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Transcriptome sequencing
identifies genes associated
with invasion of ovarian
cancer

Xiandong Peng, Min Yu and Jiazhou Chen

Abstract

Objective: To identify key genes in ovarian cancer using transcriptome sequencing in two cell

lines: MCV152 (benign ovarian epithelial tumour) and SKOV-3 (ovarian serous carcinoma).

Methods: Differentially expressed genes (DEGs) between SKOV-3 and MCV152 were identified.

Candidate genes were assessed for enrichment in gene ontology function and Kyoto

Encyclopaedia of Genes and Genomes pathway. Candidate gene expression in SKOV-3 and

MCV152 cells was validated using Western blots.

Results: A total of 2020 upregulated and 1673 downregulated DEGs between SKOV3 and

MCV152 cells were identified that were significantly enriched in the cell adhesion function.

Upregulated DEGs, such as angiopoietin 2 (ANGPT2), CD19 molecule (CD19), collagen type IV

alpha 3 chain (COL4A3), fibroblast growth factor 18 (FGF18), integrin subunit beta 4 (ITGB4),

integrin subunit beta 8 (ITGB8), laminin subunit alpha 3 (LAMA3), laminin subunit gamma 2

(LAMC2), protein phosphatase 2 regulatory subunit Bgamma (PPP2R2C) and spleen associated

tyrosine kinase (SYK) were significantly involved in the extracellular matrix-receptor interaction

pathway. Downregulated DEGs, such as AKT serine/threonine kinase 3 (AKT3), collagen type VI

alpha 1 chain (COL6A1), colony stimulating factor 3 (CSF3), fibroblast growth factor 1 (FGF1),

integrin subunit alpha 2 (ITGA2), integrin subunit alpha 11 (ITGA11), MYB proto-oncogene, tran-

scription factor (MYB), phosphoenolpyruvate carboxykinase 2, mitochondrial (PCK2), placental

growth factor (PGF), phosphoinositide-3-kinase adaptor protein 1 (PIK3AP1), serum/glucocorti-

coid regulated kinase 1 (SGK1), toll like receptor 4 (TLR4) and tumour protein p53 (TP53)

were involved in PI3K-Akt signalling. Expression of these DEGs was confirmed by Western

blot analyses.
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Conclusion: Candidate genes enriched in cell adhesion, extracellular matrix–receptor interac-

tion and PI3K-Akt signalling pathways were identified that may be closely associated with ovarian

cancer invasion and potential targets for ovarian cancer treatment.
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Introduction

Ovarian cancer is the seventh most common
cancer among women worldwide, and the
tenth most common cancer in China,1

with an estimated 239 000 new cases of
ovarian cancer and 152 000 deaths world-
wide each year.2 Despite improved treat-
ment strategies, the overall survival rate in
patients with ovarian cancer remains low,
at about 46%, and approximately 5% of
female cancer deaths are due to low ovarian
cancer survival rates.3 These rates mainly
result from the intricate pathogenesis of
ovarian cancer, making it difficult to find
effective treatment and improve prognosis.4

Therefore, gaining a better understanding
of the biological mechanisms associated
with ovarian cancer is important for earlier
diagnosis and more effective treatment.

Genetic variation has been determined to
have functional effects on human cancers,5

and molecular genetic analyses have
revealed genetic alterations in several
genes related to ovarian cancers, such as

tumour protein p53 (p53), erb-b2 receptor

tyrosine kinase 2 (ERBB2), MYC proto-

oncogene, bHLH transcription factor (c-
Myc) and epidermal growth factor receptor

(EGFR).6,7 Previous microarray analysis
has been applied to profile several genes,

such as serpin family B member 2
(SERPINB2), CD24 molecule (CD24) and

PDZ domain containing ring finger 3

(SEMACAP3), that may serve as molecular
markers for diagnosis and therapy of ovar-

ian cancer.8 In addition to genes, many
pathways are also demonstrated to be

involved in the progression of ovarian
cancer. For instance, the Wnt/b-catenin
pathway may mediate the initiation of epi-

thelial ovarian cancer cells by targeting
genes that regulate cell proliferation and

apoptosis.9 The phosphatidylinositol 3
kinase (PI3K) pathway is found frequently

altered in ovarian cancer and may serve as a

therapeutic target.10 Despite these findings,
improvements in clinical outcomes associat-

ed with ovarian cancer remain far from
enough. Therefore, there is an urgent need

to explore more biomarkers.11

The aim of the present study was to iden-

tify differentially expressed genes (DEGs)

between ovarian cancer cells and normal
controls through transcriptome sequencing

of two cell lines, SKOV-3 (derived from an
ovarian serous carcinoma) and MCV152

(derived from a benign ovarian epithelial

tumour). Function analysis was
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subsequently performed to investigate
potential associated pathways, and expres-
sion levels of genes involved in key path-
ways were validated at protein level.

Materials and methods

Cell lines and cell culture

Two cell lines were investigated in this
study: MCV152 cells (controls), derived
from SV40-transformed serous papillary
cystadenoma cells transfected with telome-
rase hTERT (Genetics and IVF Institute,
Obstetrics and Gynaecology Hospital of
Fudan University, Shanghai, China); and
SKOV-3 cells (cancer cells), derived from
an ovarian serous carcinoma cell line
(American Type Tissue Collection;
Manassas, VA, USA). Both cell lines were
cultured in Eagle’s minimal essential
medium supplemented with 10% fetal
bovine serum (Tianhang, Zhejiang, China)
and maintained at 37 �C in a humidified
incubator containing 5% CO2.

RNA extraction, library preparation
and sequencing

Total RNA was extracted from cells using
TRIzolVR reagent (Life Technologies
[Thermo Fisher Scientific], Carlsbad, CA,
USA) according to the manufacturer’s pro-
tocol, and RNA integrity number (RIN)
scores were determined using an Agilent
2100 Bioanalyzer (Agilent Technologies,
Santa Clara, CA, USA). Poly(A) mRNA
was purified from 1 mg total RNA per
sample, using DynalTM oligo(dT)-attached
magnetic beads (Invitrogen [Thermo fisher
Scientific], Waltham, MA, USA). The
mRNA was then cleaved into small frag-
ments (approximately 200 nucleotides) in
the presence of fragmentation buffer at
90 �C for 5 min. First strand cDNAs were
synthesised using random hexamer-primers
(Invitrogen) and cDNA synthesis mix

(Invitrogen) at 25 �C for 10 min, followed

by 50 �C for 50 min, and terminated at

85 �C for 5 min, and the reaction products
were purified using reverse transcriptase

(SuperScriptVR II Reverse Transcriptase,

Invitrogen). Second-strand cDNA was

then synthesized using Second Strand

Reaction Mix, Second Strand Enzyme

Mix, and RNase H (all Invitrogen) at
16 �C for 60 min, according to the manufac-

turer’s instructions. The blunt-end double-

stranded cDNA was purified using the

PureLinkTM PCR Micro Kit (K310010;

Invitrogen), according to the manufac-

turer’s instructions. The 30 ends of DNA
fragments were then adenylated using

Klenow fragment of DNA polymerase

(TaKaRa Bio, Shiga, Japan) and amplified

by polymerase chain reaction. Suitable frag-

ments, as judged by agarose gel electropho-

resis, were enriched by PCR amplification to
prepare the sequencing library. The cDNA

libraries were sequenced using an Illumina

HiSeq2000 sequencer (DNA Technologies

Core, University of California, Davis, CA,

USA) as 50 bp single-end reads (Illumina,

Hayward, CA, USA).

Quality control and genome mapping

The raw reads were cleaned by removing

adaptor sequences, reads with >2% unde-

fined nucleotides (N), and low-quality reads

containing> 20% of bases with qualities of

<20, using FastQC software, version

0.11.9. Clean reads were then aligned to
the hg38_UCSC_2013 genome using the

STAR aligner software, version 2.4.0j, as

previously described.5

Data processing and differential

expression analysis

Gene expression values were normalized

using reads per kilo base million reads
(RPKM) and fragments per kilo base

million reads (FPKM), then principal
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component analysis was performed. The

DESeq2 algorithm (DESeq2_1.22.2) was

applied to filter the DEGs. The significance

criteria were: log2 fold change (FC)>2 and

false discovery rate (FDR)<0.05. Heatmap

plots were drawn in R, based on differential

expression analysis, and the colour was

determined by the filtering criteria. Volcano
plots were also drawn in R, based on analy-

sis of DEGs, and the colour was determined

by the filtering criteria.

Gene ontology (GO) and pathway

analyses

Gene ontology analysis was performed to

elucidate the biological implications of

unique genes in the significant or represen-

tative DEG profiles.6 GO analysis included

biological process (BP), molecular function

(MF) and cellular component (CC) analy-

ses. Pathway analysis was used to reveal the

significant pathway of the DEGs according

to the Kyoto Encyclopaedia of Genes and

Genomes (KEGG) database. Fisher’s exact

test was applied to identify the significant

GO categories and pathways, and FDR

was used to correct the P-values.
In addition, significant GO terms

(P< 0.05) were selected based on the up-

and downregulated DEGs to construct a

GO-Tree to summarize the function affect-

ed in this study.8 Significant pathways

(P< 0.05) enriched by the up- and down-

regulated DEGs were selected to construct

the Path-Act-Network using Cytoscape

software, version 3.8.0.12

Western blots

Total protein was extracted from cells using

lysis buffer, followed by determination

of total protein concentration in the

sample. Each protein sample (50ml) was

separated by 10% sodium dodecyl
sulphate-polyacrylamide gel electrophore-

sis, and then transferred to polyvinylidene

difluoride membranes. Membranes were
blocked using 5% non-fat milk for 30 min

at room temperature, then incubated
with primary antibodies (1:1000 dilution;

anti-ANGPT2, CD19, COL4A3, FGF18,
ITGB4, ITGB8, LAMA3, LAMC2,

PPP2R2C, SGK2, SYK, AKT3, COL6A1,
CSF3, FGF1, ITGA2, ITGA11, MYB,

PCK2, PGF, PIK3AP1, SGK1, TLR4 and
TP53 (all Abcam, Cambridge, UK) at 4 �C
overnight. Membranes were washed three
times using 1�Tris-buffered saline-Tween-

20 (TBST), and then incubated with the
corresponding horseradish peroxidase

(HRP)-conjugated secondary antibody
(1:5000 dilution; all Abcam) for 1 h at

37 �C, and again washed three times with
1�TBST. GAPDH was quantified as the

loading control. The blots were visualized
using enhanced chemiluminescence (ECL)

reagent (Cwbiotech, Beijing, China) and
Image Lab software, version 5.1 (Bio-Rad

Laboratories, Hercules, CA, USA).

Statistical analysis

All data were analysed using GraphPad

Prism software, version 5.0 (GraphPad
Prism, San Diego, CA, USA). Data are pre-

sented as mean� SD, and differences
between three or more groups were ana-

lysed using one-way analysis of variance
(ANOVA). A P value< 0.05 was consid-

ered statistically significant.

Results

Data processing and DEGs selection

A total of 46 499 161 clean reads were
obtained after quality control, and the map-

ping rate for sequencing data was 87.7%.
Principal component analysis showed a

good sample correlation between MCV152
and SKOV-3 cell lines (Figure 1A).

With thresholds of log2 FC>2 and
FDR< 0.05, a total of 3 693 DEGs were
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Figure 1. Bioinformatics data analysis of differential gene expression between MCV152 and SKOV-3 cell
lines, showing: (A) Principal component analysis by mapping all samples in a two-dimensional diagram
composed of the largest component and the second largest component. Gene expression differences were
small and correlation was good for RNA-seq samples with short distance; (B) Heatmap of differentially
expressed genes (x axis, plotted according to sample name; y axis, plotted according to gene name); (C)
Volcano plot of differentially expressed genes (x axis, log2 fold change; y axis, –log10 false discovery rate
[FDR]). Red represents upregulated gene, and blue represents downregulated gene; (D) Upregulated genes
and (E) downregulated genes in terms of enriched gene ontology (GO) functions, comprising biological
process (BP), molecular function (MF) and cellular component (CC); and (F) Upregulated genes and (G)
downregulated genes in terms of enriched pathways.
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obtained, including 2 020 that were upregu-
lated (such as tumour associated calcium
signal transducer [2TACSTD2], keratin 5
[KRT5], long intergenic non-protein
coding RNA 624 [LINC00624], cadherin
16 [CDH16] and protein phosphatase 1 reg-
ulatory inhibitor subunit 1B [PPP1R1B])
and 1 673 that were downregulated (such
as small nucleolar RNA, H/ACA box 9
[SNORA9], long intergenic non-protein
coding RNA 174 [LINC00174], zinc finger
protein 215 [ZNF215], PPFIA binding
protein 2 [PPFIBP2] and neurotrophic
receptor tyrosine kinase 1 [NTRK1]). The
summarised DEGs are shown in a heatmap
(Figure 1B) and volcano plot (Figure 1C),
and the results suggest that DEGs were
obviously distinguishable between the two
cell lines.

GO and pathway analyses

The upregulated DEGs were significantly
enriched in 401 BP terms, 134 MF terms
and 66 CC terms, and the top 15 terms for
each category are presented in Figure 1D.
BP terms were associated with cell adhesion,
synapse assembly, and extracellular matrix
organization; MF terms were associated
with calcium ion binding and structural con-
stituent of the cytoskeleton; and CC terms
were related to plasma membrane, and
integral component of the membrane.
Downregulated DEGs were significantly
enriched in 665 BP terms, 139 MF terms
and 82 CC terms, and again, the top 15
terms for each category are summarised in
Figure 1E. BP terms were associated with
inflammatory response, immune response,
and cell adhesion; MF terms were related
to receptor binding, and cytokine activity;
and CC terms were associated with the
extracellular region and plasma membrane.
Pathway analysis showed that upregulated
genes were significantly involved in 33
pathways, such as extracellular matrix–
receptor interaction, axon guidance, and

arrhythmogenic right ventricular cardiomy-

opathy, and cell adhesion molecules

(Figure 1F). Downregulated DEGs were sig-
nificantly involved in 75 pathways, such as

cytokine–cytokine receptor interaction,

rheumatoid arthritis, pertussis, and PI3K-

Akt signalling pathways (Figure 1G).

GO and pathway network analyses

The GO-Tree and Path-Act-Network
are shown in Figure 2. Cell migration had

interactions with six GO terms, such as reg-

ulation of cell migration, positive regulation

of cell migration, and axon guidance. Axon

guidance also had interactions with six GO

terms, such as motor neuron axon guid-
ance, axon choice point recognition, and

retinal ganglion cell axon guidance.

Angiogenesis had interactions with five

terms, including patterning of blood vessels,

sprouting angiogenesis, and negative regu-

lation of angiogenesis (data not shown).
The PI3K-Akt signalling pathway inter-

acted with 25 pathways, such as the Ras

signalling pathway, Rap1 signalling path-

way, and p53 signalling pathway (Figure 2).

DEGs involved in PI3K-AKT signalling

pathway

After analysis of RNA-seq data, the DEGs

involved in PI3K-AKT signalling were
selected by combining with the KEGG

database. PI3K and AKT were inevitable

hub nodes with the highest degree of inter-

actions in this signalling pathway. Various

signalling pathways, such as toll-like recep-

tor signalling, cell cycle, nuclear factor-jB
signalling and p53 signalling pathways

also regulated the expression of PI3K and

AKT (Figure 3A). Furthermore, DEGs in

the PI3K-AKT signalling pathway were

clustered by heatmap. For instance, the

upregulated genes, nitric oxide synthase 3
(NOS3) and serum/glucocorticoid regulated

kinase family member 3 (SGK3), and
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downregulated genes, fibroblast growth
factor 21 (FGF21) and vitronectin (VTN),
were clustered among of these DEGs
(Figure 3B).

In addition, analyses of protein levels by
Western blot verified the expression of

DEGs enriched in the PI3K-AKT signalling
pathway. The results showed that, com-
pared with MCV152 cells, the expression
of angiopoietin 2 (ANGPT2), CD19 mole-
cule (CD19), collagen type IV alpha 3 chain

(COL4A3), fibroblast growth factor 18

(FGF18), integrin subunit beta 4 (ITGB4),
integrin subunit beta 8 (ITGB8), laminin
subunit alpha 3 (LAMA3), laminin subunit
gamma 2 (LAMC2), protein phosphatase 2
regulatory subunit Bgamma (PPP2R2C)
and spleen associated tyrosine kinase
(SYK) was upregulated in SKOV3 cells
(Figure 3C). The expression of AKT
serine/threonine kinase 3 (AKT3), collagen
type VI alpha 1 chain (COL6A1), colony
stimulating factor 3 (CSF3), fibroblast
growth factor 1 (FGF1), integrin subunit

Figure 2. The Path-Act-Network constructed based on gene ontology (GO) and pathway analysis results.
Red represents the significant GO terms or pathways of upregulated genes; Green represents the significant
GO terms or pathways of downregulated genes.
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alpha 2 (ITGA2), integrin subunit alpha

11 (ITGA11), MYB proto-oncogene, tran-

scription factor (MYB), phosphoenolpyr-

uvate carboxykinase 2, mitochondrial

(PCK2), placental growth factor (PGF),

phosphoinositide-3-kinase adaptor protein

1 (PIK3AP1), serum/glucocorticoid regulat-

ed kinase 1 (SGK1), toll like receptor 4

(TLR4) and tumour protein p53 (TP53)

was decreased in SKOV3 cells compared

with MCV152 cells (Figure 3D). Western

blot results were consistent with the results

of bioinformatics analysis.

Discussion

In the present study, 2 020 upregulated and

1 673 downregulated DEGs were revealed

between SKOV3 and MCV152 cells, and

the upregulated and downregulated DEGs

were found to be significantly associated

with cell adhesion. Functional analyses

indicated that upregulated DEGs were sig-

nificantly correlated with cell adhesion and

extracellular matrix–receptor interaction.

Cell–cell adhesion is a fundamental biolog-

ical process that defines morphogenesis

of cells and tissues in multicellular organ-

isms.13 Overexpression of cell adhesion

molecules, such as Claudin 3, epithelial

discoidin domain-containing receptor 1

(DDR1) and Ep-Cam, are shown to be

early events in the development of ovarian

cancer.14 In addition, vascular cell adhesion

molecule-1 regulates ovarian cancer perito-

neal metastasis.15 The signalling conveyed

Figure 3. Differentially expressed genes (DEGs) between MCV152 and SOV-3 cell lines, involved in the
phosphatidylinositol 3 kinase (PI3K)-AKT signalling pathway, selected using the Kyoto Encyclopaedia of
Genes and Genomes (KEGG) database and analysed by heatmap: (A) Upregulated and down-regulated genes
in the PI3K-Akt signalling pathway; (B) Heatmap of genes involved in the PI3K-Akt signalling pathway (x axis,
sample name; y axis, gene name). Red represents significant upregulated genes and green represents sig-
nificant downregulated genes; (C) Representative Western blot showing upregulated DEGs enriched in the
PI3K-Akt signalling pathway (angiopoietin 2 [ANGPT2], CD19 molecule [CD19], collagen type IV alpha 3 chain
[COL4A3], fibroblast growth factor 18 [FGF18], integrin subunit beta 4 [ITGB4], integrin subunit beta
8 [ITGB8], laminin subunit alpha 3 [LAMA3], laminin subunit gamma 2 [LAMC2], protein phosphatase 2
regulatory subunit Bgamma [PPP2R2C], serum/glucocorticoid regulated kinase 2 [SGK2], and spleen asso-
ciated tyrosine kinase [SYK]); (D) Representative Western blot showing downregulated DEGs including AKT
serine/threonine kinase 3 (AKT3), collagen type VI alpha 1 chain (COL6A1), colony stimulating factor 3 (CSF3),
fibroblast growth factor 1 (FGF1), integrin subunit alpha 2 (ITGA2), integrin subunit alpha 11 (ITGA11), MYB
proto-oncogene, transcription factor (MYB), phosphoenolpyruvate carboxykinase 2, mitochondrial (PCK2),
placental growth factor (PGF), phosphoinositide-3-kinase adaptor protein 1 (PIK3AP1), serum/glucocorticoid
regulated kinase 1 (SGK1), toll like receptor 4 (TLR4), and tumour protein p53 (TP53).
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by cell adhesion with the underlying extra-
cellular matrix is closely coordinated with
gene regulation during normal tissue
homeostasis.16 Disruption of cell adhesion,
subsequent changes in adhesion-mediated
signal transduction, and an increase in
cell motility are characteristics in the
development of invasive metastatic
cancer.17 Alterations in cell–cell and cell–
extracellular matrix interactions have been
reported to promote cancer cell invasion
and angiogenesis.18,19 Therefore, cell adhe-
sion and extracellular matrix–receptor
interaction may play an important role in
ovarian cancer invasion.

The PI3K-Akt signalling pathway
regulates a variety of cellular processes
including cell survival, proliferation,
growth, and motility, which are important
for tumorigenesis. Inhibition of the receptor
tyrosine-protein kinase erbB-3 (HER3)-
PI3K-AKT signalling pathway has been
shown to enhance apoptosis in ovarian
cancer cells.20 Mabuchi et al.21 suggested
that the PI3K/AKT/mammalian target
of rapamycin (mTOR) pathway could be
used as a therapeutic target for ovarian
cancer, and mutation or altered expression
of components of this pathway is implicat-
ed in human cancer.22 Importantly, this
pathway was also enriched by DEGs in
the present study, consistent with other
studies that have demonstrated a pivotal
role for the PI3K-Akt signalling pathway
in ovarian cancer.21 Based on RNA-seq
data and the KEGG database, the expres-
sion of DEGs and corresponding proteins
associated with PI3K-Akt signalling were
validated, including the upregulated
ANGPT2, FGF18, ITGB4 and ITGB8
genes, and downregulated AKT3 and
PIK3AP1 genes.

Angiopoietin 2 is a member of the
human ANGPT-TIE system, which plays
an important role in tumour initiation
and in increasing the number of tumour
vessel sprouts.23 In some human cancers,

overexpressed ANGPT2 is correlated with
poor prognosis.24 FGF18 is a member of
the FGF family, acting as a chemotactic,
mitogenic and angiogenic factor,25 and it
has been suggested to play a critical role
in promoting the progression of ovarian
high-grade serous carcinoma.26 ITGB4
and ITGB8 are integrin-family members
that control cell attachment to the extracel-
lular matrix and activate intracellular sig-
nalling pathways associated with cell
survival, growth, differentiation, apoptosis,
and migration.27 Increased expression of
ITGB4 and ITGB8 has been reported to
be associated with tumorigenesis.28 The
present results also suggest increased
expression of ANGPT2, FGF18, ITGB4
and ITGB8 in SKOV3 cells, which are
derived from an ovarian serous carcinoma,
compared with that in MCV152 cells
(derived from a benign ovarian tumour).

AKT serine/threonine kinase 3, a
member of the AKT family, is the key reg-
ulator of many cellular processes associated
with cancer, including cell proliferation,
survival and metastasis.29 Blockade of
AKT3 results in a significant reduction in
the expression of oestrogen receptor bind-
ing site associated antigen 9 (EBAG9), a
tumour cell marker, whose expression is
closely associated with vascular endothelial
growth factor expression in ovarian and
uterine tumour samples.30 PIK3AP1 is
identified as a tumour suppressor gene
and has been reported to be inactivated in
head and neck cancers,31 however, its role
in ovarian cancer has not been fully inves-
tigated. In the present study, AKT3 and
PIK3AP1 were demonstrated to be signifi-
cantly downregulated in SKOV3 cells com-
pared with MCV152 cells, and both genes
were involved in various signalling path-
ways, suggesting that downregulated
AKT3 and PIK3AP1 may be associated
with ovarian cancer development.

In conclusion, cell adhesion and extracel-
lular matrix–receptor interaction may play
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an important role in ovarian cancer inva-

sion. The PI3K-Akt signalling pathway

may be involved in ovarian cancer progres-

sion by upregulating ANGPT2, FGF18,

ITGB4 and ITGB8, and downregulating

AKT3 and PIK3AP1 gene expression.
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