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Abstract. Lung cancer has been reported to be the leading 
cause of cancer‑related mortality worldwide. Cisplatin combi‑
nation chemotherapy is a standard therapeutic strategy for 
patients with non‑small cell lung cancer (NSCLC) lacking 
driver mutations. However, the development of cisplatin 
resistance is a major obstacle to effective cancer treatment. 
The cellular mechanisms underlying cisplatin resistance have 
been previously revealed to be multifunctional. Accordingly, 
mechanistic analysis and the development of novel therapeutic 
strategies for cisplatin‑resistant NSCLC are urgently required. 
The present study mainly focused on the DNA repair mecha‑
nisms in cisplatin‑resistant NSCLC cells. Additionally, the 
effects of an Ecteinascidin (Et) derivative on cisplatin‑resistant 
cell lines were examined, by using a cisplatin‑resistant NSCLC 
cell line subjected to nucleotide excision repair (NER) pathway 
alterations. The results revealed that xeroderma pigmentosum 
group F‑complementing protein (XPF) mRNA expression was 
strongly associated with cisplatin resistance in cisplatin‑resis‑
tant NSCLC cell lines. XPF silencing significantly restored 
the sensitivity of cisplatin‑resistant PC‑14/CDDP cells to the 
drug. A potent anticancer effect of Et was observed in the 
cisplatin‑resistant cell line (PC‑14/CDDP), in which the NER 
pathway was altered. On the whole, these findings revealed 
that the expression levels of NER pathway‑related genes, 

including XPF, may have potential as biomarkers of cisplatin 
resistance. It was also suggested that Et may be a very prom‑
ising compound for the development of novel anticancer drugs 
for the treatment of cisplatin‑resistant lung cancer.

Introduction

Lung cancer is the leading cause of cancer‑related mortality 
worldwide. Non‑small cell lung cancer (NSCLC) occurs 
in ~85% of patients with lung cancer (1). Recently, several 
driver gene aberrations, including epidermal growth factor 
receptor mutations and anaplastic lymphoma kinase gene 
rearrangements, have been reported to play a crucial role 
in the occurrence of NSCLC, against which corresponding 
targeted molecular therapeutics have been developed. 
Targeted therapies against NSCLC harboring such mutations 
have exhibited notable success (2); however, ~30% of patients 
with NSCLC in Japan lacking driver oncogene aberrations do 
not obtain optimal clinical benefits from these treatments (3). 
Platinum‑based combination chemotherapy, including cispl‑
atin and pemetrexed, is still being used as the standard therapy 
for patients with NSCLC lacking driver mutations. However, 
the development of cisplatin resistance is a major obstacle 
for cancer treatment. Accordingly, the development of novel 
therapeutic strategies for NSCLC is of utmost importance for 
overcoming cisplatin resistance.

Cisplatin resistance‑related cellular mechanisms have 
been revealed to be multifunctional, including decreased 
cisplatin accumulation, increased intracellular detoxification, 
and increased DNA repair ability (4,5). Nucleotide excision 
repair (NER) is a principal and well‑known repair system 
for chemotherapy‑induced DNA damage (6). The xeroderma 
pigmentosum complementation group proteins (XPA, XPC, 
XPD, XPF, and XPG) are involved in the NER pathway, 
including in the damage recognition, unwinding, excision 
and refilling of DNA (7,8). Previously, it has been reported 
that XPC protein contributes to the sensitivity of colorectal 
cancer cells to cisplatin (9), and the overexpression of XPF 
and XPG mRNA has been associated with the sensitivity of 
ovarian and colon cancer cells to cisplatin (10). Moreover, 
XPA, XPC and XPD proteins modulate the sensitivity of 
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gastric cancer cells to cisplatin (11). NER pathways that are 
involved in the response or resistance to cisplatin have been 
reported in a number of types of cancer, including testicular 
and ovarian cancer, and NSCLC (7). However, the role of 
DNA repair in cisplatin resistance is not yet fully understood 
in cisplatin‑resistant NSCLC, including multiple mechanisms 
of cisplatin resistance.

Ecteinascidin (Et)743 (Trabectedin, Yondelis®) has been 
approved for use in soft tissue sarcoma and ovarian cancer. 
The unique mechanism of Et743 involves double‑strand breaks 
induced by the NER pathway following covalent binding to the 
N2 of guanine located in the DNA minor groove (12‑14).

In the present study, the expression levels of NER 
pathway‑associated genes in cisplatin‑resistant NSCLC cell 
lines were investigated and the effects of Et analogs on cispl‑
atin‑resistant NSCLC cell lines in which the NER pathway 
was altered were evaluated.

Materials and methods

Chemical and reagents. Et770 and Renieramycin M 
(RmM) were isolated by the authors from the Thai tunicate 
Ecteinascidia  thurstoni  (15) and the Thai blue marine 
sponge Xestospongia sp. (16), respectively. Renieramycin T 
(RmT) was synthesized using RmM in the Department of 
Pharmaceutical Chemistry, Meiji Pharmaceutical University 
(Tokyo, Japan). Their chemical structures were determined as 
previously described (17‑19). For stock solutions, all chemicals 
were dissolved in dimethyl sulfoxide at a concentration of 
10 mM and then further diluted to the working concentration 
prior to use.

Cell lines. Three NSCLC cell lines, PC‑7, PC‑9 and PC‑14, 
and the cisplatin (CDDP)‑resistant sublines (20), PC‑7/CDDP, 
PC‑9/CDDP, and PC‑14/CDDP were kindly provided by 
Professor Kazuto Nishi (Kinki University School of Medicine, 
Osaka, Japan). The cells were maintained in RPMI‑1640 (Wako 
Pure Chemical Industries, Ltd.) supplemented with 10% fetal 
bovine serum (FBS) (Nichirei Biosciences Inc.), 100 U/ml 
penicillin and 100 µg/ml streptomycin at 37˚C with 5% CO2 
in a humidified incubator. These cell lines were authenticated 
using STR DNA profiling analysis at the Japanese Collection 
of Research Bioresources Cell Bank.

Cell proliferation assays. In order to evaluate the growth 
inhibitory effects of Et770, RmT and RmM on cispl‑
atin‑resistant NSCLC cell lines, the cells were seeded in 
96‑well microplates at a density of 2,000‑3,500 cells/well in 
RPMI‑1640 supplemented with 10% FBS, 100 units/ml peni‑
cillin and 100 µg/ml streptomycin. The cells were then treated 
with various concentrations of the test samples for 96 h. Cell 
viability was evaluated using a Cell Counting Kit‑8® (Dojindo 
Laboratories, Inc.) or ATPlite® 1 step reagents (PerkinElmer, 
Inc.) according to the manufacturer's instructions. The IC50 
values were determined using GraphPad Prism 7.04 software 
(GraphPad Software, Inc.).

Reverse transcription‑quantitative polymerase chain 
reaction (RT‑qPCR). Total RNA from the cultured cells and 
siRNA‑transfected cells was isolated using the miRNeasy® 

Mini kit (Qiagen GmbH). The purity and concentration of 
the total RNA were assessed using a UV‑visible spectropho‑
tometer V730 (JASCO Corporation). cDNA was synthesized 
from 1 µg total RNA using ReverTra Ace® qPCR RT Master 
Mix (Toyobo Life Science) at 37˚C for 15 min, then 50˚C for 
5 min, followed by 80˚C for 10 min. PCR was performed using 
converted cDNA and the following reagents: TaqMan Gene 
Expression Assays® for human XPA (assay ID Hs00166045_
m1), XPD [excision repair cross‑complementation group 
(ERCC)2; assay ID Hs00361161_m1], XPF (ERCC4; assay ID 
Hs00193342_m1), XPG (ERCC5; assay ID Hs01557031_m1), 
excision repair cross‑complementation group 1 (ERCC1; assay 
ID Hs01012156_m1), and GAPDH (assay ID Hs02758991_g1) 
genes (Thermo Fisher Scientific Inc.), and the Luna Universal 
Probe qPCR Master Mix (New England BioLabs, Inc.). XPA, 
XPD, XPF, XPG, and ERCC1 mRNA expression levels 
were assessed by using RT‑qPCR with the Quant Studio® 
5 Real‑Time PCR System (Thermo Fisher Scientific Inc.). The 
thermocycling conditions were as follows: 95˚C for 60 sec, 
followed by 40 cycles of 95˚C for 15 sec and 60˚C for 60 sec. 
Relative gene expression levels were determined using the 
comparative cycle threshold method (2‑ΔΔCq), using GAPDH as 
the reference gene. ΔCq was calculated by subtracting the Cq 
of GAPDH from that the target gene Cq (21).

SDS‑PAGE and western blot analysis. Soluble proteins 
were extracted from the PC‑7, PC‑9, PC‑14, PC‑7/CDDP, 
PC‑9/CDDP and PC‑14/CDDP cells using RIPA buffer 
(Nacalai Tesque Inc.), supplemented with a protease 
inhibitor cocktail and a phosphatase inhibitor cocktail 
(Nacalai Tesque Inc.). Sample protein concentration was 
determined using a BCA protein assay kit (Thermo Fisher 
Scientific Inc.) with bovine serum albumin as the standard. 
Briefly, 20  µg proteins/well were separated using 5‑20% 
SDS‑polyacrylamide gels (ATTO Corporation) and trans‑
ferred to a nitrocellulose membrane (Wako Pure Chemical 
Industries, Ltd.). After blocking with BlockAce (KAC Inc.) at 
room temperature for 1 h, the membranes were incubated with 
the following primary antibodies overnight at 4˚C: XPA (dilu‑
tion, 1:5,000; cat. no. sc‑56813; Santa Cruz Biotechnology, 
Inc., XPD (dilution, 1:3,000; cat. no. GTX108948) and XPF 
(dilution, 1:5,000; cat. no. GTX129285) (both from GeneTex, 
Inc.), XPG (dilution, 1:1,000; cat. no. 11331‑1‑AP; Proteintech 
Group, Inc.), ERCC1 (dilution, 1:300; cat. no.  A5291; 
ABclonal, Biotech Co., Ltd.) and β‑actin (clone C4; dilution, 
1:5,000; cat. no. MAB1501; Merck KGaA). All membranes 
were then incubated with HRP‑labeled secondary antibodies 
(dilution 1:10,000; anti‑rabbit, cat no. PI‑1000; anti‑mouse, 
PI‑2000; Vector Laboratories, Inc.) at room temperature for 
1  h. After washing with 0.1% Tweew20 containing PBS, 
specific signals were detected using an Immobilon Western 
Chemiluminescent HRP substrate (Millipore Sigma). Each 
band intensity was calculated using Image Lab. 5.2 software 
(Bio Rad Laboratories, Inc.).

siRNA transfection. RNAi knockdown was performed on 
the PC‑14 and PC‑14/CDDP cellsy using Lipofectamine 
RNAiMAX (Thermo Fisher Scientific Inc.) according to the 
manufacturer's instructions. siRNAs against XPA (siRNA ID 
s532043 forward, GGG​AGA​CGA​UUG​UUC​AUC​ATT and 
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reverse, UGA​UGA​ACA​AUC​GUC​UCC​CTT; s14926 forward, 
GAA​UUG​CGG​CGA​GCA​GUA​ATT and reverse, UUA​CUG​
CUC​GCC​GCA​AUU​CTT), XPD (ERCC2; siRNA ID s4787 
forward, GAU​UCG​UGA​GAA​UGA​CUU​UTT and reverse, 
AAA​GUC​AUU​CUC​ACG​AAU​CTG; s230766 forward, GCA​
UAU​CCG​CUG​GAG​GUG​ATT and reverse, UCA​CCU​CCA​
GCG​GAU​AUG​CTC), XPF (ERCC4; siRNA ID s535114 
forward, GGA​UAG​CAA​AGC​UGA​AGA​ATT and reverse, 
UUC​UUC​AGC​UUU​GCU​AUC​CTT; s4799 forward, GGA​
UAU​GCG​UGA​AUU​UCG​ATT and reverse, UCG​AAA​UUC​
ACG​CAU​AUC​CAC), XPG (ERCC5; siRNA ID s4803 forward, 
GGA​AUA​CCG​UUU​ACU​GCA​ATT and reverse, UUG​CAG​
UAA​ACG​GUA​UUC​CTT; s4802 forward, GCA​UAA​CAA​
AUA​CCU​UAG​ATT and reverse, UCU​AAG​GUA​UUU​GUU​
AUG​CCT), ERCC1 (siRNA ID s4785 forward, GCA​AGG​
AAG​AAA​UUU​GUG​ATT and reverse, UCA​CAA​AUU​UCU​
UCC​UUG​CTG; s4784 forward GGA​UCU​CUG​GAA​CAG​
CUC​ATT and reverse, UGA​GCU​GUU​CCA​GAG​AUC​CAA), 
and non‑target siRNA (Silencer Select Negative Control #1) 
were obtained from Thermo Fisher Scientific, Inc. A total of 
20 pmol siRNA was diluted in a 150 µl Opti‑MEM medium in 
a six‑well tissue culture plate. Thereafter, 3 µl Lipofectamine 
RNAiMAX were added to each well, containing the diluted 
siRNA molecules. The solution was mixed gently followed 
by incubation for 5 min at room temperature. Cells (4x105 per 
well) were seeded into a six‑well plate containing siRNA 
and liposome complexes and cultured at 37˚C. Following 
overnight culture, an equal volume of RPMI‑1640 medium, 
supplemented with 10% FBS, 100  U/ml penicillin and 
100 µg/ml streptomycin was added. The knockdown efficiency 
was determined using RT‑qPCR and western blot analysis at 
72 and 120 h following RNAi knockdown.

Statistical analysis. Statistical analyses were performed using 
GraphPad Prism 7.04 (GraphPad Software, Inc.) and R (The 
R Foundation). The results are expressed as the mean ± SEM. 
The statistical significance of the differences was examined 
using analysis of variance (ANOVA) and Tukey's post hoc 
test. P<0.05 was considered to indicate a statistically signifi‑
cant difference. Pearson's correlation analysis was used for 
correlation analysis.

Results

Expression of NER pathway‑associated genes is increased in 
cisplatin‑resistant NSCLC cell lines. It has been reported that 
DNA damage induced by cisplatin is generally repaired via the 
NER pathway (22). In the present study, the XPA, XPD, XPF, 
XPG and ERCC1 gene expression levels in NSCLC cell lines, 
PC‑7, PC‑9 and PC‑14, and in the cisplatin‑resistant sublines, 
PC‑7/CDDP, PC‑9/CDDP and PC‑14/CDDP, were investigated, 
in order to elucidate the contribution of the NER pathway to 
cisplatin resistance in NSCLC.

As depicted in Fig. 1A, the XPF expression levels were 
significantly higher in the cisplatin‑resistant cell lines than in 
each parental cell line (P<0.0001). ERCC1 mRNA expression 
was also significantly increased in the PC‑7/CDDP (P=0.0015), 
PC‑9/CDDP (P<0.0001) and PC‑14/CDDP (P=0.0002) cell 
lines in comparison with the corresponding parental cell lines. 
Furthermore, the XPG expression levels were also significantly 

increased in the PC‑7/CDDP (P=0.0012), PC‑9/CDDP 
(P=0.0075) and PC‑14/CDDP (P=0.0147) cell lines compared 
with each respective parental cell line. On the other hand, the 
XPD mRNA expression levels in the PC‑9/CDDP cells and 
the XPA mRNA expression levels in the PC‑7/CDDP and 
PC‑9/CDDP cells did not differ significantly from those in the 
respective parental cell lines. However, the XPD mRNA levels 
in the PC‑7/CDDP (P=0.0010) and PC‑14/CDDP (P=0.0423) 
cells were significantly increased in comparison with the 
respective parental cell lines. The XPA mRNA expression 
levels in the PC‑14/CDDP cells were significantly increased 
as compared with the respective parental cell line (P<0.0001). 
In addition, the expression levels of NER pathway‑associated 
proteins were also highly increased in cisplatin‑resistant 
sublines according to western blot analysis (Figs. 1B and S1). In 
addition, correlations were observed between the NER‑related 
gene expression levels and NER pathway‑associated protein 
expression levels in these cisplatin‑resistant lung cancer 
cells (Fig. 1C).

As presented in Fig. 2A, the cisplatin‑resistant cell lines 
exhibited a 3‑ to 8‑fold resistance to cisplatin, in comparison 
with their respective parental cell lines (P<0.0001). To explore 
the contribution of the NER pathway to cisplatin resistance, 
Pearson's correlation analysis was performed. As depicted 
in Fig. 2B, XPF mRNA expression level strongly correlated 
with cisplatin sensitivity (R=0.934). The XPA (R=0.690), XPD 
(R=0.636), XPG (R=0.686) and ERCC1(R=0.620) expression 
levels also correlated with cisplatin sensitivity.

NER pathway‑associated gene silencing alters the sensitivity 
of cisplatin‑resistant NSCLC cell lines to cisplatin. To explore 
the contribution of the NER pathway to the cisplatin resis‑
tance of NSCLC cell lines, cisplatin sensitivity was analyzed 
following the knockdown of each molecule of the NER 
pathway using siRNA. A shown in Fig. 1, the XPA and XPD 
expression levels were relatively decreased in the PC‑9/CDDP 
cell line and the XPA level was also relatively decreased in 
the PC‑7/CDDP cell line in comparison with the PC‑14/CDDP 
cells; thus, the PC‑14/CDDP and PC‑14 cell lines were used 
for gene knockdown experiments. Following XPA, XPD, 
XPF, XPG and ERCC1 mRNA silencing using siRNAs in the 
PC‑14 and PC‑14/CDDP cell lines, the respective expression 
levels were significantly decreased in comparison with siRNA 
negative control (siNTC)‑transfected cells (Fig.  3A). The 
knockdown efficiency was also investigated for XPA, XPD, 
XPF, XPG and ERCC1 proteins using western blot analysis. 
The protein expression levels were also suppressed following 
siRNA transfection (Figs. 3B and S2). Furthermore, cisplatin 
sensitivity was evaluated following siRNA silencing. As 
presented in Fig. 3C, the relative viability of the PC‑14/CDDP 
cells transfected with XPF siRNA 1 and 2, and treated with 
30  µM cisplatin was significantly decreased by 19.2 and 
15.6%, respectively, compared with the siNTC‑transfected 
cells (48.2%; P<0.0001). XPD and XPG silencing in the 
PC‑14/CDDP cells also significantly decreased relative 
viability following treatment with 30 µM cisplatin (P<0.0001). 
Moreover, the relative viability of the XPD siRNA‑transfected 
PC‑14 cells treated with 10 mM cisplatin was also signifi‑
cantly decreased in comparison with the siNTC‑transfected 
cells (P<0.01).
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Et has the potential to overcome cisplatin resistance in 
cisplatin‑resistant NSCLC. It was demonstrated in the present 
study that the NER pathway is a principal resistance factor 
in cisplatin‑resistant NSCLC cells. Et743 has been previ‑
ously reported to be more active in cells with an enhanced 
NER pathway (23). In a previously published study by the 
authors, Et770 was purified as a stabilized derivative of Et743, 
maintaining anticancer activities (24). RmM and RmT are 
structurally analogous to Et. RmT refers to the hybrid compound 
of RmM and RmT (Fig. 4). It has also been previously reported 
by the authors that these compounds could potentially be used 
as anticancer agents (25). In order to investigate the potential 
of Et and its derivatives in overcoming cisplatin resistance, 
the sensitivity of Et770, RmT and RmM in cisplatin‑resistant 
NSCLC cell lines with the enhanced expression of NER 
pathway‑related genes was evaluated. Et770, RmT and RmM 

sensitivity were analyzed in the cisplatin‑resistant NSCLC 
cell line (PC‑14/CDDP). As presented in Fig. 5A, Et770 treat‑
ment exerted growth inhibitory effects on the PC‑14/CDDP 
cells in comparison with the PC‑14 cells (P<0.01). However, 
similar effects were not observed for the PC‑7/CDDP and 
PC‑9/CDDP cells with Et770 treatment. Moreover, RmT and 
RmM treatment did not exert notable inhibitory effects on the 
PC‑14/CDDP cells in which NER pathway‑related genes were 
silenced.

Of note, the PC‑14/CDDP cells exhibited hypersensi‑
tivity to Et770, whereas the PC‑14/CDDP cells exhibited a 
slight resistance to RmM. Subsequently, in order to explore 
the contribution of the NER pathway genes to Et anticancer 
activity in cisplatin‑resistant NSCLC, the sensitivity of the 
compounds was analyzed following the silencing of NER 
pathway‑associated genes in PC‑14/CDDP cells. As presented 

Figure 1. Expression levels of the NER pathway molecule in cisplatin‑resistant cell lines. (A) NER pathway‑associated gene mRNA expression in cisplatin-
resistant NSCLC cell lines was assessed using RT‑qPCR. Data represent the mean + SEM. *P<0.05, **P<0.01, ***P<0.001 and ****P<0.0001, vs. respective 
parental cell lines. (B) NER pathway enzyme protein expression in cisplatin‑resistant cell lines was assessed using western blotting. (C) Correlation of 
NER mRNA expression levels with NER protein expression levels. The plot of the relative mRNA expression assessed using RT‑qPCR and relative protein 
expression was assessed by densitometric analysis of band intensity using western blotting. The relative expression (fold) of each value was calculated using 
PC‑9 expression as a reference. NER, nucleotide excision repair; NSCLC, non‑small cell lung cancer; RT‑qPCR, reverse transcription‑quantitative PCR; 
XP, xeroderma pigmentosum group‑complementing protein; ERCC1, excision repair cross‑complementation group 1.
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in Fig. 5B, although a significant difference was not observed, 
XPG silencing slightly altered Et770 resistance as compared 
with the siNTC‑transfected cells (P=0.403). However, XPD 
silencing rather resulted in an increased sensitivity to RmT 
(P<0.01) and RmM (P<0.0001) in comparison with the 
siNTC‑transfected cells.

Discussion

In the present study, it was observed that NER pathway‑asso‑
ciated gene expression levels were significantly associated 
with cisplatin sensitivity in cisplatin‑resistant and parental 
NSCLC cell lines. The XPF mRNA expression level was the 
most highly correlated factor with cisplatin sensitivity in these 
cell lines (R=0.934). Furthermore, XPF or XPD knockdown 
markedly restored cisplatin sensitivity in the cisplatin‑resistant 
NSCLC cell line PC‑14/CDDP. Previously, it has been reported 
that cisplatin resistance mechanisms in PC‑14/CDDP are 
associated with cisplatin accumulation, which is modulated 
by uptake mechanisms and the upregulation of efflux trans‑
porters (26,27). However, resistance to cisplatin is associated 

with several complex mechanisms (4,28). In the present study, 
it was revealed that NER pathway‑associated molecules may 
also be related to cisplatin resistance in the NSCLC cell lines, 
PC‑7/CDDP, PC‑9/CDDP and PC‑14/CDDP.

It is well‑known that XPF‑ERCC1 participates in multiple 
DNA damage repair pathways, including NER and inter‑strand 
crosslink repair (6). XPF‑ERCC1 also has alternative impor‑
tant functions, in addition to its NER‑related function, for 
the prevention of endogenous DNA damage (29). XPF has 
been also reported to be a predictor of platinum sensitivity 
and a promising biomarker for PARP inhibitors (30). Thus, 
various XPF features have been reported. Although NER 
pathways are involved in cisplatin resistance, the contribution 
of XPF‑ERCC1 remains unclear. The results of the present 
study also suggested that XPF may be a principal factor in 
cisplatin‑resistant mechanisms.

In the present study, the XPA expression levels signifi‑
cantly correlated with cisplatin sensitivity in all tested 
cisplatin‑resistant NSCLC cell lines (R=0.690). However, 
XPA silencing slightly reduced sensitivity to cisplatin in the 
PC‑14 cells, and consistent results were not obtained with the 

Figure 2. Correlation of cisplatin sensitivity with the expression of genes associated with the nucleotide excision repair pathway. (A) Cisplatin sensitivity in 
cisplatin‑resistant non‑small cell lung cancer cell lines. Cell viability was measured using a Cell Counting Kit‑8 after 72 h of incubation with cisplatin. Data are 
presented as the mean + SEM. ****P<0.0001, vs. parental cells. (B) Plot of the cisplatin sensitivity (IC50; µM) vs. XPA, XPD, XPF, XPG, and ERCC1 relative mRNA 
expression (PC‑9 as a reference). ERCC1, ERCC1, excision repair cross‑complementation group 1; XP, xeroderma pigmentosum group‑complementing protein.
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Figure 3. Restoration of the sensitivity of PC‑14 and PC‑14/CDDP cells to cisplatin by silencing a gene associated with the NER pathway. (A) RT‑qPCR 
analysis of NER pathway‑associated gene mRNA levels 72 h after siRNA transfection. Data represent the mean + SEM. *P<0.05, **P<0.01, ***P<0.001 and 
****P<0.0001, vs. siRNA negative control (siNTC)‑transfected cells. (B) Protein expression levels were assessed using western blot analysis at 120 h following 
siRNA transfection. (C) Relative viability of 30 µM cisplatin‑exposed PC‑14/CDDP and 10 µM cisplatin‑exposed PC‑14 cells was assessed using a Cell 
Counting Kit‑8 after 96 h of incubation with cisplatin. Data represent the mean + SEM. *P<0.05, **P<0.01, ***P<0.001 and ****P<0.0001 vs. siNTC‑transfected 
cells. CDDP, cisplatin; NER, nucleotide excision repair; ERCC1, ERCC1, excision repair cross‑complementation group 1; XP, xeroderma pigmentosum 
group‑complementing protein.
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Figure 4. Structures of ecteinascidins and renieramycins.

Figure 5. Effect of nucleotide excision repair enzyme activity for antiproliferation activity of ecteinascidin and renieramycins. (A) Growth inhibitory effects of 
Et770 on PC‑14 and PC‑14/CDDP cells. Cell viability was measured using a Cell Counting Kit‑8 after 96 h of incubation with 1.8 nM Et770. Data are presented 
as the mean + SEM. **P<0.01, ***P<0.001 and ****P<0.0001, vs. parental cells. (B) The relative viability of 1.8 nM Et770‑, 80nM RmT‑, or 24 nM RmM‑exposed 
PC‑14/CDDP cells were assessed using a Cell Counting Kit‑8 after 96 h of incubation of each compound. Data represent the mean + SEM. **P<0.01 and 
***P<0.001, vs. siRNA negative control‑transfected cells. Et, Ecteinascidin; CDDP, cisplatin; RmM, Renieramycin M; RmT, Renieramycin T; ERCC1, ERCC1, 
excision repair cross‑complementation group 1; XP, xeroderma pigmentosum group‑complementing protein.
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PC‑14/CDDP cells (Fig. 3C). The expression level of XPA in 
the PC‑14/CDDP cells was increased 8‑fold in comparison 
with the parental cell line, PC‑14. Hence, when suppressed 
using siRNA, XPA expression was decreased to ~25% of 
that in siNTC‑transfected cells; however, the levels were still 
increased in comparison with those of the parental cell line. 
Due to this increased residual activity, no clear results could 
be obtained in cisplatin‑resistant cell lines.

Cierna et al (31) reported that the XPA expression levels 
are crucial for cisplatin resistance in germ cell tumors and 
cell lines. A recent study suggested that the efficiency of XPA 
activity may be impeded by enhancing DNA polymerase β 
activity (32). The present study focused on the XPA expres‑
sion level in the context of NER system function; thus, 
DNA polymerase expression levels and gene mutations were 
not investigated. DNA polymerase may be involved in the 
mechanisms of cisplatin resistance as a counterpart of XPA 
in cisplatin‑resistant NSCLC cells. Future studies are required 
to clarify the contribution of the NER system, including the 
impact of DNA polymerase on cisplatin resistance. Recently, 
Jian et al (33) reported that XPD overexpression significantly 
increased cisplatin sensitivity, and revealed that XPD regulated 
the PI3K/AKT signaling pathway in esophageal squamous cell 
carcinoma, this information also being valuable for the further 
evaluation of cisplatin resistance. However, Li  et  al  (34) 
reported that XPD and XPF polymorphisms may contribute 
to the risk of NSCLC and the response to cisplatin‑based 
chemotherapy in a Chinese population. In the present study, 
XPD silencing enhanced cisplatin sensitivity, and the XPF 
and XPD gene expression levels correlated with cisplatin 
resistance in NSCLC cell lines. Consequently, the results of 
the present study supported the findings of the clinical study 
of Li et al (34), and suggested that these molecules may be 
utilized as biomarkers for predicting cisplatin sensitivity.

Et743 has been observed to be more active in cancer 
cells with an enhanced NER pathway  (23). The present 
study attempted to clarify the Et770 anticancer activity in 
cisplatin‑resistant cell lines with in which NER pathway 
genes were enhanced (Fig. 5A). It was expected that Et770 
would overcome the effect of cisplatin resistance in all 
cisplatin‑resistant cell lines in which NER pathway genes were 
silenced; however, Et770 only demonstrated hypersensitivity 
in a PC‑14/CDDP cell line in comparison with the parental 
cell line. Following the silencing of NER pathway‑associated 
genes in PC‑14/CDDP cells, Et770 sensitivity was slightly 
decreased in the XPG‑silenced cells (Fig. 5B). It is likely that 
further studies on the effects of Et770 may contribute to the 
elucidation of unknown cisplatin resistance mechanisms. Due 
to the large structure of these compounds, including Et770, 
it is difficult to clarify their biological activity mechanism. 
Therefore, the effects on resistant cells obtained in the present 
study may prove to be useful for future therapeutic devel‑
opmental research, since it is easy to assemble a cell‑based 
high‑throughput screening system and due to its possible 
contribution in finding new cisplatin resistance‑overcoming 
therapeutics.

In conclusion, in a previously published study by the 
authors, it was clarified that the cisplatin resistance mecha‑
nism of PC‑14/CDDP could be dependent on the decrease of 
cisplatin accumulation (4). However, strong cell line resistance 

could not be fully explained by cisplatin accumulation altera‑
tions. The present study focused on DNA repair, also known to 
be involved in cisplatin resistance, and NER‑related molecules 
in these cell lines were analyzed. XPF was predominantly 
expressed in cisplatin‑resistant cell lines. Furthermore, it was 
clarified that XPF may contribute to cisplatin resistance in 
NSCLC cell line suppression experiments by using siRNA and 
PC‑14/CDDP cell lines.

Et may prove to be useful for overcoming cisplatin 
resistance in NSCLC cells, via an enhanced NER pathway. 
However, RmT and RmM did not demonstrate any activity 
in cisplatin‑resistant NSCLC cells with an enhanced NER 
pathway. Although cisplatin resistance mechanisms are 
complex and the contribution ratio of each resistance factor 
remains largely unknown, further evaluation of resistant 
cell lines may contribute to the elucidation of the cisplatin 
resistance mechanisms in future studies.
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