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The influence of mutations in the mitochondrial DNA (mtDNA) on the bioenergetic metabolism
of the cell is still poorly understood. Many of the mutations in the mtDNA affect the expression
of the mitochondrial genome. Investigations on cells from patients are not easy, especially as the
mitochondrial DNA is heteroplasmic and this state is changed in culture. Moreover, the nuclear
background and the mitochondrial haplotype may affect the behaviour of cells. Transfer of pa-
tient mitochondria to rho zero cell lines is also not optimal as these cells in general have many
nuclear changes which may also affect cell behaviour. Thus, we decided to use inhibitors of mi-
tochondrial genome expression, such as thiamphenicol, ethidium bromide and dideoxycytidine to
investigate the bioenergetic metabolism of HeLa cells. We found that oxidative phosphorylation
and glycolysis participate equally in ATP production in HeLa cells and that decreased activity of
the respiratory chain leads to increased glycolysis and the reduction of cell growth. Insufficient
ATP production in the oxidative phosphorylation process was not compensated by increased pro-
liferation of the mitochondria. However, we were able to show that there are some mechanisms
compensating limited expression of the mitochondrial genome within the mitochondria. Experi-
ments with dideoxycytidine revealed that 10-fold decrease of the mtDNA copy number resulted
in almost normal activity of cytochrome c oxidase. We found that mtDNA depletion is compen-
sated mostly on the level of RNA metabolism in the mitochondria. Thus, our results are in agree-
ment with the hypothesis that transcription initiation rather than mtDNA copy number is a rate
limiting factor for expression of the mitochondrial genome.
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INTRODUCTION

Mitochondria play a central role in the metab-
olism of eukaryotic cells. One of the most important
functions of mitochondria is ATP synthesis in the ox-
idative phosphorylation process in which five multi-
subunit complexes forming the respiratory chain are
involved (Rotig & Munnich, 2003). Four complexes
are responsible for generation of the proton gradient
across the inner mitochondrial membrane. The fifth
complex, FF,-ATPase, uses this gradient for ATP

generation. The respiratory chain complexes are
composed of over 80 proteins encoded mainly in the
nucleus, though 13 subunits are encoded in the mi-
tochondrial DNA. The 24 remaining mitochondrial
genes (2 rRNAs and 22 tRNAs) are involved in the
synthesis of these subunits.

Thus mutations leading to dysfunction of the
respiratory chain complexes may occur in two dif-
ferent genomes. Genetic disorders of the respiratory
chain have been linked to almost two hundred point
mutations in the mitochondrial genome and over

*Present address: Department of Biotechnology, University of Wroctaw, Wroctaw, Poland.
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one hundred large-scale deletions of mitochondrial
DNA (mtDNA) collected in the MITOMAP database
(Brandon et al., 2004). The relationship between mi-
tochondrial disorders and mutations has been docu-
mented for several dozen of the nuclear genes en-
coding proteins directly or indirectly involved in the
biogenesis of the respiratory chain complexes (Rotig
& Munnich, 2003). It was estimated that respiratory
chain disorders (also called OXPHOS disorders) af-
fect at least 1 in 8000 individuals, placing them in
the group of the most frequent metabolic inborn er-
rors (Skladal et al., 2003).

Mutations in both mitochondrial and nuclear
genes resulting in defects in the respiratory chain
complexes lead predominantly to insufficient ATP
production. However, other effects, such as in-
creased production of reactive oxygen species or
sensitization to apoptotic signals may play an im-
portant role in the pathology of respiratory chain
disorders (McKenzie et al., 2004). Mechanisms com-
pensating insufficient production of ATP are large-
ly unknown. One of the possibilities is increased
glycolysis rate, as the ATP produced in the glyco-
lytic pathway is the only alternative source of en-
ergy. Reduced NAD* produced by the glycolytic
pathway is recovered by lactate dehydrogenase,
leading to production of lactate from pyruvate. In
fact, lactic acidemia (increased lactate concentration
in blood plasma) is a symptom frequently observed
in patients diagnosed with mitochondrial disorders
(Leonard & Schapira, 2000). Increased proliferation
of mitochondria is the other possibility for compen-
sation of ATP deficiency. This mechanism is sup-
ported by the presence of red ragged fibers (RRFs)
in muscle biopsies of patients harbouring muta-
tions in mitochondrial DNA (Leonard & Schapira,
2000). RRFs are muscle fibers with accumulation of
abnormal mitochondria in the subsarcolemmal area
(Dang & Semenza, 1999). RRFs have been shown to
possess extremely high levels of mutated mtDNA
in comparison with surrounding fibers (Petruz-
zella et al., 1994; Ozawa et al., 1998). Additionally,
Heddi et al. (1993, 1999) observed some aspects of
enhanced mitochondrial biogenesis in muscle bi-
opsies of MERRF (myoclonic epilepsy and ragged
red muscle fibers) and MELAS (mitochondrial en-
cephalomyopathy, lactic acidosis, and stroke-like
episodes) patients with diagnosed mutations in the
mitochondrial genome. The samples exhibited in-
creased levels of mitochondrial transcripts as well
as increased levels of transcripts of nuclear genes
encoding proteins involved in energy metabolism,
e.g. ATP synthase 3 subunit, ANT1 and ANT2 (ad-
enine nucleotide translocator 1 and 2), hexokinase,
and Ela subunit of pyruvate dehydrogenase. El-
evated levels of these transcripts have been corre-
lated with high levels of mutated DNA. Thus, Hed-

di et al. (1999) suggested that defects in oxidative
phosphorylation may be compensated in human
tissues by stimulation of mitochondrial biogenesis.

Mitochondrial proliferation is a tightly control-
led process regulated by several recently identified
transcription factors, including nuclear respiratory
factors 1 and 2 (NRF-1 and NRF-2), PGC-1 (peroxi-
some proliferator-activated receptor gamma coacti-
vator 1) and PRC (Pgc-1-related coactivator). Interac-
tions between these factors create a complex system
controlling synthesis of the mitochondrial proteins
encoded in the nucleus. This system also controls
expression of the mitochondrial genome through mi-
tochondrial transcription factor A (TFAM) and mi-
tochondrial transcription factors Bl and B2 (TFBIM
and TFB2M). Nuclear control of mitochondrial bio-
genesis has been well characterised in reviews by
Goffart and Wiesner (2003) or Scarpulla (1997; 2002;
2005). Mitochondrial biogenesis is regulated by sev-
eral intracellular (e.g. calcium ion concentration (Wu
et al., 2002), nitric oxide (Nisoli et al., 2003) or ATP/
AMP ratio (Zong et al., 2002)) and extracellular (e.g.
thyroid hormone (Pillar & Seitz, 1997), glucocorti-
coid hormones (Tsiriyotis et al., 1997), insulin (Stump
et al., 2003)) factors.

Although induction of mitochondrial prolif-
eration in tissues of patients with defects in mito-
chondrial DNA disorders is well documented, the
mechanism of this induction is still not understood.
Finding the signals inducing mitochondrial biogen-
esis would be very important in understanding the
pathology of mtDNA diseases. Since mitochondrial
biogenesis is governed by a complicated system
regulated by various extracellular and intracellular
signals, there is a need for a careful examination
of how decreased expression of the mitochondrial
genome influences the biogenesis of the mitochon-
dria and the respiratory chain complexes. We at-
tempted to answer this question by utilization of
inhibitors affecting various steps of mitochondrial
genome expression. In our investigations we used
thiamphenicol, a specific inhibitor of mitochondrial
translation and ethidium bromide, an inhibitor of
mitochondrial transcription and replication proc-
esses. We found that pronounced, but short-term
inhibition of mtDNA expression in HeLa cells by
both drugs did not induce enhanced mitochodrial
proliferation. However, additional experiments
with cells partially depleted of mitochondrial DNA
revealed possible compensatory mechanisms in the
mitochondria at the level of mitochondrial RNA
metabolism.

Investigations on cells from patients are not
easy, especially as the mitochondrial DNA is hetero-
plasmic and this state is changed in culture. Moreo-
ver, the nuclear background and the mitochondrial
haplotype may affect the behaviour of cells. Transfer
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of patient mitochondria to rho zero cell lines is also
not optimal as these cells in general have many nu-
clear changes which may also affect cell behaviour
(Singh et al., 2005). We thus decided to analyse the
effects of several inhibitors on mitochondrial respi-
ration and replication and on the levels of mitochon-
drial transcripts and nuclear and mitochondrial-en-
coded proteins.

MATERIALS AND METHODS

Cell culture and inhibitors. HeLa cells were
grown in DMEM medium supplemented with 10%
fetal bovine serum, 2 mM glutamine, 1 mM pyruvate
and 50 pg/ml uridine, in conditions of 37°C, 5% CO,
and 100% humidity. Tissue culture media, supple-
ments, fetal bovine serum and inhibitors were from
Sigma. Plasticware was from Sarstedt. Ethidium bro-
mide was used at a concentration of 50 ng/ml. The
concentration of dideoxycytidine in the medium was
20 uM. The working solution of thiamphenicol was
prepared at 50 mg/ml in DMSO as a diluent. The fi-
nal thiamphenicol concentration in the cell culture
medium was 50 ug/ml. In this case, cells pretreated
for 48 h with 0.1% DMSO were used as a control.

Western blot analysis. Western blot analy-
sis was as described by Sambrook & Russel (2001).
Briefly, cell samples were suspended in Laemmli
buffer and sonicated (2 x 15 s). Aliquots (15-30 pg)
of the samples were loaded on SDS/PAGE gels. Elec-
trophoresed samples were transferred to Protran ni-
trocellulose filters (Schleicher & Schuell Bioscience)
by semi-dry transfer and blocked by incubation in
10% non-fat milk in TBS-T. Primary antibodies were
used as follows: anti-GAPD (glyceraldehyde-3-phos-
phate dehydrogenase) antibodies (ABCAM), anti-cy-
tochrome ¢ antibodies (Santa Cruz Biotechnology),
anti-COX2 and anti-COX5a antibodies (cytochrome
¢ oxidase subunits 2 and 5a) (Molecular Probes),
anti-Hsp60 antibodies (Sigma). Secondary antibod-
ies (Sigma) conjugated with horseradish peroxidase
were visualised by ECL reagent.

mtDNA quantification. Total DNA was iso-
lated using DNA Tissue Kit (Qiagen). mtDNA levels
were analysed by real-time PCR using QuantiTect
SYBR Green PCR Kit (Qiagen). Previously described
primers encompassing the ND3 gene were used for
quantification of the mtDNA molecules (Piechota
et al., 2006). Primers for the B2M ([3-2-microtubu-
lin) nuclear gene described by Vandesompele et al.
(2002) were used for standardization.

Analysis of transcript steady-state levels.
Steady-state levels of the mitochondrial COX2 mRNA
as well as NRF-1 and TFAM transcripts were anal-
ysed using real-time PCR technique. RNA was isolat-
ed using TRI Reagent (Sigma) according to the man-

ufacturer’s instructions. DNA-free RNA samples were
prepared using Deoxyribonuclease I (Fermentas). Re-
verse transcription was performed using Omniscript
RT Kit (Qiagen) and oligo-(dT),; primer. Real-time
PCR reaction was performed on LightCycler (Roche)
using QuantiTect SYBR Green PCR Kit (Qiagen).
Primer sequences were as follows: TFAM-R: GAT-
GAGTTCTGCCTGCTTTATG, TFAM-F: GGACTTCT-
GCCAGCATAATACT, NRFI-R: TTTCCTCAGGT-
GAGTCCAGCAG, NRF1-F: TTTCCTCAGGTGAGTC-
CAGCAG. Primer sequences for COX2 analysis have
already been published (Piechota et al., 2006).

Steady-state levels of 16S tTRNA were assayed
using Northern blot analysis. Aliquots of 5 pg RNA
were electrophoresed in 1% denaturing formalde-
hyde-agarose gels and transferred to Hybond-N fil-
ters (Amersham International), following the manu-
facturer’s instructions. Filters were prehybridized in
PerfectHyb™ Plus hybridization buffer (Sigma). The
PCR product encompassing the 17562444 mtDNA
fragment was used as a probe for 165 rRNA. North-
ern blots were standardized on 7SL RNA. The PCR
product used as a probe was amplified with primers
7SL-F: TCGGGTGTCCGCACTAAGTT and 7SL-R:
TGGCTATTCACAGGCGCGAT. The relative steady-
state levels of the RNAs were detected by densitom-
etry and quantified using ImageQuant software.

Lactate and pyruvate production. The pro-
tocol used for analysis of lactate and pyruvate pro-
duction was based on the protocol for fibroblasts
described by Robinson (1996) with slight modifica-
tions. HeLa cells were harvested and washed twice
with PBS. Approximately 107 cells were resuspended
in 1 ml PBS and incubated at 37°C for 15 min. Then
cells were centrifuged, resuspended in 1.5 ml PBS
plus 25 mM glucose and incubated at 37°C with oc-
casional shaking in order to avoid sedimentation of
the cells on the bottom of the tube. After 1 h incu-
bation cells were centrifuged (5000 x g, 3 min). Cell
pellets were used for the measurement of the pro-
tein content, and supernatants for analysis of lactate
and pyruvate concentrations. Lactate concentration
was analysed using Lactate Reaction Kit (Sigma) ac-
cording to the manufacturer’s instructions. Pyruvate
concentration was determined spectophotometrically
at 340 nm by a standard method utilizing lactate de-
hydrogenase (Sigma) and NADH.

Enzyme activities. Biochemical assays of the
cytochrome ¢ oxidase and citrate synthase activities
in the digitonin-treated cells were carried out es-
sentially as described by Darley-Usmar et al. (1987).
5 x 10° HeLa cells were taken for preparation of the
mitochondria-enriched fraction by digitonin treat-
ment. Cytochrome ¢ from bovine heart used in the
cytochrome ¢ oxidase activity assay was obtained
from Sigma. Measurements of the enzymatic activi-
ties were carried out at room temperature.
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RESULTS

Thiamphenicol and ethidium bromide disrupt ex-
pression of the mitochondrial genome

Thiamphenicol, a derivative of chlorampheni-
col is an inhibitor of the mitochondrial translation
system (Kroon, 1965). Ethidium bromide was shown
to inhibit mitochondprial transcription and replication
systems (Seidel-Rogol & Shadel, 2002). Thus, both
inhibitors disrupt expression of the mitochondrial
genome. As a consequence, cells treated with these
drugs should be depleted of respiratory chain subu-
nits encoded by the mitochondrial DNA. To confirm
that the used concentrations of thiamphenicol and
ethidium bromide extensively inhibit biogenesis of
the respiratory chain complexes in HeLa cells we
analysed the steady-state level of the mitochondri-
ally encoded COX2 protein (cytochrome ¢ oxidase
subunit 2). Additionally, in cells treated with ethid-
ium bromide we analysed the mtDNA content and
the steady-state levels of two mitochondrial tran-
scripts: ND3 and 16S rRNA.

The results presented in Fig. 1A indicate that
both thiamphenicol and ethidium bromide efficiently
inhibit synthesis of the mtDNA-encoded proteins in
the HeLa cell line. The level of the COX2 protein in
cells treated with both inhibitors was below detec-
tion after 6 days of drug treatment. In the same time
we observed a 10-fold decrease in the mtDNA con-
tent in cells treated with ethidium bromide (Fig. 1B)
which is in full agreement with previously published
data (Seidel-Rogol & Shadel, 2002). The steady-state
level of the ND3 transcript was undetectable using
Northern blot analysis during the whole 6-day peri-
od of ethidium bromide treatment. We also observed
a gradual decrease of the 165 rRNA steady-state lev-
el (Fig. 1C). 165 rRNA content fell below 1% of the
level in control cells after 6-days of drug treatment.
These results indicate that the applied concentra-
tions of the inhibitors efficiently inhibited expression
of the mitochondrial genome.

Ethidium bromide and thiamphenicol treatment af-
fect bioenergetic metabolism of HeLa cells

All 13 proteins encoded by the mitochondrial
genome are subunits of the respiratory chain com-
plexes. In order to measure how thiamphenicol and
ethidium bromide influence the activity of the res-
piratory chain complexes in HeLa cells we analysed
the cytochrome ¢ oxidase (COX) activity. Figure 2A
shows that COX activity in cells treated with the
inhibitors for 6 days was decreased by about 95%
in comparison with the control cells. Cytochrome c
oxidase seems to be the control point of the overall

respiratory chain activity and the oxidative phos-
phorylation process as COX activity was found to
be correlated with cell respiration and ATP synthe-
sis (Villani & Attardi, 1997; D’Aurelio et al., 2001).
Thus, around 20-fold COX activity reduction sug-
gests that respiratory chain activity is significantly
decreased during a 6-day period of the drug treat-
ment.

As the respiratory chain activity decreases,
HeLa cells activate the glycolytic pathway as an alter-
native source of the ATP. Data presented in Fig. 2B
indicate a 2-fold increase in lactate production after
6 days of drug treatment. This result indicates that
decreased ATP production by the mitochondria is at
least partially compensated by enhanced glycolysis,
an alternative source of ATP.

Increased lactate production is accompanied
by a decrease in pyruvate production. Observed
changes in lactate and pyruvate production led to
an increase of the [lactate]:[pyruvate] ratio as shown
in Fig. 2C. The [lactate]:[pyruvate] ratio in untreated
HeLa cells is 17:1. Both thiamphenicol and ethidium
bromide treatment lead to a significant increase of
this ratio up to 250:1. The most pronounced increase
is observed between the 4th and 6th day of the drug
treatment. The relatively high [lactate]:[pyruvate]
ratio on the 6th day is due to a very low, al-
most undetectable, level of pyruvate. Increased
[lactate]:[pyruvate] ratio and lactate production in-
dicate a defect in respiratory chain activity and are
commonly used in diagnostics of mitochondrial dis-
orders (Robinson, 1996). An increase of both these
parameters in HeLa cells indicates that changes in
the energy metabolism caused by the used inhibi-
tors are comparable with changes observed in cells
harbouring defects in the oxidative phosphorylation
system.

Thiamphenicol and ethidium bromide treatment
results in reduced growth of HeLa cells

One of the most energy consuming processes
in the cell is cell division and DNA replication dur-
ing the S phase of the cell cycle. In order to inves-
tigate whether thiamphenicol or ethidium bromide
treatment influences cell growth we analysed gen-
eration time of HeLa cells in two day intervals. The
obtained results presented in Fig. 2D show a signifi-
cant reduction of cell growth. The generation time
of untreated HeLa cells was about 24 h. However,
thiamphenicol and ethidium bromide treatment sig-
nificantly influences the generation time of HeLa
cells. The most pronounced changes were observed
during the first two days of drug treatment. The av-
erage cell underwent only one division. Some recov-
ery of cell growth was observed during the next 4
days. However, generation time (around 34 h) was
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Figure 1. Expression of the mitochondrial genome in HeLa cells treated with thiamphenicol or ethidium bromide.

(A) Steady-state level of the COX2 subunit encoded by the mitochondrial DNA assayed using Western blot analysis.
Antibodies directed against glyceraldehyde-3-phosphate dehydrogenase (GAPD) were used for standardisation. (B) Stea-
dy-state level of the mtDNA in HeLa cells treated with ethidium bromide was analysed using real-time PCR technique.
mtDNA copy number was standardized on the nuclear 3-2-microtubulin gene. For better visualisation, the results were
recalculated taking the steady-state level of the mtDNA at time point 0 as 100. Steady-state levels are presented as the
value + standard deviation. (C) Steady-state levels of 16S rRNA and ND3 mitochondrial transcripts in HeLa cells treated
with ethidium bromide were assayed using Northern blot analysis. The transcript encoding GAPD was used for standar-
disation.

still longer when compared with control cells. Inhi-
bition of HeLa cell growth indicates that increased
glycolysis is not capable of fully compensating the
reduced activity of the respiratory chain. The pre-
sented set of experiments shows that thiamphenicol
or ethidium bromide treatment leading to decrease
of respiratory chain activity results in metabolic
stress of HelLa cells.

Energetic stress does not influence the steady-state
levels of the NRF-1 and TFAM transcripts

NRF-1 plays a key role in regulation of the
mitochondrial capacity for energy generation. It was
shown that increased expression of the NRF-1 gene
is necessary and sufficient to activate synthesis of o-
aminolevulinate (ALA) synthase in HeLa cells (Li et
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Figure 2. Bioenergetic metabolism of HeLa cells treated with thiamphenicol or ethidium bromide

(A) Cytochrome c oxidase activity. (B) Lactate production. (C) [lactate]:[pyruvate] ratio. (D) Growth of HeLa cells treat-
ed with thiamphenicol or ethidium bromide. Cytochrome c oxidase activity was assayed using reduced cytochrome c as
the substrate. In order to analyse lactate and pyruvate production HeLa cells were incubated in PBS supplemented with
25 mM glucose. The produced metabolites were assayed using spectrophotometric methods. Cell growth was analysed
in two day intervals. HeLa cells were seeded into dishes at starting density of 2.5-4 x 10* cells/cm?. After two days cells
were harvested and counted. Results are presented as the multiplicity of cell number increase. All results are presented
as the value + standard deviation.



490

J. Piechota and others

2006

I TFAM - Ethidium bromide

B TFAM - Thiamphenicol
300

NRF-1 - Ethidium bromide
B NRF-1 - Thiamphenicol

6
Figure 3. Relative steady-state levels of the TFAM and
NREF-1 transcripts in HeLa cells treated with thiampheni-
col or ethidium bromide.

Steady-state levels were analysed using real-time PCR
technique and standardised on the GAPD transcript. For
better visualisation of the results, the steady-state levels
were recalculated taking the steady-state level of the ap-

propriate transcript at 0 time point as 100. Steady-state
levels are presented as the value + standard deviation.
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al., 1999). This enzyme is rate-limiting for the syn-
thesis of heme, a crucial part of respiratory chain
complexes. NRF-1 also regulates expression of the
mitochondrial transcription factor A (TFAM) thus
ensuring coordinated expression of both nuclear
and mitochondrial genomes (Virbasius & Scarpulla,
1994).

As increased levels of the NRF-1 and TFAM
mRNAs may indicate enhanced mitochondrial bio-
genesis we investigated the steady-state levels of
both these transcripts in HeLa cells treated with
thiamphenicol and ethidium bromide. The results
presented in Fig. 3 show that NRF-1 and TFAM
transcripts are not elevated in cells treated with the
inhibitors. Both transcripts were standardized in re-
spect to the glyceraldehyde-3-phosphate dehydroge-
nase (GAPD) transcript. Expression of this transcript
was shown to be stable in HeLa cells without func-
tional respiratory chain complexes (Li et al., 1995).
These results indicate that short-term inhibition of
mitochondrial genome expression does not induce
increased expression of TFAM and NREF-1 transcrip-
tion factors.

Thiamphenicol and ethidium bromide treatment
does not influence the citrate synthase activity and
the steady-state levels of mitochondrial proteins
encoded in the nucleus

In order to confirm the lack of enhanced mi-
tochondrial biogenesis in HeLa cells with disrupted
mtDNA expression we analysed steady-state levels
of several mitochondrial proteins. Cytochrome c and

cytochrome ¢ oxidase 5a subunit (COX5a) are com-
ponents of the respiratory chain. Hsp60 is a chap-
erone involved in the folding of the proteins im-
ported into the mitochondria. As shown in Fig. 4A
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Figure 4. Mitochondrial protein levels, citrate synthase
activity and mtDNA levels in thiamphenicol- or ethid-
ium bromide treated cells.

(A) Steady-state level of mitochondrial proteins citrate
synthase activity (value + standard deviation) (B) in HeLa
cells treated with thiamphenicol or ethidium bromide and
mtDNA steady-state level in HeLa cells treated with thia-
mphenicol (value + standard deviation) (C). Steady-state
levels of the mitochondrial proteins were assayed using
Western blot analysis. Anti-GAPD antibodies were used
for standardisation. Citrate synthase activity was assayed
according to standard procedures using acetyl-CoA and
oxalacetate as substrates. Steady-state level of the mtDNA
was analysed using Real Time PCR technique. mtDNA
copy number was standardized on the nuclear gene of {3-
2-microtubulin. For better visualisation, the results were
recalculated taking the steady-state level of the mtDNA at
time point 0 as 100.
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Figure 5. Expression of the mitochondrial genome in HeLa cells with depleted mitochondrial DNA.

mtDNA depletion was obtained by treatment with dideoxycytidine (20 uM). (A) A graph presenting mtDNA, COX2
mRNA, COX2 protein steady-state levels and cytochrome ¢ oxidase (COX) activity. mtDNA and COX2 mRNA steady-
state levels were assayed using real-time PCR and standardised on -2-microtubulin single copy gene and GAPD tran-

script, respectively. All data are presented as the value +

standard deviation. (B) Steady-state level of the 16S rRNA

analysed using Northern blot analysis. (C) Exemplary Western blot analysis of the COX2 protein steady-state level pre-

sented on the graph.

no significant increase of the analysed proteins was
observed in HeLa cells treated with thiamphenicol
or ethidium bromide. Another indication confirm-
ing lack of enhanced mitochondrial biogenesis in
HeLa cells with inhibited mtDNA expression was
obtained after analysis of citrate synthase (CS) activ-
ity. The activity of this enzyme has been shown to
be proportional to mitochondrial mass (Hoppeler,
1986). Data depicted in Fig. 4B indicate that citrate
synthase activity is not affected during cell growth
in the presence of thiamphenicol or ethidium bro-
mide.

mtDNA content is not affected by thiamphenicol
treatment

mtDNA steady-state levels may be increased
in some patients showing clinical manifestations
characteristic of mitochondrial disease (Bai et al.,
2004) Thus, it may be suspected that energy depri-
vation caused by decreased activity of the respira-
tory chain may be compensated by overreplication
of the mtDNA in order to ensure sufficient syn-
thesis of respiratory chain subunits. In order to
examine whether decreased activity of the respira-
tory chain in HeLa cells treated with thiampheni-
col influences the mtDNA content we investigat-
ed the mtDNA steady-state levels in cells treated
with the inhibitor for six days. Data presented in
Fig. 4C indicate no changes in the mtDNA level
in cells treated with thiamphenicol. This result
shows that lack of mitochondrial translation does
not lead to increase of the mtDNA copy number.
Thus, in HeLa cells decreased expression of the
mitochondrial genome is not compensated by in-
creased mtDNA replication.

mtDNA depletion is compensated at the level of
mt-RNA metabolism

The obtained results suggest that no in-
creased biogenesis occurs in HeLa cells with dis-
rupted mtDNA expression for the period of 6 days.
In the next step we decided to investigate possible
compensation mechanisms in the mitochondria us-
ing dideoxycytidine (ddC). This inhibitor in the
used concentration prevents only mtDNA replication
(Simpson et al., 1989), thus it is more specific than
ethidium bromide which inhibits both replication
and transcription. After 6 days of treatment with
ddC the mtDNA was decreased to 4% of the level
observed in control cells (Fig. 5A). This result shows
that ddC is very effective in inhibition of mtDNA
replication in HeLa cells.

At the same time we investigated steady-state
levels of two mitochondrial transcripts: 165 rRNA
and COX2. Both of them were reduced (Fig. 5A and
5B). However, decrease of the 16S rRNA and COX2
steady-state levels appeared to be much less pro-
nounced in comparison with mtDNA. For example
on the 4th day of ddC treatment steady-state levels
of both analysed transcripts were reduced by less
than 40%, despite a 90% reduction of the mtDNA
level.

In the last step we analysed the steady-state
level of the COX2 protein and cytochrome c oxi-
dase (COX) activity (Fig. 5A and 5C). We observed a
slight increase of the steady-state level of the COX2
protein on the 2nd day accompanied by increased
activity of cytochrome c oxidase. On the 4th day of
ddC treatment COX activity was reduced less than
10% in spite of a 90% decrease of the mtDNA level.
Thus, a 10-fold reduced mtDNA level resulted in
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an almost normal activity of cytochrome c oxidase.
We found that a statistically significant difference
existed only between steady-state levels of mt-RNA
and mtDNA during the analysed time period. There
were no statistically significant differences between
steady-state levels of COX2 mRNA, COX2 protein
and COX activity. These results indicate that mito-
chondria in HeLa cells have the potential to compen-
sate decreased mtDNA copy number at least during
a relatively short time of inhibition of mtDNA rep-
lication. Significant compensation of mtDNA deple-
tion is observed only at the level of mitochondrial
RNA metabolism.

DISCUSSION

Thiamphenicol or ethidium bromide treatment leads
to a bioenergetic shift in HeLa cells

Both ethidium bromide and thiamphenicol
inhibit expression of the mitochondrial genome re-
sulting in a lowered content of the mitochondrially
encoded proteins and decreased activity of the res-
piratory chain. The content of COX2 protein after
6-day treatment of HeLa cells is not detectable by
Western blot analysis. At the same time activity of
cytochrome c¢ oxidase is decreased by 95%. Low-
ered activity of the respiratory chain is linked to an
increase in lactate production. This result indicates
that lack of ATP synthesized in the oxidative phos-
phorylation process is compensated by increased
glycolysis. Lactate production on the 6th day of
drug treatment is increased over 2-fold. This result
suggests that oxidative phosphorylation is respon-
sible for about 50% of the ATP synthesis in HelLa
cells.

In addition to glycolytic pathway activation,
reduction of HeLa cell growth is observed. Genera-
tion time during the first two days of drug treat-
ment is increased two-fold. At the same time the
most pronounced increase of lactate production is
observed. This observation suggests that HeLa cells
shift from metabolism based on oxidative phospho-
rylation to metabolism based mostly on glycolysis.
However, the increased activity of the glycolytic
pathway seems to be insufficient for the compensa-
tion of the decrease in oxidative phosphorylation as
cell division, a highly energetic process, is strongly
suppressed.

The balance between the ratio of NADH and
NAD" concentrations in the cytoplasm and the ratio
of lactate and pyruvate concentrations is maintained
due to lactate dehydrogenase. In cells with a non-
functional respiratory chain the transport of elec-
trons from NADH into the mitochondria is blocked.

Therefore NAD" is recovered by pyruvate oxidation
resulting in an elevated [lactate]:[pyruvate] ratio.
The [lactate]:[pyruvate] ratio in untreated HeLa cells
is around 17:1. Treatment of HeLa cells with both
thiamphenicol and ethidium bromide leads to sig-
nificant elevation of this ratio up to 250:1.

Short-term inhibition of the mitochondrial genome
expression does not induce increased proliferation
of mitochondria

The obtained results showed that the energy
metabolism of HeLa cells grown in the presence of
thiamphenicol or ethidium bromide for 6 days was
strongly affected. However, steady-state levels of
NRF-1 and TFAM remained unchanged. These re-
sults are consistent with results obtained by Selwood
et al. (2001), who have shown that an 11-day period
of thiamphenicol treatment does not influence the
level of TFAM protein and the level of active NRF-1
protein in the Hep G2 cell line.

Levels of several mitochondrial proteins se-
lected for analysis appeared to be unaffected in
HeLa cells treated with thiamphenicol or ethidium
bromide. The activity of citrate synthase was also
unchanged. As activity of this enzyme is correlat-
ed to the mass of mitochondria in the cell, this is a
strong indication that proliferation of mitochondria
is not enhanced during 6-day treatment of HeLa
cells with thiamphenicol or ethidium bromide.

The obtained results indicate that short term
inhibition of mitochondrial genome expression lead-
ing to significant decrease of respiratory chain activ-
ity does not induce mitochondrial biogenesis. En-
hanced mitochondrial biogenesis (e.g. increased ex-
pression of NRF-1 and TFAM factors) was observed
in g, HeLa cells (Miranda et al., 1999) treated with
ethidium bromide for a period of at least 70 passag-
es. This observation indicates that induction of en-
hanced mitochondrial proliferation is time-depend-
ent and a relatively long time is necessary to induce
nuclear genome response to decreased expression of
the mitochondrial genome.

This observation suggests that inhibition of
mitochondrial genome expression and decreased ac-
tivity of the respiratory chain resulting in depletion
of ATP produced in the oxidative phosphorylation
process are not direct signals inducing mitochondrial
proliferation. Thus, increased biogenesis of mitochon-
dria observed in tissues of patients harbouring muta-
tions in mtDNA is rather due to long-term exposure
of the cells to oxidative stress/abnormal Ca?* home-
ostasis than to decreased expression of the mtDNA.
Both increased Ca?* levels in the cytoplasm and in-
creased reactive oxygen species (ROS) have been doc-
umented in patients with defects in respiratory chain
complexes. It has been also shown that both factors



Vol. 53

Genome responses in HeLa cells treated with inhibitors of mitochondrial DNA

493

are capable of inducing increased mitochondrial pro-
liferation (extensively reviewed by Lee & Wei (2005)).
However, this explanation suggests that increased mi-
tochondrial proliferation may not be a programmed
cellular response tending towards compensation of
decreased respiratory chain activity, but rather is an
element of pathology of the mitochondrial diseases.
Stimulation of mitochondrial biogenesis by reactive
oxygen species leads to proliferation of abnormal mi-
tochondria, which produce more ROS. Additionally,
elevated ROS production increases oxidative damage
of the mitochondria and mtDNA what additionally
elevates the ROS production. The presence of this
positive feed-back, also described as a vicious cycle,
could explain formation of ,red ragged fibers” (RRFs)
which are commonly observed in patients harbouring
mtDNA mutations and characterized by extremely
high mutation load and increased accumulation of
abnormal mitochondria.

Compensatory mechanisms are present in the mito-
chondria

Depletion of the mtDNA obtained due to
dideoxycytidine (ddC) treatment allowed the in-
vestigation of possible compensatory effects in the
mitochondria. The obtained results indicate that
HeLa cells possess a great potential to compensate
mtDNA depletion. After two days of dideoxycy-
tidine treatment the amount of mtDNA is de-
creased by 57%. However, the steady-state level of
COX2 mRNA is lowered only by 7%. The amount
of COX2 protein and cytochrome c oxidase activ-
ity is even about 20% higher than in control cells.
After four days of ddC treatment the mtDNA
level is 11%, but the cytochrome c¢ oxidase activ-
ity is lowered only by 7% compared with control
cells. A significant, 66% decrease of COX activity
is observed after 6 days of ddC treatment, when
mtDNA content is lowered to 4%. The presented
results extend and specify observations made by
Pan-Zhou et al. (2000) who analysed effects of
antiretroviral nucleotide analogues on mitochon-
drial function in Hep G2 cells. In that case appli-
cation 10 uM ddC resulted in >90% decrease of
mtDNA content. However, activities of respiratory
chain complexes analysed on 6th day of ddC treat-
ment were not affected.

Our results clearly show that the most pro-
nounced compensation of mtDNA depletion is ob-
tained at the level of mitochondrial RNA metabo-
lism. During the four first days of ddC treatment
the COX2 mRNA steady-state level remained almost
unchanged and a significant decrease was observed
only on the 6th day, when its level was still 4.5-fold
higher in relation to mtDNA content. The steady-
state level of 165 rRNA after 6 days of ddC treat-

ment was 44% of the control, representing an 11-fold
elevation in relation to mtDNA content.

The level of COX2 protein and COX activity
after the first two days of ddC treatment was slight-
ly higher as compared with control, but the differ-
ences are not statistically significant. As cytochrome
¢ oxidase is formed of subunits encoded both by
mitochondrial and nuclear genomes, an increase of
its activity may suggest that ddC treatment activates
mitochondrial biogenesis. However, previous work
of Pan-Zhou et al. (2000) on the Hep G2 cell line
has shown that ddC does not influence citrate syn-
thase activity. Moreover, it was shown in the same
work that normal activities of respiratory chain com-
plexes were maintained despite significant reduc-
tion in protein synthesis in the mitochondria. Thus,
it cannot be excluded that respiratory chain activity
is achieved by increased stability of the complexes.
Increased stability of cytochrome ¢ oxidase would
explain its slightly elevated activity as well as the
elevated level of COX2 protein in HeLa cells after 2
days of ddC treatment.

mtDNA level does not limit expression of the mito-
chondrial genome

Thiamphenicol treatment does not influence
the mtDNA copy number in HeLa cells. However,
it has been previously shown that thiamphenicol
treatment leads to increase of mitochondrial mRNA
steady-state levels in Hep G2 cells in spite of unaf-
fected mtDNA content (Chrzanowska-Lightowlers et
al., 1994; Selwood et al., 2001). This increase is due to
specific activation of RNA synthesis from It;, initia-
tion site in the tRNAP"® gene, because levels of IRNA
transcripts synthesized mostly from It;, site are not
increased. However, our previous work has shown
that thiamphenicol treatment led to significant stabi-
lisation of three mitochondrial transcripts: ND2, ND3
and cytochrome b in HeLa cells (Piechota et al., 2006).
Thus, elevated content of the mRNA transcripts may
be due to the superposition of both increased tran-
scription and stability of the individual transcripts.

The observations presented above indicate
that mtDNA copy number is not the main factor
limiting expression of the mitochondrial genome. In
fact, Wiesner et al. (1992) found no relation between
the oxidative capacity of a tissue and its content
of mitochondrial DNA in rats and suggested that
transcriptional and posttranscriptional mechanisms
rather than gene dosage determine expression of
the mitochondrial genome. Further investigations
indicated that the rate limiting factor for transcrip-
tion might be mitochondrial transcription factor A
(Garstka et al., 1994). Our results with ddC are in
agreement with observations made for rat tissues
and indicate that transcription initiation rather than
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mtDNA copy number is a rate limiting factor for
expression of the mitochondrial genome also in hu-
man cell lines.
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