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ABSTRACT

Mitochondria of mammalian cells contain multiple copies of mitochondrial (mt) DNA. Although mtDNA
copy number can fluctuate dramatically depending on physiological and pathophysiologic conditions, the
mechanisms regulating mitochondrial genome replication remain obscure. Hypoxia, like many other
physiologic stimuli that promote growth, cell proliferation and mitochondrial biogenesis, uses reactive
oxygen species as signaling molecules. Emerging evidence suggests that hypoxia-induced transcription
of nuclear genes requires controlled DNA damage and repair in specific sequences in the promoter re-
gions. Whether similar mechanisms are operative in mitochondria is unknown. Here we test the hy-
pothesis that controlled oxidative DNA damage and repair in the D-loop region of the mitochondrial
genome are required for mitochondrial DNA replication and transcription in hypoxia. We found that
hypoxia had little impact on expression of mitochondrial proteins in pulmonary artery endothelial cells,
but elevated mtDNA content. The increase in mtDNA copy number was accompanied by oxidative
modifications in the D-loop region of the mitochondrial genome. To investigate the role of this sequence-
specific oxidation of mitochondrial genome in mtDNA replication, we overexpressed mitochondria-tar-
geted 8-oxoguanine glycosylase Oggl in rat pulmonary artery endothelial cells, enhancing the mtDNA
repair capacity of transfected cells. Overexpression of Ogg1 resulted in suppression of hypoxia-induced
mtDNA oxidation in the D-loop region and attenuation of hypoxia-induced mtDNA replication. Ogg1
overexpression also reduced binding of mitochondrial transcription factor A (TFAM) to both regulatory
and coding regions of the mitochondrial genome without altering total abundance of TFAM in either
control or hypoxic cells. These observations suggest that oxidative DNA modifications in the D-loop
region during hypoxia are important for increased TFAM binding and ensuing replication of the mi-
tochondrial genome.

© 2016 Elsevier Inc. All rights reserved.

1. Introduction

[1]. DNA damage, in particular, may trigger cell death pathways or
lead to mutations [2]. Pathogenic oxidant stress is directed not

Reactive oxygen species (ROS) from mitochondria and other
endogenous and exogenous sources constantly generated in living
cells have the potential to damage lipids, proteins, RNA and DNA
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only at the nuclear genome; oxidative damage and resulting mu-
tations in the mitochondrial DNA also are linked to a range of
human disorders, including aging, cancer, neurodegenerative and
cardiovascular diseases [3,4].

Traditional concepts hold that maintenance of DNA integrity is
indispensable to normal cellular physiology; damage must be re-
paired, or cells die or harbor potentially deleterious mutations.
However, there is emerging evidence that, at least for nuclear
genes, controlled DNA damage and repair may be necessary for
normal transcriptional regulation. For example, in vitro studies on
the p50 subunit of the NF-xB transcription factor binding to the
NF-kB promoter showed that oxidation of guanine at sites critical
for protein recognition increases p50 binding affinity [5]. In MCF-7
cells, activation of estrogen responsive elements in selected genes
leads to transient, oxygen radical-mediated DNA strand breaks
that appear to be required for long-range changes in DNA topo-
graphy and increased mRNA expression [6,7]. We have shown
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previously that a similar pathway is operative in pulmonary artery
endothelial cells (PAECs) where hypoxia, like other physiologic
signals using reactive oxygen species as second messengers [8,9],
causes ROS-dependent modifications at specific bases within hy-
poxia-response elements of hypoxia-inducible genes [10-12]. The
oxidative lesions associated with hypoxic signaling are temporally
related to mRNA accumulation [11] and restricted to hypoxia-re-
sponse elements associated with transcriptionally-active nucleo-
somes [13]. Mimicking the effect of hypoxia by introducing model
oxidative base modifications in the hypoxia-response element of
the VEGF promoter leads to enhanced sequence flexibility, altered
transcription factor binding and more robust reporter gene ex-
pression [10,14]. Collectively, these findings support the concept
that controlled, ROS-mediated nuclear DNA damage and repair are
associated with normal physiologic signaling and function to alter
the topology and flexibility of key promoter sequences thereby
facilitating regulatory protein binding and productive transcrip-
tion [7,15]. These observations raise an intriguing question relative
to the mitochondrial genome: could a similar model for ROS-de-
pendent transcriptional activation be operative in mitochondria?

In mammalian cells, each of the hundreds-to-thousands of
mitochondria per cell harbors 2-10 copies of mitochondrial DNA
[16]. Increases in the cellular contents of mtDNA can be stimulated
by a variety of metabolic and/or pathophysiologic stresses. For
example, increased mtDNA content has been reported in aging
tissues [17-19], some cancers [20], in cells treated with lipopoly-
saccharide [21], and in cells treated with non-lethal concentrations
of hydrogen peroxide [22]. In many cell types, including lung cells,
both hypoxia and hyperoxia can also stimulate an increase in
mtDNA content [23-27]. Importantly, a feature common to all of
these diverse conditions is increased oxidant stress. However, the
mechanism by which oxidant stress stimulates mtDNA replication
remains unknown.

As discussed subsequently, multiple lines of indirect evidence
suggest that “DNA damage and repair pathway” believed to govern
nuclear gene expression also functions to regulate mtDNA re-
plication. In many cell types, oxidant stress leads to upregulated
expression of the key transcription factor driving mitochondrial
gene expression and mtDNA replication, mitochondrial transcrip-
tion factor A (TFAM) [28]. TFAM, being the main structural protein
of the nucleoid, plays a significant role not only in mitochondrial
genome transcription and replication, but also in packaging and
repair of the mtDNA [29]. TFAM initiates mitochondrial tran-
scription by binding to a non-coding regulatory sequence known
as the D-loop region, which contains light-strand and heavy-
strand promoter sequences. While the fine mechanism of mtDNA
replication remains controversial, both existing models of this
process hold that mtDNA synthesis requires extension of RNA
primers, the generation of which is mediated by transcription
machinery [30]. Thus, the TFAM-mediated processes of mtDNA
transcription and replication are tightly and inextricably linked
[31,32].

The D-loop region is known to be exquisitely sensitive to oxi-
dant stress. In this regard, while mtDNA is about 30-fold more
sensitive to ROS-mediated damage than the nuclear genome [33],
the few studies focusing on the D-loop region suggest that it is
even more prone to oxidant attack than the coding portion of the
mitochondrial genome [34,35]. It has also been reported that in-
corporation of oxidative base damage products into model oligo-
nucleotides enhances DNA binding affinity for TFAM [36].

Previously, we have successfully shown that hypoxia induces
ROS production in rat pulmonary artery endothelial cell culture
[8,9] and that mitochondria are involved in this process [8,13,37].
Against this background, the present study tested the hypothesis
that controlled oxidative DNA damage and repair in the D-loop
region of the mitochondrial genome are required for mtDNA

replication and transcription in hypoxia. To address this issue and
to decrease hypoxia-induced mtDNA oxidative damage, we used
our previously published strategy — targeting human DNA glyco-
sylase Oggl (hOgg1), an enzyme executing the first step in base
excision repair, to mitochondria of rat pulmonary artery en-
dothelial cells [38]. Oxidative stress can result in a variety of
mtDNA lesions, including single-strand breaks, abasic sites and
oxidized DNA bases, among which guanine is the base most sus-
ceptible to oxidation [39]. Mitochondria employ multiple DNA
repair mechanisms to repair ROS-induced damage, but base exci-
sion repair (BER) is the primary pathway used to remove oxida-
tively-modified DNA bases [39,40]. Several DNA glycosylases re-
sponsible for recognition and removal of base lesions during the
first step in the BER pathway have been identified in mitochon-
dria, including Ogg1, NEIL1 and NEIL2, MutY homolog MYH, Endo
[l homolog NTH1, and uracil DNA glycosylase UNG1 [40]. Ogg1
and NEIL enzymes have overlapping specificity to 8-oxoguanine;
nevertheless, Ogg1 remains the primary enzyme for the repair of
oxidized purines [40,41]. In our previous work we showed that
cells deficient in Oggl demonstrated increased mtDNA damage
and oxidant-mediated apoptosis, indicating that Oggl may be a
rate-limiting enzyme in the mitochondrial BER [42]. On the other
hand, overexpression of mitochondria-targeted human Ogg1 in rat
PAECs and other cell types significantly enhanced DNA repair ca-
pacity and protected mtDNA from oxidant-induced damage
[38,43-45]. In the present study we expected that overexpression
of mitochondria-targeted hOggl would improve mitochondrial
DNA repair and, thus, decrease hypoxia-induced oxidative damage
to the mitochondrial genome. Then we analyzed replication and
transcription of mtDNA in control cells and cells transfected with
hOgg1 under hypoxic conditions. Abundance of TFAM, as a key
mitochondrial transcription factor, and its binding to the mtDNA
were also studied.

2. Materials and methods
2.1. Cell culture and treatment

Rat PAECs were harvested and cultured as described previously
[42]. Control (normoxic) cells were cultured in a water-jacketed
incubator purged with air+5% CO,, while hypoxic cells were cul-
tured for the indicated periods in an incubator purged with air, Ny,
and CO, to create an environment consisting of 2% O, 5% CO,, and
93% N,.

2.2. Oggl overexpression and its assessment

We stably transfected rat PAECs with lentivirus to overexpress
hOgg1 in mitochondria. Empty lentiviral vector and vector con-
taining hOgg1 gene were prepared as described previously [38].
Transfected cells were cultured in medium containing 10 pg/ml
puromycin for 72 h to exclude cells without lentiviral construct.
Transfection was confirmed by real time and conventional RT-PCR
analyses, and Western blot analysis as described earlier [11,38].
Briefly, for quantitative RT-PCR analysis total RNA was isolated
from rat PAECs using PrepEase RNA Spin Kit (Afflymetrix, Santa
Clara, CA) and quantitative real-time RT-PCR was then performed
using the USB VeriQuest SYBR Green One-Step qRT-PCR Master Kit
with Fluorescein (Afflymetrix, Santa Clara, CA) according to the
manufacturer's protocol using sets of primers for rat and human
Oggl listed in Table 1. Immunoblotting analysis was performed
using an antibody to Ogg1 (Abcam, Cambridge, UK).

2.3. Isolation of subcellular fractions and Western immunoblot
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