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ABSTRACT 
 
 Respiratory chain disorders classically result from the lack of activity of one or 

more specific enzymes or defects in the protein transport. These disorders represent a wide 

group of mainly severe disorders with a broad range of pathological states that vary in age 

of onset, severity, and phenotypic presentation. Their diagnostic workup has to be 

complex, and novel genetic techniques and genomic approaches are needed to streamline 

the process. One of those powerful genomic tools for qualitative and quantitative analysis 

of nucleic acids is a microarray technology. This technology is widely applied not only in 

primary research, but also in clinical diagnostic and could be used in various modifications 

such as expression analysis, detection of polymorphisms, comparative genomic 

hybridization or mutation detection. 

 This thesis demonstrates the development and application of microarray technology 

in different studies, all aimed at characterization and identification of disease causing 

genes. Namely, presented studies were focused on understanding of mitochondrial 

inherited disorders with nuclear genetic origin (ATP synthase deficiency), characterization 

of altered mitochondrial biogenesis in renal carcinoma cells, and on molecular 

characterization of mucopolysaccharidosis IIIC. All results prove the usefulness of 

microarray technology in biomedical research and, in particular, in identification of 

molecular basis of inherited metabolic disorders. 
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1 INTRODUCTION 
 A mitochondrion is an organelle under nuclear and mitochondrial genetic control 

and its maintenance requires a nucleo-mitochondrial cross-talk. Better understanding of 

mitochondrial communication and regulation could be accomplished by studying of 

mitochondrial pathologies using various gene expression techniques. This thesis presents 

the implementation and application of microarray technology for identification of disease 

causing genes in respiratory chain disorders, especially in patients with ATP synthase 

deficiency of nuclear origin. The introduction to this thesis provides an overview of 

mitochondrial structure and biogenesis, respiratory chain complexes and their disorders as 

well as different types of microarrays. A study of mitochondrial ATP synthase deficiency 

represents the major experimental part of this thesis and is accordingly introduced in 

greater detail. This study led to setting up the methods for microarray technology that were 

used in further studies centered on characterization of inherited metabolic disorders. This is 

documented in positional cloning of patients with lysosomal storage disorders - 

mucopolysaccharidosis IIIC. 

 
 
1.1 Mitochondria 
1.1.1 Mitochondria structure and function 
 Mitochondria are localized in the cytoplasm of nearly all eukaryotic cells. They are 

small oval organelles of 0.5 – 1 μm in diameter and several μm in length. The number of 

mitochondria per cell and their shape differ in various cell types and can change. Each 

mitochondrion is defined by two highly specialized membranes outer and inner. The outer 

membrane has a protein-phospholipid ratio similar to eukaryotic plasma membrane (about 

1:1 by weight) and is abundant in integral protein called the porin. The space between the 

outer and inner membranes defines the intermembrane compartment, where concentrations 

of small molecules such as ions and sugars are the same as in the cytosol. The inner 

membrane is folded into numerous cristae (Fig. 1). A standard model of cristae structure 

has been reevaluated in recent years. Electron tomography has provided detailed 

three-dimensional models of mitochondria that have redefined the concept of 

mitochondrial structure. The 3D images clearly show that the cristae are not baffles with 

wide openings into the intermembrane space but they are rather pleiomorphic and have an 

extensively tubular nature (Frey and Mannella, 2000) (Fig. 2). The matrix is enclosed by 

the inner membrane and contains multiple copies of circular mitochondrial DNA 
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(mtDNA). The eukaryotic cell contains in average 103 – 104 copies of mtDNA with 2 – 10 

genomes per organelle (Nelson and Cox, 2005).  

 The main mitochondrial function is to generate most of the cellular energy in the 

form of ATP (adenosine triphosphate). Mitochondria also play a pivotal role in other 

processes such as cell differentiation, regulate cellular redox state or cytosolic 

concentration of Ca2+. Mitochondria are a source of endogenous reactive oxygen species 

(ROS), and integrate many of the signals for initiating apoptosis. Therefore the 

mitochondrial function is strictly controlled at the cellular level (Ackerman and Tzagoloff, 

2005; Cannino et al., 2007; Garesse and Vallejo, 2001). 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1: Diversity of mitochondrial ultrastructures. Different types of cristae are shown from 
various tissues under normal conditions: A - adrenal cortex; B - astrocyte; C - fish pseudobranch; 
D - ventricular cardiac muscle (Zick et al., 2009). 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2: Electron tomography of isolated rat-liver mitochondria. Surface-rendered 3D image 
of an isolated rat-liver mitochondrion. C - cristae; IM - inner boundary membrane; OM - outer 
membrane. Arrowheads point to tubular regions of cristae that connect them to IM and to each 
other (Frey and Mannella, 2000). 
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1.1.2 Mitochondrial genetics and biogenesis 
 
 A mitochondrial genome consists of a double strand covalently closed circular 

DNA molecule (16 569 base pair in humans). The two strands are named after their 

buoyant density heavy (H) and light (L). Many mtDNA molecules are packaged within 

mitochondria into small clusters called nucleoids (Jacobs et al., 2000) that vary in size and 

number. Mitochondrial DNA consists only of a small number of genes. Mammals have 

22 tRNA, 2 rRNA and 13 genes coding a set of the inner mitochondrial membrane 

proteins, all of them component of oxidative phosphorylation complex (OXPHOS) (see 

Fig. 3). Both the mitochondrial replication and transcription take place in the organelle. 

The mitochondrial genome replicates in a relaxed fashion some mtDNA molecules 

undergo multiple rounds of replication while others do not replicate. Transcription of 

mtDNA is polycistronic and completely dependent on nucleus-encoded gene products. 

Mitochondrial protein coding genes and rRNA genes are interspersed with tRNA genes 

that are thought to demarcate the cleavage site of RNA processing. Mitochondrial 

polycistronic transcripts are processed to monocistronic and further translated on 

mitochondrial ribosomes bound to the matrix side of the inner membrane, and 

cotranslationally inserted into the proper compartment (Allen et al., 2005; Scarpulla, 

2006). All the other mRNAs for mitochondrial proteins are transcribed in the nucleus 

(Saraste, 1999) and translated by cytoplasmic ribosomes. Proteins are then imported into 

mitochondria and distributed to appropriate compartments: inner and outer membrane, 

matrix and intermembrane space (Poyton and Dagsgaard, 2000). 

  

 
 

Figure 3: Components of the mammalian oxidative phosphorylation system. Number of 
OXPHOS subunits encoded by nDNA and/or mtDNA. The mitochondrially encoded proteins in 
mammals include seven subunits of oxidative phosphorylation complex I, one subunit of complex 
III, three subunits of complex IV, and two subunits of complex V. Adapted from (Singh and 
Costello, 2009). 
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 Mitochondrial biogenesis and physiology depend on the coordinate expression of 

about 1500 different proteins. The mitochondrion contains approximately 80 protein 

components of the oxidative phosphorylation system, of which 13 are encoded by mtDNA 

and the rest by nuclear genome (Meisinger et al., 2008; Pagliarini et al., 2008). Biogenesis, 

maintenance and functional regulation of mitochondria therefore require communication 

and coordination between these two genomes which is executed at several levels such as 

protein-protein interactions or protein-nucleic acid interactions.  

 Transcription regulators acting on both nuclear and mitochondrial respiratory chain 

genes play an important role in nucleo-mitochondrial cross-talk. A mitochondrial 

transcription is directed by a small number of nucleus-encoded factors (Tfam, TFB1M, 

TFB2M, mTERF). The expression of these factors is coordinated through the action of 

transcriptional activators and coactivators. In particular, environmental signals induce the 

expression of PGC-1 family coactivators (PGC-1α, PGC-1β and PRC), which in turn target 

specific transcription factors (NRF-1, NRF-2 and ERR) in the expression of respiratory 

genes (Scarpulla, 2002; Scarpulla, 2006; Vercauteren et al., 2006), see Fig 4. 

 
Nuclear activators and coactivators in respiratory chain gene expression 

The activity of transcription factors is increased by coregulators, which usually exist as 

multiprotein complexes in the nucleus. This class of proteins can be highly regulated and 

represents the primary targets of hormonal control and signal transduction pathways 

(Spiegelman and Heinrich, 2004). The PGC-1 (peroxisome proliferator-activated receptor 

coactivator 1) family plays a critical role in the control of tissue-specific biological 

processes and in the regulation of mitochondrial oxidative metabolism (Lin et al., 2005). 

 
PGC-1α is the master regulator of mitochondrial biogenesis, thermogenesis, and 

respiration through powerful induction of NRFs gene expression. PGC-1α lacks DNA-

binding activity, but interacts with and co-activates numerous transcription factors 

including NRF1 and NRF2 (Garesse and Vallejo, 2001; Nisoli et al., 2004; Scarpulla, 

2006; Scarpulla, 2008) and also plays a major role in setting of mitochondrial content 

(Garnier et al., 2003). PGC-1α is enriched in tissues with high oxidative activity such as 

heart and brown adipose tissue and, to a lesser extent, in skeletal muscle and kidney.  

PGC-1β is a close relative of PGC-1α and they both share the sequence similarity along 

the entire length (Kressler et al., 2002; Lin et al., 2002). PGC-1β binds NRF-1 and is 

a potent coactivator of NRF-1 target genes leading to increased mitochondrial gene 
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expression (Lin et al., 2003; Scarpulla, 2006; Scarpulla, 2008). The highest level of 

PGC-1β mRNA expression is in brown fat, heart, skeletal muscle and other tissues high in 

mitochondrial content, but is not induced in brown fat upon cold exposure (Meirhaeghe et 

al., 2003).  

PRC (PGC-1-related co-activator) has a limited sequence similarity with PGC-1α and 

PGC-1β, but shares key structural features that define the family. PRC binds NRF-1 and 

activates NRF-1 target genes (Vercauteren et al., 2009). PRC mRNA is not enriched in 

brown versus white fat and is only slightly elevated in brown fat upon cold exposure, 

arguing against a major role for PRC in adaptive thermogenesis (Andersson and Scarpulla, 

2001).  

 

Transcription factors 

NRF1 (nuclear respiratory factor 1) is the first isolated mammalian transcription regulator 

of nuclear respiratory genes (Kelly and Scarpulla, 2004; Scarpulla, 2002). The target genes 

of NRFs (NRF-1 and NRF-2) encode subunits of the OXPHOS complexes or proteins 

involved in the expression and function of the complexes (Scarpulla, 2006). In mammals, it 

has been demonstrated that NRF-1 is able to bind the promoters of genes encoding 

components of mtDNA transcription apparatus (TFAM, TFB1M, TFB2M and POLRMT) 

(Cam et al., 2004). Moreover, NRF-1 seems to be related to the expression of components 

of the protein import and assembly machinery. This supports the hypothesis that NRF-1 

plays an integrative role in nucleo-mitochondrial interactions (Scarpulla, 2006). 

NRF-2 (nuclear respiratory factor 2) is the human homolog of mouse GABP (GA binding 

protein) (LaMarco and McKnight, 1989) and was identified as an expression activator of 

cytochrome c oxidase subunit IV (COXIV) (Kelly and Scarpulla, 2004; Scarpulla, 2002; 

Virbasius et al., 1993). NRF-2 regulates the transcription of TFAM, which is responsible 

for the transcription of the mitochondria encoded COX subunits I, II, and III (Fisher and 

Clayton, 1988; Kelly and Scarpulla, 2004; Larsson et al., 1998). NRF-2 is the general 

expression activator for the rest of nucleus encoded COX subunits and other genes related 

to respiratory chain expression. 

ERRα (estrogen-related receptor) is linked to the regulation of oxidative metabolism 

(Scarpulla, 2006) and its levels are high in oxidative tissues such as kidney, heart, and 

brown fat. Recent studies have also implicated ERRα in PGC-1-induced mitochondrial 

biogenesis (Mootha et al., 2004; Schreiber et al., 2004). ERRα-binding sites are present in 

both cytochrome c and β - ATP synthase promoters and these sites contribute to 
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trans-activation by PGC-1α, but have no effect on these promoters in the absence of 

PGC-1α (Scarpulla, 2006). 

 
Figure 4: PGC-1-mediated pathways governing mitochondrial biogenesis and function. 
Environmental stimuli increase cAMP levels which lead to the activation of cAMP response 
element-binding protein (CREB) through phosphorylation by protein kinase A (PKA). CREB is a 
potent inducer of PGC-1, which in turn targets multiple transcription factors (NRF-1, NRF-2, and 
ERR) required for the expression of nuclear respiratory genes. Adapted from (Scarpulla, 2006). 
 

 Transcription regulators interact with mitochondrial proteins mRNAs thereby 

influencing their metabolism and expression. A tight regulation of the import and final 

assembly of mitochondrial proteins is essential to endow mitochondria with functional 

complexes. A mechanism involved in the nucleus–mitochondrion cross-talk plays an 

essential role in the metabolism of the whole cell (Cannino et al., 2007; Garesse and 

Vallejo, 2001; Nisoli et al., 2004; Scarpulla, 2002; Spinazzola and Zeviani, 2007). 

 

1.1.3 Oxidative phosphorylation system 
 The production of energy in the form of ATP is an essential process for all cells. In 

oxidative phosphorylation, the electrons from oxidized substrates are stored in the form of 

redox equivalents NADH and FADH2 that are utilized by a series of redox enzyme 

complexes located within the mitochondrial inner membrane (electron transport chain or 

respiratory chain). The electrons enter at either complex I (NADH) or II (FADH2) and are 

transferred through the coenzyme Q to complex III, then to the cytochrome c, to complex 

IV, and finally to oxygen to generate H2O. The transfer of electrons through the protein 

complexes to molecular oxygen and the translocation of protons generate a proton gradient 
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across the inner mitochondrial membrane. This gradient is then used by complex V, ATP 

synthase, to generate ATP (Fig. 5) and also to support the metabolite and protein transport 

across the inner membrane. ATP generation also involves other integral membrane 

proteins, phosphate transporter and ADP/ATP carrier (AAC) that is responsible for supply 

of ATP to the rest of the cell and for replenishment the mitochondrial matrix with ADP 

(Klingenberg, 2009; Pebay-Peyroula et al., 2003). 

 

 
Figure 5: The oxidative phosphorylation apparatus. Electron flow through Complexes I, II, III, 
IV, which transport electrons from NADH or FADH2 to oxygen and generate proton gradient 
across the inner mitochondrial membrane. Electrochemical energy in the proton gradient is used by 
FoF1 ATP synthase that catalyzes ADP phosphorylation to form ATP. ATP synthesis also depends 
on the function of phosphate translocase and adenine nucleotide translocase. Adapted from (Nelson 
and Cox, 2005). 
 
 

 The assembly, enzymology and regulation of mitochondrial OXPHOS have been 

studied for many years, but its physical organization is still contentious. Two alternative 

models have been proposed. The first one is called “random collision” or “fluid state” 

model (Hackenbrock et al., 1986). According to this model all components of the 

respiratory chain exist as independent complexes, which diffuse individually in the 

membrane. The second one, “solid state” model (Chance and Williams, 1955), proposed 

more than 50 years ago, represents a higher-level of organization of the OXPHOS 

complexes within the inner membrane. The experimental support for this model came from 

BNGE (blue native gel electrophoresis) methodology that allowed analyzing the 

supercomplexes in their native form. Nevertheless, researchers objected that the observed 

supercomplexes are nothing more than “aggresomes” of highly hydrophobic individual 

complexes stuck together during isolation (Schagger, 2002). Recently Acin-Pérez et al. 

(Acin-Perez et al., 2008) have clarified supercomplexes controversy also using BNGE. 
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They were able to isolate minuscule amounts of supercomplex assemblies and 

subassemblies directly from the BNGE gels and using respirometry showed that these 

assemblies could transfer electrons from NADH to O2 which means that supercomplexes 

could respire. Different supercomplex types were observed (e. g. I-III-IV, I-III and III-IV). 

Interestingly, they also reported the complex II as a part of supercomplexes, and also 

coenzyme Q and cytochrome c were detected in functional supercomplexes. Authors of 

this article suggest that the solid state model should be modified to accommodate the 

coexistence of both individual complexes (random collision model) and various 

supercomplex subtypes, whose composition may vary according to organism, tissue type 

or to the temporal bioenergetic demand. This model is called “plasticity” model (Acin-

Perez et al., 2008; Schon and Dencher, 2009).  

 

Respiratory chain complexes 
Complex I 

NADH: ubiquinone oxidoreductase or NADH dehydrogenase is the largest enzyme in the 

electron transport chain. In mammalian mitochondria it is composed of 45 subunits and the 

approximate molecular weight is 800 kDa. Seven of these subunits are encoded by 

mitochondrial genome (ND1-ND6, ND4L) (Attardi et al., 1986; Carroll et al., 2006; 

Nelson and Cox, 2005). High-resolution electron microscopy shows complex I to be 

L-shaped, with one arm in the membrane and the other extending into the matrix. The 

complex I contains several electron transporters, flavine mononucleotide (FMN), multiple 

Fe-S centers and probably bound coenzyme Q. The complex I translocates 4 – 5 protons 

per single electron pair transferred to coenzyme Q. 

 

Complex II 
Succinate: coenzyme Q oxidoreductase, succinate dehydrogenase (SDH) is the only 

membrane-bound enzyme in the citric acid cycle that catalyzes oxidation of succinate to 

fumarate. It contains five prosthetic groups and four different protein subunits, all encoded 

by nucleus (120 kDa). Subunit A (SDHA) covalently binds FAD (flavin adenine 

dinucleotide) and subunit B (SDHB) contains three iron-sulphur clusters, both extend into 

the matrix. Subunits C and D are integral membrane proteins, each with three 

transmembrane helices. SDHC is a large cytochrome b binding protein and SDHD is 
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a small cytochrome b binding protein; they both contain a heme group (Capaldi et al., 

1977; Nelson and Cox, 2005). 

 

Complex III 
Ubiquinone: cytochrome c oxidoreductase, also called cytochrome bc1 complex couples 

the transfer of electrons from ubiquinol (QH2) to cytochrome c with the vectorial transport 

of protons from the matrix to the intermembrane space. Complex III is composed of 

11 subunits, of which only cytochrome b is encoded by the mtDNA. The complex is 

functional as a dimer, with two monomers acting in dependence on each other (molecular 

weight is approximately 480 kDa) (Capaldi, 1982). The redox groups in cyt bc1 comprise 

a 2Fe-S cluster on Rieske protein, two b type hemes and the heme of cyt c1. Both Rieske 

protein and cytochrome c1 comprise of globular domain incorporating the redox center and 

hydrophobic anchor (Gutweniger et al., 1981). 

 

Complex IV 
Cytochrome c oxidase (COX) carries electrons from cytochrome c to molecular oxygen, 

reducing it to H2O. Complex IV is a large terminal enzyme of the respiratory chain of dual 

genetic origin, whose assembly is a complicated and highly regulated process. Complex 

consists of 13 subunits and the molecular weight is 205 kDa. The three largest subunits are 

highly hydrophobic transmembrane proteins encoded by mitochondrial DNA (COX1 – 

COX3) and present a catalytic core. The remaining small subunits that surround the core of 

the enzyme are encoded in the nuclear genome (Nelson and Cox, 2005). The enzyme 

contains four redox centers – two heme centers, heme a3 and heme a, and two copper ions 

CuA and CuB. Electron transfer through complex IV is from cytochrome c to the CuA 

center, to heme a, to the heme a3-CuB center, and finally to O2. For every four electrons 

passing through this complex, the enzyme consumes four protons from the matrix in 

converting O2 to 2H2O. Four additional protons are translocated from the matrix across the 

inner membrane to utilize the free energy available from this exergonic reaction 

(Abramson et al., 2001). 

 The ten small subunits that surround the core of the enzyme are encoded in the 

nuclear genome. They are necessary for the assembly/stability of the holo-enzyme and for 

its dimerization. Nijtmants et al. proposed model showing four assembly intermediates (S1 

– S4) that accumulate during COX assembly (Nijtmans et al., 1998). COX1 forms the first 
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intermediate S1 which changes to intermediate S2 by COX4 and COX5a subunits. After 

the formation of the COX1-COX4-COX5a subassembly, the COX assembly process 

continues with the formation of the third proposed intermediate S3 by the addition of most 

of the remaining subunits. Finally COX6a and COX7a/b are added to complete the 

holoenzyme (Nijtmans et al., 1998; Tiranti et al., 1999). COX assembly is a multistep 

progression through discrete short-term intermediates requiring more than 30 diverse 

assistant factors; some of them are further described. SURF1 protein is involved in an early 

step of assembly, other proteins such as SCO1, SCO2 COX11 and COX17 are necessary 

for copper insertion into COX; proteins encoded by genes COX10 and COX15 are involved 

in the heme a biosynthesis (Pecina et al., 2004). Products of genes COX14, COX16, 

COX20, COX22, COX23 and COX24 participate in subunit assembly (Barros et al., 2004; 

Barros et al., 2006). COX deficiencies are mainly COX assembly defects. Data 

accumulated over the last twenty years suggest that existence of COX assembly and 

stability regulation depend on the presence of two partners of the oxidative 

phosphorylation system, the mobile electron carrier cytochrome c and the mitochondrial 

ATP synthase (Fontanesi et al., 2008; Kadenbach, 2003). 

 
Complex V - ATP synthase structure and biogenesis 

 The mitochondrial ATP synthase is a heterooligomeric complex. It is a key enzyme 

of mitochondrial energy provision, and catalyzes the synthesis of ATP during oxidative 

phosphorylation. The ATP synthase is a 650 kDa protein complex composed of 16 types of 

subunits (Fig. 6), which form two main parts: F1 and Fo. Six subunits form the globular F1 

catalytic part (α, β, γ, δ, ε, and loosely attached inhibitory factor 1 - IF1). Fo functions as a 

proton channel and consists of additional ten subunits (a, b, c, d, e, f, g, OSCP, A6L, and 

F6) (Collinson et al., 1996). Two mammalian ATP synthase subunits a (ATP6 gene) and 

A6L (ATP8 gene) are encoded by mtDNA; all the others are encoded by nuclear DNA. F1 

is connected to the membrane-embedded Fo portion by two stalks. In bovine heart, the 

central stalk is composed of subunits δ, γ, ε and the peripheral stalk consists of subunits 

OSCP, d, F6, and the soluble part of subunit b (Abrahams et al., 1994; Collinson et al., 

1994). Oligomer of subunits c represents a rotor of the enzyme. Electron crystallography 

and mass spectrometry have shown that the c-ring of F1Fo ATP synthase can contain 

different numbers of subunit c: c10 in yeast and mammals, c11 and c13-15 in bacteria and c14 

in chloroplasts. A flow of protons, down the gradient, through the Fo motor drives a 

rotation of the c-ring rotor connected to subunit γ. The rotation of subunit γ causes 
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conformational changes in the catalytic nucleotide-binding sites on the three β subunits of 

the F1 motor, resulting in synthesis and release of ATP.  

 

 
Figure 6: ATP synthase structure and function. The mitochondrial ATP synthase (complex V) 
consists of two multisubunit components, Fo and F1, which are linked by two stalks. Fo spans the 
lipid bilayer, forming a channel through which protons can cross the membrane. Proton movements 
through Fo down the electrochemical gradient drive conformation changes in F1 via rotation of 
inner stalk subunit c-γ-δ-e resulting in phosphorylation of ADP. Adapted from (Wang and Oster, 
1998). 
 

ATP synthase biogenesis 

 The ATP synthase complex is formed stepwise with the assistance of several 

assembly factors, but the mechanism of the mammalian ATP synthase assembly from 

individual subunits is still not well understood. In the case of F1, there is a close similarity 

of its structure in all types of organisms (mammalian cells, lower eukaryotes and 

prokaryotes). Concerning the Fo, the situation is complicated by increasing evolutionary 

complexity of the Fo structure, which gained 7 new subunits from bacteria to man. Most of 

the present knowledge of mitochondrial ATP synthase biogenesis originates from studies 

in yeast, but the assembly process in the mammalian cell might be modified as there are 

substantial differences between higher and lower eukaryotes such as the number and 

location of Fo subunit c genes, ATP synthase-specific assembly factors, or factors 

regulating transcription of mtDNA-encoded ATP synthase genes (Houstek et al., 2006). 

The eukaryotic ATP synthase is formed stepwise and the enzyme assembly begins with 

formation of the F1 catalytic part which then associates with the central stalk and 
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subunits c, which oligomerize to form a 10 subunits ring. The c-F1 pre-complex is thought 

to be further completed by addition of peripheral stalk, subunit A6L, and other component 

of Fo part, and finally the subunit a. The two mtDNA encoded subunits a and A6L are 

added at the last step of the enzyme assembly. These subunits prevent the formation of 

partially assembled enzymes (Fig. 7) (Houstek et al., 2006; Nijtmans et al., 1995).  

 

 
Figure 7: Assembly of the mammalian ATP synthase. ATP synthase is formed stepwise. 
Assembly of the F1-part is dependent upon the assistance of specific ancillary factors, ATP11 and 
ATP12. In the yeast enzyme, additional factors have been described to be involved in the formation 
of F1 (ATP11, ATP12, FMC1) and Fo (ATP10, ATP23). Other yeast factors are involved in 
processing of mtDNA encoded subunits (NCA1-3, NAM1, AEP1-3, ATP22, ATP25) (Houstek et 
al., 2009; Houstek et al., 2006). 
 

 The biogenesis of eukaryotic ATP synthase requires a concerted action of several 

helper proteins with chaperon-type functions, specific to the assembly of ATP synthase. 

There are also other important proteins that govern the expression of ATP synthase genes 

at different levels. This process is well characterized in yeast where several of these factors 

involved in F1 and Fo assembly were described, but only a few have been found in 

mammals.  

 Mitochondrial F1-ATPase contains a hexamer of alternating α and β subunits. The 

assembly of this structure requires two specialized chaperones, ATP11 and ATP12 that 

bind transiently to β and α, respectively. In the absence of ATP11 and ATP12, the hexamer 

is not formed, and β and α precipitate as large insoluble aggregates. Absence of another 

protein FMC1 also results in the aggregation of the α-F1 and β-F1 proteins. Therefore it 

was proposed that FMC1 assists the folding/stability or functioning of ATP12 (Lefebvre-
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Legendre et al., 2001). Importantly, as long as ATP11 is bound to β and ATP12 is bound to 

α, the two F1 subunits cannot interact at either the catalytic site or the noncatalytic site 

interface. Only for ATP11 and ATP12 assembly factors, functional homologues in 

mammals were found (Ackerman and Tzagoloff, 2005; Ludlam et al., 2009; Pickova et al., 

2005; Wang et al., 2001). Fo part assembly and formation is assisted by ATP10 and ATP23 

where ATP23 is a 32 kDa metallopeptidase of the inner mitochondrial membrane. ATP23 

has a dual activity in yeast: maturation of the mitochondrial-encoded subunit 6 after its 

insertion into the inner membrane, and promotion of the association of mature subunit 6 

with subunit 9 oligomers. This assembly step is thus under the control of two substrate-

specific chaperones, ATP10 and ATP23, which act on opposite sides of the inner 

membrane (Osman et al., 2007). A mammalian ortholog of ATP23 contains a HEXXH 

motif of the protease active site, but its function is unknown.  

 There are other proteins that govern the expression and translation of ATP synthase 

genes and subunits, respectively. Processing and stability of subunits 6 and 8 are controlled 

by NAM1, AEP3, NCA2, NCA3 (Camougrand et al., 1995; Pelissier et al., 1995; Wallis et 

al., 1994) and translation of subunit 6 (ATP6) mRNA is regulated by ATP10, ATP23, and 

ATP22 (Zeng et al., 2007). ATP25 is a novel RNA stabilization factor specific for the 

0.95 kb ATP9 (subunit 9) mRNA (Zeng et al., 2008). A similar function was described in 

NCA1, AEP1 and AEP2/ATP13 proteins (Barbash, 2008), which are still known only in 

yeast. 

 In 2004 De Meirleir et al. identified a homozygous missense mutation in the third 

exon of the ATP12 gene in a patient with severe encephalopathy. It was confirmed that the 

primary defect was in the assembly of the F1 catalytic part of ATP synthase, due to 

dysfunction of ATP12 assembly factor (De Meirleir et al., 2004). Within the last several 

years, increasing numbers of patients with nuclear genetic ATP synthase defects have been 

found. Most of them present with early onset lactic acidosis, cardiomyopathy, variable 

CNS involvement and 3-methylglutaconic aciduria (Houstek et al., 2006; Sperl et al., 

2006). Therefore many attempts have been made to uncover the pathogenic mechanism of 

ATP synthase deficiency. Recently, the group of 13 patients with ATP synthase deficiency 

has been analyzed by microarray transcription profiling (Cizkova et al., 2008a). 

Consequently homozygosity profiles were intersected with whole genome expression 

profiles determined in patient fibroblast. As a result, gene TMEM70 on chromosome 8 was 

identified as a highly probable candidate, and subsequently shown to be mutated (Cizkova 

et al., 2008b). Pathogenicity of this mutation was confirmed in complementation 
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experiments. The exact function of TMEM70 is still unknown, but it is clear that TMEM70 

represents a novel type of eukaryotic ancillary factor involved in the biogenesis of ATP 

synthase. TMEM70 appears to be responsible for a vast majority of cases of ATP synthase 

deficiency of nuclear genetic origin (Cizkova et al., 2008b; Houstek et al., 2009). 

 

Supramolecular organization of ATP synthase 

 ATP synthase biogenesis includes the generation of dimers with the aid of subunits 

e and g, formation of higher oligomers (Wittig and Schagger, 2009) and possibly also 

supercomplexes with other inner mitochondrial membrane proteins, e. g. with phosphate 

and adenine nucleotide carriers in the “phosphorylating assembly” - so called ATP 

synthasome (Chen et al., 2004; Ko et al., 2003; Pedersen, 2007). 

 The dimeric assembly state of the F1Fo-ATP synthase has been demonstrated in 

mitochondria isolated from diverse organisms such as yeast, algae, plants and mammals. 

The current evidence indicates that the ATP synthase dimers can further organize 

themselves into tetramers and larger oligomeric complexes, which then can form a linear 

and regular array of oligomers within the mitochondrial inner membrane (Stuart, 2008; 

Thomas et al., 2008). Double rows of F1 form a helical array around the cristae and could 

be therefore responsible for the cristae formation (Vonck and Schafer, 2009). ATP 

synthase dimers isolation has shown the presence of two dimer-specific subunits of yeast 

ATP synthase, subunit e (Su e; Atp21) and subunit g (Su g; Atp20), which were not 

essential for catalysis (Arnold et al., 1998; Wagner et al., 2009). Both the e and the g 

subunit are Fo components with a single transmembrane span (Stuart, 2008). Homodimers 

of e are associated with the formation of higher oligomers (Arselin et al., 2003) whereas e - 

g heterodimers are responsible for the formation of ATP synthase dimers (Arselin et al., 

2003). In all cases the dimers were found to be associated through their Fo domains, which 

are at angles of 35 - 90° to each other, thus bending the membrane. The angled 

arrangement of the Fo parts strongly supports the notion that this association between the 

ATP synthases is responsible for inner membrane morphology and cristae formation, but 

molecular details of the dimer interactions are still unclear (Vonck and Schafer, 2009). 

Presence of subunits e and g is important for optimal COX activity, and the correct 

organization of the cytochrome bc1-COX supercomplex and its association with the TIM23 

machinery (Saddar et al., 2008). 

 Another factor involved in regulation of ATP synthase dimerization is IF1 (inhibitor 

factor 1), a 10 kDa basic protein (Campanella et al., 2009). When the transmembrane 
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proton gradient is not generated by the respiratory chain, F1Fo hydrolyses ATP and pumps 

protons out of the matrix. To prevent ATP hydrolysis, IF1 binds at the α/β catalytic sites of 

ATPase. IF1 dimer binds simultaneously two F1. Under conditions of normal generation of 

the respiratory electrochemical proton gradient, resulting in pH increase in the matrix 

space, IF1 dissociates from the catalytic sites and ATP synthesis takes place normally. 

Dimerization of ATP synthase was shown to be independent on the inhibitor protein, both 

in yeast (Dienhart et al., 2002) and bovine heart mitochondria (Tomasetig et al., 2002). 

Therefore it appears that function of IF1 in vivo is binding to preexisting ATP synthase 

dimers (Zanotti et al., 2009). 
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1.2 Mitochondrial diseases 
 Mitochondrial myopathies (also known as “mitochondrial encephalomyopathies”) 

are a broad group of disorders first described in the early 1960s. An estimated birth 

incidence for mitochondrial diseases is about 1:5000 (Thorburn, 2004). Up to now in 

humans, several hundreds of diseases resulting from various defects of mitochondria 

biogenesis, defects of respiratory chain complexes or defects of individual mitochondrial 

proteins have been reported. Defects are usually associated with a vast array of 

multisystemic disorders. These disorders are especially interesting from the genetic point 

of view because the respiratory chain is the only metabolic pathway in the cell that is under 

the dual control of the mitochondrial genome and the nuclear genome. According to recent 

data obtained from integrative analysis, the mitochondrial proteome is nowadays estimated 

to consist of approximately 1500 proteins (Meisinger et al., 2008; Pagliarini et al., 2008). 

These proteins play an essential role in the assembly or maintenance of individual 

OXPHOS complexes, in mtDNA integrity and in mitochondrial biogenesis. The majority 

of the nuclear origin genetics diseases are inherited as autosomal recessive trait and 

produce severe and usually fatal phenotype in infants (Shoubridge, 2001b). 

 An insufficient or altered function of mitochondrial oxidative phosphorylation 

system represents the most frequent group of human mitochondrial diseases, a broad range 

of pathological states that vary in age of onset, severity and phenotypic presentation 

(DiMauro, 2004; Muravchick, 2008). Underlying genetic defects include mutations both in 

mitochondrial and nuclear DNA. While the mtDNA mutations frequently affect adult 

populations, nuclear genetic defects are usually associated with early onset (Shoubridge, 

2001c). Mitochondrial dysfunction has also been shown to play a role in the pathogenesis 

of late-onset neurodegenerative disorders, such as Parkinson, Alzheimer or Huntington 

diseases and especially in the most common human disease - process of aging (Wallace, 

2005). 

 

1.2.1 Mitochondrial diseases caused by mtDNA mutations 
 Physical characteristics and mode of inheritance of mtDNA define some rules of 

“mitochondrial genetics” (DiMauro and Schon, 2003). Six aspects of their behavior are 

critical for understanding the etiology and pathogenesis of mitochondrial disorders: (1) 

they are maternally inherited; (2) cells typically contain hundreds of organelles and 

thousands of mitochondrial genomes; (3) mutations can arise in a mtDNA population, 
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resulting in the coexistence of two or more mtDNA genotypes within a single cell, organ or 

individual (heteroplasmy); (4) if the mutation is pathogenic, the proportion of mutated 

molecules in the heteroplasmic population (mutational load) affects the severity of the 

biochemical defect, but not necessarily in a linear fashion; (5) mtDNA replication and 

inheritance in lineages of somatic cells is stochastic, often resulting in changes of the 

mutational loads during the patient life, and in different mutational loads in different cells 

and tissues (mitotic segregation); (6) because different cell types have different minimal 

oxidative energy requirements, the level of heteroplasmy and the dynamics of the mitotic 

segregation play a critical role in determination of the clinical presentation and outcome. 

A mutation rate of mtDNA is 10 – 20 times higher than of nuclear DNA (nDNA). The 

reasons for this are: include relatively high levels of ROS in mitochondria, the lack of 

introns, the lack of protective histones of mtDNA and the absence of proof-reading by 

mtDNA polymerase. 

 Mitochondrial DNA defects can be classified into three groups - point mutations, 

rearrangements of mtDNA and mtDNA depletions (Tab. 1, Fig. 8). The first point 

mutation of mtDNA was classified in 1988, since then the list has grown exponentially 

and is continuously updated (MITOMAP, http://www.mitomap.org/). While point 

mutations are commonly maternally inherited, deletions and duplications are most often 

sporadic or of nuclear origin. Point mutations were found in all genes coding structural 

proteins and causing mitochondrial myopathy, diabetes mellitus, and Leigh syndrome. The 

most frequent are in complex V causing NARP (Neurogenic muscle weakness, Ataxia, 

Retinitis Pigmentosa), see below and in complex I where the point mutation manifests as 

LHON (Leber's Hereditary Optic Neuropathy). LHON is a maternally inherited disorder 

characterized by bilateral acute or subacute loss of central vision, primarily in young males 

(Wallace et al., 1988). Most LHON patients harbor one of the three point mutations that 

affect mtDNA complex I (NADH: ubiquinone oxidoreductase) genes. Mitochondrial DNA 

mutations are responsible for approximately 20 % of OXPHOS-deficient patients. The 

remaining patients must therefore harbor nuclear gene mutations (Smeitink et al., 2001). 

Further point mutations could hit tRNA or rRNA and induce myopathy, cardiomyopathy, 

diabetes mellitus, or encephalopathy causing syndromes such as MELAS and MERRF. 

MELAS (Mitochondrial Encephalomyopathy, Lactic Acidosis and Stroke-like syndrome), 

the typical mutation is A3243G and symptoms can appear at any age. It usually presents in 

children or young adults after normal early development. A typical presentation includes 

recurrent vomiting, migraine like headache, and stroke-like episodes causing cortical 
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blindness and hemiparesis (Shoffner, 1996). MERRF (Myoclonic Epilepsy and Ragged 

Red Fibers) is caused by point mutation in tRNA Lys gene, the most common is A8344G 

mutation (Shoffner et al., 1990). Clinical manifestations of this disease can begin anytime 

from late childhood to adulthood. Features, most predictive of a diagnosis of MERRF, are 

epilepsy, seizures, cerebellar ataxia, and a ragged-red fiber myopathy. The second group 

contains rearrangements of mtDNA (large deletions and duplications) which cause 

Pearson syndrome, Wolfram syndrome (Eller et al., 2001), and KSS (Kearns-Sayre 

Syndrome) which belongs to CPEO (Chronic Progressive External Opthalmoplegia). The 

last group represents defects in mtDNA replication, which are specific due to a very low 

content of mtDNA in the cell. These mtDNA depletions are usually tissue specific (Alpers 

- Huttenlocher syndrome).  

 
 
Mutation in mtDNA 

 
   Biochemical presentation 

 
     Genotype 

 
Inheritance 

Point mutations 
Structural genes of the 
OXPHOS system 

   defects in complexes I, III,  
    IV, V 

     NARP, MILS, LHON, DM, MM,  
     ATP synthase deficiency 

maternal 
 

tRNA, rRNA genes    defect in synthesis of proteins  
   encoded by mtDNA 

     MERF, MELAS, CPEO, MM,   
     MC, ME, DM, SD, Parkinsonism 

maternal 
 

 
 
mtDNA rearrangements 
Large deletion and 
duplication 

   dysfunction in more OXPHOS  
   complexes 

     KSS, Pearson, PEO sporadic / autosomal 

 

mtDNA depletion    low activity of complexes I,   
   II, IV, V 

     tissue specific 
     Alpers - Huttenlocher syndrome 

autosomal 

 
Table 1: Mitochondrial-encoded genes involved in oxidative phosphorylation deficiency. 
Classification of mtDNA mutations. CPEO - chronic progressive external opthalmoplegia, DM - diabetes 
mellitus, KSS - Kearn-Sayre syndrome, LHON - Leber's hereditary optic neuropathy, MC - myopathy and 
cardiomyopathy, ME - mitochondrial encephalomyopathy, MELAS - mitochondrial encephalomyopathy, 
lactic acidosis and stroke-like syndrome, MERRF - myoclonic epilepsy and ragged red fibers, 
MM - mitochondrial myopathy, PEO - Progressive external ophtalmoplegia, SD - sensorineural deafness) 
 

 Mitochondrial disorders described above represent a wide range of clinical 

syndromes (phenotypes), which are often similar for number of different genetic defects. 

On the other hand, the same mutation could be manifested differently. This overlay of 

phenotypical symptoms and different manifestation of the same syndrome make this field 

of diagnosis difficult.  
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Figure 8: Mitochondrial genes and mutations. Map of human mitochondrial DNA (16,569 bp) 
showing the 13 genes that encode proteins of Complex I, III, IV and V. Genes encoding 2 rRNA, 
and 22 tRNA are identified by one-letter codes for the corresponding amino acids. Positions of the 
most frequent mutations are shown by arrows. Adapted from (Nelson and Cox, 2005). 
 

 

1.2.2 Mitochondrial diseases caused by nDNA mutations 
 Disorders due to mutations in nuclear DNA are more abundant, not only because 

most respiratory chain subunits are nucleus-encoded, but also because a correct assembly 

and functioning of the respiratory chain require numerous steps that are under the control 

of nDNA. These steps (and related diseases) include: synthesis of assembly proteins; 

intergenomic signaling; mitochondrial import of nDNA-encoded proteins; synthesis of 

inner mitochondrial membrane phospholipids; mitochondrial motility, fusion and fission 

(DiMauro, 2004). Nuclear genes responsible for disturbance of OXPHOS system can be 

categorized on a structural and functional level: (1) genes encoding structural components 

of the OXPHOS system, (2) genes encoding assembly factors, (3) genes involved in the 

maintenance of mtDNA, and (4) genes involved in mitochondrial system biogenesis 

(Tab. 2). 
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Mutation in nDNA 

 
   Biochemical presentation 

 
     Genotype 

 
Inheritance 

Subunits of the OXPHOS system 

NDUFS1-7, NDUFV1-2 defect in complex I Leigh syndrome, MC, ME, late-onset 
optic atrophy mendelian 

SDHA, SDHB, SDHC, 
SDHD defect in complex II Leigh syndrome, PGL1, PGL3-4 mendelian 

UQCRB defect in complex III Hypoglycemia and lactic acidemia mendelian 

Assembly factors of the OXPHOS system 
NDUFAF1, F3, F4, 
C8orf38 defect in complex I lactic acidemia, severe muscle 

weakness and hypotonia mendelian 

SDHAF1 defect in complex II infantile leukoencephalopathy, 
dystonia mendelian 

BCS1L defect in complex III GRACILE syndrome mendelian 

SURF1, SCO1-2, 
 COX10, COX15 defect in complex IV Leigh syndrome, leukodystrophy, 

MC, ME mendelian 

ATP12, TMEM70 defect in complex V MC, lactic acidosis, 3MGA mendelian 

Mitochondrial DNA maintenance 

ANT1 ADP/ATP transporter adPEO mendelian 

POLG1 mtDNA replication adPEO, arPEO mendelian 

C100RF2 (Twinkle) mtDNA replication adPEO mendelian 

TP (thymidine 
 phosphorylase) mtDNA replication MNGIE mendelian 

Mitochondrial system biogenesis 

DDP1 TIMM Deafness dystonia syndrome also 
known as MTS  mendelian 

FRDA (frataxin) iron homeostasis Friedreich’s ataxia mendelian 

SPG7 (paraplegin) mitochondrial protein 
metabolism Hereditary spastic paraplegia mendelian 

TAZ (tafazzin) cardiolipin metabolism Bart syndrome mendelian 

OPA1 mitochondrial inner membrane 
maintenance Dominant optic atrophy mendelian 

 
Table 2: Nuclear-encoded genes involved in oxidative phosphorylation deficiency. 
Classification of mutations in nDNA. (3MGA - 3-methylglutaconic aciduria, adPEO - autosomal dominant 
progressive external opthalmoplegia, arPEO - autosomal recessive progressive external opthalmoplegia, 
GRACILE syndrome - growth retardation, aminoaciduria, cholestasis, iron overload, lactacidosis, and early 
death, MC - myopathy and cardiomyopathy, ME - mitochondrial encephalomyopathy, MNGIE - 
mitochondrial gastrointestinal encephalopathy, MTS - Mohr-Tranebjaerg syndrome, PGL1, PGL4 - 
hereditary paraganglioma/pheochromocytoma, PGL3 - hereditary paraganglioma, SD - sensorineural 
deafness, TIMM - translocase of the inner mitochondrial membrane). For references see the following text. 
 
Genes encoding structural components of the OXPHOS system 

Isolated complex I deficiency is one of the most frequent disturbance of the OXPHOS 

system (Loeffen et al., 2000). It is not surprising, when we consider that it is the largest 
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and most complicated enzyme in the electron transport chain and consists of 45 subunits. 

Mutations have been identified in eleven of the 38 nuclear genes encoding structural 

subunits of complex I (Hoefs et al., 2008). Clinical presentation involves Leigh or Leigh-

like syndrome, leukodystrophy and cardiomyopathy. There have been also described 

mutations in complex II genes. Mutations in SDHA gene are manifested as Leigh 

syndrome, mutations in the rest of the complex II structural genes (SDHB, SDHC, SDHD) 

(Favier et al., 2005) manifest in a phenotypically different manner, paragangliomas and/or 

pheochromocytomas (Janssen et al., 2004). Also mutation in complex III was reported, in 

the ubiquinol-cytochrome c reductase binding protein (UQCRB or QP-C) (Barel et al., 

2008). Recently, the first mutation in a nuclear-encoded structural subunit of complex IV 

was reported. This mutation in COX6B1 gene causes a mitochondrial encephalomyopathy 

(Massa et al., 2008).  

 

Genes encoding assembly factors of the OXPHOS complexes 

Recently a number of mutations in assembly factors for complex I, NDUFAF1 (Vogel et 

al., 2005), NDUFAF2 (Janssen et al., 2009), NDUFAF3 (C3ORF60), NDUFAF4 

(C6ORF66) (Saada et al., 2009), and C8orf38 (Meisinger et al., 2008; Pagliarini et al., 

2008) has been identified. Just a few assembly factors and its mutations have been 

identified for complex II (SDHAF1) (Ghezzi et al., 2009), and for complex III (BCS1L) 

(Visapaa et al., 2002) but many for complex IV. Quit common is mutation in SURF1 

(Pecina et al., 2004) protein but mutations in SCO1, SCO2 (Shoubridge, 2001a), COX10 

(Coenen et al., 2004) and COX15 (Bugiani et al., 2005) were also described. Leigh 

syndrome is the most common clinical manifestation observed in SURF1 patients. 

 

Genes involved in mtDNA replication and control of mtDNA copy number 

MtDNA replication is dependent on nuclearly encoded proteins and point mutations of 

mtDNA “template” represent defects of mitochondrial genes independent on maternal 

inheritance. 

adPEO (autosomal dominant Progressive External Ophthalmoplegia) is a mtDNA deletion 

disorder broadly characterized by pathology involving the eyes, skeletal muscle, and 

central nervous system. It is an adult-onset disorder that is characterized by progressive 

external ophtalmoplegia including exercise intolerance, ataxia, depression, hearing deficit 

and peripheral neuropathy. Three different disease genes have been identified: ANT1, 

encoding the adenine nucleotide translocator (Napoli et al., 2001; Sharer, 2005); 
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C10ORF2, encoding the Twinkle protein, a putative mtDNA helicase (Moraes, 2001; 

Spelbrink et al., 2001); and POLG1, encoding the catalytic subunit of the mtDNA-specific 

polymerase-γ (Van Goethem et al., 2001), essential for mitochondrial DNA replication and 

repair. Mutations in POLG1 have been linked to a spectrum of clinical phenotypes, and 

may account for up to 25 % of all adult presentations of mitochondrial diseases (Stewart et 

al., 2009). Mutations following a recessive mode of inheritance have also been reported for 

POLG1. Autosomal recessive PEO (arPEO) is represented by mild facial and proximal 

limb weakness, and severe cardiomyopathy, requiring cardiac transplantation. Mutations 

resulting in an arPEO underline a crucial role of the mtDNA replication machinery for 

mtDNA maintenance (Spinazzola and Zeviani, 2005). 

MNGIE (Mitochondrial Gastrointestinal Encephalopathy) is an autosomal recessive 

disease associated with depletion, deletions, and point mutations of mtDNA. Patients lack 

a functional thymidine phosphorylase and their plasma contains high concentrations of 

thymidine and deoxyuridine. Elevation of the corresponding triphosphates probably 

impairs normal mtDNA replication and repair (Pontarin et al., 2006). Syndrome is 

associated with mitochondrial myopathy with RRFs and abnormal mitochondria, decreased 

respiratory chain activity, and multiple mtDNA abnormalities.  

 

Genes involved in mitochondrial biogenesis  

This group of disorders contains defects in import of nuclear-encoded mitochondrial 

proteins into the mitochondria, defects in transcription of mtDNA, or defect in translation 

of mitochondrial messenger RNA.  

Mohr–Tranebjaerg syndrome (MTS), also known as the DDP syndrome (human 

deafness dystonia syndrome) is caused by mutation in the gene for subunit 8a of the 

translocase of the inner mitochondrial membrane. Mutation in TIMM8a/DDP1 gene 

formed a new group of mitochondrial import disease (Koehler et al., 1999). MTS is 

neurodegenerative disorder characterized by progressive sensorineural deafness, visual 

impairment, dystonia, and a variable combination of ataxia, spasticity, and cognitive 

disturbances (Mohr and Mageroy, 1960; Tranebjaerg et al., 1995). 

 

1.2.3 Isolated deficiency of ATP synthase 
 Isolated defects of ATP synthase of either nuclear or mitochondrial genetic origin 

belong to the most severe metabolic disorders of the neuromuscular system and typically 

manifest in children, very often shortly after birth (Houstek et al., 2006). Mitochondrial 
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mutations have been found in two mitochondrially-encoded subunits of the enzyme (a and 

A6L) causing defects in H+ channel function; and in two nuclear genes encoding assembly 

factors of the enzyme (ATP12, TMEM70), which affect enzyme biogenesis. 

 Several point mutations in the ATP6 gene have been associated with a group of 

maternally inherited, early onset neurodegenerative syndromes (Schon et al., 2001; Wong, 

2007): NARP, MILS and FBSN (familial bilateral striatal necrosis), related disorder to 

NARP. The most common and the best studied of the pathogenic ATP6 mutations is 

T8993G. Patients with this mutation load within the range of 70 - 90 % mainly develop the 

NARP syndrome, while a level of mutated mtDNA higher than 90 % usually results in the 

MILS. NARP (Neurogenic muscle weakness, Ataxia, Retinitis Pigmentosa) causes retinitis 

pigmentosa, dementia, seizures, ataxia, proximal weakness, and sensory neuropathy. 

MILS (Maternally Inherited Leigh Syndrome) is a more severe infantile encephalopathy 

with characteristic symmetrical lesions in the basal ganglia and the brainstem (DiMauro 

and Schon, 2003; Janssen et al., 2004; Shoffner, 1996). A different kind of disorder is the 

two-nucleotide micro-deletion (ΔTA9205) affecting the stop codon of the ATP6 gene and 

the processing site within the tri-cistronic ATP8-ATP6-COX3 transcript (Anderson et al., 

1981). It is a very rare mutation reported in only two cases (Jesina et al., 2004; Seneca et 

al., 1996). Recently, a homoplasmic nonsense mutation in the ATP8 gene has been 

detected in a 16-year-old patient with apical hypertrophic cardiomyopathy and neuropathy 

(Jonckheere et al., 2008). 

 In 2004, the first mutation in assembly factor of complex V was identified. The 

homozygous missense mutation in the third exon of ATP12 gene was found in a single 

patient with severe encephalopathy (De Meirleir et al., 2004). More than dozen patients 

with ATP synthase deficiency of nuclear origin have been diagnosed (Sperl et al., 2006) 

and in most of them mutations in ATP11 and ATP12 were excluded and no mutations in 

structural genes were found. Microarray transcription profiling has been performed in 

13 cases with ATP synthase deficiency using both tailored and commercial oligonucleotide 

DNA microarrays. However, the results did not show any pronounced down-regulation of 

ATP synthase subunits or other known ATP synthase-related genes (Cizkova et al., 2008a). 

A further study using integrative genomics resulted in finding probable candidate gene 

TMEM70 the sequence analysis of that gene revealed a splice mutation. A substitution 

c.317–2A>G is located in the splicing site of intron 2, which leads to aberrant splicing and 

loss of the TMEM70 transcript. Pathogenicity of TMEM70 mutation was confirmed in the 

complementation study, where fibroblasts from ATP synthase-deficient patients were 
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transfected with wild type TMEM70 cDNA (Cizkova et al., 2008b). The TMEM70 gene 

consists of three exons and encodes a 260 amino acid protein which contains a conserved 

DUF1301 domain and two putative transmembrane regions indicating that TMEM70 can 

be a membrane-associated protein. Using phylogenetic analysis, TMEM70 homologues 

were found in genomes of multicellular eukaryotes and plants, but surprisingly not in yeast 

or fungi. Clinical manifestation in affected individuals is neonatal lactic acidosis, 

hypertrophic cardiomyopathy and/or variable central nervous system involvement and 

3-methylglutaconic aciduria. The disease outcome is severe, and half of affected 

individuals die in early childhood (Sperl et al., 2006). Mutation in TMEM70 appears to be 

responsible for a vast majority of cases of ATP synthase deficiency of nuclear genetic 

origin, primarily in the Roma population (Houstek et al., 2009). 

So far, no mutation has been reported in the structural nuclear component of complex V. 

 
1.2.4 Pathogenic effect of cellular hypoxia, free oxygen radicals and 

carcinogenesis 
 Mitochondria are an important source of ROS (reactive oxygen species) within 

most mammalian cells (Murphy, 2009). This is a consequence of the action of oxidative 

phosphorylation in the generation of unpaired electrons that interact with O2 and thus 

generate superoxide anion radical (O2
•−). ROS are generally considered as toxic agents 

contributing to mitochondrial damage in a range of pathologies such as lipid peroxidation, 

cell membrane damage and mtDNA damage and also to aging and cancer (Hervouet et al., 

2007). Recent data strongly suggest that ROS are involved in physiological signaling 

cascades regulating various cellular and organ functions (Afanas'ev, 2007; Droge, 2002; 

Valko et al., 2007) and also redox signaling from the organelle to the rest of the cell 

(Balaban et al., 2005; Droge, 2002) with H2O2 as a main messenger molecule. The main 

sites of mitochondrial ROS production have been localized at the level of OXPHOS 

complex I and complex III (Boveris et al., 1976; Fleury et al., 2002). Therefore 

mitochondria have vigorous antioxidant defences which include antioxidant enzymes 

(manganese superoxide dismutase, glutathione peroxidase) and free radical scavengers 

such as thioredoxin, cytochrome c (Butler et al., 1975), coenzyme Q (Beyer, 1992) or 

vitamin E (Ham and Liebler, 1995) in their reduced forms (Hervouet et al., 2007).  

 ROS production increases when the electron transport is reduced, which occurs at 

low respiratory rates (Korshunov et al., 1997), at hypoxia or in pathological situations 

(Wallace, 2005). The discovery of increased mitochondrial ROS production during 
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hypoxia arose from investigations of HIF-1 (hypoxia-inducible factor 1), which plays 

a central role in the response of cells to hypoxia (Semenza, 2004; Schofield and Ratcliffe, 

2004). HIF-1 is a heterodimer comprising HIF-1α and HIF-1β that translocates to the 

nucleus and there, in association with other proteins, initiates transcription of a number of 

genes in response to hypoxia (Semenza, 2009; Schofield and Ratcliffe, 2004). HIF-1α is 

constitutively expressed, but under normoxia, it is rapidly hydroxylated, marking HIF-1α 

for rapid degradation by the ubiquitin-proteasome system (Semenza, 2004; Schofield and 

Ratcliffe, 2004). When the O2 concentration falls, HIF-1α is no longer degraded, allowing 

the HIF-1 heterodimer to form and induce the transcription of a series of hypoxia-sensitive 

genes (Murphy, 2009). These genes are included in several processes such as 

erythropoiesis, angiogenesis, glycolysis, glucose transport or cell cycle, as well as 

cytochrome c oxidase biogenesis (by preventing the COX4 subunit precursor processing). 

In mammalian cells, the predominant COX4-1 isoform is ubiquitously expressed, whereas 

an alternative COX4-2 isoform is expressed only in certain tissues (Huttemann et al., 

2001). Expression of COX4-2 and LON are induced by hypoxia. LON is a mitochondrial 

protease, which is required for hypoxia-induced degradation of COX4-1. This mechanism 

leads to increased COX4-2 mRNA and further protein synthesis and increased COX4-1 

proteolysis which represents a physiological response to hypoxia (Fukuda et al., 2007). 

COX4 subunit isoforms switching provides a mechanism to maintain the efficiency of 

respiration under conditions of reduced O2 availability and may represent the initial 

adaptive response to hypoxia. The COX4 subunit is one of the first subunits to be 

associated with the mitochondrially encoded COX1 subunit during the assembly of 

mammalian COX complex; a defect in COX4 precursor maturation might prevent this 

assembly (Hervouet et al., 2006). 

 In the presence of O2 cells generate ATP by complete oxidation of glucose to 

carbon dioxide and water. In contrast, under hypoxic conditions, glucose is converted to 

lactate, through the activity of glycolytic enzymes and lactate dehydrogenase A, which is 

a much less efficient means of generating ATP. Recent studies have demonstrated that the 

switch from oxidative to glycolytic metabolism is an active response to hypoxia that is 

mediated by HIF-1. Hypoxia leads to increased mitochondrial ROS, which induces HIF-1, 

which then mediates adaptive responses to reduce ROS levels through the modulation of 

mitochondrial oxidative metabolism. Pyruvate dehydrogenase kinase 1 (PDK1) 

phosphorylates and inactivates pyruvate dehydrogenase, thereby blocking the conversion 

of pyruvate to acetyl coenzyme A. It leads to the preferential conversion of pyruvate to 
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lactate rather than acetyl CoA. Overexpression of PDK1 is sufficient to reduce ROS levels 

and prevent cell death (Kim et al., 2006).  

 The induction of HIF-1 activity by ROS appears to play an important role in cancer 

biology (Semenza, 2009). The Von Hippel-Lindau protein forms a complex that targets 

α subunit of HIF for ubiquitinylation, leading to its rapid destruction. In renal carcinoma 

cell lines in which VHL gene is inactivated by mutation, HIF-1α and HIF-2α are 

constitutively expressed and mediate glycolytic metabolism (Zhang et al., 2007). In 

VHL-deficient renal carcinoma cells, HIF-1 blocks the mitochondrial biogenesis 

(Semenza, 2009). Upregulation of HIF-1 represents a general mechanism by which most 

cancer cells produce large amounts of lactate despite of the availability of oxygen and 

therefore their metabolism is often referred to as "aerobic glycolysis". This phenomenon is 

called the Warburg effect after Otto Warburg who was the first to observe it in 1924. The 

metabolism of glucose to lactate generates only 2 ATPs per molecule of glucose, whereas 

oxidative phosphorylation generates up to 36 ATPs upon complete oxidation of one 

glucose molecule (Nelson and Cox, 2005). One possible explanation of this mechanism in 

cancer cells is that inefficient ATP production is a problem only when resources are rare, 

but proliferating mammalian cells, which are exposed to a continual supply of glucose and 

other nutrients in circulating blood, are not the case. The second possible explanation for 

the switch to aerobic glycolysis is that proliferating cells have important metabolic 

requirements that extend beyond ATP. They are adapted to facilitate the uptake and 

incorporation of nutrients into the biomass (e.g., nucleotides, amino acids, and lipids) 

needed to produce a new cell (Vander Heiden et al., 2009). 



  

 31

1.3 Laboratory characterization of OXPHOS defects 
1.3.1 Clinical, biochemical and molecular diagnostics of OXPHOS 

defects 
 Mitochondrial diseases represent a good example of coordinated multi-step process 

leading to diagnosis. These modern diagnostic processes consist of various biochemical, 

enzymatic, immunohistochemical, and molecular biology methods. The initial laboratory 

tests are performed on body fluids and isolated blood cells. Based on the results, patients 

with strong suspicion of OXPHOS defect undergo skin and muscle biopsy and those 

tissues are then thoroughly investigated. To distinguish between isolated and combined 

OXPHOS deficiencies, the diagnostic process starts with biochemical measurements 

(metabolite analysis) and continues with measurements of selected mitochondrial enzyme 

activities and activities of individual OXPHOS complexes. The diagnostic procedure 

continues with the analysis of OXPHOS complex protein composition and determination 

of the molecular defect origin (mtDNA vs nDNA) using cybrid cell analysis. In the case of 

mtDNA defect analysis of panel of prevalent mtDNA mutations, analysis of mtDNA 

deletion and depletion follow. Final steps in the diagnostics represent sequencing of 

mtDNA and of candidate nuclear genes. 

 DNA diagnosis is reached mostly in patients having mutation in mtDNA. In 

patients with nuclear defect the molecular basis of the disease remains often unknown. 

 

1.3.2 Strategies in identification of unknown disease causing genes 
 A diagnostic process is experimentally demanding and time consuming and in 

majority of cases leads only to biochemical diagnosis. The molecular basis of the disease, 

especially in nuclear encoded defects, usually remains unknown. Identification of nuclear 

gene defects in OXPHOS deficiencies requires a combination of positional cloning, 

functional complementation and candidate gene analysis. The application of these 

„standard“ procedures is, however, greatly hampered by limited size of affected families, 

complexity and overlap of observed diseases phenotypes, difficulties in measurement of 

biochemical phenotypes in vitro and by the existence of number of candidate nuclear 

genes.  

 A new method which has a potential to contribute significantly to differential 

diagnosis and research of nuclear OXPHOS deficiencies is microarray technology, e. g. 

genotyping, homozygosity mapping, copy number variation and gene expression profiling. 
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The gene expression analysis provides an opportunity to compare normal gene expression 

profiles with profiles of appropriate pathological stages. It enables us to survey the genome 

for transcripts whose level is altered in affected tissues. This type of analysis has 

a potential to provide information on disease specific gene expression profiles (Mootha et 

al., 2003b; Slonim, 2002), information on potential candidate genes (Mootha et al., 2003a) 

and information on pathogenic mechanism of the disease (Van Der Westhuizen et al., 

2003).  

 Microarray technology provides a new quality in differential diagnostic processes 

and is valuable in effective search for candidate genes in so far molecularly 

uncharacterized not only nuclear OXPHOS defects, and also in studying and understanding 

of molecular models of OXPHOS biogenesis and metabolism. 
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1.4 Microarrays 
 The microarray technology is one of modern and powerful genomics tools which 

have undergone a rapid evolution. With a widespread interest in large-scale genomic 

research, an abundance of equipment and reagents is now available to a wide scientific 

community. It is also documented by a number of publications dealing with microarrays. 

In 1996 there were only 5 publications in PubMed database; the search for the keyword 

“microarray” will now return more than 32 000 hits (September, 09). 

 The microarray technology evolved from Southern blotting. The use of a collection 

of distinct DNAs in arrays for expression profiling was first described in 1987 (Kulesh et 

al., 1987). These early gene arrays were made by spotting cDNAs onto a filter paper with 

a pin-spotting device. The use of miniaturized microarrays for gene expression profiling 

was first reported in 1995 (Schena et al., 1995). A DNA microarray is now a multiplex 

technology used in molecular biology, genetics, pharmacology, and especially in medicine. 

The microarray technology is based on mutual hybridization between two systems. One 

system is stationary, fixed on a solid surface (probes), while the second, movable, 

represents a sample of our interest. In standard microarrays, the probes are attached to 

a solid surface by a covalent bond to a chemical matrix (epoxy-silane, amino-silane, lysine, 

polyacrylamide or others). The solid surface can be membrane, plastics, gel or microscopic 

beads, but the most frequently used is glass. A general description of a common type of 

DNA microarray experiment can be divided into the following phases: array printing, 

experimental design, sample preparation, sample labeling, and hybridization. Hybridization 

is followed by scanning that produces the results as image (16bit TIFF image file), which 

is converted to probe intensities (Fig. 9).  
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Figure 9: Measuring relative gene expression by using DNA microarrays. Gene 
expression profiling experiments commonly involve the conversion of RNA or mRNA to cDNA, 
and labeling of the cDNA with a fluorescent dye for two samples. These are cohybridized to the 
probes on the array, which is then washed and scanned to detect both fluorophores. In the resulting 
pseudocolor image, the green Cy3 and red Cy5 signals are overlaid; yellow spots indicate equal 
intensity for the dyes. After that several steps of cluster analysis is performed. Hierarchical 
clustering of genes identifies a group of coregulated genes. Adapted from (Cummings and Relman, 
2000). 
 
 
 An indispensable component of all microarrays experiment is bioinformatics which 

includes: experimental setup, feature extraction and data normalization, standardization, 

quality control, statistical analysis, functional annotation and data accession. This 

statistical part represents nearly 80 % of whole microarray experiment.  

 Microarray studies produce massive quantities of functional genomics data both in 

input (probes characteristics, chip preparation, sample information, labeling, hybridization, 

scanning conditions) and in output. Therefore standards for recording and reporting 

microarray-based genomics data are needed. The Minimum Information About 
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a Microarray Experiment (MIAME), developed by Microarray Gene Expression database 

group (MGED), describes the minimum information required to ensure that microarray 

data can be easily interpreted and that results derived from its analysis can be 

independently verified (Brazma et al., 2001). At present, there are numbers of public 

repositories for microarray data, where MIAME compliant data can be stored as 

a prerequisite for their publication (e. g. Gene Expression Omnibus Database at NCBI). 

 

1.4.1 Microarray platforms  
 All microarrays share a common format based on the analysis of data derived from 

the affinity capture of biological molecules by ligands. Microarrays are evolving to help 

expand the understanding of transcriptome complexity: single nucleotide polymorphisms 

(SNPs), copy number variation, CpG methylations, microRNAs, or in genomes 

resequencing. Microarrays also differ in fabrication, workings, accuracy, efficiency, and 

cost. Additional factors for microarray experiments are the experimental design and the 

methods of data analyzing. Commercial companies provide custom made arrays for the 

human genome and a whole host of model organisms. Custom arrays offer an expanded 

selection of custom solutions, including whole-transcript expression, exon analysis, 

ChIP-chip, transcript mapping, SNP discovery, 3' expression, resequencing, and whole-

genome genotyping. These arrays are customized for the needs of each study and could 

reduce a vast amount of redundant data. 

 

Re-sequencing arrays 
Human Mitochondrial Resequencing Array provides the most efficient and 

cost-effective method, allows complete sequence information, and enables the detection of 

both known and novel mutations. The GeneChip® Human Mitochondrial Resequencing 

Array 2.0 interrogates 16 kb mitochondrial genome on one array, detects heteroplasmic 

mutations and both known and novel SNPs. The reference sequence is selected from the 

public MITOMAP database. Oligonucleotide probes are synthesized in situ using the 

standard resequencing array tiling strategy with eight unique 25-mer probes per base 

position (4 oligonucleotide probes per strand). Resequencing of mtDNA is provided by 

Applied Biosystems (The mitoSEQr™ system), and by Affymetrix (GeneChip® Human 

Mitochondrial Resequencing Array 2.0) described above. 
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CGS (Comparative Genome Sequencing) is used for human and mouse genome 

sequencing programs. It provides the possibility of systematic cross-species comparison of 

the two genomes as a powerful tool for gene and regulatory element identification. CGS is 

also used for interpretation of the structure, function and evolution of genomes of 

economically important plants and for microbial genomes characterization. CGS has 

a wide range of applications in microbial comparative genomics, including genotyping 

infectious pathogens, characterizing industrially important microbes for food and 

identifying genes responsible for antimicrobial agent resistance. CGS technology 

accelerates genomes characterization and provides an efficient, high-throughput, 

cost-effective method for rapid genome-wide analysis. CGS protocol is divided into two 

phases. At first, regions of genomic difference are identified by a comparative 

hybridization of test DNA vs. reference DNA on a whole-genome tiling array. Secondly, 

only the identified regions of genomic difference are rapidly re-sequenced to produce a set 

of fully characterized SNPs. Probe length is usually 29 mer – 39 mer.  

 

Genotyping arrays 
CGH (Comparative Genomic Hybridization) can provide a robust and accurate platform 

for routinely mapping chromosomal imbalances at exon-level resolution. CGH measures 

DNA copy number differences between a test and reference genome. Identifying and 

characterizing gains and losses of genomic regions lead to copy-number changes in genes 

and regulatory regions. Such changes are thought to underlie diseases such as cancer and 

many congenital disorders. DNA from subject tissue and from normal control tissue is 

fragmented and labeled with different fluorescent dyes. After mixing subject and control 

DNA along with unlabeled human cot-1 DNA (competitive DNA) to suppress repetitive 

DNA sequences, the mix is hybridized to an array. The signal ratio is used to evaluate 

regions of DNA gain or loss in the subject sample. 

Mapping Array provided by Affymetrix (The GeneChip® Human Mapping 500K Array 

Set) enables highly powered whole genome association studies across different 

populations. Mapping products offers variety of applications, including linkage and 

association studies, as well as cancer and population genetics. Total genomic DNA is 

digested with a restriction enzyme and ligated to adaptors that recognize the cohesive four 

base-pair overhangs. All fragments resulting from restriction enzyme digestion, regardless 

of size, are substrates for adaptor ligation. A generic primer that recognizes the adaptor 

sequence is used to amplify adaptor-ligated DNA fragments. PCR conditions have been 
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optimized to preferentially amplify fragments in the 200 to 1100 bp size range. The 

amplified DNA is then fragmented, labeled, and hybridized to an array which includes 

more than 6.5 million features. Each SNP is interrogated by 6 or 10 probe quartets where 

each probe quartet is comprised of a perfect match and a mismatch probe for each allele. In 

total, there are 24 or 40 different 25-bp oligonucleotides per SNP. Affymetrix Array Set is 

the third generation product in the mapping portfolio used e. g. for genome-wide studies 

pertaining to disease genetics, and drug response. 

 

Expression arrays 
The SpliceArrays, Exon Arrays provide a unique approach to detecting all known and 

novel expressed transcripts. Most human genes are thought to undergo alternative splicing 

to produce multiple messenger RNA and protein products. These splice isoforms can have 

different, and even opposing, functions in the cell. Therefore further study in this area 

should provide a better and more complete understanding of the functional relevance of 

splice variants and of disease mechanisms. This microarray platform is based on methods 

quite different from the classical arrays expression detection. Exon arrays use T7 linked 

random hexamers for cDNA synthesis, instead of those of all previous expression arrays, 

which employed an oligo-dT. On standard expression arrays each gene is typically targeted 

by a single probe set placed at the 3′ end of the transcript. Exon arrays have probe sets 

placed against each exon along the length of the gene, usually have 4 probes selected from 

each putative exonic region. Exon array design is to provide exon-level expression 

information and also gene expression information. Therefore exon arrays could offer 

improved sensitivity and specificity, and may allow more accurate quantitative 

measurement of the level of gene expression. 

miRNA Arrays is a microarray-based application, which is powerful tool for studying the 

role of microRNAs (miRNAs) and their importance in various diseases. MicroRNAs are 

a growing class of endogenous non-protein-coding small RNA (ncRNA) molecules, about 

21- 23 nucleotides in length that regulate gene expression in a variety of ways. 

MicroRNAs regulate translational repression, mRNA cleavage and deadenylation, and 

whose many of functions continue to be characterized in a variety of model organisms and 

in human diseases (Chen, 2009; Negrini et al., 2009; van Rooij et al., 2008) such as cancer 

(Grosshans and Filipowicz, 2008; Stahlhut Espinosa and Slack, 2006). The use of 

microarrays for miRNA profiling is challenging because of the low molecular weight and 

low abundance of small RNAs. Microarrays must be able to distinguish between miRNAs 
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differing by a single nucleotide; therefore probes are designed 17 to 23 bases long. Mature 

miRNAs also differ in their melting temperatures by nearly 30 °C. These technical issues 

have been solved recently and several studies have demonstrated that microarrays are an 

efficient tool to profile miRNA expression on a global scale (Yin et al., 2008). MicroRNA 

arrays analysis is similar to other arrays. 

 MicroRNA expression profiles allow broad insight into human miRNA expression 

and regulation. In addition, miRNA studies facilitate the discovery of biomarkers and 

disease signatures (Coppee, 2008). 

Tiling Arrays differ in the nature of the probes. Short fragments are designed to cover the 

entire genome or contigs of the genome. Depending on the probe lengths and spacing 

different degrees of resolution can be achieved. This type of arrays can produce 

genome-wide identification and characterization of functional elements and unbiased look 

at gene expression because previously unidentified genes can still be incorporated. Tiling 

array experiments can provide insight toward a more comprehensive understanding of 

fundamental molecular and cellular processes (Bertone et al., 2005) and become quickly 

one of the most powerful tools in genome-wide investigations.  

ChIP-chip (chromatin immunoprecipitation on a chip) is technology driving the next 

generation of microarray applications. The ChIP-chip method combines chromatin 

immunoprecipitation (ChIP) with hybridization on DNA microarrays (chip). ChIP-chip 

methodology can be used to identify the binding sites on chromosomes for DNA-binding 

proteins such as histones, polymerases and transcription factors, as well as studying DNA 

modification and chromatin-remodeling. ChIP-chip experiment consists of number of 

steps: the protein of interest is cross-linked with the DNA site, than follows the 

fragmentation into double-stranded DNA fragments, normally 1 kb or less in length. 

Those, which were cross-linked to the protein of interest, form a protein of interest-DNA 

complex for. For detection an antibody specific to the protein of interest is used. Usually, 

ChIP is employed to test whether specific candidate sequences are bound by a transcription 

factor, but microarrays are a powerful tool that allows testing large pools of sequences at 

once. ChIP-chip enhances the understanding of vital processes like cell proliferation, cell 

fate determination, oncogenesis, inflammation, apoptosis, and gene silencing. 

DNA Methylation Array - (methylated DNA immunoprecipitation - MeDIP) 

Cytosine methylation is the only covalent DNA modification described in mammals. In the 

human genome, 4 % of the cytosine residues are modified by methylation. In the 

mammalian genome, methylation takes place only at cytosine bases that are located 5′ to 
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a guanosine in a CpG dinucleotide. DNA methylation plays a key role in genomic 

imprinting, the maintenance of genome integrity and has been implicated as an important 

factor in the development of cancer (Bird, 2002; Jones and Baylin, 2002; Kron et al., 

2009). In this type of tiling array antibody specifically recognizes methylated cytosine 

bases (5-methyl-cytosine) within genomic DNA. Methylation microarrays facilitate global 

investigation of regulatory events in vivo, without the limitations of gene-specific analyses 

or the time consuming chromatography-based methods (Weber et al., 2007). 

 

1.4.2 Gene expression profiling 
 The dominant application of microarrays has been measuring of gene expression in 

different situations, including analysis of diseased versus normal “standard” samples, 

profiling tumors and predicting outcomes, studying gene regulation during development, 

and following the stimulation of cells in vitro (Holloway et al., 2002). 

 

Array format 
These array types fall into two categories: those that are constructed within laboratories, 

and those that are produced under industrial manufacturing conditions by commercial 

companies. The first format is homemade array also so-called “home brew” or “roll your 

own” glass slide microarrays, which are produced in-house, often in a core facility. The 

second format is the commercial array (manufactured array), of which the best known is 

the Affymetrix GeneChip™ format. In addition to this well-known array format, there are 

other formats offered by commercial companies, such as Agilent, Roche NimbleGene and 

Illumina.  

 

Spotted and in situ synthesized arrays 
There are two major technologies used for printing glass slide microarrays: noncontact 

deposition methods, and contact deposition methods.  

Noncontact printing technologies use ink-jet printing technology to deposit small droplets 

of liquid onto a solid surface. This technology is used either to print DNA 

(plasmid/cosmid/BAC gene libraries, PCR products, cDNAs from gene expression 

libraries), or long oligonucleotides (40-70-mer), or for in situ synthesis of oligonucleotides 

on a solid surface (Case-Green et al., 2003; Holloway et al., 2002). In situ synthesis, e. g. 

using photolithographic mask, represents more complicated procedure with special 
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equipment needs. For this reason, it is only commercially available. Agilent technologies 

have developed a method for deposition of long oligonucleotides (60-mers) onto glass 

slides, using ink-jet printing (Hughes et al., 2001). 

Contact printing uses physical deposition of small volumes of liquid from a metal pin onto 

the slide surface. The printing process itself is dependent on extreme accuracy of 

positioning of the pins (Hobman et al., 2007). 

 

One- and two-color arrays 
Expression analysis using glass slide microarrays is typically done by the competitive 

hybridization of two targets (known as test and reference) each labeled with a fluorophore, 

biotin, or chemiluminescence (Holloway et al., 2002; Le Berre et al., 2003). In sample 

labeling, there are two widely used methods; direct or indirect. Both methods convert 

purified total RNA or mRNA into cDNA by reverse transcriptase using either oligo 

dT primer, or random hexamer primer. In direct labeling a dye conjugated nucleotide is 

incorporated directly into the cDNA during reverse transcription. In the indirect labeling 

method, the reverse transcriptase incorporates either an amino-allyl UTP into the cDNA 

instead of dTTP, or modified dT primer (RT Primer Oligo) is used. This linker 

modification is later used for post-hybridization labeling with conjugated fluorescent 

dendrimers (Genisphere labeling kit). 

Two-color arrays or two-channel arrays are typically hybridized with cDNA prepared 

from two samples to be compared (diseased tissue/healthy tissue) that are labeled with two 

different fluorophores. Fluorescent dyes commonly used for cDNA labeling include Cy3, 

which has a fluorescence emission wavelength of 570 nm (green), and Cy5 with 

a fluorescence emission wavelength of 670 nm (red). The two Cy-labeled cDNA samples 

are mixed and hybridized to a single microarray. After scanning the fluorescence 

intensities are used in ratio based analysis. Two color fluorescent labeling is used by 

Agilent or spotted arrays. 

In one-color arrays or single-channel arrays, the arrays are designed to give estimations of 

the absolute levels of gene expression. Therefore the comparison of two conditions 

requires two separate single-dye hybridizations. Advantages of one-color array are in fact 

that one aberrant sample cannot affect the raw data derived from other samples and that 

data are more easily compared to arrays from different experiments. One color labeling is 

mainly used by Affymetrix, Illumina (biotin labeling) and Roche NimbleGen (fluorescent 

labeling).  
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2 AIMS OF THE THESIS 
 

Respiratory chain disorders represent a wide group of often rare but severe diseases. 

For effective treatment it is necessary to understand their molecular basis, which demands 

many modern laboratory techniques. Clearly, new approaches in molecular genetics and 

genomics need to be applied. One of such methods, which has a potential to contribute 

significantly to differential diagnostics and research, is gene expression profiling. 

Therefore the main goals of my work were to develop and optimize conditions for 

application of microarray technology, which assists to describe ATP synthase deficiency, 

characterize mechanism of down regulation of mitochondrial biogenesis in renal carcinoma 

cells, and find the disease causing gene in mucopolysaccharidosis type IIIC. 

 

A) Gene expression profiling using different platforms (h-MitoArray, Agilent) 

• Construction, validation and testing of oligonucleotide microarray (h-MitoArray) 

for gene expression profiling of metabolic disorders, especially respiratory chain 

defects 

• Correlation of h-MitoArray with commercial platform Agilent 

B) Characterization of a unique group of patients with ATP synthase deficiency 

• Expression profiling of controls/patients with mitochondrial F1Fo ATP synthase 

deficiency 

• Characterization of pathological mechanisms using pathway analysis  

• Positional cloning and identification of disease causing gene 

C) Gene expression analysis in cancer cells with down regulation of OXPHOS 

• Gene expression study of cell lines deficient in von Hippel-Lindau gene and cell 

lines complemented by VHL gene using custom microarrays 

D) Gene expression analysis in mucopolysaccharidosis type IIIC 

• Development of custom array for identification molecular basis and disease causing 

gene of mucopolysaccharidosis type IIIC 
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3 SUMMARY OF THE RESULTS 
 

The present thesis consists of four publications. The first two publications are 

concerned with ATP synthase deficiency in mitochondrial diseases, the third publication 

deals with downregulation of mitochondrial biogenesis in tumorogenesis of renal 

carcinoma. The fourth publication presents a preparation and application of custom 

expression array in characterization of lysosomal storage disorder Mucopolysaccharidosis 

type IIIC. 

 

1. 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,  
Čížková, A., Stránecký V., Ivánek, R., Hartmannová, H., Nosková, L., Piherová, L., Tesařová, M., 
Hansíková, H., Honzík, T., Zeman, J., Divina, P., Potocká, A., Paul, J., Sperl, W., Mayr, J., Seneca, 
S., Houštěk, J. and Kmoch, S., BMC Genomics. 2008 Jan 25;9:38.  
 

This publication represents our first encounter with gene expression analysis of 

patient fibroblasts with mitochondrial ATP synthase deficiency. Eleven patients were with 

ATP synthase deficiency of nuclear origin with unknown molecular basis and two patients 

with mutation in ATP synthase subunit a (ATP6). We designed, produced, and validated an 

oligonucleotide microarray (h-MitoArray) allowing the expression analysis of 1632 human 

genes (see the list at http://www.biomedcentral.com/1471-2164/9/38/additional/), focused 

on expression profiling of human mitochondria related genes (mitochondrial biology, cell 

cycle regulation, signal transduction and apoptosis). The h-MitoArray contained a set of 

1632 genes, of which 992 were mitochondrial genes, 42 lysosomal genes, 277 genes 

associated with apoptosis, and 321 genes known to be involved in carcinogenesis. A set of 

genes also contained 146 human "housekeeping" genes and 10 Arabidopsis genes for 

normalization and background correction. Using h-MitoArray we searched for gene 

expression changes in genetically heterogeneous group of 13 patients with F1Fo ATP 

synthase deficiency.  

 A comparison of expression profiles and functional annotation, gene enrichment 

and pathway analyses of differentially expressed genes defined three subgroups of patient 

cell lines – M group with mtDNA mutation and N1 and N2 groups with nuclear defect. It 

suggested that the underlying biochemical defect has diverse effects on cell gene 

expression phenotype. In the M group synchronized suppression of mitochondrial 

biogenesis was found. It could be interpreted as an ATP depletion mediated G1/S arrest 

(Gemin et al., 2005) associated with synchronized replication arrest of mitochondrial 
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genome (Martinez-Diez et al., 2006). The N1 group showed the elevated expression of 

some complex I genes and reduced expression among the genes for subunits of complexes 

III, V, and reduced expression of genes involved in phosphorylation dependent signalling 

along MAPK, Jak-STAT, JNK, and p38 MAP kinase pathways, signs of activated 

apoptosis and oxidative stress resembling phenotype of premature senescent fibroblasts 

even though they all came from very young donors. The N2 group showed neither signs of 

mitochondria response observed in the M group, nor signs of premature senescence 

observed in the N1 group. No specific functionally meaningful changes, except of signs of 

activated apoptosis, were detected in the N2 group. 

 Comparisons with controls, between defined groups and among individual patient 

cell lines did not show any uniform transcription changes in ATP synthase-related genes 

explaining pronounced decrease in ATP synthase content and alterations of the other 

OXPHOS complexes observed at the protein level. The analysis nevertheless confirmed 

the already known defect in M group and indicated the candidate disease causing genes in 

N1 and N2 group of patients, and suggested that defects in ATP synthesis lead to 

deregulation of signal transduction pathways and affect mitochondrial and nuclear DNA 

replication. 

 

 

2. TMEM70 is a novel factor of ATP synthase biogenesis and its mutations cause 
isolated enzyme deficiency and neonatal mitochondrial encephalo-cardiomyopathy, 
Čížková, A., Stránecký, V., Mayr, J. A., Tesařová, M., Havlíčková, V., Paul, J., Ivánek, R., Kuss, 
A. W., Hansíková, H., Kaplanová, V., Vrbacký, M., Hartmannová, H., Nosková, L., Honzík, T., 
Drahota, Z., Magner, M., Hejzlarová, K., Sperl, W., Zeman, J., Houštěk, J. and Kmoch, S., Nature 
Genetics 2008 Nov;40(11):1288-90. 
 

To continue our work, we used modern genomics and molecular genetics methods 

such as whole-genome homozygosity mapping, gene expression analysis and DNA 

sequencing in individuals with isolated mitochondrial ATP synthase deficiency.  

 We performed a linkage analysis and homozygosity mapping in eight affected 

individuals, their healthy siblings and parents from six families. All affected patients 

shared the region of homozygosity on chromosome 8. To prioritize candidate genes, we 

intersected the mapping information with gene expression data obtained by the Agilent 44k 

array. A comparison of patients with healthy individuals illuminated a single gene 

(TMEM70) that has previously been localized in a top-candidate region on chromosome 8. 

By sequence analysis of genomic DNA, we identified, in affected individuals, 
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a homozygous substitution, 317-2A>G, located in the splice site of intron 2 of TMEM70, 

which leads to aberrant splicing and loss of TMEM70 transcript. We carried out the 

PCR-RFLP analysis, screened for the 317-2A>G mutation among 25 individuals with low 

ATP synthase content, and found 23 who were homozygous for this mutation  

 We performed a complementation study of the fibroblasts cell lines of these 

individuals with wild-type TMEM70 cloned into the pEF-DEST51 expression vector. We 

observed restoration of biogenesis and metabolic function of the enzyme complex to 

a nearly normal level. The phylogenetic analysis revealed TMEM70 homologues in 

genomes of multicellular eukaryotes and plants, but not in yeast and fungi. TMEM70 is a 

novel factor of the ATPase biogenesis and appears to be responsible for a vast majority of 

cases of ATP synthase deficiency of nuclear genetic origin, at least among individuals, 

particularly Romanies, with mitochondrial energy provision disorders. 

 

 

3. HIF and reactive oxygen species regulate oxidative phosphorylation in cancer, 
Hervouet, E., Čížková, A., Demont, J., Vojtíšková, A., Pecina, P., France-van Hal, N., Keijer, J., 
Simonnet, H., Ivánek, R., Kmoch, S., Houštěk, J. and Godinot, C., Carcinogenesis. 2008 
Aug;29(8):1528-37. 
 
This publication resulting from our collaboration with the group of Catherine Godinot from 

Lyon University, and Jaap Kiejer from the Institute of Food Safety (RIKILT) in 

Wageningen, was focused on the study of clear cell renal carcinoma (CCRC). This 

particular type of cancer is caused by inherited mutations in tumor suppressor gene, VHL 

(von Hippel-Lindau factor), which encodes the protein responsible for down-regulation of 

hypoxia inducible factor (HIF-1α) under normoxia. A decrease in oxidative 

phosphorylation is characteristic of many cancer types and, in particular, of clear cell renal 

carcinoma. In the absence of functional VHL protein, HIF1-α and HIF2-α subunits are 

stabilized and induce the transcription of many genes including those involved in 

glycolysis and reactive oxygen species (ROS) metabolism.  

 When vhl is transfected in VHL-, their OXPHOS subunit contents are restored and 

after inhibition of HIF2-α synthesis by RNA interference in VHL- the respiratory chain 

subunit content is also restored. It clearly demonstrated a key role of HIF in OXPHOS 

regulation. For better understanding the mechanisms involved in the regulation of 

respiratory chain subunit amounts by the pVHL/HIF system, we have studied the influence 

of pVHL on mRNA expression level by a large-scale MWG microarray. We compared 
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gene expression of the 786-0 cell lines (VHL-) and 786-0 cell lines transfected with VHL 

gene (VHL+). We didn’t observed changes in gene expression neither in OXPHOS 

subunits and OXPHOS specific assembly factors nor in promitochondrial regulatory genes 

(PGC1α, NRF1, TFAM). Therefore we concluded that a decreased content of respiratory 

chain proteins did not came from lower expression of their genes, but probably from the 

changes in posttranscriptional regulation. Only overexpressed genes were mitochondrial 

Mn-SOD (manganese superoxide dismutase) and lysyl oxidase, two enzymes producing 

H2O2 and importantly involved in ROS metabolism. The mitochondrial Mn-SOD increase 

observed in VHL- cells leads to enhanced conversion of superoxide radicals to molecular 

oxygen and H2O2, which might be a mechanism that the cell developed to survive. 

 

 

4. Mutations in TMEM76 cause acetyl coenzyme A: α-glucosaminide 
N-acetyltransferase deficiency in mucopolysaccharidosis type IIIC (Sanfilippo C) 
patients,  
Hřebíček, M., Mrázová, L., Majewski, J., Durand, S., Seyrantepe, V., Roslin, N. M., Nosková, L., 
Hartmanová, H., Ivánek, R., Čížková, A., Poupětová, H., Sikora, J., Uřinovská, J., Stránecký, V., 
Zeman, J., Verner, A., Beesley, C. E., Maire, I., Poorthuis, B., van de Kamp, J., van Diggelen, O., 
Hudson, T. J., Fujiwara, T. M., Morgan, K., Kmoch, S. and Pshezhetsky, A. V., The American 
Journal of Human Genetics, 2006 Nov;79(5):807-19. 
 
 The last article deals with identification of gene causing N-acetyltransferase 

deficiency which manifested as mucopolysacharidosis type IIIC. This research was done in 

collaboration with the group of Dr. Pshezhetsky from Université de Montreal. 

Mucopolysaccharidosis IIIC (MPS IIIC, or Sanfilippo C syndrome) is an autosomal 

recessive lysosomal storage disorder caused by deficiency of the lysosomal membrane 

enzyme acetyl–CoA:α-glucosaminide N-acetyltransferase (N-acetyltransferase), which 

leads to impaired degradation of heparan sulphate. For identification of molecular basis of 

this disorder, we used a number of approaches such as purification of human and mouse 

lysosomal N-acetyltransferase, linkage analysis and gene expression analysis. We report 

the narrowing of the candidate region by genotyping for 22 microsatellite markers to 

a 2.6-cM interval between D8S1051 and D8S1831. For all of 32 genes located in the 

candidate interval, a custom oligonucleotide-based microarray assay was designed. For 

each gene, single oligonucleotide were designed and spotted in quadruplicate on the array. 

Transcript levels were compared in two patients with MPS IIIC and four healthy controls 

and only TMEM76 (transmembrane protein 76 gene) showed a significant reduction of 

transcript level. TMEM76, now termed HGSNAT (heparin acetyl–CoA: α-glucosaminide 
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N-acetyltransferase), is the gene that causes MPS IIIC when mutated. This gene encodes 

a 73 kDa protein with predicted multiple transmembrane domains and glycosylation sites. 

 

 

 

 

Contribution of dissertant to published articles 

Presented results were achieved in a team effort and the dissertant carried out construction, 

validation and testing of oligonucleotide microarray (h-MitoArray), sample collection, 

nucleic acid isolation and quality control measurement, fluorescent labeling, gene 

expression analysis using different platform (h-MitoArray, Agilent, MWG), pathway 

analysis and data interpretation, sequencing, transcript analysis, cell culturing, 

transfections and TMEM70 complementation studies. 
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4 CONCLUSIONS 
 

The results of the thesis clearly demonstrate the benefit of new genomics approaches 

for characterization of inherited metabolic disorders and identification of disease causing 

genes. Specifically the following results have been achieved: 

A) Gene expression profiling using different platforms 

• We developed an oligonucleotide microarray (h-MitoArray) allowing the 

expression analysis of 1632 human genes involved in mitochondrial metabolism 

• We carried out a pilot hybridization experiment which validated oligonucleotide 

probes design, control feature and reproducibility of this platform and highly 

correlated with commercial platform Agilent 

B) Gene expression analysis in unique group of patients with ATP synthase deficiency 

• We compared 9 controls and 13 patients with mitochondrial F1Fo ATP synthase 

deficiency by expression profiling, functional annotation and pathway analyses of 

differentially expressed genes which defined three subgroups of patient cell 

lines - M, N1 and N2 group 

• We identified, using positional cloning, the disease causing gene TMEM70 

•  We identified a homozygous substitution, 317-2A>G, located in splice site of 

intron 2 of TMEM70 in 23 patients, primarily from the Roma population 

•  We discovered TMEM70 as a novel ancillary factor in biogenesis of mitochondrial 

ATP synthase in higher eukaryotes 

C) Downregulation of mitochondrial biogenesis in renal carcinoma cells 

• We observed a dramatic over-expression in mitochondrial Mn-SOD and lysyl 

oxidase, both involved in ROS metabolism. It implicates that ROS might play an 

important regulation role in the metabolism of renal carcinoma cells 

D) Disease causing gene characterization 

• We developed and prepared a custom oligonucleotide-based microarray assay 

designed for 32 genes located in the candidate interval and we identified the gene 

HGSNAT (TMEM76), responsible for Mucopolysaccharidosis IIIC 

• We have established the platform relevant for diagnosis and identification of 

disease causing genes of metabolic disorders, which is now used in various 

projects, e. g. in expression and pathway analysis in COX deficiency due to SURF1 

mutation and ATP synthase deficiency due to mutation in mtDNA gene ATP6 

(NARP mutation) 
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