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Abstract. Although cisplatin and pemetrexed are key drugs in 
the treatment of malignant pleural mesothelioma, their drug-
drug interactions, cross-resistance and resistance mechanisms 
in malignant pleural mesothelioma are not well understood. 
In the present study, the interaction of these 2 agents was 
determined by clonogenic assays followed by isobologram 
analysis of 4 human malignant pleural mesothelioma cell 
lines. The cell lines were exposed to the agents using a 
stepwise dose-escalation method to establish drug-resistant 
sublines. Thymidylate synthase mRNA expression was evalu-
ated in the drug-resistant sublines. As a consequence, cisplatin 
and pemetrexed had synergistic effects in 3 cell lines and an 
additive effect in the fourth cell line. The former 3 cell lines 
showed similar pemetrexed sensitivity in the parental cells and 
their cisplatin-resistant sublines, whereas the fourth cell line 
exhibited cross-resistance. In contrast, cisplatin had diverse 
effects on pemetrexed-resistant sublines. High thymidylate 
synthase expression did not correlate with natural peme-
trexed resistance. Elevated thymidylate synthase expression 
correlated with acquired pemetrexed resistance in 2 sublines. 
In conclusion, cisplatin and pemetrexed showed synergistic 
activity and no cross-resistance in 3 of the 4 malignant pleural 
mesothelioma cell lines, suggesting the clinical relevance of 
their combination in chemotherapy. Thymidylate synthase 
expression did not necessarily correlate with pemetrexed 
resistance. The information together with the experimental 
model presented here would be useful for further investigating 
therapeutic targets of malignant mesothelioma.

Introduction

Malignant pleural mesothelioma (MPM), often linked to 
asbestos exposure, is one of the most lethal cancers with a rapidly 
increasing incidence. For example, the latest available data 
indicate that the incidence of MPM in Australia is 40 cases per 
million and is predicted to increase over the next 10-15 years. 
In Japan, 103,000 MPM-related mortalities are predicted to 
occur in the next 40 years, with the estimated peak in 2025 
(1). The number of MPM-related deaths in the UK is expected 
to double from 1,500 to 3,000/year in the 20-year period 
from 2000 to 2020 (2). Although the latency from asbestos 
exposure is ~20‑30 years (3), MPM shows rapid progression, 
especially in the later stages. It also has a poor prognosis, with 
a median overall survival period of 9-17 months, regardless of 
stage (4). A recent randomized study demonstrated a survival 
benefit of a cisplatin-pemetrexed chemotherapy regimen over 
cisplatin chemotherapy (5). Thus, the current key drugs for the 
disease are cisplatin and pemetrexed. Similar to most other 
solid cancers, MPM may recur due to acquired resistance to 
chemotherapeutic agents. The development of resistance to 
chemotherapeutic agents is a major impediment to the success 
of chemotherapy. In particular, since only a few active agents 
are available for MPM, resistance to these agents implies 
complete failure of chemotherapy.

Cisplatin binds to DNA and induces DNA cross-linking, 
which leads to DNA double- and single-strand breaks and causes 
cell death (6). Pemetrexed inhibits DNA and RNA synthesis 
by impairing the activity of at least 3 enzymes, thymidylate 
synthase (TS), glycinamide ribonucleotide formyltransferase 
(GARFT) and dihydrofolate reductase (DHFR), in the folate 
metabolic pathway, a critical pathway for purine and pyrimi-
dine synthesis (7). The clinical effectiveness of 5-fluorouracil, 
another TS inhibitory agent, reportedly correlates with low 
TS activity in colorectal (8‑11), gastric (12) and non-small cell 
carcinomas (13). Clinical observations in breast cancer (14) and 
MPM (15) suggest that pemetrexed may show similar phenom-
enon to 5-fluorouracil. In another study, forced high or low TS 
expression was linked to decreased or increased sensitivity to 
pemetrexed in vitro, respectively (16,17). However, the precise 
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interaction of pemetrexed and cisplatin in MPM remains 
unclear; there is no information on whether the interaction 
is supra-, sub- or just additive, although limited information 
regarding the drug-drug interactions of the 2 agents on gastric 
cancer (18), lung adenocarcinoma, and colorectal, breast, and 
ovarian cancer cell lines (19) is available. There is, however, 
no information on cross-resistance between the 2 agents or the 
precise mechanism of acquired resistance.

Therefore, elucidating the interactions and cross-resistance 
between cisplatin and pemetrexed, as well as the mechanism 
of acquired resistance, in human MPM would be crucial in 
improving the therapeutic strategies against the disease. In 
this study, the interaction of these 2 agents in 4 human MPM 
cell lines was assessed in vitro by performing clonogenic 
assays followed by isobologram analysis. To assess acquired 
resistance, we established cisplatin- and pemetrexed-resistant 
sublines of these human MPM cell lines by stepwise dose-
escalation of the agents. These resistant sublines were used 
in clonogenic assays to assess cross-resistance between the 
agents. In addition, expression of TS, GARFT and DHFR in 
these sublines and their parental cell lines were evaluated to 
decipher the mechanism of natural and acquired resistance.

Materials and methods

Cells and cell culture. The human mesothelioma cell lines 
NCI-H2452 (H2452), NCI-H28 (H28), NCI-H226 (H226) 
and MSTO-211H (211H) were obtained from American Type 
Culture Collection (Rockville, MD, USA). The histological 
type of H2452, H28 and H226 cells was epithelial, and that of 
211H was bi-phasic. A preliminary polymerase chain reaction-
single strand conformation polymorphism analysis, including 
exons 5, 6, 7, 8 and 9 of TP53 of the cell lines, showed that all 
of them had wild-type TP53 (data not shown). These cells were 
cultured as a monolayer in a humidified atmosphere with 5% 
CO2 at 37˚C in RPMI‑1640 medium (Life Technologies, Grand 
Island, NY, USA), supplemented with 100 U/ml of penicillin, 
100 mg/ml of streptomycin and 10% heat-inactivated fetal 
bovine serum.

Drugs. Cisplatin solution, at a concentration of 0.5 mg/ml 
(pH 2.5-5.5), was purchased from Nihon Kayaku Co. (Tokyo, 
Japan), and pemetrexed powder was purchased from Eli Lilly 
Japan K.K. (Kobe, Japan). The reagents were stored protected 
from light at room temperature until use. Pemetrexed was 
dissolved in saline at a concentration of 25 mg/ml (pH 6.6-7.8) 
and was used within 24 h after preparation.

Clonogenic assay. For clonogenic assays, subconfluent 
cultured cells were trypsinized to obtain cell suspensions, and 
a varied number of cells, such that the resulting colony number 
per plate would be ~20‑50, were immediately replated onto 
6‑cm culture dishes, in triplicate, and cultured for 24 h in the 
complete medium. The agents, at various concentrations, were 
added to the culture medium for 24 h and were then replaced 
with new agent-free complete medium twice, followed by 
further incubation for 10‑14  days. The obtained colonies 
were counted under a dissecting microscope after 1% crystal 
violet staining. Survival curves were drawn on the basis of the 
obtained data.

Isobologram analysis. Cell-survival curves with cisplatin, 
pemetrexed and their admixtures were analyzed by obtaining 
isobolograms according to the method described by Steel and 
Peckham (20). Briefly, mode I and II curves were drawn by 
calculating the additive response for the 2 agents using their 
individual survival curves. The mode I and II curves were 
assumed to represent complete independence of the agents, 
and exact complementation of the effect of one by the other, 
respectively. Isobologram analyses were carried out for 2 
end-points, representing survival fractions of 0.05 and 0.02. 
First, cell killing by cisplatin was read off the cisplatin-alone 
survival curve. Then, the pemetrexed concentration required 
to kill the remaining cells to reach the end-point was read 
off the pemetrexed-alone survival curve. This was done by 
starting either at 100% survival (mode I) or at the survival 
already reached after cisplatin pretreatment (mode II), to form 
the isobologram envelope. Then, the actual data from the 
combination of the 2 agents were plotted on the isobologram 
envelope. Data points in the area above, inside or below the 
envelope represented sub-additive, additive or supra-additive 
interaction of the 2 agents, respectively.

Establishment of cisplatin-resistant and pemetrexed-resistant 
cell lines. After subconfluent culture, cells were trypsinized 
and diluted with complete medium containing cisplatin or 
pemetrexed for 48 h, until removal of the agents by washing 
twice with complete medium; this was followed by additional 
culture for 10‑14 days in complete medium alone to obtain 
drug-resistant colonies large enough for cloning. The isolated 
colonies were mixed together for propagation to the next 
passage. This procedure was repeated with gradually increasing 
concentrations of cisplatin or pemetrexed and continued for 
~6 months. The starting concentration was 0.1 µg/ml for both 
agents; the final cisplatin concentrations were 40, 10, 1 and 
5 µg/ml for H2452, H28, H226 and 211H, respectively, and 
the final pemetrexed concentrations were 10,000, 1, 10 and 
5,000 µg/ml for H2452, H28, H226 and 211H, respectively. 
These resistant sublines were proven to be stably resistant even 
after at least 2 month-culture in drug-free complete medium. 
The cisplatin-resistant sublines of the 4 parental cell lines were 
named H2452-C, H28-C, H226-C and 211H-C, respectively. 
The pemetrexed-resistant sublines were similarly named 
H2452-P, H28-P, H226-P and 211H-P. The sensitivity of each 
resistant subline to cisplatin and pemetrexed was determined 
by performing clonogenic assays.

Quantitative reverse transcriptase-polymerase chain reaction. 
The expression levels of TS, GARFT and DHFR in the cells 
were evaluated with quantitative reverse transcriptase-poly-
merase chain reaction (RT-PCR). Total RNA was obtained 
from the cultured cells with the RiboPure™ Kit (Ambion Inc., 
Austin, TX, USA) according to the manufacturer's instruc-
tions. The mRNA levels were measured by TaqMan 5'-nuclease 
fluorogenic quantitative PCR analysis (Applied Biosystems, 
Foster, CA, USA) and normalized to β‑actin levels according 
to the manufacturer's instructions. The target-specific primer 
sequence-sets used were 5'-CCTGAATCACATCGAGCC 
ACT-3' (forward) and 5'-GAAGAATCCTGAGCTTTGGG 
AA-3' (reverse) for TS, 5'-GGATAGTTGGTGGCAGTTCTG 
TT-3' (forward) and 5'-TGCATGATCCTTGTCACAAATA 
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GTT-3' (reverse) for DHFR, and 5'-GCTCCCTTCTTTTAAGG 
GTTCAA-3' (forward) and 5'-ACCAGTAACTGTGACTCC 
GGT-3' (reverse) for GARFT. The probe sequences were 
AATTCAGCTTCAGCGAGAACCCAGACC for TS, AAG 
CCATGAATCACCCAGGCCATCTT for DHFR, and TGC 
CCATGAGCAAGCCCTGGA for GARFT (14). Quantitative 
RT-PCR was performed using the ABI PRISM 7000 Sequence 
Detection System (Applied Biosystems) with the reaction 
conditions consisting of reverse-transcription at 48˚C for 
30 min and inactivation of reverse-transcriptase at 95˚C for 
10 min, followed by 40 cycles of amplification with denatur-
ation at 95˚C for 15 sec, annealing and synthesis at 60˚C for 
60 sec in each cycle.

Statistical analysis. The mRNA levels in the drug-resistant 
sublines and their parental cell lines were compared and analyzed 
by the non-parametric Mann-Whitney U test. Differences were 
judged as statistically significant when p-values (two-tailed) 
were <0.05.

Results

Survival curves and isobolograms. The survival curves for 
the cells treated with cisplatin alone and pemetrexed alone are 
shown in Fig. 1A and B, respectively. Although the remaining 
3 cell lines exhibited comparable sensitivity to cisplatin, 
H2452 was ostensibly more resistant to cisplatin. In addition, it 

Figure 1. Survival curves for the 4 cell lines treated with cisplatin alone (A) and pemetrexed alone (B). Dots and bars represent mean and SD values, respec-
tively. The mean ± SD of 3 independent experiments, with each sample plated in triplicate, is shown.

Figure 2. The survival curves for the 4 cell lines treated with a combination of cisplatin and pemetrexed at various concentrations. Concentrations for 
pemetrexed were 0 (closed circles), 25 (closed squares), 50 (closed triangles) and 75 µg/ml (open circles) in H2452; 0 (closed circles), 0.1 (closed squares), 0.15 
(closed triangles) and 0.25 µg/ml (open circles) in H28; 0 (closed circles), 0.5 (closed squares), 1.0 (closed triangles) and 1.5 µg/ml (open circles) in H226; and 0 
(closed circles), 1 (closed squares), 3 (closed triangles) and 5 µg/ml (open circles) in 211H. The dots and bars represent mean and SD values, respectively. Each 
data point represents the mean ± SD of 3 independent experiments in which each sample was plated in triplicate.
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was also most resistant to pemetrexed. The cells were treated 
with combinations of cisplatin and pemetrexed at various 
concentrations, based on the data presented in Fig. 1, to draw 
the survival curves shown in Fig. 2. The isobologram enve-
lopes for the concentration-combinations that were estimated 
to produce surviving fractions of 0.05 and 0.02 were drawn 
for each cell line, as described above. Then, the actual data of 
concentrations of the agents that produced the same surviving 

fractions were obtained from Fig. 2 and plotted on the isobo-
logram charts. As shown clearly in Fig. 3, the interaction of 
cisplatin and pemetrexed was additive for H2452, whereas it 
was supra-additive or synergistic for the rest of the cell lines.

Sensitivity of the drug-resistant sublines and their cross-
resistance. Cisplatin-resistance ratios, determined by the 90% 
inhibitory concentration (IC90) or IC50 when IC90 was not deter-

Figure 3. Isobolograms for the 4 cell lines at surviving fractions of 0.05 (top row) and 0.02 (bottom row). In each isobologram, the mode I and II curves were 
drawn by calculating the theoretical additive response to cisplatin and pemetrexed, resulting in an isobologram envelope. Then, the actual concentrations 
needed to produce the defined surviving fractions were read directly off the corresponding survival curves shown in Fig. 2 and were plotted on the charts. The 
interaction of the agents was additive in H2452 and supra-additive in the other 3 cell lines.

Table I. Summary of experimental results.

	 Cell lines
	 ------------------------------------------------------------------------------------------------------------------------------------------
Phenotype	 H2542	 H28	 H226	 211H

Baseline sensitivity to cisplatin	 Resistant	 Sensitive	 Sensitive	 Sensitive
Baseline sensitivity to pemetrexed	 Resistant	 Sensitive	 Intermediate	 Intermediate
Interaction of cisplatin and pemetrexed	 Additive	 Supra-additive	 Supra-additive	 Supra-additive
Acquired cisplatin resistance	 x10	 x100	 x100	 x10
Acquired pemetrexed resistance	 x10	 x100	 x100	 x10
Pemetrexed to cisplatin resistance	 Resistant	 No	 No	 No
Cisplatin to pemetrexed resistance	 Sensitive	 Slight resistant	 Slight resistant	 No
Baseline TS expression	 Intermediate	 High	 High	 Intermediate
TS expression in cisplatin-resistant cells	 Decreased	 Decreased	 Decreased	 NS
TS expression in pemetrexed-resistant cells	 Increased	 Decreased	 NS	 Increased
Baseline GARFT expression	 Intermediate	 Intermediate	 Low	 High
GARFT expression in cisplatin-resistant cells	 Decreased	 Decreased	 Decreased	 Decreased
GARFT expression in pemetrexed-resistant cells	 Increased	 Decreased	 NS	 Increased
Baseline DHFR expression	 Intermediate	 High	 Low	 Low
DHFR expression in cisplatin-resistant cells	 NS	 Decreased	 Decreased	 Decreased
DHFR expression in pemetrexed-resistant cells	 NS	 Decreased	 Decreased	 NS

NS, not significant.
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mined, of H2452, H28, H226 and 211H were 3.2 (IC50 value of 
0.60 µg/ml for parental line vs. 1.90 µg/ml for resistant cells), 
2.1 (IC90 value of 0.56 vs. 1.20 µg/ml), 3.6 (IC90 value of 0.39 vs. 
1.42 µg/ml) and 1.7 (IC90 value of 0.72 vs. 1.25 g/ml), respectively 
(Fig. 4A). Similarly, pemetrexed-resistance ratios of H2452, H28, 
H226 and 211H were 9.5 (IC50 value of 4 vs. 38 µg/ml), 2.0 (IC90 
value of 0.25 vs. 0.5 µg/ml), 17.0 (IC90 value of 0.2 vs. 3.4 µg/ml) 
and 14.3 (IC90 value of 3.5 vs. 50 µg/ml), respectively (Fig. 4B). 
Cross-resistance of the 2 agents was investigated by treating 
cisplatin-resistant sublines with pemetrexed and vice versa, and 
assessing the results with clonogenic assays. Cisplatin-resistant 
H2452 (H2452-C) was also resistant to pemetrexed, whereas 
the other 3 cisplatin-resistant sublines exhibited pemetrexed 
sensitivities similar to those of their parental lines (Fig. 5A). In 
contrast, the cisplatin sensitivity in pemetrexed-resistant sublines 

was significantly diverse. That is, H2452-P was more sensitive, 
and H28-P and H226-P were less sensitive to cisplatin than 
their parental cells, whereas 211H-P showed cisplatin-sensitivity 
indistinguishable from its parental cell line (Fig. 5B).

Expression of TS, GARFT and DHFR in drug-resistant cell 
lines. Relative mRNA expressions of TS, GARFT and DHFR 
in the cisplatin-resistant sublines were significantly lower than 
those in their parental cell lines, except for TS in 211H-C 
and DHFR in H2452-C (Fig. 6A). In contrast, the expression 
levels varied widely in pemetrexed-resistant sublines relative 
to the expression levels in their parental cell lines. The levels 
of TS and GARFT in H2452-P and 211H-P were significantly 
higher than those in their parental cells, whereas they were 
significantly lower in H28-P, with those in H226-P showing 

Figure 4. The survival curves for parental cell lines (open circles) and cisplatin-resistant sublines (closed circles) to cisplatin (A), and for parental cell line 
(open circles) and pemetrexed-resistant subline (closed circles) to pemetrexed (B) in the 4 human MPM cell lines. The dots and bars represent means and SDs, 
respectively. Each data point represents the mean ± SD of 3 independent experiments in which each sample was plated in triplicate.
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no significant change. The DHFR level, however, was signifi-
cantly lower in H28-P and H226-P, whereas it was not altered 
significantly in H2452-P and 211H-P (Fig. 6B).

Discussion

In this study, baseline sensitivity to cisplatin and pemetrexed, 
interaction and cross-resistance of the 2 agents, and altered 
expression of TS, GARFT and DHFR in cisplatin- and 
pemetrexed-resistant sublines of 4 human MPM cell lines 
were investigated. Results generally varied for the 4 cell 

lines, indicating the heterogeneous and complex nature of 
MPM in terms of drug sensitivity. However, some common 
tendencies could be abstracted to characterize the MPM cell 
lines. As summarized in Table I, the interaction of cisplatin 
and pemetrexed was synergistic in all the cell lines except 
one, H2452, which was the most resistant to both the agents. 
Cross-resistance between the 2 agents was not observed when 
cisplatin-resistant cells were treated with pemetrexed, except 
for the cisplatin-resistant H2452-C subline, which was also 
resistant to pemetrexed. Two of the 4 pemetrexed-resistant 
cell lines showed mild resistance to cisplatin. The expression 

Figure 5. The survival curves for parental cell lines (open circles) and cisplatin-resistant sublines (closed circles) to pemetrexed (A), and for parental cell lines 
(open circles) and pemetrexed-resistant sublines (closed circles) to cisplatin (B) in the 4 cell lines for investigation of cross-resistance. H2452-C was also 
resistant to pemetrexed, whereas the other 3 cisplatin-resistant sublines were not resistant to pemetrexed (A). On the other hand, H2452-P was more sensitive, 
and H28-P and H226-P were moderately less sensitive to cisplatin than their parental cells, whereas 211H-P exhibited similar cisplatin sensitivity as the 
parental cell lines (B). The dots and bars represent means and SDs, respectively. Each data point represents the mean ± SD of 3 independent experiments in 
which each sample was plated in triplicate.
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levels of TS and GARFT were significantly elevated in only 2 
of the pemetrexed-resistant sublines, suggesting that resistance 
mechanisms other than elevated TS expression were likely to 
be responsible for pemetrexed resistance in the remaining 2 
cell lines.

Interaction between cisplatin and pemetrexed has been 
investigated in cancers other than MPM. Kim et al (18) exam-
ined 6 gastric cancer cell lines and found that the interaction 
was supra-additive in 2 and additive in 3 cell lines, with the 
remaining cell line not described. Kano et al (19) investigated 
the interaction of the 2 agents in 4 human cancer cell lines 
derived from lung adenocarcinoma and breast, ovarian, and 
colon cancers, and found that the interaction was schedule-
dependent, i.e., simultaneous administration of the 2 agents or 
sequential administration, with cisplatin followed by peme-
trexed, resulted in an additive effect in colon carcinoma and 
sub-additive effects in the remaining 3 cell lines. However, 
sequential administration of pemetrexed followed by cisplatin 
resulted in a supra-additive effect in breast cancer, an additive 
effect in colon cancer, and a marginal effect between supra-
additive and additive in the remaining 2 cell lines. On the 
other hand, the present study demonstrates a supra-additive 
effect of cisplatin and pemetrexed in 3 cell lines and an addi-

tive effect in 1 human MPM cell line, in accordance with the 
clinical relevance of combination chemotherapy with the 2 
agents for MPM. Cross-resistance between these agents was 
demonstrated only when 1 of the 4 cisplatin-resistant sublines 
was treated with pemetrexed, and 2 of the 4 pemetrexed-
resistant sublines were treated with cisplatin. These data differ 
from previous reports on the cross-resistance of these agents 
in non-small cell lung carcinoma. Zhang et al established 4 
pemetrexed-resistant sublines from 2 non-small cell lung 
carcinoma cell lines, and all of them exhibited cross-resistance 
to cisplatin (21).

A relationship between low TS expression and sensitivity 
to pemetrexed has been proposed, similar to the correlation 
between TS expression and the clinical effectiveness of 5-fluo-
rouracil (8‑13). In a phase II study where patients with MPM 
were treated with pemetrexed-based chemotherapy, patients 
whose tumors showed low TS expression levels showed a 
significant survival benefit over patients with high TS expres-
sion levels (15). Although this implies that TS expression is a 
prognostic factor, it is not clear if TS expression in tumor tissue 
relates to sensitivity to the agent. Manipulating TS activity 
by introducing sense or antisense constructs of the TS gene 
resulted in reduced pemetrexed sensitivity in non-small cell 

Figure 6. Relative mRNA levels, normalized to β-actin assuming that its expression is equal in the 4 cell lines, of TS, GARFT and DHFR in cisplatin-resistant 
sublines (A) and in pemetrexed-resistant sublines (B), compared to their levels in parental cells. Columns and bars represent mean and SDs, respectively (n=3). 
An asterisk represents a statistically significant difference (p<0.05) and NS represents not significant.
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carcinoma (16) or augmented pemetrexed sensitivity in MPM 
(17), respectively. Although these facts seem to provide direct 
evidence that TS activity is associated with pemetrexed sensi-
tivity, they do not necessarily explain the complete mechanism 
of natural and acquired resistance to pemetrexed. In fact, the 
most naturally pemetrexed-resistant cell line, H2452, had the 
lowest TS expression among the 4 cell lines investigated. In 
addition, only 2 sublines with acquired pemetrexed resistance 
had TS expression levels higher than their parental cell lines. 
Moreover, among the pemetrexed-resistant sublines, H28-P had 
TS expression level significantly lower than the parental cell 
line. Although some clinical observations suggest a potential 
association between low TS expression and response to peme-
trexed therapy in breast cancer (14) and MPM (15), a report on 
gastric cancer cell lines failed to show a correlation between 
TS expression and pemetrexed sensitivity (18), similar to our 
observations. Therefore, we assume that multiple mechanisms, 
including TS expression, are involved in sensitivity to peme-
trexed, at least in MPM. A study of colorectal cancer cell lines 
demonstrated that cell lines with TP53 mutations were more 
resistant to antimetabolites, 5-fluorouracil, raltitrexed, and 
pemetrexed, than cell lines with wild-type TP53 (22). The fact 
that TP53 mutations are infrequent in MPM, and that all the 
cell lines used in this study possessed wild-type TP53, would 
also explain the differences in the mechanisms of pemetrexed 
resistance between MPM and other cancers.

Beside the information regarding the drug-drug interaction, 
cross-resistance and relationship between the drug-resistance 
and expression of the known relevant, the present research 
established a useful experimental model for further eluci-
dating mechanism of sensitivity and resistance of these key 
drugs for MPM. Comprehensive and comparative gene expres-
sion analyses using the cell lines established here would be 
warranted.

In conclusion, cisplatin and pemetrexed have a synergistic 
effect in human MPM cells and do not show cross-resistance 
in general. Low TS expression does not necessarily correlate 
with pemetrexed sensitivity, and elevated TS expression 
accompanied acquired pemetrexed resistance in only 2 MPM 
cell lines, suggesting that multiple mechanisms may underlie 
natural and acquired resistance to pemetrexed in MPM. 
Further elucidating the underlining mechanism of the present 
data might uncover molecular targets to treat MPM.
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