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Abstract
Objective: DUSP6 is a negative regulator of the ERK signaling pathway and plays an important role in
chemotherapy-resistance. Previously we showed that DUSP6 is overexpressed in ovarian cancer side
population (SP) cells that possess cancer stem cell-like properties and are quiescent and
chemotherapy-resistant. Here, we explore the effects of DUSP6 on chemotherapy-resistance by examining its
regulation of the ERK signaling pathway and G0/G1 cell cycle arrest.
Methods: mRNA and protein expression of DUSP6 and G0/G1 cell cycle checkpoint regulating proteins
(CyclinD1, CyclinD3 and CyclinE2) was evaluated among ovarian cancer cell lines and tissue samples. Ovarian
cancer cells were transiently transfected to overexpress DUSP6. After treatment with cisplatin, cell viability
was measured by the MTS assay at 48 hours and the half maximal inhibitory concentration (IC50) for each cell
line was calculated. Subcellular localization and cell cycle analysis were determined by using
immunofluorescence and FACS, respectively.
Results: SKOV3 and OVCAR8 SP cells were shown to express higher levels of DUSP6 and lower levels of
CyclinD3 compared with non-SP (NSP) cells (P<0.001). Among 39 ovarian cancer tissue samples, expression of
DUSP6 in the chemotherapy-resistant group (12 samples) was higher than in the chemotherapy-sensitive group
(27 samples) (P<0.05). While a lower level of expression of CyclinD3 was seen in the chemotherapy-resistant
group, it was not statistically different from the chemotherapy-sensitive group. HO8910 cells where shown to
have higher IC50 to cisplatin than SKOV3 or OVCAR8 cells, and this correlated with higher levels of DUSP6
expression. Overexpression of DUSP6 in SKOV3 cells led to an increase in cisplatin IC50 values (P<0.05), and
also markedly reduced the expression levels of phospho-ERK1/2 and CyclinD3 and to the predominance of
cells in the G0/G1 phase.
Conclusion: Our findings reveal an enhancement of chemotherapy-resistance and a predominance of cells in
G1 cell cycle arrest in DUSP6-overexpressing ovarian cancer cells. This suggests that overexpression of DUSP6
promotes chemotherapy-resistance through the negative regulation of the ERK signaling pathway, increasing
the G0/G1 phase ratio among ovarian cancer cells, and leading to cellular quiescence.
Key words: DUSP6, ERK signaling pathway, side population cell, ovarian epithelial cancer, chemotherapy
resistance

Introduction
Epithelial ovarian cancer (EOC) is the most lethal
gynecologic malignancy and commonly displays

tumor recurrence and chemotherapy-resistance[1].
Surgery followed by chemotherapy is the primary
http://www.jcancer.org
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initial treatment in most advanced-stage patients,
where the current treatment with cisplatin, in
combination with paclitaxel, results in complete
remission in 80% of patients[2-3]. Unfortunately,
remission is usually short lived with subsequent
recurrence due to chemotherapy-resistance, and death
as a consequence of metastatic spread[3]. Presently,
emerging evidence suggests that a small group of
tumor cells, termed cancer stem cells (CSC), survive
the debulking surgery and by remaining quiescent
through the following chemotherapy become
available to trigger tumorigenesis and chemotherapyresistance[4-8]. Using flow cytometry and Hoechst
33342 efflux staining a small portion of the ovarian
cancer cells can be isolated, which are known as side
population (SP) cells[9-11]. These cells have been shown
to harbor cancer stem cell-like properties and
potentially contribute to chemotherapy-resistance[9-15].
RNA-sequencing (RNA-seq) is a recently
developed method for transcriptome profiling that
employs next-generation sequencing technologies[16].
This approach has been extensively employed to
investigate mechanisms of drug resistance in various
types of cancers, which has led to the identification of
differentially expressed genes that provide insight
into novel complex mechanisms of resistance to
anticancer drugs[16-18]. Here we used RNA-seq to
identify genes that are differentially expressed
between human ovarian SKOV3 SP and NSP cells,
genes that might underlie chemotherapy-resistance in
ovarian cancer.
DUSP6 is a member of a subfamily of protein
tyrosine phosphatases known as dual-specificity
phosphatases (DUSPs), which dephosphorylates
extracellular signal–regulated protein kinase 1/2
(ERK1/2) to negatively regulate ERK signaling[19,20].
Through its regulation of ERK signaling it modulates
cell proliferation, differentiation and apoptosis[21-24].
DUSP6 has been reported to be overexpressed in the
ocular surface side population stem cells that possess
a quiescent and slow cycling phenotype[25-27]. Many
studies have confirmed a role for DUSP6 in the
negative regulation of ERK signaling pathway and the
reduction in cellular proliferation rates[19,20]. Studies
have shown that higher levels of DUSP6 expression
are seen in relatively inactive tumor cells compared
with actively proliferating tumor cells[28,29]. Antitumor
drugs such as cisplatin mainly kill highly proliferating
tumor cells, while quiescent tumor cells are usually
resistant[7]. These observations raise the hypothesis
that DUSP6 plays an important role in chemotherapyresistance by causing cellular quiescence through its
regulation of the ERK signaling pathway.
In this study we analyzed the expression of
DUSP6 in SP and NSP cells, where it is differentially
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expressed, and from chemotherapy-resistant or
-sensitive ovarian cancer cell lines to deduce the role
of DUSP6 in negatively regulating ERK1/2 activity
during the cell cycle, which leads to G0/G1 arrest and
chemotherapy-resistance.

Materials and Method
Clinical samples and cell lines
Patients with stages IIIC or IV defined by
laparoscopy or laparotomy by the International
Federation of Gynecology and Obstetrics (FIGO)
guidelines and who underwent additional six cycles
of platinum-based chemotherapy were included in
this study. However, patients refused to complete
chemotherapy after surgery or were found to have
complications with other cancers were excluded.
Surgically resected primary ovarian cancer tissue
samples were collected from thirty-nine patients for
this study (see Supplementary Table 1). Ethical
approval for the collection of clinical specimens was
obtained from the Peking University Health Science
Center ethics committee. In addition, four ovarian
cancer cell lines, HO8910, OVCAR8, SKOV3, and
OVCAR3 were used in this study, and were obtained
from the Cell Bank of Type Culture Collection of the
Chinese Academy of Sciences (Shanghai, China).
HO8910, OVCAR8 and SKOV3 cells were cultured in
high glucose Dulbecco’s modified Eagle’s Medium
(DMEM, GIBCO) supplemented with 10% FBS
(HyClone), 10mM HEPES (Amresco), 100 U/ml
penicillin (Sigma) and 100 μg/ml streptomycin (Sigma) and maintained at 37°C and 5% CO2. OVCAR3
cells were cultured in RPMI-1640 supplemented with
2.0 g glucose and 0.3 g L-glutamine, as well as with
10% fetal bovine serum (FBS), 1% penicillin/
streptomycin. Cells were used within 7 days for
sorting for SP cells by flow cytometry, transient
transfection, RT–PCR or immunoassays.

Identification of SP cells
SP cells were isolated from SKOV3 and OVCAR8
cells as previously described[11-14]. Briefly, cultured
SKOV3 and OVCAR8 cells were stained with 5
mg/ml Hoechst 33342 dye (Sigma) by incubating for
90 min with and without 50 mM verapamil. Cell
samples were analyzed and sorted using a
FASCalibur flow cytometry (Becton Dickinson,
Mountain View, CA, USA). SP cells have low Hoechst
staining, while NSP cells have high levels of staining.
Flow cytometry was performed by the Peking
University Health Science Center Central Laboratory.

Transcriptome sequencing and analysis
Transcriptome analysis was used to identify
differentially expressed genes in SP and NSP cell from
http://www.jcancer.org
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the SKOV3 cells respectively. For cDNA library
construction, approximately 5μg of the total RNA per
sample was used for RNA sample preparations. A
total of 3 libraries were constructed. Libraries for
sequencing were generated using an IlluminaTruSeq
RNA Sample Preparation Kit (Illumina, San Diego,
CA, USA). Transcriptome sequencing, conducted by
Novogene (Beijing, China), used the paired end
approach and was performed on the IlluminaHiSeq
2500 platform using manufacturer’s protocol, and
generated approximately 125 bp paired end (PE) raw
reads. Clean reads from the three transcriptome
libraries were obtained from the raw data by filtering
adaptor and low-quality read sequences. The
remaining clean reads were assembled using Trinity
software for de novo transcriptome assembly without
a reference genome. The quality of the assembly was
assessed by Novogene before subsequent analyses.
All non-redundant sequences were annotated against
the protein family (Pfam), KEGG Ortholog database
(KEGG) and GeneOntology (GO) databases. The
expression level of each transcript was measured as
the number of clean reads mapped to its sequence and
expressed as RPKM (Reads Per Kilobase of transcript
per Million mapped reads) using RSEM 1.2.3. FDR
threshold was determined using DESeq. FDR<0.05
and fold change >2 were used to identify
differentially expressed genes.

RNA extraction and RT-PCR
Total RNA, from the ovarian cancer cell lines
described above, tumor tissues, SKOV3 SP and NSP
cells, OVCAR8 SP and NSP cells, was extracted using
TRIZOL. cDNA was synthesized using PrimerScript®
1st Strand cDNA Synthesis Kits (Takara, cat #
D6110A). Quantitative detection of mRNA levels for
actin, DUSP6, CyclinD1, CyclinD3, and CyclinE2
genes was performed with the StepOne™ System
with PowerUpTM SYBR® GreenMasterMix (applied
biosystems) according to the manufacturer’s
instructions. Primers for each gene for RT-PCR (see
Supplementary Table 2) were synthesized by
TSINGKE. PCR amplification was carried out in a
total volume of 20 μL, containing 1 μL cDNA solution,
10 μL of 2ⅹPowerUpTM SYBR® GreenMasterMix, 1
μL each primer at 5 μM, 7 μL of nuclease-free water.
GAPDH was quantified and used for the
normalization of expression values of the other genes.
Fluorescence signals measured during the amplification were considered positive if the fluorescence
intensity was more than 20-fold greater than the
standard deviation of the baseline fluorescence. The
ΔΔCT method of relative quantification was used to
determine the fold change in expression. Here,
threshold cycle (CT) values of the target mRNAs were
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first normalized to the CT values of the internal
control, β-actin, in the same samples (ΔCT = CTtarget
− CTcon), and then further normalized with the
internal control (16-week-old gckw/w mice were used
as internal control) (ΔΔCT = ΔCT − ΔCTcon). Fold
change in expression was then obtained (2−ΔΔCT) as
described[25, 26]. PCR conditions were as follows: 50°C
for 120 s, 95°C for 120 s, 40 cycles at 95°C for 30s, 58°C
for 30 s and extension at 72°C for 60 s using
StepOne™ Real-Time PCR System. Comparative Ct
method (2−(△△Ct) method) was used to analyze
relative gene expressions with GAPDH as the internal
control.

Plasmids and Transfection
YFP-tagged
DUSP6-expression
construct,
pcDNA3.1-DUSP6-YFP and the YFP-tagged empty
vector construct, pcDNA3.1-YFP were provided by
Professor Huanran Tan’s lab, Peking University
Health Science Center. To confirm expression of the
introduced coding sequences, SKOV3 cells were
transfected with the expression plasmid and YFP
expression was visualized by confocal immunofluoresence. Cells were viewed in 5 different fields
under the microscope, with the total number of cells
and the numbers of cells with yellow fluorescence
counted. The transfection rate was calculated by the
following formula.
Transfection rate =

Yellow fluorescent cell numbers
× 100%
Total cell numbers

Briefly, 2 × 105 SKOV3 cells were placed into each
well of a 6-well plate (Corning) and cultured
overnight. Cells were transfected with the plasmid
using Neofect™ (Neofect Biotechnologies, Beijing,
China) and cultured for 36h before visualization.
Expression was confirmed using extracts from these
cells by quantitative real-time polymerase chain
reaction (RT-PCR) using DUSP6-specific primers and
western blotting using a specific antibody (DUSP6,
ab54940, Abcam).

Immunofluorescence
Prior to staining for immunofluorescence, cells
were allowed to adhere to the glass bottom of confocal
dishes for 3 hours. Cells were then washed 3 times (5
min each) with phosphate buffered saline (PBS, pH
7.2), fixed in 4% paraformaldehyde in PBS containing
0.1% (vol/vol) Triton X-100 (PBST) at room
temperature for 15 min and then washed again in PBS
3 times (5 min each). Cells were blocked with 5%
bovine serum albumin (BSA, Boehringer) in PBST for
30 min at 37°C. Primary antibodies (DUSP6, ab54940,
Abcam, pERK, 4370S, CST, tERK (ERK1+ERK2),
ab184699, Abcam) were diluted to 1:40 in blocking
solution. 200uL of the primary antibody solutions
http://www.jcancer.org
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were added to each dish, and cells were incubated
overnight at 4°C. After incubation, cells were washed
3 times (5 min each) with PBS. All subsequent steps
were performed in the dark. 200μl of secondary
antibodies (TRITC goat anti-mouse IgG, ZF-0313,
FITC goat anti-rabbit IgG, ZF-0311, TRITC goat
anti-rabbit IgG, ZF-0314,1:50 dilution in blocking
solution) was added to each dish and incubated for 60
min at room temperature. After incubation, excess
secondary antibodies were removed and 200μl of
DAPI (C0065, Solarbio) was added to each dish and
incubated for 10 min at room temperature in the dark.
Cells were then washed 3 times (5 min each) with PBS
and observed under a confocal microscope (Leica).

Western blot analysis
Cell lysates were obtained from cells that were
extensively washed with PBS and lysed directly in cell
lysate solution. Protein concentration was determined
using the BCA Protein Assay Kit. Equal amounts of
protein (100 μg/lane) from cell lysates or culture
medium were separated by sodium dodecyl sulfate
polyacrylamide gel electrophoresis (SDS-PAGE) or
Tricine–SDS-PAGE and transferred to polyvinylidene
difluoride membranes (Hybond-P; GE Healthcare).
Blots were probed with an appropriate primary antibody, followed by HRP-conjugated anti-rabbit IgG
(Cell Signaling Technology, CST). Protein bands were
visualized using an enhanced chemiluminescence
(ECL) detection method (Bio-Rad), and band intensity
was analyzed with a densitometer (LAS- 4000; GE
Healthcare). Immunoreactive protein content of each
sample was calculated based on a standard curve
constructed using BSA. Each set of experiments was
repeated at least 3 times to confirm the results. The
level of GAPDH protein, measured by quantitative
Western blotting using GAPDH antibody (ab181602),
was used as an extraction and loading control.

Cell viability
Cell viability was measured by the MTS
colorimetric assay. Experiments were performed in
triplicate for each time point. Cisplatin (CDDP) was
diluted into culture medium to yield different
concentrations and added to ovarian cancer cell lines
for 48 hours at 37°C. New media, 100μl per well, was
given to the cells with 20μl CellTiter 96® AQueous
One Solution (MTS; Promega) added and incubated
for 2 to 4 hours at 37°C. Absorbance was taken at 490
nm on a microplate spectrophotometer, with higher
absorbance values correlating with greater viability.
Background readings (reagents and media alone in
empty wells) were subtracted from the absorbance.
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Cell Cycle Analysis
SKOV3 were harvested 36 h after transient
transfection and fixed with 70% ethanol for 24 h. Cells
were washed with PBS, stained with 20 μg/ml
propidium iodide and 1 mg/ml RNase (Type IIA;
Sigma), and collected on a Life Sciences Research flow
cytometer configured with cellquest pro software (BD
Biosciences, Franklin Lakes, NJ).

Results
SKOV3 SP and NSP cell transcriptomes and
identification of differentially expressed genes.
SKOV3 SP and NSP cell populations were
isolated as previously described[13]. mRNA
transcriptomes were generated for both cell
populations. A total of 14,034 genes were detected,
with 13,646 genes in the SP cells and 13,396 genes in
the NSP cells. To identify differences in the gene
expression profiles between the SP and NSP cells, we
used edgeR to detect differentially expressed genes
between the SKOV3 SP and NSP cells using
previously described criteria[30]. A total of 13,008
genes exhibited differential expression between the
SKOV3 SP and NSP cells, and when a fold change of
>2 and a false positive rate of P<0.05 were applied, a
total of 266 genes were identified as being
differentially expressed. This total included 171 genes
that were up-regulated in the SKOV3 SP cells and 95
genes that were down-regulated (Figure 1).

Analysis of differentially expressed genes
To functionally analyze the differentially
expressed genes, we used the Database for
Annotation, Visualization and Integrated Discovery
(DAVID) database[31]. Using a GO analysis, the
biological process and cellular component terms were
identified. The GO analysis of the biological processes
demonstrated that the differentially expressed genes
were enriched in biological process terms ‘cellular
metabolic process (198 genes), ‘organic substance
metabolic process’ (190 genes) and ‘cellular
biosynthetic process’ (124 genes). In addition,
differentially expressed genes were also enriched in
‘cellular macromolecule metabolic process’ (156
genes), ‘primary metabolic process’ (186 genes), ‘gene
expression’ (107 genes) and ‘organic cyclic compound
metabolic process’ (80 genes) (Fig. 2 a, b). GO analysis
of the cellular components demonstrated that the
differentially expressed genes were primarily
associated
with
cellular
component
terms
‘intracellular organelle’ (142 genes), ‘cytoplasmic part’
(124 genes), ‘cytosolic part’ (19 genes), ‘ribosomal
subunit’ (16 genes) and cytosolic ribosome (16 genes)
(Fig. 2 a, b). The enrichment of signaling pathways
http://www.jcancer.org
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possessing differentially expressed genes was
examined by a KEGG pathway analysis. Our results
demonstrate that pathways with differentially
expressed genes included ‘metabolic pathways’ (19
genes), ‘HTLV-I infection’ (13 genes), ‘microRNAs in
cancer’ (10 genes), ‘MAPK signaling pathway’ (7
genes), ‘transcriptional misregulation in cancer’ (6
genes), ‘PI3K-Akt signaling pathway’ (9 genes) and
‘cell cycle’ (5 genes) (Fig. 2c).

DUSP6 is overexpressed in ovarian cancer SP
cells
Among the differentially expressed genes, 5
(DUSP6, SOX9, DKK1, ARRDC3 and CSRNP2) were
known to be associated with signaling pathways in
cancer or cancer stem cells. DUSP6, SOX9, DKK1,
ARRDC3 and CNRNP2 displayed gene expression
fold changes of 6.15, 5.55, 4.46, 3.59 and 2.83,
respectively. We chose DUSP6, which presented the
highest expression change, for further study. To
confirm that DUSP6 was overexpressed in SKOV3
and OVCAR8 ovarian cancer SP cells, we conducted a
qRT-PCR analysis and the result showed that both SP
cell populations expressed higher levels of DUSP6
mRNA expression (2 to 10-fold increase) compared
with non-SP (NSP) cells (P<0.001) (Figure 3a). Thus,
the RT-PCR analysis confirmed that expression of
DUSP6 was higher in ovarian cancer SP cells,
compared with NSP cells, a result consistent with the
RNA-seq analysis. SP cells have been reported to be
mostly in G1 cell cycle arrest and stay quiescent [51]. As
cyclins (CyclinD1, CyclinD3 and CyclinE2) regulate
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the G0/G1 cell cycle checkpoint and play a pivotal
role in G1/S phase transition[50], we therefore
examined expression of DUSP6 and these Cyclins in
SKOV3 SP and NSP cells. Our result show that
SKOV3 SP cells express lower levels on CyclinD3
mRNA compared with non-SP (NSP) cells (P<0.001).
However, no differences in the expression of
CyclinD1 or CyclinE2 were seen (Figure 3b).

DUSP6 is overexpressed in
chemotherapy-resistant ovarian cancer tissues
To compare the expression levels of DUSP6 in
ovarian cancer tissues with differing chemotherapysensitivity, tissue samples from 40 surgically resected
stage III/IV primary ovarian cancers were collected
for this study. Among these samples, one was from a
patient that was complicated with renal carcinoma,
and thus was excluded, leaving 39 enrolled tissue
samples. Tissue samples were separated into two
groups, chemotherapy-sensitive and chemotherapyresistant, based on the clinical recurrence of the
tumors. qRT-PCR and Western Blot analysis showed
that the expression of DUSP6 in chemotherapy
resistant tumors was higher than in chemotherapysensitive tumors (P<0.05). We also examined the
expression of Cyclins D1, E2 and D3 in these two
groups of tumors. Although expression of CyclinD3
was lower in the chemotherapy-resistant group, this
difference was not statistically significant, and no
differences in the expression of CyclinD1 or CyclinE2
were seen (Figure 4).

Figure 1. Differential expression of genes between SKOV3 SP and NSP cells. (a) Volcano Plot of differentially expressed genes. Blue refers to all genes, with red dots referring
to genes with upregulated expression in SP cells, compared with NSP cells, and green dots refer to genes with downregulated expression in SP cells. (b) Heat map of the
differential expression of the top 266 differentially expressed genes (171 upregulated (red) and 95 downregulated (blue)).
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Figure 2. Functional enrichment of differentially expressed genes in SP cells. (a, b) GO analysis of the biological processes and cellular component terms. (c) KEGG analysis of
the enrichment of signaling pathways possessing differentially expressed genes between SKOV3 SP and NSP cells.

DUSP6 is overexpressed in platinum-resistant
ovarian cancer cells
As cisplatin is commonly used in chemotherapy
of ovarian cancer[3], we explored the relationship
between cisplatin resistance and DUSP6 expression
levels in ovarian cancer cell lines. To assess cisplatin
resistance, three ovarian cancer cell lines, SKOV3,
HO8910 and OVCAR3, were treated with Cisplatin at
different concentrations. Cell viability of the cell lines
was measured by the MTS assay 48 hours after

treatment, and the value of the half maximal
inhibitory concentration (IC50) for each cell line was
calculated using SPSS 19.0. The IC50 for cisplatin was
higher for HO8910 cells than for the two other cell
lines, suggesting that it is more resistant to platinum.
Of the three cells examined, HO8910 also expresses
the highest levels of DUSP6 mRNA (2- to 5-fold
increase) (Figure 5), which suggests that DUSP6
contributes to platinum resistance.
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Journal of Cancer 2020, Vol. 11

3157

Figure 3. Differential expression of DUSP6 and G0/G1 cell cycle checkpoint regulating protein (CyclinD1, CyclinD3, CyclinE2) in SP and NSP cells. qRT-PCR was used to assess
the expression level of DUSP6 (a), CyclinD1 (b,left) and CyclinD3 (b,right). Both SKOV3 and OVCAR8 cells, left and right panels in (a) respectively, were tested for DUSP6.
Expression was assessed in SP, NSP, and original populations. *** indicates statistically significant difference (P < 0.001).

Figure 4. The expression of DUSP6, CyclinD1, CyclinD3 in ovarian cancer tissues. (a) qRT-PCR (left) and Western Blot (right) analysis of DUSP6 expression in
chemotherapy-resistant (12 cases) and chemotherapy-sensitive (27 cases) tumors. (b) Western Blot analysis of CylinD1 (left) and CyclinD3 (right) expression in
chemotherapy-resistant (12 cases) and chemotherapy-sensitive groups (27 cases). *** indicates statistically significant difference (P< 0.001).
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Figure 5. DUSP6 increases cell viability when treated with cisplatin. (a) MTS was used to measure cell viability and determine the IC50 value of cisplatin in SKOV3, OVCAR8 and
HO8910 cell lines. (b) Expression level of DUSP6 mRNA. *** and ** indicate statistically significant differences, P<0.001 and P<0.05, respectively.

DUSP6 increases cisplatin resistance in
ovarian cancer cells
To further examine the role of DUSP6 in the
chemotherapy-resistance to cisplatin we overexpressed DUSP6 in SKOV3 cells. A YFP-tagged
DUSP6-expressing
construct
was
used
for
overexpression, with expression examined via
confocal immunofluorescence, qRT-PCR and Western
Blot analysis. The transfection efficiencies were all
above 75% in the SKOV3-D and SKOV3-E cells
(Figure 6c). Compared to the YFP-tagged empty
vector, SKOV3 cells transfected with the
DUSP6-YFP-tagged construct showed expression, via
immunofluorescence (Figure 6a, b), qRT-PCR (Figure
6d) and Western blot (Figure 6e), of DUSP6 that was
increased above the endogenous level. We then
examined the cisplatin resistance of the transfected
cells. The IC50 values of DUSP6-overexpressing
ovarian cancer cells were significantly elevated above
control cells transfected with YFP-tagged empty
vector (P<0.05). Moreover, after sorting cells via their
YFP tag, purified DUSP6-overexpressing SKOV3 cells
were also found to have a higher IC50 value
compared to control cells that were purified in the
same way (P<0.001) (Figure 7).

DUSP6 is a negative regulator to ERK1/2 in
ovarian cancer cells
As DUSP6 regulates ERK1/2 function in
cells[36-49] we examined the effect of the overexpression
of DUSP6 in SKOV3 cells. Analysis of the abundance
of ERK1/2 by immunofluorescence demonstrated
that overexpression of DUSP6 in SKOV3 cells
remarkably reduced the expression levels of phosphoERK1/2 and may prevent cytoplasmic p-ERK from
translocating to the nucleus (Figure 8). Analysis of
cyclin mRNA levels by qRT-PCR analysis showed
that DUSP6-overexpressing SKOV3 (SKOV3-D) cells
express lower levels of cyclinD3 mRNA (2- to 10-fold
change) compared with control (SKOV3-E) cells
(p<0.005). However, no difference in the expression

level of cyclinD1 or cyclinE2 mRNAs were seen
between the DUSP6 overexpressing and control
SKOV3 cells. These results suggest that DUSP6overexpressing SKOV3 cells reduced the expression
levels of phospho-ERK1/2, which then leads to
decreased transcriptional activity of its downstream
effector cyclinD3 (Figure 9).

Overexpression of DUSP6 may lead to G0/G1
cell cycle arrest
To confirm the hypothesis that DUSP6 increases
the proportion of cells in G0/G1 phase of the cell cycle
in ovarian cancer cells by negatively regulating the
ERK signaling pathway, which leads to cellular
quiescence and therefore causing chemotherapyresistance, we use FACS to conduct a cell cycle analysis in DUSP6 overexpressing and control SKOV3 cells.
Our results show that the DUSP6-overexpressing
SKOV3 (SKOV3-D) cells have a predominance of cells
in G0/G1 phase, whereas control (SKOV3-E) cells are
mostly in the S phase (Figure 10). This shows that
overexpression of DUSP6 directly regulates the cell
cycle.

Discussion
Typically, ovarian cancer patients initially
respond well to surgical cytoreduction and
chemotherapy, with chemotherapy alone often
yielding several logs of tumor cytoreduction, but
seldom is it a cure[1]. The majority of ovarian cancer
patients with advanced disease eventually redevelop
tumors that are chemotherapy resistant[2-3]. It has been
hypothesized that the failure to completely eradicate
ovarian cancers is attributed to the existence of cancer
stem-like cells that lead to recurrence and resistance to
chemotherapy[4]. Cancer stem-like cells, like somatic
stem cells, are thought to have the properties of
relative quiescence, ability for self-renewal, the
capacity to induce tumorigenesis, and resistance to
chemotherapeutic agents[4-5]. Recent studies have
indicated that SP cells isolated from human ovarian
http://www.jcancer.org
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cancer cells, using Hoechst dye exclusion after flow
cytometry, have stem cell-like characteristics[11,13].
These cells provided us with a new entrance to
explore the mechanisms leading to chemotherapyresistance.
In our study we had identified an association
between the DUSP6 gene and chemotherapyresistance in ovarian cancer SP cells, by using
qRT-PCR, we confirmed that DUSP6 expression was
higher in ovarian cancer SP cells, and in other
chemotherapy-resistant ovarian cancer cell lines and
tissue samples, than in non-chemotherapy resistant
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cells (Figure 3a, 4a). Additionally, using the MTS
assay we demonstrated that the overexpression of
DUSP6 lead to an increase in the IC50 to cisplatin in
ovarian cancer cells (Figure 5). Our results indicate
that the expression of DUSP6 has a close association
with drug resistance. High expression of DUSP6 may
act as a positive indicator for chemotherapy-resistance
and thus suggests it might have predictive value for
EOC chemotherapy-resistance. We attempted to
replicate these findings using data from the TCGA
database. Among 396 ovarian cancer tissue samples
reported in this database, no difference (P=0.766) in

Figure 6. Overexpression of DUSP6 in SKOV3 cells. SKOV3 cells were transfected with YFP-tagged DUSP6-expressing construct and control cells were transfected with
YFP-tagged empty vector. (a, b) Left panel shows confocal immunofluorescence to detect the expression of the linked yellow fluorescent protein (green) in YFP-tagged
DUSP6-expressing construct (a) and YFP-tagged empty vector (b) transfected SKOV3 cells. Middle panel is detection of DUSP6 with 590 (red) fluorescent labeled
DUSP6-specific antibody. Right panel is the merge of the two panels. Nuclei were stained with DAPI (blue). (c) Cells were viewed in 5 different fields under the microscope, with
the total number of cells and the numbers of cells with yellow fluorescence counted. The transfection rate was calculated by the following formula, Transfection rate =
Yellow fluorescent cell numbers
× 100%. The transfection efficiencies were all above 75% in the SKOV3-D (left) and SKOV3-E (right) cells. (d) qRT-PCR and (e) Western Blot
Total cell numbers
analysis DUSP6 expression in overexpressing (SKOV3-D), YFP empty vector (SKOV3-E), and parental (SKOV3) cells.
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the expression of DUSP6 was found between chemotherapy-resistant (42 samples) and chemotherapysensitive (284 samples) patients. However, this result
is of limited value due to the difficulty in defining the
chemotherapy-sensitive group. Chemotherapy-sensitivity was not diagnosed in the patients in the TCGA
database; thus, we could only use progression-free
time to separate these two groups. These differences
in defining the chemotherapy-sensitive and resistant
groups between our patients and the TCGA database
may explain the different observations concerning the
levels of DUSP6 expression.
Our study also suggests that the overexpression
of DUSP6 in ovarian cancer SP cells is accompanied
with decreased expression level of CyclinD3 (Figure
3b). Similar findings have also been recently reported
by other groups[52]. DUSP6-overexpressing SKOV3
cells also express lower levels of CyclinD3 (Figure 9).
As DUSP6 is known to be a negative regulator of
ERK1/2[32-37], we examined the levels of phosphorERK1/2 in these cells. Our study revealed that
overexpression of DUSP6 decreased phosphoERK1/2 levels in parallel with attenuated cyclin D3
expression (Figure 9b). CyclinD3 plays an important
role in G1/S phase transition and decreased levels are
linked with G0/G1 cell cycle arrest[25,50]. Since SP cells
are predominantly G1 cell cycle phase arrested[51], and
chemotherapy-resistant, we hypothesized that DUSP6
may increase the G0/G1 phase ratio in ovarian cancer
cells by negatively regulating the ERK signaling
pathway, which then may lead to cellular quiescence

and therefore chemotherapy-resistance. To test this
hypothesis, we use FACS to conduct a cell cycle
analysis, which showed that DUSP6-overexpressing
SKOV3 cells were predominantly G1 cell cycle phase
arrested. These results indicate that the overexpression of DUSP6 enhances the chemotherapy-resistance
property of ovarian cancer by promoting G1 cell cycle
arrest. Therefore, DUSP6 may play a role in EOC
chemotherapy-resistance and is potentially a
chemotherapy-sensitizing target (Figure 11).
Consistent with our findings, studies of different
types of solid tumors, including ovarian, breast,
pancreatic, hepatocellular, esophageal, prostate, and
lung carcinoma, reported that DUSP6 is underexpressed in highly proliferating tumor cells
compared with normal cells[28,29,32-50]. This was
thought to be due to DUSP6 acting as an ERK1/2specific negative regulator and suppression of the
transcriptional activity of its downstream factors.
However, expression of DUSP6 increases as tumor
proliferating activity decreases[32-34]. In lung
cancer[35-36] and glioblastoma[44-45], research has
revealed that the proportion of cell in S phase is
decreased and those in G1 phase increased in DUSP6overexpressing tumor cells. This suggests that DUSP6
functions as a growth suppressor by preventing cell
cycle progression and thus keep cellular quiescence.
Cisplatin is one of the most potent antitumor agents
used in cancer[6-7], though its antitumor effect cell
however,
highly
cycle
phase
nonspecific[8],
proliferating (S phase predominant) cells are more
sensitive than those that are quiescent
(G0/G1phase predominant)[8,51]. Some G1
phase predominant DUSP6- overexpressed
tumor cells are considered to be
cisplatin-resistant[44,45]. In accordance with
our results, studies in glioblastoma also
showed that DUSP6 overexpression
increased resistance to cisplatin by
regulating the ERK signaling pathway[34-45].
While there have been only few
studies concerning DUSP6 and ERK signaling pathway in ovarian cancer, one study
presented a result that is contradictory to
ours, as it showed that the loss of DUSP6
enhances
chemotherapy-resistance
in
ovarian cancer cells[37]. Their study used a
short hairpin RNA to knock-down the
expression of the endogenous DUSP6 gene
in A2780s ovarian cancer cells, which were
then treated with two concentration of
cisplatin (5 and 10 uM). While their study
Figure 7. Overexpression of DUSP6 increases cisplatin resistance. HO8910 (a), OVCAR3 (b) and
only used one cell line, here we were able to
SKOV3 (c) cells were transfected with YFP-tagged DUSP overexpressing construct (-D) or YFP empty
replicate our results in three different cell
vector (-E) constructs. Transfected cells were treated with cisplatin and IC50 values were calculated.
*** and ** indicate statistically significant differences, P<0.001 and P<0.05, respectively.
lines.
http://www.jcancer.org
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Figure 8. Overexpression of DUSP6 reduces pERK translocation to the nucleus. SKOV3 cells transiently transfected with pcDNA3.1-DUSP6-YFP plasmid (a, b) and
pcDNA3.1-YFP plasmid (c, d) respectively, using immunofluorescence to visualize the change of subcellular localization of p-ERK and T-ERK.YFP were visualized using secondary
Alexa 488 (green) or 590 (red) fluorescent labeled antibody and DAPI (blue). The same cell in the green (DUSP6 or empty vector), red (p-ERK) and merge panels is identified by
an arrow.

Figure 9. Overexpression of DUSP6 decreases CyclinD3 expression. SKOV3 cells were transiently transfected with pcDNA3.1-DUSP6-YFP plasmid (SKOV3-D) or empty
pcDNA3.1-YFP vector (SKOV3-E). Expression of (a) CyclinD1, (b) CyclinD3 and (c) CyclinE2 was assessed by qRT-PCR and (d) by Western blot. ** indicates statistically
significant difference, P<0.05.
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Figure 10. Changes in the cell cycle with overexpression of DUSP6. SKOV3 cells were transiently transfected with pcDNA3.1-DUSP6-YFP plasmid (SKOV3-D, left panel) or
empty pcDNA3.1-YFP vector (SKOV3-E, right panel). Proportion of cells in the different phases of the cell cycle was assessed by FACS analysis.

Figure 11. Possible mechanism for the enhancement of chemotherapy-resistance by DUSP6-overexpressing ovarian cancer cells. Based on RNA-sequencing, with verification by
qRT-PCR, DUSP6 is overexpressed in ovarian cancer SP cells. Our study demonstrated that DUSP6-overexpressing SKOV3 cells possess lower levels of CyclinD3. As DUSP6
is a known negative regulator of ERK1/2, we revealed that overexpression of DUSP6 decreases phospho-ERK1/2 levels in parallel with attenuated cyclin D3 expression. CyclinD3
plays an important role in G1/S phase transition and decreased levels are linked with G0/G1 cell cycle arrest. Since SP cells are predominantly in G1 arrest, and
chemotherapy-resistant, we demonstrated that DUSP6 increases the G0/G1 phase ratio in ovarian cancer cells by negatively regulating ERK signaling, which links cellular
quiescence to chemotherapy-resistance.

To verify the crucial role of DUSP6 in this
cellular regulation process, we should also study the
effects of under-expressing or silencing DUSP6. We
have initiated studies to examine the expression of
p-ERK, and its downstream factors CyclinD1, D3 and
E2, when DUSP6 is under-expressed, and its effect on
chemotherapy-sensitivity. In addition, a major
limitation of our study is identification of the
mechanism linking DUSP6 induction to G1 cell cycle
phase arrest. Whether only the ERK signaling
pathway regulates this process, or whether other
cellular signaling pathways have roles requires
further study. To address this, we could block ERK
signaling using specific inhibitors to determine
whether this inhibits DUSP6 regulation of the cell
cycle. If blockage of ERK signaling does not lead to a
loss of DUSP6 mediated regulation of cell cycle and
chemotherapy-sensitivity, this would suggest that
other pathways are involved, such as the Wnt and Akt
pathways. Studies concerning the roles of these

pathways in connection with DUSP6 and regulation
of cell-cycle are required.
In conclusion, our findings revealed the
enhancement of chemotherapy-resistance and the
predominance of G1 cell cycle phase arrest in
DUSP6-overexpressing ovarian cancer cells. This
suggests that overexpression of DUSP6 may promote
chemotherapy-resistance through the negative
regulation of the ERK signaling pathway, which
increases the G0/G1 phase ratio among ovarian
cancer cells leading to their cellular quiescence. Taken
together, these results suggest that DUSP6 should be
considered as a potential target for predicting and
regulating the platinum chemotherapy-resistance
properties of advanced ovarian epithelial cancers.
Further study is needed to better understand the
molecular mechanism regulated by DUSP6, which
may assist the development of new therapeutic
interventions for chemotherapy-resistance.

http://www.jcancer.org

Journal of Cancer 2020, Vol. 11

Supplementary Material
Supplementary tables.
http://www.jcancer.org/v11p3151s1.pdf

Acknowledgements
This study was supported by grants from the
National Natural Science Foundation of China (NSFC)
Grant Numbers 81673459 and 81874321; National Key
Technologies R&D Program (Grant Numbers
2012BAK25B01, 2015BAK45B01), and a grant from the
National Science Foundation of China – Canadian
Institutes of Health Research (NSFC-CIHR) ChinaCanada Joint Health Research Initiative (Grant
Numbers 81061120525 and CCI-109605).

Competing Interests
The authors have declared that no competing
interest exists.

References
[1]
[2]
[3]
[4]
[5]
[6]
[7]
[8]
[9]
[10]
[11]
[12]
[13]
[14]
[15]
[16]
[17]
[18]
[19]
[20]
[21]

Lowe K A, Chia V M, Taylor A, et al. An international assessment of ovarian
cancer incidence and mortality. Gynecol Oncol, 2013, 130(1):107-114.
Mercieca-Bebber R, Friedlander M, Kok P S, et al. The patient-reported
outcome content of international ovarian cancer randomised controlled trial
protocols. Qual Life Res, 2016, 25(10):2457-2465.
Rizzuto I, Stavraka C, Chatterjee J, et al. Risk of ovarian cancer relapse score: a
prognostic algorithm to predict relapse following treatment for advanced
ovarian cancer. Int J Gynecol Cancer, 2015, 25(3):416-422.
Charafe-Jauffret E. The concept of cancer stem cell. Bull Cancer,
2017,104(12):1056-1059.
Moitra K. Overcoming multidrug resistance in cancer stem cells. Biomed Res
Int, 2015, 2015:635745.
Foster R, Buckanovich R J, Rueda B R. Ovarian cancer stem cells: working
towards the root of stemness. Cancer Lett, 2013, 338(1):147-157.
Ahmed N, Abubaker K, Findlay J, et al. Cancerous ovarian stem cells: obscure
targets for therapy but relevant to chemo-resistance. J Cell Biochem, 2013,
114(1):21-34.
Latifi A, Abubaker K, Castrechini N, et al. Cisplatin treatment of primary and
metastatic epithelial ovarian carcinomas generates residual cells with
mesenchymal stem cell-like profile. J Cell Biochem, 2011, 112(10):2850-2864.
Ozakpinar O B, Maurer A M, Ozsavci D. Ovarian stem cells: From basic to
clinical applications. World J Stem Cells, 2015, 7(4):757-768.
Abbaszadegan M R, Bagheri V, Razavi M S, et al. Isolation, identification, and
characterization of cancer stem cells: A review. J Cell Physiol, 2017,
232(8):2008-2018.
Shimoda M, Ota M, Okada Y. Isolation of cancer stem cells by side population
method. Methods Mol Biol, 2018, 1692:49-59.
Wang M, Wang Y, Zhong J. Side population cells and drug resistance in breast
cancer. Mol Med Rep, 2015, 11(6):4297-4302.
Fong M Y, Kakar S S. The role of cancer stem cells and the side population in
epithelial ovarian cancer. Histol Histopathol, 2010, 25(1):113-120.
Niess H, Camaj P, Renner A, et al. Side population cells of pancreatic cancer
show characteristics of cancer stem cells responsible for resistance and
metastasis. Target Oncol, 2015, 10(2):215-227.
Luo Y, Cui X, Zhao J, et al. Cells susceptible to epithelial-mesenchymal
transition are enriched in stem-like side population cells from prostate cancer.
Oncol Rep, 2014, 31(2):874-884.
Wang Z, Gerstein M, Snyder M. RNA-Seq: A revolutionary tool for
transcriptomics. Nat Rev Genet. 2009, 10(1):57-63.
Wacker SA, Houghtaling BR, Elemento O, et al. Using transcriptome
sequencing to identify mechanisms of drug action and resistance. Nat Chem
Biol. 2012, 8(3):235-7.
Yang HJ, Kim N, Seong KM, et al. Investigation of radiation-induced
transcriptome profile of radioresistant non-small cell lung cancer A549 cells
using RNA-seq. PLoS One. 2013, 8(3):e5931
Theodosiou A, Ashworth A. MAP kinase phosphatases. Genome Biol, 2002,
3(7):S3009.
Kidger AM, Keyse SM. The regulation of oncogenic Ras/ERK signalling by
dual-specificity mitogen activated protein kinase phosphatases (MKPs). Semin
Cell Dev Biol, 2016, 50:125-132.
Owens D M, Keyse S M. Differential regulation of MAP kinase signalling by
dual-specificity protein phosphatases. Oncogene, 2007, 26(22):3203-3213.

3163
[22] Dhillon A S, Hagan S, Rath O, et al. MAP kinase signalling pathways in cancer.
Oncogene, 2007, 26(22):3279-3290.
[23] Caunt C J, Keyse S M. Dual-specificity MAP kinase phosphatases (MKPs):
shaping the outcome of MAP kinase signalling. FEBS J, 2013, 280(2):489-504.
[24] Ekerot M, Stavridis M P, Delavaine L, et al. Negative-feedback regulation of
FGF signalling by DUSP6/MKP-3 is driven by ERK1/2 and mediated by Ets
factor binding to a conserved site within the DUSP6/MKP-3 gene promoter.
Biochem J, 2008, 412(2):287-298.
[25] Akinci M A, Turner H, Taveras M, et al. Molecular profiling of conjunctival
epithelial side-population stem cells: atypical cell surface markers and sources
of a slow-cycling phenotype. Invest Ophthalmol Vis Sci, 2009, 50(9):4162-4172.
[26] Budak M T, Alpdogan O S, Zhou M, et al. Ocular surface epithelia contain
ABCG2-dependent side population cells exhibiting features associated with
stem cells. J Cell Sci, 2005, 118(Pt 8):1715-1724.
[27] Wang Z, Reinach P S, Zhang F, et al. DUSP5 and DUSP6 modulate corneal
epithelial cell proliferation. Mol Vis, 2010, 16:1696-1704.
[28] Furukawa T, Sunamura M, Motoi F, et al. Potential tumor suppressive
pathway involving DUSP6/MKP-3 in pancreatic cancer. Am J Pathol, 2003,
162(6):1807-1815.
[29] Furukawa T. Impacts of activation of the mitogen-activated protein kinase
pathway in pancreatic cancer[J]. Front Oncol, 2015, 5:23.
[30]. Leek JT, Monsen E, Dabney AR and Storey JD: EDGE: Extraction and analysis
of differential gene expression. Bioinformatics, 2006, 22: 507-508.
[31] Dennis G Jr, Sherman BT, Hosack DA, Yang J, Gao W, Lane HC and Lempicki
R: DAVID: Database for annotation, visualization and integrated discovery.
Genome Biol 2003, 4: P3.
[32] Zhang Z, Kobayashi S, Borczuk A C, et al. Dual specificity phosphatase 6
(DUSP6) is an ETS-regulated negative feedback mediator of oncogenic ERK
signaling in lung cancer cells. Carcinogenesis, 2010, 31(4):577-586.
[33] Okudela K, Yazawa T, Woo T, et al. Down-regulation of DUSP6 expression in
lung cancer: its mechanism and potential role in carcinogenesis. Am J Pathol,
2009, 175(2):867-881.
[34] Diaz-Garcia C V, Agudo-Lopez A, Perez C, et al. Prognostic value of
dual-specificity phosphatase 6 expression in non-small cell lung cancer.
Tumour Biol, 2015, 36(2):1199-1206.
[35] Lee H, Kim J M, Huang S M, et al. Differential expression of DUSP6 with
expression of ERK and Ki-67 in non-small cell lung carcinoma. Pathol Res
Pract, 2011, 207(7):428-432.
[36] Wang T L, Song Y Q, Ren Y W, et al. Dual specificity phosphatase 6 (DUSP6)
polymorphism predicts prognosis of inoperable non-small cell lung cancer
after chemoradiotherapy. Clin Lab, 2016, 62(3):301-310.
[37] Chan D W, Liu V W, Tsao G S, et al. Loss of MKP3 mediated by oxidative
stress enhances tumorigenicity and chemo-resistance of ovarian cancer cells.
Carcinogenesis, 2008, 29(9):1742-1750.
[38] Wong V C, Chen H, Ko J M, et al. Tumor suppressor dual-specificity
phosphatase 6 (DUSP6) impairs cell invasion and epithelial-mesenchymal
transition (EMT)-associated phenotype. Int J Cancer, 2012, 130(1):83-95.
[39] Ma J, Yu X, Guo L, et al. DUSP6, a tumor suppressor, is involved in
differentiation and apoptosis in esophageal squamous cell carcinoma. Oncol
Lett, 2013, 6(6):1624-1630.
[40] Zhai X, Han Q, Shan Z, et al. Dual specificity phosphatase 6 suppresses the
growth and metastasis of prostate cancer cells. Mol Med Rep, 2014,
10(6):3052-3058.
[41] Arnoldussen Y J, Saatcioglu F. Dual specificity phosphatases in prostate cancer.
Mol Cell Endocrinol, 2009, 309(1-2):1-7.
[42] Li C, Scott D A, Hatch E, et al. DUSP6 (Mkp3) is a negative feedback regulator
of FGF-stimulated ERK signaling during mouse development. Development,
2007, 134(1):167-176.
[43] Karlsson M, Mathers J, Dickinson R J, et al. Both nuclear-cytoplasmic shuttling
of the dual specificity phosphatase MKP-3 and its ability to anchor MAP
kinase in the cytoplasm are mediated by a conserved nuclear export signal. J
Biol Chem, 2004, 279(40):41882-41891.
[44] Prabhakar S, Asuthkar S, Lee W, et al. Targeting DUSPs in glioblastomas wielding a double-edged sword? Cell Biol Int, 2014, 38(2):145-153.
[45] Messina S, Frati L, Leonetti C, et al. Dual-specificity phosphatase DUSP6 has
tumor-promoting properties in human glioblastomas. Oncogene, 2011,
30(35):3813-3820.
[46] Yang B, Tan Y, Sun H, et al. Higher intratumor than peritumor expression of
DUSP6/MKP-3 is associated with recurrence after curative resection of
hepatocellular carcinoma. Chin Med J (Engl), 2014, 127(7):1211-1217.
[47] Cui Y, Parra I, Zhang M, et al. Elevated expression of mitogen-activated
protein kinase phosphatase 3 in breast tumors: a mechanism of tamoxifen
resistance. Cancer Res, 2006, 66(11):5950-5959.
[48] Boulding T, Wu F, McCuaig R, et al. Differential roles for DUSP family
members in epithelial-to-mesenchymal transition and cancer stem cell
regulation in breast cancer. PLoS One, 2016, 11(2):e148065.
[49] Song H, Wu C, Wei C, et al. Silencing of DUSP6 gene by RNAi-mediation
inhibits proliferation and growth in MDA-MB-231 breast cancer cells: an in
vitro study. Int J Clin Exp Med, 2015, 8(7):10481-10490.
[50] Phuchareon J, McCormick F, Eisele D W, et al. EGFR inhibition evokes innate
drug resistance in lung cancer cells by preventing Akt activity and thus
inactivating Ets-1 function. Proc Natl Acad Sci U S A, 2015,
112(29):E3855-E3863.
[51] Szotek P P, Pieretti-Vanmarcke R, Masiakos P T, et al. Ovarian cancer side
population defines cells with stem cell-like characteristics and mullerian

http://www.jcancer.org

Journal of Cancer 2020, Vol. 11

3164

inhibiting substance responsiveness. Proc Natl Acad Sci U S A, 2006,
103(30):11154-11159.
[52] James N E, Beffa L, Oliver M T, et al. Inhibition of DUSP6 sensitizes ovarian
cancer cells to chemotherapeutic agents via regulation of ERK signaling
response genes. Oncotarget, 2019, 10(36):3315-3327.

http://www.jcancer.org

