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Abstract 

Background: Ovarian cancer is a significant cancer-related cause of death in women worldwide. The most used 
chemotherapeutic regimen is based on carboplatin (CBDCA). However, CBDCA resistance is the main obstacle to a 
better prognosis. An in vitro drug-resistant cell model would help in the understanding of molecular mechanisms 
underlying this drug-resistance phenomenon. The aim of this study was to characterize cellular and molecular 
changes of induced CBDCA-resistant ovarian cancer cell line A2780.

Methods: The cell selection strategy used in this study was a dose-per-pulse method using a concentration of 100 μM 
for 2 h. Once 20 cycles of exposure to the drug were completed, the cell cultures showed a resistant phenotype. 
Then, the ovarian cancer cell line A2780 was grown with 100 μM of CBDCA (CBDCA-resistant cells) or without CBDCA 
(parental cells). After, a drug sensitivity assay, morphological analyses, cell death assays and a RNA-seq analysis were 
performed in CBDCA-resistant A2780 cells.

Results: Microscopy on both parental and CBDCA-resistant A2780 cells showed similar characteristics in morphol-
ogy and F-actin distribution within cells. In cell-death assays, parental A2780 cells showed a significant increase in 
phosphatidylserine translocation and caspase-3/7 cleavage compared to CBDCA-resistant A2780 cells (P < 0.05 and 
P < 0.005, respectively). Cell viability in parental A2780 cells was significantly decreased compared to CBDCA-resistant 
A2780 cells (P < 0.0005). The RNA-seq analysis showed 156 differentially expressed genes (DEGs) associated mainly to 
molecular functions.

Conclusion: CBDCA-resistant A2780 ovarian cancer cells is a reliable model of CBDCA resistance that shows several 
DEGs involved in molecular functions such as transmembrane activity, protein binding to cell surface receptor and 
catalytic activity. Also, we found that the Wnt/β-catenin and integrin signaling pathway are the main metabolic path-
way dysregulated in CBDCA-resistant A2780 cells.

Keywords: A2780 cell line, Carboplatin, Drug resistance, Wnt/β-catenin-signaling pathway, Integrin signaling 
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Background
Ovarian cancer is the sixth most common cancer and the 
seventh highest cause of cancer death in women world-
wide. However, the incidence of this cancer varies by 
geographical region, with Europe and North America 
having the highest incidence rates, while the lowest inci-
dence has been observed in China and African nations 
[1]. Epithelial ovarian cancer (EOC) comprises about 
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90% of all ovarian tumors, whereas stromal tumors and 
germ cell tumors comprise the remaining 10% [2]. The 
standard treatment consists in the partial removal of the 
tumor followed by a chemotherapeutic scheme based 
on platinum drugs and taxanes [3]. Some clinical trials 
of advanced ovarian cancer have documented that car-
boplatin has equivalent antitumoral activity to cisplatin, 
but with considerably less side effects [4]. In this regard, 
the randomized evidence on the efficacy and toxicity 
associated with the regimens used in several trials con-
cludes that the use of carboplatin (CBDCA)-as a plati-
num drug—is a safe and effective first-line treatment for 
women with advanced ovarian cancer [5–7]. Despite the 
effective response with platinum drugs and taxanes, the 
5-year survival rate in EOC patients is around 20–30% 
in advanced stages (II–IV) [8]. This low survival rate has 
been largely related to the resistance of certain ovarian 
cancer cells to a wide range of chemotherapeutic drugs, 
being considered the main obstacle to a better prognosis 
[9]. In this context, several pathways have been identi-
fied as possibly responsible for the resistant phenotype, 
including drug uptake, recognition of DNA damage, 
DNA repair and apoptosis process. However, no meta-
bolic pathway has been reliably associated with CBDCA-
resistance in ovarian cancer [10].

For this reason, the establishment of an in vitro cellular 
model of resistant ovarian cancer is needed to respond to 
several questions related to platinum drug resistance. In 
this regard, previous reports have established two major 
methodological approaches for developing drug-resistant 
cell lines in  vitro: (1) the clinically relevant models and 
(2) the high-level laboratory models. Depending on the 
chosen method, the development of a drug-resistant cell 
line can take from 3 to 18  months [11]. The clinically 
relevant models try to mimic the conditions that cancer 
patients experience during chemotherapy: a pulsed treat-
ment strategy with lower drug doses is often used along 
with a short cell recovery time with drug-free medium.

Yet despite knowing the methodology used to estab-
lish these models, there is scarce knowledge about the 
morphological, cellular and molecular characteristics of 
an in vitro resistant phenotype. The evaluation of several 
parameters in induced drug-resistant cells lines could 
facilitate the differentiation between a real drug-resistant 
cell from a stressed cell, making possible to obtain a reli-
able and reproducible model for drug resistance research. 
The aim of this study was to characterize the CBDCA-
resistant ovarian cancer cell line A2780 functionally and 
molecularly through a clinically relevant methodology 
(dose-per-pulse method).

Results
Sensitivity to carboplatin in parental and CBDCA‑resistant 
A2780 cells
The establishment of a carboplatin resistance model in an 
A2780 cell line (CBDCA-resistant A2780) was obtained 
after 16 months of exposure to doses per pulse of CBDCA 
(specified in Methods section). After 2 months of freez-
ing, sensitivity to CBDCA was examined by comparing 
parental A2780 cells from CBDCA-resistant A2780 cells. 
For this purpose, we evaluated the effective concentra-
tion that causes 50% cell death  (EC50). The  EC50 for the 
parental A2780 cells was obtained at concentration of 
6.05  μM ± 1.08 (0.78 ± 0.035 log μM) of CBDCA while 
the  EC50 for CBDCA-resistant A2780 cells was estab-
lished at a concentration of 19.35 μM ± 1.16 (1.29 ± 0.065 
log μM) of CBDCA (Fig.  1). The resistance index for 
CBDCA-resistant A2780 cells was 3.2-fold higher than 
parental A2780 cells.

Morphological comparisons between parental 
and CBDCA‑resistant A2780 cells
We evaluated cell morphology in both conditions. 
Giemsa staining and ImageJ analysis showed no signifi-
cant differences according to cell perimeter and nuclear 
perimeter in either parental or CBDCA-resistant A2780 
cells (Fig. 2a). Likewise, F-actin distribution within cells 
was the similar in both conditions (Fig. 2b).

Response to CBDCA‑induced cell death in both parental 
and CBDCA‑resistant A2780 cells
After establishing the concentration of drug necessary 
to generate 50% cell death in parental and CBDCA-
resistant A2780 cells, we used a concentration of 

Fig. 1 The  EC50 values for cell viability in parental A2780 cells from 
CBDCA-resistant A2780 cells.  EC50 values were calculated using 
mathematic function antilog of values provided by sigmoidal dose–
response curves. Antilog EC50 A2780-parental (0.78 log µM) = 6.05 µM; 
Antilog EC50 A2780-CBDCA (1.29 log µM) = 19.35 µM. ***P < 0.001
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6.05 μM ± 0.123 μM for 72 h for subsequent tests in both 
conditions. The cell viability assay showed that CBDCA 
exposure significantly decreased cell viability in parental 
A2780 cells compared to the CBDCA-resistant A2780 
cells (P < 0.001) (Fig. 3a).

Next, we examined the differences in the cell death 
effect induced by CBDCA treatment between parental 
and CBDCA-resistant A2780 cells, thereby phosphati-
dylserine (PS) translocation and caspase-3/7 cleavage 
assays were performed. After exposure with CBDCA, 
the parental A2780 cells showed a significant increase in 
PS translocation (mean = 29.26% ± 7.6%) compared to 
CBDCA-resistant A2780 cells (mean = 13.16% ± 4.4%) 
(Fig. 3b, P < 0.005). Similarly, parental A2780 cells showed 
a significant increment in the cleavage of caspases 3/7 
(mean = 17.46% ± 3.3%) compared to CBDCA-resistant 
A2780 cells (mean = 10.48% ± 2.8%) (Fig.  3c, P < 0.05). 

In addition, within the CBDCA-resistant A2780 cells no 
significant differences in these parameters were found in 
untreated vehicle (DMSO) and CBDCA (6  μM) condi-
tions. As expected, these results confirm that CBDCA-
resistant A2780 cells effectively acquired a drug-resistant 
phenotype compared to parental A2780 cells.

Transcriptomic sequencing analysis in parental A2780 
and CBDCA‑resistant A2780 cells
In order to identify differentially expressed genes (DEGs) 
that are relevant to the chemoresistant phenotype in 
ovarian cancer cell lines, we performed an expression 
analysis on parental A2780 and CBDCA-R-A2780 cell 
lines using RNA-seq. A total of 14.673 protein-coding 
genes were sequenced. From those, 156 transcripts 
showed deregulated expression; 95 were downregulated 

Fig. 2 Morphological comparisons between parental and CBDCA-resistant A2780 cells. a Giemsa staining and ImageJ analysis for morphometric 
observation according to the cellular and nuclear perimeter of each cell line. b Distribution of F-actin in both conditions. No significant differences 
were observed according to morphological features between parental and CBDCA-resistant A2780 cells
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and 61 were upregulated in CBDCA-R-A2780 compared 
to A2780-sensitive (Fig. 4; Additional file 1: Table S1).

Gene ontology analysis
Gene ontology (GO) analysis from those DEGs were per-
formed classifying the mRNAs according to molecular 
function.

Regarding the molecular function category, the tran-
scripts were mainly associated to binding activity (42%), 
catalytic activity (18%) and transporter activity (15%) 
categories (Fig. 5a). Within the binding activity category 
(mRNAs that encode for proteins that bind other mol-
ecules such as proteins, DNA, RNA, etc.), many tran-
scripts were found to be associated with protein binding 
(62%), and within this GO subcategory, the main ontol-
ogy was found for receptor binding function (69%) 
(Fig.  5b). The GO category of catalytic activity showed 
34% of transcripts involved in hydrolase activity mainly 
associated to hydrolase activity, acting on ester bonds 
(37%), phosphatase activity (27%) and peptidase activity 
(18%) subcategories (Fig. 5c).

Within transporter activity category, we found an 
enrichment of transcripts associated with transmem-
brane transporter activity (94%), which are mainly rep-
resented by transcripts that encode transmembrane 
proteins with ion channel activity (75%) (Fig. 5d).

Molecular pathway analysis
In the present study, from 156 DEGs only 149 were 
classified into 21 metabolic pathways. Among these 
pathways, the most enriched metabolic pathways were 
Wnt/β-catenin and integrin signaling pathway. The 
Wnt/β-catenin signaling pathway was the most enriched 
with 15.2% of DEGs, which contains 5 downregu-
lated DEGs (sFRP1, PCDHA6, CTNNA2, DACT1, and 
PCDHB6 genes) and 2 upregulated DEGs (WNT3A and 
CER1 genes). Meanwhile, integrin signaling pathway was 
the second most enriched with 10.9% of DEGs, which 
are 4 downregulated DEGs (COL6A3, MBL2, ACTN3, 
COL1A2) and 1 upregulated DEGs (COL11A1) (Fig. 6).

Discussion
The most common chemotherapeutic treatment for ovar-
ian cancer is based on the use of platinum drugs—specif-
ically carboplatin—in combination with paclitaxel. This 
combination is the most common treatment for high-
grade serous ovarian cancer [12]. Although chemother-
apy is the preferred treatment modality, the development 
of chemoresistance is the main problem that limits treat-
ment success and patient’s prognosis [13]. The mecha-
nisms involved in platinum drug resistance are partially 
known and probably multifactorial in origin [14]. There-
fore, the need to study these mechanisms has become 
pivotal to understanding the chemoresistant phenotype. 
In this article, a reliable ovarian cancer model is offered 
to assess many of these features of interest, including 
transcriptomic, gene ontology and signaling pathway 
analyses.

As expected, the CBDCA-resistant cells clearly showed 
3.2-fold of increase in the CBDCA resistance index com-
pared to parental A2780 cells. Although this value can 
be considered a reliable drug resistance marker, the fold-
resistance value should not be compared to other in vitro 
chemoresistance models because each cell line is biologi-
cally different and each resistance model has been devel-
oped using diverse drug administration methodologies 
[11, 15].

In previous works conducted by Li et  al. and Yan 
et  al. [11, 16] developed a carboplatin-resistant A2780 
cell line. However, the treatment established by them is 
considered a “high level laboratory model” described by 
McDermott et al. [11]. In which the development of the 
model is based on the addition of drugs in a continu-
ous way increasing its concentration in each cycle. The 

Fig. 3 Effect of CBDCA exposure in the viability and cell death 
of parental and CBDCA-resistant A2780 cells. a Cell viability. b 
Phosphatidylserine (PS) translocation. c Caspase-3/7 cleavage. These 
results confirm the CBDCA resistant phenotype of CBDCA-resistant 
A2780 cells. *P < 0.05; **P < 0.005; ***P < 0.0005
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gradual increases of these concentrations exceed the limit 
allowed in clinical due to its high cytotoxicity [11, 17].

On the other hand, in this work we developed the “clin-
ically relevant method”, which seeks to emulate the treat-
ment conditions of patients during chemotherapy where 
a cellular recovery time (drug-free) is usually required, 
emulating the resting periods of the patient (treatment-
free). The main advantages and disadvantages are that 
the high-level laboratory model achieve higher resistance 
index levels than the clinically relevant method. However, 
the main disadvantage of these models is the higher the 
level of resistance, the less relevant the model becomes to 
the clinic [11].

On the other hand, parental and CBDCA-resistant 
A2780 cells in culture showed similarities in morphol-
ogy, which suggests that CBDCA-resistant cells do not 
undergo major structural changes once the drug-resist-
ant phenotype has been acquired. In this regard, some 
reports associated to platinum-drug resistance in ovar-
ian cancer cells have shown no apparent morphological 
differences in each condition [18–20], whereas in other 
models, cell morphology is gradually recovered—similar 
to the parental condition—in the logarithmic phase [8]. 
This is probably because cells differ in their morphology 
due to cell stress caused by the drug.

In addition, cell viability assays and cell death analyses 
demonstrated that CBDCA-resistant A2780 cells effec-
tively acquired an advantage in survival features after 
drug exposure compared to parental cells. These higher 
survival rates are likely attributable to inhibition or eva-
sion of apoptotic processes developed when CBDCA 
resistance is reached [21, 22]. In this sense, several fac-
tors may be considered within these alterations to apop-
totic processes in CBDCA-resistant A2780 cells, being 
the off-target resistance mechanism the most commonly 
implicated, and it is characterized by alterations in sign-
aling pathways that interfere with pro-apoptotic events 
induced by platinum drugs [23, 24]. For example, the 
activation of canonical Wnt signaling has been involved 
in the inhibition of the cytochrome C release and the 
subsequent caspase-9 activation induced by chemothera-
peutic drugs [25–27].

The transcriptome analysis of our isogenic model for 
CBDCA resistance showed 156 DEGs involved in sub-
categories of molecular functions, such as protein bind-
ing to cell surface receptors, hydrolase activity and 

Fig. 4 Differentially expressed genes (DEGs) in carboplatin-resistant 
A2780. Upregulated (green bars) and downregulated (red bars) genes 
are ordered according to fold-change value. Gene ontology is shown 
according to the three main categories: binding (purple dots), catalytic 
activity (light blue dots) and transporter activity (orange dots). Table 
shows P-value, q-value and fold-change for each gene

◂
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transmembrane transporter activity. In this regard, some 
of the ontology classifications showed in this report have 
a relation with the drug-resistant phenotype. In this 
study, the most interesting DEGs are those associated 
with transmembrane transporter activity subcategory. 
Interestingly, transmembrane transporters govern the 
movement of drugs and their metabolites across biologi-
cal membranes, thereby determining the pharmacokinet-
ics, efficacy and adverse drug reactions [28]. Ion channels 
are integral membrane proteins that allow the passive dif-
fusion of certain ions into and out of the cell maintain-
ing intracellular ionic homeostasis needed to all basic 
cellular processes and also in the malignant phenotype of 
cancer cells [29, 30]. In cancer drug resistance, some of 
the most studied mechanisms are drug influx and efflux 
through transmembrane channels [31]. These channels 
decrease the intracellular drug accumulation as result of 

a decrease in drug influx via drug solute carriers or an 
increase in drug efflux via ATP-binding cassette (ABC) 
pumps [32–34]. In platinum-drug resistance reduced 
accumulation of Platinum compounds in the cytosol is 
caused by reduced uptake, increased efflux, or cellular 
compartmentation. Several ABC transport proteins are 
involved, including MRP2 and MRP6, Ctr1 and Ctr2, 
ATP7A and ATP7B [35–37].

Additionally, chemoresistance can be triggered by 
overexpression of receptor tyrosine kinases: ERBB1-4, 
IGF-1R, VEGFR 1-3, Wnt receptor and PDGF receptor 
family members [38, 39].

Another mechanism involved in chemoresistance is 
drug inactivation. In this regard, GO analysis demon-
strated that many DEGs also have catalytic activity, 
which are enriched by several specific functions such as: 
hydrolase, transferase, oxidoreductase, among others. 

Fig. 5 Gene ontology (GO) analysis of the DEGs. Pie charts represent the enriched GO: term associated to DEGs. a GO categories. b Binding 
category and its respective ontological subcategories. c Catalytic activity category and its respective ontological subcategories. d Transporter 
activity category and its respective ontological subcategories
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Fig. 6 Molecular pathways analysis of DEGs. The table shows the signaling pathways deregulated in CBDCA-R-A2780 and their associated DEGs. In 
the graph, the vertical axes show the percentage of genes (orange) and number of genes (blue) annotated for each signaling pathway. Horizontal 
axis shows the name of the 21 deregulated metabolic pathways
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The hydrolysis reaction of carboplatin is necessary to 
activate this molecule once it enters into the cell [40]. 
In the cytoplasm, platinum agents becomes aquated, 
which then enables them to react with thiol-containing 
molecules, including glutathione and metallothioneins 
[41]. Increased glutathione levels may cause resistance 
by binding/inactivating platinum drug, enhancing DNA 
repair, or reducing cisplatin-induced oxidative stress [42]. 
Cisplatin is detoxified by glutathione through adduct 
formation [43]. An additional member of the antioxi-
dant defense system is thioredoxin, which regulates the 
oxidation reduction environment of the cell in a similar 
manner to glutathione [41, 44]. However, the information 
available about carboplatin detoxification is scarce and in 
most studies extrapolates the observations made over the 
cisplatin metabolization process.

In this study, in silico analyses showed that the most 
deregulated metabolic pathways in CBDCA-R-A2780 
were Wnt/β-catenin and integrin signaling pathway. 
Canonical activation of Wnt signaling—mediated 
through β-catenin—has been shown to be a critical reg-
ulator of chemoresistance in many tumors [45–51]. For 
instance, an integrative study using The Cancer Genome 
Atlas (TCGA) data identified the upregulation of Wnt/β-
catenin signaling pathway in ovarian tumors with poor 
prognosis [52]. In addition, Nagaraj et  al. [39] studied 
the role of Wnt/β-catenin signaling in the regulation of 
cisplatin resistance and stem-like properties using cispl-
atin-resistant A2780 (A2780cis) cells and a primary cell 
culture obtained from ascites of a patient with high-grade 
serous ovarian cancer. They found that Wnt/β-catenin 
signaling pathway acts as a novel driver of cisplatin resist-
ance by maintaining stem-like properties in ovarian can-
cer [39].

On the other hand, negative regulators of the Wnt/β-
catenin signaling cascade have also been shown to be 
important for acquiring cisplatin sensitivity. For example, 
the addition of recombinant protein secreted frizzled-
related protein 4 (sFRP4) has been positively associated 
with response to cisplatin and doxorubicin in cancer 
stem cells  (CD133+/CD44+) isolated from A2780 ovarian 
cancer cell line [53]. This is likely because the presence 
of sFRP4 has been demonstrated to confer chemo-sensi-
tization and improve chemotherapeutic efficacy through 
the inhibition of Wnt/β-catenin signaling [54]. Also, 
the overexpression of DACT1 -an antagonist of Wnt/β-
catenin pathway—has been able to inhibit tumor growth 
and cisplatin resistance in type I epithelial ovarian can-
cer [55]. Likewise, low molecular weight heparin had the 
capability to re-sensitize the A2780cis human ovarian 
cancer cells through an inhibitory effect over Wnt-sign-
aling pathway [56].

In a study conducted by Barghout et  al. in A2780cis 
cells they found that elevated β-catenin activity contrib-
utes to carboplatin resistance in an in  vitro model of 
human ovarian cancer [57]. These results support our 
finding about deregulation of Wnt/β-catenin in ovar-
ian cancer resistant to carboplatin. However, this cell 
lines were resistant to cisplatin with cross-resistance to 
carboplatin. Unfortunately, they did not perform a high 
throughput analysis in order to identify others metabolic 
pathway deregulated. In this regard, our study identi-
fied  at transcriptional level, the integrin signaling path-
way deregulated. In this case, upregulation of Collagen 
Type 11 Alpha 1 (COL11A1) was interesting. In normal 
conditions expression of collagen 11 is very low or non-
existent in most tissues [58]. However, is overexpressed 
at mRNA and protein levels in many cancer types [59]. 
In ovarian cancer its overexpression has been associated 
to poor prognosis, metastasis and drug resistance [60–
62]. COL11A1 has been reported as a cisplatin resist-
ant marker for EOC in several recent studies [63, 64]. In 
A2780cis cells, COL11A1 is an important determinant of 
chemoresistance to cisplatin and paclitaxel through acti-
vation of Akt/c/EBP β and stabilization of PDK1 protein 
preventing its ubiquitination and proteasomal degrada-
tion protecting the cells from drugs cytotoxic effect [65]. 
Another study show that COL11A1 can upregulate IKKb 
transcription to constitutively activate the NF-kB-sign-
aling pathway, thereby promoting TWIST1 and Mcl-1 
expression, which were associated with chemoresistance 
and apoptosis inhibition [66].

In summary, the targeted inhibition of Wnt/β-catenin 
signaling and COL11A1 (an upregulated gene within 
integrin signaling pathway) seems to increase the sensi-
tivity to platinum and taxane agents in cancer by deregu-
lating not only Wnt/β-catenin pathway (per se) but also 
AKT and NF-kB pathways. Therefore, the inhibition of 
these metabolic pathways appears to be a promising ther-
apeutic alternative in ovarian cancer and other malignan-
cies resistant to platinum drugs, including cisplatin and 
carboplatin [39, 65–68].

Conclusion
In summary, our study is the first report about the devel-
opment and phenotypical and molecular characteriza-
tion of a carboplatin-resistant ovarian cancer cell line, in 
order to achieve a reliable model to be used in the study 
of carboplatin resistance in this malignancy. In addition, 
several DEGs have been found to be involved in drug 
influx/efflux and drug hydrolysis processes and could 
be suggested as potential molecular markers associ-
ated with carboplatin resistance. Finally, bioinformatics 
analyses have been shown that Wnt/β-catenin and inte-
grin signaling pathway may have a direct effect on the 
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platinum resistance, by itself or an effect as a whole, so 
that the therapeutic success may be benefited by the joint 
inhibition of these metabolic pathways and constituting 
as a potential therapeutic alternative in cases of ovarian 
cancers resistant to carboplatin with Wnt/β-catenin acti-
vated and/or COL11A1 overexpressed. However, these 
findings are necessary to validate in future studies both 
in vitro and in vivo.

Methods
Cell culture
Ovarian cancer cell line A2780 (derived from ovarian 
epithelial carcinoma of an untreated patient) was kindly 
provided by Dr. Gareth Owen, Department of Physiology, 
Pontificia Universidad Católica de Chile, Santiago. Cells 
were grown in RPMI 1640 medium (ATCC modification) 
(Gibco, Thermo Fisher, USA) supplemented with 10% 
fetal bovine serum (FBS) (Hyclone, Thermo Fisher, USA), 
2 mM glutamine (Corning, USA) and 1% penicillin/strep-
tomycin (Corning, USA) and maintained at 37  °C in a 
humidified atmosphere at 5%  CO2.

Chemicals
Carboplatin (CBDCA) was purchased from Selleckchem, 
USA and suspended and stocked at a concentration of 
40 mM in DMSO and then dispensed in microcentrifuge 
tubes with 20 µL of total volume per tube. The work-
ing stock was stored at − 20  °C for a maximum period 
of 1  month, while the stock tubes were maintained at 
− 80 °C. The working solution for each test was prepared 
at the time of use at a final concentration of 100  μM 
diluted in culture medium.

Cell selection strategy outline
A2780 cells were seeded in a 6-well plate at a cell den-
sity of 2 × 105 cells per well. Once the cell culture had a 
confluence of 70%, complete medium including 100 μM 
of CBDCA was added to the respective wells and incu-
bated for 2  h at 37  °C with 5%  CO2. Subsequently, cul-
ture medium was replaced with fresh drug-free culture 
medium. Once the cell culture reached a 90% confluence 
(recovery period), the cells were subcultured in drug-free 
medium and cultured until reaching a confluence of 70% 
again for the next exposure to the drug.

In summary, each cycle of drug exposure consisted 
of two steps: (1) A2780 cell incubation with CBDCA 
(100 μM for 2 h) in the exponential growth phase and (2) 
drug removal and replacement by fresh drug-free culture 
medium to allow the recovery of cell confluence. These 
cycles were repeated until a total number of 20 cycles was 
reached (Fig.  7). Then, cells were frozen for 2  months, 
thawed for cytotoxicity analysis and compared to paren-
tal cells in order to calculate fold-resistance.

Drug sensitivity assay
A sensitivity assay and post-determination of effective 
concentration to reduce the 50% of population  (EC50) 
value in parental A2780 cells (sensitive to CBDCA) and 
CBDCA-resistant A2780 cells were determined using the 
MTT-formazan assay (Sigma Aldrich, USA). A number 
of 1 × 104 cells were seeded in a 96-well plate using com-
plete media with 10% FBS and allowed to attach over-
night. After cell attachment, increasing concentrations 
of CBDCA were added to appropriate wells. Cells were 
incubated for 24, 48 and 72  h after the CBDCA treat-
ment. Afterwards, 20 μL of MTT solution was added 
into each well, according to the manufacturer’s proto-
col. Then, cells were incubated for 2  h at 37  °C. Finally, 
one volume (100 μL) of isopropanol was added to diluted 
the formazan crystals. Absorbance was measured in 
a spectrophotometer at 570  nm. The viability analysis 
was normalized using the maximum and minimum data 
observed in measures.

Morphological observations
Giemsa staining was used to determine differences 
between parental A2780 and CBDCA-resistant A2780 
cells in both cellular and structure morphology. The cells 
were cultured on gelatinized coverslips (gelatin 2%) for 
24 h at 37 °C. The, the cells were stained using 2% Giemsa 
stain (Sigma Aldrich, USA), washed twice with PBS and 
mounted on slides by adding mounting solution (Fluo-
rescence Mounting Medium, DAKO, USA). Slides were 
observed and photographed using a camera mounted to 
an optical microscope. Morphological parameters such 
as the cellular and nuclear perimeter were analyzed using 
Image J (v. 1.39) with MacBiophotonics plugins.

Otherwise, the distribution of F-actin filaments was 
evaluated by labeling this molecule with Alexa 488-Phal-
loidin (Life technologies, USA). Next, the cells were 
carried out on gelatinized coverslips, as described previ-
ously. Then, the specimens were fixed in formaldehyde 
(3.7%) for 10 min at room temperature and washed with 
1× PBS. Cell permeabilization was performed using 0.1% 
Triton X-100 and incubated for 5  min at − 20  °C. Sub-
sequently, samples were labeled with Phalloid-Alexa488 
and incubated for 20  min at room temperature. Cells 
were observed and photographed using a fluorescence 
microscope.

Cell viability and death analysis
To determine differences in cell viability and death 
between parental and CBDCA-resistant A2780 cells, 
three independent assays were performed: (1) cell viabil-
ity by MTT; (2) phosphatidylserine translocation and (3) 
caspase-3/7 activation.
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Cell viability was evaluated using the MTT-formazan 
assay as described above. Briefly, cell lines were seeded 
at a density of 1 × 104 cells in a 96-well plate. After cell 
attachment, 6.0 µM of CBDCA  (EC50 of parental A2780 
cells) was added to each well plate to evaluate differences 
in cell viability between parental and CBDCA-resistant 
A2780 cells.

Phosphatidylserine translocation in cell membrane was 
determined using Alexa Fluor 488 Annexin V/Dead Cell 
Apoptosis Kit (Invitrogen, USA) according to the manu-
facturer’s instructions. A number of 1 × 105 cells were 
suspended in 100 µL of binding buffer, then 1 µg/mL of 
propidium iodide (PI) and 5 µL of annexin V were added. 
Cells were incubated for 15 min at room temperature.

The caspase-3/7 activation analysis was assessed 
through the CellEvent Caspase/SYTOX AADvanced kit 
assay (Life Technologies, USA) according to the manu-
facturer’s indications. Cells were incubated with 500 nM 
CellEvent reagent and incubated for 25  min at 37  °C. 

Then, 1 μM of SYTOX AADvanced reagent was added as 
a counter-tag and incubated for 5 min at 37 °C.

A total of 1.5 × 105 cells were seeded in a 6-well plate. 
After 24  h, 6.0  µM of CBDCA was added to culture 
medium. As positive control, cells were treated with 
5% dimethyl sulfoxide (DMSO) for 24 h. Cells without 
treatment were used as a negative control. The meas-
ures were analyzed by flow cytometer (FACs Canto II, 
Becton–Dickinson) using the emission and excitation 
wavelength suggested by the manufacturer.

RNA extraction and library preparation
Total cell RNA was isolated from cells using the TRI-
zol reagent (Life Technologies) according to the manu-
facturer’s instructions. RNA integrity was checked by 
Agilent Bioanalyzer 2100. Libraries for RNA-seq were 
prepared according to KAPA Stranded RNA-Seq Kit 
with RiboErase (KAPA Biosystems, Wilmington, MA) 
system. Final library quality and quantity were analyzed 

Fig. 7 Workflow used in the development of CBDCA-resistant A2780 cells
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by Agilent Bioanalyzer 2100 and Life Technologies 
Qubit3.0 Fluorometer, respectively. 150  bp Paired-end 
sequencing was performed on Illumina HiSeq  4000 
(Illumnia Inc., San Diego, CA).

RNA‑seq analysis
We analyzed RNA-seq data from the parental A2780 and 
CBDCA-R-A2780 cell lines using a series of bioinformat-
ics tools and Python (version 3.6.5), R (version 3.3.2), and 
Bash (version 4.1.2) scripts [69–71].

We first trimmed the RNA-seq reads with Trimmo-
matic tool (version 0.38) to remove adapter sequences 
and low-quality reads [72]. Then, we aligned the reads 
to a reference genome using the sequence alignment 
tool Kallisto (version 0.44.0) [73]. The human reference 
genome we used was Release 28 from The ENCODE 
Project [74]. After aligning the reads, we performed dif-
ferential expression analysis between the A2780-parental 
group and the A2780-R-CBDCA group with a program 
called Sleuth (version 0.30.0) [75]. The scripts we used 
for this analysis can be found at https ://githu b.com/parke 
rac/RNA-Seq.

Function annotation and pathway enrichment 
of differentially expressed genes
We used PANTHER (http://www.panth erdb.org/) to per-
form gene ontology (GO) and pathways analysis, using 
a text file containing a gene ID list and common gene 
names.

Statistical analysis
Cell viability and cell death assay data were analyzed by 
Mann–Whitney test. The  EC50 values were calculated 
from dose–response curves; data were analyzed by two-
tailed ANOVA with a Bonferroni post-test using Graph-
Pad Prism 5 software (GraphPad, USA). All assays were 
performed using technical and biological triplicate. A 
P < 0.05 value was considered statistically significant.

Additional file

Additional file 1: Table S1. Gene list of 156 transcripts.
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