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Mitochondrial alteration has been long proposed to play a major role in tumorigenesis. Recently, mitochondrial
DNA (mtDNA) mutations have been found in a variety of cancer cells. In this study, we examined the contribution
of mtDNA mutation and mitochondrial dysfunction in tumorigenesis first using human cell lines carrying a frame-
shift at NADH dehydrogenase (respiratory complex I) subunit 5 gene (ND5); the same homoplasmic mutation was
also identified in a human colorectal cancer cell line earlier. With increasing mutant ND5 mtDNA content, respir-
atory function including oxygen consumption and ATP generation through oxidative phosphorylation declined
progressively, while lactate production and dependence on glucose increased. Interestingly, the reactive
oxygen species (ROS) levels and apoptosis exhibited antagonistic pleiotropy associated with mitochondrial
defects. Furthermore, the anchorage-dependence phenotype and tumor-forming capacity of cells carrying
wild-type and mutant mtDNA were tested by growth assay in soft agar and subcutaneous implantation of the
cells in nude mice. Surprisingly, the cell line carrying the heteroplasmic ND5 mtDNA mutation showed signifi-
cantly enhanced tumor growth, while cells with homoplasmic form of the same mutation inhibited tumor for-
mation. Similar results were obtained from the analysis of a series of mouse cell lines carrying a nonsense
mutation at ND5 gene. Our results indicate that the mtDNA mutations might play an important role in the early
stage of cancer development, possibly through alteration of ROS generation and apoptosis.

INTRODUCTION

In 1956, Warburg proposed that one of the important contri-
buting factors to carcinogenesis was the alteration of oxidative
phosphorylation owing to injured mitochondria (1). Since
then, changes in the number, shape and function of mitochon-
dria have been reported in various cancers (2). The switch of
ATP production from mitochondrial oxidative phosphoryl-
ation to glycolysis has been suggested to be a marker of
tumor development (3). Furthermore, mitochondrial dysfunc-
tion has been shown to initiate critical signaling pathways

that regulate cell growth (4,5), and nuclear-encoded subunits
of mitochondrial complex II have been reported as tumor-
suppressor genes involved in hereditary paraganglioma (6,7).
Recently, mtDNA mutations have been reported in various
tumors (8–11). However, the functional significance of these
mutations on tumorigenesis is still under debate (10,12).

Based on the resistance to a respiration inhibitor, rotenone, an
efficient approach to isolate mtDNA mutations resulting in
defective mitochondrial oxidative phosphorylation has been
developed (13,14). In such selective conditions, cells are
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adapted to rely on the glycolysis for ATP production (15,16),
which creates a bioenergetic condition similar to cancer devel-
opment. Analyzing these rotenone-resistant clones has led to
the isolation and characterization of cell lines carrying homo-
plasmic and heteroplasmic mtDNA mutations with defective
oxidative phosphorylation activity (14,17). Among them, C8T
and C9T cells carried a frame-shift mutation in the human
ND5 gene at heteroplasmic (72% mutant) and near homoplas-
mic level (14). This mutation disrupted the synthesis of ND5
subunit. The NADH dehydrogenase activity and the assembly
of the mtDNA-encoded subunits of complex I were also dis-
rupted in these mutant cells (14). Interestingly, this mutation
is identical to one found in colorectal cancer cell lines (18).
Similarly, a series of mouse cell lines derived from a mutant iso-
lated in this approach have also been obtained, carrying different
content of a ND5 nonsense mutation (16).

In this study, we utilized both the human and mouse cells
isolated in vitro to test the influence of heteroplasmic and
homoplasmic ND5 mutations on tumorigenesis with in vitro
colony forming in soft agar assay and in vivo tumor forming
assay with nude mice. We also analyzed the underlying mol-
ecular mechanisms by studying the reactive oxygen species
(ROS) generation and the apoptotic reaction associated with
the altered mitochondrial function. Our data suggest that
mtDNA mutations might play an important role in cancer
development.

RESULTS

To explore the role of mtDNA mutations in tumorigenesis, we
used C8T and C9T cybrids along with a human osteosarcoma
cell line 143B as control. Originally, human VA2B cells were
exposed to increasing concentrations of complex I inhibitor
rotenone over a period of 2 months. Some derivatives of
VA2B cells exhibited resistance to rotenone at a concentration
as high as 1.2 mM (14). Analyzing these rotenone-resistant
clones has led to the isolation of cell lines with defective oxi-
dative phosphorylation activity. Mitochondria from those cells
were then repopulated to mtDNA-less (r8) 143B.206 cells gen-
erating trans-mitochondrial cells (cybrids) carrying hetero- or
homo-plasmic mtDNA in the constant 143B nuclear back-
ground (19). Among them, C8T and C9T cells carry an insertion
in the 50 end—proximal portion of the ND5 gene of mtDNA.
A stretch of eight A0s, starting at position 12417 of human
mtDNA, was found to be extended to nine A0s (14). This inser-
tion causes a frame shift, and induces a premature termination
product of approximately 6.9 kDa. By primer extension assay,
it was determined that C8T carries approximately 72% of
mutant mtDNA and C9T contains near-homoplasmic mutant
mtDNA (14). Interestingly, this mutation is identical to the
one found in colorectal cancer cells (18).

Tumorigenicity of C8T and C9T cells

To investigate the influence of this ND5 mutation on tumor
formation, an anchorage-dependence growth test was per-
formed. One thousand cells were seeded in 0.4% soft agar
medium. To our surprise, heteroplasmic C8T cells formed
more colonies in soft agar than the control 143B cells,

which carried the wild-type mtDNA, while homoplasmic
C9T cells produced the least colonies (Fig. 1A and B).

To confirm that the cells carrying heteroplasmic ND5
mtDNA exhibited enhanced tumorigenicity and homoplasmic
ND5 mtDNA had an inhibitory effect, we injected 5 � 105 of
143B, C8T and C9T cells subcutaneously into nu/nu nude
mice. Three separate experiments were carried out, and in
each experiment five mice were used in each group. Tumor
volume was measured every other day. As shown in
Figure 1C, tumors derived from heteroplasmic C8T cells
grew faster and were larger in volume than those from wild-
type mtDNA carrying 143B cells. No significant tumor
growth was observed in mice injected with C9T cells, which
contained near-homoplasmic mutant ND5 mtDNA.

These results indicated that heteroplasmic ND5 mutant
mtDNA has an enhancing effect while its homoplasmic form
exerts inhibition on cell growth in vitro.

To exclude the contribution from other mutations in
mtDNA, we sequenced the whole mitochondrial genomes of
143B, C8T and C9T cells utilized in this study. No new
mutations other than the one in ND5 gene were found. To
further confirm the heteroplasmy of mtDNA in C8T and
C9T cells, and to determine if there is a switch in the
mtDNA genotype after the tumor growth, an assay based on
allele-specific termination of primer extension (14) was
carried out on DNA from the cells before injection and the
tumors derived from the injected cells. As shown in
Figure 1D, 143B cell contains 100% wild-type mtDNA and
C9T carries almost 100% mutant ND5. Interestingly, there is
a switch of the mtDNA genotype of the C8T cells during
the tumor formation, from around 76–36% of mutant mtDNA.

Characterization of C8T and C9T cells

To analyze the effect of decreased wild-type ND5 gene
content on mitochondrial functions, the endogenous respir-
ation of 143B, C8T and C9T cells was investigated. We
found that basal oxygen consumption in C8T and C9T cells
was about 73% and 56% of the level of the control 143B,
respectively (Fig. 2A). In the presence of the chemical uncou-
pler Carbonylcyanide-4-(trifluoromethoxy)-phenylhydrazone
(FCCP), which completely uncoupled mitochondrial respira-
tion and raised the respiratory capacity to a maximal level,
oxygen consumption in C8T and C9T remained 53% and
17% that of control cells (Fig. 2A). No significant difference
was detected with oxygen consumption measured in the pre-
sence of ATP synthase (complex V) inhibitor, oligomycin.

ATP synthesis was then measured by luminometry in boiled
cells. We found that the ATP contents decreased by 57% and
78% in C8T and C9T cells, respectively (Fig. 2B). We further
investigated the mitochondrial oxidative phosphorylation con-
tribution on ATP production with the addition of oligomycin.
As shown in Figure 2B, calculated ATP synthesis sensitive to
oligomycin (which assumed to be contributed by mitochon-
drial ATP synthase) further decreased by 79% and 98% in
C8T and C9T cells compared with control 143B.

As lactate is the product of anaerobic glycolysis, mitochon-
drial dysfunction is usually associated with hyperlactatemia in
normal aerobic conditions (20). We also measured extracellu-
lar lactate levels in 143B, C8T and C9T cells. As shown in
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Figure 1. Colony formation in soft agar and tumor growth in the nude mice. (A) 1 � 103 cells were seeded on 60 mm dish contained 0.4% soid agar, and the
colonies were stained with p-iodonitortetrazolium violet after 3 weeks. (B) The numbers of colonies were scored with Nucleotech’s Gel Expert colony-counting
software. (C) For each line 5 � 105 cells were injected into the shoulders of nude mice. Tumor size was measured every 2 days after injection, and was calculated
using the formula, a � b2/2, where ‘a’ is the larger and ‘b’ is the smaller of the two dimensions. Three independent experiments with five mice in each group
were used in each experiment. The error bars indicate two times of the standard errors of the mean. (D) The quantification of the insertions in the ND5 genes in
143B, C8T and C9T cells along with tumors derived from them was carried out using allele-specific termination of primer extension. The products of analysis
were separated on a 20% polyacrylamide 6 M urea-sequencing gel. The upper bands represent the mutant mtDNA with insertion, and the lower bands indicate the
wild-type.
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Figure 2C, lactate measurements raised by 28% and 56% in
C8T and C9T cells, indicating an increasing adaptation on gly-
colysis with increasing mutant ND5 mtDNA. This trend was
then further verified by analysis of the dependence on
glucose of cell growth.

Cell viability was investigated in medium containing galac-
tose with increasing glucose. Since galactose is not used effi-
ciently by mammalian cells as a glycolytic substrate, limiting
glucose in the medium will have bigger impact on cells with
impaired mitochondrial activity (17). As shown in
Figure 3A, 143B cells grew well in the galactose medium

Figure 2. Characterization of 143B, C8T and C9T cells. (A) Oxygen con-
sumption measurements; endogenous respiration was measured in intact
cells and after treatment with ATP synthase inhibitor oligomycin and uncou-
pler FCCP. (B) The total cellular ATP contents were measured in 1 � 106 cells
with a luciferase detection kit. The oligomycin-resistant (Oligo-R) ATP con-
tents were determined after cells were incubated with oligomycin for 20
min at 378C at a concentration of 15 mg/ml. The oligomycin sensitive
(Oligo-S) ATP production was calculated by subtracting the oligomycin-
resistant portion from the total ATP content. Four measurements were
carried out, and the error bars indicate two times of the standard errors of
the mean. (C) Extracellular lactate level was determined in the media from
1 � 106 cells and calculated after 48 h of culturing. The error bars indicate
the standard errors of the mean (�P , 0.05; ��P , 0.01).

Figure 3. Cell growth analysis of wild and mutant cell lines in galactose media
supplemented with different amounts of glucose for different days. (A) Growth
curve for wild-type 143B cells in galactose media supplemented with 2.25 mg/
ml, 1.125 mg/ml and 0.562 mg/ml glucose. (B) Growth curve of C8T cells in
galactose media supplemented with 1.125 mg/ml and 0.562 mg/ml glucose.
(C) Growth curve of C9T cells in galactose media supplemented with
2.25 mg/ml and 1.125 mg/ml glucose.
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when supplemented with 0.562 mg/ml [1/8 of that in normal
Dulbecco’s modified Eagle’s medium (DMEM)]. However,
in C8T and C9T lines, most cells could not survive when
glucose content decreased to 0.562 and 1.125 mg/ml, respect-
ively (Fig. 3B and C).

This progressive decline in mitochondrial functions with the
increasing mutant ND5 content in the cybrids, together with
the fact that there was no other mtDNA mutations detected
in C8T and C9T cells, increased our confidence that the
mutation in ND5 gene was the major if not the only difference
among 143B, C8T and C9T cells.

Mitochondrial reactive oxygen species production in cells
with hetero- and homo-plasmic ND5 mutation

To investigate the underlying molecular mechanism mediated
by the signal from mitochondrial dysfunction associated with
mtDNA mutation to tumorigenesis, we first analyzed the
redox signaling by measuring the ROS production.
Mitochondrial-specific generation of superoxide was detected
by Mitosox, which was rapidly and selectively targeted to
the mitochondria. Once in mitochondria, Mitosox is preferen-
tially oxidized by superoxide. As shown in Figure 4A, signifi-
cant increases of ROS in C8T and C9T were recorded. We
then analyzed intracellular ROS levels with fluorescent
probe 6-carboxy 2070-dichlorodihydrofluorescein diacetate
(carboxy-H2DCFDA). Carboxy-H2DCFDA diffuses into
cells, and is hydrolyzed to 2070-dichlorofluorescein (DCFH).

DCFH is trapped within the cells, and could be converted to
2070-dichlorofluorescein (DCF) by ROS-mediated oxidation
(21). Interestingly, as shown in Figure 4B, compared with
143B cells, while more ROS were still detected in C9T
cells, the cellular peroxide level in C8T cells appeared
normal. These results suggested an upregulation of antioxidant
enzyme activities in C8T cells.

To confirm the notion that the difference we observed on the
levels of mitochondrial superoxide and cytosolic hydrogen
peroxide was because of the upregulation of anti-oxidative
enzymes in C8T cells, we then carried out western blot analy-
sis to examine the steady state levels of catalase, glutathione
peroxidase 4 (Gpx4), Cu-Zn superoxide dismutase (SOD1)
and Mn superoxide dismutase (SOD2), with b-tubulin as
loading control.

In C8T cells, the levels of catalase and SOD1 were signifi-
cantly higher than those in 143B (Fig. 4C and D). This result
was consistent with the observation of higher mitochondrial
superoxide but relatively low cytosolic hydrogen peroxide
level in C8T cells (Fig. 4A and B). The upregulation of mito-
chondrial SOD2 in C9T cells might be able to explain the rela-
tively lower level of mitochondrial ROS in C9T cells than
expected (Fig. 4A).

Combined with the tumorigenesis phenotype observed, it
appears that the upregulation of superoxide in mitochondria
enhanced the tumor growth, while the high level of cytosolic
peroxide could contribute the increased cell death associated
with C9T cells in nude mice.

Figure 4. Measurement of reactive oxygen species (ROS). The levels of ROS at mitochondrial and cytoplasmic compartments were assessed by (A) MitoSOXTM

red mitochondrial superoxide indicator and (B) Carboxy-H2DCFDA probe, respectively. After treatment, cells were detached by trypsin–EDTA and immediately
analyzed by flow cytometry. Ten thousand individual data points were collected for each sample (�P , 0.05). (C) Steady-state levels of antioxidant proteins and
b-tubulin were analyzed by western blot with specific antibodies after SDS–PAGE. (D) Quantitative analysis of protein levels of catalase, Gpx4, SOD1 and
SOD2 and in 143B, C8T and C9T cells. Values are mean+SEM of two gels (�P,0.05, ��P,0.01).
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Cell death and survival properties of C8T and C9T cells

To investigate the possible role that apoptosis plays in the
antagonistic pleiotropy observed, we analyzed apoptotic prop-
erties in 143B, C8T and C9T cells. The apoptotic potency of
mitochondria from these cells was first examined using a
newly developed assay that demonstrated the contribution of
mitochondria in apoptosis (22).

This assay is based on a published procedure which demon-
strated that isolated liver nuclei can be induced to undergo
morphological changes comparable with apoptosis in
Xenopus egg extract (23). Changes in nuclear morphology
only occurred when mitochondria are included with the
extract (Fig. 5A). Mitochondria from each of the cell lines
were isolated and reconstituted with the purified Xenopus
oocytes extract. Our results indicate that C9T mitochondria,
which carry the homoplasmic ND5 mutation, are more apop-
totic compared with the heteroplasmic C8T and the wild-type
143B mitochondria (Fig. 5B).

We then assessed the sensitivity of cells to oxidative stress
by treating the cells with 100 mM tert-butyl hydrogen peroxide
(t-BuOOH) for 4.5 h. Cells were then stained with DAPI to
label all cell nuclei and calcein to label viable cells. Cell via-
bility was quantified by counting the number of nuclei that
co-localize with calcein-stained cell, which should only be
observed in live cells that have maintained their plasma mem-
brane integrity. We found that compared with the control
143B cells, both C8T and C9T cells exhibited resistance to
oxidative stress-induced cell death and the effect was more
pronounced in the heteroplasmic C8T (Fig. 5C and D).

Combined with the tumorigenesis phenotype and ROS
levels observed, our results suggested that upregulation of
mitochondrial ROS might lead to cell survival under stress,
which in turn contributed to the enhanced tumorigenicity in
the heteroplasmic C8T cells. In homoplasmic C9T cells, the
very limited ATP production and the increased apoptotic
potency might contribute to the inhibited tumorigenicity.

Analysis of mouse cell lines with heteroplasmic
and homoplasmic ND5 mutation

To further investigate the role of mtDNA heteroplasmy, we
utilized a series of mouse cybrids carrying different levels of
a nonsense mutation in ND5 gene (C12081A). These cybrids
were generated by transferring mitochondria from a mouse
A9 rotenone-resistant clone 3A to a LL/2 mtDNA-less line
(16). While the C-to-A mutation at position 12081 changes
the arginine codon CGA to a mitochondrial stop codon
AGA, it also destroyed a ClaI restriction site. A total of
eight cell lines with different ND5 mutation content were
selected, and the ND5 heteroplasmy was verified by analysis
of ClaI digestion pattern. As shown in Figure 6Aa, in 3A3
and 3A31, mutant mtDNA was hardly detectable above a
very weak background signal observed also in the control
A9, while, in 3A20-4, the mutant mtDNA was near homo-
plasmy. A wide range of heteroplasmy at ND5 gene was
also verified in 3A33, 3A13, 3A6, 3A25 and 3A27 cells at
around 88%, 62%, 52%, 33% and 16%, respectively
(Fig. 6Ab). The whole genomes of these clones have been

Figure 5. Apoptotic potency of mitochondria. (A) Images of Hoechst-stained
nuclei exposed to mitochondria isolated from 143B cell (143B mito), C8T cell
(C8T mito) and C9T cell (C9T mito) for 4 h. White framed regions in the
lower panels are shown at higher magnification in the upper panels. (B)
Percent of apoptotic nuclei at 4 h incubated with buffer alone (Buff), extract
from Xenopus oocytes (Cyto), extract from Xenopus oocytes minus mitochon-
dria (Cyt–mito), Cyt–mito plus mitochondria obtained from Xenopus oocytes,
wild-type (WT) 143B, heteroplasmic mutant (Ht-MT) C8T and homoplasmic
mutant (Ho-MT) C9T. Atleast three measurements were carried out. The error
bars indicate the standard errors of the mean (�P , 0.05; ��P , 0.01). Sensi-
tivity of cells to oxidative stress. (C) Cells were incubated with tert-butyl
hydrogen peroxide (t-BuOOH, 100 mM) for 4.5 h. The top images show
DAPI-stained nuclei. The images shown below represent the same field of
cells stained with calcein (Cal), which only stains the cytoplasm of cells
that are alive. DAPI-labeled nuclei that are calcein-negative are circled and
counted as cell deaths. Images were acquired on Olympus FV-500 Laser Scan-
ning Confocal Microscopy. (D) Quantitative analysis of the percentage of cells
alive that were exposed to oxidative stress (100 mM; t-BuOOH; 4.5 h). The
error bars indicate the SEM (�P , 0.05).
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Figure 6. Analysis of mouse cells with varying heteroplasmy of ND5 nonsense mutation. (A) Quantification of the ND5 (A12081C) mutation, by ClaI digestion
of a polymerase chain reaction-amplified ND5 fragment (465 bp). (B) Growth capacity in galactose medium represented as doubling time versus %ND5 mutation
in various cells. The doubling time was determined at exponential growth phase by (T2 2 T1) � log 2/log (C2/C1) where T ¼ time and C ¼ total viable cell count.
Values shown are the mean+SEM of three independent experiments. (C) Colony forming assay in soft agar. (a) 1 � 103 cells were seeded on 60 mm dish
contained 0.4% solid agar, and the colonies were analyzed after 3 weeks. Representative pictures of one of the three experiments were shown. (b) The colonies
(.0.1 mm) were scored with Nucleotech’s Gel Expert colony-counting software. Data represents mean+SEM of three independent experiments (four replicates
for each line). P-values were calculated using one-way analysis of variance comparing control (3A3) versus others using Prism software (�P , 0.05, ��P ,
0.01). (D) Sensitivity to the oxidative stress. Cells were treated with 200mM tert-butyl hydrogen peroxide for 5 h and their viabilities were plotted against %
ND5 mutation (a), and representative pictures of 3A6 and 3A20-4 were shown (b), as dead cells were stained and shown as circled. 3A6 and 3A20-4 cells
were also stained by Hoechst and PI for the total and dead cells (c).

1584 Human Molecular Genetics, 2009, Vol. 18, No. 9



sequenced previously to exclude contribution from other
mtDNA mutations.

Effect of variable ND5 mutation content on mitochondrial
function was analyzed previously, and a progressive decline
of complex I-dependent respiration was recorded with the
increase of ND5 mutant level (16). To confirm, we assessed
the mitochondrial function by measuring the doubling time
of the cells in galactose media where cells preferentially rely
on mitochondrial oxidative phosphorylation for ATP pro-
duction. As expected, the increase in the ND5 mutation
content was accompanied with longer doubling time in galac-
tose medium (Fig. 6B).

We then carried out an anchorage-independent growth test
to investigate the effect of ND5 heteroplasmy on tumorigeni-
city. Equal number of cells (1000 cells/plate) was seeded in
soft agar and cells were grown for 3 weeks to form colonies.
As shown in Figure 6C, maximum number of colonies was
observed in cell lines carrying heteroplasmic ND5 mutation
around 40%, and relatively less number of colonies was
formed with cells carrying nearly wild-type (3A3 and 3A31)
or homoplasmic mutant (3A20-4) lines. This result is consist-
ent with what we observed with human cells, and
further supports the notion that the cells carrying certain
level of heteroplasmic ND5 mtDNA exhibited enhanced
tumorigenicity.

To further investigate the underlying mechanism responsible
for the different tumorigenicity between cells carrying hetero-
and homoplasmic ND5 mutation, the cell viability under oxi-
dative stress was tested. Cells were treated with t-BuOOH,
which is a known ROS-mediated inducer for apoptosis (24).
We then analyzed the cell viability by trypan blue exclusion
method, and found that the cells became more sensitive to cell
death upon induction when ND5 mutation level reached
beyond 60% (Fig. 6Da). Representative pictures of cells carry-
ing hetero- (3A6) and homoplasmic (3A20-4) ND5 mutation
after t-BuOOH treatment are shown in Figure 6Db. In a comp-
lementary experiment, 3A6 and 3A20-4 cells were stained with
both Hoechst, a fluorescent dye (Ex 350 nm and Em 460 nm) for
total nuclei, and Propidium Iodide (PI, Ex 535 nm and Em
617 nm), which was only taken by apoptotic cell. Again, high
percentage of cell death was observed with the homoplasmic
3A20-4 cells (Fig. 6Dc).

DISCUSSION

Mitochondrial dysfunctions have long been reported and were
also hypothesized to contribute in cancer development. The
switch from mitochondrial oxidative phosphorylation to gly-
colysis has been suggested to be the bioenergetic signature
of cancer cells (3). Yet, the role of mitochondria and particu-
larly the mtDNA mutations, which have been found to be
associated with various cancers, in tumorigenesis remains
largely unclear. This is mainly because of the fact that most
of the mtDNA mutations identified have been found in
tumors that are not adapted to growth in the laboratory. Con-
sequently, they are not accessible for sophisticated molecular
and biochemical analyses. To overcome this limitation, we
took advantage of an established approach to isolate mtDNA
mutations in cultured cells (3,14,17) where the conditions

mimic the bioenergetic switch from mitochondrial oxidative
phosphorylation to glycolysis and thus the derivatives
become more like tumor cells. Cell lines carrying mtDNA
mutations were obtained and, in particular, trans-
mitochondrial cybrids carrying a mtDNA mutation at ND5
gene, which was identical to a natural homoplasmic mutant
found in colorectal cancer were generated and were chosen
to study the relationship among the accumulation of mtDNA
mutation, mitochondrial dysfunction associated with mtDNA
mutation and tumorigenesis.

Heteroplasmy is one of the unique features of mitochondrial
genetics (25). With increasing mutant ND5 mtDNA, both
endogenous respiration and ATP synthesis declined progress-
ively. At the same time, lactate level and dependence on
glucose increased, indicating a switch from mitochondrial oxi-
dative phosphorylation to glycolysis from ATP production.

Surprisingly, we found that when the ND5 mutation was
heteroplasmic, tumor growth was enhanced. On the other
hand, tumor formation was relatively less or inhibited when
mutation reached nearly 100%. Hence, there seems to exist
a situation of antagonistic pleiotropy that results from mito-
chondrial dysfunction.

Mitochondria-mediated transformation, by which both C8T
and C9T cells were isolated, paved a way to focus on the con-
tribution of mtDNA (19). However, it is possible that changes
in the nuclear genome have been accumulated during selection
of different cybrids, which could also contribute the pheno-
types we observed. To address this concern, advantage was
taken of the availability of another series of cell lines carrying
multiple heteroplasmy at a mouse ND5 nonsense mutation.
The complementary observations from another system with
more cybrids containing varying degrees of heteroplasmy
strengthened the conclusions significantly.

As for the underling mechanism from mtDNA mutation to
tumorigenicity, we focused on three core functions of mito-
chondria: ATP production through oxidative phosphorylation,
generation of ROS which serve as important signaling mol-
ecules, and apoptosis regulation (26). On the one hand, dis-
turbed mitochondrial function by some mtDNA mutations
has been shown to enhance ROS production (27,28). Further-
more, it has been shown that ROS are involved in many pro-
liferating signaling pathways associated with tumor promotion
(29,30). On the other hand, when mitochondrial function is
severely damaged, as in the case of some homoplasmic
lethal mtDNA mutations, cell growth is inhibited by reduced
ATP and/or activation of apoptosis. Specifically, increased
ROS level could drive cell proliferation while limited ATP
inhibits cell growth. Therefore, for mtDNA mutations to
play a role in tumorigenesis, the optimal solution is likely to
be heteroplasmy, as we observed with the frame-shift mutation
in ND5 gene in our studies.

This interpretation is consistent with a previous report on
renal adenocarcinoma where a 50% heteroplasmic deletion
in mitochondrial ND1 gene was found in a cancer patient.
Interestingly, the mutant mtDNA disappeared in metastatic
tumors (31). Two heteroplasmic transitions (T2275C and
A8601G) were identified in early-stage breast cancer (32).
Somatic mtDNA alterations were observed in preneoplastic
lesions of the gastrointestinal tract even in the absence of
histopathological evidence of dysplasia (33). It is also
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interesting to note that previously two pathogenic homoplas-
mic mtDNA mutations (T8993G and T9176C associated
with human mitochondrial encephalomyopathy in the
subunit 6 gene of ATP synthase) have been tested for tumor-
igenesis (34,35). All the tumors derived from the mutant
cybrids grew faster and were larger in volume than those
from wild-type cybrids in the nude mice assays. Functionally
more close to heteroplasmic ND5 mutation investigated in this
study, both mutations are relatively mild missense mutation.
Furthermore, T8993G was associated with increased ROS
production (34), and both cybrids were shown resistance to
apoptosis (35).

Oxidation–reduction (redox) reactions that generate ROS
have been identified as important mediators in the regulation
of signal transduction processes involved in cell growth,
differentiation and cell death (36,37). On the other hand, it
is generally believed that ROS are a relevant class of carcino-
gens (38,39), and it has been shown that ROS can stimulate
cancer development at all three stages: initiation [the induction
of DNA mutations in a somatic cell (40)]; promotion [the
stimulation of tumorigenic expansion of the cell clone (41)];
and progression [the malignant conversion of the tumor to
cancer (42)]. Interestingly, in some systems, ROS mediate
both pro- and anti-apoptosis effects, depending on the ROS
concentration (43).

The notion that tumorigenicity exhibited by cells carrying
mtDNA mutations was mediated by alteration in ROS and
apoptosis was also supported by our findings that mitochon-
drial ROS was elevated in both C8T and C9T cells and resist-
ance to oxidative stress in C8T cell was significantly
increased. The discrepancy between the measurements of
mitochondrial superoxide by Mitosox and cytosolic hydrogen
peroxide by Carboxy-H2DCFDA might partly be explained by
the differential levels of the antioxidant enzymes. It is interest-
ing to note the difference between the apoptotic potency deter-
mined by apoptosis initiated by the isolated mitochondria and
resistance to oxidative stress measured by cell survival after
treatment of t-BuOOH. Although the ND5 homoplasmic
C9T showed some resistance to cell death under oxidative
stress induced by t-BuOOH, the very limited production of
ATP and increased apoptotic potency probably contributed
to the inhibited tumorigenicity revealed by both nude mice
assay and anchorage-dependency test.

The overexpression of catalase and SOD1 is intriguing.
Previously serum levels of SOD1 were reported to be signifi-
cantly elevated in gastric cancer patients (44), and erythrocyte
SOD and catalase activities were shown to be higher in early
and advanced stages of non-small-cell lung cancer and small-
cell lung cancer (45). Interestingly, apoptosis in cancer cell
lines was reduced by catalase through inhibition of caspase
8 activity (46).

Another common concern over the studies on the biological
significance of particular mtDNA mutation in cybrids is
whether there are contributions from other sources. We have
sequenced the whole genome of mtDNA of all cell lines and
no additional mutations were found. Other concerns were
the shift of mtDNA heteroplasmy and the accumulation of
other changes during the passage of the cybrids. These con-
cerns were carefully addressed by using the same earlier
passage lines in different experiments and by always carrying

out the sequencing analysis before and after the experiments to
make sure of the mtDNA genotypes under investigation.

Based on this study and previous investigation from other
laboratories, we propose that the mtDNA mutations in
cancer development could function as follows: in the initial
stage, cancer cells are very mutagenic either because of a car-
cinogenic insult or the compromised repair mechanism (47,48)
and mtDNA is more likely to be mutated at this stage. Because
of replicative advantage of the mutant mtDNA molecules,
such as previously described for mtDNA carrying the mutation
associated with the mitochondrial encephalomyopathy (49),
mtDNA mutations enriched to a certain level of heteroplasmy,
which would enhance tumor progression owing to either the
elevated ROS generation which in turn activates the oncogenic
pathways or to the increase in genome instability or to both.
After transformation, it may become more important to have
a functional respiratory chain than an inhibited one to
sustain rapid cell proliferation. In some cases, as for the
patient with renal adenocarcinoma reported by Wallace’s
group, the mutant mtDNAs causing severe mitochondrial
defect are selected against and diluted out (31). In other
cases, residual mutant mtDNA might escape the selection. In
late stages of cancer, the cells are progressively adapted to a
glycolytic metabolism because of the hypoxic environment.
This may lead to the selection of cells in which the mutations
make them mitochondrial function-independent and therefore
cells with homoplasmic mtDNA mutation may become predo-
minant in tumors. This could be the reason why homoplasmic
mtDNA mutations have been found in late-stage tumors as the
same ND5 mutation identified in colorectal cancer lines (18).
However, when a homoplasmic status of some mtDNA
mutations is reached, the host cells could be converted into
non-tumorigenic cells because of the loss of ATP production.

In conclusion, our data suggested that mtDNA mutations
could play an important role in certain stage of tumorigenesis.
It is interesting to note that it is possible that mtDNA
mutations might be much more prevalent than currently
believed on the basis of mutations detected in late-stage
cancers.

MATERIALS AND METHODS

Cell culture

The 143B (ATCC CRL 8303) is a human osteosarcoma-derived
cell line. The C8T and C9T cell lines used in this study were gen-
erated as described previously (14). Mouse cell lines carrying
different level of a ND5 nonsense mutation were obtained and
characterized earlier (16). All the cell lines used in the present
work were grown as monolayer in DMEM (Cellgro-Meditech,
Inc., Herdon, VA, USA) supplemented with 10% fetal bovine
serum (FBS). Early passage lines and frequent checking of the
mtDNA genotypes were utilized to avoid the possible accumu-
lation of changes in cell lines involved.

Soft agar assay

One thousand cells were plated in 60 mm diameter dishes pre-
pared with a lower layer of 0.4% agar in DMEM with 10%
FBS and overlaid with a 0.27% agar in the same medium.
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Colonies were analyzed 3 weeks later by staining with
p-iodonitortetrazolium violet (INT; Sigma, St Louis, USA).
Colonies were scored by Nucleotech’s Gel Expert colony-
counting software (Westport, CN). Colonies larger than
0.1 mm in diameter were scored as positive.

In vivo tumorigenesis assays

Around 5 � 105 cells of each line were injected subcutaneously
into nu/nu male nude mice (6 weeks of age, Charles River Lab-
oratories, Wilmington, MA, USA). Cell viability was deter-
mined by trypan blue exclusion assay immediately before
injections. Tumor volume was measured every other day.

Mitochondrial DNA analysis

Total DNA was extracted from cells with extraction kit
(Promega, Madison, WI, USA). Whole mitochondrial
genomes were amplified with three pairs of primers which
generate three overlapping fragments covering the whole
genome. Each fragment was purified and then sequenced by
the chain termination method. The sequence information of
the primers will be provided upon request.

Quantification of the mtDNA frame-shift mutations was
carried out by allele-specific termination of primer extension
method as previously described (14). Briefly, a 359-bp
segment of mtDNA between positions 12282 and 12641, con-
taining the ND5 mutation (an A insertion in a row of eight A
residues at positions 12417–12424), was amplified. The pro-
ducts of polymerase chain reaction (PCR) were purified with
Gel elution kit (QIAGEN Inc., Valencia, CA, USA). Solutions
in Sequenase buffer that contained the amplified DNA frag-
ment and a corresponding 32P-labeled primer (positions
12398–12427) in a 1:1 molar ratio were prepared. Nucleotide
concentrations were 60 mM dATP and 250 mM ddCTP. The
mixtures were heated to 958C for 3 min and chilled on ice.
After addition of 1 ml of diluted Sequenase (USB Corp., Cle-
veland, OH, USA), they were incubated for 5 min at 458C. The
products were denatured and separated on a 20% polyacryl-
amide 6 M urea gel. Quantification of the intensity of the
bands was done using a PhosphorImager and the IMAGE-
QUANT program (Molecular Dynamics Inc., Sunnyvale, CA).

For mouse lines, quantification of the mtDNA mutation (a
C-to-A point mutation, which destroys a ClaI site) was
carried out by analysis of the products of a restriction diges-
tion reaction. For this purpose, a 465-bp fragment of the
ND5 gene was amplified by PCR with the primers ND5-50-2
and ND5-30-4 to a 50 ml volume. PCR products were purified
and quantified from A260nm. An amount of 2 mg of purified
product was subjected to complete digestion with ClaI at
378C overnight. Under these conditions, the wild-type ND5
fragment was cut into two small fragments of 297 bp and
168 bp, while the mutant ND5 fragment remained intact. An
aliquot from the above described reaction mixture was sub-
sequently electrophoresed on a 6% polyacrylamide gel.
Quantification of the intensity of the bands was done by Phos-
phorImager analysis. The sequence of primers used in this
study were as follows: ND5-50-2 (positions 11785–11802),
CCCCAATCCTAATTTCAA; ND5-30-4 (positions 12248–
12231), TGCTTGTAGGGCTGCAGT.

Oxygen consumption measurement

The measurements were carried out with a YSI Model 5300
Biological Oxygen Monitor as described earlier (50). Briefly,
determination of the O2 consumption rate was carried out in
5 � 106 cells in respiration buffer (20 mM HEPES, pH 7.1,
250 mM sucrose, 2 mM Kpi, 10 mM MgCl2 and 1.0 mM

ADP). After recording the base respiration, 2.5 mg/ml oligo-
mycin was added to measure the uncoupled respiration,
and then 0.5 mM FCCP was added to measure the maximal
respiration.

Adenosine triphosphate determination

ATP measurements were carried out using ATP Determination
Kit (Invitrogen, Carlsbad, CA, USA). For luciferase assays,
cells were grown in 60 mm dish to approximately 80% conflu-
ence, incubated in DMEM containing the following combi-
nations of substrates and inhibitors: glucose (4.5 mg/ml) plus
110 mg/l pyruvate; glucose plus 15 mg/ml of the ATP synthase
inhibitor oligomycin. To measure ATP synthesis in the pre-
sence of oligomycin, cells were incubated with 15 mg/ml of
oligomycin for 20 min before harvesting. Cells were then col-
lected by centrifugation, and resuspended in 100 ml buffer
containing 25 mM Tris, pH 7.4 and 150 mM ethylenediamine
tetraacetic acid. The above solution was boiled at 1008C for
5 min and centrifuged. The luciferin–luciferase mixture (Invi-
trogen) was added to the cell suspension (final concentration,
2 mM), and light emission was measured in a SynergyTM HT
Multi-Detection Microplate Reader (Bio-Tek Instruments
Inc., Winooski, VT, USA). A standard ATP/luminescence
curve was constructed by measuring luminescence derived
from ATP solutions containing 0, 0.001, 0.01, 0.1, 1 and
10 mM ATP in double-distilled water and luciferin–luciferase
mixture.

Lactate measurement

Extracellular lactate level was determined with Lactate Assay
Kit (University at Buffalo, NY, USA). Briefly, 2 days before
the experiment, cells were seeded in 10 cm dishes. At the
time of measurement, cell density was about 60–70% conflu-
ent. Media from the dishes were collected and diluted to
50-fold with double-distilled water. Simultaneously, cells
were counted by trypan blue exclusion method. Standard
graph was generated using different concentrations of lactate
in 20 ml of volume and 50 ml of lactate assay solution in
96-well plates followed by incubation in a humidified
chamber at 378C for 30 min. Similarly, different dilutions of
media were used to measure extracellular lactate in the
linear range. Reaction was stopped by adding 50 ml of 3%
acetic acid and absorbance was measured at 490 nm using
Synergy HT Microplate Reader.

Growth dependence on glucose

Multiple identical samples of 1–5 � 105 cells were plated on
6-well plates in 2 ml of medium and cells were cultured at
378C for 24 h. The medium was changed the next day with
galactose media (containing 0.9 mg of galactose/ml and
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0.5 mg of pyruvate/ml, with 10% dialyzed FBS) supplemented
with different concentrations of glucose (4.5, 2.25, 1.125,
0.562 mg/ml). For mouse lines, galactose media were used.
Fresh media were supplemented on every second day.
Trypan blue exclusion method was then used to count cell
numbers. Cells were counted on a daily basis for 6 days.
Live cell images were taken using inverted microscope
(Nikon Eclipse TE200; Nikon Instruments Inc., Melville, NY).

Reactive oxygen species measurement

The production of ROS at mitochondrial and cytoplasmic level
was assessed by MitoSOXTM red mitochondrial superoxide
indicator and Carboxy-H2DCFDA probe (all from Invitrogen),
respectively. In the 6-well plates, for each analysis 1 � 106

cells were used. Briefly, after the addition of MitoSOX
(2.5 mM) or Carboxy-H2DCFDA (20 mM), cells were incubated
for 30 min at 378C in the dark. Cells were washed and har-
vested in Hank’s buffered salt solution (HBSS) and analyzed
immediately using a BD FACScan flow cytometer (Becton
Dickinson, San Jose, CA) with excitation at 488 nm.
Forward and side-scatter were used to gate the viable popu-
lation of cells. Carboxy-H2DCFDA emit at 530 nm (FL-1)
channel, whereas MitoSOXTM Red emit at 590 nm (FL-2
channel). A minimum of 10 000 events was collected. Data
were analyzed as single parameter frequency histogram using
cell Quest Alias software (Becton Dickinson, San Jose, CA).
Results are presented as mean fluorescence intensity.

Western blot analysis

Total cell lysates were separated through an SDS-12% poly-
acrylamide gel. After electrophoresis, proteins were blotted
onto polyvinylidene fluoride (PVDF) membranes (Millipore,
Billerica, MA, USA). The membrane was blocked with 5%
fish gelatin solution in phosphate buffered saline (PBS) and
then incubated with primary antibodies against SOD1, SOD2
(Stressgen, CA, USA), Catalase and GPX4 (gift from Dr
Qitao Ran) at 48C for 2 h. Membranes washed with 0.2%
Tween-20 in phosphate-buffered saline (PBST) was incubated
with goat anti-mouse and anti-rabbit secondary antibodies
labeled with IRDyeTM infrared dye 38 (800 nm, Rockland
Immunochemicals; Gilbertsville, PA, USA) or with Alexa
Fluorw 680 (700 nm, Molecular Probes, OR, USA). Infrared
fluorescence signal was detected and analyzed with Odyssay
Li-cor bioscience machine according to the manufacturer’s
guidelines (Li-cor Biosciences, Lincoln, NE).

Apoptosis assay

The cell-free Xenopus apoptotic assay was carried out as
recently reported (22): the mitochondrial fraction was isolated
as previously described (50) and mixed with the purified
Xenopus oocytes extract at the same protein concentration
measured for the endogenous Xenopus oocytes. These mix-
tures were then incubated with liver nuclear fraction for 4 h.
Nuclei were stained with 100 mg/ml Hoechst, and scored for
the percentage of apoptotic nuclei out of the total nuclei.

Sensitivity of cells to oxidative stress was assessed by treat-
ing cultures with 100 mM tert-butyl hydrogen peroxide

(t-BuOOH; Sigma) for 4.5 h. Cells were then stained with
DAPI and calcein AM (2 mM; Invitrogen). Cell death was
quantified by counting the number of nuclei that did not colo-
calize with calcein-stained cells. Images were acquired on
Olympus FV-500 Laser Scanning Confocal Microscopy
(Optical Imaging Facility Core at UTHSCSA).

For mouse lines, cells were treated with 200 mM t-BuOOH
for 5 h, and cell viability was then analyzed with Vi-Cell
cell viability analyzer (Beckman Coulter). In a parallel exper-
iment, above treated cells were rinsed with HBSS and incu-
bated with Hoechst and PI at 10mg/ml and 25 mg/ml,
respectively at room temperature for 30 min, and then fixed
in 4% paraformaldehyde and images were acquired using
the fluorescence microscope (Nikon eclipse Ti-S; Nikon
Instruments Inc., Melville, NY) at 400� magnification.

Statistical analysis

Probability (P) values were calculated using the analysis of
variance test contained in the Minitab (Minitab Inc., State
College, PA)/Prism (Graph Pad Software, Inc., San Diego,
CA) programs.
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