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1  | INTRODUC TION

Human mitochondrial DNA (mtDNA) is a circular double-stranded 
DNA molecule of 16  569  bp that encodes 37 genes, including 22 
tRNAs, 2 rRNAs and 13 structural genes critical for oxidative phos-
phorylation. Each cell contains 100~1000 copies of mtDNA.1 It is 
well known that mtDNA is prone to somatic mutations due to a lack 

of histones in the structure and a lack of effective repair mecha-
nisms.1 Such mutations play roles in aging, metabolic diseases, neu-
rodegenerative diseases and neuromuscular disorders.2 mtDNA 
mutations are also reported to be involved in cancer progression.3 
We have recently reported that more than 70% of non–small cell 
lung carcinomas and colon carcinomas have nonsynonymous muta-
tions in the NADH dehydrogenase (ND) genes and some of them are 
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Abstract
Mitochondrial DNA (mtDNA) mutations occur frequently in cancer cells, and some 
of them are often homoplasmic. Targeting such mtDNA mutations could be a new 
method for killing cancer cells with minimal impact on normal cells. Pyrrole-imidazole 
polyamides (PIPs) are cell-permeable minor groove binders that show sequence-
specific binding to double-stranded DNA and inhibit the transcription of target 
genes. PIP conjugated with the lipophilic triphenylphosphonium (TPP) cation can be 
delivered to mitochondria without uptake into the nucleus. Here, we investigated 
the feasibility of the use of PIP-TPP to target a mtDNA mutation in order to kill can-
cer cells that harbor the mutation. We synthesized hairpin-type PIP-TPP targeting 
the A3243G mutation and examined its effects on the survival of HeLa cybrid cells 
with or without the mutation (HeLamtA3243G cells or HeLamtHeLa cells, respec-
tively). A surface plasmon resonance assay demonstrated that PIP-TPP showed ap-
proximately 60-fold higher binding affinity for the mutant G-containing synthetic 
double-stranded DNA than for the wild-type A-containing DNA. When added to 
cells, it localized in mitochondria and induced mitochondrial reactive oxygen species 
production, extensive mitophagy, and apoptosis in HeLamtA3243G cells, while only 
slightly exerting these effects in HeLamtHeLa cells. These results suggest that PIP-
TPPs targeting mtDNA mutations could be potential chemotherapeutic drugs to treat 
cancers without severe adverse effects.
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significantly associated with metastasis.4 Of interest, we and others 
have reported that cancer-specific somatic mutations are often ho-
moplasmic in a variety of cancers.4,5

N-Methylpyrrole-N-methylimidazole polyamides (PIPs) bind to 
double-stranded DNA minor grooves via hydrogen bonds.6,7 They 
can be designed to bind to the sequences of genes of interest 
according to the numbers of hydrogen bonds in the nucleic acid 
bases8; pyrrole (Py) moieties and β-alanine (β) residues bind to A, 
T, and C nucleotides, and imidazole (Im) moieties bind to G nucle-
otides. Py/Py pairs recognize A/T or T/A base pairs, and Py/Im 
pairs recognize C/G base pairs. PIPs are cell-permeable and local-
ize to the cell nucleus, where they inhibit the transcription of the 
genes. A striking feature of PIPs is that functional units such as the 
mitochondria-targeted cationic moiety and DNA-alkylating drugs, 
including 1-(chloromethyl)-5-hydroxy-1,2-dihydro-3H-benz[e]in-
dole (seco-CBI), can be conjugated to the N- and C-termini.9,10 To 
date, several reports have demonstrated the anticancer effects of 
PIPs.11,12 We have also reported that DNA-alkylating PIPs target-
ing the mutant KRAS gene and MYCN gene amplification suppress 
tumor growth in colorectal cancer and high-risk neuroblastoma, 
respectively.13-15

mtDNA mutations seem to be ideal targets for PIPs in treating 
cancers because (a) mtDNA is essential for cell survival; (b) some 
cancer-specific mtDNA mutations are homoplasmic4; (c) mtDNA is 
more accessible for PIPs than nuclear DNA because of the lack of 
histones16; and (c) mtDNA is smaller in size than nuclear DNA, which 
may considerably reduce nonspecific binding of PIPs. Thus, we tried 
to assess the feasibility of the use of PIPs to target mtDNA muta-
tions in order to treat cancer cells. We chose HeLa cybrid cells with 
wild-type mtDNA or the MELAS A3243G mutation in the MT-TL1 
(tRNALeu(UUR)) gene as experimental models because they have the 
same nuclear DNA; thus, only difference in mtDNA mutation status 
will be illuminated. The A3243G mutation has also been reported 
to be a somatic mutation in colon cancer, renal cell carcinoma, 
renal oncocytoma, and papillary thyroid carcinoma.17-20 We tested 
here the effects of a hairpin-form pyrrole-imidazole polyamide–
triphenylphosphonium (PIP-TPP) targeting the mutation. The results 
showed that PIP-TPP (CCC-018-TPP) significantly induced apoptosis 
in HeLa cybrid cells with mutant mtDNA but not in those with wild-
type mtDNA.

2  | MATERIAL S AND METHODS

2.1 | Cells and cell culture

HeLamtHeLa (HeEB1) cells were established by reintroduction of 
HeLa mtDNA into mtDNA-less ρ0HeLa cells.21,22 HeLamtA3243G 
cells were established by fusing ρ0HeLa cells with enucleated fibro-
blasts isolated from a person with the mtDNA A3243G mutation.23 
They were obtained from Prof. J.-I. Hayashi and Prof. K. Nakada 
(Tsukuba University) and cultured in Dulbecco's modified Eagle's me-
dium (DMEM) supplemented with 0.01% pyruvate, 0.005% uridine, 1% 

penicillin/streptomycin (Sigma-Aldrich), and 10% fetal bovine serum 
(FBS). Nontumorigenic human mammary epithelial MCF10A cells 
(PromoCell) were cultured in DMEM/F12 supplemented with 5% horse 
serum, 20 ng/mL epidermal growth factor (PeproTech), 0.5 μg/mL hy-
drocortisone (Sigma-Aldrich), 100 ng/mL cholera toxin (Sigma-Aldrich), 
and 100 μg/mL recombinant insulin (Humulin R, Eli Lilly Japan).

2.2 | Synthesis of PIP-TPP conjugate (CCC-018-TPP) 
targeting the mtDNA A3243G mutation

The PIP-TPP conjugate, CCC-018-TPP, was synthesized following 
a procedure of the solid-phase peptide synthesis with an assis-
tance of a semiautomatic peptide synthesizer, PSSM-8 (Shimadzu) 
(Doc. S1). The purity of the product was determined to be >98% 
by liquid chromatography–mass spectrometry (LC-MS) as shown 
in Figure S2.

2.3 | Surface plasmon resonance (SPR) assay

The following biotin-conjugated mismatched tRNAleu-A and 
matched tRNAleu-G oligonucleotides were used: mismatched 
tRNAleu-A sequence, biotin-5’-GATGGCAGAGCCCGGTAATCGTT
TTCGATTACCGGGCTCTGCCATC-3’; matched tRNAleu-G, biotin-
5’-GATGGCAGGGCCCGGTAATCGTTTTCGATTACCGGGCCCTGC
CATC-3’ (the underlines show the sequences of interest). Each oli-
gonucleotide was annealed and used for the biosensor-SPR assay. 
The kinetic measurements of the curves of polyamide binding to 
the biotin-labeled oligonucleotides and data processing were per-
formed on a Biacore X100 system (GE HealthCare) as described 
previously.24

2.4 | Droplet digital polymerase chain reaction 
(PCR) analysis

To determine the percentage of mtDNA A3243G in 
HeLamtA3243G cybrid cells, droplet digital PCR was used. Total 
DNA was extracted from HeLamtHeLa and HeLamtA3243G cells 
using a DNeasy Blood & Tissue Kit (Qiagen). Digital PCR was per-
formed with a QX200 Droplet Digital PCR System (Bio-Rad) using 
ddPCR MUT FAM and HEX assays (Bio-Rad, Cat# 10 049 047). The 
digital PCR mixture consisted of 8 μL of nuclease-free H2O, 10 μL 
of 2x ddPCR SuperMix for Probes, 1 μL of 20x target (FAM) and 
wild-type (HEX) primers/probes, and 1 μL of sample DNA solution 
(10 ng) in a final volume of 20 μL. After droplet generation with 
the Droplet Generator, thermal cycling was carried out using the 
following thermal profile: an initial step at 95°C for 10  minutes, 
40 cycles of 94°C for 30 seconds and 55°C for 1 minute, one step 
of 98°C for 10  minutes, and a final step at 10°C. Data acquisi-
tion and analysis were performed using the Droplet Reader and 
QuantaSoft software, respectively.
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2.5 | Assessment of PIP-TPP localization in 
mitochondria

Cells treated with 10  μmol/L CCC-018-TPP for 24  hours were in-
cubated with 50 nmol/L MitoTracker Red CMXRos (Thermo Fisher 
Scientific) for 5  minutes and fixed with 4% paraformaldehyde in 
phosphate-buffered saline (PBS) for 30 minutes at room tempera-
ture. After washing with PBS, the cells were treated with 0.5% Triton 
X-100 in PBS for 4 minutes for permeabilization. Blocking of nonspe-
cific binding sites with 3% bovine serum albumin (BSA)/0.1% glycine/
PBS was performed overnight at 4°C. The cells were then incubated 
with a rabbit polyclonal anti-TPP antibody (1:200 dilution, a gift from 
Prof. M. P. Murphy, Cambridge University, UK) in PBS for 1  hour. 
After washing with PBS, the cells were incubated with Oregon Green 
488–conjugated goat anti-rabbit IgG (1:1000 dilution, Thermo Fisher 
Scientific) in PBS for 1  hour at room temperature. The cells were 
counterstained with 1 μg/mL 4',6-diamidino-2-phenylindole (DAPI) 
and then mounted in VECTASHIELD Mounting Medium (Vector 
Laboratories, Inc). The samples were observed under a confocal 
laser scanning microscope (SP8, Leica Microsystems).

2.6 | Water soluble tetrazolium salts (WST) assay

Cells (3000 cells/well) were seeded in a 96-well plate 24  hours be-
fore the assay. They were then incubated with various concentrations 
of CCC-018-TPP for 48 or 72 hours. Dimethylsulfoxide (DMSO) was 
added to the control wells at 0.1%. Cell growth was measured with a 
Cell Counting Kit-8 (Dojindo) following the manufacturer's instructions.

2.7 | Reactive oxygen species (ROS) 
production assay

Cells were treated with vehicle alone or 10  μmol/L CCC-018-TPP. 
The cells were washed once with serum-free DMEM, and then 
25 nmol/L MitoSOX Red (Thermo Fisher Scientific) was added. After 
incubation for 15 minutes at 37°C, the cells were observed under a 
confocal laser scanning microscope.

2.8 | Assessment of mitophagy

Cells treated with vehicle alone or 10  μmol/L CCC-018-TPP were 
fixed with 4% paraformaldehyde in PBS for 20  minutes, washed 
with PBS, and then permeabilized with 0.5% Triton X-100 in PBS 
for 4  minutes at room temperature. After washing with PBS, the 
cells were incubated with 3% BSA/0.1% glycine in PBS for 1 hour to 
block nonspecific binding sites. The cells were then incubated with 
a mouse monoclonal anti-cytochrome c antibody (1:100 dilution, 
Thermo Fisher Scientific) and a rabbit polyclonal anti-LC3 antibody 
(1:100 dilution, Cell Signaling Technology) for 1 hour at room tem-
perature before being incubated with Alexa Fluor 647–conjugated 

goat anti-mouse IgG (1:1000 dilution, Thermo Fisher Scientific) 
and Oregon Green 488–conjugated goat anti-rabbit IgG (1:1000 
dilution, Thermo Fisher Scientific) for 1  hour at room tempera-
ture. After washing with PBS, the nuclei were stained with 1 μg/mL 
DAPI, mounted in 1-4-diazabicyclo[2, 2,2]-octane/polyvinyl alco-
hol (DABCO/PVA) mounting medium (Sigma-Aldrich) and observed 
under a confocal laser scanning microscope.

2.9 | Mitochondrial membrane potential (JC-1) assay

Cells seeded in the wells of a 96-well plate were treated with vehicle 
alone or 10 μmol/L CCC-018-TPP for 48 hours. JC-1 assay reagent 
(10  μL) was added to each well, and the cells were incubated for 
15 minutes at 37°C. Then, the cells were observed under a confocal 
laser scanning microscope. JC-1 is predominantly a monomer that 
yields green fluorescence in cells with low mitochondrial membrane 
potential, while the dye aggregates yield red to orange fluorescence 
in cells with high mitochondrial membrane potential.

2.10 | Assessment of fragmented nuclei

HeLamtHeLa and HeLamtA3243G cells were treated with vehicle 
alone or 10 μmol/L CCC-018-TPP for 72 hours. The cells were fixed 
with 4% paraformaldehyde in PBS for 20  minutes, permeabilized 
with 0.1% Triton X-100 in PBS for 3 minutes and then stained with 
1 μg/mL DAPI. The cells were observed under a confocal laser scan-
ning microscope, and the cells with fragmented nuclei were counted.

2.11 | Cleaved caspase-3 immunostaining

HeLamtA3243G cells were treated with vehicle alone or 10 μmol/L 
CCC-018-TPP for 72 hours. The cells were fixed with 4% paraformal-
dehyde in PBS for 20 minutes, permeabilized with 0.1% Triton X-100 
in PBS for 3 minutes, and then incubated with 3% BSA/0.1% glycine 
in PBS for 1 hour. They were then incubated with a rabbit polyclonal 
anti–cleaved caspase-3 (CC3) antibody (Cell Signaling Technology) 
followed by Alexa Fluor 488–conjugated goat anti-rabbit IgG. The 
cells were counterstained with 1 μg/mL DAPI.

2.12 | Western blotting

Cells treated with CCC-018-TPP were lysed in radioimmunoprecipi-
tation assay (RIPA) buffer containing Complete Protease Inhibitor 
Cocktail (Merck) and PhosSTOP (Merck Millipore). The lysates were 
centrifuged at 10 000× g for 10 minutes at 4°C, and the supernatant 
was used for immunoblot analysis. Proteins were separated by 10% 
sodium dodecyl sulfate–polyacrylamide gel electrophoresis (SDS-
PAGE) under reducing conditions and transferred to an Immobilon-P 
transfer membrane (Merck Millipore). The membrane was blocked 
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with BLOCK ACE (DS Pharma Biomedical Co., Ltd.) or 5% BSA in TBS-T 
(150 mmol/L NaCl, 20 mmol/L Tris-HCl, pH 7.5, 0.1% Tween 20). The 
primary antibodies used were a rabbit polyclonal anti-PARP-1 anti-
body (Cell Signaling Technology), a mouse monoclonal anti-γ-H2AX 
antibody (Cell Signaling Technology), and a mouse monoclonal anti-
β-actin antibody (Santa Cruz Biotechnology). All primary antibodies 
were used at 1:1000 dilutions. The membrane was washed extensively 
with TBS-T and then incubated with the appropriate horse radish per-
oxidase (HRP)-conjugated secondary antibody (1:3000 dilution). ECL 
Plus Western Blotting Detection Reagent (Amersham Biosciences) 
was used for immunodetection. The membranes were scanned with 
a Luminoimaging Analyzer LAS4000 (GE Healthcare), and the bands 
were quantified via ImageJ software.

2.13 | Statistics

The data are presented as the mean ± SD unless otherwise speci-
fied. Statistical significance was tested using one-way ANOVA and 
Tukey's test and evaluated against a predefined level of P < .05.

3  | RESULTS

3.1 | Specificity of CCC-018-TPP targeting A3243G

We designed and synthesized CCC-018-TPP that recognizes 
eight base pairs in the mtDNA sequence containing A3243G 

(Figure 1A,B, Figure S1). SPR assays demonstrated that the binding 
affinity of CCC-018-TPP for the hairpin oligonucleotide containing 
AGGGCCC (the matched sequence) was approximately 60 times 
higher than that for the oligonucleotide containing AGGACCC (the 
mismatched oligonucleotide) (KD ± SE: 1.18 × 10−7 ± 0.5 × 10−7 vs 
6.97 × 10−6 ± 1.7 × 10−6), demonstrating its efficacy in targeting the 
A3243G mutation (Figure 1C).

3.2 | Apoptosis-inducing activity of CCC-018-TPP in 
HeLamtA3243G cells

HeLamtA3243G cells contained approximately 99.8% mutant mtDNA, 
as determined by digital PCR (Figure S3). The mitochondria in the cells 
had a swollen, fragmented structure, which was quite different from 
the structure of the mitochondria in HeLamtHeLa cells (Figure S4). 
When CCC-018-TPP was added to HeLamtA3243G cells, it localized 
in mitochondria, as assessed by costaining with an anti-TPP antibody 
and MitoTracker Red (Figure  2A), although the mitochondrial mem-
brane potential was probably low because the mutation is reported to 
reduce membrane potential.25 Time-course experiments showed that 
CCC-018-TPP was retained for at least 5 days once incorporated in the 
mitochondria, but the amount of CCC-018-TPP gradually decreased 
(Figure S5). How CCC-018-TPP was metabolized remains unclear, but 
mitophagy, a mitochondrial quality control mechanism, could play a 
role in the degradation process as described below.

We then examined the effect of CCC-018-TPP on the survival of 
HeLamtHeLa and HeLamtA3243G cells. The WST assay showed that 

F I G U R E  1   Design and synthesis of 
the pyrrole-imidazole polyamide (PIP)-
triphenylphosphonium (TPP). A, Chemical 
structure of CCC-018-TPP. The red dotted 
frame indicates TPP. B, Schematic drawing 
of the binding to double-stranded DNA 
containing A3243G. The asterisk indicated 
the position of 3243G. C, Binding 
affinity of CCC-018-TPP for mismatched 
(wild-type) and matched (mutant-type) 
oligonucleotides. The binding affinity was 
measured via surface plasmon resonance 
(SPR) assay. The blank-subtracted 
sensorgrams and KD values are shown
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CCC-018-TPP significantly inhibited the growth of HeLamtA3243G 
cells in a dose-dependent manner but did not inhibit the growth 
of HeLamtHeLa cells at less than 10  μmol/L (IC10 and IC50 for 
HeLamtHeLa and HeLamtA3243G cells were 10.0  μmol/L and 
>20 μmol/L and 1.5 μmol/L and 7.5 μmol/L, respectively) (Figure 2B). 
Microscopic observation revealed that CCC-018-TPP induced 
cell death of HeLamtA3243G cells but not of HeLamtHeLa cells 
(Figure 2C). The cell death was characterized by apoptotic blebs 26 
(Figure 2C, inset in bottom right panel). Because HeLamtHeLa and 
HeLamtA3243G cells have the same nuclear DNA, we concluded 
that the difference in sensitivity to CCC-018-TPP was due to the 
difference in mtDNA sequence. Importantly, CCC-018-TPP did not 

affect the survival of normal epithelial MCF10A cells at 10 μmol/L, 
while that of HeLamtA3243G was significantly reduced (Figure 2D).

To determine the effects of CCC-018-TPP on mitochondrial in-
tegrity, we immunostained cells treated with vehicle alone or CCC-
018-TPP for cytochrome c (Cyt c) and LC3. The results showed a 
marked increase in the number of cells with double-positive struc-
tures, which most likely represented autophagosomes containing mi-
tochondria (indicating the occurrence of mitochondrial autophagy or 
mitophagy). (Figure 3). Time-course experiments demonstrated that 
the mitochondrial localization of CCC-018-TPP occurred as early as 
1 hour after the addition. The localization was followed by enhance-
ment of mtROS production by 3 hours, as detected by MitoSOX Red, 

F I G U R E  2   Cellular localization and 
cell death–inducing activity of CCC-018-
TPP. A, Localization of CCC-018-TPP. 
HeLamtA3243G cells were treated with 
10 μmol/L CCC-018-TPP for 24 h and 
then incubated with MitoTracker Red for 
5 min. Scale bars: 25 μm. B, Cell growth–
inhibitory effect of CCC-018-TPP on 
HeLamtHeLa and HeLamtA3243G cells. 
The cybrid cells were treated with various 
concentrations of CCC-018-TPP for 48 h. 
C, Morphology of cybrid cells treated 
with DMSO or 10 μmol/L CCC-018-TPP 
for 3 d. Scale bars: 200 μm. Cell growth 
was evaluated by WST assay. The data 
are presented as the mean ± SD. D, Effect 
of CCC-018-TPP on the cybrid cells and 
MCF10A cells. Cell growth was evaluated 
by WST assay after treatment of the cells 
with 10 μmol/L CCC-018-TPP for 72 h. 
The data are presented as the mean ± SD

F I G U R E  3   Induction of mitophagy 
by CCC-018-TPP. HeLamtHeLa and 
HeLamtA3243G cells were treated with 
10 μmol/L CCC-018-TPP for 52 h. The 
cells were stained for cytochrome c (Cyt 
c) and LC3 and then counterstained with 
DAPI. Scale bars: 40 μm
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and by induction of mitophagy and nuclear fragmentation as early as 
24 hours (Figure 4). The JC-1 assay showed that CCC-018-TPP treat-
ment increased the number of green HeLamtA3243G cells compared 
with HeLamtHeLa cells, indicating decreased mitochondrial mem-
brane potential (Figure 5A). We also examined the effects of CCC-
018-TPP treatment on markers of the DNA damage response and 
apoptosis. Western blot analysis showed increases in γ-H2AX ex-
pression in HeLamtA3243G cells as early as 3 hours after CCC-118-
TPP treatment, but not in HeLamtHeLa cells (Figure 5B,C). PARP-1 
cleavage was also detected in CCC-018-treated HeLamtA3243G 
cells (Figure  5C). CCC-018-TPP reproducibly increased full-length 
PARP-1 expression in HeLamtHeLa cells, the reason for which is 
unknown. Furthermore, CCC-018-TPP increased the number of 
CC3-positive HeLamtA3243G cells (Figure 5D). Thus, CCC-018-TPP 
induced nuclear DNA damage that was probably caused by ROS and 
apoptosis in HeLamtA3243G cells.

4  | DISCUSSION

The present results demonstrated that CCC-018-TPP significantly 
inhibited cell growth and induced apoptosis of HeLamtA3243G cells 
but only slightly induced apoptosis of HeLamtHeLa cells. Because 
both HeLamtA3243G and HeLamtHeLa cells have the same nuclear 
DNA, these results indicate that this PIP-TPP conjugate exhibited its 
effects by targeting the A3243G mtDNA mutation.

Mitophagy is a process of mitochondrial quality control in which 
dysfunctional mitochondria are eliminated from a cell.27 Because 
HeLamtA3243G cells have an almost-homoplasmic A3243G muta-
tion, their mitochondria must be nearly dysfunctional. However, as 
shown by coimmunostaining for cytochrome c and TPP, the level of 
mitophagy in HeLamtA3243G cells was not very different from that 
in HeLamtHeLa cells. However, CCC-018-TPP extensively induced 
mitophagy in HeLamtA3243G cells, indicating that CCC-018-TPP af-
fected some factors that can trigger mitophagy in the cells. One such 
factor may be mtROS. ROS play an important role in inducing auto-
phagy in cells,28,29 although exactly how ROS regulate autophagy is 
unknown. Controlled mitophagy functions as a defense mechanism 
against mitochondrial dysfunction, but extensive mitophagy induces 
cell death. mtROS oxidize mitochondrial proteins and lipids and con-
tribute to opening of the mitochondrial permeability transition pore 
(mPTP), from which cytochrome c is released; cytochrome c release 
in turn triggers the apoptotic pathway.30 In fact, CCC-018-TPP in-
duced the formation of plasma membrane blebs that were probably 
apoptotic bodies, further lowered mitochondrial membrane poten-
tial, increased the number of CC3-positive cells, and induced nuclear 
fragmentation. However, at present, it is unclear how CCC-018-TPP 
enhanced mtROS production. It has been reported that cell lines 
harboring the nearly homoplasmic A3243G mutation exhibit 70%-
75% reductions in the levels of aminoacylated tRNALeu(UUR) and 
decreases in the mitochondrial protein synthesis rate.31 A3243G 
causes a respiratory defect mainly due to a deficiency of complex 

F I G U R E  4   Time course of CCC-018-TPP uptake, mtROS production, mitophagy, and induction of nuclear fragmentation in 
HeLamtA3243G cells. The cells were treated with 10 μmol/L CCC-018-TPP for the times indicated. For detection of CCC-018-TPP uptake 
or mitophagy, cells were fixed and then immunostained for cytochrome c (Cyt c) and triphenylphosphonium (TPP) or Cyt c and LC3, 
respectively. For detection of mtROS production, cells were incubated with MitoSOX Red. For detection of fragmented nuclei, cells in glass-
bottom culture dishes were fixed, permeabilized, and then incubated with DAPI. The percentage of the cells with fragmented nuclei was 
determined using confocal laser microscopy images (n = 3, 5, 5, and 5 images for 0, 24, 48, and 72 h, respectively). The arrows indicate cells 
with fragmented nuclei. The data are presented as the mean ± SD. Scale bars: 50 μm
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I activity, a reduction in the O2 consumption rate to 21%-46%, and 
a reduction in ATP synthase activity of up to 21%.25 It also stimu-
lates ROS production.32,33 These reports suggest that residual mito-
chondrial respiration was still occurring in HeLamtA3243G cells. It is 
possible that CCC-018-TPP might block mtDNA replication and/or 
tRNALeu(UUR) transcription in the cells and thereby further suppress 
respiratory chain function, causing mtROS overproduction, although 
this possibility should be examined in the future. The involvement 
of mtROS in an initial step may be supported by the time-course 
experiments, in which ROS overproduction was first observed after 
CCC-018-TPP entered mitochondria. The ROS overproduction 
was followed by mitophagy and apoptotic cell death. Generated 

mitochondrial superoxide is converted to membrane-permeant hy-
drogen peroxide, which in turn may cross the nuclear membrane and 
damage nuclear DNA.34 This may be the mechanism by which CCC-
018-TPP increased γ-H2AX expression because time-course exper-
iments showed that an increase in mtROS production was almost in 
parallel to that in γ-H2AX expression.

In summary, using cybrid cells harboring the MELAS A3243G 
mutation, which is also detected in neoplastic cells,17-20 as a model, 
we showed, for the first time, the feasibility of the use of an mtDNA 
mutation–targeting PIP-TPP to kill cancer cells with the mutation. 
We and others have found many homoplasmic somatic mutations 
in mtDNA in human cancers and human cancer cell lines.4,35,36 

F I G U R E  5   Apoptosis induction 
and expression of DNA damage– and 
apoptosis-related genes. A, JC-1 assay. 
HeLamtHeLa and HeLamtA3243G 
cells were treated with 10 μmol/L 
CCC-018-TPP for 48 h. Green and red 
fluorescence in cells indicate low and 
high mitochondrial membrane potential, 
respectively. Scale bars: 200 μm. B, 
Time-course experiments of γ-H2AX 
expression after CCC-018-TPP treatment. 
HeLamtA3243G cells were treated with 
20 μmol/L CCC-018-TPP for the indicated 
times. C, Western blot analysis of γ-
H2AX expression and PARP-1 cleavage. 
HeLamtHeLa and HeLamtA3243G cells 
were treated with 20 μmol/L CCC-018-
TPP for 4 d. D, CC3 immunostaining. 
HeLamtA3243G cells were treated 
with 10 μmol/L CCC-018-TPP for 3 d. 
After immunostaining for CC3, the cells 
were counterstained with DAPI and the 
percentage of CC3-positive cells was 
determined. The data are presented as the 
mean ± SD. Scale bars: 50 μm
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Therefore, discovery of cancer-specific mtDNA mutations in a pa-
tient followed by design and synthesis of a PIP-TPP targeting the 
mutations could be steps to advance precision cancer medicine. 
Further studies on the use of PIP-TPPs to target cancer-specific mu-
tations are warranted in the future.
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