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Abstract

Somatic mitochondrial DNA alterations have been found in all types of cancer. To better understand
the role of mitochondria and their involvement in the pathogenic mechanisms of cancer development,
the effects of cancer mitochondria were investigated in a defined nuclear background using a
transmitochondrial cybrid system. Our results demonstrated that cancer mitochondria confer a
significant reduction in cell growth when cells are metabolically stressed in a galactose medium.
Activities of the respiratory chain complexes, cellular oxygen consumption, and ATP synthesis rates
were found to be much lower in breast cancer cells, than those in normal breast epithelial cells of
MCF-10A (10A). These results suggest that there is reduced mitochondrial function in the studied
breast cancer cell lines. Similarly reduced mitochondrial function was observed in cybrids containing
cancer mitochondria. Novel tRNA mutations were also identified in two breast cancer cell lines,
possibly responsible for the observed mitochondrial dysfunction. We conclude that altered
mitochondria in cancer cells may play a crucial role in tumor development.
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1. Introduction

Cancer cells adapt to hypoxic and acidic conditions generated during progressive tumor cell
growth by shifting the burden of energy metabolism from mitochondrial oxidative
phosphorylation to glycolysis [1]. Although the molecular pathogenic mechanism is currently
unknown, it is expected that mitochondria play a crucial role in this transition.

The major function of mitochondria is the generation of ATP, the energy currency of the cell,
by oxidative phosphorylation. During this process reactive oxygen species (ROS) are produced.
ROS can cause oxidative DNA damage and increase tumorigenicity [2,3] as well as metastatic
ability [4-6]. Thus, mitochondria could play an important role in multiple steps of tumor

development. Mitochondrial dysfunction, one of the most notable features of cancer cells, can
be caused by molecular defects in mitochondrial or nuclear genes that encode proteins involved
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in mitochondria biogenesis; respiratory chain assembly and function; maintenance of
membrane potential; and energy metabolic or signal transducing pathways.

Somatic alterations in mitochondrial DNA (mtDNA) are commonly found in 30-100% of all
tumors studied, including breast cancer [7-11]. However, most of these somatic mtDNA
alterations are neutral variants without any functional relevance [7-11]. These mtDNA
alterations may simply reflect the genomic instability of tumor cells. On the other hand,
cancerous mitochondria may contain a collection of somatic mtDNA mutations, each present
at a level of heteroplasmy below current detection limits. Nonetheless, a small number of
deleterious mtDNA mutations that result in altered mitochondrial function have been found
[12-15].

Despite the large volume of reports documenting somatic mtDNA alterations in cancer cells,
studies of the roles of the altered mitochondrial genome in tumor development have been
scarce. In order to investigate the contribution of defective mitochondria to cancer, the effect
of nuclear genes must be excluded [16,17]. Using transmitochondrial cybrids, mitochondria
carrying a homoplasmic pathogenic point mutation (m.8993T>G in ATP6) were studied in
prostate cancer cell lines [18,19]. This mutant mtDNA also conferred an advantage in the early
stage of tumor growth when transplanted into nude mice [18,19]. A recent report demonstrated
that defective oxidative phosphorylation in thyroid oncocytic carcinoma was associated with
combined complex I/111 deficiency by the identification of mtDNA mutations in genes
encoding a complex | subunit and cytochrome b [15]. Meanwhile, Matoba et al. have shown
that P53, one of the most frequently mutated genes in cancers, modulates the balance between
the two major energy production pathways: aerobic mitochondrial respiration and anaerobic
glycolysis [20]. The modulation by P53 was mediated by a protein responsible for the assembly
of complex IV [20]. In P537~ cells, cytochrome ¢ oxidase activity was found to be reduced
[20,21]. These observations suggest that the down regulation of mitochondrial respiratory
function in cancer cells may be achieved by mutations in the nuclear genome, in the
mitochondrial genome or in both genomes.

To further understand the role of mitochondria in cancer, we characterized the mitochondrial
function in breast caner cell lines and in their transmitochondrial cybrids using biochemical
and molecular methods.

2. Material and methods

2.1. Material

Osteosarcoma-derived cell line 143B.TK™ (143B), immortalized mammary epithelial cell line
MCF-10A (10A), the breast cancer cell lines MDA-MB-231 (231), MDA-MB-436 (436), and
MDA-MB-453 (453) were procured from the American Type Culture Collection (Manassas,
VA). Carbonyl cyanide, p-(trifluoro-methoxy) phenylhydrazone, 3-(4,5-dimethylthiazol-2-
yl)-2,5-diphenyltetrazolium bromide (MTT), rotenong, actinomycin D, ferric cyanide, NADH,
glutamate, malate, succinate, ADP, ATP monitoring kit and mouse B-actin antibody were
purchased from Sigma Chemical Co. (St. Louis, MO). Dulbecco’s modified Eagle’s medium
(DMEM), and fetal bovine serum were from Invitrogen (Carlsbad, CA, USA). Antibody for
P53 was purchased from Cell Signaling Technology (Danvers MA). Antibodies for
mitochondrial proteins were from MitoSciences (Eugene, Oregon). SCO2 antibody was from
Abeam, Inc. (Cambridge, MA). Secondary antibodies for rabbit and mouse were from Bio-
Rad (Hercules, CA)..
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2.2. Cell culture and the generation of p® and cybrid cell lines

All breast cancer cell lines and transmitochondrial cybrid cell lines were maintained in DMEM
medium supplemented with 10% fetal bovine serum, 2 mM L-glutamine, 100 units/ml
penicillin, 100 pg/ml streptomycin, and 0.1 mg/ml bromodeoxyuridine (BrdU) according to
published protocols [22]. The 206 rho® cell line derived from osteosarcoma (143B) used as the
mitochondria acceptor cell line was kept in the same DMEM medium with the addition of 50
ng of uridine/ml and 1 mM pyruvate [23]. Normal breast epithelial 10A cells were cultured in
mammary epithelial growth medium (Clonetics, San Diego, CA) supplemented with 100 ng/
mL cholera toxin (Calbiochem, La Jolla, CA) [24]. All cell cultures were grown in a humidified
incubator at 37°C with 5% CO,. Medium was replenished every 2 days.

Rha? cell lines were generated by treating 143B cells with ethidium bromide according to
published procedures [23]. The depletion of mtDNA was confirmed by real time quantitative
PCR. Once the rho® condition is established, rho® clones were maintained in medium without
ethidium bromide as described above. Cybrids were generated by the fusion of rho? cells with
enucleated mitochondria in 45% polyethylene glycol (MW 1450; Sigma cat P-5402) for 60
seconds according to published procedures [25]. Following fusion, cells were plated in
selective medium lacking uridine. The cybrids generated containing mitochondria derived from
10A, 231, 436, and 453 cell lines are named as 10A/143B, 231/143B, 436/143B, and 453/143B,
respectively.

2.3. Sequence analysis of the entire mitochondrial genome and the quantification of
tRNATT and tRNASE" using northern blot analysis

Total genomic DNA was extracted from cultured cells using the phenol/chloroform method
according to standard protocols. Sequence analysis was performed using BigDye terminator
(version 3.1) cycle sequencing reagent kit on an ABI 3730 XLI DNA Analyzer (Foster City,
CA) as previously described [26]. Results from DNA sequencing were compared with the
published Cambridge reference sequences from http://www.mitomap.org [11,27].

Isolation of total RNA and Northern blot analysis was carried out according to published
procedures [28]. Approximately 30 pg of total RNA was subjected to Northern blotting and
subsequently hybridized with a 32P-end-labeled oligonucleotides probe specific to tRNATH
(5-TCATCTCCGGTTTACAAGACTG -3') and tRNASe(UCN) (5.
GTTGGCTTGAAACCAGC -3'). The amount of tRNATM and tRNASE(UCN) was normalized
to the amount of nuclear-encoded 5S ribosomal RNA (the probe specific for 5S rRNA was 5'-
GGGTGGTATGGCCGTAGAC-3' complementary to the 3' region).

2.4. Cell viability measurement

The tetrazolium salt MTT was used to determine the cell viability as previously described
[29,30]. Briefly, cells (5x103/well) were seeded into 96-well plates and incubated in DMEM
glucose-free medium supplemented with 5 mmol/L galactose, 5 mmol/L Na-pyruvate, and 10%
FBS (DMEM-galactose medium) for 48 h. Absorbance of solubilized formazan salts was
measured with a Tecan Infinite M200 microplate reader (Mannedorf, Switzerland) at 570 nm.

2.5. Oxygen consumption

Cells were cultured for 3 days until approximately 80-90% confluent. Cells were then fed fresh
medium 2 hours before harvesting, then trypsinized, washed in phosphate buffered saline
(PBS), suspended in growth medium and counted. Oxygen consumption was determined by
the Instech 600BH chamber system (Plymouth Meeting, PA, USA) and Oxygen monitor 5300A
(Yellow Springs, Ohio, USA). Typically, 5x108 cells were incubated in 1 ml growth medium
at 37°C. Oxygen consumption was measured for each cell line. Respiration rates (nmol atomic
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oxygen/min/million cells) were reported after normalization of the polarographic oxygen
consumption rates to cell number [31].

2.6. ATP synthesis

ATP synthesis was measured by a luciferin/luciferase assay [15,32]. Briefly, after the cells
were trypsinlized and resuspended (7 x 10%/mL) in buffer A [10 mmol/L KCI, 25 mmol/L Tris-
HCI, 2 mmol/L EDTA, 0.1% bovine serum albumin, 10 mmol/L potassium phosphate, 0.1
mmol/L MgCl, (pH 7.4)]. Cells were kept for 15 minutes at room temperature, followed by
incubation in buffer A with 50 pg/mL digitonin for 1 minute. After quick centrifugation at low
speed, the cell pellet was resuspended in 100ul of buffer A and 10 pl aliquots were incubated
with 5 mmol/L malate plus 5 mmol/L glutamate (complex I-driven substrates), or with 10
mmol/L succinate (complex ll-driven substrate) plus 2 pg/mL rotenone, and 0.2 mmol/L ADP
for 3 minutes in the presence or absence of 10 ug/ml oligomycin. The rate of ATP synthesis
is expressed as nmol ATP/min/mg protein.

2.7. Electron transport chain (ETC) analysis

Cells were sonicated and then used for electron transport chain (ETC) enzyme assays. ETC
enzymes were assayed at 30° C using a t emperature-controlled spectrophotometer; Ultraspec
6300 pro, Biochrom Ltd., (Cambridge, England). Each assay was performed in triplicate. The
activities of complex | (NADH : ferricyanide reductase), complex Il (succinate
dehydrogenase), total and rotenone sensitive complex I+111 (NADH : cytochrome c reductase),
complex I1+111 (succinate : cytochrome c reductase), complex 111 (cytochrome ¢ reductase),
complex IV (cytochrome ¢ oxidase), and CS (citrate synthase) were measured using
appropriate electron acceptors/donors according to published procedures [33,34]. The increase
or decrease in the absorbance of cytochrome c at 550 nm was measured for complex 1+111, 11
+I11, 111, and complex IV. The activity of complex | was measured by oxidation of NADH at
340 nm. For complex I, the reduction of 2, 6-dichloroindophenol (DCIP) at 600 nm was
measured. Citrate synthase (CS) was used as a marker for mitochondrial content and was
measured by reduction of Ellman’s reagent at 412 nm. Enzyme activities are expressed both
relative to total protein as nmol/min/mg protein and as a ratio of CS activity.

2.8. Western blotting

Cells were harvested and then collected by centrifugation at 600 x g for 10 min at 4°C. Cell
pellets were washed once in PBS and then re-suspended in radioimmuno precipitation assay
(RIPA) buffer. Total protein were lysed as described elsewhere [35]. Samples were then
separated on 10% SDS-polyacrylamide electrophoresis gels and electroblotted onto
nitrocellulose membranes. Respiratory chain proteins were detected by a monoclonal antibody
at a dilution of 1:200. P53 and SCO2 antibody were diluted by 1:1000. Mouse monoclonal
antibody for B-actin was used at a dilution of 1:3000. Horseradish peroxidase-labeled
secondary antibody (1:3000) was detected by enhanced chemiluminescence.

2.9. Statistical analysis

All analyses and experiments were repeated at least three times. Results are presented as the
mean + SD. Statistical analysis was performed using Student’s t test.

3. Results

3.1. Cancer cell viability reduced under metabolic stressful condition, suggesting
mitochondrial defects

To assess the efficiency of the utilization of oxidative phosphorylation, normal (10A) and breast
cancer (231, 436, and 453) cells and their respective cybrids were grown in galactose medium,
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a metabolically stressful condition. As depicted in Fig. 1A, the number of viable cells is
significantly reduced when grown in galactose medium compared to glucose medium except
in normal epithelial 10A cells (P<0.01). While in galactose medium, the number of viable cells
in cell lines containing cancer mitochondria, including parental and cybrid cells, are
significantly reduced (P<0.01) when compared to 10A parental cells or cybrids, with the
exception of the 231/143B cybrids, in which the number of viable cells is lower but not
statistically significant. Cell viability assays was also performed by measuring protease
activities in the living cells and the results are similar to MTT assays (data not shown). Since
cybrid cells contain the same nuclear genome and the only difference is in the origin of the
mitochondria, it can be inferred that the inability to utilize galactose as the sole energy source
by the mitochondrial oxidative phosphorylation pathway is attributed to the altered
mitochondria derived from breast cancer cell lines.

3.2. Oxygen consumption rates are reduced in cancer cells and their cybrids

To further investigate the defective respiratory chain function of cancer mitochondria, oxygen
consumption rate was measured (Fig. 1B). It was found that oxygen consumption was reduced
in the parental breast cancer cell lines (231, 436 and 453) when compared to 10A cells (P values
are 0.00002, 0.013, and 0.0008, respectively), and in cybrids (436/143B or 453/143B)
compared to 10A/143B (P values are 0.003 and 0.002). However, in 231/143B cybrids, there
was no significant difference in oxygen consumption rates suggesting that the 143B nucleus
can partially compensate for the dysfunction of mitochondria derived from the 231 cancer cell
line.

3.3. Tumor mitochondria have reduced ATP synthesis rate

The efficiency of oxidative phosphorylation in cancer cells and cybrids was analyzed by
measuring ATP synthase activity driven by complex | or complex Il substrates. The rate of
ATP synthesis driven by complex I or complex Il substrates was significantly reduced in the
231, 436, and 453 parental cancer cell lines compared to normal 10A cells (P values are:
complex | substrates: 0.00003, 0.003, 0.01 and complex Il substrates: 0.000005, 0.002, 0.0003,
respectively). For the 436/143B and 453/143B cybrids, the ATP synthesis rates were also
significantly lower than that of 10A/143B cybrids (P<0.05) (Fig. 1C-D). The ATP synthesis
rate in 231/143B cybrids was not significantly reduced when compared to 10A/143B.

3.4. Tumor mitochondria exhibit reduced respiratory chain complex activities

Mitochondrial respiratory chain complex activities were also investigated. As shown in Fig.
2, activities of complexes I, 1+I11, 111, and 1V, as well as CS, were dramatically reduced in
breast cancer cells compared to those of normal (10A) cells (P<0.05) (Fig. 2A-B). These results
are consistent with the defects that would affect overall mitochondrial protein synthesis, for
example, mutations in the tRNA genes. Similarly, most complex activities were reduced in the
cybrids, but only the reduction in complex IV was statistically significant in all three cybrids
containing cancer mitochondria compared to normal 10A mitochondria (Fig. 2C-D).
Significant reduction in complex | activity was also observed in 436/143B and 453/143B
cybrids (Fig. 2C). Since the activities of most of the complexes containing mitochondrial
encoded subunits were reduced in 436/143B cybrids, the results suggested that the
mitochondrial dysfunction in the 436 cell line could possibly be caused by molecular defects
in the mitochondrial genome. In 231/143B cybrids, some of the mitochondrial complex
activities (I, 11+111, and 111) were partially restored by the donor nucleus of 143B cells. These
results suggested that the mitochondria derived from the 231 breast cancer cell line might
contain defects that were encoded by nuclear genes. The activity of complex Il, which does
not contain any subunits encoded by mitochondrial genome, exhibits no significant difference
among the different cell lines, parental or cybrids. When the complex activities were
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normalized to complex 1, the results were similar to those normalized to protein concentrations
(data not shown). Notably, citrate synthase activity was reduced in the cybrids containing
cancer mitochondria when compared to 10A mitochondria, but the reduction was not
significant. This was due to fact that the cybrids were all of the same nuclear background,
unlike the breast cancer cells where the CS activity was markedly reduced in tumor cells
compared to 10A cells.

3.5. Identification of molecular defects in mitochondrial DNA

Sequencing of the entire mitochondrial genome of the breast cancer cell lines and their cybrids
revealed numerous polymorphisms and neutral variants when compared to the Cambridge
Reference Sequence (Table 1). Identical mtDNA variants were also present in the
corresponding cybrid cell lines, confirming that the mitochondria in the cybrid cells were
indeed derived from the original breast cancer cell lines. Most of these variants have been
reported to be benign. However, two novel variants of potential pathogenic effect were
identified: a homoplasmic 15894 G>A tRNAT in the 231 breast cancer cell line and a
heteroplasmic 7458 G>A in tRNASEr(UCN) in the 436 breast cancer cell line (Fig. 3A-B).
Potentially pathogenic mutations were not found in the mitochondrial DNA from the normal
breast epithelial 10A cells or the 453 breast cancer cell line (Table 1).

The effect of 15894G>A and 7458 G>A alterations on the synthesis of tRNATM and
tRNASEr(UCN) was investigated by northern blot. The steady-state amounts of the mutant
tRNAT or tRNASEN(UCN) was quantified by normalization to the amount of nuclear-encoded
5S rRNA. The results showed reduced tRNAT in 231/143B cybrids (22%) and
tRNASEr(UCN) in 436/143B cybrids (79%) compared to 10A/143B cybrids without the
tRNAT or tRNASEr(UCN) mutations. It was also found that the steady-state amount of
tRNATN in the 453/143B cybrid cells was about 57% compared to that of the wild-type
tRNATN in the control cybrids 10A/143B (Fig. 3C). The cause for this reduction is not clear.
This suggests that other factors might regulate the transcription of tRNATN in the 453/143B
cybrids.

3.6. Western analysis of mitochondrial respiratory chain proteins the parental breast cancer
cells and cybrids

The amount of nuclear encoded mitochondrial proteins:, Core 2 and FeS, was reduced in
parental cancer cells when compared to normal 10A cells, suggesting a generalized reduction
in mitochondrial respiratory function in cancer cells. However, there is no significant difference
in the amount of proteins in the cybrid cells because they share the same nuclear genes (Fig.
4A-C). The mitochondrial encoded proteins, ND6 and COX Il (complex IV, cytochrome ¢
oxidase subunit I1), are reduced in both the parental cancer cell lines and the cybrids containing
mitochondria derived from cancer cell lines, suggesting that mitochondrial protein synthesis
is reduced in cancer cells (Fig. 4A, D, E). Interestingly, the expression of SCO2, a nuclear
encoded complex 1V assembly factor and a downstream target for P53, is markedly reduced
in parental cancer cells, while their expression in the cybrids remains unaffected (Fig. 4A, F).
It should be noted that P53 is mutated in all three breast cancer cell lines; a dominant negative
mutation in 231 cell and frame-shift null mutations in 436 and 453 cell lines. The mutant P53
protein is overly expresis similarly over expressed in 231/143B compared to 10A/143B cybrids
(P<0.01). However, P53 expression was reduced in 436/143B and 453/143B cybrids (P<0.05)
compared to 10A/143B cybrids (Fig. 4A, G). These results suggest that signals of oncogenic
properties from cancer mitochondria can be transmitted to the nucleus to regulate the nuclear
gene expression.

Biochim Biophys Acta. Author manuscript; available in PMC 2011 January 1.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Page 7

4. Discussion

Somatic mtDNA alterations have been commonly observed in all types of cancer tissues and
cell lines [7-11,36-40]. However, a majority of these somatic mtDNA changes are in the non-
coding D-loop regions or result in silent amino acid changes that do not have any apparent
effect on mitochondrial function. Only a few may harbor identifiable pathogenic mutations. In
addition, the methods used to identify these somatic mtDNA alterations are limited to the
detection of homoplasmic or high heteroplasmic changes. Cancer mitochondria may carry a
collection of low heteroplasmic levels of random somatic mtDNA mutations that are not
detectable using current mutation detection technologies. Thus, using cybrids containing
mitochondria derived from either cancer or normal breast epithelial cells in the same nuclear
background is crucial in detecting functional alterations of cancer mitochondria. In this report,
we establish that cybrids containing mitochondria derived from breast cancer cells are unable
to survive under metabolically stressful conditions and that they exhibit reduced oxygen
consumption ability, ATP synthesis, and electron transport chain activities. The reduction in
mitochondrial function in cancer cells is also demonstrated by the reduction of viable cells
when they are forced to depend on mitochondrial oxidative phosphorylation as the sole source
of energy supply under metabolically stressful conditions (Fig. 1A).

Since the cybrids were generated by fusing the mitochondrial depleted rha® cells with
enucleated breast cancer cells, followed by propagation of selected colonies, the observed
mitochondrial dysfunction in the cybrids suggest that there may be genomic changes in the
cancer mitochondria. Subsequent sequencing analysis indeed identified mutations in the
tRNATI and tRNASEr(UCN) genes in 231 and 436 breast cancer cell lines respectively. These
mutations were shown to affect the amount of corresponding tRNA and the levels
mitochondrial protein synthesis (Fig. 3—4). The accountability of the mitochondrial DNA
mutations for the observed mitochondrial dysfunction is further substantiated by the inability
of the donor nucleus from 143B cells to fully rescue mitochondrial function. Mutations in the
mitochondrial genome were not found in 453 cells. Nevertheless, the amount of tRNAT" and
the level of mitochondrial encoded protein synthesis were reduced. Since intact cancer
mitochondria were used, this reduction may be due to other unidentified mitochondrial
associated factors or epigenetic changes. It is also possible that the observed mitochondrial
dysfunction reflects a collection of low heteroplasmic somatic molecular alterations that are
beyond the current detection limit.

Interestingly, the replacement of the cancer nucleus with the 143B nucleus partially restored
mitochondrial function in the 231/143B cybrids, suggesting that a portion of the observed
mitochondrial deficiency may be contributed by nuclear gene alterations. In fact, all three breast
cancer cell lines harbor mutations in the P53 gene. Both 436 and 453 cells carry frame-shift
truncation mutations; ¢.205ins7 and ¢.367del30, respectively [41,42]. These result in null
mutations with no P53 protein produced (Fig. 4A, G) [41,42]. Whereas a missense dominant
negative mutation, p.R280K [41] was found in the P53 protein of 231 cells. This mutant protein
is over-expressed (Fig. 4A, G) in 231 cells.

The expression of human SCO2, an assembly factor for complex IV (cytochrome c oxidase,
COX), isregulated by P53 [20]. In breast cancers, SCO2 levels are reduced compared to normal
10A cells (Fig. 4A, F). However, with the 143B nucleus in the cybrid cells, the expression of
SCO2 is not reduced in cancer cybrids, confirming that the 143B cells express wild type P53
and wild type SCO2 (Fig. 4A, F, G).

Our studies clearly demonstrate the cross-talk between the nuclear and mitochondrial genomes.

In the breast cancer cells, regardless of gain-of-function or loss-of-function of P53 mutations,
the expression of SCO?2 is reduced in cancer cells (Fig. 4A, F, G). However, in cybrid cells
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with the same wild type nuclear background, levels of SCO2 gene remain constant regardless
of their mitochondrial origin (cancer or normal). This stems from the fact that both the wild
type SCO2 and P53 are derived from the 143B nuclear background. Nevertheless, P53 protein
levels are consistently increased in the 231 cybrids. These results suggest that the changes in
the mitochondria of the 231 cell line maintain the oncogenic property of over-expression of
the P53 gene, supporting the observation that the mitochondria is communicating with the
nucleus. On the other hand, in the cybrids, the over-expressed P53 is the wild type protein that
does not directly affect the expression of the SCO2, a mitochondrial COX assembly protein.
This regulatory signal is sent from the nucleus to mitochondria. Thus, the dual genome cross-
talk is bidirectional. The mechanism requires further investigation.

In conclusion, we have demonstrated that mitochondria in cancer cells have been altered,
genetically and functionally. These alterations can send signals to the nucleus, which in turn
can regulate the expression of genes involved in energy metabolism and tumorigenic
properties.
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A, Cell viability. Cells were incubated in glucose (grey) or galactose medium (black). Cell
viability was then determined after 48 hours of growth in the indicated medium using the MTT
assay. MTT absorbance value at time 0 was considered as the 100% value of viable cells. The
number of viable cells was the average of three measurements. B, Oxygen consumption rates
(nmol O/min/million cells) normalized to protein concentration. C&D, The rate of
mitochondrial ATP synthesis was determined in the cells. ATP synthesis driven by complex |
(glutamate plus malate) or complex Il (succinate with rotenone as inhibitor for complex I)
substrates with or without oligomycin was determined. The rates of mitochondrial ATP
synthesis (nmol ATP/min/mg protein) represent the oligomycin sensitive reaction. The
asterisk, * (P<0.05), indicates that the significant difference in cells containing cancer
mitochondria, including cancer parental cells or their cybirds, when compared to 10A parental
cells or its cybrids. Each measurement was performed in triplicate.
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Electron transport chain assay. Complex activities were determined as described in the
materials and methods and normalized with protein concentration. A, Activity of complex I in

breast cancer cells. B, Activities of complex I+I11 total, 1+I11 rotenone sensitive, I1, I1+I11, 111,
IV, and CS in breast cancer cells. C, Activity of complex | in cybrids. D, Activities of complex
I+111 total, I+111 rotenone sensitive, 11, I1+11, 11, 1V, and CS in cybrids. Complex I: NADH:

Ferricyanide dehydrogenase; Complex I+111: NADH: cytochrome ¢ reductase, including total
and Rotenone sensitive; complex I1: Succinate dehydrogenase; Complex I1+111: Succinate:
cytochrome c reductase; Complex I11: cytochrome c reductase; Complex 1V: Cytochrome ¢

oxidase; CS: Citrate synthase. Columns, mean; Bars, SD; *, P<0.05.
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The tRNA mutation and northern blot analysis. A, Secondary structure of human
mtstRNAT in 231 breast cancer cells. B, Secondary structure of human mt-tRNASerUCN) jp
436 breast cancer cells. C, Northern blot assay of mt-tRNATM and mt-tRNASeTUCN) for the
cybrids, including 10A/143B, 231/143B, 436/143B, and 453/143B.
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Fig. 4.
A, Western blot analysis. The proteins analyzed include C-V-o (complex V), Core 2 (complex
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I11), FeS (complex 11), ND6 (complex I), COX 1l (complex V), SCO2, P53, and p-actin. B—
G, Signal intensities normalized to that of B-actin. Data shown are the Mean + SD of triplicate

cybirds, when compared to 10A parental cells or its cybrids.
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assays. The asterisk, * (P<0.05), ** (P<0.01), indicates significant difference of protein
expression in cells containing cancer mitochondria, including cancer parental cells or their



Page 15

Ma et al.

SOA - + - - NEOTA (reY)V19-919 1<0 9aN 1<059¢rT
SOA - - + - VSl 909<9V 9144 SAN O<V996€T
SOA - - - + 18GvV YOV<VI9 V<9 SAN V<9B80LET
SOA - - + - 1292V VOV<VI9 V<9 SaN V<OGETET
SOA - - - - 98229 099<199 o<l SaN 0<1020€T
SOA - - + - 1€CTI 11V<OLV 1<0 SAN 1<0504¢T
SOA - - - + AZEA 919<V19 o<y SaN 9<VvZ19ZT
lonou - - + - IT6EI 11V<O1V 1<0 ¥aN 1<0¢e6TT
SOA - - + + 902€9 V99<999 V<9 ran V<OBTLTT
SOA . _ - + 9T 910<V10 o<y 7aN O<VISCTT
SoA - - - + 161 DOV<OLY o<l €aN 0<1¥800T
SOA - n - - o<y A19 vNH! 9<V700T
SOA - + - - 16611 V10<910 V<9 9dLVLIN V<OELTH
SOA + + + + VeTTL VO9O<VYIVY o<y 9dLv 9<v0988
SOA - + - - V<9 Buipoo-uoN V<96928
[9AOU \ au) + - - V<9 TSL-1N OV<O8SY.
SOA - - + + VSLEV 109<029 1<D 100 1<08¢0.
SOA - - + - S9STS 101<001 1<9 100 1<OT.LE9
lenou - - + - leetvy YOV<VI9 V<9 100 V<9.19¢9
lonou - - - + 19TTV 10v<129 V<9 100 V<9O6v¢9
SOA - - + - d90Td 000<1020 o<l 100 0<1T¢¢9
SOA + + + + INOOTIN 9LV<VLY o<y ZaN O<V69.LY
saA () + - - + HY0EA LVO<LVL o<l TAN <1912y
SOA - + - - N6ZZL V1V<VOV 1<0 TAN 1<0c66€
SOA + - - - 9€029 V99<999 V<9 TAaN V<OST6E
SOA - - - + V<9 (S9T) ZUNYLN V<90T0E
SOA - - + + o<V (S9T) ZUNYLIN 9<V90.2
Janou - + - - o<l (S9T) ZUNYLN 0<18822
S - - + - V<9 VNYI S9T V<96TLT
SOA + + + + 4 (s2T) TUNYLIN O<V8EYT
Janou - + - - V<9 (S2T) TUNYLN OV<O0ZET
[aAou - + - - o<V (szT) TUNYLIA O<VT8L
SBA + + + + o<y (SZT) TINYLN 9<Vv0S.
SOA _ + _ - DVSUISTS +1S
A (u)+ - - + o<l dooj-p J<168y
SOA Z _ - ¥ 1<92 dooj-p 1<0e9y
SOA . _ ¥ - osul 2950 'HO DsuI9TE STE
SaA _ + - - OSUITTE 0TE
SIA - - - + o<1l 2gs0 ‘HO J<10TE _
SOA _ - _ ¥ DOsul 1BUYTOE 00€
SOA ¥ - - + 1<90 Burupiq 14 13w 1<0562
SBA + + + + o<V ¢A\H O<VEIL
SOA _ _ - - o<y Burpuig T4 13w 4174
SaA + . - + V<9 1950 V<9822
SIA - - + - o<l 1dSO 10<19¢¢
oA _ _ + \ V<9 1950 V<9522
S - - + - o<l HO '2AH <1561
SOA + _ - - 1<9 ZAH V<9G8T
SIA _ _ _ + V<9 ZAH V<9581
SIA - - + - 314 ¢A\H O<VEST
SOA + — + + oY ¢N\H I<VEL
SOA - + - - o<l ZAH o<1zl
H H X AH dnoiBojdeH
dewonn ul parioday €Sy 9ty 1€2 V0T abueyd vv uopo9 abuey sseq aus9 suoneIny
SPLIGAD pue saulT 180 Jeaue) 1sealg Jo S8ouanbes WNQ [elPUOyYI0I A
T alqel

NIH-PA Author Manuscript

NIH-PA Author Manuscript

NIH-PA Author Manuscript

Biochim Biophys Acta. Author manuscript; available in PMC 2011 January 1.



Page 16

Ma et al.

Awse|doualay 1y :810N

SOA + - + - o<l dool-a O<16TS9T
SOA - - - + V<9 TAH V<OBTEIT
SOA - - + - 1<0 TAH 1<08129T
SOA - - + - 1<0 TAH 1<0€229T
[ELI] — — + - V<l TAH V<16819T
SOA + - - - V<9 TAH 0<96219T
SOA - - + + o<l TAH 0<192T9T
SOA - - - + 1<92 TAH 1<06909T
|anou - - + - V<9 11-1N V<OV68ST
SOA + - - - VP6TL VOO<VIV o<y a1AD 9<Vv9ZEST
[3AON - - + - 1961 910<V10 o<y auo O<VPE0ST
SOA - - + - 121 11V<10V 1<0 d1AD 1<099/¥T
[anou - - + - 9899 199<v99 V<l 9aN O<10.L¥¥T
dewonn ul parioday €5 9y 1€2 V0T abueyd vv uopod abuey aseq CIIED) suoneIni

NIH-PA Author Manuscript

NIH-PA Author Manuscript

NIH-PA Author Manuscript

Biochim Biophys Acta. Author manuscript; available in PMC 2011 January 1.



