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ABSTRACT
BACKGROUND: Previous studies on the effi cacy of platinum-based drugs and selective inhibitors of protea-
some have revealed promising outcomes. This study is aimed to evaluate the effects of the combination of cis-
platin and carfi lzomib on the cell death induction and drug effl ux transporters expression in cisplatin-sensitive 
(A2780s) and cisplatin-resistant (A2780cp) ovarian cancer cells lines.
METHODS: MTT cytotoxic assay was conducted to determine the cytotoxicity. Drug interactions were analyzed 
based on Chou-Talalay’s principles and real-time PCR analysis was performed to determine possible alterations 
in mRNA levels of MRP1 and BCRP. 
RESULTS: A2780s cells were more susceptible to both cisplatin and carfi lzomib while analyses of drug inter-
actions between the two agents showed synergistic effects in all affected fractions of drug-treated A2780s and 
A2780cp cells (CI<0.9) with the combination indices being signifi cantly lower in A2780cp cells (p < 0.01). We 
also found that although mRNA levels of BCRP and MRP1 were signifi cantly altered in both cells exposed to 
each drug alone, only the combination regimen was able to signifi cantly reduce the mRNA levels of these genes 
in A2780cp cells (p<0.001).
CONCLUSION: This combination might be a potential strategy for suppressing cell growth via downregulating 
the drug effl ux transporters expression, especially in cisplatin-resistant ovarian cancer cells (Fig. 3, Ref. 45). 
Text in PDF www.elis.sk.
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Introduction

As reported by many researches, the highest mortality rates 
among female genital cancers belong to ovarian cancer (OC) which 
are also the seventh most common cancer (1). Since 2012, 239000 
women have been diagnosed with OC worldwide where 152000 
of them did not survive. In Iran, OC has been identifi ed as the 
eighth leading cause of death in 2008 (2). OC is a heterozygous 

disease in histopathology and molecular biology, which can spread 
to other tissues such as abdominal wall, lymph nodes, lungs and 
liver tissues (3, 4). The risk of developing OC is higher in those 
who are multiply ovulated compared with those who have never 
been pregnant. Also, the use of fertility drugs, obesity and initia-
tion of ovulation at an earlier age or at a higher post-menopausal 
age are also considered risk factors of OC (5, 6). To this date, no 
defi nitive treatment for OC has been found, mostly due to the 
complexity of the mechanisms and the presence of several fac-
tors in the development of the disease. Therefore, in recent years, 
new strategies have been introduced to prevent and treat patients 
diagnosed with OC (7).

Cisplatin, one of the most effi cacious alkylated agents, can be 
used alone or in combination with other chemotherapy drugs to 
treat breast, ovarian, lung, and other solid tumors. This platinum-
based drug mostly binds to the heterocyclic purine bases of DNA. 
Accumulation of damaged DNA in the cancer cells eventually 
leads to blocking the cell division, and cell death (8). Neverthe-
less, in spite of the initial effi cacy of cisplatin, long-term use can 
cause drug resistance that has remained a major barrier to the 
effi cacy of chemotherapy in OC patients (9). Increased expres-
sion of the drug transporters and enhanced activation of glutathi-
one S transferase appear to be the two main causes of inducing 
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drug resistance (10). Among those, up-regulation of multidrug 
resistance protein 1 (MRP1) and breast cancer resistance pro-
tein (BCRP) have been established to have a signifi cant impact 
on gaining drug resistance in OC cells, including cisplatin-resis-
tance A2780 (A2780cp) cell line (11), whereas cisplatin-sensitive 
A2780 (A2780s) cells display considerably lower levels of drug 
effl ux transporters. On the other hand, increased levels of pro-
teasome-ubiquitin stress have been previously observed in OC 
cells in comparison with normal cells (12) which probably has 
led to the hypothesis that genetically unstable malignant cells are 
often more susceptible to inhibitors of the proteasome activity 
than healthy tissue (13). Large proteolytic complexes of protea-
some are normally labeled with Ubiquitin which systematically 
destroys more than 80 % of regulatory proteins associated with 
regulation of cell cycle, cell death and differentiation by spontane-
ously increasing the accumulation of pro-apoptotic proteins and 
decreasing the activity and degradation of NF-kB (14, 15). Stud-
ies have revealed that selective proteasome inhibitors induce cell 
death by making them susceptible to chemotherapeutic agents in 
the breast (16), prostate (17), pancreatic (18), and ovarian cancers 
(19). In 2012, Carfi lzomib (an epoxomycin derivative) has been 
approved by the Food and Drug Administration (FDA) as the sec-
ond generation proteasome inhibitor for the treatment of multiple 
myeloma, showing lower toxicity than the classic proteasome 
inhibitors (20). Carfi lzomib irreversibly binds to the catalytic 
site of the proteasome chymotrypsin 20S and induces a cellular 
stress response and therefore initiates apoptosis (13). It has been 
estimated that up to 60 % of patients treated with bortezomib (the 
fi rst generation of proteasome inhibitors) have shown side effects 
or median resistibility through one year of treatment (21). Unlike 
bortezomib, carfi lzomib can be given in successive days (22, 23). 
Carfi lzomib suppresses the cell cycle in the G2/M phase and in-
duces apoptosis (24, 25). 

Several studies have argued the promising outcomes of com-
bining proteasome inhibitors with conventional drugs, expecting 
to inhibit tumor growth at higher rates rather than monotherapeu-
tic strategies (26, 27). In this study, we examined the cytotoxic 
effects and the possible changes in mRNA levels of two drug ef-
fl ux transporters in A2780s and A2780cp ovarian cancer cell lines 
treated with carfi lzomib, cisplatin, and their combination.

Material and methods

The protocol of this study has been approved by the Ethics 
Committee of Shahid Sadoughi University of Medical and Health 
Services, Yazd, Iran (IR.SSU.MEDICINE.REC.1396.53).

Drug, chemicals and cell culture conditions
Carfi lzomib and cisplatin were purchased from AdooQ Bio-

Science (CA, USA) and dissolved in dimethyl sulfoxide (DMSO) 
(Pars Tous Biotechnology, Mashhad, Iran) and stored at –20 
°C until further use. Cisplatin was purchased from Sigma-Al-
drich (St. Louis, MO, USA) and freshly solubilized in predeter-
mined amounts of phosphate buffer with a relatively acidic pH, 
and kept away from light. RNA extraction kit was obtained from 

RiboEx (GeneAll, Korea) and SYBR Green master mix and cDNA 
synthesis kits were procured from Ampliqon A/S (Odense M, Den-
mark) and CinaColon (Tehran, Iran), respectively. 3-(4,5- dimeth-
ylhiazol- 2-yl)-2,5-diphenyltetrazolium bromide (MTT), Trypan 
blue and Trypsin-EDTA were all purchased from from INOCLON 
(G. Innovative Biotech Co (INOCLON), Iran).

The A2780s and A2780cp ovarian cancer cells were procured 
from Pasteur Institute of Iran (Tehran, Iran) and incubated in 
RPMI1640 (Gibco, Thermofi sher, USA) supplemented with 10 
% inactivated fetal Bovine serum (Gibco, Thermofi sher, USA), 
100 U/mL penicillin (Sigma-Aldrich, St. Louis, MO), 100 U/mL 
streptomycin (Sigma-Aldrich, St. Louis, MO) at 37 °C in 5 % 
CO2 and 95 % humidity. The A2780cp cell line was treated with 
cisplatin (1 μM) up to three passages before conducting the fol-
lowing assays. Cells treated with DMSO (up to 2 %) were con-
sidered as control group.

Cell viability assay and analysis of drug interactions
The half-maximal inhibitory concentration (IC50) of carfi l-

zomib and cisplatin for both cell lines was assessed by the MTT 
cytotoxic assay (28). A2780s and A2780cp cells at 10,000 cells/
well were seeded into 96 well plates and incubated in normal cell 
culture conditions to reach 80 % of confl uency. Then, both cells 
were treated by a wide range of carfi lzomib (10–512×10–8 μg/mL). 
A2780s and A2780cp cells were also exposed to 0.005 to 100 μg/
mL, and 0.025 to 500 μg/mL of cisplatin, respectively, following 
24, 48, and 72 hours. Afterward, 0.5 mg/mL of MTT dye was 
added to each well and following 4 hours of incubation at 37 °C, 
100 μL DMSO was added and the absorbance was measured at 
570 nm according to the following equation;

Cell viability = absorption of treated cells [570 nm] /absorption 
of untreated cells [570 nm] ×100.

Then both cell lines were treated with both drugs (as a single 
agents) at the following concentration ranges: Cisplatin: 500–0.025 
μg/mL; carfi lzomib: 10–512×10–8 μg/mL and cisplatin: 100–0.005 
μg/mL; carfi lzomib: 10–512×10–8 μg/mL with combination ratio 
of 1:50 and 1:10 for A2780cp and A2780s cells, respectively. 
For analysis of drug combination based on Chou-Talalay method 
and median-effect principles, CompuSyn software (Version 1.0, 
Combo-Syn Inc., US) was applied to determine the mode of in-
teraction between cisplatin and carfi lzomib combination based 
on combination indices (CIs) where CI > 1.1, CI = 0.9–1.1 and 
CI<0.9 simply indicates antagonism, additive mode, and syner-
gism, respectively (29). 

Total RNA extraction and cDNA synthesis
Using protocol for RNA extraction, total RNA was extracted 

after 24, 48, and 72 hours of exposure to both drugs alone and 
in combination with concentrations equal to IC50 values of the 
corresponding treatment period. RNA quality and integrity were 
checked using a NanoDrop (Biotek) and gel electrophoresis. Af-
ter thawing, the components of the kit were mixed, briefl y cen-
trifuged, and stored on ice. RNA-primer mixture prepared in
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Fig. 1. Dose-response curves associated with the treatment of A2780cp cells with cisplatin (A) and carfi lzomib (B) and A2780s cells with cispla-
tin (C) and carfi lzomib (D) for 24, 48, 72 hours. Following 72 hours of co-treatment with both agents (in terms of μg/mL), section (E) and (F) 
shows the dose-response curves for A2780s and A2780cp, respectively. Each value is presented as a mean ± SD of three independent experi-
ments. Cis = cisplatin and Car = carfi lzomib.

A B

C D

E F
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a sterile, nuclease-free tube on ice and incubated at 65°C for 5 
minutes and instantly chilled on ice for 2 minutes. Then, the mix-
ture was gently spun down and cDNA synthesis mix was prepared. 
10μL of the cDNA Synthesis Mix was added into each RNA-primer 
mixture and immediately incubated at 42 °C for 60 min. Then, 
0.5 μL random hexamer and 0.5 μl oligo (dt) were subsequently 
added to the mixture and incubated at 42°C to prevent dissociation 
of primer from the template while the temperature increases. The 
reaction was terminated by incubation at 85°C for 5 min. Finally, 
the synthesized cDNA was stored at –20 °C.

Real-time PCR (qPCR)
In order to perform realtime-PCR, primers of MRP1 (NCBI 

Reference Sequence: NG_028268.1), BCRP  (NCBI Reference Se-
quence: NG_017013.2), and GAPDH (NCBI Reference Sequence: 
NG_007073.2) genes were designed by use of the AlleleID soft-
ware. The MRP1 primers were 5’-TGTTGGTTGCTTACAGT-
GTTG-3’ (forward) and 5’-TGGGAGGTATTTCGTGTTCTT-3’ 
(reverse), the P53 primers were 5’-GCTCAGATAGCGATG-
GTCTGG-3’ (forward) and 5’-CTGTCATCCAAATACTCCA-
CACG-3’ (reverse), and the GAPDH primers as reference gene 
were 5’-CTCATTTCCTGGTATGACAACGA-3’ (forward) and 
5’-TCTTCCTCTTGTGCTCTTGCTG-3’ (reverse). The ampli-
fi cation conditions were: 3 minutes/95 °C, 40 cycles each con-
sisted of denaturation for 35 seconds at 95 °C; annealing for 
30 seconds at 55 °C (for MRP1) and 52 °C (for BCRP) followed 
by an extension for 45 seconds at 72 °C. Using the comparative 
2-ΔΔCt method (30), fold changes in mRNA levels of both genes 
were determined.

Statistical analysis
Data were analyzed using SPSS (version 16, SPSS Inc., Chi-

cago, IL) and presented as mean ± standard deviation (SD). When 
appropriate, non-parametric tests such as One-way ANOVA and 
sample T-test were applied to compare different groups where p < 
0.05 was regarded statistically signifi cant. The inhibition assay data 
was modeled with a nonlinear regression fi t of the Log[inhibitor] 
vs. normalized response (using a variable slope) in GraphPad Prism 
software. All experiments were repeated three times.

Results

In vitro cytotoxicity and analysis of combination
Figures 1A, B demonstrates the dose-response curves when 

A2780cp cells were exposed to mentioned concentrations of cis-
platin and carfi lzomib whereas Figure 2B and C represent the 
dose-response curve of A2780s cells treated with different concen-
trations of cisplatin and carfi lzomib at the same exposure periods, 
respectively. The IC50 values for exposing A2780cp cells to cispla-
tin were 27.72, 16.16 and 10.37 mg/mL after 24, 48 and 72 hours 
of treatment, respectively, while these values were 0.067, 0.014 
and 0.006 mg/mL for A2780s cells in the same treatment periods, 
indicate that this alkylating agent can reduce the viability of both 
cell lines in a dose-dependent mode. Regarding the treatment of 
both cells with carfi lzomib, the IC50 values following 24 hours 

(75.08 and 0.570 μg/mL), 48 hours (32.25 and 0.436 μg/mL), and 
72 hours (20.55 and 0.218 μg/mL) for A2780cp and A2780s cells, 
respectively, suggest that this novel proteasome inhibitor is able of 
causing signifi cant cell-death following a dose- and time-depen-
dent fashion as well with much higher IC50 values in A2780cp 
cells compared with that of A2780s cells. Following 72 hours 
of treatment, the dose-response curves of cisplatin+carfi lzomib 
combinations with mentioned ratios are depicted in Figures 1E 
and F. Combination analysis performed by compuSyn software 
revealed that combination of carfi lzomib and cisplatin mediates 
synergistic effects in both cell lines (CI < 0.9) effective doses be-
ing signifi cantly lower in A2780cp cells compared with A2780s 
cell line (Fig. 2).

Effects of cisplatin, carfi lzomib and their combination on MRP1 
and BCRP mRNA levels

As shown in Figure 3A A2780cp cells displayed signifi cantly 
higher BCRP and MRP1 mRNA levels compared to A2780s cells 
(p < 0.01). Cisplatin signifi cantly down-regulated BCRP and 
MRP1 expressions of A2780s cells while this drug caused signifi -
cant increases in mRNA levels of both genes following 48 and 72 
hours of treatment (at 125, and 110 % of the control after 48 hours 
and 147, and 120 % of the control after 72 hours) in A2780cp, 
respectively (p < 0.01). Additionally, carfi lzomib was observed to 
be able to decrease the BCRP after 48 hours (93 % of the control 
in A2780cp cells and 54 % in A2780s cells) and 72 hours (63 % 
of the control in A2780cp cells and 41 % in A2780s cells), while 
these values were 83, 39, 53 and 28 % for MRP1, showing that 
this proteasome inhibitor down-regulates the expression of drug 
effl ux proteins in both cells but more signifi cantly in cisplatin-
sensitive A2780s cells. The real-time-PCR analysis of the combi-
nation of both drugs disclosed that co-treatment of A2780s cells 
with cisplatin+carfi lzomib markedly decreased BCRP and MRP1 
mRNA levels compared with that of either agent alone following 
48 and 72 hours in both cells, while this down-regulation was more 
signifi cant in A2780s cells exposed to both drugs for 72 hours (10 
and 16 % of the control for BCRP and 7 and 12 % of the control 
for MRP1) (Fig. 3B, C) (p < 0.001).

Discussion

Although various studies have established that the use alkyl-
ating agents as chemotherapeutic therapy substantially improved 
overall survival compared to single-agent therapy in vitro and in 
vivo (31, 32), the prognosis of advanced ovarian cancer remains 
poor, and novel treatments demonstrating favorable toxicity pro-
fi les are urgently required. Therefore, we aimed to combine a 
classic anti-tumor agent with a recently developed proteasome 
inhibitor as a well-designed molecular strategy to overcome drug 
resistance in such solid tumors. As far as we know, this is the fi rst 
study focused on determining the drug interactions between cispl-
atin and carfi lzomib and evaluation of possible changes in mRNA 
levels of MRP1 and BCRP in ovarian cancer cell lines displaying 
different sensitivity to cisplatin. Maria Florea et al declared that 
cisplatin is able to induce cytotoxicity by various mechanisms, 
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e.g., by interference with DNA replication and/or transcription 
(9). Accordingly, this alkylating agent has shown its potential 
as an apoptosis inducing chemical by activating intrinsic and 
extrinsic apoptotic pathways beside initiating calcium signal-
ing pathway (33). Regrettably, neither anti-proliferative nor 
cell-inducing potential of cisplatin are solely induced in ovar-
ian tumor cells. Thus, this drug might cause unpleasant side-
effects including renal- and/or neurotoxicity. In this scenario, 
a combination-chemotherapy with cisplatin is considered as a 
cornerstone for the treatment of various solid tumors including 
advanced ovarian cancer, but the challenge is that cisplatin-
based adjuvant chemotherapy could lead to cisplatin-resistance 
in patients. The principal mechanisms underlying cisplatin re-
sistance have been well distinguished as we focused on the in-

hibition of apoptosis and modulating drug effl ux in the current 
study. As well as cisplatin, carfi lzomib as a highly cytotoxic 
proteasome inhibitor basically tends to target the chymotrypsin-
like (CT-L) subunits in both the immunoproteasome (i20S)- and 
constitutive proteasome (c20S). Accordingly, Parlati et al an-
nounced that selective inhibition of each of the two proteasome 
subunits was proved to be cytotoxic for hematologic tumor cells 
(34). Also, antitumor activity of carfi lzomib was observed at dos-
es of ≥ 11 mg/m2 in a study conducted by O’Connor et al, high-
lighting the clinical activity and tolerability of this proteasome 
inhibitor in multiple hematologic malignancies (35). Despite the 
multitude of reported investigations concerning the evaluation of 
anti-proliferative effects of carfi lzomib in patients diagnosed with 
hematological disorders, few studies were conducted in order to 

Fig. 2. Cisplatin and carfi lzomib combination analysis in cisplatin-sensitive and -resistant OC cells following 72 hours treatment depicted by 
Compusyn software. Dose-effect curve (A), median-effect plot (B), and combination index plot (C) represent the effi cacy of this regimen in 
A2780s cells while Dose-effect curve, median-effect plot, and combination index plot for A2780cp cells are shown in section (D), (E) and (F), 
respectively. CI values at various effective doses (EDs) (G) of drug combination are signifi cantly lower in A2780cp cells (** p < 0.01compared 
to A2780s cells).

A B C

D E F

G
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assess the cytotoxic effects of carfi lzomib on ovarian cancer cells 
as well as no proof of considering this drug as a single strategy 
to overcome drug resistance in this type of malignancies. In our 
study, MTT assay results indicated that A2780cp cells showed 
resistance to both cisplatin and carfi lzomib with 24 to 96 hours 
treatment (with higher IC50 values), founding the hypothesis that 
OC cells with relative resistance to cisplatin might be also sensi-
tive to higher concentrations of carfi lzomib. As stated in previ-
ous studies, the IC50 values of cisplatin were 3 and 30 μg/mL on 
A2780s and A2780cp cells (36), respectively, while carfi lzomib 
was found to suppress cell-growth of different cancer cell lines by 
1 nM (0.0007 μg/ml) to 203 nM (0.146 μg/ml) (37, 38) which are 
not very different compared to our fi ndings. Also, synergistic rela-
tionship between cisplatin and carfi lzomib was observed in both 
cisplatin-sensitive and -resistant A2780 cells (CI < 0.9) which was 
in agreement with fi ndings of Konak et al regarding synergistic 
effects of bortezomib and cisplatin on human bladder cancer cells 
by increasing caspase3 activation (39). In a study conducted by 
Fribley et al, it was established that PS-341, a proteasome inhibi-
tor, may be utilized for overcoming cisplatin-resistance in human 
squamous cell carcinoma cells (40). Although both cell lines dis-
played basal expression levels of drug effl ux transporters, MRP1 
and BCRP expression was found to be higher in cisplatin-resistant 
A2780cp cells. Particularly, overexpression of these two genes 
rendered cells resistant to cisplatin which was previously report-
ed byShen et al (41). Li et al evaluated the possible alterations 
on mRNA levels of multidrug resistance protein 1 (MRP1) and 
breast cancer resistance protein (BCRP) as prognostic factors in 
patients treated with cisplatin and reported that high expression of 
MRP1 was correlated with shorter tumor-free survival while low 
MRP1 expression was independent predictor of overall survival 
of patients struggling with lung cancer (42). Our data indicate that 
co-treatment of carfi lzomib and cisplatin led to a robust down-
regulation of MRP1 and BCRP compared with that of either agent 
alone after 48 and 72 hours of treatment. This observation was not 
only applied to A2780cp cells, validating the previously described 

synergistic interaction between cisplatin and carfi lzomib. As ex-
pected, we observed signifi cant changes in BCRP and MRP1 ex-
pression compared to cells exposed to each drug alone in both cell 
lines, but surprisingly this down-regulation was more signifi cant 
in A2780s cells with lower CI values with respect to the analysis 
of drug combinations. We also observed that proteasome inhibi-
tors are capable of surpassing drug-mediated effl ux of tumor cells 
that was not different from previously published experiment by 
Farabegoli et al, introducing Epigallocatechin-3-gallate (EGCG) 
as an effective proteasome inhibitor which down-regulates the 
activity of BCRP and MDR1 as two major modulators of drug ef-
fl ux and transport in tamoxifen-resistant breast tumor cells (43). 

Our fi ndings preliminarily showed that deregulation of BCRP 
and MRP1 is a major recurrent event in OC and could play an 
essential function in drug resistance. No study has yet reported 
the combination effects of carfi lzomib and alkylating agents in 
vitro. However, growth suppressing potentials of carfi lzomib is 
well studied in combination with histone deacetylase inhibitors, 
as Dasmahapatra et al reported that vorinostat potentiates the 
anti-tumor activity of carfi lzomib, both in vitro and in vivo (44). 
Also, Berdeja et al discovered that the combination of carfi lzomib 
and panobinostat is effective in patients with relapsed/refractory 
multiple myeloma (45). The outcome of the mentioned studies is 
completely in agreement with our fi ndings revealing the synergis-
tic effects of carfi lzomib+cisplatin in both cisplatin-sensitive and 
resistant ovarian cancer cell lines. Using apoptosis detection tech-
niques to determine the type of cell-death involved in response 
to this combination regimen and evaluating the protein levels of 
drug effl ux transporters might need to be further investigated in 
order to validate our fi ndings.

Conclusion

Inhibition of apoptosis and drug effl ux are among well-known 
mechanisms of cisplatin resistance causing A2780cp ovarian tu-
mor cells to respond inadequately to platinum-based therapies 

Fig. 3. Real-time PCR analysis of BCRP (A) and MRP1 (B) mRNA expression in 24, 48, and 72 hours after co-treatment of both cell lines with 
single drugs and their combination with concentrations equal to their corresponded IC50 values (* p < 0.05, ** p < 0.01, and ***p < 0.001 
compared to untreated adjusted cells).

A B C



Bratisl Med J 2019; 120 (6)

468 – 475

474

as mono-therapeutic agents. Our results showed that carfi lzomib 
enhances cisplatin sensitivity in OC cells via modulation of the 
expression of drug effl ux transporters. Combination therapies 
were developed in order to minimize cisplatin resistance in ovar-
ian cancer cells. By understanding the other potential mechanisms 
triggered by cisplatin alone and in combination with other tar-
geted agents, with designing more effi cient therapeutic strategies 
would be possible to reduce the current side effects of platinum-
based drugs.
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