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Alterations in mitochondrial DNA (mtDNA) copy numbers have been reported in patients with stom-
ach cancer and suggested to play a role in gastric carcinogenesis or gastric cancer progression. How-
ever, changes in the levels of mitochondrial proteins or mtDNA-encoded oxidative phosphorylation
(OXPHOS) proteins in gastric cancer remain unclear. In this study, we investigated mtDNA contents,
mitochondrial protein levels, and mtDNA-encoded OXPHOS protein levels in gastric cancer tissues
and cell lines. We correlated mtDNA copy numbers with clinicopathologic features of the gastric can-
cer samples used in this study and used quantitative PCR to analyze the mtDNA copy numbers of
the gastric cancer tissues and cell lines. Western blot analysis was used for assessing the amounts of
mitochondrial proteins and mtDNA-encoded OXPHOS proteins. Among the 27 gastric cancer samples,
22 showed a reduction in mtDNA copy numbers. The mtDNA content was increased in the other five
samples relative to that in normal matched gastric tissues. Mitochondrial protein and OXPHOS pro-
tein levels were reduced in some gastric cancer tissues. However, mitochondrial protein and OXPHOS
protein levels in gastric cancer cell lines were not always in line with their mtDNA contents. The
mtDNA copy numbers were reduced in five gastric cancer cell lines tested in this study. In summary,
this study reports a common reduction in mtDNA contents in gastric carcinoma tissues and cell lines,
pointing to the possible involvement of mtDNA content alterations in tumorigenesis of the stomach.
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Introduction

One of the hallmarks of eukaryotic cells is the presence
of internal membrane-bounded organelles called mitochon-
dria. Although these organelles have a central role in energy
generation by using electron transport coupled with oxida-
tive phosphorylation (OXPHOS), mitochondria participate in
several other important functions as well. These roles in-
clude metabolism, apoptosis, oxygen sensing, signaling, and
reactive oxygen species (ROS) production [6, 7, 9, 18, 23, 30].
In recent years, it has become clear that mitochondrial dys-
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function contributes to a variety of human diseases includ-
ing tumor [34, 35].

Mitochondria have their own genomes (mtDNA) which
are essential with respect to OXPHOS [14]. Genes encoded
in mtDNA are involved in OXPHOS and mitochondrial
translation. Human mtDNA encodes 13 protein components
of the mitochondrial OXPHOS complexes required for elec-
tron transport and ATP synthesis. In addition, mtDNA har-
bors 2 ribosomal RNA genes and 22 transfer RNA genes
required for translation of the mtDNA-encoded OXPHOS
subunits in the mitochondrial matrix. In mitochondria, mul-
tiple copies of double-stranded, circular mtDNA molecules
are packaged into discrete units called nucleiods that contain
~20 different associated proteins [16, 17]. Although these
proteins are thought to provide mtDNA with an organ-
ization and protection, mtDNA is not tightly protected as
nuclear DNA which is well covered by histone proteins.
Furthermore, mitochondria possess a fewer DNA repair
mechanisms compared to nucleus and are a major site of
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cellular ROS production. Thus, mtDNA is much prone to
oxidative damages or to other genotoxic stresses relative to
nuclear DNA [29]. In fact, mtDNA mutations accumulate
with age, and are reported in many human degenerative dis-
eases including cancer [2, 11, 25].

Given the critical role of mtDNA in maintaining normal
mitochondrial function, alterations in mtDNA (e.g., muta-
tions and copy number changes) can affect OXPHOS and
mitochondrial ROS production. Defects in OXPHOS and oxi-
dative stress have been proposed to have a causal effect on
tumorigenesis [3, 10, 18, 30]. Regardless of their exact mecha-
nistic contributions to tumorigenesis, several reports showed
that mutations and deletions of mtDNA have been identified
in various types of cancer including gastric cancer [5, 21,
26, 27, 31, 32, 36, 38, 44, 46].

Gastric cancer is one of the most common causes of death
in cancer patients throughout the world [24]. Although the
precise molecular events leading to the development of this
cancer still need to be determined, previous studies have
shown evidence that the accumulation of genetic alterations
plays an important role in gastric carcinogenesis. For exam-
ples, inactivation of the tumor suppressor gene p53 and the
chromosomal deletions in 1q, 5q, 17p, and 18q have been
reported in most stomach cancers [8, 28, 33]. Mutations of
E-cadherin, affecting cell adhesion, or of B-catenin have also
been detected in gastric carcinomas, and these changes may
contribute to the tumorigenesis of the stomach [1, 42]. In
addition to these mutations in nuclear DNA, recent studies
have reported various alterations in mtDNA from gastric
carcinoma patients [12, 15, 19, 20, 43]. Several studies also
have showed a reduction in mtDNA copy number during
gastric cancer development [40, 47]. However, a possible re-
lationship between mtDNA copy number alterations and mi-
tochondrial protein and mtDNA-encoded OXPHOS protein
levels in gastric cancer still remains unclear.

In order to obtain more insights into effects of alterations
in mtDNA amounts on gastric cancer development, here,
mtDNA copy numbers were examined using Korean gastric
cancer tissues and several gastric cancer cell lines. The corre-
lations between the mtDNA contents and clinicopathologic
features of gastric cancer samples were also analyzed. Lastly,
to reveal a possible relationship between mtDNA copy num-
bers with mitochondrial protein and OXPHOS protein lev-
els, amounts of several mitochondrial and OXPHOS proteins

from gastric cancer tissues and cell lines were assessed.

Materials and Methods

Gastric cancer tissue samples and gastric cancer
cell lines

Total 27 frozen gastric carcinoma and matching normal
tissues were obtained from Gyeongsang National University
Hospital followed by its Institutional Review Board regulat-
ions. Five gastric cancer cell lines were kindly provided by
professor Yoo Ji Yoon at Department of Microbiology at
Gyeongsang National University. These cell lines include
SNU1, SUN484, SNU638, SNU719, and MKN28. These can-
cer cells were cultured in Roswell Park Memorial Institute
1640 medium (Invitrogen, Carlsbad, USA) supplemented
with 10% FBS and 1% Penicillin/Streptomycin at 37C in 5%
CO, humidified incubators.

DNA isolation and quantification

Total cellular DNA was extracted from snap-frozen tis-
sues and cell lines by standard molecular biology techniques.
Tissue or cell line samples were suspended in 500 pl lysis
buffer. The samples were incubated overnight at 56°C until
the samples were totally dissolved. The DNA was then ex-
tracted from each sample with an equal volume of phe-
nol:chloroform: isoamyl alcohol solution (25:24:1). The sam-
ples were then centrifuged for 10 min with 12,000 g (at 4C),
and the upper aqueous layer was transferred to a fresh, steri-
lized microcentrifuge tube. RNase A (10 ul of 10 mg/ml;
Thermo Scientific, Pittsburgh, USA) was added, and the sol-
ution was incubated at 37C for 30 min. Equal volumes of
chloroform:isoamyl alcohol solution were added and centri-
fuged again with 12,000 g (at 4C) for 10 min. The upper
aqueous layer was transferred to a sterilized microcentrifuge
tube, and double the volume of chilled isopropanol was add-
ed, along with one-tenth volume of 3 M sodium acetate, and
chilled at -20C for 1 hr for precipitation. Then, the sample
was centrifuged at 12,000 g (at 4C) for 10 min. After decant-
ing the supernatant, 250 pl 70% ethanol was added, and the
pellet was dissolved; the mixture was centrifuged at 12,000
rpm for 10 min, and the supernatant was decanted gently.
The pellet was air-dried under laminar air flow, and the
dried pellet was resuspended in 50 pl nuclease-free water.
Then, dissolved DNA was quantified by spectrophotometry
using a NanoDrop (Thermo Scientific, Pittsburgh, USA). The
quantified DNA was used immediately or frozen at -20C

for later quantitative PCR analysis.



MtDNA copy number analysis by quantitative PCR

For mtDNA copy number analysis, an aliquot of 12.5 ng
DNA was subjected to quantitative PCR using Rotor Gene-Q
(Qiagen, Hilden, Germany) to determine the relative abun-
dance of mtDNA versus nuclear 185 rDNA using mitochon-
drial and nuclear primer sets in two parallel PCR reactions
as described previously [41]. The sequence of the PCR pri-
mer pairs are as follows: the 185 rRNA fragment was ampli-
fied by the primer pair 5-TAG AGG GAC AAG TGG CGT
TC-3" and 5-CGC TGA GCC AGT CAG TGT-3-3’; and the
COX1 fragment was amplified by the primer pair 5-CAC
CCA AGA ACA GGG TIT GT-3-3 and 5 -TGG CCA TGG
GTA TGT TGT TAA-3'". Relative mtDNA copy number was
calculated as the ratio of the amount of amplification ob-
tained with mtDNA versus nuclear 185 rDNA primer sets
for each sample and plotted normalized to the control group.
All experiments were done in triplicates.

Western blot analysis

Gastric cancer tissues, corresponding normal tissue and
gastric cancer cell line lysates (15 pg) were resolved on a
10% SDS-PAGE. After electrophoresis, proteins were trans-
ferred to a PVDF membrane (Millipore, Billerica, USA), im-
munoblotted overnight at 4C with primary antibodies an-
ti-UQCRC2, anti-MTCO?2, anti-ATPB, anti-VDAC (Abcam,
England, UK) or anti-Actin (Sigma-Aldrich, St. Louis, USA)
at 4. Horseradish peroxidase-conjugated goat anti-mouse
IgG (Santa Cruz Biotechnology, Dallas, USA) or goat anti-
rabbit IgG (BioRad, Hercules, USA) were used as secondary
antibodies. The signal was measured using Bio-Rad Clarity
Western ECL substrate (Bio-Rad, Hercules, USA). To assess
ratios of target band over actin, resulting blots were quanti-
fied using Image ] software (NIH, Bethesda, USA). All
Western blot analyses were done in triplicates.

Statistical analysis

Statistical analysis was performed using Graphpad Prism
7 software (GraphPad, La Jolla, USA). The Student’s two-
tailed t-test was used for the determination of statistical rele-
vance between groups. In the figures, *indicates p<0.05, **in-
dicates p<0.01 and *** indicates p<0.001.

Results

Alterations in mtDNA copy number from Korean
gastric cancer tissues

Journal of Life Science 2021, Vol. 31. No. 12 1059

In order to examine alterations in mtDNA copy number
from the gastric cancer tissues, mtDNA contents was ana-
lyzed via quantitative PCR using 27 gastric carcinoma tis-
sues and their matching normal tissues. As shown in Fig.
1A, among the 27 gastric cancer specimens, 22(81.48%)
showed a more than 30% reduction in mtDNA amounts rela-
tive to their matching normal tissues (p<0.05). Interestingly,
the remaining 5 gastric cancer cases (18.52%) showed an in-
crease in mtDNA contents. From Fig. 1B, the overall reduc-
tion of mtDNA copy number in gastric cancer tissues rela-
tive to normal tissues was about 33% (p<0.001). Thus, it ap-
pears that loss of mtDNA contents might be a common alter-

ation in gastric cancers examined in this study.

Correlation between mtDNA copy number and clin-
icopathologic features of gastric cancer tissues

Using a statistical analysis, we tested possible correlations
between clinicopathologic features and mtDNA contents.
Interestingly, as shown in Table 1, we found that an in-
duction in mtDNA copy number correlates with gross type
(p<0.05). Early-stage gastric carcinoma samples seems to
have more mtDNAs relative to remaining advanced gastric

Table 1. Correlation between mtDNA copy numbers and clin-
icopathologic features in 27 gastric cancer patients

Clinicopathologic mtDNA copy number

P val

Features Induced Not induced vatue
Age
< 55 0 9 0.529
> 55 3 15
Gender
Male 2 20 0474
Female 1 4
Gross type
Early 3 7 0.046*
Advanced 0 16
WHO
Differentiated 3 8 0.056
Undifferentiated 0 16
Lauren
Intestinal 2 14 0.520
Diffuse 0 9
TNM
Low 3 10 0.098

High 0 14
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Fig. 1. mtDNA copy numbers in gastric cancer tissues by quantitative PCR. (A) Alterations of mtDNA copy numbers in 27 gastric
cancer tissues relative to their matching normal tissues. (B) The overall mtDNA copy number ratio of 27 gastric cancer tissues
to their normal tissues. *indicates p<0.05, **indicates p<0.01, and ***indicates p<0.001.

carcinoma. This finding suggests that the up-regulation of
mtDNA contents might be involved in preventing tumor
progression.

Mitochondrial mass in gastric cancer tissues

In order to obtain an insight into effects of changes in
mitochondrial mass on gastric tumorigenesis, we measured
mitochondrial mass in gastric cancer tissues. Electron micro-
scopy is the best way to measure mitochondrial amounts
in tissue samples. However, the frozen gastric carcinoma tis-
sues used in this study were not suitable for electron micro-
scopy. Thus, to quantify mitochondrial mass, we measured
the protein levels of VDAC, a mitochondrial outer mem-
brane protein and a reliable marker for mitochondrial mass,
in gastric cancer and matching normal tissues. For Western
blot assay, we selected six gastric cancer cases that showed
a more than 50% decrease in mtDNA contents relative to
their normal tissues. As shown in Fig. 2A, the majority (5

out of 6, 83.33%) of cancer samples with more than 50% re-
duction in mtDNA contents displayed a reduced expression
of VDAC when normalized to Actin. These findings imply
that there is a concurrent reduction between mtDNA con-

tents and mitochondrial mass in gastric cancer tissues.

OXPHOS protein levels in gastric cancer tissues

To investigate whether alterations in mtDNA copy num-
ber can affect mitochondrial respiratory chain in gastric can-
cer tissues, we analyzed the expression of mtDNA-encoded
OXPHOS protein levels. In this study, we analyzed three
gastric cancer tissues that showed a more than 50% reduc-
tion in mtDNA copy number. From Fig. 2B, there are appa-
rent reductions in the protein levels of UQCRC2, COX2 and
ATPB in gastric cancer tissues compared to corresponding
normal tissues. These results suggest that there is a simulta-
neous reduction between mtDNA copy number and mtDNA-
encoded OXPHOS protein levels.
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Fig. 2. VDAC and mtDNA-encoded OXPHOS protein levels in gastric cancer tissues by Western blot analysis. (A) VDAC protein
levels in six gastric cancer tissues relative to their matching normal tissues. (B) mtDNA-encoded OXPHOS protein (UQCRC2,
COX2, and ATPB) levels in three gastric cancer tissues relative to their matching normal tissues. N indicates normal tissue
and T indicates gastric cancer tissue. Numbers under the blot images indicate quantitated amounts of corresponding target

protein relative to Actin.

Changes in mtDNA copy number, mitochondrial
mass, and OXPHOS protein levels in five gastric can-
cer cell lines

In order to expand our findings in gastric cancer tissues,
we also examined mtDNA contents in gastric cancer cell
lines. We used five gastric cancer cell lines including SNU-1,
SNU-484, SNU638, SNU-719, and MNK-28, which are com-
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monly used cancer cells to study gastric carcinogenesis. As
shown in Fig. 3A, gastric cancer cell lines exhibited to have
a reduced amount of mtDNA compared to HEK293T cell
line which is an immortalized but not a cancer cell line. Next,
in order to analyze mitochondrial mass, we assessed the
VDAC protein expression levels in these gastric cancer cell
lines. HEK-293T was also used as a control cell line. From
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Fig. 3. mtDNA copy numbers, VDAC protein levels, and mtDNA-encoded OXPHOS protein levels in five gastric cancer cell lines
(SNU1, SNU484, SNU638, SNU719 and MKN28). (A) mtDNA copy numbers in gastric cancer cell lines were assessed by
gPCR. (B) VDAC protein levels in gastric cancer cell lines were assessed by Western blot analysis. (C) mtDNA-encoded
OXPHOS protein (UQCRC2, COX2, and ATPB) levels in gastric cancer cell lines were assessed by Western blot analysis.
HEK293T cell line was used as a control. Numbers under the blot images indicate quantitated amounts of corresponding

target protein relative to Actin. ***indicates p<0.001.



1062 BB UPIX| 2021, Vol. 31. No. 12

Fig. 3B, we found that SNU-1, SNU-484 and SNU-638 showed
a significant reduction in VDAC levels compare to HEK-
293T. However, SNU-719 and MKN-28 showed a small in-
duction in VDAC levels when normalized to Actin. Lastly,
we measured the expression of mtDNA-encoded OXPHOS
protein levels to see whether alterations in mtDNA copy
number would affect mitochondrial respiratory chain. As
shown in Fig. 3C, OXPHOS proteins (UQCRC2, COX2, and
ATPB) were often reduced in gastric cancer cell lines relative
to HEK-293T. Together, our results indicate that mtDNA
contents and mtDNA-encoded OXPHOS protein levels were
reduced simultaneously in some gastric cancer cell lines.

Discussion

Dysfunction in mitochondrial OXPHOS in cancer cells
was originally reported by Warburg, who proposed a switch
in metabolism away from respiration toward glycolysis (so
called aerobic glycolysis) is beneficial for tumorigenesis [37].
In addition to metabolic alterations, mitochondria contribute
to tumorigenesis and other aspects of cancer development
through their direct involvement in apoptosis and the pro-
duction of ROS [6, 23, 39]. The latter can induce oxidative
damage and nuclear genome instability as well as participate
in signaling pathways involved in cellular proliferation, dif-
ferentiation, and adaptation to hypoxia [3, 9, 30].

Given an essential role for mtDNA in OXPHOS as well
as genome instability in cancer, it is not surprising that can-
cer cells harbor alterations in mtDNA. In fact, mtDNA muta-
tions have been documented in a variety of human cancers
[2, 4]. For example, the majority of human colon cancer cells
contain specific mtDNA point mutations [11, 25] and mtDNA
mutations associated with increased ROS production en-
hance the metastatic potential of tumor cells [13]. In addi-
tion, considerable attempts have been done to examine if
changes in mtDNA abundance are also associated with
tumorigenesis. These efforts have shown that many human
cancers do exhibit higher or lower mtDNA copy numbers
[22, 45]. Notably, complete loss of mtDNA (via homozygous
knock-out of Tfam) inhibits anchorage-dependent growth of
cells in vitro and Kras-mediated lung tumorigensis in mice
[39]. However, in most tumor cells, mtDNA is not absent,
suggesting that, if mtDNA is involved in tumorigenesis,
mtDNA instability (i.e., increased damage, mutation load
and/or altered copy number) and its downstream con-

sequences are likely more biologically relevant than com-

plete loss of mtDNA.

MtDNA instabilities (i.e., alterations in mtDNA mole-
cules) including mtDNA damages, mutations, and content
changes will inevitably result in respiratory chain dysfunc-
tion because mtDNA is essential for respiration. One possi-
ble outcome of the resulting respiratory chain dysfunction
could be a ROS production. As mentioned above, ROS have
been reported to be involved in tumorigenesis by inducing
oxidative stress or altering cellular signaling pathways.
Thus, mtDNA harboring ROS-generating mutations could
contribute to tumorigenesis and would be maintained or
even gained in tumor cells. Another feasible outcome of res-
piratory chain dysfunction could be a metabolic shift from
OXPHOS to glycolysis. The latter is now clearly known to
be a much efficient metabolism regarding cell division. This
scenario might explain lower levels of mtDNA in some
cancers.

In this study, we have shown that mtDNA contents were
reduced in many Korean gastric cancer samples. These re-
sults were consistent with studies by Wu and colleagues [43]
who reported a decrease in mtDNA levels in Chinese gastric
cancers. Together, these reports imply that metabolism in
gastric cancer cells may be shifted to glycolysis which can
confer them with growth advantage. Thus, it will be of inter-
est to examine tumor metabolism in gastric cancer. Regard-
less of metabolism in gastric cancer, a mtDNA content re-
duction in gatric cancer presented by this study might be
useful for clinical applications (i.e., a novel predictive and
diagnostic biomarker). Indeed, although further studies with
large number of cases are strongly needed, this study sug-
gested a possible correlation between gross type of gastric
carcinomas and relative mtDNA copy number reduction.
The finding that advanced gastric carcinoma might have less
amounts of mtDNA relative to early-stage carcinoma sug-
gests a possible involvement of mtDNA content alterations
in tumor progression. In line with this notion, it will be very
interesting to assess mtDNA level changes during ad-
enoma-carcinoma sequence of gastric carcinogenesis.

In summary, this study found a common reduction in
mtDNA amounts in Korean gastric carcinomas. The decrease
in mtDNA amounts seems to happen together with a reduc-
tion in mitochondrial mass. In addition, the decrease in
mtDNA amount might be associated with tumor progression.
This study also reports mtDNA copy numbers in gastric can-
cer cell lines. Although, here, limited and small number of

gastric cancer cases were investigated, we hope that this at-



tempt will be a step toward understanding a possible in-

volvement of mtDNA content alterations in gastric tumori-

genesis.

Acknowledgement

This work was supported by the National Research

Foundation of Korea (Grants #: NRF-2019R1F1060013 and
NRF-2020R1C1C1008973)

The Conflict of Interest Statement

The authors declare that they have no conflicts of interest

with the contents of this article.

10.

11.

References

. Becker, K. F., Atkinson, M. J., Reich, U., Becker, 1., Nekarda,

H., Siewert, J. R. and Hofler, H. 1994. E-cadherin gene muta-
tions provide clues to diffuse type gastric carcinomas. Can-
cer Res. 54, 3845-3852.

. Brandon, M., Baldi, P. and Wallace, D. C. 2006. Mitochondrial

mutations in cancer. Oncogene 25, 4647-4662.

. Cerutti, P. A. 1985. Prooxidant states and tumor promotion.

Science 227, 375-381.

. Cook, C. C. and Higuchi, M. 2012. The awakening of an

advanced malignant cancer: an insult to the mitochondrial
genome. Biochim. Biophys. Acta. 1820, 652-662.

. Cui, H,, Huang, P, Wang, Z., Zhang, Y., Zhang, Z,, Xu,

W., Wang, X, Han, Y. and Guo, X. 2013. Association of de-
creased mitochondrial DNA content with the progression
of colorectal cancer. BMC Cancer 13, 110.

. Gogvadze, V., Orrenius, S. and Zhivotovsky, B. 2008. Mito-

chondria in cancer cells: what is so special about them?
Trends Cell Biol. 18, 165-173.

. Green, D. R. and Kroemer, G. 2004. The pathophysiology

of mitochondrial cell death. Science 305, 626-629.

. Greenblatt, M. S., Bennett, W. P., Hollstein, M. and Harris,

C. C. 199%4. Mutations in the p53 tumor suppressor gene:
clues to cancer etiology and molecular pathogenesis. Cancer
Res. 54, 4855-4878.

. Guzy, R. D., Hoyos, B., Robin, E,, Chen, H,, Liu, L., Mans-

field, K. D., Simon, M. C., Hammerling, U. and Schumacker,
P. T. 2005. Mitochondrial complex III is required for hypo-
xia-induced ROS production and cellular oxygen sensing.
Cell Metab. 1, 401-408.

Hamanaka, R. B. and Chandel, N. S. 2010. Mitochondrial
reactive oxygen species regulate cellular signaling and dic-
tate biological outcomes. Trends Biochem. Sci. 35, 505-513.
He, Y., Wu, ]., Dressman, D. C. Lacobuzio-Donahue, C.,
Markowitz, S. D., Velculescu, V. E., Diaz, L. A., Kinzler, K.,
W., Vogelstein, B. and Papadopoulos, N. 2010. Heteroplas-
mic mitochondrial DNA mutations in normal and tumour

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

Journal of Life Science 2021, Vol. 31. No. 12 1063

cells. Nature 464, 610-614.

Hung, W. Y, Wu, C. W, Yin, P. H,, Chang, C, Li, A. F,,
Chi, C.,, Wei, Y. and Lee, H. 2010. Somatic mutations in mi-
tochondrial genome and their potential roles in the pro-
gression of human gastric cancer. Biochim. Biophys. Acta.
1800, 264-270.

Ishikawa, K., Takenaga, K., Akimoto, M., Koshikawa, N.,
Yamaguchi, A., Imanishi, H., Nakada, K., Honma, Y. and
Hayashi, J. 2008. ROS-generating mitochondrial DNA muta-
tions can regulate tumor cell metastasis. Science 320, 661-664.
Jacobs, H. T. 2001. Making mitochondrial mutants. Trends
Genet. 17, 653-660.

Jiang, J., Zhao, J. H.,, Wang, X. L., DL, ]. I, Liu, J,, Li, G,
Wang, M, Li, Y., Chen, R. and Ge, R. 2015. Analysis of mi-
tochondrial DNA in Tibetan gastric cancer patients at high
altitude. Mol. Clin. Oncol. 3, 875-879.

Kanki, T., Ohgaki, K., Gaspari, M., Gustafsson, C. M.,
Fukuoh, A., Sasaki, N., Hamasaki, N. and Kang, D. 2004.
Architectural role of mitochondrial transcription factor A in
maintenance of human mitochondrial DNA. Mol. Cell Biol.
24, 9823-9834.

Kaufman, B. A., Durisic, N., Mativetsky, J. M., Costantino,
S., Hancock, M. A., Grutter, P. and Shoubridge, E. A. 2007.
The mitochondrial transcription factor TFAM coordinates
the assembly of multiple DNA molecules into nucleoid-like
structures. Mol. Biol. Cell 18, 3225-3236.

Kroemer, G. and Pouyssegur, J. 2008. Tumor cell metabo-
lism: cancer’s Achilles’ heel. Cancer Cell 13, 472-482.

Lee, H,, Lee, ]. H,, Kim, D. C, Hwang, 1, Kang, Y., Gwon,
G., Choi, I. and Kim, S. 2015. Is mitochondrial DNA copy
number associated with clinical characteristics and prog-
nosis in gastric cancer? Asian Pac. |. Cancer Prev. 16, 87-90.
Lee, H. C, Huang, K. H, Yeh, T. S. and Chi, C. W. 2014.
Somatic alterations in mitochondrial DNA and mitochon-
drial dysfunction in gastric cancer progression. World |.
Gastroenterol. 20, 3950-3959.

Lee, H. C, Li, S. H,, Lin, J. C, Wy, C. C,, Yeh, D. C. and
Wei, Y. H. 2004. Somatic mutations in the D-loop and de-
crease in the copy number of mitochondrial DNA in human
hepatocellular carcinoma. Mutat. Res. 547, 71-78.

Lee, H. C, Yin, P. H, Lin, ]J. C, Wu, C, Chen, C, Wu,
C, Chi, C, Tam, T. and Wei, Y. 2005. Mitochondrial genome
instability and mtDNA depletion in human cancers. Ann.
NY. Acad. Sci. 1042, 109-122.

Orrenius, S., Gogvadze, V. and Zhivotovsky, B. 2007. Mito-
chondrial oxidative stress: implications for cell death. Annu.
Rev. Pharmacol. Toxicol. 47, 143-183.

Parkin, D. M., Pisani, P. and Ferlay, ]. 1993. Estimates of
the worldwide incidence of eighteen major cancers in 1985.
Int. ]. Cancer 54, 594-606.

Polyak, K., Li, Y., Zhu, H., Lengauer, C., Willson, ]. K,,
Markowitz, S. D., Trush, M. A,, Kinzler, K. W. and Vogel-
stein, B. 1998. Somatic mutations of the mitochondrial ge-
nome in human colorectal tumours. Nat. Genet. 20, 291-293.
Qu, F, Liu, X, Zhou, F.,, Yang, H., Bao, G,, He, X. and Xing,
J. 2011. Association between mitochondrial DNA content in



1064

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

BB UPIX| 2021, Vol. 31. No. 12

leukocytes and colorectal cancer risk: a case-control analysis.
Cancer 117, 3148-3155.

Radpour, R, Fan, A. X, Kohler, C., Holzgreve, W. and
Zhong, X. Y. 2009. Current understanding of mitochondrial
DNA in breast cancer. Breast |. 15, 505-509.

Sano, T., Tsujino, T., Yoshida, K., Nakayama, H., Haruma,
K, Ito, H, Nakamura, Y., Kajiyama, G. and Tahara, E. 1991.
Frequent loss of heterozygosity on chromosomes 1q, 5q, and
17p in human gastric carcinomas. Cancer Res. 51, 2926-2931.
Schon, E. A., Bonilla, E. and DiMauro, S. 1997. Mitochondrial
DNA mutations and pathogenesis. |. Bioenerg. Biomembr. 29,
131-149.

Storz, P. 2005. Reactive oxygen species in tumor progression.
Front. Biosci. 10, 1881-1896.

Thyagarajan, B., Wang, R, Barcelo, H., Koh, W. P. and Yuan,
J. M. 2012. Mitochondrial copy number is associated with
colorectal cancer risk. Cancer Epidemiol. Biomark. Prev. 21,
1574-1581.

Tseng, L. M,, Yin, P. H,, Chi, C. W, Hsu, C,, Wu, C,, Lee,
L., Wei, Y. and Lee, H. 2006. Mitochondrial DNA mutations
and mitochondrial DNA depletion in breast cancer. Genes
Chromosomes Cancer 45, 629-638.

Uchino, S., Tsuda, H., Noguchi, M, Yokota, J., Terada, M.,
Saito, T., Kobayashi, M., Sugimura, T. and Hirohashi, S.
1992. Frequent loss of heterozygosity at the DCC locus in
gastric cancer. Cancer Res. 52, 3099-3102.

Wallace, D. C. 2005. A mitochondrial paradigm of metabolic
and degenerative diseases, aging, and cancer: a dawn for
evolutionary medicine. Annu. Rev. Genet. 39, 359-407.
Wallace, D. C. 2013. A mitochondrial bioenergetic etiology
of disease. J. Clin. Invest. 123, 1405-1412.

Wang, Y., Liu, V. W, Xue, W. C, Cheung, A. N. and Ngan,
H. Y. 2006. Association of decreased mitochondrial DNA
content with ovarian cancer progression. Br. |. Cancer 95,
1087-1091.

Warburg, O. 1956. On the origin of cancer cells. Science 123,
309-314.

Warowicka, A., Kwasniewska, A. and Gozdzicka-Jozefiak,

39.

40.

41.

42.

43.

44.

45.

46.

47.

A. 2013. Alterations in mtDNA: a qualitative and quantita-
tive study associated with cervical cancer development.
Gynecol. Oncol. 129, 193-198.

Weinberg, F., Hamanaka, R., Wheaton, W. W., Weinberg,
S., Joseph, J., Lopez, M., Kalyanaraman, B., Mutlu, G. M.,
Budinger, S. and Chandel, N. S. 2010. Mitochondrial metab-
olism and ROS generation are essential for Kras-mediated
tumorigenicity. Proc. Natl. Acad. Sci. USA. 107, 8788-8793.
Wen, S. L., Zhang, F. and Feng, S. 2013. Decreased copy
number of mitochondrial DNA: A potential diagnostic crite-
rion for gastric cancer. Oncol. Lett. 6, 1098-1102.

Woo, D. K., Green, P. D., Santos, ]. H., D'Souza, A. D.,
Walther, Z., Martin, W. D., Christian, B. E., Chandel, N. S.
and Shadel, G. S. 2012. Mitochondrial genome instability
and ROS enhance intestinal tumorigenesis in APC (Min/+)
mice. Am. |. Pathol. 180, 24-31.

Woo, D. K, Kim, H. S, Lee, H. S, Kang, Y. H., Yang, H.
K. and Kim, W. H. 2001. Altered expression and mutation
of beta-catenin gene in gastric carcinomas and cell lines. Int.
J. Cancer 95, 108-113.

Wu, C. W, Yin, P. H, Hung, W. Y., Li, A. F,, Li, S,, Chi,
C., Wei, Y. and Lee, H. 2005. Mitochondrial DNA mutations
and mitochondrial DNA depletion in gastric cancer. Genes
Chromosomes Cancer 44, 19-28.

Yin, P. H, Lee, H. C, Chau, G. Y, Wu, Y. T,, Li, S. H,, Lui,
W. Y, Wei, Y. H, Liu, T. Y. and Chi, C. W. 2004. Alteration
of the copy number and deletion of mitochondrial DNA in
human hepatocellular carcinoma. Br. J. Cancer 90, 2390-23%.
Yu, M. 2011. Generation, function and diagnostic value of
mitochondrial DNA copy number alterations in human
cancers. Life Sci. 89, 65-71.

Yu, M., Wan, Y. and Zou, Q. 2010. Decreased copy number
of mitochondrial DNA in Ewing’s sarcoma. Clin. Chim. Acta.
411, 679-683.

Zhang, G., Qu, Y., Dang, S,, Yang, Q., Shi, B. and Hou, P.
2013. Variable copy number of mitochondrial DNA (mtDNA)
predicts worse prognosis in advanced gastric cancer patients.
Diagn. Pathol. 8, 173.



Journal of Life Science 2021, Vol. 31. No. 12

P
Ju

:9leh 2 MEZF0AM mDNASH OXPHOS SHE 2A
ol=aleh Ao} - stEE? - RET - ST
(Adagusta ofstst, Adaadugd J4947Y, A4 adstayd 4999

AL Ao A Rl EZE o} DNA (mtDNA)S] &4 wWsirh B3 53 glow o]k Mslrh 9] kel
A8l #AEE AR FAHD Yot Ty AL A nlEZEF ol @l d o]} mtDNA ol ¢53td 4
314 Q4FSHOXPHOS) Bl A o] 47 wstel] @3 A= ofA74A vulg A olth & AFAE Adsa
Z22 9 AEFE o] 43t mtDNA & 222 Pl EZE ol 9 d 2 OXPHOS B9 F& E45 A =
3, mtDNA &3 wstel ok Ao Q3ness E4& dd 48ttt MIDNA & #43H7] 935t
qPCR 71¥ & T2 &M d E4o]= Western blot /1W< 717 S43514t} & 27709 A 3a *é.‘ o A of
80%°l s|Fst= 22709 A AGFZ oA AdzA o Hlé mtDNA o] Zrastg oy, L}DW SkA} ol A =
mtDNA o] Z7139th o] 2 3 miDNA %o] 743 2 = HEZ=gol gud 2 OXPHOS
S o g o] ZAGGT 3, B Aol AHEE F 571 HY AEF EFoA miDNA o] 74353
o 22y A% MZF A= mtDNA ¥4 A9 nfEZE o} hld 9 OXPHOS Bl d o] &3 frart g4
YA A= gokth ol g AFARE AY 22 G A EZF oA mtDNA &9 747 &3t o] mtDNA %3
W7l 99 AR TS AA G

jg = oL
o2
BN
a
o
e
2,
S

O:

1065




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


