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Abstract

Introduction: Resistance to selective small-molecule inhibitors has been a substantial factor for limiting the efficacy of ovarian cancer. Recent
studies have revealed that proteasome inhibitors induce acquired drug resistance. The possible mechanisms underlying the resistance to carfilzomib
(CFZ), a recently developed inhibitor of proteasome, has not been well studied. This experimental study has aimed to determine if CFZ induces
drug resistance in A2780 ovarian cancer cells through p53- and caspase-3 dependent pathways.

Materials and Methods: The A2780CFZ cells were generated by continuous culturing of A2780S cells in the presence of CFZ for 4 months. The
MTT cytotoxic assay was applied to compare the survival rates in A2780CFZ and A2780S cells. Also, the relative expression of p53 and caspase-3
genes were evaluated using quantitative real-time polymerase chain reaction (qRT-PCR). The nonparametric ANOVA and Friedman tests were
used for data analysis.

Results: A significant difference was observed between the viability of resistant- and sensitive-A2780 cells exposed to various concentrations of
CFZ, indicating that A2780S cells have become resistant to this drug under long-term culture. Compared with A2780CFZ cells, the mRNA levels of
p53 gene in A2780S cells were significantly increased after 12 (P=0.008), and 24 hours (P=0.034) . Also, no significant differences were observed
regarding caspase-3 mRNA levels between both cell lines (P>0.05).

Conclusions: The findings of this study suggest that regulation of p53 gene expression in A2780CFZ cells might be the possible primary mechanism
for gaining resistance against CFZ, but this might be independent of caspase cascades activation. Further studies are required to find strategies for

overcoming CFZ resistance.
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Introduction

Among all female malignancies, ovarian cancer (OC) have
the most clinical significance.! Epithelial OC accounts for
more than two-thirds of all OC cases, due to its asymptomatic
manifestations before the initiation of tumor invasion.** The
initial standard treatments for OC are removal surgeries and
chemotherapy with a combination of platinum derivatives.®
The response rate for OC cells to platinum derivatives
is estimated at about 80%.° However, the disease often
reappears after 12 months, and resistance to this type of
chemotherapeutic agents have usually gained afterwards,’
with only 20% to 30% of OC patients survive for 5 years after

treatment with the classic platinum drugs.®

The ubiquitin/proteasome system mainly regulates protein
turnover of the cell while degrading polyubiquitinated
proteins. Recently, many investigations have provided a
rationale regarding the link between apoptosis and the
proteasome, emphasizing the key role of the proteasome
in the regulation of apoptotic cell death.” Resistance to
cell-death inducing agents are mainly associated with
deregulation of mitochondrial apoptosis in cancer cells'®!!
and disorder in the immunological defence mechanism,'
leading to a down-regulation in cell survival suppressors (e.g.,
p53 and caspase-3).'** Moreover, proteasome inhibition
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can cause abnormalities in signal transduction, cell cycle
control, transcription regulation, and inflammation."**® The
underlined mechanisms include phosphorylation, removal
of the anti-apoptotic agents, and p53 stabilization."”"
Proteasome inhibitors have proven to be useful therapeutic
small-molecule inhibitors for the treatment of multiple
myeloma, and other malignancies®**' since the proliferation of
cancer cells depends on the ubiquitin-proteasome system.'**

Carfilzomib (CFZ), a recently developed selective
proteasome inhibitor, is currently approved in the United States
for the treatment of relapsing/resistant multiple myeloma.*>*
Despite Bortezomib and other proteasome inhibitors, CFZ
irreversibly binds to its target, leading to a stable inhibition of
the enzyme®* while showing less favourable side-effects and
lower toxicity to non-proteases and the serum proteases.”
Bortezomib resistance was observed in some of the preclinical
models, suggesting that resistance to proteasome inhibition
might decrease the efficacy of anti-tumor therapy.”

It is said that p53 mediates apoptosis through different
pathways due to the induction of oxidative stress or exposure
to DNA damaging agents.** Mutations and decreased
expression of p53 have been reported in various types of
human cancers, including OC.*** Activation of this tumor
suppressor is essential for sensitizing cancer cells to multiple
anti-tumor agents.”> Accordingly, the inactivation and down-
regulation of the p53 gene in OC cells can lead to resistance to
classic platinum drugs.”*** Also, some studies have reported
that proteasome inhibitors trigger apoptosis via both p53-
dependent and -independent pathways.*>* Chen et al
explored the efficacy of inhibitors of the 26S proteasome on
the induction of cell death in the human colon cancer cells
differing in their p53 status, discovering that targeting of
proteasome inhibitors might cause nuclear accumulation of
p53 as cells with inactive p53 showed an attenuated apoptosis
rate after treatment with these types of selective inhibitors.””

On the other hand, the anticancer effects caused by
various anti-tumor agents are followed by the activation of
at least one component of the caspase family.*® Caspase-3
is a critical enzyme involved in both intrinsic and extrinsic
apoptotic signaling pathways, as well as an effector in cell-
death induction by proteasome inhibitors. Caspase activation
results in the cleavage of the 19S regulatory complex of the
proteasome subunits.” This cleavage mediated by caspases
suppresses the proteasomal degradation of polyubiquitinated
proteins within the cell**

One promising approach towards overcoming cell-death
resistance is to employ molecular targeted cancer therapies
since selective inhibition of proteasome triggers cell-death
in tumor cells, but not in the normal cells. Hence, this
experimental investigation is aimed to determine if CFZ
induces drug resistance in A2780 OC cells through p53- and
caspase-3 dependent pathways by evaluating the mRNA levels
of these genes.

Materials and Methods

Carfilzomib was purchased from AdooQ BioScience (CA,
USA) at a concentration of 200 pug/mL in dissolved dimethyl
sulfoxide (DMSO) and was stored at -20°C. Also, the MTT

[3-(4, 5-dimethylthiazol-2-yl)-2,  5-diphenyltetrazolium
bromide] dye was supplied by Sigma-Aldrich (USA).

Cell Culture

Human ovarian cancer cell line A2780 was purchased from
the Pastor Institute (Tehran, Iran) and grown in Roswell Park
Memorial Institute medium 1640 (RPMI 1640) supplemented
with 10% FBS (Gibco, CA, USA), 100 units/mL of penicillin,
and 100 g/mL of streptomycin (Gibco, CA, USA) under
standard cell culture conditions (humidified atmosphere,
37°C with 5% CO,).

Resistance to Carfilzomib

The A2780S cells were maintained with stepwise increasing
concentrations of CFZ for 4 months. Initial concentrations
of CFZ were 0.1 pg/mL over this period.* The cells gaining
resistance against CFZ were termed A2780CFZ.

Cell Viability Assay

The MTT assay was done to test the in vitro cytotoxicity
of CFZ against A2780S and A2780CFZ tumor cells. The
A2780S and A2780CFZ cells were seeded into 96-well plates
at a concentration of approximately 10000 cells/well in three
replicates. Following overnight incubation, cells were exposed
to various concentrations of CFZ (0-4 ug/mL) for 24 hours.
Later, 20 uL MTT dye (5 mg/mL) was placed into each well
and incubated for 4 hours. Absorbance was read at 490 nm
with 630 nm as the wavelength reference. The half maximal
inhibitory concentration (IC50) values were measured using
GraphPad Prism 6.0 (CA, USA).

Quantitative Real-Time Polymerase Chain Reaction
Following cell seeding in 6-well-microplates (250000 cells/
well), total RNAs was isolated from A2780S and A2780CFZ
cells. Next, cDNA was synthesised using the cDNA synthesis
kit (Sinaclon, Tehran, Iran). For quantitative real-time
polymerase chain reaction (RT-PCR) analysis of p53 and
Caspase3 transcripts, the primer sequences were: for p53,
sense  5-GTCCCAGGAGCCCATCCT-3" and antisense
5'-CCCGGCTGTTGTCTCCAT-3"; for Caspase3, sense
5-CATGGCTCAGAAGCACACAAAC-3' and antisense
5'-CTCGGTCTGGTACAGATGTCGA-3'; for GAPDH, sense
5'-CTCATTTCCTGGTATGACAACGA-3" and antisense
5-TCTTCCTCTTGTGCTCTTGCTG-3'". The PCR reactions
were performed using Rotor-Gene™ 6000 Real-time Analyzer
with the SYBR Green qPCR Mastermix (Yekta Tajhiz Azma,
Iran). The PCR program began with an initial denaturation at
96 °C for 10 minutes, 40 cycles of annealing (at 65 °C for p53
or GAPDH, and 55°C for Caspase3) followed by an extension
at 72°C for 45 seconds. The relative quantity of the transcripts
was evaluated using the 272 methods.*

Statistical Analysis

Results were expressed as Mean + SD where applicable. The
SPSS 22 software was used for the data analysis. Unpaired
Student’s ¢ test and non-parametric ANOVA test were
employed to determine statistic probabilities (P < 0.05).
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Results

In Vitro Cytotoxicity

As presented in Figure 1, the growth inhibitory effects of CFZ
when both A2780S and A2780CFZ cells were treated with
the mentioned concentrations of this agent for 24 hours. The
IC50 values were measured at 0.15 pg/mL (for A2780S cells)
and 7.21 pg/mL (for A2780CFZ cells), indicating that A2780S
cells had become resistant to CFZ after long exposure.
However, this novel proteasome inhibitor was able to induce
significant cell-death following a concentration-dependent
pattern of A2780S cells, compared to adjusted untreated cells.

Effects of Carfilzomib on p53 and Caspase3 mRNA Levels

As shown in Figure 2, CFZ was increased the mRNA levels
of the p53 gene following 6 hours (1.1 fold of the control in
A2780S cells and 1.95 fold in A2780CFZ cells, P=0.12), 12
hours (4.02 fold of the control in A2780S cells and 1.22 fold
in A2780CFZ cells, P=0.005), and 24 hours (2.72 fold of
the control in A2780S cells and 0.8 fold in A2780CSZ cells,
P=0.041) compared to the untreated cells. Also, significant
differences were noticed between p53 mRNA levels of both
cells after 12 hours (P=0.008) and 24 hours (P=0.034),
showing that this proteasome inhibitor up-regulates p53
expression in both cells but significantly in A2780s cells.
Regarding Caspase3 mRNA levels, significant increases
were observed following 6 hours (3.80 fold of the control in
A2780S cells and 3.51 fold in A2780CFZ cells, P=0.006) and
12 hours (1.95 fold of the control in A2780S cells and 2.23
fold in A2780CFZ cells, P=0.041). Moreover, no statistical
differences were observed in this regard by comparing both
cells in all incubation times (P> 0.05).

Discussion
Tumor cells are profoundly dependent on proteasome-
regulated homeostatic mechanisms.” Proteasome inhibitors
have antitumor activity.* Although various cellular targets
were correlated with bortezomib-induced apoptotic cell
death,”** the exact molecular target of CFZ remained
unclear. The CFZ consists of an epoxyketone pharmacophore,
specifically bind to the terminal threonine residue and
catalyzes enzymatic activity within the proteasome.”*
To the best of the researcher’s knowledge, this is the
first study which has aimed to determine the mechanisms
responsible for CFZ resistance. According to the results of this
research, A2780 OC cells gained resistance against CFZ after
4 months of exposure, verified by MTT assay. It is suggested
that acquiring this resistance might lead to significant changes
in the expression of both p53 and caspase3 genes.
Regarding p53 gene, no significant changes were found
in mRNA levels of both sensitive- and resistant-A2780 cells
following 6 hours (compared with the adjusted untreated
cells), while this gene was significantly up-regulated at 12
and 24 hours in A2780S cells. These findings suggest that the
p53 pathway might be a crucial modulator of cell-death in
A2780CFZ cells since these cells showed higher proliferative
rates while no changes were noticed in the mRNA levels of
this tumor suppressor from 0 to 24 hours. Caspase3 gene
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Figure 1. MTT Absorbance Related to the CFZ Concentration (between 0 to 4
pg/mL). This method was repeated at least three times, and data are expressed
as mean + standard deviation (SD). The measured IC50 values indicates that
A2780S cells gained resistance against CFZ following 4 months of exposure (*P
< 0.05, **P < 0.01, and ***P < 0.001 vs control cells).
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Figure 2. Gene Expression Analysis of p53 and Caspase3 following 0 to 24 h in
Both Cell Lines Exposed to CFZ With Concentrations Equal to Their IC50 Values.
Expression levels were normalized to GAPDH mRNA levels assessed with the
same technique (*P < 0.05 and **P < 0.01 vs controls).

expression followed a different pattern. Following 6 and
12 hours, the caspase3 mRNA levels were significantly
increased in both cells (compared with control cells) where it
returned to its basal levels after 24 hours. Since no significant
differences were observed in the levels of caspase3 mRNAs in
A2780S cells compared with A2780CFZ cells, it is proposed
that acquiring CFZ-resistance might be through caspase-
independent pathways.

Hideshima et al reported that the PS-341, a dipeptide
boronic acid analogue, effectively suppresses the proliferation
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of human multiple myeloma cells by inducing apoptosis,
thus overcoming drug resistance.” Frankel and colleagues
analyzed the activity of PS-341 in human prostate and OC
cell lines, discovering that PS-341 overcomes multi-cellular
drug resistance by triggering apoptosis via decreasing a
protein member of the IAP (inhibitor of apoptosis) family and
enhancement of Bcl-X, phosphorylation.” No similar study
has been conducted to assess if different tumor cells acquire
resistance against PS-341 while highlighting the involved
pathways. Oerlemans et al announced that clinical efficacy of
Bortezomib had been hampered in human myelomonocytic
THP1 cells due to drug-resistance phenomena, proposing
that overexpression of PSMB5 (B5-subunit of proteasome)
gene and protein might have a role in the development of drug
resistance.” However, CFZ displays much higher specificity
for the chymotrypsin-like activity at the 5-subunit compared
to the other proteasome inhibitors.”” Rajkumar et al suggested
that the blocked degradation of the polyubiquitinated proteins
such as negative regulators of the nuclear factor (NF)-kB
pathway could be responsible for the cells unresponsiveness
to bortezomib. Also, the possible increases in gene and
protein expression involved in cell survival and apoptotic/
antiapoptotic pathways can confer cancer cells to proteasome
inhibitors resistance.* In contrast to the findings of this study,
Ling et al highlighted the sensitivity of the p53-proficient
tumor cells to bortezomib treatment while p53-deficient
tumor cells were resistant to bortezomib-mediated cell death.

Up to this date, the underlying resistance mechanisms of
proteasome inhibitors has remained controversial. In this
study, it was sought to discover if p53 and caspase3-dependent
pathways are involved in gaining resistance against CFZ as
an epoxomicin-related proteasome inhibitor. The present
study faced some limitations. The determination of protein
levels of p53 and caspase3 besides the evaluation of caspase3
enzymatic activity could be done in order to confirm the
results of this study.

Conclusions

The results of this research, for the first time, explained the
possible mechanisms underlying CFZ resistance in OC cells
and linked the effect of resistance to this irreversible inhibitor
of the ubiquitin-proteasome pathway in association with p53
gene expression, which might be dependent to the type of
cancer. Further studies on other cells may indicate the precise
pathways involved in the development of the resistance
against proteasome inhibitors.
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