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Abstract. The emergence of resistance to chemotherapy drugs 
in patients with ovarian cancer is still the main cause of low 
survival rates. The present study aimed to identify key genes 
that may provide treatment guidance to reduce the incidence 
of drug resistance in patients with ovarian cancer. Original 
data of chemotherapy sensitivity and chemoresistance of 
ovarian cancer were obtained from the Gene Expression 
Omnibus dataset GSE73935. Differentially expressed genes 
(DEGs) between sensitive and resistant ovarian cancer cell 
lines were screened by Empirical Bayes methods. Overlapping 
DEGs between four chemoresistant groups were identified 
by Venn map analysis. Protein-protein interaction networks 
were also constructed, and hub genes were identified. The 
hub genes were verified by in vitro experiments as well as 
The Cancer Genome Atlas data. Results from the present 
study identified eight important genes that may guide treat-
ment decisions regarding chemotherapy regimens for ovarian 
cancer, including epidermal growth factor-like repeats and 
discoidin I-like domains 3, NRAS proto-oncogene, hyaluronan 
and proteoglycan link protein 1, activated protein C receptor, 
CD53, cyclin-dependent kinase inhibitor 2A, insulin-like 
growth factor 1 receptor and roundabout guidance receptor 2 
genes. Their expressions were found to have an impact on the 
prognosis of different treatment groups (cisplatin, paclitaxel, 
cisplatin + paclitaxel, cisplatin + doxorubicin and cisplatin + 
topotecan). The results indicated that these genes may mini-
mise the occurrence of ovarian cancer drug resistance and 
may provide effective treatment options for patients with 
ovarian cancer.

Introduction

Ovarian cancer is one of the most serious threats to reproduc-
tive health in women, which is estimated to account for ~21,750 
new cases and 13,940 mortalities in the United States in 2020, 
with the highest mortality rate among female reproductive 
system malignancies (1). For patients initially diagnosed with 
ovarian epithelial cancer, the standard treatment is tumour 
resection and chemotherapy (2). Carboplatin combined with 
paclitaxel is currently the standard first‑line chemotherapy 
for patients with ovarian cancer (3), whereas carboplatin 
combined with pegylated liposomal doxorubicin is consid-
ered as an alternative to standard therapy (4). Alternatively, 
carboplatin plus topotecan co-treatment is recommended in 
patients who are allergic to paclitaxel (5). However, owing 
to the differences observed between individual patients with 
ovarian cancer and due to tumour heterogeneity, patient 
sensitivity and tolerance to different drugs differ (6). Thus, 
improved treatment plans for precision medicine would benefit 
patient outcome. Considering the different mechanisms of 
action of topotecan and three other common drugs, including 
cisplatin, doxorubicin and paclitaxel (7-10), the National 
Cancer Institute Clinical Trial Group in collaboration with 
the European Cancer Research and Treatment Organization 
successfully completed a phase II clinical trial to evaluate 
the triple combination of cisplatin, topotecan and paclitaxel 
in patients with advanced epithelial ovarian cancer (11). 
However, Brotto et al (12) and Hoskins et al (13) found that the 
combination of these three drugs did not significantly improve 
the quality of life of patients compared with the standard drug 
regimen of carboplatin plus paclitaxel, and increased the side 
effects experienced by the patients. Therefore, considering the 
efficacy and side effects, identifying the optimal combination 
of two drugs for individual patients is very important.

Clinical trials are the best method of studying the efficacy 
of chemotherapy regimens (14), but these are time-consuming 
and precision medicine is difficult to achieve (15). A phase III 
clinical trial conducted in Italy found that the overall survival 
and efficacy of carboplatin combined with doxorubicin is not 
superior to carboplatin plus paclitaxel; besides, different drug 
combinations display different side effects (16). It is recom-
mended that drugs are selected based on patient tolerance to 
side effects. Another phase III clinical trial in France found that 
the progression‑free survival (PFS) and efficacy of carboplatin 
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combined with doxorubicin was superior to carboplatin plus 
paclitaxel in elderly patients (17). A number of phase III clinical 
trials found that carboplatin combined with topotecan reduced 
side effects in patients, whereas progression-free survival and 
overall survival were not higher compared with carboplatin 
plus paclitaxel (18,19). However, this large-scale clinical trial 
was not suitable for individualised treatment due to tumour 
heterogeneity. Therefore, the data analysis methods presented 
in the current study may provide ideas and directions for basic 
research as well as indicate a design for future clinical trials.

To date, many data analysis studies on the expression 
profiles of common chemotherapeutic drug resistance genes 
in ovarian cancer have been performed. As reviewed by 
Galluzzi et al (20), these studies aimed to screen crucial 
molecules to reverse the drug resistance of ovarian cancer 
using corresponding target inhibitors or activators to restore 
chemosensitivity of tumour cells. Currently, the relationship 
between differentially expressed genes (DEGs) and clinical 
medication guidance has not yet been determined. Through 
the integrated analysis of gene expression profiling microarray 
data of four first‑line chemotherapy drugs, cisplatin, doxoru-
bicin, paclitaxel and topotecan, the present study aimed to 
identify effective and reliable molecular markers to provide 
guidance for the selection of clinical chemotherapy drugs. 
In this study, overlapping DEGs between the four different 
groups of drug‑resistant ovarian cancer cells were identified by 
Venn map analysis, protein-protein interaction networks were 
generate, associated hub genes were identified and the accu-
racy of these hub genes was verified by in vitro experiments 
and data from The Cancer Genome Atlas (TCGA), which 
were used to determine possible effective treatment options 
for clinical treatment of patients with ovarian cancer.

Materials and methods

Microarray data. The GSE73935 microarray dataset was 
downloaded from the Gene Expression Omnibus (GEO) 
database (http://www.ncbi.nlm.nih.gov/geo). These RNA 
profiles were based on GPL13667 (HG-U219) Affymetrix 
human genome U219 beadchip platform containing a total 
of six cisplatin-resistant ovarian cell sublines (A2780), six 
doxorubicin-resistant cell sublines, six paclitaxel-resistant cell 
sublines, six topotecan-resistant cell sublines and three sensi-
tive control cell sublines.

Identif ication of DEGs. Following data standardisa-
tion, the ‘limma’ package in R software (version 3.5, 
https://www.r-project.org) was applied to screen DEGs 
between the four groups of resistant ovarian cancer cell lines 
and the sensitive controls. Genes with P<0.01 and |log2 [fold 
change (FC)]|>2 were considered as DEGs. Considering that 
the first line of clinical therapy is the combination of two 
drugs, the DEGs in each group were classified and further 
overlapped using the ‘VennDiagram’ package within R soft-
ware. The genes that were upregulated or downregulated in 
several drug‑resistant cell lines under the same classification 
were classified as overlapping DEGs. The combination of 
drugs mainly included cisplatin combined with doxorubicin, 
paclitaxel or topotecan, and paclitaxel combined with doxoru-
bicin or topotecan.

Gene Ontology (GO) functional term and Kyoto Encyclopedia 
of Genes and Genomes (KEGG) pathway enrichment 
analysis. To determine the potential biological functions of 
the overlapping DEGs, GO (http://www.geneontology.org) 
term enrichment analysis was performed based on three 
aspects; biological process (BP), molecular function (MF) and 
cellular component (CC). Subsequently KEGG (http://www.
genome.jp/kegg) pathway enrichment analysis was conducted 
to investigate the potential signalling pathways related to the 
overlapping DEGs. GO term and KEGG pathway enrichment 
analyses were performed using R software.

Protein‑protein interaction (PPI) network construction and 
hub gene analysis. The potential interactions of the overlap-
ping DEGs were analysed using STRING (https://string-db.
org) software tool. PPI score was set to 0.4, and all isolated 
nodes were hidden. Subsequently, the PPI network was visu-
alised and further analysed using Cytoscape software (www.
cytoscape.org). The ‘CentiScaPe’ plug-in of Cytoscape was 
used to calculate the degree and betweenness parameters of 
the PPI network; it was stipulated that a gene with degree ≥ 
meandegree + standard deviation (SDdegree) satisfying between-
ness ≥ meanbetweenness + SDbetweenness was a hub gene. It was 
postulated that hub genes are essential for protein networks 
encoded by chemoresistance-related genes of ovarian cancer. 
To further confirm the reliability of the hub genes generated by 
the bioinformatics analysis, reverse transcription-quantitative 
PCR (RT-qPCR) was conducted to analyse the hub gene 
expression with respect to paclitaxel resistance.

Kaplan‑Meier survival curve. Clinical data of patients 
with ovar ian cancer were accessed f rom TCGA 
(https://cancergenome.nih.gov), which includes public 
genomic data. The Kaplan-Meier curve was generated using 
Kaplan-Meier plotter (https://kmplot.com/) and SPSS software 
(version 19.0; IBM Corp.). The log-rank and Tarone-Ware 
tests were used to determine statistical significance. Patients 
were grouped according to the quartile of the gene's FPKM 
value, with those before the first quartile as low expression and 
those after the third quartile as high expression. Kaplan-Meier 
survival curves were used to observe the effect of gene expres-
sion on the prognosis of different clinical groups. In addition, 
immunohistochemical data from patients with ovarian cancer 
were obtained from The Human Protein Atlas (HPA) database 
(https://www.proteinatlas.org).

Cell lines and RT‑qPCR. The paclitaxel-sensitive human 
ovarian cancer cell line A2780 and the paclitaxel-resistant 
cell line A2780/PA were obtained from the BeNa Culture 
Collection (Beijing, China). All cell lines were cultured in 
RPMI‑1640 medium (Gibco; Thermo Fisher Scientific, Inc.) 
supplemented with 10% FBS (Gibco; Thermo Fisher Scientific, 
Inc.), 50 U/ml penicillin and 50 U/ml streptomycin at 37˚C 
in 5% CO2. The medium of A2780/PA cells was supple-
mented with 800 ng/ml paclitaxel (Invitrogen; Thermo Fisher 
Scientific, Inc.) to maintain its drug‑resistance phenotype.

Total RNA was extracted from A2780/PA and A2780 
cells using TRIzol® (Invitrogen; Thermo Fisher Scientific 
Inc.). Then 2  µg of total RNA was used to synthesise cDNA, 
using the High Capacity RNA-to-cDNA kit (TaqMan, Applied 
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Biosystems). mRNA levels were examined using TransStart 
Top Green qPCR SuperMix (TransGen Biotech Co., Ltd). The 
relative expression level of each target gene was normalised 
to ACTB (internal control; Forward, 5'-CTT AGT TGC GTT 
ACA CCC TTT CTT G-3' and reverse, 5'-CTG TCA CCT TCA 
CCG TTC CAG TTT-3') using a 2-ΔΔCq relative quantifica-
tion method (21,22). All reactions were performed using the 
following cycling parameters: Initial denaturation at 94˚C 
for 30 sec; followed by 45 cycles of 94˚C for 5  sec, 60˚C for 
15  sec and 72˚C for 10 sec. Primer sequences are provided on 
Table SI.

Measurement of reactive oxygen species (ROS). The 
oxidant‑sensitive dye dichloro‑dihydro‑fluorescein diacetate 
(DCFH-DA; Beyotime Institute of Biotechnology) was used to 
detect intracellular ROS levels. Exponentially growing A2780 
and A2780/PA cells were seeded in 6-well culture plates at a 
density of 3x105 cells/well. After 24 h of incubation, the fresh 
medium was changed and 400 ng/ml paclitaxel was added for 
12 h. Then the cells were trypsinized and incubated in 2 ml 
DCFH‑DA (10 µM) working solution for 20 min at 37˚C in 
the dark, washed with PBS twice and then evaluated using a 
guava easyCyte flow cytometer (Millipore). Data analysis was 
performed using ExpressPro software (version 8.1; Millipore).

Measurement of lipid peroxidation. The fluorescent lipid 
peroxidation reporter molecule C11-BODIPY (Beyotime 
Institute of Biotechnology) was detected lipid peroxidation. 
Exponentially growing A2780 and A2780/PA cells were 
seeded in 6-well culture plates at a density of 3x105 cells/well. 
After 24 h of incubation, the fresh medium was changed and 
400 ng/ml paclitaxel was added for 12 h. Then the cells were 
trypsinized and incubated in 2 ml C11-BODIPY (10 µM) 
working solution for 20 min at 37˚C in the dark, washed with 
PBS twice and then evaluated using a guava easyCyte flow 
cytometer (Millipore). Data analysis was performed using 
ExpressPro software.

Statistical analysis. Data are expressed as the mean ± standard 
error of the mean of three independent experiments. Statistical 
analysis was performed using SPSS 19.0 software (IBM 
Corp.). Student's t-test was used to compare the mean values 
of two groups. P<0.05 was considered to indicate a statistically 
significant difference.

Results

Data preprocessing. After GSE73935 dataset was preprocessed 
with multi-array average (RMA) (23) integrated algorithm in 
R software ‘Bioconductor’ package, the data was converted 
into logarithmic form. The original chip data and the RMA 
preprocessed data are shown in Fig. 1.

Characteristics of dataset and DEG identification. A total of 
1,062 DEGs were identified from the GSE73935 dataset, of 
which 598 were upregulated and 464 were downregulated. A 
total of 188 DEGs were identified in cisplatin resistance/chemo-
therapy sensitivity, of which 126 were downregulated and 62 
were upregulated (Fig. 2A; Table SII). A total of 98 DEGs 
were identified in the doxorubicin resistance/chemotherapy 

sensitivity group, of which 32 were downregulated and 
66 were upregulated (Fig. 2B; Table SIII). In the paclitaxel 
resistant/sensitive group, 232 DEGs were identified, of which 
101 were downregulated and 131 were upregulated (Fig. 2C; 
Table SIV). In addition, 194 DEGs were identified in the 
topotecan resistance/chemotherapy sensitivity group, of which 
46 were downregulated and 148 were upregulated (Fig. 2D; 
Table SV). According to ovarian cancer treatment guide-
lines (24), overlapping genes for the two-drug combinations 
were defined, including cisplatin plus doxorubicin, cisplatin 
plus paclitaxel and cisplatin plus topotecan. The number of 
overlapping genes can be determined by Venn plot analysis. 
(Fig. 2E). As shown in Table I, 37 DEGs were identified between 
the cisplatin and doxorubicin groups, of which 27 were down-
regulated and 10 were upregulated; 65 DEGs were identified 
between the cisplatin and paclitaxel groups, of which 51 were 
downregulated and 14 were upregulated; 49 DEGs were iden-
tified between the cisplatin and topotecan groups, of which 31 
were downregulated and 18 were upregulated.

GO function term and KEGG pathway enrichment analysis. 
GO analysis of DEGs was divided into three functional 
groups, including molecular function, biological processes 
and cell composition. GO function term enrichment and 
KEGG pathway enrichment were performed on upregulated 
and downregulated DEGs of the four separate sets of data. 
Significant results are shown in Table SⅥ. The top five 
descriptions of each part after the p-value is ranked from small 
to large (Fig. 3A-H).

GO function enrichment of the cisplatin resistance group 
demonstrated that the upregulated genes were mainly enriched 
in ‘receptor-mediated endocytosis of virus by host cell’ and 
‘secretory granule membrane system development’, while the 
downregulated genes were mainly enriched in ‘multicellular 
organismal process’ and ‘phenanthrene 9,10-monooxygenase 
activity’. In KEGG signaling pathways enrichment, the 
upregulated genes were mainly enriched in ‘axon guidance’ 
and ‘non-small cell lung cancer’, while the downregulated 
genes were mainly enriched in ‘melanoma’ and ‘regulation of 
actin cytoskeleton’ (Fig. 3A and B).

GO function enrichment of the doxorubicin resistance group 
demonstrated that the upregulated genes were mainly enriched 
in ‘regulation of cell communication by electrical coupling’ 
and ‘cell-cell junction’, while the downregulated genes were 
mainly enriched in ‘regulation of multicellular organismal 
process’, ‘phosphatidylcholine-translocating ATPase activity’ 
and ‘plasma membrane part’. In KEGG signaling pathways 
enrichment, the upregulated genes were mainly enriched in 
‘chronic myeloid leukemia’ and ‘axon guidance’, while the 
downregulated genes were mainly enriched in ‘bile secretion’ 
and ‘pancreatic secretion’ (Fig. 3C and D).

GO function enrichment of the paclitaxel resistance 
group demonstrated that the upregulated genes were mainly 
enriched in ‘system development’, ‘sulfur compound binding’ 
and ‘proteinaceous extracellular matrix’, while the down-
regulated genes were mainly enriched in ‘cell adhesion’ and 
‘cell junction’. In KEGG signaling pathways enrichment, the 
upregulated genes were mainly enriched in ‘arrhythmogenic 
right ventricular cardiomyopathy (ARVC)’ and ‘glycine, 
serine and threonine metabolism’, while the downregulated 
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genes were mainly enriched in ‘VEGF signaling pathway’ and 
‘Fc gamma R-mediated phagocytosis’ (Fig. 3E and F).

GO function enrichment of the topotecan resistance 
group demonstrated that the upregulated genes were mainly 
enriched in ‘system development’, ‘GPI-linked ephrin receptor 
activity’ and ‘integral component of plasma membrane’, while 
the downregulated genes were mainly enriched in ‘regulation 
of multicellular organismal process’, ‘receptor binding’ and 
‘extracellular matrix’. In KEGG signaling pathways enrich-
ment, the upregulated genes were mainly enriched in ‘axon 
guidance’ and ‘Epithelial cell signaling in Helicobacter pylori’, 
while the downregulated genes were mainly enriched in 
‘African trypanosomiasis’ and ‘Metabolism of xenobiotics by 
cytochrome P450’ (Fig. 3G and H).

PPI network. According to results from STRING analysis, 
compared with the chemotherapy-sensitive group, 118 nodes 
and 77 edges in the cisplatin-resistant group met the screening 
conditions (score >0.4), and a PPI network map was drawn 
(Fig. 4A). The PPI network map of the doxorubicin-resistant 
group comprises 83 nodes and 52 edges (Fig. 4B). The PPI 
network map of paclitaxel resistance and chemotherapy 

sensitivity has 163 nodes and 170 edges (Fig. 4C), and the PPI 
network map of topotecan resistance and chemotherapy sensi-
tivity has 173 nodes and 193 edges (Fig. 4D). In addition, the 
PPI network map of cisplatin plus doxorubicin has 11 nodes 
and seven edges (Fig. 4E), the PPI network map of cisplatin 
plus paclitaxel has 27 nodes and 22 edges (Fig. 4F), and the 
PPI network map of cisplatin plus topotecan has 16 nodes and 
14 edges (Fig. 4G).

The hub genes were obtained by calculating the degree 
and betweenness parameters of the PPI network map. Among 
them, the cisplatin‑resistant chemotherapy group has five hub 
genes, the doxorubicin‑resistant chemotherapy group has five 
hub genes, the paclitaxel-resistant chemotherapy group has 15 
hub genes and the topotecan-resistant chemotherapy group has 
five hub genes (Table II). The cisplatin plus doxorubicin group 
had three hub genes, the cisplatin plus paclitaxel group has six 
hub genes, and the cisplatin plus topotecan group has five hub 
genes (Table III).

Validation of hub genes and survival analysis. To verify the 
proposed clinical protocol, survival analyses were performed 
using data from patients with ovarian cancer in the TCGA 

Figure 1. RMA preprocessing of the GSE73935 dataset. (A and B) Box plot after RMA processing. The median value of each sample is close. (C and D) Signal 
intensity distribution diagram after RMA processing. The curves of each sample coincide, and it is close to the Gaussian distribution, so the RMA method 
was selected. RMA, robust multi-array average.
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database (Fig. 5). Considering the clinical medication infor-
mation of TCGA ovarian cancer patients and cisplatin plus 
paclitaxel is the preferred chemotherapy regimen, survival 
analysis was grouped according to the expression of the hub 
gene in the cisplatin plus paclitaxel group and the observed 
prognosis in the cisplatin plus paclitaxel group and the other 

group, which mainly included sequential doxorubicin-cispl-
atin/paclitaxel and sequential topotecan-cisplatin/paclitaxel. 
The results demonstrated that the expression of epidermal 
growth factor-like repeats and discoidin I-like domains 3 
(EDIL3), NRAS proto-oncogene (NRAS), hyaluronan and 
proteoglycan link protein 1 (HAPLN1) and activated protein C 

Figure 2. DEGs and overlapping DEGs between four sets of samples. (A) Cisplatin-resistance, (B) doxorubicin-resistance, (C) paclitaxel-resistance and 
(D) topotecan-resistance. The red and blue points represent upregulated and downregulated expression of genes screened on the basis of log2|FC|>2.0 and 
P<0.01, respectively. The black points represent genes with no significant difference in expression levels. (E) Venn diagram of overlapping DEGs in the four 
drug-resistant ovarian cancer groups. DEGs, differentially expressed genes.
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Table I. Combination of two chemotherapy drugs resistance group overlapped DEGs.

 Number of overlapping DEGs Exclusive overlapping DEG
Group (downregulate; upregulate) ratio (%)a

Cisplatin + doxorubicin 37 (27; 10) 16.2 (6/37)
Cisplatin + paclitaxel 65 (51; 14) 35.4 (23/65)
Cisplatin + topotecan 49 (31; 18) 36.7 (18/49)

aExclusive overlapping gene ratio (%) = differential gene that is only resistant to two types of chemotherapeutic drugs/different genes that are 
resistant to two types of chemotherapeutic drugs. DEG, differentially expressed genes.

Figure 3. GO functional term and KEGG pathway enrichment. (A) Cisplatin resistance; upregulated DEGs. (B) Cisplatin resistance; downregulated DEGs. 
(C) Doxorubicin resistance; upregulated DEGs. (D) Doxorubicin resistance; downregulated DEGs. (E) Paclitaxel resistance; upregulated DEGs. (F) Paclitaxel 
resistance; downregulated DEGs. (G) Topotecan resistance; upregulated DEGs. (H) Topotecan resistance; downregulated DEGs. The red bars represent signal-
ling pathways identified with the KEGG, The yellow, green and blue bars represent cell components, molecular function and biological process, respectively, 
identified with GO enrichment analysis. ABC, ATP‑binding cassette; DEGs, differentially expressed genes; ECM, extracellular matrix; GO, Gene Ontology; 
KEGG, Kyoto Encyclopedia of Genes and Genomes.
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Figure 4. PPI networks of the identified DEGs for different drug conditions. (A) Cisplatin. (B) Doxorubicin. (C) Paclitaxel. (D) Topotecan. (E) Cisplatin plus 
doxorubicin. (F) Cisplatin plus paclitaxel. (G) Cisplatin plus topotecan. Circles represent genes, lines represent the interaction of proteins between genes, and 
the results within the circle represent the structure of proteins. Line color represents evidence of the interaction between the proteins. PPI, Protein-protein 
interaction; DEGs, differentially expressed genes.
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receptor (PROCR) were closely related to the prognosis of the 
cisplatin plus paclitaxel group. The expression of ephrin B2 
(EFNB2) and tissue factor pathway inhibitor 2 (TFPI2) did not 
affect the prognosis of cisplatin plus paclitaxel group (Fig. S1).

In the cisplatin plus paclitaxel group, the five‑year survival 
rate of the EDIL3 high expression group was 32%, and the 
five‑year survival rate of the EDIL3 low expression group was 
50%. Compared with the low expression group of EDIL3, the 
prognosis of patients with ovarian cancer in the high expres-
sion group of EDIL3 was worse (P<0.05; Fig. 5A). In the other 
group, the expression of this gene was not associated with 
prognosis (P>0.05; Fig. 5B).

In the cisplatin plus paclitaxel group, the five‑year survival 
rate of ovarian cancer patients with high NRAS expression was 
38%, and the five‑year survival rate of patients with ovarian 
cancer with low NRAS expression was 23%. Compared with 
the high expression group of NRAS, the prognosis of ovarian 
cancer patients in the low expression group of NRAS was 
worse (P<0.05; Fig. 5C). In the other group, the expression of 
this gene was not associated with prognosis (P>0.05; Fig. 5D).

In the cisplatin plus paclitaxel group, the five‑year survival 
rate of patients with ovarian cancer with high expression of 
HAPLN1 was 28%, and the five‑year survival rate of patients 
with ovarian cancer with low expression of HAPLN1 was 42%. 

Table II. Single chemotherapy drug resistance group hub genes.

Group Hub gene Degree Betweenness Expression

Cisplatin IGF1R 10 1,714.33 Up
 NRAS 9 830.33 Down
 FGF10 5 662.00 Up
 DLG3 6 531.33 Down
 CAV1 6 524.67 Down
Doxorubicin NRAS 10 799.67 Down
 RUNX2 6 482.00 Up
 MDK 5 340.67 Down
 PTGS2 4 187.00 Up
 MSX1 5 186.00 Up
Paclitaxel CDKN2A 10 2,889.06 Up
 DLG1 11 2,437.20 Down
 CTGF 9 2,173.22 Up
 MET 8 1,852.22 Up
 MAF 6 1,741.90 Down
 FGFR3 6 1,721.56 Up
 PIK3R1 5 1,703.86 Up
 FAS 6 1,378.57 Up
 PTAFR 5 1,326.63 Up
 ABCB1 7 1,276.65 Up
 TNFAIP3 5 1,076.96 Up
 CDK14 8 1,042.03 Up
 TUBB3 5 1,034.81 Up
 COL1A2 10 959.60 Up
 RHOBTB1 6 899.87 Down
Topotecan NRAS 16 4,558.12 Down
 ACTA2 10 2,192.64 Up
 SPP1 9 2,111.47 Up
 PRKG1 9 1,354.34 Up
 BMP7 8 1,694.94 Up

The hub genes need to satisfy both degree ≥ meandegree + standard deviation (SDdegree) and betweenness ≥ meanbetweenness + SDbetweenness ABCB1, 
ATP binding cassette subfamily B member 1; ACTA2, actin, alpha 2; BMP7, Bone morphogenetic protein 7; CAV1, caveolin 1; CDK14, cyclin 
dependent kinase 14; CDKN2A, cyclin dependent kinase inhibitor 2A; COL1A2, collagen type I alpha 2 chain; CTGF, connective tissue 
growth factor; DLG1, disks large homolog 1; DLG3, disks large homolog 3; FAS, Fas cell surface death receptor; FGF10, fibroblast growth 
factor 10; FGFR3, fibroblast growth factor receptor 3; IGF1R, Insulin-like growth factor I receptor; MAF, MAF bZIP transcription factor; 
MDK, midkine; MET, MET proto-oncogene, receptor tyrosine kinase; MSX1, msh homeobox 1; NRAS, NRAS proto-oncogene; PIK3R1, 
phosphoinositide-3-kinase regulatory subunit 1; PRKG1, protein kinase cGMP-dependent 1; PTAFR, platelet activating factor receptor; 
PTGS2, prostaglandin-endoperoxide synthase 2; RHOBTB1, Rho related BTB domain containing 1; RUNX2, RUNX family transcription 
factor 2; SPP1, secreted phosphoprotein 1; TNFAIP3, TNF alpha induced protein 3; TUBB3, tubulin beta 3 class III.
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Compared with the low expression group of HAPLN1, the 
prognosis of patients with ovarian cancer in the high expres-
sion group of HAPLN1 was worse (P<0.05; Fig. 5E). In the 
other group, the survival rate of patients with ovarian cancer 
with low expression of HAPLN1 decreased to 0 at 2.7 years, 
while the five‑year survival rate of patients with ovarian cancer 
with high expression of HAPLN1 was 48%, and the prognosis 
of the low expression group was worse (P<0.05; Fig. 5F).

In the cisplatin plus paclitaxel group, the five‑year survival 
rate of patients with ovarian cancer with high PROCR 
expression was 30%, and the five‑year survival rate of patients 
with ovarian cancer with low PROCR expression was 48%. 

Compared with the low expression group of PROCR, the prog-
nosis of patients with ovarian cancer in the high expression 
group of PROCR was worse (P<0.05; Fig. 5G). In the other 
group, the expression of this gene was not associated with 
prognosis (P>0.05; Fig. 5H).

In addition, since TCGA data do not contain clinical 
information of other drug groups, which included cisplatin, 
paclitaxel, cisplatin + doxorubicin and cisplatin + topotecan, to 
verify that the hub genes of the other drug groups are also suit-
able for clinical samples, the immunohistochemistry results for 
patients with ovarian cancer in HPA database were used. The 
Insulin-like growth factor I receptor (IGF1R) in the cisplatin 

Figure 5. Kaplan‑Meier survival curves of patients with ovarian cancer, stratified by gene expression levels. (A) EDIL3, cisplatin plus paclitaxel. (B) EDIL3, 
others. (C) NRAS, cisplatin plus paclitaxel. (D) NRAS, others. (E) HAPLN1, cisplatin plus paclitaxel. (F) HAPLN1, others. (G) PROCR, cisplatin plus 
paclitaxel. (H) PROCR, others. others, sequential doxorubicin-cisplatin/paclitaxel and sequential topotecan-cisplatin/paclitaxel. EDIL3, epidermal growth 
factor-like repeats and discoidin I-like domains 3; HAPLN1, hyaluronan and proteoglycan link protein 1; NRAS, NRAS proto-oncogene; PROCR, activated 
protein C receptor.

Table III. Combination of two chemotherapy drugs resistance group hub genes.

Group Hub gene Degree Betweenness Expression

Cisplatin + doxorubicin EDIL3 3 6 Up
 CD53 2 2 Down
 SLIT2 1 2 Down
Cisplatin + paclitaxel EDIL3  4 14 Up
 NRAS  3 14 Down
 EFNB2  3 12 Down
 HAPLN1  3 8 Up (down)
 TFPI2 2 4 Down
 PROCR  2 4 Up
Cisplatin + topotecan HAPLN1 3 4 Up
 NRAS 3 4 Down
 EFNB2 3 4 Down
 ROBO2 2 2 Down
 COL11A1 2 2 Down

The hub genes need to satisfy both degree ≥ meandegree + standard deviation (SDdegree) and betweenness ≥ meanbetweenness + SDbetweenness COL11A1, 
collagen type 11 α 1 chain; EDIL3, epidermal growth factor-like repeats and discoidin I-like domains 3; EFNB2, ephrin B2; HAPLN1, hyal-
uronan and proteoglycan link protein 1; NRAS, NRAS proto-oncogene; PROCR, activated protein C receptor; ROBO2, roundabout guidance 
receptor 2; SLIT2, slit guidance ligand 2; TFPI2, tissue factor pathway inhibitor 2.
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group, cyclin-dependent kinase inhibitor 2A (CDKN2A) in 
the paclitaxel group, CD53 in the cisplatin plus doxorubicin 
group, and Roundabout guidance receptor 2 (ROBO2) in the 
cisplatin plus topotecan group were verified, and the effect of 

the expression of each hub gene on prognosis was observed 
with the Kaplan-Meier Plotter database.

IGF1R is a hub gene that was upregulated in ovarian cancer 
cisplatin-resistant cells and not in other drug-resistant cell 

Figure 6. Immunohistochemistry and Kaplan‑Meier survival curves of patients with ovarian cancer, stratified by gene expression levels. (A) IGF1R normal. 
(B) IGF1R ovarian cancer. (C) IGF1R survival curve. (D) CDKN2A normal. (E) CDKN2A ovarian cancer. (F) CDKN2A survival curve. (G) CD53 normal. 
(H) CD53 ovarian cancer. (I) CD53 survival curve. (J) ROBO2 normal. (K) ROBO2 ovarian cancer. (L) ROBO2 survival curve. IGF1R, insulin-like growth 
factor I receptor; ROBO2, roundabout guidance receptor 2; CDKN2A, cyclin-dependent kinase inhibitor 2A; Source: Human Protein Atlas.
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lines. It showed medium positive protein expression in normal 
ovarian tissues (Fig. 6A) and high positive protein expression 
in ovarian cancer tissues (Fig. 6B). IGF1R was significantly 
upregulated in tumor tissues compared with normal tissues. 
The five‑year survival rate of patients with ovarian cancer with 
high IGF1R expression was 15%, and the five‑year survival 
rate of patients with ovarian cancer with low IGF1R expres-
sion was 27%. Compared with the low expression group of 
IGF1R, the prognosis of patients with ovarian cancer with high 
expression of IGF1R was worse (P<0.05; Fig. 6C).

CDKN2A was identified as a hub gene that was upregu-
lated in paclitaxel-resistant ovarian cancer cells but not in 
other drug-resistant cell lines. It showed low positive protein 
expression in normal ovarian tissue (Fig. 6D) and high positive 
protein expression in ovarian cancer tissues (Fig. 6E). CDKN2A 
was significantly upregulated in tumor tissues compared 
with normal tissues. The 5-year survival rate of patients with 
ovarian cancer with high CDKN2A expression was 18%, and 
the 5-year survival rate of patients with ovarian cancer with 
low CDKN2A expression was 28%. The prognosis of patients 
with ovarian cancer, with high expression of CDKN2A was 
worse compared with the low expression group of CDKN2A 
(P<0.01; Fig. 6F).

CD53 was identified as a hub gene with downregulated in 
the cisplatin plus doxorubicin group. It was found that this gene 
showed medium positive protein expression in normal ovarian 
tissue (Fig. 6G) and low positive protein expression in ovarian 
cancer tissues (Fig. 6H). CD53 was significantly downregu-
lated in tumor tissues compared with normal tissues. CD53 
expression had no significant effect on the five‑year survival 
rate of patients with ovarian cancer (P>0.05) (Fig. 6I).

ROBO2 is a hub gene with downregulated in the cisplatin 
plus topotecan group. This gene showed low positive protein 
expression in normal ovarian tissues (Fig. 6J) and no protein 
expression was observed in ovarian cancer tissues (Fig. 6K). 
ROBO2 was significantly downregulated in tumor tissues 

compared with normal tissues. The five‑year survival rate of 
patients with ovarian cancer with high ROBO2 expression was 
30%, whereas that of patients with low ROBO2 expression was 
18%. Compared with the high ROBO2 expression group, the 
prognosis of patients with ovarian cancer in the low ROBO2 
expression group was worse (P<0.01; Fig. 6L).

Evaluation of hub gene expression in ovarian cancer. To verify 
the expression of hub genes in the paclitaxel-resistant and 
sensitive network, A2780/PA and A2780 cell lines were used, 
respectively. Relative mRNA expression levels of hub genes 
in A2780/PA and A2780 cells were quantified by qPCR, and 
the results showed that the average mRNA expression levels 
of disks large homolog 1 (DLG1) was significantly lower in 
A2780/PA cells compared with expression levels in A2780 
cells. Furthermore, the average mRNA expression levels of ATP 
binding cassette subfamily B member 1 (ABCB1), CDKN2A, 
cyclin dependent kinase 14 (CDK14), fibroblast growth factor 
receptor 3 (FGFR3), MET proto-oncogene, receptor tyrosine 
kinase (MET), phosphoinositide-3-kinase regulatory subunit 1 
(PIK3R1) and tubulin beta 3 class III (TUBB3) were significantly 
higher in A2780/PA cells compared to A2780 cells (Fig. 7).

Effect of ROS level on paclitaxel resistance in ovarian 
cancer. ROS serve a role in cellular responses to stress and 
are associated with apoptosis through mitochondrial DNA 
damage which has an effect on drug resistance (25). The role 
of mitochondrial ROS-mediated mechanisms, along with ROS 
prominent roles and modulation of metabolic events may be 
essential contributors for cancer drug resistance (26). Recent 
observations demonstrate that chronic and abnormally high 
ROS levels may instigate or accentuate cancer phenotypes, 
including drug resistance (27,28). Therefore, intracellular ROS 
levels were measured by flow cytometry analysis after pacli-
taxel treatment. The results indicated that A2780/PA cells had 
significantly lower levels of ROS compared with A2780 cells 
after paclitaxel treatment (Fig. 8A-D).

Effect of lipid peroxidation on paclitaxel resistance in 
ovarian cancer. Elevated ROS can cause apoptosis by 
increasing the level of cellular lipid peroxidation and conse-
quently augmenting the permeability of the mitochondrial 
membrane (29). Thus, intracellular lipid peroxidation levels 
were measured by flow cytometry analysis after paclitaxel 
treatment. The results indicated that A2780/PA cells had 
significantly lower lipid peroxidation than A2780 cells after 
paclitaxel treatment (Fig. 8E-H).

From the above results, it can be seen that the ROS level 
of A2780/PA was significantly lower than that of A2780 after 
paclitaxel administration, and the degree of lipid peroxidation 
was also significantly reduced, indicating that resistant cell 
lines can withstand ROS and lipid oxidation to enhance drug 
resistance. In addition, it was verified that the expression of 
the hub gene of each cell group was consistent with the gene 
expression of the clinical samples of ovarian cancer.

Discussion

Chemoresistance in ovarian cancer has been a hot topic in 
recent years. In the present study, bioinformatics analyses 

Figure 7. mRNA expression of hub genes in A2780/PA and A2780 cell lines. 
**P<0.01 vs. A2780. ABCB1, ATP binding cassette subfamily B member 1; 
CDKN2A, cyclin dependent kinase inhibitor 2A; CDK14, cyclin dependent 
kinase 14; COL1A2, collagen type I alpha 2 chain; CTGF, connective tissue 
growth factor; DLG1, disks large homolog 1; FAS, Fas cell surface death 
receptor; FGFR3, fibroblast growth factor receptor 3; MAF, MAF bZIP 
transcription factor; MET, MET proto-oncogene, receptor tyrosine kinase; 
PIK3R1, phosphoinositide-3-kinase regulatory subunit 1; PTAFR, platelet 
activating factor receptor; RHOBTB1, Rho related BTB domain containing 1; 
TNFAIP3, TNF alpha induced protein 3; TUBB3, tubulin beta 3 class III. 
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were used to analyse the GSE73935 chip dataset downloaded 
from the GEO database. The dataset included four different 
ovarian cancer chemotherapy-resistant cell lines and one 
chemotherapy-sensitive cell line. DEGs and overlapping genes 

were screened and PPI analysis of these genes yielded crucial 
genes that were then validated.

The current clinical guidelines recommend that the first‑line 
chemotherapy drugs for advanced ovarian cancer should be 

Figure 8. A2780/PA cells generate less reactive oxygen species and lipid peroxidation compared with A2780 cells, following treatment with paclitaxel. 
(A-D) ROS levels were analysed using DCFH-DA. (E-H) Lipid peroxidation level was analysed using C11-BODIPY. (A and E) Green area represents A2780/PA 
with paclitaxel treatment, whereas yellow area represents A2780 with paclitaxel treatment. (B, C, F and G) The dots above the R2 line mark the percentage of 
positive cells. **P<0.01 vs. A2780.
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cisplatin combined with paclitaxel, and that cisplatin plus doxo-
rubicin can be used as a standard replacement for the former. 
If the patient has an allergic reaction to paclitaxel, topotecan is 
the preferred alternative (3,4). Although the standard treatment 
for patients with ovarian cancer is cisplatin plus paclitaxel, 
other factors such as histology, distribution of disease, asymp-
tomatic versus symptomatic, toxicity profile, genetic signature, 
vulnerable and elderly patients, and patient desire (for example 
to avoid hair loss) need to be taken into account (30).

The present study was based on an analysis of the genetic 
signature, which refers to the effect of genetic level on drug 
resistance, and it carries the largest weight among all these 
factors. Therefore, the results have high reference value for 
clinical decision-making and future research. By identifying 
DEGs through an integrated bioinformatics analysis of signal-
ling pathways in ovarian cancer, as well as validating these 
findings using immunohistochemistry results and survival 
analysis curves, we hypothesise that data-driven clinical deci-
sions are feasible.

Overlapping DEGs have the potential to indicate what 
genes are abnormally expressed in cells resistant to two or 
more chemotherapy drugs. The higher the number of overlap-
ping DEGs between different drugs, the more likely the patient 
is to show resistance to one drug after showing resistance to 
another. Cisplatin combined with paclitaxel had the highest 
number of overlapping genes at 65. Therefore, the results from 
the present study suggested that when patients subsequently 
develop cisplatin resistance, the likelihood of these patients to 
additionally acquire resistance to paclitaxel is high.

The exclusive overlapping DEGs ratio refers to the ratio of 
DEGs that are only resistant to two chemotherapeutic drugs 
among the four chemotherapeutic drugs The smaller the ratio, 
the more likely individual patients who are resistant to such 
combinations of drugs will be resistant to other combina-
tions of drugs. Cisplatin combined with doxorubicin had 
the smallest proportion of exclusive consensus genes at only 
16.2%. Although some studies suggest that it can be used as 
a standard replacement (4,31,32), when it is used as first‑line 
therapy, with the emergence of drug resistance, the possibility 
of multi-drug resistance increases, to ensure more drug choices 
are available for subsequent treatment, this combination is not 
recommended for first‑line chemotherapy.

After undergoing tumour resection, patients can be tested 
for protein and gene expression by immunohistochemistry 
and other methods. The present study identified eight genes 
that can guide individualised treatment according to their 
expression. EDIL3, an extracellular matrix protein associated 
with vascular morphogenesis and remodelling, is commonly 
upregulated in multiple types of human cancers and is corre-
lated with apoptosis and tumour growth (33). Jiang et al (34) 
reported that EDIL3 exerts its antiapoptotic effect by altering 
the protein expression of the Bcl-2 family. The present study 
found that among patients with ovarian cancer with a high 
expression of EDIL3, those receiving a regimen of cisplatin 
plus paclitaxel had a poor prognosis, and thus this chemo-
therapy is not recommended.

NRAS mutations are present in multiple cancers, and 
high expression of mutant NRAS in low-grade serous ovarian 
carcinomas leads to uncontrolled RAS/MAPK signalling (35). 
The current study found that patients with ovarian cancer who 

received cisplatin plus paclitaxel had a poorer prognosis when 
non-mutated NRAS was expressed at lower levels, thus this 
regimen is not recommended.

PROCR is known for promoting the migration of ovarian 
cancer cells (36). Previous studies have suggested that PROCR 
induces the activation of ERK and PI3K-Akt-mTOR signals to 
promote tumour growth (37,38). The present study also found 
that the prognosis of patients with ovarian cancer, with high 
PROCR expression, and those receiving cisplatin combined 
with paclitaxel chemotherapy regimen was poor, and therefore 
this chemotherapy regimen should not be used, as it is unlikely 
to promote patient benefit.

HAPLN1 is known for activating NF-κB activity to increase 
myeloma resistance (39), and is associated with the prognosis 
of several types of tumour (40,41). To date there are no reports 
associating this gene with ovarian cancer. In the current study, 
the prognosis of ovarian cancer patients with high HAPLN1 
expression who were receiving cisplatin combined with 
paclitaxel was found to be poor, but the prognosis in other 
chemotherapy groups was better. Combined with the microarray 
results, this gene was highly expressed in cisplatin-, doxoru-
bicin- and topotecan-resistant cells, but was weakly expressed 
in paclitaxel-resistant cells. Therefore, for patients with high 
expression of HAPLN1, cisplatin combined with paclitaxel is 
not recommended. Instead, a combined chemotherapy regimen 
based on paclitaxel may be administered.

In cisplatin-resistant ovarian cancer cells, IGF1R is 
highly expressed (42), and the inhibition of IGF1R signalling 
pathway reverses cisplatin resistance in ovarian cancer (43,44). 
These previous findings are consistent with the results of the 
present study, that suggest that the cisplatin-based chemo-
therapy regimen is also shown to not be beneficial in tumours 
expressing high levels of IGF1R.

The inhibition of CDKN2A suppressed cell proliferation, 
invasion and migration abilities, while inducing apoptosis and 
sensitivity to paclitaxel in breast cancer (45). This supports the 
results of the present study that patients with high CDKN2A 
expression levels were found to have a poor prognosis, there-
fore a paclitaxel-based regimen is not recommended in such 
patients.

CD53 promotes B cell receptor-dependent protein kinase 
C signalling (46), and increases tumour growth in Cd53-/- 
mice (47). Patients with low CD53 expression levels were 
found to have a poor prognosis. Therefore, cisplatin combined 
with doxorubicin is not recommended.

A pathway composed of the secreted SLIT glycoproteins 
and their ROBO receptors has the dual role of carcinogenesis 
and tumour suppression in human cancer (48). A previous 
study has shown that ROBO2 is downregulated in ovarian 
cancer as a tumour suppressor gene, and SLIT/ROBO activity 
can induce programmed cell death through the activation of 
caspase‑3 in ovarian tumour cell lines (49). These findings 
support the results of the present study that patients with low 
ROBO2 expression were found to have a poor prognosis. Thus, 
these patients are not recommended to undergo cisplatin plus 
topotecan chemotherapy.

In addition, ROS levels and lipid peroxidation in A2780/PA 
cells were significantly lower than in A2780 after administration 
of paclitaxel, indicating that drug-resistant cell lines enhance 
their resistance to chemotherapeutic drugs by blocking the 
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production of ROS and inducing lipid peroxidation. Previous 
studies have demonstrated that increased levels of ROS and 
lipid peroxidation can damage mitochondria and DNA, which 
in turn can affect cancer drug resistance (25,26,29). Therefore, 
we hypothesised that the DEGs of paclitaxel-resistant cells 
proposed in this study may affect cell metabolism through 
mitochondrial functions and oxidative stress levels to promote 
resistance, which might have implications for future research 
directions.

In conclusion, using an integrated bioinformatics analysis 
for microarray datasets, eight crucial genes were identified, 
EDIL3, NRAS, HAPLN1, PROCR, CD53, CDKN2A, IGF1R 
and ROBO2, that can indicate the most appropriate chemo-
therapy drugs for ovarian cancer in order to minimise the 
occurrence of ovarian cancer drug resistance enabling 
improved precision medicine. In addition, this study proposed 
recommendations for clinical drug use through an integrated 
bioinformatics analysis of microarray datasets. These find-
ings could contribute to further basic research and clinical 
trial design. Data-driven clinical decisions have the potential 
to greatly promote the transparency and reproducibility of 
diagnoses and treatments. These findings could also provide 
new insights into genomic personalised medicine and survival 
prediction for ovarian cancer.
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