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Abstract. The efficacy of cisplatin (CDDP) has been demon‑
strated in the treatment of various cancers as monotherapy 
and combination therapy with immunotherapy. However, 
acquired CDDP resistance is a major obstacle to successful 
treatment. In the present study, the mechanisms underlying 
acquired CDDP resistance were examined using ACR20 
cells, which are CDDP‑resistant cells derived from A549 lung 
cancer cells. CDDP induces cytotoxicity by binding nuclear 
DNA and generating reactive oxygen species (ROS). Contrary 
to our expectation, ROS levels were elevated in ACR20 cells 
not treated with CDDP. Pretreatment with an ROS inhibitor 
enhanced the sensitivity of ACR20 cells to CDDP and 
prevented the activation of nuclear factor (NF)‑кB signaling 
and upregulation of inhibitor of apoptosis proteins (IAPs). 
Notably, evaluation of the mitochondrial oxygen consumption 
rate and mitochondrial superoxide levels revealed a deteriora‑
tion of mitochondrial function in ACR20 cells. Mitochondrial 
DNA PCR‑RFLP analysis revealed four mutations with varying 
percentage levels in ACR20 cells. In addition, in cytoplasmic 
hybrids with mitochondria from ACR20 cells, intrinsic ROS 

levels were elevated, expression of IAPs was increased, and 
complex I activity and sensitivity to CDDP were decreased. 
Analysis of three‑dimensional structure data indicated that 
a mutation (ND2 F40L) may impact the proton translocation 
pathway, thereby affecting mitochondrial complex I activity. 
Together, these findings suggest that intrinsic ROS levels were 
elevated by mitochondrial DNA mutations, which decreased 
the sensitivity to CDDP via activation of NF‑κB signaling and 
induction of IAP expression in ACR20 cells. These findings 
indicate that newly identified mutations in mitochondrial DNA 
may lead to acquired cisplatin resistance in cancer.

Introduction

For approximately 40  years, cisplatin (CDDP) has been 
approved for medical use in the treatment of a number of 
cancers, including testicular, ovarian, bladder, and lung cancer, 
among others (1). Recently, CDDP has been used for the treat‑
ment of patients with acquired resistance to molecular‑targeted 
drugs. It has also been used in combination with immune 
checkpoint inhibitors, such as pembrolizumab (2,3). However, 
acquisition of CDDP resistance leads to the failure of cancer 
therapy; therefore, overcoming CDDP resistance remains an 
important obstacle to successful cancer treatment. Although 
many researchers have investigated the mechanism of acquired 
CDDP resistance, including reduced drug accumulation (4), 
increased detoxification by glutathione  (5), and increased 
repair of CDDP‑DNA adducts (6), to date, there are still no 
approved therapies for the treatment of patients with acquired 
CDDP resistance.

We previously established high‑grade CDDP‑resistant 
A549 cells (A549 cell‑derived CDDP‑resistant at 20  µM, 
ACR20 cells) by culturing cells with 20  µM CDDP. The 
resistance of ACR20 cells was 18.5‑fold higher than that 
of A549 cells (7). We reported that CD44v overexpression 
increased the expression of cystine‑glutamate transporter 
xCT in the plasma membrane, which led to the acquisition of 
CDDP resistance (7). However, in ACR20 cells treated with 
an xCT inhibitor or siRNA, the sensitivity to CDDP was not 
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recovered to the same level as that in A549 cells (7). Therefore, 
other mechanisms for the acquisition of CDDP resistance may 
exist. (7). CDDP is imported into cells and induces reactive 
oxygen species (ROS) generation, which causes cytotox‑
icity (8). One report showed that cytoplasmic ROS production 
was reduced in CDDP‑resistant cells derived from gastric 
cancer cells (9). Glutathione, a primary cellular antioxidant, is 
composed of glutamate, cysteine, and glycine. Therefore, we 
predicted that the level of glutathione was decreased and that 
the levels of ROS were reduced in ACR20 cells.

Mitochondria are cellular organelles that generate most 
of the energy required for biochemical reactions in cells. 
Mitochondria have an oxidative phosphorylation system, which 
comprises five complexes (I‑V). Mitochondria possess their 
own genome, mitochondrial DNA (mtDNA), which encodes 
mitochondrial respiratory chain components, including seven 
subunits of complex I [NADH dehydrogenase (ND)1, ND2, 
ND3, ND4L, ND4, ND5, and ND6], one subunit of complex III 
[cytochrome b (CYTB)] and three subunits of complex IV 
[cytochrome c oxidase (COX) I, II, and III], 22 tRNAs, and 
2 rRNAs. Mutations in nuclear genes or mitochondrial genes 
that encode mitochondrial respiratory chain proteins result in 
mitochondrial dysfunction. Numerous mtDNA mutations have 
been identified in the development and progression of various 
pathologies and mitochondrial dysfunction is implicated in 
various human diseases, including diabetes, Alzheimer's 
disease, and cancer  (10). mtDNA is a critical target of 
CDDP (11) and the levels of CDDP adducts are increased in 
mtDNA compared with nuclear DNA (12). This suggests that 
the binding of CDDP to mtDNA may cause mtDNA damage 
and subsequent mitochondrial dysfunction. In addition, in ρ° 
cells depleted of mtDNA, which lose mitochondrial function, 
sensitivity to doxorubicin or CDDP was found to decrease (13). 
Thus, mitochondrial dysfunction may lead to the acquisition of 
CDDP resistance. However, how CDDP induces mitochondrial 
dysfunction and how mitochondrial dysfunction reduces cell 
sensitivity to CDDP is still unclear.

In the present study, the mechanism underlying CDDP 
resistance was investigated in ACR20 cells. It was demon‑
strated that mtDNA mutations in CDDP‑resistant ACR20 cells 
caused loss of mitochondrial function, upregulation of intrinsic 
ROS levels (IRLs), and expression of inhibitor of apoptosis 
proteins (IAPs), which contributed to the decreased sensitivity 
to CDDP. These results suggest that mtDNA mutations play a 
role in the acquisition of CDDP resistance.

Materials and methods

Cell culture. Human lung carcinoma cell line A549 
(cat.  #  RCB0098, RRID: CVCL_0023) were provided by 
RIKEN BioResource Research Center through the National 
Bio‑Resource Project of the Ministry of Education, Culture, 
Sports, Science and Technology (Japan). ACR20 cells, 
CDDP‑resistant cells, were established and cultured as 
previously described  (7). Both cell lines were maintained 
in Dulbecco's modified Eagle's medium (DMEM, Nacalai 
Tesque, Japan, cat. 08459‑64) with 10% fetal bovine serum 
(FBS), 100 U/ml penicillin and 100 µg/ml streptomycin in the 
presence or absence of 20 µM CDDP (Wako Pure Chemical 
Industries, Ltd., Osaka, Japan, cat. 033‑20091) at 37˚C with 

5%  CO2 and 95% air. Human cervical cancer HeLa cells 
(cat. no. CCL‑2, RRID: CVCL_0030) were obtained from 
American Type Culture Collection. ρ0 HeLa cells, which 
are deficient in mtDNA and resistant to 6‑thioguanine, were 
isolated as previously described (14).

Flow cytometry analysis. Cells (1.2x105 cells) were seeded 
on a 60‑mm dish and incubated in culture media at  37˚C 
in 5% CO2 and 95% air. After a 24‑h incubation, the cells 
were treated with 80  µM CDDP for 24  h. Annexin  V/PI 
staining (Thermo Fisher Scientific, Inc., cat. no. V13245) was 
performed following the manufacturer's protocol. The stained 
cells were analyzed using FACSCalibur (BD Biosciences) 
and FlowJo software  10.5.3 (Tree Star, Inc.). Apoptotic 
cells were identified as Annexin V+/PI‑ (early apoptosis) and 
Annexin V+/PI+ (late apoptosis) cells.

Western blotting. Cells were seeded at 7x105 cells on a 60‑mm 
dish and incubated in culture media at 37˚C in 5% CO2 and 
95% air. In experiments examining cleaved caspase‑3 levels, 
after a 24‑h incubation, the cells were treated with 80 µM 
CDDP for 24 h. In experiments examining IAPs (namely, 
c‑IAP1, c‑IAP2, and XIAP) and phosphorylation of IκB‑α 
and NF‑кB, after a 1‑h incubation, the cells were washed 
with PBS and treated with 40 mM N‑acetyl‑L‑cysteine (NAC; 
Sigma‑Aldrich; Merck KGaA, cat. no. A7250), an ROS inhib‑
itor, for 24 h. Western blot assays were performed as previously 
described (15). The antibodies are listed in Table SI. After 
probing of anti‑phospho‑IκB‑α and anti‑phospho‑NF‑кB anti‑
bodies, the blots were stripped and reprobed with anti‑IκB‑α 
or anti‑NF‑кB antibodies. After probing of anti‑XIAP, 
anti‑c‑IAP1 antibody, antic‑IAP2, or anti‑NDUFB8 anti‑
bodies, the blots were stripped and reprobed with anti‑GAPDH 
or anti‑β‑actin antibodies.

Cytotoxic activity assay. To evaluate whether ROS affected 
the sensitivity of cells to CDDP, cells were seeded at 
4.8x104 cells/well on a 24‑well plate and incubated in culture 
media at 37˚C in 5% CO2 and 95% air. After a 1‑h incuba‑
tion, the cells were treated with 40 mM NAC for 24 h. The 
treated cells were washed with PBS and cultured in culture 
media containing 80 µM CDDP for 48 h. The half maximal 
inhibitory concentration (IC50) of CDDP was determined 
following the previous study protocol (7). Cells were fixed 
with 4% paraformaldehyde, stained with 0.5% crystal violet 
and lysed with 10% acetic acid. The optical density (O.D.) was 
measured at 600 nm. The percentage of cell viability and 50% 
growth inhibitory concentration was calculated as previously 
described (7).

ROS measurement. Cells were incubated for 48 h, washed 
with HBSS (Nacalai Tesque, cat. no. 09735‑75), stained with 
10 µM CM‑H2DCFDA (Thermo Fisher Scientific, Inc., cat. 
no. C6827) or 5 µM MitoSox (Thermo Fisher Scientific, Inc., 
cat. no. M36008), and incubated for 30 min at 37˚C in 5% CO2 
and 95% air. Cells were washed with HBSS and observed with 
a fluorescence microscope using FITC filters. The number of 
cells with positive fluorescence was counted and the average 
number of cells in three fields was taken as the number of 
ROS‑producing cells per field.
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ρ A549 cell establishment. Respiration‑deficient ρ A549 
cells were established by treatment of A549 cells with 
50  ng/ml EtBr as previously described  (16) for 14  days 
(Fig. S1A and B).

Cytoplasmic hybrid (Cybrid) establishment. Cybrids were 
established as previously described (17). In brief, A549 cells or 
ACR20 cells were seeded at 1.5x106 cells or 3.0x106 cells, respec‑
tively, on a 100‑mm dish for 48 h. To prepare enucleated A549 
cells or ACR20 cells (the mtDNA donor), cells were pretreated 
with 10 µg/ml cytochalasin B (Sigma‑Aldrich; Merck KGaA, 
cat. no. 14930‑96‑2) for 15 min and centrifuged at 17,300 x g 
for 20 min. The resultant cytoplasts were fused with ρ0 HeLa 
cells, using polyethylene glycol. After 2 days, selective isola‑
tion of the cybrids was performed by culture in selection 
medium with 6‑thioguanine, to exclude unfused A549 cells 
or ACR20 cells, and without uridine and pyruvate, to exclude 
parental ρ0 HeLa cells. The resultant cybrids contained nuclear 
DNA from ρ0 HeLa cells and mtDNA from enucleated A549 
cells or ACR20 cells.

mtDNA extraction and mtDNA sequencing. mtDNA extrac‑
tion (Wako Pure Chemical Industries, Ltd., cat. no. 291‑55301), 
polymerase chain reaction (PCR) (Takara Shuzo, Otsu, Japan, 
cat. no.  RR001C), and purification of the PCR products 
(Takara Shuzo, cat. no. 740609) were performed following 
the manufacturers' protocols. Primer sequences are shown 
in Table SII. DNA sequencing was conducted by Eurofins 
Genomics (Tokyo, Japan).

PCR‑restriction fragment length polymorphism (PCR‑RFLP). 
The percentage levels of mtDNA mutations in A549 cells 
and ACR20 cells were examined by PCR‑RFLP. In addition, 
to confirm that the mtDNA derived from A549 and ACR20 
cells was incorporated into A549cyb and ACR20cyb cells, 
respectively, we performed PCR‑RFLP. In brief, mtDNA was 
extracted from the A549 and ACR20 cells. Total DNA was 
extracted from A549cyb and ACR20cyb cells. PCR amplifica‑
tion was performed according to the manufacturer's protocol. 
Purified PCR products were digested with the restriction 
enzyme. The restriction fragments were analyzed by gel elec‑
trophoresis. PCR primer sequences, restriction enzyme, and 
annealing temperature are shown in Table SIII.

Mitochondrial activity assay. A XF24 Extracellular Flux 
Analyzer (Seahorse Biosciences, USA) was used to determine 
the intracellular bioenergetic profiles. A549 or ACR20 cells 
were seeded at 4x104 cells/well on the XF24 V7 Cell Culture 
microplate. Extracellular acidification rate (ECAR) and 
oxygen consumption rate (OCR) were measured as previously 
described (18). Mitochondria from cultured cells were isolated 
using the Mitochondria Isolation Kit (BioVision, Inc., cat. 
no. K288‑50). Protein concentrations of isolated mitochon‑
drial samples were estimated using Bradford assays. Isolated 
mitochondria were stored at ‑80˚C until used. Mitochondrial 
complex activities were measured using MitoCheck Complex I 
Activity Assay Kit (Cayman Chemical Company, cat. 
no. 700930). Complex I activity was determined as activity 
without inhibitor of complex I subtracted from the activity 
with complex I inhibitor.

Quantitative reverse transcription real‑time PCR (RT‑qPCR). 
RT‑qPCR was established as previously described  (7). 
RT‑qPCR was performed using PrimeScript™ RT Master 
Mix (Takara Shuzo, cat. no. RR036) and TB Green® Premix 
Ex Taq™ II (Takara Shuzo, cat. no. RR820) according to 
the manufacturer's protocol. Primer sequences are shown in 
Table SIV. Relative expression was calculated using the ΔΔCt 
method (19) with glyceraldehyde 3‑phosphate dehydrogenase 
(GAPDH) as the reference gene.

Bioinformatic analysis of NADH‑ubiquinone oxidoreductase 
chain (ND) proteins. The structures of the mutant ND proteins 
were analyzed at Altif Laboratories Inc. (Tokyo, Japan).

Statistical analysis. Data are expressed as the mean ± standard 
error (SEM) of independent determinations for each experi‑
ment. Normality was assessed by Kolmogorov‑Smirnov 
normality test. Unpaired t‑test was used to evaluate the 
differences between two groups. Comparisons of more than 
two groups were evaluated by one‑way analysis of variance 
(ANOVA), followed by the Student‑Newman‑Keuls post hoc 
test. P‑value <0.05 is indicative of a statistically significant 
difference.

Results

Impairment of CDDP‑induced apoptosis in ACR20 cells. We 
previously established CDDP‑resistant cells derived from 
A549 cells, which we named ACR20 cells (7). To determine 
whether ACR20 cells are resistant to CDDP‑induced apop‑
tosis, we evaluated CDDP‑induced apoptosis using Annexin 
V/PI staining assays. In the CDDP‑treated A549 cells, a high 
percentage of cells were positively stained for Annexin V 
and cleaved caspase‑3 expression was detected by western 
blotting, thus indicating that CDDP induced apoptosis in 
the A549 cells (Fig. 1A‑C). In contrast, the percentage of 
Annexin V‑stained cells was low (11%) and cleaved caspase‑3 
was not detected in the CDDP‑treated ACR20 cells. These 
results indicate that CDDP‑induced apoptosis was impaired 
in the ACR20 cells.

Increase in intrinsic ROS in ACR20 cells is involved in the 
impairment of CDDP‑induced apoptosis. To determine the 
mechanism underlying the impairment of CDDP‑induced 
apoptosis in ACR20 cells, we analyzed the production of ROS 
using the ROS indicator CM‑H2DCFDA. Green fluorescence 
was not detected in A549 cells not treated with CDDP but 
was observed after CDDP treatment (Figs. S2 and 2A). This 
result indicates that CDDP induced ROS generation in the 
cytoplasm of the A549 cells. Unexpectedly, green fluorescence 
was detected in ACR20 cells not treated with CDDP, and the 
number of green fluorescence‑positive cells was increased 
compared to that of the A549 cells (Fig. 2A). These results 
indicate that IRLs were elevated in ACR20 cells. NAC, 
an inhibitor of ROS, pretreatment improved the sensitivity 
of ACR20 cells to CDDP (Fig.  2B). Together, these find‑
ings suggest that the elevation of IRLs was involved in the 
acquisition of CDDP resistance.

NF‑κB regulates the gene expression of IAPs  (20). 
ROS‑stimulated IκB kinase leads to phosphorylation of IκB 
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and NF‑κB, which promotes IκB degradation and modulates 
NF‑κB activation (21). Thus, we hypothesized that the eleva‑
tion of IRLs in ACR20 cells would induce the expression of 
IAPs and impair CDDP‑induced apoptosis. The expression 
levels of phosphorylated IκB‑α and NF‑κB in ACR20 cells 
were significantly higher than those in A549 cells (P<0.01), 
and these levels were suppressed in ACR20 cells by NAC 
pretreatment (Fig. 2C and D). Similarly, the levels of IAPs in 
ACR20 cells were significantly elevated compared to those in 
A549 cells (P<0.01), and the expression of IAPs in ACR20 
cells was suppressed by NAC pretreatment (Fig. 2E‑G). The 
expression of phosphorylated IκB‑α, phosphorylated NF‑κB, 
and IAPs in A549 cells was not affected by NAC pretreat‑
ment (data not shown). There results suggest that elevated 
IRLs decreased the sensitivity of ACR20 cells to CDDP by 
activating NF‑κB signaling and inducing IAP expression.

Loss of mitochondrial function in ACR20 cells is associated 
with CDDP resistance. Intracellular levels of ROS are 
dependent on the balance between ROS generation and 
ROS elimination. Increased IRLs in cancer cells may be 
caused by malfunction of the mitochondrial respiratory 
chain (22,23). Extracellular acidification rate (ECAR) and 
oxygen consumption rate (OCR) values are important indi‑
cators of mitochondrial respiration and glycolysis. We found 
that ECAR was not changed and that OCR was decreased in 
the ACR20 cells when compared to the A549 cells (Fig. 3A). 
Mitochondrial superoxide is generated as a byproduct of 
ATP production (24,25). In A549 cells loaded with MitoSox, 
an indicator of mitochondrial superoxide, red fluorescence 
was observed; however, in contrast, red fluorescence was 

not detected in the ACR20 cells (Fig. 3B). Together, these 
results indicate a loss of mitochondrial function in ACR20 
cells. To investigate whether mitochondrial dysfunction 
causes CDDP resistance in A549 cells, we analyzed CDDP 
sensitivity in mtDNA‑depleted ρ A549 cells, which showed 
loss of mitochondrial function. The IC50 values of CDDP in 
A549 and ρ A549 cells were 4.64±1.04 and 11.56±2.26 µM, 
respectively (Fig. S1C). Together, these results indicate that 
mitochondrial dysfunction causes CDDP‑resistance in the 
A549 cells.

mtDNA mutations causes the decrease in mitochondrial 
complex I activity in ACR20 cells. The mitochondrial genome 
encodes mitochondrial respiratory chain components. Thus, 
decreased quality and quantity of mtDNA lead to mitochon‑
drial dysfunction (26‑28). To examine whether a change in the 
number of mtDNA copies in ACR20 cells is involved in the 
loss of mitochondrial function, we evaluated the expression 
of mitochondria‑encoded COX I (MT‑COI) levels normal‑
ized to α‑tubulin levels to determine the number of mtDNA 
copies (29,30). Contrary to our expectations, MT‑COI expres‑
sion was increased in the ACR20 cells when compared to 
the expression level in the A549 cells (Fig. 4A). The number 
of mtDNA copies is regulated by transcription factor A, 
mitochondrial (TFAM) and RNA polymerase mitochondrial 
(POLRMT) (31,32). We found that the expression of TFAM 
and POLRMT mRNAs was increased in the ACR20 cells when 
compared to the A549 cells (Fig. 4B and C). These results 
indicate that the number of mtDNA copies was increased in 
ACR20 cells, and this increase might cause the upregulation 
of TFAM and POLRMT mRNA expression.

Figure 1. ACR20 cells show resistance to CDDP‑induced apoptosis. (A) Cells were treated with or without 80 µM cisplatin (CDDP) for 24 h followed by Annexin 
V/PI staining. Representative flow cytometry profiles of A549 and ACR20 cells untreated (NT) or treated with 80 µM CDDP for 24 h. (B) Quantification of 
apoptosis by Annexin V binding to A549 and ACR20 cells. Bars represent mean ± SE (n=6). (C) Western blot analysis of cleaved and total caspase‑3 expression 
levels in A549 and ACR20 cells treated as indicated.
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To determine the quality of mtDNA, mtDNA was extracted 
from the A549 and ACR20 cells for sequencing and identifica‑
tion of mtDNA mutations. Moreover, the percentage levels of 
mtDNA mutations were analyzed by PCR‑RFLP. 4587 T>C 
and 11384 C>A were included in 100% of mtDNAs in the 
ACR20 cells (Fig. S3A and B and Table I). 13148 C>A and 
14162 G>T were specifically detected in ACR20 cells and 
were included in 44.9 and 53.3% of the mtDNAs, respectively 
(Fig. S3C and D and Table I). Thus, four mtDNA mutations 
with varying percentage levels were identified in ACR20 
cells and these mutations were located in genes encoding 
mitochondrial complex I. We further found that the activity 
of mitochondrial complex I was decreased in ACR20 cells 

compared to the A549 cells (Fig. 4D). NDUFB8 is a compo‑
nent of the supernumerary subunits in mammalian complex I, 
which are central to the structure, stability, and assembly (33). 
mRNA and proteins levels of NDUFB8 were comparable 
between the A549 and ACR20 cells (Fig. 4E‑G). Thus, these 
results suggest that the identified mtDNA mutations caused the 
decrease of mitochondrial complex I activity in ACR20 cells.

mtDNA mutations in ACR20 cells are involved in CDDP 
resistance. To clarify whether the identified mtDNA mutations 
in ACR20 cells contributed to the elevation of IRLs and the 
decreased activity of complex I, cybrids (cells with the same 
physiological functions such as nuclear DNA, but different 

Figure 2. Elevated levels of intrinsic ROS are involved in the mechanism of acquisition of CDDP resistance. (A) Cells were incubated with CM‑H2DCFDA and 
observed by fluorescence microscopy. Representative images under the fluorescence microscope are shown on the left. The numbers of CM‑H2DCFDA‑stained 
cells were counted. On the right, bars represent mean ± SE (n=3). Scale bar, 100 µm. (B) Cells were treated with or without NAC for 24 h. Cells were washed 
with PBS and incubated with 80 µM CDDP for 72 h. Cell viability was measured using crystal violet assay. (C and D) Cells were treated with or without NAC 
for 24 h and then lysed. Phosphorylation levels of IκB‑α and NF‑κB were analyzed by western blotting, and p‑IκB‑α/IκB‑α (C) and p‑NF‑κB/NF‑κB (D) ratios 
were determined. Bars represent mean ± SE (n=3). (E‑G) Expression levels of XIAP (E), c‑IAP1 (F), and c‑IAP2 (G) were analyzed by western blotting. Bars 
represent mean ± SE (n=3). ROS, reactive oxygen species; CDDP, cisplatin; NAC, N‑acetyl‑L‑cysteine; IAP, inhibitors of apoptosis protein.
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only in mtDNA) were established  (17) (Fig.  5A). mtDNA 
derived from A549 and ACR20 cells was incorporated into 
A549cyb and ACR20cyb cells, respectively (Fig.  S4). The 
number of ROS‑producing cells was signif﻿icantly increased 
and the activity of complex I was decreased in the ACR20cyb 
cells compared to the A549cyb cells (P<0.01) (Fig. 5B and C). 
The expression of IAPs was significantly increased in the 
ACR20cyb cells compared with the A549cyb cells (XIAP and 
c‑IAP1, P<0.05 and P<0.01; c‑IAP2; P<0.05) (Fig. 5D‑F). We 
further examined whether the mtDNA mutations impacted the 
sensitivity to CDDP. The IC50 value of CDDP in the A549cyb 
and ACR20cyb cells were 0.27±0.02 and 0.69±0.02 nM, respec‑
tively (Fig. 5G). Together, these results indicate that the four 
identified mtDNA mutations with varying percentage levels in 
ACR20 cells caused CDDP resistance through the increased 
expression of IAPs via elevation of IRLs and inactivation of 
complex I.

Structural analysis of proteins with the identified mtDNA 
mutations. We next determined which of the four identified 
mtDNA mutations may be associated with complex I inacti‑
vation using the three‑dimensional structure data of human 

mitochondrial complex  I. The four identified mutations 
(ND2 F40L, ND4 L209I, ND5 P271Q, and ND6 S21Y) in 
the mitochondrial complex I were marked on the structure 
of human respiratory complex I (PDB ID: 5XTB) (Fig. 6A). 
The mutations were located in the transmembrane. The 
electric charge and polar amino acid, which exist in proton 
channels affect proton translocation (34,35). Therefore, the 
protein structure of the four mutations was modeled and 
the effect of the mutations on polar amino acids in proton 
translocation was investigated. Four mutations and key resi‑
dues were marked to three‑dimensional protein structures of 
complex I and the pathway of proton translocation was marked 
with reference to Fiedorczuk et al (34) and Fiedorczuk and 
Sazanov (35) (Fig. 6B). ND2 F40L is located near the charged 
side chains (Glu34, Lys105, and Lys135) and hydrophilic side 
chains (Gln134) (Fig. 6B and C). The side chain of Phe residue 
contacts TMH5 and is packed by hydrophobic interactions 
with the surrounding hydrophobic residues (Fig. 6C). Although 
Leu is hydrophobic, the side chain of Leu is smaller than that 
of Phe. Thus, we speculated that the F40L mutation elimi‑
nated these hydrophobic interactions and the packing between 
TMH2 and TMH5 (Fig. 6C). Furthermore, the conformation 

Figure 3. ACR20 cells show loss of mitochondrial function. (A) Extracellular acidification rate (ECAR) and oxygen consumption rate (OCR) were measured 
using the XF24 Analyzer. Bars represent mean ± SE (n=6). (B) Cells were incubated with MitoSox and observed by fluorescence microscopy. Representative 
images under the fluorescence microscope are shown. The number of MitoSox‑stained cells was counted. Bars represent mean ± SE (n=3). Scale bar, 100 µm.
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of Glu134 may be changed by displacement from Phe40 to 
Ile40, which may cause the structure change of the proton 
translocation pathway. In contrast, the other mutations were 
present at different positions of the proton translocation 
pathway (Fig. 6B). These results show the possibility that ND2 
F40L affects the proton pathway, leading to the decrease of 
complex I activity.

Discussion

In the present study, it was demonstrated that elevated intrinsic 
ROS levels (IRLs) in ACR20 cells led to increased phos‑
phorylation of IκB‑α and NF‑κB activity, increased inhibitors 
of apoptosis protein (IAP) expression and decreased cell 
sensitivity to cisplatin (CDDP). NF‑κB signaling is activated 

by reactive oxygen species (ROS) (21) and NF‑κB regulates 
the expression of IAPs (20). c‑IAP1, cIAP2 and XIAP bind 
to caspase‑3 and inhibit the activity of caspase‑3  (36‑40). 
This suggests that ROS‑induced activation of NF‑κB 
signaling increases the expression of IAPs and suppresses 
CDDP‑induced apoptosis, leading to the acquisition of 
CDDP resistance. N‑acetyl‑L‑cysteine (NAC) pretreatment 
improved the sensitivity of ACR20 cells. The percentage of 
Annexin V/PI‑positive cells in the ACR20 cells untreated with 
CDDP was higher than that in the ACR20 cells treated with 
80 µM CDDP. It was considered possible that non‑apoptotic 
cells were stained with Annexin V in ACR20 cells under 
normal conditions. Annexin V forms a shield around negatively 
charged phospholipid molecules. Moreover, the lipid contents 
in the cytomembrane were found to be altered in cisplatin‑ and 

Figure 4. ACR20 cells show an increase in the number of mtDNA copies and decrease in Complex I activity. (A) Number of mtDNA copies was determined 
by qPCR of MT‑COI relative to the nuclear α‑tubulin in A549 and ACR20 cells. (B and C) Expression of TFAM (B) and POLRMT (C) mRNA was analyzed 
by RT‑qPCR. Bars represent mean ± SE (n=4). (D) Complex I activity of extracted mitochondria was measured using MitoCheck® Complex I Activity Assay 
kit. Bars represent mean ± SE (n=4). (E) Expression of NDFUB8 (E) mRNA was analyzed by RT‑qPCR. Bars represent mean ± SE (n=4). (F and G) NDUFB8 
expression was analyzed by western blotting. Bars represent mean ± SE (n=3). mtDNA, mitochondrial DNA.

Table I. Identified mtDNA mutations with varying percentage levels in ACR20 cells.

	 Percentage levels of mutation
	 ‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑
Mutations	 Amino acid change	 Gene	 A549 cells (%)	 ACR20 cells (%)

4587T>C	 Phe (40)>Leu	 MT‑ND2	 44.00	 100
11384C>A	 Leu (209)>Ile	 MT‑ND4	 4.28	 100
13148C>A	 Pro (271)>Gln	 MT‑ND5	 0	 44.90
14612G>T	 Ser (21)>Tyr	 MT‑ND6	 0	 53.30

mtDNA, mitochondrial DNA.
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doxorubicin‑resistant MCF‑7 cells (41). Therefore it is possible 
that the lipid content of the cytomembrane in ACR20 cells may 
be changed and affected by Annexin V staining; however, the 
detailed reason for this is still unclear. These findings suggest 
that the IRLs elevation is partly involved in the mechanism 
of acquisition of CDDP resistance and that NAC administra‑
tion before treatment with CDDP may be effective for cancer 
patients who show resistance to CDDP.

The elevation of IRLs in cancer cells are thought to be caused 
by oncogenic signals (42,43), oncogenic transformation (44), 
or malfunction of the mitochondrial respiratory chain (22,23). 
Depletion of mitrochondrial DNA (mtDNA) in hepatocarci‑
noma cells, which showed a loss of mitochondrial function, 
was found to result in chemoresistance to CDDP (13). Thus, 
mitochondrial function may affect cell sensitivity to CDDP. 
In the present study, we demonstrated that mitochondrial 
function was decreased in ACR20 cells and that sensitivity to 
CDDP in ρ A549 cells was decreased compared to A549 cells. 

These findings indicate that mitochondrial dysfunction caused 
the decreased sensitivity to CDDP in A549 cells.

A previous study showed that HeLa cybrids containing 
mutant mtDNA derived from the pancreatic cancer cell lines 
CFPAC‑1 (10970 T>C in ND4; 8696 T>C and 9070 T>G in 
ATPase; 2905 A>G in the 16S rRNA gene) or CAPAN‑2 (6267 
G>A in COI; 10176 G>A in ND3) were resistant to 5‑fluororacil 
and CDDP (45). In this study, we identified four mutations in 
mtDNA (4587 T>C, 11384 C>A, 13148 C>A, and 14162 G>T) 
with varying percentage levels in ACR20 cells. These muta‑
tions caused the decreased activity of complex I, elevation of 
IRLs, and induction of IAP expression, which may have led 
to the CDDP resistance. Furthermore, the three‑dimensional 
structure data suggest that the 11384 C>A mutation may be 
associated with the decreased activity of complex I. Future 
studies will be needed to confirm that the 1384 C>A regulates 
the proton translocation pathway that affects the activity of 
complex I. Taken together, 11384 C>A may be a new biomarker 

Figure 5. Mitochondrial dysfunction leads to the decreased sensitivity of ACR20 cells to CDDP. (A) A scheme showing the methods for generation of A549cyb 
and ACR20cyb cells. (B) Cells were incubated with CM‑H2DCFDA and observed by fluorescence microscopy (EVOS® FL). Representative images under the 
fluorescence microscope are shown. The number of CM‑H2DCFDA‑stained cells was counted. Bars represent mean ± SE (n=3). Scale bar, 20 µm. (C) Complex I 
activity of extracted mitochondria was measured using MitoCheck® Complex I Activity Assay kit. Bars represent mean ± SE (n=4). (D‑F) Expression levels 
of XIAP (D), c‑IAP1 (E) and c‑IAP2 (F) were analyzed by western blotting. Bars represent mean ± SE (n=4). (G) Cells were incubated in culture medium 
containing various concentrations of cisplatin (CDDP) for 72 h. Cell viability was measured using crystal violet assay. Each value represents mean ± SE (n=4). 
Unpaired t‑test; *P<0.05, **P<0.01. IAP, inhibitors of apoptosis protein; mtDNA, mitochondrial DNA.
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Figure 6. Structural analysis of proteins with the identified mtDNA mutations. (A) Locations of mutations in the three‑dimensional structure of mitochondrial 
complex I. ND2, ND4, ND5, and ND6 are depicted in yellow, cyan, purple and green, respectively. The mutated amino acid residues are shown in blue. 
(B) Blue arrows indicate the path of proton translocation. Space‑filling model indicates the charged amino acid residues (key residues) that are thought to 
be involved in proton translocation. The amino acid residues of four identified mutations are depicted in light green. (C) The F40L mutation may alter ND2 
protein structure. Phe40 (left) and Leu40 (right) are depicted in green and magenta, respectively. Important amino acids for proton translocation are depicted 
in light blue. mtDNA, mitochondrial DNA; ND, NADH‑ubiquinone oxidoreductase chain.
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of sensitivity to CDDP. Studies using clinical samples may 
provide a clue to this possibility.

Mitochondrial function is associated with the number 
of mtDNA copies  (27). Although mitochondrial function 
was reduced in ACR20 cells, the number of mtDNA copies 
was increased. In addition, the expression levels of TFAM 
and POLRMT mRNA, which encode proteins that regulate 
the number of mtDNA copies, were increased in ACR20 
cells. These results suggest that upregulation of TFAM and 
POLRMT mRNA caused the increased number of mtDNA 
copies. Our results were consistent with a previous report, in 
which TFAM was upregulated in CDDP‑resistant cells (46). 
TFAM is not only required for both transcription and main‑
tenance of mtDNA but also the regulation of anti‑apoptotic 
genes, such as BIRC5  (47) and BCL2  (48). Expression of 
BIRC5 mRNA was increased in ACR20 cells, while expres‑
sion of BCL2 mRNA was comparable between A549 and 
ACR20 cells (data not shown). Thus, TFAM upregulation in 
ACR20 cells may be, in part, associated with the acquisition 
of CDDP resistance.

In summary, we demonstrated that several newly identi‑
fied mtDNA mutations caused the elevation of IRLs, which 
promoted CDDP resistance through induction of NF‑кB 
signaling and increased expressions of IAPs (Fig. 7). NAC 
treatment prior to CDDP administration may be an effec‑
tive strategy against CDDP resistance, and the newly 
identified mutations in mtDNA may be potential biomarkers 
for sensitivity to CDDP.
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