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Abstract

The mutation and reduction of mitochondrial DNA
(mtDNA) have been suggested as factors in the car-
cinogenesis. However, whether the depletion of
mtDNA induces multidrug resistance in cancer cells
has not been fully investigated. To elucidate the asso-
ciation of cellular mtDNA content and drug resistance,
we generated HCT-8 colon cancer cells which revealed
a marked decrease in cellular mtDNA and ATP content,
concomitant with a lack of mMRNAs encoded by mtDNA.
The mtDNA-depleted cells showed a decreased sensi-
tivity and accumulation of anti-cancer drugs, suggest-
ing that mtDNA depletion could develop multidrug re-
sistance (MDR) phenotype in HCT-8 cells. We found
that the expression level of MDR1 mRNA and its trans-
lated product P-glycoprotein was increased in the
mtDNA- depleted cells, indicating that the decrease of
sensitivity and accumulation of anti-cancer drug in the
mtDNA-depleted cells might be due to a substantial in-
crease in the expression of P-glycoprotein. Further-
more, increased expression of MDR1 mRNA and P-gly-
coprotein was due to an increase of mRNA stability
rather than transcriptional activation. Taken together,
these results indicate that mtDNA depletion can induce
an increased P-glycoprotein expression via an in-
crease of mRNA stability and suggest that the mtDNA
depletion in cancer cells plays an important role in the
induction of MDR phenotype.
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Introduction

It has been reported that long-term treatment of
cells with low doses (0.1-2 pg/ml) of ethidium
bromide (EtBr), an inhibitor of DNA/RNA synthesis,
specifically suppresses the replication and trans-
cription of extrachromosomal genetic components
such as miDNA without affecting nuclear DNA
replication and transcription (Zylber et al., 1969;
Desjardins et al., 1985; Hayakawa ef al., 1998).
Therefore, mtDNA-depleted cells have been impor-
tant tools in the investigation of the cellular com-
ponents regulated by mtDNA (King and Attardi,
1989). The role of mitochondrial dysfunction in
tumorigenesis has been investigated extensively
using multiple approaches (Shay and Werbin,
1987; Cavalli and Liang, 1998). Previous studies
have reported that a wide rage of tumors exhibit
mtDNA abnormality such as point mutations and
deletions (Horton et al., 1996; Polyak et al., 1998;
Fliss et al., 2000; Yeh et al., 2000). Although it is
not clear whether mtDNA abnormalities are direct
contributing factor or indirect effect of cancer
development because the genes involved in
tumorigenicity are largerly nuclear encoded, recent
studies showed that mitochondria-to-nucleus
stress signaling induces tumor progression and cell
invasion (Amuthan et al., 2001, 2002).

The development of multidrug resistance (MDR)
phenotype is a major impediment to cancer che-
motherapy for many malignancies (Gottesman et
al., 2002). One of major mechanisms of drug resis-
tance in cancer cells is overexpression of P-glyco-
protein that is encoded by the MDR1 gene (lvy et
al., 1996; Borst, 1997). P-glycoprotein is a 170-kDa
transmembrane protein that belongs to the ATP-
binding cassette (ABC) transporter superfamily
(Juliano and Ling, 1976). P-glycoprotein functions
as an energy-dependent efflux pump that reduces
the intracellular concentration of cytotoxic com-
pounds and thus confers resistance to unrelated
drugs that differ widely with respect to molecular
structure and target specificity such as paclitaxel,
vincristine, and doxorubicin (Gottesman et al.,
2002). Recently, several lines of evidence obtained
from mtDNA-depleted cells have revealed that
mitochondrial stress resulting from the reduction of
mtDNA causes substantial resistance of apoptosis
(Park et al., 2004; Biswas et al., 2005), suggesting
that the depletion of mtDNA could induce resist-
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ance for cancer chemotherapy. However, it is not
clear whether the mtDNA-depletion is a contri-
buting factor in the expression of molecules re-
sponsible for drug resistance.

In this study, we provide evidence that the de-
pletion of mtDNA induces MDR phenotype in
HCT-8 colon cancer cells. Furthermore, we show
that this is due to an increase in mRNA stability.

Materials and Methods

Reagents and antibodies

Doxorubicin was purchased from Sigma (St. Louis,
Mo). [’H]-paclitaxel was obtained from Moravek
Biochemicals (Labrea, CA). Monoclonal antibody
directed against P-glycoprotein was purchased from
Calbiochem. Polyclonal antibody directed against
actin was obtained from Sigma. HRP-conjugated
anti-mouse IgG and anti-rabbit IgG were obtained
from Santa Cruz (Santa Cruz, CA). Oligonucleoti-
des primers were from Bionics (Seoul, Korea). All
biochemicals were of analytical grade and were
purchased from commercial suppliers.

Cells culture

HCT-8 human colon cancer cells were grown in
RPMI-1640 medium supplemented with 10% (v/v)
FBS (Invitrogen, Grand Island, NY), penicillin (100
IU/ml) and streptomycin (100 pg/ml). Depletion of

mtDNA was induced by treatment with ethidium
bromide (0.2 ug/ml) for 2-3 weeks. The cell lines
exhibiting reduced mtDNA content were grown in
the presence of 1 mM sodium pyruvate (Sigma)
and 50 ug/ml uridine (Sigma). The control HCT-8
cells were maintained for the same time period
under normal culture condition.

Measurement of cellular ATP levels

Cellular ATP levels were measured using a So-
matic cell ATP assay kit (Sigma) as previously
described (Biswas et al., 1999), which is based on
the assay of ATP-driven luciferin luciferase activity.
Briefly, cells were lysed with an ATP releasing
reagent (Sigma), and the lysates were assayed for
luciferase activity in accordance with the manu-
facturer’s instructions. ATP-dependent formation of
light was measured in a Luminometer (Lumat LB
9501) with appropriate ATP standards.

Total DNA extraction and PCR

Total cellular DNA was extracted using a DNeasy
Tissue kit in accordance with the manufacturer’s
instructions (Qiagen, Hilden, Germany). The ampli-
fication of mtDNA was performed under the fol-
lowing conditions: 94°C for 2 min (initial denatura-
tion); 94°C for 30 s, 60°C for 30 s, 72°C for 45 s
(25 cycles); and 72°C for 10 min (final extension).
The primers used in this study are shown in Table 1.

Table 1. DNA sequences of primers used for genomic DNA PCR and real-time PCR.

Product size
Identity Nucleotide sequences
gDNA mRNA
COX-l Forward: 5-CCTGACTGGCATTGTATTAG-3' 306 306
Reverse: 5-GATAGGATGTTTCATGTGGTG-3'
COX-Il Forward: 5-CATCCCTACGCATCCTTTAC-3' 375 375
Reverse: 5-GGTTTGCTCCACAGATTTCAG-3'
COX-IV Forward: 5-CAGAAGGCACTGAAGGAGAAG-3' N/A 271

Reverse: 5-TCATGTCCAGCATCCTCTTG-3'

MDR1 Forward: 5-GGAGTGTCCGTGGATCACAAG-3' N/A 843
Reverse: 5'-AATACATCATTGCCTGGGTGAAG-3'

GAPDH

Forward: 5-TGCCACCCAGAAGACTGTG-3' 446 446

Reverse: 5'-ATGTAGGCCATGAGGTCCAC-3'

B-actin

Forward: 5-TCACCCACACTGTGCCCATCTACGA-3' N/A 348

Reverse: 5'-GGATGCCACAGGATTCCATACCCA-3'

gDNA, genomic DNA; N/A, not applicable



RNA extraction and RT-PCR

Total RNA was extracted from cells using Trizol
reagent in accordance with the manufacturer’s
instructions (Invitrogen), and the quantity and
quality of the isolated RNA was then determined by
measuring the absorbance at 260 and 280 nm. The
reverse transcription reaction was performed in a
reaction mixture comprised of 2 pg of total RNA,
200 ng of oligo (dT)4s primer, 1 X reverse trans-
cription buffer, 0.5 mM deoxynucleotide tripho-
sphate mixture, RNasin recombinant ribonuclease
inhibitor (Promega, Madison, WI), and 200 U of
M-MLV reverse transcriptase (Promega). After in-
cubation for 50 min at 42°C, the reverse trans-
cription reaction was terminated by heating it for 15
min at 70°C. The newly synthesized cDNA was
then amplified by PCR in a reaction mixture com-
prised of 2 ul of cDNA template, 1.5 mM MgCl, 1
U of Tag polymerase, and 0.3 uM of primers. The
amplification was performed under the following
conditions: 94°C for 2 min (initial denaturation);
94°C for 30 s, 58°C for 30 s, 72°C for 60 s (30
cycles); and 72°C for 7 min (final extension). PCR
products were electrophoresed on 2% agarose
gels, and then visualized by ethidium bromide
staining. Band intensities were quantitated by den-
sitometric scanning using an analytical scanning
system (Alphalmager 1220) and normalized to
GAPDH expression levels.

Quantitative gene expression analysis

In order to confirm gene expression levels, quan-
titative real time RT-PCR (qRT-PCR) was carried
out in Rotor Gene 2000 (Corbett Research, Mortlake,
Australia) using a SYBR-Green PCR Master Mix in
accordance with the manufacturer’s instructions
(Qiagen, Valencia, CA). All of the gene-specific
primer sets used for qRT-PCR are listed in Table I.
After amplification, the authenticity of the PCR
products was verified by melting curve analysis
and agarose gel electrophoresis. Images from
electrophoresed gels were captured by a camera
in a computer-assisted imaging system (Alphal-
mager 1220). The gqRT-PCR results were analyzed
using Rotor-Gene analysis software version 6.0
(Corbett Research). The comparative cycle thre-
shold (Cr) method was used to analyze the data by
generating relative values of the amount of target
cDNA. Relative quantitation for any given gene,
expressed as percentage variation over control,
was calculated after determination of the difference
between Cr of the given gene A and that of the
calibrator gene B (f-actin) in the depleted cells
(ACrs = ACr1a —AC718) and control cells (ACrp =
ACroa - AC75) using the 272 formula. Cr values
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are means of triplicate measurements.

Cell proliferation assay

Cell viability was assessed using a CellTiter 96
Aqueous One Solution cell proliferation assay kit
(Promega), as previously described (Ahn et al.,
2006). Briefly, 1.0 X 10° cells per well were seed-
ed in 96-well plates to which were added a dilution
series of doxorubicin and vincristine in triplicate
and incubated under standard culture conditions.
After 4 days, a volume of 20 ul of the detection
solution were added to each well and incubated for
90 min at 37°C prior to measuring absorbance at
490 nm using a microplate reader (Biorad).

Paclitaxel accumulation

Steady-state paclitaxel accumulation was conducted
as previously described (Wu et al., 2003). In brief,
parent HCT-15 cells and transfectants were see-
ded in 6-well plates and grown for 48 h. Then, the
growth medium was aspirated and replaced with 1
ml of RPMI 1640 containing 50 nM of [3H]-
paclitaxel (10.0 Ci/mmol; Moravek Biochemicals).
After incubation for 2 h at 37°C, the cells were
cooled on ice, washed three times with ice-cold
PBS, and solubilized with 0.2 ml of 1% SDS. The
radioactivity in each sample was determined by
scintillation counting.

Gel electrophoresis and immunoblotting

Equal amount (20 pg) of total cell lysates were
subjected to SDS-PAGE on 7 or 10% resolving
gels as previously described (Park et al., 2005).
Separated proteins were electrophoretically trans-
ferred to nitrocellulose membrane (Bio-Rad), blo-
cked with 5% skim milk in Tris-buffered saline
(TBS), and then incubated overnight at 4°C with
antibody directed against P-glycoprotein or actin in
TBS-T (Tris-buffered saline plus 0.1% Tween 20)
containing 1% skim milk. After washes with TBS-T,
the membranes were incubated with HRP-conju-
gated anti-mouse or anti-rabbit IgG. Immunoreac-
tive bands were visualized using an enhanced che-
miluminescence (ECL) kit (Amersham, Little Chal-
font, Buckinghamshire, UK).

Dual luciferase reporter assay

Control and mtDNA-depleted HCT-8 cells in 6-well
plate were cotransfected with pGL3/basic or
pMDR1-luc vector together with pRL-SV40 for
constitutive expression of Renilla luciferase as an
internal control. Luciferase activity was measured
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48 h after transfection using a Dual Luciferase
assay kit in accordance with the manufacturer’s
instructions (Promega). The ratio of firefly lucife-
rase activity to Renilla luciferase activity was pre-
sented in arbitrary units as the relative luciferase
activities.

mRNA stability assay

Control and mtDNA-depleted HCT-8 cells were
incubated with 12.5 ug/ml actinomycin D to inhibit
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transcription. The cells were harvested at six diffe-
rent time points after actinomycin addition, and
total RNA was isolated as described above. The
level of MDR1 transcript was analyzed by RT-PCR
and real-time PCR.

Statistical analysis

The statistical significance was assessed by the
T-test. A P < 0.05 was considered to be statis-
tically significant.
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Figure 1. Characterization of mtDNA-depleted HCT-8 cells. (A) Genomic DNA content. Genomic DNA was isolated from control and mtDNA-depleted
HCT-8 cells, and mtDNA-encoded genes including cytochrome c oxidase subunit | (COX-I) and cytochrome ¢ oxidase subunit Il (COX-II) were amplified
by PCR. GAPDH is used as a nuclear DNA-encoded control. The PCR products were electrophoresed on 2% agarose gel and then visualized by EtBr
staining. A representative result of three independent experiments is shown. (B) The PCR products were quantified by densitometry, normalized to
GAPDH expression, and expressed as a percentage relative to that obtained in control HCT-8 cells. The results are expressed as the means = SD of
three independent experiments. T-test: *P < 0.01. (C) RT-PCR analysis of mRNAs transcribed from mtDNA and nuclear DNA. Total RNA was extracted
from control and mtDNA-depleted HCT-8 cells, and mtDNA-encoded transcripts such as COX-I and COX-Il, and nuclear DNA-encoded transcripts such as
COX-IV were analyzed by real-time PCR. The mRNA levels were expressed as a percentage relative to that obtained in control HCT-8 cells. The results
are expressed as the means & SD of three independent experiments. T-test: *P < 0.01. (D) Cellular ATP content. Total cellular ATP levels were meas-
ured using a somatic cell ATP assay kit as described in Materials and Methods. ATP content was expressed as a percentage relative to that observed in
control HCT-8 cells. The results are expressed as the means + SD of three independent experiments. T-test: *P < 0.05.



Results

Establishment of mtDNA-depleted HCT-8 cells

To develop partially mtDNA-depleted cell lines, we
exposed HCT-8 cells to EtBr (0.2 pg/ml) in RPMI-
1640 medium supplemented with pyruvate and
uridine, which are shown to be essential for the
growth of mtDNA-depleted cells (King and Attardi,
1989). The mtDNA content from HCT-8 cells
cultured with or without EtBr was monitored rou-
tinely by amplifying total DNA. As shown in Figures
1A and B, cytochrome oxidase subunits | (COX 1)
and Il (COX Il) which are encoded only in mtDNA
were hardly amplified from the total DNA of the
cells treated with EtBr. In contrast, nuclear DNA-
encoded GAPDH was equally detected in both
control and EtBr-treated cells (Figure 1A), indi-
cating that prolonged treatment with EtBr selec-
tively depleted mtDNA without altering the nuclear
DNA replication in HCT-8 cells. Under these
experimental conditions, mtDNA was depleted to
< 30% of normal cells after 3 week of growth in
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the presence of EtBr. We next analyzed the dif-
ferential expressions of mitochondrial and nuclear
genes such as COX |, Il, and IV in the control and
mtDNA-depleted cells. mMRNA contents of COX |
and COX Il, which are mtDNA-encoded genes
were significantly reduced in the depleted cells,
whereas mRNA content of COX IV, which are
encoded by nuclear DNA, were not changed in the
depleted cells (Figure 1C), suggesting that mito-
chondrial mMRNA levels correlates with the cellular
mtDNA contents in these cells. In addition, the
depleted cells showed a substantial decrease in
total cellular ATP when compared with control cells
(Figure 1D).

MDR1 mRNA and P-glycoprotein are up-regulated in
mtDNA-depleted cells

To demonstrate whether the depletion of mtDNA
content in HCT-8 cells induces drug resistance, we
measured the sensitivity of anti-cancer drug in the
control and mtDNA-depleted cells using a cell
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Figure 2. The sensitivity to doxorubicin and the accumulation of
paclitaxel. (A) 1.0 x 10° cells per well were seeded in 96-well plate to
which were added a dilution series of doxorubicin (left panel) and vin-
cristine (right panel) in triplicate and incubated for 4 days under stand-
ard culture conditions. Cell viability was assessed using a CellTiter 96
Aqueous One Solution cell proliferation assay kit (Promega). Results
are expressed as means = SD of three independent experiments.
T-test: *P < 0.05. (B) Control and mtDNA-depleted HCT-8 cells were
seeded in 6-well plates and grown for 48 h. The cells were then in-
cubated with 50 nM [*H]-paclitaxel for 2 h at 37°C. At the end of in-
cubation, the cells were cooled on ice, washed three times with ice-cold
PBS, and solubilized with 0.2 ml of 1% SDS. The radioactivity in each
sample was determined by scintillation counting. The Results are ex-
pressed as the means = SD of three independent experiments. T-test:
*P < 0.05.



114  Exp. Mol. Med. Vol. 40(1), 109-117, 2008

A

s

5 &
& &
S &

) Q
P-glycoprotein . .

Actin

-

B
5_
*
4
T =
g g 3
= = i
S &
{U
Z5 27
X =
E<~ 1 -
0 .
Control Depleted

Figure 3. Expression of MDR1 mRNA and P-glycoprotein in control and mtDNA-depleted HCT-8 cells. (A) Cell lysates were prepared from control and
mtDNA-depleted HCT-8 cells. Equal amounts (20 pg proteins) of cell lysates were separated via 7% SDS-PAGE and subjected to immunoblotting with an-
ti-P-glycoprotein or anti-actin antibody. A representative result of three independent experiments is shown. (B) Total RNA was isolated from control and
mtDNA-depleted HCT-8 cells, and the level of MDR1 transcript was analyzed by real-time PCR. The relative values were expressed as fold increase rela-
tive to that observed in control HCT-8 cells. The Results are expressed as the means = SD of three independent experiments. T-test: *P < 0.01.

proliferation assay. The sensitivity to doxorubicin
and vincristine, P-glycoprotein-transportable com-
pounds, is reduced in the mtDNA-depleted cells
when compared with that observed in control cells
(Figure 2A). We next investigated intracellular drug
accumulation in mtDNA-depleted cells. As shown
in Figure 2B, the uptake of paclitaxel is decreased
by approximately 70% in the mtDNA-depleted cells
when compared with control cells. Therefore, these
results indicate that mtDNA depletion provokes
impediment to chemotherapy in HCT-8 cells and
suggest that the reduction of mtDNA is associated
with MDR phenotype.

To investigate the cellular mechanism involved in
the induction of MDR phenotype by mtDNA
reduction, we measured the expression level of
P-glycoprotein, which is encoded by the MDR1
gene and known to play a key role in drug resis-
tance of cancer cells. Inmunoblot analysis showed
an increased P-glycoprotein expression in the
mtDNA-depleted cells when compared with control
cells (Figure 3A). The level of MDR1 mRNA is also
significantly increased in mtDNA-depleted HCT-8
cells (Figure 3B). These results suggest that the
decrease of sensitivity and accumulation of anti-
cancer drug in the mtDNA-depleted cells might be
due to a substantial increase in stead-state MDR1
mRNA levels.

Up-regulation of MDR1 is mediated by the increase of
mRNA stability

To determine whether MDR1 mRNA up-regulation
was due to transcriptional activation, we performed
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Figure 4. Analysis of MDR1 promoter activity in control and mtDNA-de-
pleted HCT-8 cells. Promoter activity of a luciferase reporter gene driven
by the MDR1 promoter was measured after transfection of control and
mtDNA-depleted cells with pMDR1. Luciferase activity was normalized to
Renilla luciferase activity, and shown as fold increase of luciferase activ-
ity over the value obtained from the empty pGL3 reporter vector alone.
The Results are expressed as the means &= SD of three independent
experiments.

a gene reporter assay in which an MDR1 promoter
fragment was placed upstream of the luciferase
reporter gene. However, promoter activity was equi-
valent in both control and mtDNA-depleted cells
(Figure 4), indicating that the depletion of mtDNA
did not upregulate the activity of MDR1 promoter.
Since the increase of steady-state MDR1 mRNA
was not due to transcriptional activation, we inves-
tigated whether change in the rates of mRNA
decay might be involved. To determine the half-
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Figure 5. Stability of MDR1 mRNA in control and mtDNA-depleted
HCT-8 cells. (A) Control and mtDNA-depleted HCT-8 cells were treated
with 12.5 ug/ml actinomycin D for various times, followed by extraction
and analysis of RNA via RT-PCR. GAPDH is used as an internal control.
A representative result of three independent experiments is shown. (B)
The level of MDR1 transcript was analyzed by real-time PCR. The level
of MDR1 mRNA was expressed as a percentage relative to that ob-
served at time 0. The Results are expressed as the means = SD of
three independent experiments.

lives of MDR1 mRNA in control and mtDNA-dep-
leted HCT-8 cells, we treated cells with actino-
mycin D, which is a transcriptional inhibitor that
blocks further incorporation of uridine into RNA and
thereby prevents increase of mRNA, and monito-
red the disappearance of MDR1 mRNA in the
presence of actinomycin D. The results showed
that the half-life of MDR1 mRNA was prolonged
from approximately 10 h in normal HCT-8 cells to
greater than 16 h in the mtDNA-depleted cells
(Figure 5). In contrast, the half-life of a long-lived
message (GAPDH) was unchanged in both cells.
Thus, up-regulation of MDR1 mRNA levels follo-
wing mtDNA depletion is due to an increase in
MRNA stability.

Discussion

The cellular treatment with low dose EtBr speci-
fically inhibits transcription and replication of cir-
cular DNA by deleting RNA primers required for
the initiation of replication (Zylber et al., 1969;
Desjardins et al., 1985; Hayakawa et al., 1998),
and it has been a useful tool for the study of
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various cellular responses affected by changes in
mtDNA contents (Biswas et al., 1999; Amuthan et
al., 2001, 2002). Studies using mtDNA-depleted
cells to evaluate the role of mtDNA in the ex-
pression of MDR1 and P-glycoprotein have yielded
mixed results. Pillay and colleagues found that
P-glycoprotein is up-regulated in rat hepatoma p0
cells (Pillay et al., 1998), whereas Liang and Ullyatt
found that mRNA expression of MDR1 and mul-
tidrug resistance-associated protein 1 (MRP1/
ABCC1), putatively associated drug resistance was
unchanged in mtDNA-depleted U937 cells (Liang
and Ullyatt, 1998). Although Moye-Rowley and
colleagues also reported that multiple signals from
dysfunctional mitochondria activate the pleiotropic
drug resistance pathway in S. cerevisiae (Hallstrom
and Moye-Rowley, 2000; Moye-Rowley, 2005), it is
not clear whether the mtDNA-depletion is a
contributing factor in the expression of molecules
responsible for drug resistance. In this study, we
generated HCT-8 cells containing partially depleted
mtDNA (< 80% of control level) by EtBr treatment.
The results of our study showed that the depletion
of mtDNA led to an increased expression of MDR1
mRNA and P-glycoprotein in HCT-8 colon cancer
cells.

Transcriptional activation is generally accepted to
be the principle mechanism for up-regulating
MDR1 gene expression (Labialle et al., 2002).
Several regulatory elements such as Sp1, AP-1,
NF-Y, and C/EBPB, have been characterized. It is
reported that MDR1 expression in cancer cells is
up-regulated by activation of NF-xB (Kuo et al.,
2002; Bentires-Alj et al., 2003). However, recent
studies reported that the expression of MDR1 is
also regulated by post-transcriptional levels (Yague
et al., 2003; Gomez-Martinez et al., 2007). In this
study, we found that up-regulation of MDR1 gene
in the mtDNA-depleted cells results from an inc-
rease in mRNA stability. The cis-determinants invol-
ved in mRNA stability is located in the 3'-untrans-
lated region of the transcripts (Wilusz et al., 2001).
The MDR1 3' UTR contains several potential AU-
binding protein recognition sites that could regulate
rapid mRNA decay (Marino et al., 1990). The
half-life of MDR1 mRNA in HCT-8 cells is similar to
that observed in the human hepatoma cell line
HepG2 (Prokipcak et al., 1999), and significantly
increased by the depletion of mtDNA. Although our
results demonstrated that the depletion of mtDNA
induces the up-regulation of MDR1 gene via an
increase of mMRNA stability, a recent study provided
evidence that MDR1 expression is also regulated
at translational initiation (Yague et al., 2003). Thus,
it remains the possibility that translational regula-
tion is also involved in up-regulation of P-glyco-
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protein in the mtDNA-depleted cells. Further stu-
dies are needed for elucidating whether MDR1
expression is regulated at the translational level
under mtDNA-depleted conditions.

In this study, we showed that mtDNA-depleted
HCT-8 cells are resistant to doxorubicin and vincri-
stine, P-glycoprotein-transportable compounds. Our
results indicate that drug resistance is mediated by
a decreased accumulation of drug via up-regula-
tion of P-glycoprotein. However, a previous study
provided evidence that the depletion of mtDNA
induces a resistance on cell death via an adaptive
increase in the expression of anti-oxidant enzymes
(Park et al., 2004). We found that the expression of
catalase is up-regulated in the mtDNA-depleted
HCT-8 cells (unpublished data). Furthermore, sev-
eral investigators have demonstrated that altera-
tion of mtDNA quantity and quality induces mito-
chondria-to-nucleus stress signaling which changes
the expression level of various nuclear-encoded
genes, including anti-apoptotic proteins, Bax and
bcl-2 (Amuthan et al,, 2001, 2002). Therefore, it
appears more likely that drug resistance by the
depletion of mtDNA may be mediated by a more
complicated mechanism that remains to be est-
ablished.

In summary, our results showed that the depletion
of mtDNA increases MDR1 gene expression in
HCT-8 colon cancer cells. Furthermore, we demon-
strated that up-regulation of MDR1 expression is
due to mRNA stabilization. Considering that MDR1
has an important role in drug resistance of cancer
cells, our identification would help to elucidate the
molecular mechanism by which drug resistance is
induced in the mtDNA-depleted cells.
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