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The cellular consequences of deficiencies of the mitochondrial OXPHOS system include a variety of direct and
secondary changes in metabolite homeostasis, such as ROS, Ca2+, ADP/ATP, and NAD/NADH. The adaptive
responses to these changes include the transcriptional responses of nuclear and mitochondrial genes that are
mediated by these metabolites, control of the mitochondria permeability transition pore, and a great variety
of secondary signalling elements. Among the transcriptional responses reported over more than a decade
using material harboring mtDNA mutations, deletions, or depletions, nuclear and mitochondrial DNA
OXPHOS genes have mostly been up-regulated. However, it is evident from the limited data in a variety of
disease models that expression responses are highly diverse and inconsistent. In this article, the mechanisms
and controlling elements of these transcriptional responses are reviewed. In addition, the elements that need
to be evaluated, in order to gain an improved perspective of the manner in which OXPHOS genes respond and
impact on mitochondrial disease expression, are highlighted.

© 2009 Elsevier B.V. All rights reserved.
1. Introduction

The mitochondrial oxidative phosphorylation (OXPHOS) system,
which produces the majority of cellular energy in the form of ATP, is
controlled on the genetic level by two distinct genomes: the circular
mitochondrial genome (mtDNA) and the nuclear genome. The circular
mitochondrial genome of ∼16.6 kb encodes thirteen structural
subunits of complex I, III, IV, and V 22 tRNA and two ribosomal RNA
genes used for RNA translation [1]. The nuclear genome encodes the
additional genes required for mtDNA maintenance, replication,
transcription, translation, post-translational modification, transport,
and assembly exclusively. In addition, the nuclear genome controls all
other aspects of mitochondrial biosynthesis and function. Nuclear–
mitochondrial communication is a highly complex process dominated
by the nucleus [2].

A deficiency in mitochondrial function is caused by a dysfunction
of one (or more) of hundreds of nuclear- or mitochondrial-encoded
proteins. Over the past two decades, it has become clear that the
interplay between the mitochondrion and nuclear genome affects
mitochondrial disease expression, as evident in diseases that result
frommutations in genes involved in themtDNA replicationmachinery
and in nucleotide metabolism. This impacts qualitatively and/or
quantitatively on mtDNA, such as progressive external ophthalmo-
plegia (PEO), mitochondrial DNA depletion syndrome, and mitochon-
drial neurogastrointestinal encephalomyopathy (MNGIE) [3].
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Mitochondrial interplay with the nuclear genome is also evident in
the disorders of nuclear- and mtDNA-encoded subunits of the
OXPHOS complexes. Primary deficiencies of the OXPHOS system
impact directly onmitochondrial function and result in several disease
phenotypes [4]. With recent advances in systems biology for
investigating gene expression and function, key aspects of nuclear–
mitochondrial communication in these deficiencies have been
revealed. As with these deficiencies in which the mtDNA replication
machinery has been primarily compromised, differential expression of
mtDNA and nuclear OXPHOS genes occurs in cells with mtDNA or
nuclear mutations of structural subunits of the OXPHOS system.
Differential expression of OXPHOS and related genes has a significant
impact on disease expression because of the importance of these
genes in energy metabolism, which is compromised in these
disorders. This article highlights these observations and investigates
the underlying cellular mechanisms that control mitochondrial and
nuclear OXPHOS gene expression.

2. Cellular biochemical consequences of OXPHOS deficiencies

Oxidative phosphorylation and deficiencies thereof involve and
modulate a great number of cellular functions and metabolic
processes upstream and downstream of the five enzyme complexes.
Moreover, in considering the effect of OXPHOS deficiencies, it is
essential to recognize that deficiencies of the individual enzyme
complexes may result in varied biochemical responses. This is evident
from existing (but limited) reports of biochemical and gene expres-
sion responses to various deficiencies of OXPHOS as discussed in this
article.
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Table 1
Summarized findings of OXPHOS and other gene expression investigations of human mitochondrial disorders.

Tissue Phenotype/deficiency
(genotype)

Technique nDNA expression mtDNA expression Reference

Skeletal muscle MERRF (mtDNA 8344),
MELAS (mtDNA 3243),
KSS (mtDNA del)

mRNA, Northern blot •ATPsynβ, ANT1 ↑, GAPDH ↓
(MELAS, MERRF)

•Transcripts ↑ [32]

•ATPsynβ, ANT, GAPDH ↓ (KSS) •Processing (light/heavy
strand transcript ratios) ↓

Skeletal muscle
(cultured)

CIII deficiency (mtDNA cytb),
MELAS (mtDNA 3243, CI+ IV),
MELAS+CM (mtDNA 3243,
CI+ IV), CPEO+PM
(mtDNA del, CI+ IV), KSS
(mtDNA del, CI+IV),
CII deficiency (nuclear),
CIV deficiency (nuclear)

mRNA, Northern blot •ATPsynβ, GAPDH ↑ (MELAS,
MELAS+CM, CPEO,
CII deficiency)

•Transcripts ↑
(excl. CIII deficiency)

[34]

•ATPsynβ, GAPDH ↓
(CIII deficiency)

•Transcripts ↓
(CIII deficiency)
•mtDNA/nDNA ↓

Skeletal muscle, heart
muscle, liver, kidney,
brain

LHON (mtDNA 11,778),
NARP (mtDNA 8993),
MELAS (mtDNA 3243,
CI+IV), MERRF (mtDNA
8344/9344), MDMD
(mtDNA del/dup), CPEO
(mtDNA del), FSHMD
(nuclear)

mRNA, Northern blot •↓ATPsynβ, ANT1/2 ↑
(excl. MDMD)

•Transcripts ↑ [33]

•Glycolytic/bioenergetic
genes generally ↑

•mtDNA/nDNA ↓
(most tissues for MELAS)

Skeletal muscle
(cultured)

MELAS (mtDNA 3243),
KSS (mtDNA del)

mRNA, Northern blot,
competitive RT-PCR

•ATPsynβ ↓ (MELAS) •ND2 ↑ [35]
•mtDNA/nDNA ↓ (MELAS)
•mtDNA/nDNA ↑ (KSS)

Fibroblasts mtDNA depletion
(CII+ III, CIV), RhoO
(EtBr induced, CII+ III, CIV)

Protein, Western blot •COXVIc absent Absent due to defect [36]
•COXVI, COXVa, SD30, SD70 ↓

Skeletal muscle Myopathy (mtDNA del),
PEO (mtDNA 3243),
MELAS (mtDNA 3243)
(for all groups, varying
deficiencies of combined
CI, CI+III, CII+III,
and CIV are reported)

mRNA, microarray
(Affymetrix HG U133A,
22 283 oligonucleotide
targets)

•OXPHOS structural genes ↑
(mtDNA del)

Not reported [38]

•Genes involved in urea
cycle/arginine catabolism ↑
•CDKN1A, -1C (cell cycle G1
arrest, DNA repair mediators),
and other cell cycle regulators ↑
•CFLAR (anti-apoptosis) ↑
•PEX6 (peroxisomal biogenesis),
MAOA (neurotransmitter
catabolism) ↓
•RNA Pol II regulation ↑
(MELAS) ↓ (PEO)
•Neurobiological structures,
fatty acid oxidation,
detoxification of H2O2,
cell signalling ↓ (PEO)

Cybrids LHON (mtDNA 11778 and 3460),
mtDNA depletion

mRNA, microarray (Affymetrix
U95Av2, 12 599 oligonucleotide
targets)

•Respiratory chain genes,
TCA and other aerobic
bioenergetic pathways,
Pol II promoter transcription
and regulation, anti-apoptosis
mostly ↑ (mtDNA depletion)

Not reported [42]

•Aldose reductase (aldehyde
reduction), integral membrane
protein 2B (anti-apoptotic),
H2A histone O (chromosome
organization/biogenesis)
↑ (LHON cell line shared)
•Scaffold protein TUBA
(dynamin/actin regulatory),
MTHFD (THF/purine metabolism),
sialyltransferase 1 (sialic acid
transfer/cell surface antigens/
determinants), Raf1 (signal
transduction/proliferation/
differentiation/apoptosis),
lipin 1, immunoglobin
super family member 3 ↓
(LHON cell line shared)

Lymphoblasts mtDNA depletion mRNA, microarray
(Affymetrix HG U133A,
22 283 oligonucleotide
targets)

•Lipid, amino acid metabolism,
bioenergetics and transport,
intracellular homeostasis,
DNA/RNA binding, transcription,
translation, redox balance,
cell cycle control, growth arrest,
signalling, apoptosis, DNA damage
and oxidative stress protection ↑

Absent due to defect [40]
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Table 1 (continued)

Tissue Phenotype/deficiency
(genotype)

Technique nDNA expression mtDNA expression Reference

143B cells
(osteosarcoma)

mtDNA depletion Protein, 2-DE/MS •Respiratory chain complexes
(excl. CII and CV) ↓ (not uniformly)

Absent due to defect [43]

•Mitochondrial translation apparatus ↓
•Mitochondrial transport systems ↓
•Catabolic energy metabolism ↓
•Hax-1 (anti-apoptotic), Smac protein
(pro-apoptotic), rhodanese,
hydroxysteroid dehydrogenase ↓

Fibroblasts CV deficiency (mtDNA 9205
and nuclear uncharacterized)

mRNA, microarray (custom-made,
1632 oligonucleotide targets)

•OXPHOS structural genes for complex
IV and V, cell growth, differentiation
and transduction ↓ (CV nDNA defects)

•MTATP6, MTATP8,
MTCOX2 ↓
(CV mtDNA 9205)

[41]

•Cell cycle regulation, Krebs cycle
and gluconeogenesis, mitochondrial
transcription regulation (TFAM, TFB1M),
CytC, NFκB (apoptosis) ↓
(CV mtDNA 9205)

•ND1, ND2, ND4, ND4L ↑
(CV nDNA defects)

•Branched chain amino acid
and fatty acid oxidation,
complex I structural
genes and apoptosis ↑
(CV nDNA defects)

Fibroblasts
(differentially cultured)

CI deficiencies (nuclear): LLD
(NDUFS4, NDUFS7, NDUFS8),
HCE (NDUFS2), HPEM (NFUFV1)

mRNA, microarray
(custom-made, 618 cDNA targets)

•Metallothioneins (ROS scavenging,
heavy metal regulation), ATP1G1,
heat shock proteins ↑

•Transcripts ↓
(selected cell lines)

[37]

•Pro-apoptotic protein (BNIP3),
pyruvate dehydrogenase
de-activation (PDK1) ↓

Respiratory chain enzyme deficiencies are shown in italics where reported. The following abbreviations are used: LHON (Leber's hereditary optic neuropathy); NARP (neurogenic
muscle weakness, ataxia, and retinitis pigmentosa); CPEO (chronic progressive external ophthalmoplegia); KSS (Kearns–Sayre syndrome); MELAS (mitochondrial
encephalomyopathy, lactic acidosis, and stroke-like episodes); MERRF (myoclonic epilepsy and ragged red fibers); MDMD (maternally transmitted diabetes mellitus and
deafness); FSHMD (facio-scapulohumeral muscular dystrophy); LLD (Leigh-like disease); HCE (hypertrophic cardiomyopathy and encephalomyopathy); HPEM (highly progressive
encephalomyopathy); 2-DE/MS (Two-dimensional electrophoresis/mass spectrometry).
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An initiator of the immediate and downstream consequences of
OXPHOS deficiencies is the production of superoxide. Mitochondrial
superoxide production can originate from the ineffective transfer of
electrons through the various subunits of the electron transport chain
(ETC; complexes I–IV) and the ineffective transfer of carriers
(ubiquinone, cytochrome c) through the inner mitochondrial mem-
brane. This can lead to the accumulation of electrons and excessive
leaking to oxygen to produce reactive oxygen species (ROS),
particularly when there is an increased supply of reducing equivalents
to the ETC. Complex I (at the bound flavine on the matrix side) and
complex III (at the ubiquinol oxidation side) are generally regarded as
the main sources of superoxide radicals originating from the ETC [5,6].
The percentage of oxygen converted in this way to ROS under steady
state conditions is considered to be much less than the previously
estimated 1 to 2% [7] and, in case of respiratory chain deficiencies,
would quantitatively be dependent on the amount of electron transfer
through the chain and the site of a deficiency within the chain. In fact,
a significant part of mitochondrial superoxide production may also
originate from the tricarboxylic acid cycle enzyme, α-ketoglutarate
dehydrogenase [8], and through a deficiency of the complex II subunit
SdhB [9]. Superoxide can result in the generation of other ROS and
nitrogen species (RNS), if not dismutated by superoxide dismutases
on either side of the mitochondrial inner membrane (Mn and Cu/Zn)
or by the radical scavenging effects of antioxidants (vitamins E and C),
metallothioneins, or quinone reductase [10,11]. Hydrogen peroxide,
which is formed by SOD, can be converted to water by catalase and
glutathione peroxidase but can alternatively be converted to hydroxyl
radicals bymeans of the Fenton reaction. The damaging effects of ROS,
RNS, and particularly hydroxyl radicals on macromolecules have been
extensively documented [12,13] and, through oxidation of these
molecules, have been shown to have a direct impact on the viability of
genetic and functional molecules inside the mitochondrion and
elsewhere in the cell. However, ROS and RNS also act as key
messengers in signalling mechanisms that lead to the induction of
genes often involved in maintenance and restoration of the cellular
redox balance [14,15]. They can also act more directly by altering
protein function, such as the activation of uncoupling proteins in
brown adipose tissue and the subsequent shift from mitochondrial
coupling towards thermogenesis [16].

Abundant evidence of increased superoxide production in OXPHOS
deficiencies exists. However, in several reports increased superoxide
production is not detected, or an increased superoxide level has no
detectable effect on parameters associated with oxidative damage or
changes in metabolic homeostasis. Moreover, the origin of superoxide
production is not clearly established; for example, ROS production is
reported to occur in cell lines harboringmtDNAmutations [17], as well
as nuclear mutations of complex I [18,19]. However, ROS production
was not detected in a pathogenic mutation of the NDUFS4 subunit of
complex I [20] or in HeLa cells containing no mtDNA (ρ°) [21]. ROS
production in OXPHOS deficiencies is therefore not a generalized
occurrence and depends on several factors, including the position and
severity of the dysfunction, the source of production, and the
mechanisms that protect the cell against its possible harmful effects
[19,22–24].

Deficiencies of OXPHOS also result in other immediate and
downstreammetabolic, structural, and functional effects. These effects
are closely associated with mitochondrial dysfunction, and are briefly
described here. The nicotinamide dinucleotide (NAD) redox balance,
which is converted to the reduced state in OXPHOS deficiencies, is a
fundamental mediator of several biological processes, such as energy
metabolism, calcium homeostasis, cellular redox balance, immunolo-
gical function, and gene expression [25,26]. Not surprisingly, ATP
production, and subsequently ATP/ADP homeostasis, is disturbed in
OXPHOS deficiencies [7]. Cellular calcium handling also becomes
disturbed during an increased oxidative state, with an influx of Ca2+

into the cytoplasm, nucleus, and mitochondria [27]. This has an effect
on cellular signalling events, where Ca2+ is often a keymessenger, and
more specifically mitochondrial Ca2+ loading, which is compounded
by ROS, opens the mitochondrial transition pore, disrupts the inner
membrane potential (ΔΨ), and increases cell death through apoptosis
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[28,29]. In complex I deficient fibroblasts, the depolarization of ΔΨ
itself and the subsequent reduced supply of ATP to Ca2+-ATPases leads
to reduced cellular Ca2+ stores [30].

The varied biochemical changes that occur in cases of OXPHOS
deficiencies have a direct effect on cellular functions. Yet, they are also
key underlying mediators of the (retrograde) communication
between the mitochondrion and the nucleus, which results in specific
gene expression of both nuclear and mitochondrial genomes.

3. Differential expression of mitochondrial and nuclear genes in
human OXPHOS deficiencies

The biochemical and structural changes that occur because of
deficiencies of the OXPHOS system involve the nuclear and mitochon-
drial genomes. Differential expression of nuclear and mitochondrial
genes has been reported for various in vivo and in vitro OXPHOS
deficiency models. Initial reports using targeted investigations of RNA
and protein expression have revealed the interaction between the
nuclear and mitochondrial genome. However, the development of
system biology tools over the past decade has rapidly expanded the
number of cellular processes that are affected when a deficiency of the
OXPHOS system occurs. In addition, these tools have shown that
energy metabolism plays a major role in several related diseases that
are not discussed in this article [31]. Table 1 summarizes the main
findings of several studies investigating gene expression in the
presence of mitochondrial disorders and highlights the expression
of nuclear andmitochondrial OXPHOS and related genes. The diversity
of the disease models used is evident; thus, except for perhaps the
data on muscle in patients harboring common mtDNA mutations and
deletions, these profiles cannot be directly compared with confidence.
Several factors that greatly affect gene expression are significantly
different among these reports, including the type of cell lines/tissues,
phenotypes, mutations, experimental designs, and genetic back-
ground. In addition, key information on OXPHOS enzyme activities,
which is necessary for making a comparison based on enzyme
deficiencies, is mostly not present or inconclusive.

Initial investigations of the expression of targeted nuclear- and
mitochondrial-encoded genes were conducted on the tissues of
patients with mitochondrial DNA mutations, deletions, or depletion
phenotypes [32–35]. Expression of nuclear genes involved in mito-
chondrial (ATPsynβ and ANT1/2) and glycolytic bioenergetics was
often increased in muscle. However, many exceptions were observed,
which included most of the various phenotypes and mutation types
where expression of these genes was either decreased or similar to the
controls [32–35]. Marusich et al. report decreased expression of
nuclear genes encoding four OXPHOS subunits—COXVI, COXVa, SD30,
and SD70—in mtDNA depleted fibroblasts [36]. In addition, mitochon-
drial gene transcripts were generally found to be increased in these
patients, although exceptions in a CIII deficiency [34] and aMELAS and
KSS patient have been reported [35]. Interestingly, among the cases of
mtDNA mutations or deletions that mostly had a complex I and
complex IV deficiency, a similar expression profile also occurred in a
patient with complex II deficiency [34]. With the one exception of a
KSS patient [35], mtDNA/nDNA ratios were generally found to be
decreased [33–35], and reduced processing (light/heavy strand) of
mtDNA transcripts was observed [32].

It was proposed from these early observations that the general
increased expression of selected genes involved in ATP synthesis was
due to a compensatory mechanism that increases transcription of
genes involved in energy production. It was further suggested that this
increased transcription only occurs when a certain threshold of
reduced energy production has been reached [32,33]. This was
evident from the study by Heddi et al., in which expression levels in
different tissues of a patient identified with a MELAS mutation were
measured [33]. They found increased expression of all selected nDNA-
encoded genes involved in OXPHOS and the glycolysis pathway in all
tissues. All tissues with more than 88% mutant mtDNA showed
increased mtDNA transcripts, while kidney tissue with only 73%
mutant mtDNA showed decreased transcripts of cyt b, ND5/6, COI,
and COII; increased tRNA-Ser and -Asp; and unchanged 12S rRNA
levels.

A more detailed overview of expression profiles in patients with
OXPHOS deficiencies was obtained in recent times using micro-arrays
[37–42]. For example, the differential expression of several genes in
the muscle of patients with common mitochondrial DNA mutations
(A3243G MELAS/PEO and 4977 bp deletion) that lead to varied
combined deficiencies of OXPHOS enzymes, excluding complex II, are
reported [38]. Many genes showed induced expression in all patients
in the form of urea cycle/arginine metabolism; anti-apoptotic factor;
CFLAR; and selected cell cycle regulators, including cyclin-dependent
kinase inhibitor (CDKN), which is involved in G1 arrest and DNA
repair. Only a few genes showed decreased expression in all patients.
Significantly, it was shown that some geneswere differently expressed
in the MELAS and PEO patient subsets, which contained the same
mutation but had varied levels of combined enzyme deficiencies, even
within phenotype groups. These differently expressed genes include
those involved in RNA polymerase II regulation, which were increased
in the MELAS subset but decreased in the PEO subset, and genes
involved in fatty acid oxidation, hydrogen peroxide detoxification, cell
signalling, and the development of neurobiological structures.
Increased expression of nuclear encoded OXPHOS genes were
observed only in the mtDNA macro-deletion subset of patients, and
it is striking to note that the enzyme deficiencies within this patient
group were varied but similar to the other phenotypes. Although this
is contrary to initial reports on similar patient tissues [32–34] inwhich
general increased expression is reported for one nuclear OXPHOS
gene, ATPsynβ, differential expression of OXPHOS genes was not
associated tomtDNAmutations (LHON 11778 and 3460) in cybrids but
rather strongly associated tomtDNA depletion [42]. In Danielson et al.,
the depletion process of mtDNA had a significant effect on genes
involved in mitochondrial bioenergetics pathways, which included
increased expression of seventeen genes involved in OXPHOS [42].
Supporting observations have been reported in mtDNA depleted (ρ°)
lymphoblasts [40]. In 143B (osteosarcoma) cells, however, conflicting
reports indicate either the decreased expression [43] or unaffected
expression [44] of OXPHOS genes inmtDNA depleted cells. Differential
expression of nuclear encoded structural OXPHOS genes is mostly not
reported in micro-array data sets (from which it is assumed they are
unaffected) in which deficiencies originate from either mitochondrial
or nuclear mutations and appear to be exclusively associated with
mtDNA depletion. In fact, Cízková et al. report a decreased expression
of complex IV and V genes in fibroblasts of isolated complex V
deficient patients harboring nuclear mutations [41]. In Chevallet et al.,
differential levels of decreased respiratory complex subunits, transla-
tion apparatus (particularly mitochondria ribosomal proteins), and
ion and protein import systems, such as membrane proteins, were
found in 143B ρ° cells when compared to wild-type cells [43]. The
decreased levels of subunits of respiratory complexes were not
significant or uniform (CII and CV subunits remained unchanged),
indicating that some stable sub-complexes can survive in ρ°
mitochondria. It was suggested that this is because some sub-
complexes have other unknown functions or because they are
important for mitochondrial stability, or else because of unregulated
coordinated nuclear transcription.

Similarities in the differential gene expression of mtDNA depleted
(ρ°) lymphoblasts [40] and cybrids [42] have been reported. Increased
expression of the genes involved inmitochondrial energymetabolism,
including TCA cycle and ETC, in addition to transcription regulation
occurred in these cell lines. Dissimilarities were observed in the
induction of anti-apoptotic factors in cybrids, while several pro-
apoptotic factors were increased in lymphoblasts. This again demon-
strates the cell-specific regulation of gene expression, and indicates
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that, in the case of apoptosis, the energy pathway predominance of
the cell type can direct apoptosis induction [45].

Comprehensive expression profiles of nuclear encoded OXPHOS
deficiencies of the OXPHOS system are limited, including only a
comparison of expression under defined energy source changes in
isolated complex I deficient fibroblasts [37] and, recently, in nuclear
encoded complex V deficiency [41]. In both these cases as well,
similarities and marked variations of expression profiles were
detected, even in patients that harbored the same mutation.
Furthermore, no correlation could be made with the levels of enzyme
deficiency. Significant increased expression of the ROS scavenging and
metal regulating family of proteins (metallothioneins) and decreased
expression of pro-apoptotic protein (BNIP3) and pyruvate dehydro-
genase de-activation protein (PDK1) occurred in complex I deficient
cells when culture conditions were changed from glucose to galactose,
in order to challenge oxidative energy production [37]. In selected
patients, and notably in the patient with the most severe deficiency,
significantly decreased expression of mtDNA transcripts occurred.
However, increased expression of mtDNA transcripts was detected in
nuclear encoded complex V deficient fibroblasts [41]. This was
accompanied by increased expression of fatty acid catabolism,
complex I structural genes, and apoptosis, while decreased expression
of nuclear complex IV and V structural genes, cell growth, differentia-
tion, and transduction were reported. In the same report, and in
contrast to the reports referring to mitochondrial DNA mutations and
deletions mentioned previously, mtDNA mutations of complex V
resulted in decreased expression of genes of the TCA cycle, cell cycle
regulation, mitochondrial transcription, and apoptosis.

It is thus evident from studies of differential expression in
mitochondrial disorders that there is great variation in the expression
of both nuclear and mitochondrial genes. For OXPHOS genes in
particular, the variation in expression also occurs under steady state
levels over a more than two-fold range between various tissues and
cells and of different sources [44]. This is an important observation, as
the varying levels of steady state expression are similar to what is
often regarded as ‘differential expression’ when pathology is inves-
tigated. In the limited published data of a highly varied group of
patient cell lines and enzyme deficiencies, induced expression of
genes involved in energy metabolism occurs in most of the cases.
However, the diversity of expression of these genes and apparent lack
of correlation with the type and level of OXPHOS enzyme deficiency
strongly underscores the significant influence of genetic make-up in
cellular response.

4. Regulation of nuclear OXPHOS gene expression

Nuclear gene expression of OXPHOS and other genes involved in
mitochondrial function and protection is controlled by retrograde
(mitochondria-to-nucleus) signalling mechanisms. These signalling
pathways are modulated in part by metabolites controlled by the
mitochondrion, including Ca2+, ROS, and ATP. The interplay between
these metabolites in the mitochondrion and their control of the
mitochondrial permeability transition pore has previously been
reported on [29; 30; 44; 47]. Much less is known, however, about
the downstream signalling mechanisms of these retrograde effectors
in eukaryotes. Calcium-mediated signalling can involve one ormore of
several pathways, including activation of calcineurin (an activator of
NFAT and NFκB), Ca2+-dependent PKC, JNK/MAPK, and CaMK IV (and
CREB) pathways [46,48]. An extensive number of enzymes and other
proteins involved in cell signalling are targets of ROS or are sensitive to
redox state changes. These include phospholipases A2, -C and -D;
tyrosine phosphatases; guanylyl cyclase; ion and calcium channels;
AP-1 and NFκB transcription factors; several protein kinases; HIF-1α;
and the JNK/MAPK pathways that activate, amongst other, nuclear
factor-erythroid 2 p45 subunit-related factors 1 and 2 (Nrf1 and -2),
which have similar but distinct functions in the expression of
antioxidant defense and xenobiotic-metabolizing genes containing
one or more antioxidant responsive elements (ARE) [9,15,23,49].
Evidence also indicates that increased oxidative stress is involved in
the expression of the nuclear respiratory factor-1 (NRF-1, unrelated to
Nrf), which is a key transcription factor in the expression of several
genes involved in mitochondrial function [50,51]. NRF-1 activation
and increased cytochrome c expression have also been associated
with the activation of the nuclear-localized, AMP-activated protein
kinase (AMPK) as a result of, among others, decreased ATP/AMP ratio
[52].

Gene expression data from several of the studies presented in
Table 1 support the possibility that regulation of OXPHOS genes may
be co-regulated. Recently, Van Waveren and Moraes have shown that
not only OXPHOS genes are co-expressed, but also that subunits
within OXPHOS complexes are co-expressed [53]. This co-expression
is statistically associated with a selection of cis-acting elements in
human OXPHOS gene promotors, which include well-known ele-
ments found in OXPHOS genes or related genes; NRF-1; NRF-2; and
the less specific elements ERRA, SP1, MEF-2, YY1, and CREB [53–56].
Van Waveren and Moraes suggest that these factors can act
independently or synergistically, in order to allow co-regulation,
and with other factors can lead to diversity in expression [53]. An
example of this diversity and tissue-specific expression has been
described for complex IV (COX) expression in muscle [57]. In
mammals, COX may contain ubiquitous liver (L) and heart/muscle-
specific (H) isoforms for subunits COX6a and COX7a [54]. The
promotor regions of these genes lack NRF sites but contain conserved
myocyte enhancer factor 2 (MEF2) elements. Expression of MEF2A is
induced by NRF-1 over expression and, with PGC1α (a co-activator
that also binds PPARα), results in the induction of muscle-specific
gene expression of COX [57,58].

5. Mitochondrial DNA transcription and replication, regulation,
damage, and repair

The mechanism involved in the transcription and replication of
mtDNA is well documented [59–61] and, as is evident from the report
summary in Table 1, clearly involved in expression of OXPHOS
disorders. In normal tissue, mitochondrial DNA copy number varies
relative to oxidative capacity and energy needs [56]. These variations
may be markedly affected in OXPHOS deficiencies, and reports show
either a decreased [33–35] or increased [35] mtDNA/nDNA ratio,
assuming that nomutations in replication/transcription genes exist in
these patients. It has been proposed that mitochondrial gene
expression is regulated not only by nuclear encoded transcriptional
or post-transcriptional mechanisms, but also by the mtDNA copy
number of the cell itself [62,63]. The mechanism for this is unclear,
although several of the regulatory proteins involved in mtDNA
transcription/replication (TFAM, POLRMT, mtSSB) are co-ordinately
expressed with changes in mtDNA copy number [64,69,66]. Miranda
et al., however, demonstrate induced expression of NRF-1 and TFAM
mRNA in ρ° HeLa cells that correlated with ROS levels [50]. Increased
expression of these factors is also found in OXPHOS deficient human
cells, in aged skeletal muscle [56], and in HeLa cells treated with
menadione that leads to increased superoxide formation [50]. Another
key regulator of mtDNA maintenance and copy number is Twinkle
helicase [67], although very little is knowabout its regulation. Notably,
the regulation of mitochondrial DNA polymerase, DNApolγ, appears
not to be affected bymtDNA levels or its maintenance and is expressed
at levels sufficient to support variation among tissues [65,66].

Knowledge of the regulation of nucleus-to-mitochondria (ante-
rograde) signalling that controls these events is still largely lacking.
Mitochondrial transcription involves binding of mitochondrial RNA
polymerase on three possible promotor sites, in association with
TFAM and one of two transcription factor B paralogs, TFB1M and
TFB2M [60]. These transcription factors have distinct roles in vivo, and
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it is proposed that TFB2M is primarily involved in transcription and
transcription-primed replication, while TFB1M over expression does
not affect these processes but still increases mitochondrial biogenesis
[68]. Furthermore, over expression of TFB2M induces TFB1M expres-
sion, which suggests that there is a retrograde signalling pathway that
co-ordinately expresses these transcription factors [68]. It is interest-
ing to note that the expression of these controlling factors of mtDNA
transcription also contains the NRF-recognition sites that are trans-
activated by the PGC1 family co-activators, PGC1α and PRC [58,69].
These controlling elements are thus shared between the expression of
both nuclear- and mitochondrial-encoded OXPHOS genes.

It is well-known that methylation of DNA plays an important role
in epigenetic events: DNA-methyltransferases (DNA-MTase) catalyse
the addition of a methyl group to a cytosine ring in CpG dinucleotides
leading to 5-methylcytosine, which is generally associated with
reduced gene expression. This occurs either by blocking binding of
transcription factors, binding transcription repressors, or changing
chromatin structure [70]. For the mitochondrion evidence of DNA
methylation is lacking. However, TFB1M and TFB2M are homologues
to rRNA methyltransferases and the role of TFB1M in ribosome
biogenesis is proposed [60,64,68,71]. Although methylation and other
epigenetic events play an important role in nDNA transcription
regulation and maintenance, information on the occurrence and role
of these factors in mtDNA expression and maintenance needs further
study.

Damage to mtDNA is often highlighted as a factor affecting
expression of mtDNA genes and thus contributing to secondary
consequences of OXPHOS deficiencies. Considering its structure,
maintenance, and close localization to sources of oxidative damage,
this maywell be a significant factor in disease expression. Owing to its
close proximity to the site of mitochondrial ROS production and
comparatively less efficient mtDNA damage repair, mtDNA is more
sensitive to oxidative damage than nDNA [72]. It has also been
demonstrated that oxidative damage is more likely to occur in the
controlling D-loop region [56,73]. The compounding factors for
oxidation of mtDNA are the close proximity of metal ions that act as
catalysts and ROS damage to OXPHOS complexes that result in
secondary ROS [72]. The lack of protective histones around themtDNA
is also suggested to contribute to the sensitivity of the mtDNA to
oxidative damage, although the presence of regulating proteins, such
as TFAM, on mtDNA may have a protective effect against ROS damage
[74,75]. It has now been established that mtDNA damage is primarily
repaired through the ATP-dependent base excision repair pathway
[76–80].

The factors regulating mtDNA replication and transcription are
thus highly diverse and tightly controlled by mitochondria–nucleus
signalling. In addition, more immediate factors such as ROS, metabolic
regulation and defensemechanisms that determine levels of oxidative
stress and possibly epigenetic factors, control expression and main-
tenance. These factors are frequently evaluated separately. Consider-
ing the diverse expression profiles that were reported for mtDNA in
OXPHOS deficiencies, as well as the regulation of the factors
controlling its expression, the interplay of all these factors need to
be evaluated to obtain a better understanding of how the mitochon-
drion responds to OXPHOS deficiencies.

6. Conclusion

The complex and almost unpredictable nature of disease pheno-
types associated with OXPHOS deficiency has been a considerable
impediment in the characterization and treatment of OXPHOS
deficiencies. The effect of OXPHOS deficiencies on mitochondrial and
nuclear DNA expression and regulation has been investigated in
several studies in an attempt to clarify the adaptive responses in
OXPHOS disease phenotypes. These include genes involved in mtDNA
maintenance, uncoupling, biogenesis, defensemechanisms, apoptosis,
and metabolic regulation. A striking observation from these investiga-
tions is the great variation that exists in the differential expression of
both the nuclear andmitochondrial DNA, which prompted this review
of expression profiles and the mechanisms involved.

As summarized in Fig. 1, the immediate (such as ROS and ATP) and
secondary (such as Ca2+) consequences of OXPHOS deficiencies are
key mediators in retrograde signalling events that induce expression
of nuclear OXPHOS and other genes involved in various cellular
processes. Many of the signalling elements and promotor binding sites
that control expression of these nuclear genes have now been
identified and demonstrate that, in the case of OXPHOS and mtDNA
maintenance genes, coordinate (ROS and Ca2+ sensitive) expression
occurs. The origin and role of ROS is diverse, as its function in the
oxidation of macromolecules, including mtDNA and RNA, also
contributes to the way mtDNA transcription and replication occur.
An aspect that needs to be investigated further is the occurrence and
possible role of epigenetic events in the mitochondrion, which may,
similar to nuclear DNA, have a marked effect on the expression and
maintenance of mtDNA.

Although current data of the expression of genes involved in
energy metabolism in OXPHOS deficiencies exhibit diverse profiles
and (often) inconsistencies, it is clear that the expression of these
genes contributes to the disease expression of OXPHOS deficiencies. In
order to obtain an improved understanding of the intricate con-
sequences and adaptive responses in OXPHOS disorders, the expres-
sion of nuclear and mitochondrial genes needs to be evaluated
holistically, in combination with the signalling processes and
metabolites involved and in well-defined disease models. Such an
investigation poses a significant challenge, but recent developments
in systems biology technologies may soon overcome any difficulties
posed.

Acknowledgements

Wewould like to thank the National Research Foundation (NRF) of
South Africa for its financial support of this work and Prof. Piet
Pretorius for external reviewing of the manuscript.

References

[1] S. Anderson, A.T. Bankier, B.G. Barrell, M.H. de Bruijn, A.R. Coulson, J. Drouin, I.C.
Eperon, D.P. Nierlich, B.A. Roe, F. Sanger, P.H. Schreier, A.J. Smith, R. Staden, I.G.
Young, Sequence and organization of the human mitochondrial genome, Nature
290 (1981) 457–465.

[2] G. Cannino, C.M. Di Liegro, A.M. Rinaldi, Nuclear–mitochondrial interaction,
Mitochondrion 7 (2007) 359–366.

[3] A. Spinazzola, M. Zeviani, Disorders of nuclear–mitochondrial intergenomic
signaling, Gene 354 (2005) 162–168.

[4] J. Smeitink, L. van den Heuvel, S. DiMauro, The genetics and pathology of oxidative
phosphorylation, Nat. Rev., Genet. 2 (2001) 342–352.

[5] J.F. Turrens, A. Boveris, Generation of superoxide anion by the NADH dehydro-
genase of bovine heart mitochondria, Biochem. J. 191 (1980) 421–427.

[6] S. Dröse, U. Brandt, The mechanism of mitochondrial superoxide production by
the cytochrome bc1 complex, Biochem. J. 283 (2008) 21649–21654.

[7] J.A. Smeitink, M. Zeviani, D.M. Turnbull, H.T. Jacobs, Mitochondrial medicine: a
metabolic perspective on the pathology of oxidative phosphorylation disorders,
Cell. Metab. 3 (2006) 9–13.

[8] A.A. Starkov, G. Fiskum, C. Chinopoulos, B.J. Lorenzo, S.E. Browne, M.S. Patel, M.F.
Beal, Mitochondrial alpha-ketoglutarate dehydrogenase complex generates
reactive oxygen species, J. Neurosci. 24 (2004) 7779–7788.

[9] R.D. Guzy, B. Sharma, E. Bell, N.S. Chandel, P.T. Schumacker, Loss of the SdhB, but
not the SdhA, subunit of complex II triggers reactive oxygen species-dependent
hypoxia-inducible factor activation and tumorigenesis, Mol. Cell. Biol. 28 (2008)
718–731.

[10] W.J. Koopman, H.-J. Visch, S. Verkaart, P.H. Willems, Cell biological consequences
of OXPHOS disorders, in: J. Smeitink, R.C.A. Sengers, F.J.M. Trijbels (Eds.), Oxidative
Phosphorylation in Health and Disease, Landes Bioscience, Georgetown, Texas,
2004, pp. 130–166.

[11] F. Reinecke, O. Levanets, Y. Olivier, R. Louw, B. Semete, A. Grobler, J. Hidalgo, J.
Smeitink, A. Olckers, F.H. van der Westhuizen, Metallothionein isoform 2A
expression is inducible and protects against ROS-mediated cell death in rotenone-
treated HeLa cells, Biochem. J. 395 (2006) 405–415.

[12] W. Dröge, Free radicals in the physiological control of cell function, Physiol. Rev. 82
(2002) 47–95.



1120 F. Reinecke et al. / Biochimica et Biophysica Acta 1792 (2009) 1113–1121
[13] D.P. Jones, Radical-free biology of oxidative stress, Am. J. Physiol., Cell Physiol. 295
(2008) C849–C868.

[14] D.X. Zhang, D.D. Gutterman, Mitochondrial reactive oxygen species-mediated
signaling in endothelial cells, Am. J. Physiol., Heart Circ. Physiol. 292 (2007)
H2023–H2031.

[15] M. Genestra, Oxyl radicals, redox-sensitive signalling cascades and antioxidants,
Cell. Signal. 19 (2007) 1807–1819.

[16] K.S. Echtay, D. Roussel, J. St-Pierre, M.B. Jekabsons, S. Cadenas, J.A. Stuart, J.A.
Harper, S.J. Roebuck, A. Morrison, S. Pickering, J.C. Clapham, M.D. Brand,
Superoxide activates mitochondrial uncoupling proteins, Nature 415 (2002)
96–99.

[17] C. Vives-Bauza, R. Gonzalo, G. Manfredi, E. Garcia-Arumi, A.L. Andreu, Enhanced
ROS production and antioxidant defenses in cybrids harbouring mutations in
mtDNA, Neurosci. Lett. 391 (2006) 136–141.

[18] S. Verkaart,W.J. Koopman, J. Cheek, S.E. van Emst-de Vries, L.P. van den Heuvel, J.A.
Smeitink, P.H. Willems, Mitochondrial and cytosolic thiol redox state are not
detectably altered in isolated human NADH:ubiquinone oxidoreductase defi-
ciency, Biochim. Biophys. Acta 1772 (2007) 1041–1051.

[19] W.J. Koopman, S. Verkaart, H.J. Visch, S. van Emst-de Vries, L.G. Nijtmans, J.A.M.
Smeitink, P.H.G.M. Willems, Human NADH:ubiquinone oxidoreductase defi-
ciency: radical changes in mitochondrial morphology, Am. J. Physiol., Cell Physiol.
293 (2007) C22–C29.

[20] A. Iuso, S. Scacco, C. Piccoli, F. Bellomo, V. Petruzella, R. Trentadue, M. Minuto, M.
Ripoli, N. Capitanio, M. Zeviani, S. Papa, Dysfunctions of cellular oxidative
metabolism in patients with mutations in the NDUFS1 and NDUFS4 genes of
complex I, J. Biol. Chem 281 (2006) 10374–10380.

[21] M. Schauen, D. Spitkovsky, J. Schubert, J.H. Fischer, J. Hayashi, R.J. Wiesner,
Respiratory chain deficiency slows down cell-cycle progression via reduced ROS
generation and is associated with a reduction of p21CIP1/WAF1, J. Cell. Physiol.
209 (2006) 103–112.

[22] S. Verkaart, W.J. Koopman, S.E. van Emst-de Vries, L.G. Nijtmans, L.P. van den
Heuvel, J.A. Smeitink, P.H. Willems, Superoxide production is inversely related to
complex I activity in inherited complex I deficiency, Biochim. Biophys. Acta 1772
(2007) 373–381.

[23] E.P. Dassa, V. Paupe, S. Gonçalves, P. Rustin, The mtDNA NARP mutation activates
the actin-Nrf2 signaling of antioxidant defenses, Biochem. Biophys. Res. Commun.
368 (2008) 620–624.

[24] C.M. Quinzii, L.C. Lopez, J. Von-Moltke, A. Naini, S. Krishna, M. Schuelke, L. Salviati,
P. Navas, S. DiMauro,M. Hirano, Respiratory chain dysfunction and oxidative stress
correlate with severity of primary CoQ10 deficiency, FASEB J. 22 (2008)
1874–1885.

[25] A. Munnich, P. Rustin, Clinical spectrum and diagnosis of mitochondrial disorders,
Am. J. Med. Genet. 106 (2001) 4–17.

[26] W. Ying, NADNADH and NADPNADPH in cellular functions and cell death
regulation and biological consequences, Antioxid. Redox Signal. 10 (2008)
179–206.

[27] G. Ermak, K.J. Davies, Calcium and oxidative stress: from cell signaling to cell
death, Mol. Immunol. 38 (2002) 713–721.

[28] J. Jacobson, M.R. Duchen, ‘What nourishes me, destroys me’: towards a new
mitochondrial biology, Cell Death Differ. 8 (2001) 963–966.

[29] P.S. Brookes, Y. Yoon, J.L. Robotham,M.W. Anders, S. Sheu, Calcium, ATP, and ROS: a
mitochondrial love–hate triangle, Am. J. Physiol., Cell Physiol. 287 (2004)
C817–C833.

[30] P.H.G.M. Willems, F. Valsecchi, F. Distelmaier, S. Verkaart, H. Visch, J.A.M. Smeitink,
W.J.H. Koopman, Mitochondrial Ca2+ homeostasis in human NADH:ubiquinone
oxidoreductase deficiency, Cell Calcium 44 (2008) 123–133.

[31] T.E. Shutt, G.S. Shadel, Expanding the mitochondrial interactome, Genome Biol. 8
(2007) 203.

[32] A. Heddi, P. Lestienne, D.C. Wallace, G. Stepien, Mitochondrial DNA expression in
mitochondrial myopathies and coordinated expression of nuclear genes involved
in ATP production, J. Biol. Chem. 268 (1993) 12156–12163.

[33] A. Heddi, G. Stepien, P.J. Benke, D.C. Wallace, Coordinate induction of energy gene
expression in tissues of mitochondrial disease patients, J. Biol. Chem. 274 (1999)
22968–22976.

[34] J.M. Collombet, H. Faure-Vigny, G. Mandon, R. Dumoulin, S. Boissier, A. Bernard, B.
Mousson, G. Stepien, Expression of oxidative phosphorylation genes inmuscle cell
cultures from patients with mitochondrial myopathies, Mol. Cell. Biochem. 168
(1997) 73–85.

[35] C. Bonod-Bidaud, S. Giraud, G. Mandon, B. Mousson, G. Stepien, Quantification of
OXPHOS gene transcripts during muscle cell differentiation in patients with
mitochondrial myopathies, Exp. Cell Res. 246 (1999) 91–97.

[36] M.F. Marusich, B.H. Robinson, J.W. Taanman, S.J. Kim, R. Schillace, J.L. Smith, R.A.
Capaldi, Expression of mtDNA and nDNA encoded respiratory chain proteins in
chemically and genetically-derived Rho0 human fibroblasts: a comparison of
subunit proteins in normal fibroblasts treated with ethidium bromide and
fibroblasts from a patient with mtDNA depletion syndrome, Biochim. Biophys.
Acta 1362 (1997) 145–159.

[37] F.H. van der Westhuizen, van den HeuvelL.P. , R. Smeets, J.A. Veltman, R. Pfundt, A.
G. van Kessel, B.M. Ursing, J.A. Smeitink, Human mitochondrial complex I
deficiency: investigating transcriptional responses bymicroarray, Neuropediatrics
34 (2003) 14–22.

[38] M. Crimi, A. Bordoni, G. Menozzi, L. Riva, F. Fortunato, S. Galbiati, R. Del Bo, U.
Pozzoli, N. Bresolin, G.P. Comi, Skeletal muscle gene expression profiling in
mitochondrial disorders, FASEB J. 19 (2005) 866–868.

[39] M. Crimi, S.F. O'Hearn, D.C. Wallace, G.P. Comi, Molecular research technologies in
mitochondrial diseases: the microarray approach, IUBMB Life 57 (2005) 811–818.
[40] A. Behan, S. Doyle, M. Farrell, Adaptive responses to mitochondrial dysfunction in
the ρ° Namalwa cell, Mitochondrion 5 (2005) 173–193.

[41] A. Cízková, V. Stránecký, R. Ivánek, H. Hartmannová, L. Nosková, L. Piherová, M.
Tesarová, H. Hansíková, T. Honzík, J. Zeman, P. Divina, A. Potocká, J. Paul,W. Sperl, J.
A. Mayr, S. Seneca, J. Houst k, S. Kmoch, Development of a human mitochondrial
oligonucleotide microarray (h-MitoArray) and gene expression analysis of
fibroblast cell lines from 13 patients with isolated F1Fo ATP synthase deficiency,
BMC Genomics 9 (2008) 38.

[42] S.R. Danielson, V. Carelli, G. Tan, A. Martinuzzi, A.H.V. Schapira, M. Savontaus, G.A.
Cortopassi, Isolation of transcriptomal changes attributable to LHON mutations
and the cybridization process, Brain 128 (2005) 1026–1037.

[43] M. Chevallet, P. Lescuyer, H. Diemer, A. van Dorsselaer, E. Leize-Wagner, T.
Rabilloud, Alterations of the mitochondrial proteome caused by the absence of
mitochondrial DNA: a proteomic view, Electrophoresis 27 (2006) 1574–1583.

[44] H. Duborjal, R. Beugnot, B.M. De Camaret, J. Issartel, Large functional range of
steady-state levels of nuclear and mitochondrial transcripts coding for the
subunits of the human mitochondrial OXPHOS system, Genome Res. 12 (2002)
1901–1909.

[45] N. Li, K. Ragheb, G. Lawler, J. Sturgis, B. Rajwa, J.A. Melendez, J.P. Robinson,
Mitochondrial complex I inhibitor rotenone induces apoptosis through enhancing
mitochondrial reactive oxygen species production, J. Biol. Chem. 278 (2003)
8516–8525.

[46] G. Biswas, M. Guha, N.G. Avadhani, Mitochondria-to-nucleus stress signaling in
mammalian cells: nature of nuclear gene targets, transcription regulation, and
induced resistance to apoptosis, Gene 354 (2005) 13–139.

[47] G. Szabadkai, Mitochondria: the hub of cellular Ca2+ signaling, Physiology 23
(2008) 84–94.

[48] P. Newsholme, E.P. Haber, S.M. Hirabara, Diabetes associated cell stress and
dysfunction: role of mitochondrial and non-mitochondrial ROS production and
activity, J. Physiol. 583 (2007) 9–24.

[49] M. Ohtsuji, F. Katsuoka, A. Kobayashi, H. Aburatani, J.D. Hayes, M. Yamamoto, Nrf1
and Nrf2 play distinct roles in activation of antioxidant response element-
dependent genes, J. Biol. Chem. 283 (2008) 33554–33562.

[50] S. Miranda, R. Foncea, J. Guerrero, F. Leighton, Oxidative stress and upregulation of
mitochondrial biogenesis genes in mitochondrial DNA-depleted HeLa cells,
Biochem. Biophys. Res. Commun. 258 (1999) 44–49.

[51] H.B. Suliman, M.S. Carraway, K.E. Welty-Wolf, A.R. Whorton, C.A. Piantados,
Lipopolysaccharide stimulates mitochondrial biogenesis via activation of nuclear
respiratory factor-1, J. Biol. Chem. 278 (2003) 41510–41518.

[52] R. Bergeron, J.M. Ren, K.S. Cadman, I.K. Moore, P. Perret, M. Pypaert, L.H. Young, C.F.
Semenkovich, G.I. Shulman, Chronic activation of AMP kinase results in NRF-1
activation and mitochondrial biogenesis, Am. J. Physiol., Endocrinol. Metab. 281
(2001) E1340–E1346.

[53] C. van Waveren, C.T. Moraes, Transcriptional co-expression and co-regulation of
genes coding for components of the oxidative phosphorylation system, BMC
Genomics 9 (2008) 18.

[54] R.C. Scarpulla, Nuclear control of respiratory gene expression in mammalian cells,
J. Cell. Biochem. 97 (2006) 673–683.

[55] D.P. Kelly, R.C. Scarpulla, Transcriptional regulatory circuits controlling mitochon-
drial biogenesis and function, Genes Dev. 18 (2004) 357–368.

[56] H.C. Lee, Y.H.Wei, Mitochondrial biogenesis andmitochondrial DNAmaintenance,
Int. J. Biochem. Cell Biol. 37 (2005) 822–834.

[57] B. Ramachandran, G. Yu, T. Guiick, Nuclear respiratory factor 1 controls myocyte
enhancer factor 2A transcription to provide a mechanism for coordinate
expression of respiratory chain subunits, J. Biol. Chem. 283 (2008) 11935–11946.

[58] N. Gleyzer, K. Vercauteren, R.C. Scarpulla, Control of mitochondrial transcription
specificity factors (TFB1M and TFB2M) by nuclear respiratory factors (NRF-1 and
NRF-2) and PGC4 family coactivators, Mol. Cell. Biol. 25 (2005) 1354–1366.

[59] G.S. Shadel, Expression andmaintenance of mitochondrial DNA: new insights into
human disease pathology, Am. J. Pathol. 172 (2008) 1445–1456.

[60] J. Asin-Cayuela, C.M. Gustafsson, Mitochondrial transcription and its regulation in
mammalian cells, Trends Biochem. Sci. 32 (2007) 111–117.

[61] M. Falkenberg, N.G. Larsson, C.M. Gustafsson, DNA replication and transcription in
mammalian mitochondria, Annu. Rev. Biochem. 76 (2007) 679–699.

[62] R.S. Williams, Mitochondrial gene expression in mammalian striated muscle:
evidence that variation in gene dosage is the major regulatory event, J. Biol. Chem.
261 (1986) 12390–12394.

[63] P. Kaufmann, Y. Koga, S. Shanske, M. Hirano, S. DiMauro, M.P. King, E.A. Schon,
Mitochondrial DNA and RNA processing in MELAS, Ann. Neurol. 40 (1996)
172–180.

[64] B.L. Seidel-Rogol, G.S. Shadel, Modulation of mitochondrial transcription in
response to mtDNA depletion and repletion in HeLa cells, Nucleic Acids Res. 30
(2002) 1929–1934.

[65] R.A. Schultz, S.J. Swoap, L.D. McDaniel, B. Zhang, E.C. Koon, D.J. Garry, K. Li, R.S.
Williams, Differential expression of mitochondrial DNA replication factors in
mammalian tissues, J. Biol. Chem. 273 (1998) 3447–3451.

[66] A.F. Davis, P.A. Ropp, D.A. Clayton, W.C. Copeland, Mitochondrial DNA polymerase
γ is expressed and translated in the absence of mitochondrial DNA maintenance
and replication, Nucleic Acids Res. 24 (1996) 2753–2759.

[67] H. Tyynismaa, H. Sembongi, M. Bokori-Brown, C. Granycome, N. Ashley, J. Poulton,
A. Jalanko, J.N. Spelbrink, I.J. Holt, A. Suomalainen, Twinkle helicase is essential for
mtDNA maintenance and regulates mtDNA copy number, Hum. Mol. Genet. 13
(2004) 3219–3227.

[68] J. Cotney, Z. Wang, G.S. Shadel, Relative abundance of the human mitochondrial
transcription system and distinct roles for h-mtTFB1 and h-mtTFB2 in mitochon-
drial biogenesis and gene expression, Nucleic Acids Res. 35 (2007) 4042–4054.



1121F. Reinecke et al. / Biochimica et Biophysica Acta 1792 (2009) 1113–1121
[69] J.V. Virbasius, R.C. Scarpulla, Activation of the human mitochondrial transcription
factor A gene by nuclear respiratory factors: a potential regulatory link between
nuclear and mitochondrial gene expression in organelle biogenesis, Proc. Natl.
Acad. Sci. U. S. A. 91 (1994) 1309–1313.

[70] R. Singal, G.D. Ginder, DNA methylation, Blood 93 (1999) 4059–4070.
[71] Y. Matsushima, C. Adan, R. Garesse, L.S. Kaguni, Drosophila mitochondrial

transcription factor B1 modulates mitochondrial translation but not transcription
or DNA copy number in Schneider cells, J. Biol. Chem. 280 (2005) 16815–16820.

[72] F.M. Yakes, B. van Houten, Mitochondrial DNA damage is more extensive and
persists longer than nuclear DNA damage in human cells following oxidative
stress, Proc. Natl. Acad. Sci. U. S. A. 94 (1997) 514–519.

[73] E. Mambo, X. Gao, Y. Cohen, Z. Guo, P. Talalay, D. Sidransky, Electrophile and
oxidant damage of mitochondrial DNA leading to rapid evolution of homoplasmic
mutations, Proc. Natl. Acad. Sci. U. S. A. 100 (2003) 1838–1843.

[74] R.P. Fisher, D.A. Clayton, Purification and characterization of humanmitochondrial
transcription factor 1, Mol. Cell. Biol. 8 (1988) 3496–3509.
[75] C. Takamatsu, S. Umeda, T. Ohsato, T. Ohno, Y. Abe, A. Fukuoh, H. Shinagawa,
N. Hamasaki, D. Kang, Regulation of mitochondrial D-loops by transcription
factor A and single-stranded DNA-binding protein, EMBO Rep. 3 (2002)
451–456.

[76] B.S. Mandavilli, J.H. Santos, B. Van Houten, Mitochondrial DNA repair and aging,
Mutat. Res. 509 (2002) 127–151.

[77] V. Grishko, M. Solomon, G.L. Wilson, S.P. LeDoux, M.N. Gillespie, Oxygen radical-
inducedmitochondrial DNA damage and repair in pulmonary vascular endothelial
cell phenotypes, Am. J. Physiol., Lung. Cell Mol. Physiol. 280 (2001) 1300–1308.

[78] D.F. Bogenhagen, Repair of mtDNA in vertebrates, Am. J. Hum. Genet. 64 (1999)
1276–1281.

[79] D.L. Croteau, V.A. Bohr, Repair of oxidative damage to nuclear and mitochondrial
DNA in mammalian cells, J. Biol. Chem. 272 (1997) 25409–25412.

[80] V.A. Bohr, Repair of oxidative DNA damage in nuclear andmitochondrial DNA, and
some changes with aging in mammalian cells, Free Radic. Biol. Med. 32 (2002)
804–812.


	OXPHOS gene expression and control in mitochondrial disorders
	Introduction
	Cellular biochemical consequences of OXPHOS deficiencies
	Differential expression of mitochondrial and nuclear genes in �human OXPHOS deficiencies
	Regulation of nuclear OXPHOS gene expression
	Mitochondrial DNA transcription and replication, regulation, �damage, and repair
	Conclusion
	Acknowledgements
	References




