the associations with the
nodes around.

top five significant biological processes as-
signed to the upregulated genes (Figure 2A). All
of the significant molecular functions of the
upregulated genes were related to nucleotide
binding and DNA polymerase activity (Figure
2A). Furthermore, the results indicated that the
upregulated DNA synthesis was mainly located
on chromosomes (Figure 2A). Tube develop-
ment was the most significant biological pro-
cess assigned to the downregulated genes.
The functions of the downregulated genes were
related to contractile fiber and smooth muscle,
indicating that cytoskeletal protein binding
function was decreased in the cervical cancer
tissues (Figure 2B).

The two-dimensional view analysis showed that
GO terms involved in microtube function and
cell cycle progression were clustered togeth-
er (Figure 3A). G2/mitotic-specific cyclin-B1
(CCNB1) and Cyclin-dependent kinase 1 (CDK1)
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were positively associated with all of the mitotic
GO terms (Figure 3A). The analysis also identi-
fied a group of DEGs that were either compo-
nents of or functionally required by the mitotic
spindle, including CEP55, KIF11, KNTC1, ASPM,

NUSAP1, MAD2L1, NEK2, and SPAG5 (Figure
3A).

Pathway analysis

In the KEGG pathway analysis, the most signifi-
cant of the upregulated pathways were DNA
replication and the cell cycle (Figure 3B).
Additionally, we identified the P53 signaling
pathway as an upregulated pathway. The signifi-
cant downregulated pathways included vascu-
lar smooth muscle contraction, focal adhesion,
and long-term depression (Figure 3B). The
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Figure 5. Co-expression net-
work analysis of expression
profiles in cervical cancer.
Different sizes and colors
were employed to discrimi-
nate the degrees of each
gene.
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pathway interaction network based on the rela-
tionships recorded in the KEGG database indi-
cated three one-way interactive links focused
on the cell cycle pathway.

Gene regulatory network

The gene regulatory network based on the
STRING database was composed of five sub-
nets and included eight types of interactive
relationships. The gene regulatory analysis
identified a cluster of DEGs that participate in
mitosis and the cell cycle (Figure 4). Most of the
DEGs were upregulated in cervical cancer; how-
ever, NES and TUBA1A were downregulated in
cervical cancer. In the mitosis and cell cycle
module, it was obvious that CDK1 was the mas-
ter DEG, showing the most interactive relation-

Am J Transl Res 2017;9(6):3048-3059
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Figure 6. Validation of the protein expression of important genes involved in mitosis. qRT-PCR analysis of gene ex-
pression profiles of selected genes (*P<0.05; NS: no significance).

ships with the other DEGs. Moreover, we found
that components of the MCM complex (MCM2,
MCM4, MCM5, MCM6, and MCM10), which
acts as a DNA replicative helicase, bound to
each other. The network also demonstrated a
module composed of HIST1H2BI, HIST1H2B,
H2AFZ, and HIST1H2BH that functioned in
nucleosome assembly. In contrast, a subnet
composed of the downregulated genes MYL9,
MYH11, LMOD1, ACTA2, and MYLK was shown
to be related to muscle contraction. Those
results indicated that the function of muscle
contraction was decreased in the cervical can-
cer tissues.

Co-expression network

We constructed a co-expression network to dis-
close gene clusters that may work together to
promote mitosis. The co-expression network
identified three DEG clusters that promote DNA
replication, the cell cycle, and cell division
(Figure 5). The first cluster included TFDP2,
PRC1, KIF14, NEK2, and MELK and may control
cell cycle transition from G1 phase to S phase
and from G2 phase to M phase (Figure 5). The
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second cluster included HMMR, POLQ, RRM2,
NCAPG2, KIF4A, and NCAPH and mainly pro-
motes DNA synthesis, the formation of mitotic
chromosomes, and spindle organization (Figure
5). The third cluster included MCM2, CCNA2,
CENPA, and OIP5 and is responsible for DNA
replication, cell cycle transition, mitotic spindle
assembly, and cell division (Figure 5). The
nucleosome compacting proteins HIST1IH2BK
and H2BF also showed potential co-expression
(Figure 5).

Expression profiles of selected genes mea-
sured by qRT-PCR

The qRT-PCR results showed that MCM2,
MCM4, and MCM5, but not MCM6, were
expressed differentially between the cervical
cancer tissues and the hysteromyoma control
tissues (Figure 6). The cyclin proteins CCNA2
and CCNB1 and their kinases CHEK1 and CDK1
were significantly upregulated in the cervical
cancer tissues. Furthermore, TFDP2 and PCNA
were also upregulated in the cervical cancer
tissues. There was no significant difference in
CDC7 between the tumor and control tissues.

Am J Transl Res 2017;9(6):3048-3059
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Discussion

Although the etiology of cervical cancer is mul-
tifactorial, including genetic and environmental
factors as well as combinations of those fac-
tors, infections by the oncogenic viruses HPV
and HSV-2 are the dominant cause of the dis-
ease [24, 25]. Other risk factors for cervical
cancer include smoking, immunosuppression
caused by HIV, low consumption of fruits and
vegetables, high BMI, and multiple full-term
pregnancies. It was reported that a family his-
tory of cervical cancer is associated with an
approximately twofold increased risk of cervical
cancer [26]. Moreover, a number of studies
suggested that SNPs in some genes are associ-
ated with the occurrence of cervical cancer [27-
29]. Whole-exome sequencing of cervical carci-
nomas has identified somatic mutations in nine
genes: MAPK1, HLA-B, EP300, FBXW7, NFE2L2,
TP53, ERBB2, ELF3, and CBFB [30]. At the tran-
scriptional level, several protein-coding genes,
long noncoding RNAs, and miRNAs were report-
ed to be downregulated or upregulated in cervi-
cal cancer and to show relationships with clini-
cal characteristics such as tumor size,
lymphatic metastasis, and invasion [31-34].
TCL1A expression in B-cells in cervical tumors
was correlated with patient survival [35].
Although some important genes have been
identified as being dysregulated in cervical can-
cer, the data should be analyzed further using
computational strategies to better elucidate
the significance of such genes in the initiation
and progression of cervical cancer. We per-
formed a bioinformatic analysis of a transcrip-
tomic microarray dataset comprising five cervi-
cal cancer tissues and five normal control
tissues. We employed GO and pathway analy-
ses to explore the functions of the DEGs identi-
fied based on the microarray data. Both the GO
analysis and the KEGG pathway analysis indi-
cated that the genes that were upregulated in
the cancer tissues were enriched with func-
tions linked to DNA replication and the cell
cycle, which are key steps in mitosis. The genes
that were downregulated in the cancer tissues
were enriched with functions linked to muscle
development, indicating that the physiological
function of the cervix was weakened.

The cervix is the lower part of the uterus. It is

divided from the upper part of the uterus by a
fibromuscular junction, which joins the muscu-

3056

lar corpus to the fibrous cervix. The cervix has
an inner mucosal layer, a thick layer of smooth
muscle, and a supravaginal portion. The func-
tion of the smooth muscle in the cervix has
been recognized as the reason that the cervix
is refractory to stimuli from the uterus, which
produce growth and contraction. The cervical
smooth muscle is also able to act as a barrier to
hold the products of conception [36]. Our
results indicate that genes involved in muscle
development and contraction are downregulat-
ed in cervical cancer cells. The gene regulatory
analysis showed that genes involved in muscle
contraction (MYL9, MYH11, LMOD1, ACTA2,
and MYLK) can bind, modify, and activate each
other; however, further evidence is needed to
demonstrate that muscle formation and con-
traction are decreased in patients with cervical
cancer.

Enhanced cell proliferation capacity is the
essential characteristic of cancer. We observed
that the biological processes of DNA replication
and cell cycle transition, which are critical
events for mitosis, were increased in the cervi-
cal cancer tissues. In the cell cycle, transition
from G1 phase to S phase is the first step of
mitosis. The two-dimensional view analysis and
gene interaction network identified CDK1 as
the most important gene that regulates the
other DEGs, indicating that CDK1 plays multiple
roles in cervical cancer-cell proliferation.
According to the regulatory network, CDK1 can
interact with MCM family components and
cyclins and kinesin-like proteins, which modu-
late DNA replication, cell cycle progression, and
cell division [37-39]. Consistently, several stud-
ies have found that the expression of CDK1
was increased in cervical cancer and that CDK1
plays a key role in tumor progression and can
serve as a therapeutic target [40].

In the co-expression network, we found two
crucial gene subnets that may control cell cycle
progression. TFDP2 and CCNA2 were the mas-
ter nodes in the two subnets, which control cell
cycle progression from G1 phase to S phase.
Previous studies have reported that TFDP2 was
upregulated in cervical cancer [41]. We found
that CCNA2 was significantly upregulated in
cervical cancer, implicating a potential mecha-
nism of abnormal mitosis in cervical cancer.

To maintain a hyperproliferative state, cervical
cancer cells upregulate a group of genes that

Am J Transl Res 2017;9(6):3048-3059
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control multiple steps of DNA replication.
Among the upregulated genes, we identified
five components of the MCM protein complex:
MCM2, MCM4, MCM5, MCM6, and MCM10.
MCM2-7 form a replicative helicase complex
that unwinds the DNA during replication [42].
MCM10 is a replication-initiation factor that
recruits MCM2-7 helicase and DNA polymerase
complexes to start DNA replication [43].
Consistently, studies have reported that the
expression of MCM proteins was increased in a
variety of cancers including breast cancer, can-
cer of the uterine cervix, and gliomas. The MCM
proteins could be used as prognostic biomark-
ers for patients with cancer. Our analysis indi-
cated that the expression levels of a group of
DNA polymerases were increased in cervical
cancer, including PLOA1, PLOE2, PLOE3, and
PLOQ. PLOA1 is the DNA polymerase alpha cat-
alytic subunit, which initiates DNA replication
at replicative forks through interaction with
MCM10. PLOE2 and POLE3 are DNA poly-
merase epsilon subunits responsible for DNA
replication and repair. PLOQ encodes DNA poly-
merase theta, which mediates the repair of
double-stranded DNA breaks. We did not iden-
tify any direct evidence to elucidate the roles of
DNA polymerases in cervical cancer. The asso-
ciations between PLOA1/E2/E3/Q and cervical
cancer are not understood. However, it is pos-
sible that the upregulation of the DNA polymer-
ases group with similar expression profile may
facilitate the DNA replication which is required
for mitosis.

We found that the expression levels of three
kinesin-like proteins (KIF11, KIF14, and KIF4A)
were increased in cervical cancer. In the gene
regulatory network, PRC1 can bind to those 3
kinesin-like proteins and can be modified by
CDK1. The binding of those protein mediates
cytokinesis during mitosis.

In conclusion, we used a computational bioin-
formatic strategy to identify groups of genes
that promote mitosis in cervical cancer. We
found that some genes involved in muscle con-
traction and development were downregula-
ted in cervical cancer cells, which suggests
decreased muscle function in cervical cancer.
We identified several groups of genes that syn-
ergistically participate in multiple stages of
mitosis, including DNA replication, cell cycle
progression, and cell division. Most of the
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genes that were upregulatedin cervical cancer
were clustered together and displayed similar
functions. The regulatory network analysis
showed that replicative helicase proteins
(MCM2, MCM4, MCM5, MCM6 and MCM10)
and DNA replication polymerases (PLOA1/E2/
E3/Q) have enhanced expression in cervical
cancer. A group of kinases, cyclins, and tran-
scriptional factors (CDK1, CCNA2, CCNB2, and
TFDP2) promote cell cycle transitions from G1
phase to S phase and from G2 phase to M
phase in cervical cancer. Moreover, the expres-
sion of a group of motor proteins (KIF11, KIF14
and KIF4A) and their partner PRC1 were
increased in cervical cancer and were found to
mediate cytokinesis during cervical cancer pro-
gression. Our findings present a better genome-
wide understanding of the mechanism of mito-
sis in cervical cancer and provide potential
targets for anticancer therapies.
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