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Abstract. Ovarian cancer is an aggressive and lethal cancer, 
which in part, can be attributed to complications in the effec-
tive detection of this disease during early stages of progression. 
Frequently, epithelial ovarian cancer is disseminated to the 
abdominal cavity and forms multicellular aggregates. This 
unique early metastatic event, and formation of the multicellular 
aggregate is implicated to provide a basis for understanding 
the underlying molecular mechanisms of metastasis in ovarian 
cancer. Therefore, a 3-dimensional (3D) sphere culture system 
was established in the present study to mimic the later stages 
of ovarian cancer. The aim of the present study was to inves-
tigate whether microRNAs (miRNAs), which have functions 
in metastasis and chemoresistance in various cancer models, 
are altered in ovarian cancer cells by 3-dimensional (3D) 
culture. A multicellular aggregate of SKOV3ip1 ovarian carci-
noma cells was generated using a 3D sphere culture system. 
Cell viability analysis demonstrated that the sphere-cultured 
SKOV3ip1 cells exhibited chemoresistance compared with 
those in a conventional 2-dimensional (2D) monolayer 
cultured SKOV3ip1 system. Under the same experimental 
conditions, 71 upregulated miRNAs and 63 downregulated 
miRNAs were identified in the 3D sphere‑cultured SKOV3ip1 
cells. The predicted targets of the 3D sphere‑culture specific 
miRNAs were further identified using PITA, microRNAorg 
and TargetScan. Compared with the target gene pool and Kyoto 
Encyclopedia of Genes and Genomes pathway, the present 
study provides evidence that the 3D sphere culture‑specific 
miRNAs regulated sphere formation and chemoresistance in 

3D sphere-cultured SKOV3ip1 cells. Overall, the results of the 
present study demonstrated that miRNA-mediated regulation 
is implicated to provoke features of SKOV3ip1 multicellular 
aggregation, including sphere formation and chemoresistance.

Introduction

Ovarian cancer is categorized according to histology as 
serous, mucinous, endometrioid, clear cell, undifferentiated or 
unclassified carcinoma, or as a malignant Brenner tumor (1). 
Due to the lack of specific symptoms and effective detection 
methods, the majority of cases of ovarian cancer are detected 
at advanced stages (2). Surgery and chemotherapy using pacli-
taxel and platinum are representative treatments of ovarian 
cancer. In the early stages of disease, the aforementioned 
treatment rehabilitates 80-90% of patients (2,3), and 10-15% of 
patients recover completely. However, >70% of patients relapse 
and succumb within 5‑years (2). In the later stages of disease, 
ovarian cancer spreads and attaches to the abdominal cavity, 
which is a common metastasis site for progressive ovarian 
cancer (4,5). At the site of metastasis, ovarian cancer metas-
tasizes to ascites as single cells or multicellular aggregates, 
which form spheroids (6,7). The spheroids also exhibit chemo-
resistance to paclitaxel and platinum, which is implicated as 
a major contributory factor in relapse (8,9). Thus, molecular 
studies using ovarian spheroids provide a robust model to 
elucidate the underlying mechanisms of chemoresistance and 
relapse following treatment in ovarian cancer. In previous 
studies, these spheroids have been mimicked by organotypic 
culture, 3-dimensional (3D) sphere culture systems, for under-
standing the mechanisms of spheroid development (10-12).

MicroRNAs (miRNAs/miRs) are small non-coding 
RNAs of 19-25 nucleotides in length that modulate gene 
silencing at the post-transcriptional level by interfering 
with translation and accelerating the degradation of specific 
target transcripts (13). These miRNAs are synthesized as 
pri-miRNA, which is sequentially cleaved to mature miRNA 
by RNase III enzymes, such as Drosha and Dicer. The mature 
miRNAs assemble into the RNA-induced silencing complex 
(RISC) (14). The RISC‑mature miRNA complex is bound with 
the 3'‑untranslated region (UTR) of specific target transcripts 
at the seed regions, which are located in the 5'-teminal of 
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miRNA and complementarily matched with 3'UTR of target 
genes (15). Thus, the in silico miRNA target is predicted by 
the sequence of the seed site (16,17). The miRNA-mediated 
translational interference is implicated in various physiological 
phenomena (18,19). Notably, deregulation of miRNA expres-
sion is a major factor in the initiation, progression, metastasis 
and chemoresistance of a wide spectrum of different types 
of cancer (20,21). For example, the let-7 family, commonly 
referred to as tumor suppressors, is downregulated in head, 
neck, lung, breast, ovarian and prostate cancer (22). Notably, 
in chemoresistant cancer, the miRNA expression pattern is 
definitively altered (20,22). Thus, miRNAs are implicated as 
signature genetic biomarkers in chemoresistance of various 
types of cancer. In the present study, the alteration of miRNA 
expression in 3D sphere-cultured SK-OV3ip1 cells was exam-
ined, in addition to the investigating the association between 
the miRNA expression profile and characteristic features of 
3D sphere-cultured SK-OV3ip1 cells.

Materials and methods

Cell culture. SKOV3ip1 cells were obtained from Professor 
A.K. Sood, University of Texas MD Anderson Cancer Center, 
(Texas, USA). Cells were cultured in RPMI 1640 medium 
(Corning Incorporated, Corning, NY, USA) supplemented 
with 10% fetal bovine serum (FBS, Invitrogen; Thermo Fisher 
Scientific, Inc., Waltham, MA, USA), 100 IU/ml penicillin 
and 100 µg/ml streptomycin (23). Cultures were incubated at 
37˚C in a humidified atmosphere of 5% CO2. In addition, 3D 
sphere-cultured SKOV3ip1 cells were cultured in ultra-low 
attachment 6‑well plates (Corning Incorporated), in the same 
culture conditions.

Cell viability assay. Cell viability was determined by crystal 
violet assay. To determine cell viability in conventional 
2-dimensional (2D) monolayer cultures and a 3D sphere 
culture model, SKOV3ip1 cells were seeded at a density of 
5x104 cells/well in conventional 24-well plates and incubated 
with the indicated concentration (0, 6.25, 12.5, 25, 50 and 
100 nM) of paclitaxel at 37˚C. At 72 h post‑paclitaxel treat-
ment, 3D sphere cultured-SKOV3ip1 cells were transferred to 
conventional 24‑well plates and incubated for 12 h at 37˚C. 
Attached viable SKOV3ip1 cells were stained with 0.2% 
crystal violet solution for 5 min at 37˚C. For colorimetric 
analysis, crystal violet dye was extracted using 1% SDS/PBS 
and the absorbance was determined at 570 nm using an EMax 
PLUS microplate reader (Molecular Devices, LLC, Sunnyvale, 
CA, USA).

miRNA microarray. Total RNA was extracted from each 
sample (2D monolayer cultures and a 3D sphere cultured 
SKOV3ip1) using TRIzol reagent (Invitrogen; Thermo Fisher 
Scientific, Inc.) according to the manufacturer's protocol. Total 
RNAs were labeled with Cy3 using pCp (Agilent Technologies, 
Inc., Santa Clara, CA, USA) and an Agilent miRNA labeling 
kit (Agilent Technologies, Inc.). Salt and debris were removed 
using Micro Bio‑Spin P‑6 columns (Bio‑Rad Laboratories, 
Inc., Hercules, CA, USA). Purified labeled total RNAs were 
loaded into SurePrint G3 Human V16 miRNA 8x60 K array 
(Agilent Technologies, Inc.), with 1,205 annotated miRNA 

sequences, and hybridized at 65˚C for 20 h. After hybridiza-
tion, the microarray was washed with washing solution (Gene 
Expression Wash Buffer pack; Agilent Technologies, Inc.) and 
dried. The microarray was scanned using Agilent Microarray 
Scanner (Agilent Technologies, Inc.), and digitalized by 
Agilent Feature Extraction Software (Agilent Technologies, 
Inc.). Gene expression fold‑change was analyzed by comparing 
between digitalized miRNA profile data using GeneSpring 
GX version 11.5 (Agilent Technologies, Inc.).

In silico analysis of putative target genes. Target genes of 
3D sphere culture‑specific miRNAs were identified by three 
online bioinformatics database, namely, PITA (http://genie.
weizmann.ac.il), microRNAorg (http://www.microrna.org) 
and TargetScan (http://www.targetscan.org).

Kyoto Encyclopedia of Genes and Genomes (KEGG) analysis 
of putative targets. KEGG analysis of putative target genes was 
determined using the Database for Annotation, Visualization 
and Integrated Discovery Bioinformatics Resource 6.7 
(DAVID, http://david.abcc.ncifcrf.gov). A list of putative target 
genes was uploaded and analyzed in DAVID for identifying 
associated KEGG pathways. Associated KEGG pathways 
were selected according to the threshold of the Expression 
Analysis Systematic Explorer Score (<0.1), a modified Fisher's 
Exact P‑Value.

Statistical analysis. The experimental data were statisti-
cally analyzed using the Student's t-test for two groups using 
Excel 2016 version 1,707 Microsoft Corporation, Redmond, 
WA, USA). P<0.05 was considered to indicate a statistically 
significant difference. All experimental data are expressed 
as the mean ± standard deviation from three independent 
experiments.

Results

Increased chemoresistance in spheroid culture model of 
SKOV3ip1 cells. To compare miRNA expression profiles 
between conventional 2D monolayer-cultured SKOV3ip1 
and 3D sphere-cultured SKOV3ip1, SKOV3ip1 cells 
were cultured in ultra-low attachment culture plates. As 
presented in Fig. 1, in the conventional 2D sphere culture 
system (Fig. 1A), SKOV3ip1 formed loose sheet-like aggre-
gates and did not accumulate as compact spheroids, unlike 
in 3D monolayer‑cultured SKOV3ip1 (Fig. 1B). To determine 
whether paclitaxel differentially affected the cell viability 
in 2D monolayer and 3D sphere culture, paclitaxel-induced 
cell cytotoxicity was evaluated in the two systems. The cell 
viability of conventional 2D monolayer-cultured and 3D 
sphere-cultured SKOV3ip1 cells was decreased by pacli-
taxel in a dose-dependent manner. However, colorimetric 
cell viability analysis demonstrated that 3D sphere-cultured 
SKOV3ip1 cells exhibited greater resistance to paclitaxel than 
monolayer-cultured SKOV3ip1 (Fig. 2).

Differences in miRNA expression profile between normal 
culture and spheroid culture. The miRNA expression profile 
was examined to compare differentially expressed miRNAs, 
between the conventional 2D monolayer-cultured SKOV3ip1 
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and 3D sphere‑cultured SKOV3ip1 systems by SurePrint G3 
Human V16 miRNA 8x60 K array, probed with 1,205 anno-
tated miRNAs. As demonstrated in Fig. 3, 71 and 63 miRNAs 
were upregulated and downregulated, respectively, in the 3D 
spheroid culture model compared with the conventional 2D 
monolayer culture system in the SKOV3ip1 cells (Fig. 1). 
From 134 spheroid culture differentially expressed miRNAs, 
miR-3937 was the most upregulated by 965.61 fold, and 
miR-18a-5p was the most downregulated by 849.08 fold.

In addition, identified target genes of spheroid culture‑ 
specific miRNAs were identified using miRNA target gene 
prediction databases, namely, PITA, microRNAorg and 
TargetScan (Table I). A total of 96 putative target genes of 
spheroid culture‑specific upregulated miRNAs were identi-
fied by all databases. Additionally, 662 putative target genes 
of spheroid culture‑specific downregulated miRNAs were 
identified using all 3 target prediction systems. In addi-
tion, the analysis of the association between target genes 
of spheroid culture specific miRNAs and the biological 
functions of these target genes was conducted using KEGG 
pathways analysis. The data presented in Fig. 4 and Table II 
demonstrates that the target genes of specific upegulated 

Figure 2. Effect of paclitaxel on cell viability in C2DM- and 3DS-cultured 
SKOV3ip1 cells. SKOV3ip1 cells were treated with paclitaxel at the indicated 
concentrations for 72 h in the conventional C2DM and 3DS. The results are 
representative of three independent experiments. *P<0.05, compared with 
C2DM-SKOV3ip1. C2DM, conventional 2-dimensional monolayer-cultured 
system; 3DS, 3‑dimensional sphere‑cultured system.

Figure 1. Morphology of SKOV3ip1 cultured by two-different culture systems. (A) Conventional 2-dimensional monolayer-cultured SKOV3ip1 cells. 
(B) 3‑dimensional sphere‑cultured SKOV3ip1 cells. Cell images were captured with a phase‑contrast microscope at x100 magnification.

Table I. Number of 3‑dimensional sphere culture‑specific miRNA targets using three miRNA target prediction databases.

Database Target miRNAs, n Overlapping miRNAs in all three databases, n

Upregulated miRNAs  96
  microRNAorg 709
  TargetScan 808
  PITA 156

Downregulated miRNAs  662
  microRNAorg 2,695
  TargetScan 1,465
  PITA 969

miRNAs, microRNAs.
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Figure 4. KEGG pathway analysis of sphere‑specific miRNAs target genes. KEGG pathways are selected with target genes of upregulated and downregu-
lated miRNAs using a calculated association score between KEGG pathway‑contained genes and sphere‑specific miRNA target genes using Database for 
Annotation, Visualization and Integrated Discovery Bioinformatics Resource. KEGG, Kyoto Encyclopedia of Genes and Genomes; miRNA, microRNA.

Figure 3. Alteration of miRNA profiling in conventional 2D monolayer‑ and 3D sphere‑cultured SKOV3ip1. Heatmap exhibiting 134 miRNAs that were 
selected by filtering the microarray data. Expression levels are represented using red and blue, which represent high and low levels, respectively. C2DM, 
conventional 2‑dimensional monolayer‑cultured system; 3DS, 3‑dimensional sphere‑cultured system. miRNA/miR, microRNA.
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and downregulated miRNAs in spheroid culture were linked 
with various KEGG pathways.

Discussion

In gynecology, ovarian cancer is the most lethal malig-
nancy (1,2). Unlike for other types of cancer, the development of 
ovarian cancer is closely associated with a specific metastatic 
tumor microenvironment (6,7). In an ovarian cancer‑specific 
microenvironment, metastatic cell spheres gain a resistance 
to anticancer agents, including paclitaxel (8,9). In particular, 
the emergence of chemoresistance in recurrent ovarian cancer 
is observed, which is a major hurdle in overcoming ovarian 
cancer (8,9). Therefore, there is an urgent requirement to 
better understand the mechanisms underlying the formation 
of multicellular aggregation, and to overcome mechanisms 
of chemoresistance to anticancer drugs. In Figs. 1 and 2, an 
in vitro multicellular aggregation was generated using the 
3D sphere culture system in SKOV3ip1 cells. Additionally, 
it was demonstrated that 3D sphere-cultured SKOV3ip1 
cells resisted paclitaxel-mediated cell death compared to 
2D monolayer cultured SKOV3ip1 cells. In order to iden-
tify miRNAs that regulated the formation of multicellular 
aggregated 3D spheres and chemoresistance, the miRNA 
profile in conventional 2D monolayer-cultured SKOV3ip1 
and 3D sphere-cultured SKOV3ip1 cells was displayed. As 
demonstrated in Fig. 3, of the 134 differentially expressed 
miRNAs identified, 71 were upregulated and 63 were down-
regulated in the 3D sphere culture system, compared with 
the conventional 2D monolayer culture system. To determine 
the association between miRNA-mediated regulation of 
target gene expression and 3D sphere cultivation of ovarian 
cancer, putative target genes of 3D sphere culture‑specific 
miRNAs were identified (Fig. 3). Additionally, putative target 
genes of the 3D sphere culture‑specific miRNA‑associated 
KEGG pathway were analyzed (Fig. 4). Notably, the MAPK 
signaling pathway, regulation of the actin cytoskeleton, focal 
adhesion and pathways in cancer were highly associated with 
target genes of upregulated and downregulated miRNAs. 
The MAPK signaling pathway, regulation of the actin cyto-
skeleton and focal adhesion are implicated in anticancer 
drug chemoresistance (24‑30). Paclitaxel induces p38 and 
ERK/MAPK‑mediated apoptosis and cell death (25‑27). 
Furthermore, p38, MAPK and epidermal growth factor 
receptor were constitutively activated in paclitaxel chemo-
resistance cells, which induces P38 MAPK‑mediated E3 
ubiquitin-protein ligase Mdm2 degradation and p53-mediated 
drug resistance (26). MAPK signaling‑mediated anticancer 
drug chemoresistance is apparent in various types of 
cancer, including breast, ovarian and lung cancer (25,26,28). 
Additionally, paclitaxel promotes microtubule assembly 
and stabilization, which is a key mechanism for inducing 
anticancer activity (29). Dysregulation of the interactions 
between microtubules and cell adhesion induced paclitaxel 
chemoresistance in ovarian cancer (30). Additionally, regula-
tion of focal adhesion induced integrin-mediated spherical 
formation (31,32). Thus, miRNA-mediated regulation of the 
MAPK signaling pathway, regulation of the actin cytoskeleton 
and focal adhesion induced paclitaxel resistance and sphere 
formation in 3D sphere-cultured SKOV3ip1 cells.

In conclusion, the results of the present study demonstrated 
that sphere-formed SKOV3ip1 cells acquired chemoresistance 
to paclitaxel and cell-cell interaction, which is associated with 
alteration of miRNA profiles in SKOV3ip1 ovarian cancer 
cells.
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