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ABSTRACT. New therapeutic approaches are still needed for 
effective malignant pleural mesothelioma treatment. The use of 
classical chemotherapy agents in combination with newly developed 
molecules may shed light on new therapeutic approaches. We aimed to 
determine the efficacy of panobinostat, alone and in combination with 
cisplatin, on cell survival and mRNA expression of FOXO3A, CCND1, 
and CASP9 genes in both mesothelioma and healthy mesothelial 
cell lines. Cells were treated with 1-100 µM cisplatin and 25-1000 
nM panobinostat. Methylthiazol tetrazolium assays were performed 
to determine cell viability. mRNA expression levels of genes were 
analyzed with quantitative real-time polymerase chain reaction. 
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Cisplatin and panobinostat exposure of the cells for 24 h resulted in 
decreased cell survival. The combined treatment was found to be more 
effective. No significant changes were observed with respect to CCND1 
expression after exposure to agents alone or in combination. However, 
agents in combination resulted in upregulation of FOXO3A and CASP9 
in MSTO-211H cells. Gene expression levels were not affected by 
any agents in healthy cells. Use of cisplatin in combination with new 
chemotherapeutic agents may reduce the toxic effects of cisplatin in 
normal cells and result in more effective removal of tumor cells.
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INTRODUCTION

Malignant mesothelioma is a tumor originating from the serous surfaces of the pleu-
ral, peritoneal, and pericardial cavity, and from the tunica vaginalis in the testis (Attanoos 
and Gibbs, 1997). Numerous environmental factors have been associated with the etiology of 
malignant pleural mesothelioma (MPM), and exposure to erionite and asbestos was reported 
to play a role in Turkish cases (Sahin et al., 1993). The role of asbestos in the development 
of mesothelioma was first demonstrated in 1960 by Wagner et al. Although the incidence of 
MPM varies among countries, it is expected to increase in the future. For example, MPM in 
England is expected to reach a maximum incidence between 2011 and 2015, and to cause be-
tween 1950 and 2450 deaths annually (Treasure and Sedrakyan, 2004). In Germany, MPM is 
estimated to reach a maximal incidence between 2010 and 2030, with 900 to 2200 deaths per 
year (Peto et al., 1999). It is difficult to obtain precise information about the incidence of ma-
lignant mesothelioma in Turkey. The most comprehensive study conducted in Turkey to date 
was performed in 2004 and it included 506 newly diagnosed cases. Of these patients, 464 were 
reported to be MPM cases and 42 were peritoneal cases. Of all patients, 94% had no history 
of occupational exposure to asbestos or erionite, whereas 6% of the cases were reported from 
erionite villages (Emri and Demir, 2004).

None of the currently used standard treatments are acceptable for MPM treatment. 
Surgery, chemotherapy, and radiotherapy treatments alone have resulted in insufficient out-
comes (Lee et al., 2000). The chemotherapy response rate in MPM sufferers is generally lower 
than expected (Nowak et al., 2002; Vogelzang et al., 2003; Ismail-Khan et al., 2006).

Loss of epigenetic control, including DNA methylation and histone modification, 
might play a role in the occurrence and progression of cancer (Lane and Chabner, 2009). 

One of the most important post-translational modifications is acetylation of the lysine resi-
dues at the N-terminus of histone proteins. The addition of acetyl groups to histone tails by 
histone acetyl transferases causes loosening of the chromatin prior to transcription (Roth 
et al., 2001). Conversely, histone deacetylase (HDAC) enzymes remove acetyl group from 
histone tails, resulting in a tight package of chromatin, which suppresses transcription (Gray 
and Ekström, 2001). Recently, HDAC inhibitors (HDACi) responsible for suppressing 
HDAC enzymes were described, and their roles in the inhibition of cell division, triggering 
apoptosis, and induction of differentiation were demonstrated. Therefore, HDACi have been 
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investigated for the treatment of various hereditary diseases and cancers (Lane and Chabner, 
2009). Currently, the classification of HDACi is based on their chemical structures, includ-
ing short-chain fatty acids (i.e., sodium butyrate), hydroxymides (i.e., suberoylanilide hy-
droxamic acid (SAHA/Vorinostat)), cyclic peptides (i.e., trapoxin A), and benzamides (i.e., 
MS-275) (Johnstone, 2002; Marks et al., 2004). SAHA/Vorinostat was recently approved by 
the U.S. Food and Drug Administration (FDA) for the treatment of cutaneous T-cell lym-
phoma (Mann et al., 2007).

Panobinostat (LBH589) is a non-selective HDACi with a cinnamic hydroxamic acid 
structure. Phase I trials of panobinostat in hematologic malignancies (Giles et al., 2006) and 
solid tumors (Jones et al., 2012) are currently underway.

In the present study, we aimed to determine the efficacy of panobinostat, alone and in 
combination with cisplatin, on cell survival and mRNA expression of FOXO3A, CCND1, and 
CASP9 genes in both mesothelioma and healthy mesothelial cell lines.

MATERIAL AND METHODS

Cell culture

Biphasic human malignant pleural mesothelioma (MSTO-211H) and non-malignant 
human pleural mesothelioma (Met-5A) cell lines were obtained from the American Type Cul-
ture Collection (ATCC, Manassas, VA, USA). MSTO-211H cells were grown in RPMI-1640 
medium, supplemented with 10% fetal bovine serum, 2 mM l-glutamine, 100 U/mL penicil-
lin, and 100 µg/mL streptomycin (all obtained from HyClone, Thermo) at 37°C in a humidi-
fied atmosphere of 5% CO2. Met-5A cells were maintained in Dulbecco’s modified Eagle’s 
medium (DMEM)/F12 with the same supplementation.

Cell viability test

Effects of the administration of panobinostat (LBH589) (Selleck Chemicals, Houston, 
TX, USA) and cisplatin (CDDP) (Sigma Aldrich, USA), alone and in combination, on the cell 
viability rate were determined using the methylthiazol tetrazolium (MTT) assay. The cells 
were plated on a 96-well plate containing 104 cells/well for MSTO-211H and 4 x 104 cells/well 
for Met-5A. Both cell lines were administered CDDP at doses ranging from 1 to 100 mM, and 
LBH589 at doses ranging from 25 to 1000 nM, and dose-dependent effects of the chemical 
agents on the cells were determined after 24 h. Then, LBH589 was administered at a fixed 
dose of 100 nM, and CDDP was administered in combination at doses ranging from 1 to 100 
mM for 24 h. At the end of the incubation period, 10 mL 5 mg/mL MTT solution was added to 
the medium and kept at 37°C for 4 h. Formazan crystals were dissolved in dimethyl sulfoxide 
and the absorbance values were measured at 570 nm using the Spectramax M3 microplate 
reader (Molecular Devices, USA). All experiments were repeated five times for each dose, and 
the mean absorbance values were calculated.

Quantitative mRNA analysis

Total cellular RNA extraction was carried out using the High PureTM RNA Isola-
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tion Kit (Roche Diagnostics GmbH, Mannheim, Germany) according to manufacturer 
instructions. Quantity and purity of the RNA was measured using a Nanodrop spectro-
photometer (NanoDrop ND-1000, Montchanin, DE, USA). The isolated RNA was kept 
at -80°C for use in subsequent experiments. For cDNA synthesis, 1 mg total RNA was 
primed with random hexamers using the Transcriptor First-Strand cDNA Synthesis Kit 
(Roche Diagnostics GmbH) following the manufacturer protocol. The cDNA reaction 
was performed in an Eppendorf Mastercycler EP gradient S thermal cycler (Eppendorf, 
Hamburg, Germany).

Gene-specific intron spanning primers and the most suitable probes were designed 
for the transcripts of CCND1, FOXO3A, and CASP9 with the Universal Probe Library (UPL) 
Assay Design Center (https://www.roche-applied-science.com). Primer sequences and UPL 
probe numbers are shown in Table 1. Crossing point values were defined using the Light 
Cycler® 480 (Roche Diagnostics GmbH). The quantitative polymerase chain reaction (qPCR) 
conditions were as follows: 45 cycles, 95°C for 15 s, and 60°C for 20 s, and then samples 
were cooled to 40°C. The qPCR was repeated three times for each gene. Expression levels 
of the target genes were normalized to mRNA levels of the glyceraldehyde-3-phosphate 
dehydrogenase (GAPDH) gene.

Gene  Forward primer Reverse primer UPL probe No.

CASP9 5'-CCATATGATCGAGGACATCCA-3' 5'-GACTCCCTCGAGTCTCCAGAT-3' 27
FOXO3A 5'-GATAAGGGCGACAGCAACAG-3' 5'-CGACTATGCAGTGACAGGTT-3' 58
CCND1 5'-TGTCCTACTACCGCCTCACA-3' 5'-CAGGGCTTCGATCTGCTC-3' 16
GAPDH 5'-AGCCACATCGCTCAGACAC-3' 5'-GCCCAATACGACCAAATCC-3' 60

UPL = Universal Probe Library Assay Design Center.

Table 1. Primer sequences and UPL probe numbers used in mRNA analysis.

Statistical analysis

Differences in dose-dependent mRNA expression levels of CCND1, FOXO3A, and 
CASP9 were compared in the REST (2009 V2.0.13) software package using the pairwise 
fixed reallocation randomization statistical analysis test (Pfaffl et al., 2002). P < 0.05 was 
considered to be statistically significant.

RESULTS

When cisplatin was administered to MSTO-211H and Met-5A cells at doses of 
1-100 mM for 24 h, cell viability decreased in a dose-dependent manner in both cell lines. 
At the highest concentration (100 mM), cisplatin reduced MSTO-211H and Met-5A cell 
viability by 55 and 35%, respectively (Figure 1). After 25 mM cisplatin administration, 
viability was 70% in MSTO-211H cells and 90% in Met-5A cells (Figure 1). After MSTO-
211H and Met5A cells were incubated with 25-1000 nM panobinostat for 24 h, cell viabil-
ity decreased to approximately 70% in both cell types at the highest dose (Figure 2). When 
MSTO-211H and Met-5A cells were treated with 100 nM panobinostat in combination with 
25 mM cisplatin, the respective cell viabilities were 57% and 63% (Figure 3).
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Figure 1. Cell viability rates after 24-h cisplatin (CDDP) incubation of the MSTO-211H and Met-5A cells.

Figure 2. Cell viability rates after 24-h panobinostat (Pan) incubation of the MSTO-211H and Met-5A cells.

Figure 3. Cell viability rates after cisplatin (CDDP) at different concentration administered in combination with a 
fixed panobinostat (Pan) of 100 nM.
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Following 100 nM panobinostat administration to MSTO-211H cells, the mRNA ex-
pression level of FOXO3A increased by approximately 2.4-fold (P = 0.04). Similarly, when 25 
mM cisplatin was administered to the cells, the FOXO3A expression level increased 3.4-fold 
(P = 0.001). Compared with control cells, the combination of 100 nM panobinostat with 25 
mM cisplatin elevated the FOXO3A expression level up to 4.2-fold (P = 0.001) (Figure 4). By 
contrast, when 100 nM panobinostat and 25 mM cisplatin were administered to Met-5A cells 
alone and in combination, mRNA expression levels of FOXO3A decreased by approximately 
1.3- to 1.6-fold; however, this reduction was not statistically significant (P > 0.05) (Figure 5). 
Compared to control cells, the treatment of 100 nM panobinostat and 25 mM cisplatin altered 
CCND1 mRNA expression in both cell lines, both individually and in combination, although 
the difference was not statistically significant (P > 0.05) (Figures 4 and 5). When MSTO-211H 
cells were treated with 100 nM panobinastat, no significant change was found in the mRNA 
expression level of CASP9 (P > 0.05). However, after administration of 25 mM cisplatin to 
MSTO-211H cells, the CASP9 mRNA expression level markedly increased by 2.8-fold rela-
tive to that of control cells (P = 0.001). Furthermore, following treatment of 100 nM panobi-
nostat and 25 mM cisplatin in combination, the mRNA expression level of CASP9 increased 
3.6-fold compared to control cells (P = 0.001) (Figure 4). However, no statistically significant 
alteration was observed in mRNA levels of CASP9 (P > 0.05) when 100 nM panobinostat and 
25 mM cisplatin were administered to Met-5A cells, either alone or in combination (Figure 5).

Figure 4. Comparison of the mRNA expression levels of FOXO3A, CCND1, and CASP9 genes in MSTO-211H 
cells. Expression levels of the target genes were normalized to mRNA expression level of GAPDH. *P < 0.05. 
CDDP = cisplatin; Pan = panobinostat.

Figure 5. Comparison of the mRNA expression levels of FOXO3A, CCND1, and CASP9 genes in Met5A cells. 
CDDP = cisplatin; Pan = panobinostat.
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DISCUSSION

MPM is a rare, but aggressive form of cancer with poor prognosis (National Can-
cer Institute, 2013; http://seer.cancer.gov/statistics). The incidence of MPM is expected to 
increase all over the world, and especially in Europe and developing countries (Peto et al., 
1999; Treasure and Sedrakyan, 2004). Moreover, it is estimated that approximately 250,000 
people will be lost due to MPM in Western Europe over the next 30 to 35 years (Peto et al., 
1999). Unfortunately, the success rate of single chemotherapeutic agents in the treatment of 
MPM rarely exceeds 20% (Berghmans et al., 2002).

Cisplatin and carboplatin are frequently used in combined regimens for MPM (Sø-
rensen, 2008). Vogelzang et al. (2003) observed that combined therapy with pemetrexed and 
cisplatin had more positive effects on survival and prognosis of the disease compared to the 
use of cisplatin alone. In particular, chemotherapeutic agent combinations that are currently 
used are not satisfactorily effective in patients with unresectable and metastatic MPM (Shin et 
al., 1995; Berghmans et al., 2002). Therefore, studies investigating newly developed chemical 
agents to be used alone or in combination with classical chemotherapy agents are needed for 
the effective treatment of MPM.

For this purpose, HDACi are widely being investigated for use alongside classical 
chemotherapy agents. HDACi are clinically well-tolerated, potent, antiproliferative agents, 
with relatively reduced effects on normal tissues. Several preclinical and clinical trials have 
supported the use of HDACi in combination with classical chemotherapeutics. HDACi result 
in alterations supporting the balance in the proapoptotic pathways. Therefore, their use in 
solid tumors in combination with other conventional chemotherapeutic agents (e.g., taxanes, 
gemcitabine, fluorouracil, and platinum-based compounds) and ionizing radiation is currently 
under testing. Although the mechanism is currently unknown, the clinical response to the use 
of HDACi as the sole agent is better in hematological cancers than in solid tumors (Khan and 
La Thangue, 2012).

Since HDACi show their effects on the proliferation of tumor cells rather than non-
malignant cells, they are being investigated with growing interest (Marks, 2010). The results 
of the Phase I clinical trial showed that the use of the HDACi vorinostat yielded signifi-
cant outcomes in the treatment of MPM patients (Kelly and Marks, 2005). Ramalingam et 
al. (2007) administered a combination of vorinostat, carboplatin, and paclitaxel in 28 patients 
with advanced solid tumors, and observed that stabilization of the disease was prolonged in 
one patient with mesothelioma. However, another HDACi, belinostat, was administered in 
13 MPM patients, of which 7 had previously received pemetrexed and cisplatin, and 4 had 
received pemetrexed and carboplatin chemotherapy; however, the study was terminated due 
to the ineffectiveness of belinostat (Ramalingam et al., 2009). Another clinical trial found that 
the use of the HDACi valporic acid in combination with doxorubicin was effective in patients 
with recurrent and treatment-resistant MPM cancer (Scherpereel et al., 2011).

Therefore, promising results have been obtained in studies investigating the effects 
of HDACi on MPM cells. Vandermeers et al. (2009) administered a combination of cisplatin, 
pemetrexed, and valproate to three different histological types of mesothelioma (epithelioid, 
sarcomatoid, and biphasic) cell lines, and found that the number of apoptotic cells increased 
relative to the first line chemotherapy regimen results (cisplatin + pemetrexed). They also 
showed that induction of apoptosis resulted from the production of reactive oxygen species 
(ROS). In the same study, another HDACi, SAHA/varinostat, was used in combination with 
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cisplatin and pemetrexed, but it did not cause ROS production. These results were also con-
firmed in mouse models of epithelioid mesothelioma. Based on these findings, the authors pro-
posed that the use of valporate in combination with cisplatin and pemetrexed might increase 
the response of first-stage chemotherapy (Vandermeers et al., 2009).

Another study investigated the effects of the epigenetic drugs 5-aza-2’-deoxycytidine 
(5azaCdR/decitabine), which is a DNA methyl transferase inhibitor, valproic acid (VPA/de-
pakine), and SAHA on mesothelioma cells. VPA and SAHA showed a synergistic effect with 
5azaCdR. This combination stimulated the expression of the NY-ESO-1 molecule and NY-ESO-
1-expressing MPM cells were recognized and destroyed by CD8+ cytotoxic T cells. Based on 
this evidence, it was proposed that the proper drug combinations affecting the epigenetic mecha-
nisms caused death of mesothelioma cells as well as altered the immunogenic status of these 
cells. Thus, it was suggested that they might be used in MPM treatment (Leclercq et al., 2011).

In another in vitro study, an HDACi, depsipeptide (DP/FK228), and flavopridol 
(FLA), which is a cyclin-dependent kinase inhibitor, were sequentially administered to me-
sothelioma cell lines, human umbilical endothelial vein cells, lymphocytes, and fibroblasts. 
These two agents showed a synergistic proapoptotic effect on the MPM cell lines. DP/FLA 
administration caused minimal cytotoxicity in fibroblasts and lymphocytes, although growth 
of the umbilical endothelial vein cells was moderately inhibited (Nguyen et al., 2004).

In the present study, the combined treatment of panobinostat and cisplatin resulted in 
a higher rate of cell death in both cells compared to treatment of cisplatin alone (Figures 1 and 
3). Furthermore, combined administration of panobinostat and cisplatin increased the expres-
sion of FOXO3A in MSTO-211H cells (Figure 4), whereas no statistically significant differ-
ences were found in FOXO3A expression levels in Met-5A cells (Figure 5). Moreover, the 
mRNA expression level of CCND1 was not affected by the treatment of both agents in MSTO-
211H and Met-5A cells (Figures 4 and 5). Combined panobinostat and cisplatin administration 
caused an increase in the mRNA expression levels of CASP9 in MSTO-211H cells (Figure 4), 
while no such change was observed in Met-5A cells (Figure 5).

To the best of our knowledge, no previous study has investigated MSTO-211H and Met-
5A cells using panobinostat. Therefore, our preclinical study provides important information of 
the effects of an HDAC inhibitor, which has been untested so far, in these cell lines and on its 
associated genes and pathways. Therefore, further research on the specific proteins affected by 
HDAC inhibitors, and a more complete understanding of their apoptotic effects on MPM cells, 
will enable the development of more effective inhibitors. The combined use of HDACi with 
classical chemotherapy agents may help to treat cancers with low-survival rates, such as MPM.
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