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The majority of cancer cells harbor homoplasmic somatic mutations
in the mitochondrial genome. We show here that mutations in
mitochondrial DNA (mtDNA) are responsible for anticancer drug
tolerance. We constructed several trans-mitochondrial hybrids
(cybrids) with mtDNA derived from human pancreas cancer cell lines
CFPAC-1 and CAPAN-2 as well as from healthy individuals. These
cybrids contained the different mitochondrial genomes with the
common nuclear background. We compared the mutant and wild-
type cybrids for resistance against an apoptosis-inducing reagent
and anticancer drugs by exposing the cybrids to staurosporine, 5-
fluorouracil, and cisplatin in vitro, and found that all mutant cybrids
were more resistant to the apoptosis-inducing and anticancer drugs
than wild-type cybrids. Next, we transplanted mutant and wild-
type cybrids into nude mice to generate tumors. Tumors derived
from mutant cybrids were more resistant than those from wild-type
cybrids in suppressing tumor growth and inducing massive
apoptosis when 5-fluorouracil and cisplatin were administered. To
confirm the tolerance of mutant cybrids to anticancer drugs, we
transplanted a mixture of mutant and wild-type cybrids at a 1:1
ratio into nude mice and examined the effect by the drugs on the
drift of the ratio of mutant and wild-type mtDNA. The mutant
mtDNA showed better survival, indicating that mutant cybrids were
more resistant to the anticancer drugs. Thus, we propose that
mutations in the mitochondrial genome are potential targets for
prognosis in the administration of anticancer drugs to cancer
patients. (Cancer Sci 2009; 100: 1680–1687)

Many studies have reported various somatic mutations in
mitochondrial DNA (mtDNA) in cancer cells.(1–3) Around

70% of cancer harbors somatic mutant mtDNA,(4,5) and preferential
accumulation of somatic mutations in tumor mtDNAs contributes
to tumor growth(6,7) and regulates tumor cell metastasis.(8) Further-
more, chemoresistant leukemias with more mutant mtDNA
survived after chemotherapy.(9) Alternatively, mtDNA mutations
have been examined as clinical markers in the proliferation and
infiltration of cancer.(10–15)

Most anticancer drugs, including 5-fluorouracil (5FU) and
cisplatin (CDDP) induce apoptosis,(16–18) and it has been well
established that mitochondria play an important role in apoptosis
regulation.(19,20) In the previous study, we showed that pathogenic
mtDNA mutations derived from patients with mitochondrial
encephalopathy suppress apoptosis induced by cisplatin;(6)

however, it is critical to investigate the role of mutant mtDNA
derived from human cancer cells. In this study, we used human
pancreatic cancer cell lines CFPAC-1 and CAPAN-2(21) as donors
of mutant mtDNA. Here, we constructed trans-mitochondrial
hybrids containing mutant mtDNAs derived from the human
pancreatic cancer cell lines with the common nuclear background
and show that the mutant cybrids are more resistant to stau-
rosporine (STS), 5FU, and CDDP than wild-type cybrids con-
taining mtDNAs derived from healthy individuals.

Materials and Methods

Cells and cell cultures. The cells used in this study were as
follows: EB8 cells(22) which were derived from the 8-azaguanine-
resistant HeLa cell line and completely lack mtDNA; two human
pancreas cancer cells, CFPAC-1 and CAPAN-2;(21) and two wild-
type cybrids carrying normal mtDNA, 9 W and A2,(6) which
were constructed by transferring of mitochondria prepared from
two different healthy individuals into EB8 cells. CFPAC-1 and
CAPAN-2 were obtained from the American Type Culture
Collection (Manassas, VA, USA). CFPAC-1 has four mtDNA
mutations (T10970C [Trp to Arg] in the ND4 gene, T8696C
[Met to Thr], T9070G [Ser to Ala] in the ATP-6 gene, and
A2905G in the 16S rRNA gene); CAPAN-2 has two mtDNA
mutations (G6267A [Ala to Thr] in the COI gene, and G10176A
[Gly to Ser] in the ND3 gene).(21) All cells, including the cybrids
described below, were cultured in Dulbeco’s modified Eagle’s
medium: Nutrient Mixture F-12 (DMEM/F-12; Invitrogen
Corp.-Gibco, Carlsbad, CA, USA) supplemented with 10% fetal
bovine serum (FBS).

Construction of cybrids. The construction method of cybrids
was reported previously.(22,23) Briefly, pancreas cancer cell lines
were treated with cytochalasin B (10 μg/mL; Sigma-Aldrich,
Milwaukee, WI, USA) for enucleation. The enucleated cells
were fused with EB8 cells with polyethyleneglycol HYBRIMAX
(Sigma-Aldrich). Cybrids were selected in selection medium
RPMI-1640 (Invitrogen Corp.-Gibco), where the medium lacks
glucose and contains 8-azaguanine (1 mg/L). Randomly, two
clones were selected and designated Cmt15-3 and Cmt15-8 from
CFPAC-1, and two clones, designated Cmt4-4 and Cmt4-7, from
CAPAN2. The nucleotide sequences were confirmed after
establishment of the clones.

Characterization of mitochondria. Membrane potential and O2
consumption were measured according to the previous study.(24,25)

Cell cycle and Sub-G1 analysis. Cells were harvested and fixed
with 70% ethanol for 30 min. The cells were treated with
RNaseA (10 μg/mL) at 37°C for 20 min. The cells were stained
with propidium iodide (PI; 1 μM) for 15 min. Approximately
1000 cells were analyzed with a flow cytometer, EPICS Elite
ESP (Beckman Coulter Inc., Fullerton, CA, USA).

Tumor-bearing mouse model and anticancer treatment. Male BALB/
c-nu/nu nude mice (8 weeks old; Japan SLC, Hamamatsu,
Shizuoka, Japan) were used. On day 0, cells (1 × 106 cells in
100-μL saline) were subcutaneously (s.c.) injected into mice.
An anticancer drug, 5-fluorouracil (5FU) (50 mg/kg; KYOWA,
Tokyo, Japan) or cisplatin (CDDP) (10 mg/kg; Bristol-Myers
Squibb, New York, NY, USA) was intraperitoneally (i.p.)
injected into the mice on days 2, 4, and 6, consecutively, unless
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otherwise stated. Tumor tissue was removed from the mice on
the indicated days and analyzed as mentioned below. The tumor
was measured using a caliper, and tumor volume was calculated
using the formula a2b/2, where a and b are the shorter and
longer diameters of the tumor, respectively.(6) After the tissues
were fixed, paraffin-embedded sections (5 μm) were prepared
from the tissues, and subjected to hematoxylin–eosin (H&E)
staining. To determine the area of oncogenic necrosis, TUNEL
staining (Molecular Probes, Invitrogen Corp., Carlsbad, CA,
USA) was used, followed by hematoxylin counterstaining.
Animals were housed and maintained under a 12-h light–dark
cycle, with ad libitum access to food and water. All experiments
were performed in accordance with the guidelines of the Animal
Use Ethics Committee of Nippon Medical School.

Detection of mutant mtDNA using mismatch PCR primers. To mea-
sure the ratio of wild-type and mutant mtDNA, PCR was
performed using a set of mismatch primers. For mtDNA
originating from CFPAC-1, the combination of F-CFPAC, 5′-
acctaattgg aagcgccacc ctagcgata-3′, corresponding to nucleotide
position (np) 9041 to 9069 (revised Cambridge Reference
Sequence), and R-CFPAC, 5′-cgtgcaggtagaggcttactagaagtgtg-3′,
corresponding to np 9196 to 9168, was used, in which the
former had one mismatched nucleotide (italicized nucleotide) to
generate an EcoR V site (5′-gatatc-3′) in the PCR products of
CFPAC-1-originated mtDNA due to a mutation of T9070G.
Restriction enzyme EcoR V can cleave the PCR products (156-bp)
of wild type mtDNA but not CFPAC-1-originated mtDNA.
Similarly, for CAPAN2-originated mtDNA, the combination
of F-CAPAN, 5′-gaaaaatccaccccttacgactgc-3′, corresponding
nucleotide position (np) 10152 to 10175, and R-CAPAN, 5′-
gtttgtagggctcatggtaggggtaa-3′, corresponding to np 10300 to
10275, was used, in which the former had one mismatched
nucleotide (italicized nucleotide) to generate a Pst I site (5′-
ctgcat-3′) in the PCR products of CAPAN2-originated mtDNA
due to a mutation of G10176A. Restriction enzyme Pst I can
cleave the PCR products (149-bp) of CAPAN2-originated
mtDNA but not wild-type. PCR products were treated with
EcoR V for CFPAN-1-derived mtDNA or Pst I for CAPAN2-
derived mtDNA.

Change of ratio of mtDNAs between mutant and wild-type
cybrids. To compare tumor growth in vivo, a mutant cybrid,
Cmt15-3 or Cmt4-4 (106 cells in 100 μL saline), was mixed with
a wild-type cybrid, A2 or 9 W (1 × 106 cells in 100 μL saline)
and s.c. injected into mice. The tumor was removed at the
indicated time-points from tumor-bearing mice treated with
anticancer drugs, as mentioned above. Total DNA was prepared
from the tumor tissue using the QIAamp DNA Mini Kit (Qiagen,
Hilden, Germany). The ratio of mutant and wild-type mtDNA
was estimated by mismatch PCR analysis as mentioned above.
To compare cell growth in vitro, two kinds of cybrids were
cocultured, and the ratio of mutant mtDNA with wild-type mtDNA
was obtained as above.

Results

Mutant cybrids grow more slowly than wild-type cybrids. It is
essential to investigate the role of mtDNA under the common
nuclear background. Thus, we established four cybrid clones,
Cmt15-3 and Cmt15-8 from a pancreatic cancer cell line CFPAC-1,
and Cmt4-4 and Cmt4-7 from CAPAN2 cells, where the nucleus
is common. First, we found that mutant cybrids grow more
slowly than wild-type ones (Fig. 1a). Moreover, when two kind
cybrids were cocultured, mutant mtDNAs had a disadvantage in
relative increase (Fig. 1b).

Mitochondrial activity of cybrids. Next, we examined whether
mutant mtDNA affects mitochondrial activity. Mitochondrial
membrane potential (ΔΨm) of mutant cybrids (Cmt15-3, Cmt15-
8, Cmt4-4, and Cmt4-7) tended to be higher than wild-type

cybrids (A2 and 9 W), and O2 consumption of the mutant
cybrids tended to be slower than the wild-type cybrids; however,
these changes were not significant (Fig. 2).

In vitro resistance of mutant cybrids to anticancer drugs. Mito-
chondrial functions are involved in apoptosis regulation,(19) and
anticancer drugs 5FU and CDDP are known to induce
apoptosis.(16,17) STS is widely used as a typical inducer of
apoptosis, which is characterized by cytochrome (cyt.) c release
from mitochondria to the cytosol as well as nuclear morphological
changes (nuclear chromatin condensation and nuclear fragment-
ation). In wild-type cybrids (A2 and 9 W), STS treatment (1 μM)
decreased the rate of normal nuclear morphology and increased
the rate of apoptotic nuclear morphology with time (Fig. 3a,b).
In contrast, only 10–20% of the mutant cybrids exhibited
apoptotic nuclear morphology 3 and 5 h after STS treatment.
Apoptotic nuclear morphology increased in a STS concentration-
dependent manner, where the rate of apoptotic nuclear
morphology in Cmt15-3 cells was around a half of that in A2
cells in the range of 0.5 to 1 μM (Fig. 3c). The Sub-G1 popu-
lations were examined to estimate nuclear DNA fragmentation
during apoptosis. STS treatment increased the Sub-G1 populations
more greatly in wild-type cybrids than in mutant cybrids (Fig. 4).
Notably, an inhibitor of cytchrome c oxidase, sodium azide,
significantly prevented the increase in the Sub-G1 population of
wild-type cybrids with STS (data not shown), suggesting that
respiratory chain activity is involved in STS-induced apoptosis.
Furthermore, we investigated cyt. c release from mitochondria
by immunostaining. Most cells with no treatment with STS
showed great mitochondria membrane potential (ΔΨm:

Fig. 1. Cell growth of cybrids. (a) Cybrids (A2 or Cmt15-3) were plated
in 24-well dishes and the cell number was counted at indicated times.
(b) Two kinds of cybrids were cocultured and the ratios of mutant
versus wild-type mitochondrial DNA (mtDNA) were examined as
described in ‘Materials and Methods’.
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MitoTracker Red) and cyt. c (green) was co-located with
mitochondria (Fig. 5a upper panels). Four hours after treatment
with STS, most cells of wild-type cybrid A2 lost ΔΨm (loss of
MitoTracker Red staining) and were diffusely stained with anti-
cyt. c antibody (Fig. 5a), indicating cyt. c release to the cytosol
(Fig. 5b). In contrast, Cmt15-3 and Cm4-4 maintained their
mitochondrial membrane potential and co-localization of cyt. c
(Fig. 5a lower panels and b). These results clearly indicate
that mtDNA mutations of Cmt4-4 and Cmt15-3 inhibit cyt.
c-dependent apoptosis.

The chemoresistance of mutant cybrids to commonly used
anticancer drugs 5FU (10 μg/mL) and CDDP (2 μg/mL) was
examined. The mutant cybrids exhibited significantly higher
survival rates than wild-type cybrids (Fig. 6). It is noted that
5FU and CDDP induced typical apoptotic nuclear morphology
in many cells of wild-type cybrids, compared with mutant
cybrids, as described in the STS treatment above (images not
shown). In addition, CDDP (2 μg/mL) significantly increased
the Sub-G1 population of A2, but not that of Cmt4-4.

Taken together, the mtDNA mutations derived from CFPAC-
1 and CAPAN2 contribute to the resistance of mutant cybrids to
STS, 5FU, and CDDP by inhibiting apoptosis, according to in
vitro experiments.

In vivo resistance of mutant cybrids to anticancer drugs. Next, we
addressed whether mutant cybrids transplanted into mice also
exhibit chemoresistance to anticancer drugs. Cells A2, 9 W,

Fig. 2. Membrane potential and oxygen consumption. (a) Membrane
potential. Cells cultured in complete medium without anticancer drugs
were stained with MitoTracker Red. After harvesting by trypsin
treatment, approximately 10 000 cells were analyzed by flow
cytometry. Means of MitoTracker Red intensity are shown with SD
(vertical bars). (b) Oxygen consumption. Cells cultured in complete
medium without anticancer drugs were harvested by trypsin treatment.
The cells were suspended in complete medium to measure oxygen
consumption using an oxygen meter. Means of three independent
experiments are shown with SD (vertical bars).

Fig. 3. Mutant mitochondrial DNAs (mtDNAs) inhibited staurosporine
(STS)-induced nuclear apoptosis. Cells (1 × 106 in a 6-cm dish) were
incubated in complete medium containing STS (1 μM) for 1, 3, and 5 h
and stained with Hoechst 33342 (1 μg/mL; Takara Bio, Shiga, Japan) and
propidium iodide (PI), and then imaged with a fluoromicroscope. (a)
Representative images after 5-h incubation. Many nuclei of wild-type
cybrids exhibited typical morphologies, nuclear fragmentation, and
chromatin condensation (white arrows). Bars: 10 μm. (b) Ratio of normal
nucleus. Apoptotic and dead cells were determined by nuclear morphology
(condensation or fragmentation) under a fluorescence microscope.(26) A total
of 300 to 400 cells per experiment were examined to obtain the ratio of
normal nuclei to total nuclei. Means of three independent experiments
are shown with SD (vertical bars). *P < 0.01. (c) Cmt15-3 and A2 cells were
incubated in complete medium containing the indicated concentration
of STS for 5 h. Cells were stained with Hoechst 33342 and PI to count
apoptotic nucleus, as mentioned above. A total of 300 to 400 cells per
experiment were examined to obtain the ratio of apoptotic nuclei to
total nuclei. Means of five independent experiments are shown with SD
(vertical bars). *P < 0.05.
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Cmt15-3, or Cmt4-4 (1 × 106 cells in 100 μL saline), were s.c.
injected into mice (day 0), and the mice were administered
saline (control) or 5FU on days 2, 4, and 6. On day 7, the tumor
tissues were removed and fixed to measure the tumor (Fig. 7).
When 5FU was not administered, the tumor volume of Cmt15-3
and Cmt4-4 increased to almost the same extent (around 10 mm3)
as those of A2 and 9 W; 5FU administration clearly reduced
the tumor volumes of A2 and 9 W. On the other hand, 5FU
administration was less effective at reducing the tumor volumes
of Cmt15-3 and Cmt4-4. CDDP resistance was also patho-
histologically examined by TUNEL staining.(27,28) As CDDP
exhibited stronger anticancer activity, CDDP was administered
once on day 6 after the cells were injected. On day 7, tumor
tissues were fixed and stained by the TUNEL method to examine

Fig. 4. Mutant mitochondrial DNAs (mtDNAs) inhibited staurosporine
(STS)-induced nuclear DNA fragmentation. Cells were incubated in
complete medium containing STS (0.5 μM) for 6 h. The cells were
harvested and stained with propidium iodide (PI), followed by flow
cytometry. (a) Representative charts are presented. (b) Means of the
Sub-G1 population obtained from three independent experiments
(around 10 000 cells/experiment) are shown with SD (vertical bars).
*P < 0.05; **P < 0.01, versus A2; #P < 0.05, versus 9 W.

Fig. 5. Mutant mitochondrial DNAs (mtDNAs) inhibited cytochrome
(cyt.) c release. Cells were incubated in complete medium with or
without staurosporine (STS) (0.5 μM) for 4 h and then treated with
MitoTracker Red (red). After fixing, permeabilizing and blocking, the
cells were treated with anti-cyt. c mouse monoclonal antibody (250-
dilution; Promega, Madison, WI, USA), followed by incubation with
antimouse IgG BODIPY (green) as a secondary antibody as described.(24)

The cells were imaged with a confocal laser scanning microscope. (a)
Upper panels: representative images of cells without STS treatment at
high magnification. Lower panels: representative overlaid images of
cells with STS treatment. Cells exhibiting cyt. c release were diffusely
stained green. In contrast, cells without cyt. c release were stained
yellow (overlay of green and red) Bar: 50 μm. (b) Population of cells
exhibiting cyt. c release. Approximately 300 cells per experiment were
examined to obtain the ratio of cells exhibiting cyt. c release to the
total cell number. Means of the ratio from three independent
experiments are shown with SD (vertical bars). Bar: 100 μm. *P < 0.05,
**P < 0.001, versus A2; #P < 0.001, versus 9 W.
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massive cell death (Fig. 8). When CDDP was not administered,
the massive death was observed in around 10% of the tumor
tissue area, regardless of mutant or wild-type cybrids. CDDP
administration significantly increased the area of massive cell
death, regardless of mutant or wild-type cybrids; however, the
massive cell death areas of Cmt15-3 and Cmt4-4 were more
greatly reduced than those of A2 and 9 W. These results strongly
suggested that Cmt15-3 and Cmt4-4 are resistant to 5FU and
CDDP in vivo as well as in vitro.

To exclude the possibility that individual physiological and/or
pathological differences among the mice used above may affect
chemoresistance, the mixture of the same cell number of
Cmt15-3 and A2 or Cmt4-4 and 9 W was co-injected into mice
(day 0). 5FU or CDDP was administered every second day. The
tumor tissues were removed on day 7 for 5FU and on day 5 for
CDDP to prepare total DNA. When 5FU or CDDP was not
administered, the ratio of mutant mtDNA was reduced, compared
with on day 0, suggesting that wild-type cybrids grow faster
than mutant cybrids in tumor tissue (Fig. 9a). On the other hand,
when 5FU or CDDP was administered, the mtDNA contents did
not decrease to the same levels as those without drug adminis-
tration, although there was no significant difference between
co-injections of Cmt4-4/9 W with or without CDDP treatment
(Fig. 9b,c). It was confirmed that the ratio of mtDNA to nuclear
DNA in each cybrid used here was unchanged during the experi-
ments, regardless of whether the cell grew in tumor tissue or
in vitro culture, by Southern blot analysis (data not shown).

These results clearly demonstrate that Cmt15-3 and Cmt4-4
are resistant to 5FU and CDDP, and survive anticancer drug
administration.

Discussion

This study presents evidence that mtDNA mutations derived from
human tumors contribute to chemoresistance against anticancer
drugs in vivo as well as in vitro. It has been reported that various
mtDNA mutations frequently occur in human cancer cells,(1–5,29–32)

which has led many researchers to investigate whether, what, or
how mtDNA mutations contribute to tumorigenicity, tumor
promotion,(33–36) and tumor metastasis.(8,12,34) Various mutations
of nuclear DNA also occur in cancer cells. To exclude any
contributions of nuclear DNA mutations, we constructed cybrids
containing a common HeLa-derived nucleus and mtDNA of
interest to investigate the role of mtDNA.(6,37)

In the previous study, we showed that two different pathogenic
MTATP6 mutations contribute to the promotion of tumors by
preventing apoptosis, using the cybrid technique;(6) however, the
study had a shortcoming that the mutant mtDNA was derived
from patients with mitochondrial encephalopathy. In this study,
we used mtDNA derived from two human pancreatic cancer cell
lines. There is a discrepancy in cell growth between the previous
and present study. The MTATP6 mutant cybrids apparently grow

Fig. 6. Mutant mitochondrial DNAs (mtDNAs) inhibited nuclear
apoptosis induced with 5-fluorouracil (5FU) and cisplatin (CDDP). Cells
were incubated in complete medium containing 5FU or CDDP for the
indicated periods. Cells were stained with Hoechst 33342 and
propidium iodide (PI) and imaged with a fluoromicroscope.
Approximately 400 cells per experiment were examined to obtain the
ratio of normal nuclei to total nuclei. Means of five independent
experiments are shown with SD (vertical bars). *P < 0.001. (a) 5FU: 10
μg/mL. (b) CDDP: 2 μg/mL.

Fig. 7. 5-Fluorouracil (5FU) could not decrease the tumor volume of
mutant cybrids. On day 0, cells were s.c. injected into nude mice. 5FU
(50 mg/kg) was i.p. injected into mice every second day. On day 7,
tumor tissue was removed to determine tumor volume, followed by
H&E staining. (a) Representative H&E-stained tumor sections. Bars:
1 mm (b) Tumor volume. Tumor-bearing nude mice (n = 3 each
experimental group) were treated with or without 5FU as described
above. On day 7, tumor volumes were measured. Means of tumor
volume are shown with SD (vertical bars). *P < 0.05; n.s., not significant.
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faster than wild types, probably because spontaneous apoptosis
of wild-type cybrids overcomes a proliferation advantage.
Conversely, the cybrids with the pancereatc cancer mtDNAs
apparently grow more slowly than wild types, probably because
the stronger pathogenicity of the pancreatic cancer mtDNAs
may directly reflect the cell growth. These findings suggest the
chemoresistance influenced by mtDNA does not depend upon
the proliferation speed.

The pancreatic cancer cells used in this study had several
mutations, which are of unknown significance. T10970C mutation
in the ND4 gene (CFPAC-1) causes an amino acid change
W71R, where 71 W is conserved in all mammalian species listed
in the mtSNP database (http://mtsnp.tmig.or.jp/mtsnp/index.shtml),
including in platypuses, whales, rodents, and humans. Similarly,
T8696C in the ATP-6 gene (CFPAC-1) also changes Met to Thr
at amino acid residue 57, where 57 M is well conserved in the
mammalian species listed in the mtSNP database. The other
mutations of CFPAC-1, T9070G (S182A) in the ATP-6 gene,
and A2905G in the 16S rRNA gene, are polymorphisms; the
amino acid residue 182S of ATP-6 is not evolutionally conserved
(mtSNP database). For CAPAN-2, the G6267A mutation in the
COI gene is polymorphic, and leads to an amino acid change

A122T; however, this amino acid residue 122 A is evolutionally
conserved (mtSNP database). Another mutation, G10176A, in the
ND3 gene causes an amino acid change G40S and is absolutely
conserved in mammalian species (mtSNP database). Therefore,
the mitochondrial functions of CFPA-1 and CAPAN-2 cells
were suggested to be impaired, because evolutionally conserved

Fig. 8. Massive apoptotic death induced cisplatin (CDDP) is reduced in
mutant cybrid-derived tumor. On day 0, cells were s.c. injected into
mice. CDDP (10 mg/kg) was i.p. injected into the mice on day 6. On day 7,
tumor tissue was removed from the mice to prepare paraffin-
embedded sections. To determine the area of massive apoptosis, TUNEL
staining (brown) was performed, followed by hematoxylin
counterstaining (purple). (a) Representative stained sections. The
TUNEL-positive area (asterisks) surrounded with growing tumor cells
(purple), indicated massive apoptosis. Bars: 1 mm. (b) Massive apoptotic
area. Tumor-bearing nude mice (n = 3 each experimental group) were
treated with or without CDDP as described above. Paraffin-embedded
sections with the maximum tumor area (one section/mouse) were used
to calculate the areas of tumor tissue and massive apoptosis by NIH
IMAGE software. Means of the ratio of massive apoptotic area to
tumor tissue area are shown with SD (vertical bars). *P < 0.05,
**P < 0.001, versus A2 with CDDP; #P < 0.001, versus 9 W with CDDP.

Fig. 9. Mutant mitochondrial DNA (mtDNA) content in tumor tissues
using mismatch PCR primers. Cmt15-3 and A2 cells, or Cmt-4-4 and 9 W
cells, were mixed with the same cell number and s.c. co-injected into
nude mice (n = 3 each experimental group) on day 0. (a) Without
anticancer drug treatment, the ratios of mutant mtDNA versus wild
type were followed. (b) For 5-fluorouracil (5FU), 5FU (50 mg/kg) was i.p.
administered on days 2, 4, and 6, and tumor tissues were removed on
day 7 to prepare total DNA. (c) For cisplatin (CDDP), CDDP (10 mg/kg)
was i.p. administered on days 2 and 4, and tumor tissues were removed
on day 5 to prepare total DNA. DNA was amplified using a combination
of primers, F-CFPAC and R-CFPAC, for co-injection of Cmt15-3 and A2
cells, or F-CAPAN and R-CAPAN for co-injection of Cmt-4-4 and 9 W.
After digestion with a restriction enzyme, EcoR V or Pst I, PCR products
were subjected to polyacrylamide gel electrophoresis and stained with
SYBER Green. The stained gels were imaged with a fluoroimage
analyzer. Fluorescent intensity of the stained DNA fragments was
quantified with NIH IMAGE software to obtain the content ratio of
mutant-type mtDNA to wild-type mtDNA. Means of three independent
experiments are shown with SD (vertical bars). n.s., not significant.

http://mtsnp.tmig.or.jp/mtsnp/index.shtml
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amino acids are usually expected to be functionally important.
Notably, an inhibitor of cytchrome c oxidase, sodium azide, sig-
nificantly prevented STS-induced apoptosis (data not shown).
Taken together, it is suggested that defects in respiratory chain
activity seem to be primarily involved in chemoresistance.
Unexpectedly, we could find no significant change in ΔΨm,
oxygen consumption, and cell cycle distribution when mutant
cybrids were compared with wild-type cybrids.(6) The small
changes caused only growth defects under normal condition in
vitro and in vivo.

Mutant cybrids were shown to be resistant to anticancer
drugs. Cell death induced by STS, 5FU, and CDDP was charac-
terized based on nuclear morphology, the Sub-G1 fraction and
cyt. c release. The mutant cybrids apparently exhibited potential
anti-apoptotic activity against anticancer drugs. Various mecha-
nisms, including drug uptake, efflux, metabolism, target, and
apoptosis,(37–39) have been shown to be involved in acquiring
chemoresistance.

mtDNA mutations can alter nuclear gene expressions of
apoptosis-associated proteins.(40–46) Importantly, it was recently
shown that the mitochondrial respiratory chain modulates
apoptosis.(47–50) As far as we examined, we found no significant
difference in ROS production between mutant and wild-type
cybrids (data not shown). It is clear that further studies are
required to investigate the mechanisms of how these mtDNA
mutations contribute to chemoresistance.

In conclusion, our results demonstrate that mtDNA mutations
can confer chemoresistance on cancer cells. It is important to
investigate (i) which mutations of mtDNA identified in cancer
cells are involved in the acquisition of chemoresistance to which
anticancer drugs; and (ii) to what extent mtDNA mutations
contributes to chemoresistance. Drug resistance is a major
obstacle in cancer chemotherapy. The identification of mutations
responsible for chemoresistance would be helpful to predict the
drug response of tumors before choosing effective treatment
options for each patient.
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