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A B S T R A C T

Development of acquired resistance to cisplatin (CDDP) is a major obstacle in the treatment of ovarian cancer
patients. According to the cancer stem cell (CSC) hypothesis, the recurrence and chemoresistance are presumed to
be linked to cancer stem/progenitor cells. Here, we investigated the CSC-like phenotypes and mechanism of
chemoresistance in CDDP resistant ovarian cancer cells. A well-established CDDP sensitive ovarian cancer cell line
A2780 and its resistant population A2780-Cp were used. We also developed a supra resistant population (SKOV3-
Cp) from a naturally CDDP resistant cell line SKOV3. Both resistant/supra resistant cell lines showed significantly
higher self-renewal capability than their parental counterparts. They also showed significant resistance to
apoptosis and sub-G1 arrest by CDDP treatment. Stem cell marker ALDH1 positivity rates were higher both in
A2780-Cp and SKOV3-Cp cell lines than in their counterparts, quantified by Aldefluor assay kit. Hoechst 33342
dye effluxing side populations were increased up to about five folds in A2780-Cp cells and two folds in SKOV3-Cp
cells compared to A2780 and SKOV3 cells, respectively. Among major stemness related genes (POU5F1/OCT4,
SOX2, NANOG, NES, BMI1, KLF4 and ALDH1A1), ALDH1A1 and KLF4 were significantly overexpressed in both
resistant/supra resistant cells. Silencing ALDH1A1 in A2780 and A2780-Cp cells using siRNA greatly reduced the
stem cell population and sensitized cells to CDDP. Moreover, silencing of ALDH1A1 reduced the transcript and
protein level of its downstream target NEK-2. We also observed the downregulation of ABC transporters (ABCB1/
MDR1, ABCG2 and ABCC1/MRP1) either by ALDH1A1 or NEK-2 silencing and upreguation of ABCB1/MDR1 due
to the overexpression of NEK-2. Taken together, the present study suggests that stemness gene ALDH1A1 can be
involved in CDDP resistance through the upregulation of NEK-2 in ovarian cancer.
1. Introduction

Ovarian cancer is considered as the most lethal gynecologic malig-
nancy because of it's late clinical presentation and high recurrence rate
(Webb and Jordan, 2017). The 5-years survival is as low as 25% among
the patients with advanced disease and ovarian cancer is currently the 5th

leading cause of death among women (Hu et al., 2016; Siegel et al.,
2016). Platinum based regimen remain the chemotherapy backbone for
the initial treatment of ovarian cancer (Wang and Wu, 2014). Unfortu-
nately, patients frequently show drug resistance specially to cisplatin.
Resistance to chemotherapy is one of the major causes of treatment
failure in ovarian cancer (Agarwal and Kaye, 2003). Primary ovarian
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cancer, after debulking surgery and sub-sequent chemotherapy shows
almost complete response in many patients with marked shrinkage in
tumors. However, within few years in a higher percentage of patients
relapse (Tummala and McGuire, 2005). Studies have linked such recur-
rence to the presence of a tiny fraction of residual tumor cells which is
capable of secondary malignant growth. According to cancer stem cells
(CSC) hypothesis, these resistant cells are mostly cancer stem-like cells
(Lupia and Cavallaro, 2017).

A number of studies suggested an association between CSC and che-
moresistant cells (Han et al., 2013; Piva et al., 2014). Piva et al., showed
association of stemness related gene, SOX2 with tamoxifen resistance in
breast cancer (Piva et al., 2014). Another study has found that paclitaxel
Song).
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resistant A2780 cells were enriched in aldehyde dehydrogenase 1
(ALDH1) (a marker for ovarian cancer stem like cells) and exhibit
enhanced self rewnewal capacity (Han et al., 2013). ALDH1 family has
several sub-family and members and among the members, ALDH1A1
strongly associated with drug-resistance and poor prognosis in ovarian
cancer (Landen et al., 2010; Steg et al., 2012). Landen et al., assessed
ALDH1A1 by the IHC analysis in 65 high-grade stage III–IV papillary
serous ovarian cancer patients. They observed significantly shorter
progression-free survival in patients with increasing ALDH1A1 expres-
sion. Steg et al., showed an increase of ALDH1A1 in persistent/relapsed
ovarian cancer. However, there are scarcity of studies which involves
ALDH1A1 in relation to the mechanism of drug-resistance in ovarian
cancer. A study in multiple myeloma has shown ALDH1A1 mediated
modulation of ABC transporter ABCB1/MDR1 through NEK-2
(NIMA-related expressed kinase 2) (Yang et al., 2014; Zhou et al., 2013).

NEK-2, a member of the NIMA-related family, has several putative
roles in cell division, such as spindle formation and chromosome segre-
gation (Faragher and Fry, 2003). Yang et al. showed that NEK-2 act as a
downstream target of ALDH1A1 through the production of 9-cis-retinoic
acid (9-CRA) in multiple myeloma. They also have showed the impact of
NEK-2 on other ABC transporters such as ABCG2 and ABCC1/MRP1
(Yang et al., 2014; Zhou et al., 2013). NEK-2 also associated in
drug-resistance in ovarian cancer which is evident from genomic and
proteomic data (Liu et al., 2014).

In the present study, we investigated the differences of stem cell-like
behavior between cisplatin-sensitive and cisplatin-resistant ovarian
cancer cells and focused on the association of stemness related gene,
ALDH1A1 with the resistance in relation to NEK-2 and ABC transporters.

2. Materials and methods

2.1. Reagents and antibodies

Propidium iodide (PI) and 9-CRA were purchased from Sigma Aldrich
(St. Louis, MO, USA), cisplatin from Enzo life Sciences (Enzo life Sci-
ences, NY, USA) and 3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyltetrazo-
lium bromide (MTT) from amresco (Solon, OH, USA). RPMI-1640 was
obtained from Welgene (Daegu, South Korea), fetal bovine serum, tryp-
sin–EDTA and penicillin–streptomycin were purchased from Gibco® Life
Technologies (Gaithersburg, MD, USA). Fluorescein isothiocyanate
(FITC)-labeled annexin V (Annexin V-FITC) kit were obtained from BD
Biosciences Pharmingen (San Diego, CA, USA). Antibodies against
ABCB1/MDR1 and ABCG2 were purchased from Santa Cruz Biotech-
nology (Dallas, TX, USA), NEK-2 from BD Transduction Laboratories™
(San Jose, CA, USA), ALDH1A1 from Abcam (Cambridge, MA, USA) and
GAPDH from Millipore (Bedford, MA, USA).

2.2. Cell culture

The human ovarian cancer cell lines A2780, A2780-Cp, were kindly
provided by Professor Benjamin K. Tsang at the University of Ottawa,
Canada and Professor Gil Mor at the Wayne State University, USA.
SKOV3 cells was purchased from the American Type Culture Collection
(Rockville, MD, USA). Cells were cultured in RPMI-1640 media. All the
media were supplemented with 10% fetal bovine serum (FBS) and 1%
penicillin and streptomycin, and maintained at 37 �C in a humidified
atmosphere of 5% CO2 (Stericycle CO2 incubator, Thermo Scientific,
Waltham, MA, USA).

2.3. Cytotoxicity assay

The effect of cisplatin or different siRNA on cell proliferation was
determined by MTT assay as described previously (Hong et al., 2015). In
brief, A2780, A2780-Cp, SKOV3 and SKOV3-Cp cells were plated onto
96-well plates at a density between 2,000 and 3,000 cells per well. The
cells were cultured for 48 h in the presence of various concentrations of
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cisplatin (0.05 μM–40 μM) dissolved in dimethyl formamide (DMF). Cells
were incubated with 50 μl MTT solution (2 mg/ml) for 3 h at 37 �C. Then
MTT was removed and the cells were solubilized in 100 μl DMSO for 30
min. The optical density at 570 nm was measured using spectropho-
tometer (Labsystem Multiskan, Lab system, Helsinki, Finland).

2.4. 3D sphere formation assay

Sphere formation assay was performed according to previous reports
(Bahmad et al., 2018) (Achilli et al., 2012) with slight modification. In
brief, about 500–2,000 cells were seeded onto ultra low attachment
plates (Corning, NY, USA) or poly-HEMA coated 60 mm culture dishes
and cultured in serum-free Dulbecco's Modified Eagle's Medium/F12
medium containing 5 μg/ml insulin (Sigma-Aldrich, Kyunggi-Do, South
Korea), 10 ng/ml basic fibroblast growth factor, B27 (0.1x) and 20 ng/ml
human recombinant EGF (Invitrogen, Carlsbad, CA, USA). Cells were
allowed to grow for 2 weeks to form spheres. Spheres that were more
than 500 μm in diameter were counted for control and experimental
groups.

2.5. Noble agar assay

Ovarian cancer cells were assayed to determine the capacity to form
colonies in soft-agar as previously describe (Patel et al., 2012) with minor
modification. Briefly, a total of 500–1,000 cells were suspended in
DMEM containing 0.3% Noble agar (Sigma-Aldrich, Kyunggi-Do, South
Korea). The bottom layer was consisted of 0.6% Noble agar in DMEM
onto a 60 mm petri dish. DMEM media was added on top of agar and
refreshed every 3–4 days to avoid dessication. The number of colonies
per plate was counted in a phase-contrast microscope after 3 weeks of
culture. Three independent experiments were carried out in triplicate.

2.6. Clonogenic assay

A total of 100–1,000 cells were seeded on the six well culture dishes
at least in triplicate for 7–10 days. Cells were washed in PBS and fixed in
100% methanol. Colonies were stained with 0.5% crystal violet for 2 h
and washed carefully in tap water. After air dry colonies containing more
than 50 cells were counted.

2.7. Development of supra-resistant cell line

The supra-resistant SKOV-3 cells were established by exposure to six
shock treatment of cisplatin with IC50 (11.5 μM) or IC90 (30 μM) doses.
Cells were treated with drug for 2–4 h and allowed to grow up to 70–80%
confluency between shocks. After six shocks cells were maintained in 1
μM cisplatin and expanded for experiments and cryopreservatoin.

2.8. Detection of apoptotic cells by flow cytometry

Cells were collected by trypsinization with 0.05% Trypsin-EDTA and
washed twice with cold PBS. To include the floating cells, culture me-
dium was also collected first. The cells were then stained with annexin V-
FITC and PI according to the manufacturer's instructions (BD Pharmin-
gen, CA, USA). Cells were then analyzed by flow cytometry (FACSCanto
II, BD Biosciences, North Ryde, Australia) within 1 h.

2.9. Analysis of cell cycle

Cells were fixed in 70% cold ethanol (anhydrous) for overnight and
stained with PI (20 μg/ml). RNAse A (40 μg/ml) treatment were per-
formed 30min before the addition of PI. Cells were then analyzed by flow
cytometry (FACSCanto II, BD Biosciences, North Ryde, Australia) within
1 h.
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2.10. siRNA mediated silencing

ALDH1A1 (siRNA-1: 50-GGCUAAGAAGUAUAUCCUU-30; siRNA-2: 50-
GAACAGUGUGGGUGAAUUG-30 (Duong et al., 2012; Li et al., 2014)) and
NEK-2 siRNA (siRNA-1: 50-GGAGGGGAUCUGGCUAGUG-30; siRNA-2:
50-GGAAUGCCACAGACGAAGU-30 (Kokuryo et al., 2007) and negative
control siRNA were obtained from Genolution, Seoul, South Korea. Cells
were seeded at 1.5� 105 cells/well in a 6-well plate in RPMI-1640 with
10% FBS without antibiotics. All siRNAs (10 nM) were transfected into
cells using Lipofectamine 2000 or 3000 (Invitrogen, San Diego, CA) ac-
cording to the manufacturer's protocol. After 6–8 h of siRNA transfection,
media were replaced. Next day cells were replated for 2–3 days and
collected for experiments.

2.11. Isolation of ALDH1þ cells

ALDH1þ cells were sorted using Aldefluor assay kit (Stemcell Tech-
nologies, Cambridge, MA, USA) according to manufacturer's instructions.
An inhibitor of ALDH1, diethylamino-benzaldehyde (DEAB), was used as
a negative control. A total 5 � 105 cells were stained for 30 min at 37 �C
and analyzed by flow cytometry (BD FACSCanto II) within 1 h.

2.12. Isolation of side population

For side population analysis, cells were harvested and stained with 50
mg/ml Hoechst 33342 (Sigma-Aldrich, Kyunggi-Do, South Korea). The
dye exclusion phenotype, via membrane efflux, was confirmed by an
inhibitor, verapamil. Hoechst-stained cells were subjected to FACS using
a FACSAria III (BD Biosciences, San Jose, CA, USA) for collection of dye-
excluding (side population) cells. Side population (SP) and non-SP (NSP)
cells were then observed for the stem cell characteristics.

2.13. Overexpression of NEK-2

NEK-2 synthetic cDNA construct was purchased from Addgene
(pDONR223-NEK2; plasmid #23658). Retrovirus containing cDNA gene
expression cassettes was constructed from Cosmogenetech, Seoul, Korea
in to the pMXs vector. The primer sequences were NEK-2_AgeI_F:
AACTGGACCGACCGGT-ATGCCTTCCCGGGCTGAG; NEK-2_SalI_R:
Table 1. Summary of the primer pairs for real-time RT-PCR.

Genes Sequence(s)
Top line: forward primer 50-30

Bottom line: reverse primer 50-30

Gene Bank
accession/reference

POU5F1/OCT4 AGTGAGAGGCAACCTGGAGA
ACACTCGGACCACATCCTTC

NM_001285987.1

BMI1 AATCCCCACCTGATGTGTGT
GCTGGTCTCCAGGTAACGAA

NM_005180.8

NANOG ACCAGAACTGTGTTCTCTTCCACC
CCATTGCTATTCTTCGGCCAGTTG

AB093576.1

NES CCTGGGAAAGGGAGAGTACC
TGGTCCTTCTCCACCGTATC

NM_006617.1

SOX2 TCAGGAGTTGTCAAGGCAGAGAAG
GCCGCCGCCGATGATTGTTATTAT

NM_003106.3

KLF4 CCCAGCCAGAAAGCACTACA
CAACTTCCAGTCACCCCCTT

XM_005252305.1

ALDH1A1 TGGACCAGTGCAGCAAATCA
ACGCCATAGCAATTCACCCA

NM_000689.4

NEK-2 CATTGGCACAGGCTCCTAC
GAGCCATAGTCAAGTTCTTTCCA

NM_002497.2
(Takahashi et al., 2014)

ABCG2 CAGGTCAGAGTGTGGTTTCTGTA
TTGTGAGATTGACCAACAGACCAT

NM_001257386.1

ABCB1/MDR1 CCGAACCGTTGTTTCTTTGACT
ACCAAGTAGGCTCCAAACCG

NM_000927.4

ABCC1/MRP1 TACCTCCTGTGGCTGAATCTGG
CCGATTGTCTTTGCTCTTCATG

XM_011522497.1
(Huang and Sadee, 2006)
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TTATTTTATCGTCGAC-CTAAAAGATTAATGCACATAAC. Recombinant
retrovirus was produced in 293T cells.

2.14. RNA extraction and cDNA preparation

Cells grown in a 60 mm and 100 mm dish were washed with PBS and
collected with TRIzol® Reagent (Life Technologies, Carlsbad, CA, USA)
using cell scraper. Cells were processed immediately or stored in -80 �C
for extraction of RNA. Total RNA was isolated according to the manu-
facturer's instructions with minor modifications (Life Technologies,
Carlsbad, CA, USA). The concentration of RNA was determined by the
NanoDrop-2000 (Thermo Scientific, Wilmington, DE, USA). Extracted
RNA was treated with DNase I (Invitrogen, Carlsbad, CA, USA) to remove
any genomic DNA. Reverse transcription of 1–2 μg of total RNA was done
using PrimeScirpt™ reverse transcriptase cDNA synthesis kit (Takara,
Tokyo, Japan). The synthesized cDNAs were kept at -20 �C until use.

2.15. Quantitative real-time PCR

The cDNAs were diluted 1:5 or 1:10 times. The cDNAs were amplified
by PCR for 40 cycles (94 �C for 30 s, 55–62 �C for 30 s and 72 �C for 30 s)
using the SYBR super mix (Bio-Rad, Hercules, CA, USA). After PCR
amplification, melting curve analysis was performed to verify the PCR
products. Gene expressions were calculated using 2�ΔΔCt method.
Primers used in this study are summarized in Table 1.

2.16. Western blotting

Western blotting was performed according to a previous study with a
few modifications (Hong et al., 2015). In brief, after treatment, ovarian
cancer cells were collected with 0.05% Trypsin-EDTA, washed with PBS
and suspended in extraction buffer. The supernatant was collected
following centrifugation with 13,000 rpm at 4 �C for 20 min. The protein
concentration was measured using BCA protein assay kit (Pierce, Rock-
ford, IL, USA). A total of 20 μg protein lysate was loaded and subjected to
10–12% SDS-PAGE. The proteins were transferred to nitrocellulose
membrane and blocked with 3% bovine serum albumin (BSA) in
Tris-buffered saline (TBS) containing 0.1%Tween-20. Themembranewas
incubated with specific primary antibodies overnight at 4 �C, and then
incubatedwith peroxidase-conjugated secondary antibodies. Signalswere
visualized byfluorescence detector (Alpha Innotech, FluorChemHD2, CA,
USA) using chemiluminescence detection kit (ECL™, GE Healthcare, UK).
Densitometric analysis was performed using NIH ImageJ software version
1.50i (https://imagej.nih.gov/ij/docs/menus/analyze.html).

2.17. Statistical analysis

All the experiments were performed at least in triplicates and the data
expressed as Mean � SD. Student's t-test was done for statistical com-
parison. Microsoft excel 2010 and GraphPad Prism-5 were used for the
analyses. A P value <0.05 was considered as statistically significant.

3. Results

3.1. Higher self-renewal capacity determined in cisplatin resistant or supra
resistant populations of A2780 and SKOV3 ovarian cancer cells

We have used well established commercially available cell line
A2780, a high grade serous ovarian carcinoma cell line and developed
resistant population A2780-Cp. Dose-response non-linear curve fit from
MTT assay showed that A2780-Cp cells is about 12 times more resistant
(IC50 value: 8.4 μM) than the original (IC50 value: 0.7 μM) (Figure 1A).
Both of the cell lines were then evaluated for self-renewal capacity which
is one of the most important characteristics of stem cells. We have per-
formed three different assays for the detection of self-renewal capacity
namely sphere formation assay, noble agar assay and clonogenic assay.

https://imagej.nih.gov/ij/docs/menus/analyze.html
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We observed significantly higher sphere formation capacity in A2780-Cp
resistant cell line compare to A2780 cells (8.5% vs 3%, 3-folds; P ¼
0.016). Similarly higher efficiency was observed in noble agar assay
(30.7% vs 14.7%, 2-folds; P ¼ 0.04). In clonogenic assay, we further
observed the enhanced surviving fraction in the resistant cell line (19%; P
¼ 0.0004) compared to parental cells (9.9%) (Figure 1A). Representative
colonies from noble agar and clonogenic assays has shown in the sup-
plementary information (Figure S1). Then we hypothesized that if che-
moresistant is related to stemness, enhanced resistant cells will show
more self renewal capacity or stem cell-like behaviors. For this purpose,
we chose SKOV3 known as a chemoresistant cell line and developed a
more or supra resistant population.
4

The supra resistant population of SKOV3 was established following a
pulse method using two concentrations (5 μM and 11.5 μM) of cisplatin
shock treatment. A total of 6 shocks was given to mimic the six cycles of
chemotherapy for the ovarian cancer patients. After 6 shocks, we found
resistant population-1 (generated with 5 μM dose) is 4 times more
resistant (IC50: 22.8 μM) than the parental cells (Figure 1B) and resistant
population-2 (generated with 11.5 μM dose), 5 times more resistant
(IC50: 27.8 μM) than the parental cells (Figure S2A). As we found similar
level of resistance with lower dose shocks, we used resistant population-1
for further evaluation.

We compared the supra resistant population-1 and parental SKOV3
cells morphologically and did not find any difference. The phenotypic
Figure 1. Cisplatin resistant or supra resis-
tant cell lines showed higher self-renewal
capacity compared to parental cells. A) i)
Determination of IC50 values for A2780 and
A2780-Cp cells against cisplatin. Both the
cell lines were treated with 0.078 μM–40 μM
concentrations of cisplatin for 48 h. Dose-
response non-linear curve fit was prepared
from MTT assay using graphpad prism-5. ii)
Spheres forming efficiency of A2780 and
A2780-Cp cells. Cells (500–1,000) were
allowed to grow in an ultra-low attachment,
serum free culture condition in DMEM/F12
media supplemented with growth factors
and developed spheres (>50 μm in diameter)
counted after 2 weeks. Means of 3 experi-
ments �SD are shown. *P < 0.05 between
A2780 and A2780-Cp cells. iii) Noble agar
colony formation assay. Basal layers of 0.6%
noble agar were prepared and the cells were
seeded in 0.3% noble agar on the top of it
and allowed to grow for 2 weeks. iv) Clo-
nogenic assay for A2780 and A2780-Cp cells.
Cells were seeded in 6-well plate, and
allowed for 10 days to form colonies. B)
Development of supra resistant SKOV3-Cp
ovarian cancer cell line and its self-renewal
capacity. i) Supra resistant SKOV3-Cp cell
line was developed using six shocks treat-
ment. A dose of 11.5 μM of cisplatin was
given to the cells for 4 h followed by drug
free culture until confluence. After conflu-
ence next shock was given and the process
continued upto 6 shocks. Cells were main-
tained in 0.33 μM of cisplatin after 2–3 pas-
sage to maintain its resistance. A vehicle
[dimethyl formamide (DMF)] treated control
cells was also maintained in parallel. ii)
Determination of IC50 values for SKOV3 and
SKOV3-Cp cells against cisplatin as above.
iii) Spheres forming efficiency of SKOV3 and
SKOV3-Cp cells. iv) Noble agar colony for-
mation assay. v) Clonogenic assay for SKOV3
and SKOV3-Cp cells.

mailto:Image of Figure 1|tif
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response of supra resistant population-1 to cisplatin was remarkable from
crystal violet staining (Figures S2B-2D), where they survived in higher
doses of cisplatin. Similar to A2780 resistant cell line (A2780-Cp), the
supra resistant population-1 of SKOV3 (SKOV3-Cp) showed enhanced
self-renewal capacity in all three self-renewal assays. We observed
significantly higher level of sphere formation (15.4% and 82.4% in
SKOV3 and SKOV3-Cp cells respectively; 5-folds, P ¼ 0.005), more col-
onies in noble agar (34% and 58.4% in SKOV3 and SKOV3-Cp cells
respectively; P ¼ 0.049) and more surviving fraction in clonogenic assay
(18% and 24% in SKOV3 and SKOV3-Cp cells respectively; P ¼ 0.007)
indicating association of chemoresistance with self renewal (Figure 1B).

3.2. Resistance to apoptotic cell death in cisplatin sensitive, resistant and
supra resistant ovarian cancer cells

Next we evaluated the differences in apoptosis and cell cycle. We
observed that cisplatin treatment causes less apoptotic cell death in
resistant cell line A2780-Cp, both in early and late apoptotic phases
(3.6% and 6.9% respectively) compared to parental cells (6.3% and
27.6% respectively) (Figure 2A). Similar trends were observed in supra
resistant population SKOV3-Cp which showed significantly lower frac-
tion of early (30.6%) and late apoptotic cells (13.4%) compared to
5

parental cells (42% and 22.4% respectively) (Figure 2A). In cell cycle
analysis, sub-G1 population was increased in A2780 sensitive cell line
(5.6%) in response to cisplatin treatment, suggesting enhanced DNA
damage. On the other hand, resistant A2780-Cp cell line showed lesser
degree of DNA damage (1.5%). Similar trend also followed by SKOV3
supra resistant cells with comparatively lower number of sub-G1 cells
(5.1% and 14.5% in supra resistant, SKOV3-Cp and SKOV3 cells
respectively). Though earlier report showed G1 arrest with CDDP treat-
ment (Liu et al., 2019), we did not observe G0/G1 cell cycle arrest in the
cell lines we studied. Bar diagram with all cell cycle phases has shown in
the supplementary information (Figure S3).

3.3. Determination of stem cell markers and gene expression in resistant
and supraresistant cells compared to parental one

We checked stem cells marker, ALDH1 by ALDEFLUOR™ assay using
flow cytometry. Both the resistant/supra resistant cells (A2780-Cp 76%,
P ¼ 0.044; SKOV3-Cp 34%, P ¼ 0.021) showed significantly higher
ALDH1 positivity rate compared to parental (A2780 35% and SKOV3
3.7%) (Figure 3A). We also isolated stem-like side population (SP) with
Hoechst dye using flow cytometry equipped with UV laser. The gating
strategy for the isolation of SP and NSP illustrated in Figure S4. It has
Figure 2. Apoptotic cell death in cisplatin
sensitive, resistant and supra resistant
ovarian cancer cells. A) Annexin V/PI stain-
ing was performed for the detection of early
and late apoptosis by flow cytometry after 24
h of cisplatin treatment. Images and graphs
are the representative of three independent
experiments and data were expressed as
Mean � SD. (i) A2780 and A2780-Cp cells
were treated with 5 μM CDDP and (ii)
SKOV3 and SKOV3-Cp cells were treated
with 10 μM CDDP. *P < 0.05 and **P < 0.01,
control versus cisplatin treatment. B) Cell
cycle analysis of cisplatin sensitive, resistant
and supra resistant ovarian cancer cells. PI
staining was performed for the detection of
sub-G1 cells by flow cytometry. (i) A2780
and A2780-Cp cells and (ii) SKOV3 and
SKOV3-Cp cells. *P < 0.05 and **P < 0.01,
control versus cisplatin treatment.

mailto:Image of Figure 2|tif
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been shown that SP cells isolated from ovarian cancer are tumorigenic
and chemoresistant (Hu et al., 2010). Both the resistant/supra resistant
cells (A2780-Cp 2.3%, P ¼ 0.015; SKOV3-Cp 0.8%, P ¼ 0.044) showed
higher percentage of SP compared to their parental counterparts (A2780
0.45% and SKOV3 0.54%) (Figure 3B). The sphere forming efficiency of
SP cells were higher in all cell lines irrespective to their resistant status
(Figure 3C). A number of stemness related genes (POU5F1/OCT4, SOX2,
NANOG, NES, BMI1, KLF4 (kruppel like factor 4) and ALDH1A1 (alde-
hyde dehydrogenase 1 subtype A1)) expression was evaluated to deter-
mine the stem-like characteristics among the resistant cells. Comparing
A2780 sensitive and resistant cell lines, BMI1, KLF4 and ALDH1A1 (1.5, 6
and 1000-fold changes respectively) were signicantly overexpressed. We
observed the amplification of KLF4 (2-folds) and ALDH1A1 (4-folds) in
supra resistant population-1. As the expression of ALDH1A1 was much
more prominent in both resistant cell lines, we focused on this gene to
investigate it's involvement further with resistance. Moreover, we
checked some stmeness associated genes including SOX2, NANOG, NES,
6

ALDH1A1 in A2780 and A2780-Cp spheres and observed higher
expression of NES in both (A2780, P ¼ 0.005 and A2780-Cp, P ¼ 0.014)
compared to adherent cells (Figure S5). The ALDH1A1 expression was
more than forty folds higher in A2780 spheres (P ¼ 0.001), however,
interestingly, we did not observe any change in ALDH1A1 expression in
A2780-Cp spheres compared to adherent cells (Figure S5). This might be
due to higher endogenous level of ALDH1A1 in A2780-Cp cells.

3.4. Silencing of ALDH1A1 and its effect on stem cell markers and cisplatin
sensitivity in A2780 and A2780-Cp cell lines

Next, we have evaluated the involvement of ALDH1A1 in the regu-
lation of stemness. ALDH1A1 targeted siRNA efficiently silenced the gene
transcriptions both A2780 sensitive (P ¼ 0.0001) and resistant cell lines
(P ¼ 0.0001) (Figure 4A). Moreover, silencing of ALDH1A1 reduced the
stem cell population detected by ALDEFLUOR™ assay suggesting
involvement of ALDH1A1 in stemness regulation. In cisplatin sensitive
Figure 3. Determination of stem cell
markers and gene expression in resistant
and supraresistant cells compared to
parental one. A) ALDH positive cells in
cisplatin sensitive, resistant and supra
resistant ovarian cancer cells. Cells were
stained with ALDEFLUOR™ substrate
represents a positive population, which
is blocked by specific inhibitor DEAB.
Data were expressed as mean Mean �
SD. *P < 0.01 between (i) A2780
andA2780-Cp or (ii) SKOV3 and SKOV3-
Cp cells. B) Determination of side pop-
ulations (SP) in cisplatin sensitive,
resistant and supra resistant cells by
dual-filter flow cytometry. Cells were
stained with 2.5 μg/ml concentration of
Hoechst dye 33342. The control cells
were incubated in the presence of 50 μM
verapamil in addition to Hoechst
dye. Verapamil-sensitive, Hoechst-dye
excluding cells were considered as side
population. (i) A2780 and A2780-Cp
cells, and (ii) SKOV3 and SKOV3-Cp
cells. C) Sphere forming efficiency of
SP and Non-SP (NSP) collected from
A2780 and SKOV3 cell lines. Cells were
allowed to grow in ultralow attachment,
serum free culture condition in DMEM/
F12 media supplemented with growth
factors and counted after 2 weeks. The
numbers of sphere with >50 μm in
diameter obtained from 500-1000 cells
were considered for the determination
of efficiency. Means of 3 experiments
�SD are shown. *P < 0.01 between
SKOV3 and SKOV3-Cp cells. D) mRNA
expression of stemness related genes in
cisplatin sensitive, resistant and supra
resistant cells. Relative expression for
POU5F1/OCT4, SOX2, NANOG, NES,
BMI1, KLF4 and ALDH1A1 mRNA with
respect to the housekeeping gene
GAPDH presented as fold change. All
samples were run in triplicate and rela-
tive gene expressions were determined
by 2-ΔΔCt method with SYBR-green real-
time PCR. (i) A2780 and A2780-Cp cells,
and (ii) SKOV3 and SKOV3-Cp cells.
Data were expressed as Mean � SD. *P <

0.05 between A2780-A2780-Cp or
SKOV3– SKOV3-Cp cells.

mailto:Image of Figure 3|tif


Md.H. Uddin et al. Heliyon 6 (2020) e05442
A2780 cells, scrambled RNA (siRNA control) showed 48% of ALDH1
positivity which drops to 26% in the ALDH1A1 silenced cells (P¼ 0.011).
In case of A2780-Cp resistant cells ALDH1 positive cells reduced from
83% to 42% in siRNA for ALDH1A1 transfected cells (P ¼ 0.023)
(Figure 4B). We also evaluated the involvement of ALDH1A1 in the
regulation of cisplatin resistance. Silencing of ALDH1A1 using siRNA or
inhibition of ALDH1 by DEAB (ALDH1 inhibitor) sensitized the ovarian
cancer cells to cisplatin. In every treatment, the IC50 value was reduced in
ALDH1A1 siRNA or DEAB group compared to siRNA control. Interest-
ingly, in A2780 resistant cells (A2780-Cp) a more than 50% reduction in
survival (IC50 7.2 μM in siRNA control to 3.5 μM in siRNA transfected
group) suggests strong association of ALDH1A1 with cisplatin resistance.

3.5. Silencing of ALDH1A1 and NEK-2 in A2780 cells and its effect on
ABC membrane transporters

ALDH1A1 is an isotype of aldehyde dehydrogenase family out of 19
isotypes found in human. It has been shown that ALDH1A1 can cause
chemoresistance through NEK-2 in Multiple myeloma. ALDH1A1 convert
9-cis-retinal to 9-CRA which then transcriptionally upregulates NEK-2
7

affecting ABC transporters (Yang et al., 2014). However, there is little or
few evidences from solid tumor showing ALDH1A1's involvement in
chemoresistance. The basal expression of NEK-2 was 5-fold higher in
A2780 resistant cells compared to parental A2780 cells (P ¼ 0.003)
(Figure 5A). Treatment of A2780-Cp cells with 9-CRA for 4 h shown to
induce NEK-2 as well as ABCG2 expression (Figure S6). Importantly,
silencing of ALDH1A1 showed a reduction of NEK-2 in both A2780 (P ¼
0.0001) and A2780-Cp cells (P ¼ 0.003), which suggests an association
between ALDH1A1 and NEK-2 in ovarian cancer cells (Figure 5B).
Moreover, silencing of ALDH1A1 further showed downregulation of a
number of ABC transporters such as ABCB1/MDR1 (P ¼ 0.004), ABCG2
(P ¼ 0.002) and ABCC1/MRP1 (P ¼ 0.003) (Figure 5C). We have also
observed enhanced CDDP induced late apoptotic cell deaths after
silencing ALDH1A1 (P ¼ 0.017) or NEK-2 (P ¼ 0.0001) in A2780 cells
(Figure S7). In A2780-Cp cells, ALDH1A1 silencing failed to induce
apoptosis might be due to very high endogenous level of ALDH1A1
(~1000-folds compared to parental cells), however, NEK-2 silencing
showed significant increase (P ¼ 0.021) in late apoptotic cell deaths
(Figure S7).
Figure 4. Silencing of ALDH1A1 and its
impact on stem cell markers and cisplatin
sensitivity in A2780 and A2780-Cp cell lines.
A) Silencing mediated downregulation of
ALDH1A1 expression in cisplatin sensitive
and resistant A2780 cells. Relative expres-
sion for ALDH1A1 mRNA with respect to the
gene GAPDH presented as fold change. All
samples were run in triplicate and relative
gene expressions were determined by 2-ΔΔCt

method with SYBR-green real-time PCR.
Data were expressed as Mean � SD. **P <

0.01 between control and siRNA treated
cells. B) Reduction of ALDH positive popu-
lation due to the silencing of ALDH1A1 gene
in cisplatin resistant and supra resistant
ovarian cancer cells. Cells were stained with
ALDEFLUOR™ substrate represents a posi-
tive population, which is blocked by specific
inhibitor DEAB. Data were expressed as
Mean � SD. *P < 0.05 between (i) A2780-
A2780-Cp or (ii) SKOV3– SKOV3-Cp cells.
C) Sensitization of ovarian cancer cells to
cisplatin as a result of silencing ALDH1A1
with siRNA or inhibiting ALDH1 by DEAB.
Cells were treated with 0.078 μM–40 μM
concentrations of cisplatin for 48 h either
treated with ALDH1A1 siRNA (i-ii) or DEAB
(iii-iv). IC50 values were determined from the
dose-response non-linear curve fit prepared
by GraphPad prism-5 using data from MTT
assay.
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To confirm whether the downregulation of ABC transporters is NEK-2
mediated or not, we performed NEK-2 silencing and checked the ABC
transporter genes expression. We observed significant reduction of all
selected ABC transporter gene expressions (ABCB1/MDR1, P ¼ 0.001;
ABCG2, P ¼ 0.0005 and ABCC1/MRP1, P ¼ 0.001) after silencing NEK-2
(Figure 5D). Silencing of ALDH1A1 showed reduction in ALDH1A1, NEK-
2, ABCB1/MDR1 and ABCG2 at the protein level (Figure 5E (left panel)).
Silencing of NEK-2 also showed the downregulation of NEK-2, ABCB1/
MDR1 and ABCG2 at protein levels (Figure 5E (right panel)). Finally, we
performed over-expression of NEK-2 in A2780 cell line using retroviral
transfection. The overexpressed NEK-2 in A2780 cells was confirmed at
mRNA and protein levels. NEK-2 overexpressed cells showed
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enhancement of ABCB1/MDR1 protein, which indicates the association
of NEK-2 with ABC transporter mediated chemoresistance (Figure 5F).
All original uncropped immunoblots of Figure 5E-F are presented in the
supplementary figure file S8. A comprehensive resistant mechanism
involving ALDH1A1, NEK-2 and ABC transporters in ovarian cancer cells
is illustrated in Figure 6.

4. Discussion

Chemoresistance in ovarian cancer remains as one of the major bar-
riers in the clinic. Here we demonstrated that CDDP resistant ovarian
cancer cells show cancer stem/progenitor cells like characteristics,
Figure 5. Silencing ALDH1A1 and NEK-2 in
A2780 cells and its impact on ABC mem-
brane transporters. A) NEK-2 expression in
A2780 and A2780-Cp ovarian cancer cells.
Relative expression for NEK-2 mRNA with
respect to the gene GAPDH presented as fold
change. All samples were run in triplicate
and relative gene expressions were deter-
mined by 2-ΔΔCt method with SYBR-green
real-time PCR. Data were expressed as
Mean � SD. *P < 0.05 and **P < 0.01 be-
tween control and siRNA treated cells. B)
Effect of ALDH1A1 silencing on NEK-2
expression in A2780 and A2780-Cp cells. C)
Effect of ALDH1A1 silencing on ABC trans-
porters expression (ABCB1, ABCG2 and
ABCC1) in A2780-Cp cells. D) Effect of NEK-
2 silencing on ABC transporter expression
(ABCB1, ABCG2 and ABCC1) in A2780-Cp
cells. E) Impact of ALDH1A1 and NEK-2
silencing on downstream molecules was
assessed by western blotting. Bar diagram
showing the protein expression compared to
GAPDH determined by densitometric anal-
ysis of proteins bands. F) Overexpression of
NEK-2 in A2780 cells, its confirmation at
mRNA and protein levels and determination
of ABCB1 expression. Bar diagram showing
the protein expression compared to GAPDH
determined by densitometric analysis of
proteins bands.
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overcome apoptotic cell death and modulate cancer resistance through
the expression of stemness related gene, ALDH1A1. One of the potential
mechanism underlying this resistance involve ABC transporters and NEK-
2. Though, from a number of studies, individual association with che-
moresistance shown in ALDH1A1 (Steg et al., 2012), selected ABC
transporters (Fletcher et al., 2016) and NEK-2 (Yang et al., 2014), present
study showed for the first time that ALDH1A1 causes ABC transporters
(ABCB1, ABCG2 and ABCC1) upregulation via the modulation of NEK-2
in ovarian cancer cells.

Chemoresistance is one of the features but not the defining charac-
teristics of CSC or progenitor cells. However, recurrence of ovarian
cancer points towards a minor population of residual intrinsic cancer
cells which supports the assumption that this disease is sustained or
driven by CSC (Lupia and Cavallaro, 2017; Merlos-Suarez et al., 2011).
One of the major characteristics of CSC is the ability to survive in
anchorage independent condition (anoikis) as spheres usually in the as-
cites in case of advanced ovarian cancer. Thus enrichment of CSC is
frequently reported in the patient ascites (Bapat et al., 2005; Di et al.,
2013; Lupia and Cavallaro, 2017; Mo et al., 2015). Mimicking such sit-
uation in vitro we showed higher sphere formation capacity of resistant
A2780-Cp cells as well as SKOV3-Cp developed supra resistant popula-
tion under low attachment condition. This observation is consistent with
earlier findings where they observed an increased sphere formation in
paclitaxel and topotecan resistant W1 ovarian cancer primary cell lines
(Januchowski et al., 2016). A study also found higher sphere formation in
resistant cells was observed (Wang et al., 2013). In addition to sphere
formation soft agar and clonogenic assay used to determine CSC-like
characteristics (Choi et al., 2016; Shah et al., 2017; Xiao et al., 2017).
We observed higher number of colonies in noble-agar and clonogenic
assays which further confirms their potential to contain CSC. These re-
sults suggest that our resistant cells have CSC-like properties.

A number of mechanisms have been shown to cause drug resistance in
CSC (Safa, 2016). Apoptosis is one of the important cancer hallmarks and
CSC must avoid apoptosis to sustain a new tumor. In fact evidence sug-
gests CSC are resistant to apoptosis (Dean, 2009) which reflected in our
findings. We observed reduced rate of apoptosis in resistant and supra
resistant cells. Moreover, our data showed low rate of sub-G1 population
in resistant cells which suggesting the DNA protective capability. Our
results are in agreement with previous report which showed no sign of
apoptosis in CD133 þ H460 Lung CSC after treatment with tissue factor
targeting agent (Hu et al., 2017). In cell cycle analysis, studies showed
enrichment of quiescent, G0/G1 or DNA synthesis, S phase population for
CSC (Atashpour et al., 2015), however, we did not observe such differ-
ence in our studied resistant cells. Avoidance of both early and late
apoptotic cell death and accumulation of sub-G1 population further in-
dicates CSC phenotypes of our resistant cells.
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Aldehyde dehydrogenases (ALDH1) activity and Hoechst 33342 dye
effluxing side population extensively utilized for the determination of
CSC (Behbod and Vivanco, 2015; Tomita et al., 2016). ALDH oxidizes
aldehyde to corresponding carboxylic acids. Such detoxification pro-
cesses protect CSC from reactive oxygen species (ROS) and reactive
aldehyde mediated DNA damage. ALDH1 positivity considered as a CSC
marker for different type of cancer (Lupia and Cavallaro, 2017). In the
present study, both of our resistant and supra resistant cells, A2780-Cp
and SKOV3-Cp respectively showed increased ALDH1 positivity and
consistent with previous studies conducted in drug resistant patient
samples or cell lines (Croker and Allan, 2012; Januchowski et al., 2016;
Landen et al., 2010; Wang et al., 2013). Wang et al., 2013 and Landen
et al., 2010 observed higher positivity of ALDH1 and ALDH1A1 in
ovarian cancer patients. ALDH1 positivity was positively correlated
lower overall survival (Wang et al., 2013) and ALDH1A1 positivity was
negatively correlated with progression-free survival (Landen et al.,
2010). A number of studies showed higher percentage of ALDH-positive
cells in different breast and ovarian cancer cell lines resistant to CDDP,
doxycycline, paclitaxel, topotecan etc. (Croker and Allan, 2012; Janu-
chowski et al., 2016; Landen et al., 2010). These results supports the
involvement of ALDH positivity and development of resistant phenotype
in ovarian cancer cells.

In addition to ALDH activity, we have determined side population
(SP) in our resistant and supra resistant cells. Higher percentage of SP
observed in the resistant cells. Such increase in SP in drug resistant cells
observed in earlier studies (Hosonuma et al., 2011; Hu et al., 2010;
Richard et al., 2013; Szotek et al., 2006), which indicates the enrichment
of CSC cells. The presence of CSC is frequently evaluated using the
expression pattern of stemness related genes (Pozzi et al., 2015). Among
major stemness related genes (POU5F1/OCT4, SOX2, NANOG, NES,
BMI1, KLF4 and ALDH1A1), expression of ALDH1A1 and self-renewal
capability was higher in our resistant cell lines. Januchowski et al.,
2016 observed higher sphere formation capacity in ALDH1A1 over-
expressing W1 ovarian primary cells resistant to paclitaxel and topotecan
(Januchowski et al., 2016), which is in agreement with our findings. Our
result also indicated that resistance may develops be through the
expression of ALDH1A1. In fact, either siRNA mediated silencing of
ALDH1A1 or inhibitor DEAB induced inhibition of ALDH1 causes
downregulation of CSC marker and increases the sensitivity of cells to
CDDP. Duong et al., 2012 showed sensitization of aggressive pancreatic
adenocarcinoma cells MIA PaCa-2 to gemcitabine through ALDH1A1
silencing (Duong et al., 2012). Dylla et al., 2008 targeted ALDH1A1 of
ESA þ CD44 þ colon CSC using siRNA and observed sensitivity to
cyclophosphamide (Dylla et al., 2008). These and our results revealed
that chemoresistance can be attributed to increased ALDH activity. Li
et al., 2014 observed reduced stemness after silencing ALDH1A1 in lung
Figure 6. Schematic diagram showing the mecha-
nism of cisplatin (CDDP) resistance in ovarian cancer
cells. A) Development of cisplatin resistance in
ovarian cancer cells. Therapeutic treatment of ovarian
cancer patient with cisplatin results in the develop-
ment of resistant by increased expression of
ALDH1A1, its downstream target NEK-2 and ABC
transporters such as ABCB1/MDR1 by currently un-
known mechanisms. B) Sensitization of ovarian cancer
cells can achieved by targeting ALDH1A1 with siRNA
or small molecule inhibitors. Inhibition of ALDH1A1
and/or NEK-2 can reduce the expression of ABC
transporters which may leads to the accumulation of
cisplatin inside cells resulting enhanced DNA damage
and subsequent cell death.
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adenoma stem cells. Alternatively, ALDH inhibitor DEAB mediated
approach performed previously (Li et al., 2014). Januchowski et al., 2016
showed higher sensitivity to paclitaxel and topotecan in W1 primary
ovarian cancer cells (Januchowski et al., 2016). Similarly Croker and
Allan, 2012 observed sensitization of paclitaxel and DOX after DEAB
treatment (Croker and Allan, 2012). Collectively, our findings suggests a
possible association among stemness, chemoresistance and ALDH
activity.

CSC overexpress ABC-family efflux multidrug transporters that
flushes out different cytotoxic and targeted agents from the cells (Dean,
2009). A recent study in multiple myeloma showed association between
CSC associated gene ALDH1A1 and ABC transporters through retinoic
acid (RA) pathway (Yang et al., 2014). The study identified NEK-2 as a
key player for such modulation. However, such evidence in solid tumor is
unknown. In the present study, we have established such connection in
ovarian cancer. Silencing ALDH1A1 downregulates NEK-2 both at mRNA
and protein levels suggest the position of NEK-2 in the downstream of
ALDH1A1 signaling. Yang et al., 2014 explains the initiation of ALDH1A1
signaling through the conversion of 9-cis-retinal to 9-CRA then through
the expression of NEK-2. Similar to their finding we observed down-
regulation of selected ABC-transporters and apoptotic cell deaths after
silencing ALDH1A1 or even NEK-2. Overexpression of NEK-2 confirms its
involvement in this signaling through the upregulation of important
ABC-transporter, ABCB1/MDR1. Mechanistically, cisplatin resistance
largely depends on activation of drug influx system such as copper influx
transporter CTR1, DNA-adduct formation etc (Holzer et al., 2006;
Johnson et al., 1994). In the current study, role DNA influx pump or
DNA-adduct formation has not explored and a subject of further inves-
tigation to establish the crucial role of ALDH1A1 in CDDP resistance.

Taken together, we uncovered a mechanism of CDDP resistance
through up-regulation of ALDH1A1, NEK-2 and stemness in ovarian
cacner cells. The findings from current study will implicate the
ALDH1A1-NEK2-ABC transporters pathway in drug-resistance and may
help to design specific small molecule inhibitors to overcome disease
relapse in ovarian cancer.
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