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Abstract
The mitochondrial oxidative phosphorylation system (OXPHOS) generates energy but also
deleterious reactive oxygen species (ROS). Changes in the cytoskeleton, composed mainly of
microfilaments, microtubules and intermediate filaments, have been observed in OXPHOS
deficiency. The 3243A>G point mutation in mitochondrial DNA (mtDNA) leads to mitochondrial
encephalomyopathy, lactic acidosis and stroke-like episodes (MELAS), which is the most common
mitochondrial disease. Interestingly, mitochondrial aberrations have been demonstrated in patients
with a mutation in NOTCH3, the genetic cause of cerebral autosomal dominant arteriopathy with
subcortical infarcts and leukoencephalopathy (CADASIL).
Randomization of vimentin intermediate filament direction and length together with slower
population growth was observed in myoblasts with 3243A>G, with no difference in the amount of
apoptotic cell death. Upon complex IV inhibition (with or without the microtubule-depolymerizing
compound nocodazole) or a lack of mtDNA (ρ0) in osteosarcoma cells the vimentin network
collapsed perinuclearly, forming thick bundles, whereas complex I inhibition led to thinner vimentin
network bundles. Furthermore, the amount of vimentin was increased in ρ0 cells. Mitochondria
accumulated around the nucleus upon complex IV inhibition and in ρ0 cells. Analysis of the total
proteome revealed that specific OXPHOS deficiencies led to changes in the expression of
cytoskeletal proteins and proteins involved in apoptosis, OXPHOS, glycolysis and oxidative stress
response. Muscle histochemical and genetic analysis showed ragged red fibres and cytochrome c
oxidase-negative fibres to be associated with 5650G>A in a patient with R133C in NOTCH3 and
5650G>A in MTTA. Immunolabelling of cells with R133C and 5650G>A revealed a sparse tubulin
network with asters and less abundant mitochondria by comparison with control cell lines.
Comparison of nucleotide diversity between CADASIL pedigrees and controls showed increased
mtDNA sequence variation in the CADASIL patients. Also maternal relatives in two CADASIL
pedigrees differed from each other in their mtDNA.
These findings suggest that defects in OXPHOS lead to selective changes in the vimentin network,
which may have a role in the pathophysiology of mitochondrial diseases. They also suggest a
relationship between NOTCH3 and mtDNA, and establish the pathogenicity of 5650G>A. The
overall results emphasize that a deficiency in the energy converting system together with oxidative
stress can lead to cytoskeletal changes.

Keywords: CADASIL, cytoskeleton, DNA sequence analysis, MELAS, mitochondria,
NOTCH3, oxidative phosphorylation, proteomics, vimentin
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1 Introduction
The small energy-producing cytoplasmic organelles known as mitochondria contain their
own maternally inherited mitochondrial DNA (mtDNA) of 16,568 bp, whilst most of the
mitochondrial proteins are encoded by nuclear DNA (nDNA). There are hundreds or
thousands of mitochondria per cell and each mitochondrion contains approximately five
copies of mtDNA. In healthy subjects all mtDNA in a cell and at the tissue level is of the
wild type, but a situation known as heteroplasmy can be found in which mutant and wildtype mtDNA co-occur in a cell. The main function of mitochondria is to generate energy
by means of the electron transport chain and oxidative phosphorylation (OXPHOS). The
mitochondrial respiratory chain (MRC), composed of five multimeric protein complexes
(I-V), also generates deleterious reactive oxygen species (ROS) as by-products of normal
oxidative metabolism. This makes mtDNA highly susceptible to damage and leads to a
high mutation rate.
The cytoskeleton is composed mainly of cytoskeletal filaments of three types:
microfilaments (MFs), microtubules (MTs) and intermediate filaments (IFs). The MFs
determine the shape of the cell surface and are needed for whole-cell locomotion, the
MTs serve as rails for the intracellular transport and determine the positions of the
membrane-enclosed organelles, and the IFs provide mechanical strength and resistance to
stress. In addition, the cytoskeleton contains a wide variety of accessory proteins. The
functions of the cytoskeleton include the maintenance of cell morphology in various
physiological conditions, cell motility, intracellular transport, localization of cytoplasmic
organelles such as mitochondria, and formation of the mitotic spindle during cell
division. The cytoskeleton plays a role in the distribution of mitochondria and in the
functioning of the MRC. The precise mechanisms of the interaction between the
cytoskeleton and mitochondria are not well known, however.
The 3243A>G mutation leads to maternally inherited mitochondrial
encephalomyopathy, lactic acidosis and stroke-like episodes (MELAS), and has been
reported to be carried by 16.3/100 000 adults in Finland. The clinical symptoms of
MELAS are highly variable according to the heteroplasmic state of the mutation and on
account of the fact that the related mutations can affect every system in the body. The
commonly affected organs are the ones with a high energy demand, such as the muscles
and nerves, and typical features of MELAS are sensorineural hearing impairment,
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myopathy, diabetes mellitus, left ventricular hypertrophy of the heart, stroke-like
episodes, migraine-like headache, lactic acidosis and cortical blindness.
Cerebral autosomal dominant arteriopathy with subcortical infarcts and
leukoencephalopathy (CADASIL) is caused by mutations in the NOTCH3 gene, the most
common mutation in Finland being R133C. The prevalence of CADASIL in Finland is
estimated to be 4/100,000. NOTCH3 belongs to a highly conserved gene family which
regulates the differentiation of cells during development. A typical CADASIL case begins
with migraine, followed by ischaemic strokes and subcortical dementia. The course of
CADASIL can be highly variable. Interestingly, mitochondrial aberrations suggesting
mitochondrial dysfunction have been demonstrated in several CADASIL patients, and a
patient has been described with a pathogenic 5650G>A mutation in the MTTA gene,
leading to mitochondrial myopathy, and with a concomitant R133C mutation in
NOTCH3, causing the classical clinical phenotype of CADASIL.
The purpose of this work was to study the changes in cell phenotype caused by
disturbances in mitochondrial energy production and the connection between NOTCH3
and mtDNA, in the more detailed aims being to study the organization of cytoskeletal
proteins, especially vimentin, in cells with the 3243A>G mutation in mtDNA, leading to
MELAS, in OXPHOS-deficient osteosarcoma cells and in cells with the R133C mutation
in NOTCH3 and 5650G>A mutation in mtDNA. The organization of mitochondria was
also studied in the latter two cases. Furthermore, the total cell proteome and vimentin
expression were examined in OXPHOS-deficient osteosarcoma cells. Muscle sections
from the patient with R133C and 5650G>A were examined, and mtDNA sequence
variation was assessed in CADASIL patients.

2 Review of the literature
2.1 Mitochondria
Mitochondria are small energy-producing cell organelles that are most abundant in highenergy-demand tissues such as nerves and muscles. They are thought to have evolved one
to two billion years ago from aerobic α-proteobacteria that colonized primordial
eukaryotic cells (DiMauro & Schon 2003, DiMauro & Davidzon 2005, Lister et al.
2005). The symbiotic relationship was crucial to more efficient energy production by
oxygen metabolism and thus to the evolution of the eukaryotic cell. As a result of this
symbiosis, eukaryotic cells have two genomes: mitochondrial DNA (mtDNA) and
nuclear DNA (nDNA). MtDNA has lost much of its original autonomy in the course of
evolution, due to the transfer of genes to nDNA, and this has made it dependent on
nDNA, which encodes various factors needed for mtDNA transcription, translation and
replication (DiMauro 2004a). Furthermore, nDNA encodes most of the proteins needed
for the energy-producing multi-enzyme complex, known as the mitochondrial respiratory
chain (MRC).
The first microscopic observations of mitochondria in cells were made more than one
hundred years ago (Westermann 2003). Originally these mitochondria were thought to be
bacteria, but later on, up till the 1950s, evidence gradually emerged for their role as
metabolically active energy-producing cell organelles (Scheffler 2001). The DNA in
mitochondria was discovered in the 1960s, when G. Milton Shy and Nicholas Gonatas
foretold the importance of mtDNA by suggesting that megaconial and pleoconial
congenital myopathies might be due to a defective mtDNA gene (Scheffler 2001,
DiMauro 2004b). Lars Ernster, Rolf Luft and Björn Afzelius initiated mitochondrial
medicine at the Karolinska University in Stockholm, Sweden, in 1962, when they
discovered a case of severe hypermetabolism of non-thyroid origin with a defect in the
maintenance of mitochondrial respiratory control (Luft et al. 1962). W. King Engel made
it possible to identify muscle fibres with excessive mitochondrial proliferation (raggedred fibres, RRFs) with a modification of the Gomori trichrome histochemical stain in
1963, and this was followed by a golden age of the mitochondrial biochemical studies in
the 1970s (DiMauro 2004b). A major step in mitochondrial genetics was taken in 1981,
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when the complete human mtDNA sequence was published (Anderson et al. 1981) and
the hunt for disease-associated mtDNA mutations began. The birth of actual
mitochondrial pathology may be said to have occurred in 1988, when the first pathogenic
mtDNA mutations in patients with Leber hereditary optic neuropathy (LHON),
mitochondrial myopathy, progressive external ophthalmoplegia (PEO) and Kearns-Sayre
syndrome (KSS) were published (Holt et al. 1988, Wallace et al. 1988, Zeviani et al.
1988, Moraes et al. 1989). Since then over 150 pathogenic point mutations in mtDNA
and innumerable large-scale rearrangements have been reported in variety of
mitochondrial diseases (DiMauro & Davidzon 2005). These days, as the search for new
pathogenic mutations in mtDNA still continues, the study of nDNA defects responsible
for MRC dysfunction has resurfaced (DiMauro 2004b).

2.1.1 Structure
Mitochondria have been pictured as classic kidney-bean shaped structures 0.5-1 μm in
diameter (Yaffe 1999a, Alberts et al. 2002), but in many cell types the mitochondrial
compartments are known to form a giant interconnected reticulum. The establishment and
maintenance of a mitochondrial reticulum depends on balanced mitochondrial fusion and
fission events. This dynamic behaviour of mitochondria is crucial for many cellular
functions. (Westermann 2003.) Mitochondria occupy a substantial proportion of the
cytoplasmic volume, and there are indeed hundreds or thousands of mitochondria per cell
(Alberts et al. 2002, DiMauro & Schon 2003), the number being particularly extensive in
tissues with a high aerobic energy demand such as skeletal muscle, the heart, liver,
cochlea and brain.
Mitochondria contain two lipid membranes, an inner membrane (IM) and an outer
membrane (OM), which are specialized for quite different functions. These membranes
divide the mitochondria into two compartments, the matrix, enclosed by the IM, and an
intermembrane space (IMS), between the IM and OM. The OM contains transport
proteins, or porins, which form large aqueous channels through it, providing a route for
molecules less than 5 kDa to enter the IMS. The IMS is chemically equivalent to the
cytosol with respect to small molecules. The IM is impermeable, however, and therefore
the matrix contains only selected molecules, including various proteins, enzymes for fatty
acid oxidation and the citric acid cycle, ribosomal ribonucleic acids (rRNAs), transfer
RNAs (tRNAs) and mtDNAs. There is some indication of an association of mtDNA with
the IM (Albring et al. 1977). About 20% of the lipid bilayer of the IM is composed of a
“double” phospholipid, cardiolipin, which makes the IM impermeable to ions. In
addition, the IM contains a variety of selective transport proteins and the MRC, which is
responsible for adenosine triphosphate (ATP) production. Folds in the IM, known as
cristae, project into the matrix and greatly increase the surface area of the IM. The
number of cristae is high in cells with a greater demand for ATP. (Scheffler 2001, Alberts
et al. 2002.)
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2.1.2 Function
2.1.2.1 Production of ATP and ROS
The main function of mitochondria is to generate energy in the form of ATP through the
electron transport chain and the oxidative phosphorylation system (OXPHOS) (Figure 1).
The MRC, consisting of five multimeric protein complexes, complexes I-V, is located in
the IM. (DiMauro & Schon 2003.) The MRC complexes do not float in the IM lipid
bilayer independently of each other, but are found as supramolecular complexes forming
a respirasome (Scheffler 2001). The Krebs cycle and β-oxidation produce reducing
equivalents that are passed through the electron transport chain, which is composed of
complexes I-IV and two small electron carriers, coenzyme Q (ubiquinone, CoQ10) and
cytochrome c. Protons are pumped from the matrix into the IMS by energy created by the
electron transport chain, resulting in an electrochemical proton gradient. Complex V
(ATP synthase) utilises this proton gradient to generate ATP as protons flow back to the
matrix through this tiny rotatory machine. (DiMauro & Davidzon 2005.)
Reduced nicotinamide adenine dinucleotide (NADH) dehydrogenase-ubiquinone
oxidoreductase (complex I) is composed of 45 subunits that are mostly encoded by
nDNA (Carroll et al. 2006), but seven of the subunits (ND1, ND2, ND3, ND4, ND4L,
ND5 and ND6) are mtDNA-encoded. Complex I re-oxidizes NADH derived from the
oxidation of fatty acids, amino acids and pyruvate. Succinate dehydrogenase-ubiquinone
oxidoreductase (complex II) is composed of four nDNA-encoded subunits, and its
function is to oxidize FADH2 derived from the tricarboxylic acid (TCA) cycle.
Ubiquinone-cytochrome c oxidoreductase (complex III) is composed of 10 nDNAencoded subunits and cytochrome b (Cyt b), which is encoded by mtDNA. Cytochrome c
oxidase (COX, complex IV) contains 13 subunits, of which three (COX1, COXII and
COXIII) are mtDNA-encoded. ATP synthase (complex V) is composed of 16 subunits,
and two of which (ATP6 and ATP8) are mtDNA-encoded. Complexes I, III and IV pump
protons to form an electrochemical gradient across the IM and OM, and complex V
harnesses this energy for the production of ATP from adenosine diphosphate (ADP).
(DiMauro & Schon 2003, Schmiedel et al. 2003.)
In addition to energy production, the MRC is a major source of reactive oxygen
species (ROS), which are generated as by-products of normal oxidative metabolism. One
to four percent of the oxygen consumed is converted directly to ROS. The main sites for
ROS generation are complex I and the ubiquinone of complex III. ROS include
superoxide anions (O2•-), hydroxyl free radicals (OH•) and hydrogen peroxides (H2O2), all
of which can damage DNA, proteins and lipids. Superoxide dismutases (SODs), the
cytosolic and extracellular CuZn-SODs and intramitochondrial Mn-SOD, convert O2•- to
H2O2, which is subsequently converted to water by glutathione peroxidase or catalase.
(McKenzie et al. 2004.) In addition to these antioxidant enzymes, cytochrome c,
ubiquinol, vitamin E and COX function as antioxidants (Turrens 2003). ROS generation
and oxidative stress take part in cell signalling processes (Brookes et al. 2004) and
apoptosis, and oxidative stress has also been linked with ageing and many pathologies
such as atherosclerosis, hypertension, inflammation, cancer, diabetes, Parkinson’s
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disease, Alzheimer’s disease, LHON and Leigh’s syndrome (Brand et al. 2004, McKenzie
et al. 2004).

Fig. 1. Mitochondrial respiratory chain complexes, and the numbers of mtDNA and nDNAencoded subunits. IM = inner membrane, IMS = inter membrane space, CoQ = coenzyme Q,
Cyt C = cytochrome c, TCA = tricarboxylic acid cycle.

2.1.2.2 Apoptosis
Programmed cell death (apoptosis), the mechanism that eliminates redundant or damaged
cells, is triggered by an extracellular signal (extrinsic pathway) or by intracellular
processes (intrinsic pathway) (Turrens 2003). The entire apoptosis process can take from
a few hours to several days, but the first mitochondrial changes culminating in the
activation of caspases take only about ten minutes (Green 2005). The mitochondrial
membrane potential falls in cells in which apoptosis has been induced, which results in
opening of the mitochondrial permeability transition pore (MPTP), composed of adenine
nucleotide translocase (ANT) in the IM and the voltage-dependent anion channel
(VDAC) in the OM (Gulbins et al. 2003, McKenzie et al. 2004). This means that solutes
of less than ~1.5 kDa can flux freely through the IM from the matrix and pass into the
cytoplasm. The apoptosis inducing factor (AIF) released by this induces apoptosis by
affecting the nucleus. Cytochrome c is released from the cardiolipin in the IM into the
IMS and then into the cytosol, where it forms the apoptosome in interaction with caspase9 and apoptotic protease activity factor-1 (APAF-1) in the presence of dATP. The
apoptosome activates caspase-3, which then activates other caspases leading to apoptosis.

23
A set of anti-apoptotic proteins such as the caspase inhibitors (IAPs), Bcl-2 and Bcl-XL
and apoptotic proteins such as BAX, Smac/Diablo and endonuclease G modulate the
induction and progression of apoptosis. (McKenzie et al. 2004, Green 2005.) Certain
implications of the relationship between disease-causing mutations in mtDNA, increased
oxidative stress and apoptotic signalling have been reported. A modest increase in the
sensitivity to cell death has been shown in cybrids containing mtDNA complex I gene
mutation leading to LHON, and fibroblasts from patient with the mutation 8993T>G in
complex V associated with Leigh’s syndrome or neurogenic weakness, ataxia and retinitis
pigmentosa (NARP), express greatly increased apoptosis and induction of SOD activity.
(McKenzie et al. 2004.)

2.1.2.3 Other functions
Mitochondria constitute a spatiotemporal buffering system for modulating cytosolic
calcium (Ca2+) (Scheffler 2001, Brookes et al. 2004). A low-affinity, high-capacity Ca2+
pump in the IM has an important role in returning the Ca2+ concentration to normal after
a Ca2+ signal. This mitochondrial Ca2+ pump uses the electrochemical gradient across the
IM during the electron transfer steps of oxidative phosphorylation to take up Ca2+ from
the cytosol, whereupon this Ca2+ stimulates and controls the rate of OXPHOS at many
levels. (Alberts et al. 2002.) Free Ca2+ ions in mitochondria are important regulators of
various metabolic enzymes, such as the dehydrogenases of the Krebs cycle. In addition,
Ca2+ induces MPTP and perhaps apoptosis. (Scheffler 2001, Gunter et al. 2004.)
The role of iron in cytochromes and iron-sulphur centres in the MRC is well known,
but that of mitochondrial iron in the regulation of cellular iron homeostasis is not yet
understood. Iron is used for the generation of iron-sulphur (Fe-S) clusters and for heme
synthesis in mitochondria. Mitochondrial iron overload has been reported in Friedreich
ataxia, which is caused by a mutation in the gene for frataxin. (Scheffler 2001, Chitambar
2005.)
Mitochondria are the site of many metabolic reactions, e.g. the function of the
mitochondrial uncoupling protein thermogenin (UCP1) is to catalyze adaptive
thermogenesis in the brown adipose tissues of mammals. (Scheffler 2001, Brand et al.
2004.) Mitochondria also contain enzymes of the Krebs cycle, urea cycle and citric acid
cycle in addition to the enzymes needed for fatty acid oxidation. Furthermore, cholesterol
biosynthesis, steroidogenesis, e.g. testosterone synthesis, and interconversion of amino
acids take place in the mitochondria, which also play central roles in xenobiotic
metabolism, glucose sensing in insulin regulation and in intracellular signal transduction.
(Scheffler 2001, Brookes et al. 2004.)

2.1.3 Mitochondrial DNA
Mitochondria are long-term endosymbionts of eukaryotic cells (Alberts et al. 2002). In
the course of evolution most of the genes from the mitochondria have been transferred to
the nuclear chromosomes, and the biosynthesis of mitochondria requires contributions
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from both nDNA and mtDNA (Alberts et al. 2002, Fernández-Silva et al. 2003). A
pseudogene is a nucleotide sequence that is part of the genome of an organism that
appears to code for a gene product, typically a protein, but does not do so, or no longer
does so. Studies of mtDNA pseudogene insertions in nDNA have shown that mtDNA
gene transfer to the nucleus seems to be a continuous process (Woischnik & Moraes
2002). Other peculiar aspects related to mtDNA are its organization and replication (see
section 2.1.3.1), maternal inheritance (see section 2.1.3.2), heteroplasmy and threshold
effect (see section 2.1.3.3), high mutation rate (see section 2.1.3.4), substitution rate (see
section 2.1.3.5) and haplogroups (see section 2.1.3.6).

2.1.3.1 Organization and replication
Each human cell contains up to several hundred mitochondria, and each mitochondrion
contains approximately five (2-10) copies of mtDNA (DiMauro & Schon 2003,
Fernández-Silva et al. 2003, Schmiedel et al. 2003). Human mtDNA is a circular, doublestranded 16,568 bp molecule which corresponds to a molecular weight of ~10 million Da
(Anderson et al. 1981, Andrews et al. 1999). MtDNA represents ~0.5-1% of the total
DNA content of most cells. The two mtDNA strands differ in their G+T content, so that it
is possible to distinguish a heavy (H)-strand and a light (L)-strand. MtDNA is a
supercoiled structure and is thought to be organized into supramolecular structures,
nucleoids, which contain 3-4 mtDNA molecules and about 20 polypeptides, but this has
not been reliably confirmed. (Fernández-Silva et al. 2003.) Human mtDNA contains 37
asymmetrically distributed genes that encode for the 12S rRNA, 16S rRNA and 22
tRNAs needed for translation and 13 subunits of the MRC (Figure 2), i.e. seven subunits
of complex I (ND1-ND6 and ND4L), one subunit of complex III (cytochrome b), three
subunits of complex IV (COX I, COX II and COX III) and two subunits of complex V
(ATPase 6 and ATPase 8). (DiMauro & Schon 2003.)
Genes are packed densely into the mtDNA, and every nucleotide seems to be part of a
coding sequence. Thus there is little room for regulatory DNA sequences, as the coding
sequences run directly into each other and some of the protein-coding genes even
overlap. There are no introns and only two non-coding regions in mtDNA. (Alberts et al.
2002.) The major non-coding regulatory segment, of 1000 basepairs (bps), termed the
displacement loop (D-loop), resides between the genes for tRNAPhe and tRNAPro and
contains the origin of replication for the H-strand (OH) and the promoters for H and Lstrand transcription. The second, much shorter non-coding region, of 30 bps, is located
inside a tRNA cluster and contains the origin of replication for the L-strand (OL).
(Fernández-Silva et al. 2003.)
Mitochondrial protein synthesis requires only 22 tRNAs compared with the 30 or
more tRNAs that specify amino acids in the cytosol. The normal codon-anticodon pairing
rules are relaxed in mitochondria, so that many tRNA molecules recognize any of the
four nucleotides in the third position, permitting protein synthesis with fewer tRNA
molecules. In addition, the genetic code for mtDNA translation differs from the universal
genetic code. In mammals the mtDNA codon UGA codes for tryptophan instead of being
a termination codon, while the codons AGG and AGA, which normally code for arginine,
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code for termination in the mitochondria. AUA codes for methionine instead of
isoleucine, and AUC or AUU is sometimes used as code for initiation instead of AUG.
(Alberts et al. 2002, Fernández-Silva et al. 2003.)

Fig. 2. Map of the human mitochondrial genome. Mitochondrial DNA encodes seven subunits
of complex I (ND), three subunits of complex IV (CO), the cytochrome b subunit of complex
III (Cyt b), two subunits of ATP synthase (A6 and A8), and the protein synthesis genes, the
12S and 16S rRNAs and 22 tRNAs (one-letter amino acid symbols). OH = origin of replication
of the H-strand, OL = origin of replication of the L-strand.

MtDNA replicates independently of the cell cycle phase and of nuclear DNA, and its
replication takes place in the matrix. Individual mtDNA molecules are selected for
replication at random, so that some mtDNAs may replicate more than once in a given cell
cycle and others not at all. Mitochondria located in the vicinity of the nucleus are more
likely to replicate their mtDNA than those located in the cell periphery. Under constant
conditions mtDNA replication is regulated so that the total number of mtDNA molecules
doubles in every cell cycle in order for cells to maintain a constant amount of mtDNA.
MtDNA can also be replicated in quiescent cells. The total mitochondrial mass per cell,
and thus that of the mtDNA, can be regulated when needed, as in prolonged skeletal
muscle contractions, where a five to ten-fold increase in mitochondria has been observed.
(Scheffler 2001, Alberts et al. 2002.)
Replication starts at OH with an RNA primer transcribed from the L-strand promoter
(LSP). The mitochondrial transcription factor A (mtTFA) and mtRNA polymerase begin
transcription by making the primer precursor. The newly synthesized transcript opens an
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R-loop and the RNA processing activities form a primer from the transcript. The primer is
elongated by a DNA polymerase to form a larger D-loop, at which point there is a pause
in DNA replication. Elongation proceeds to make the H-strand. When H-strand
replication reaches the OL half-way around the circle, the parental H-strand is displaced
and the initiation site for L-strand synthesis is exposed. Once initiated, L-strand
replication proceeds over the entire strand and ends after the H-strand. The replication
process is finished when the RNA primers are removed and the completed DNA circles
are ligated. The circular mtDNA must then adapt to its tertiary structure. The asymmetric
replication of both strands allows synthesis to be continuous, and the whole process has
been estimated to take about one hour. (Clayton 1982, Clayton 1992, Shadel & Clayton
1997, Clayton 2000, Clayton 2003, Fernández-Silva et al. 2003.)
An alternative model for mammal mtDNA replication was presented a few years ago
(Holt et al. 2000), since when the mechanism of mtDNA replication has been under
debate, although both models are thought to hold good, but under different conditions
(Holt et al. 2000). The coupled leading and lagging-strand model of mtDNA replication
proposes that the replication of both strands originates from multiple locations
downstream of OH and advances bi-directionally (Holt et al. 2000, Bowmaker et al. 2003,
Yasukawa et al. 2005). As OH acts as a terminus for the replication fork, the replication
eventually proceeds uni-directionally around the entire mtDNA molecule (Bowmaker et
al. 2003).

2.1.3.2 Maternal inheritance
Since the whole mitochondrial DNA is derived from the ovum at fertilization, mtDNA is
maternally inherited (Poulton et al. 1998, Poulton & Marchington 2002). This means that
a mother carrying a mutation in her mtDNA will pass it on to all her children, but only
her daughters will transmit it to their progeny. MtDNA point mutations and deletions
detected in conjunction with a structurally related duplication are also inherited in
matrilineal fashion, while large-scale mtDNA deletions occur sporadically. (Marchington
et al. 1998, DiMauro & Schon 2003, Fernández-Silva et al. 2003, McKenzie et al. 2004.)
During oogenesis a small random subset of mtDNA molecules are amplified and
transmitted to the offspring (Jenuth et al. 1996). This phenomenon is referred as a genetic
bottleneck (Poulton et al. 1998, Poulton & Marchington 2002).
There is evidence that mitochondria from the sperm enter the oocyte during
fertilization, but this finding does not negate the primacy of maternal inheritance. First of
all, an oocyte has ~100,000 mtDNAs, while the number of genomes contributed from the
sperm is much lower, a few hundred in a fertilized human egg. (DiMauro & Schon 2003,
Fernández-Silva et al. 2003.) Furthermore, mitochondria from the sperm are actively
eliminated from the fertilized oocyte by a ubiquitin-dependent mechanism (Sutovsky et
al. 1999). Evidence for paternal transmission of mtDNA has been reported in the skeletal
muscle of a patient with a mitochondrial myopathy, however (Schwartz & Vissing 2002).
The concept of mitochondrial recombination is controversial. Evidence for the
mammalian mitochondrial enzymatic machinery for recombination and linkage
disequilibrium in hominid DNA has provided proof for genetic recombination in
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mitochondria (Scheffler 2001, Korpelainen 2004), and recombination between maternal
and paternal mtDNA (Kraytsberg et al. 2004), mtDNA recombination in heteroplasmic
individuals and recombination with DNA sequences transferred back to mitochondria
from the nucleus have all been proposed (Scheffler 2001, Korpelainen 2004).
Recombinant mtDNA haplogroups have been found to exist in mouse tissues, although
very rarely (Sato et al. 2005), and recombination has been demonstrated in a human in
vitro cell culture system (D’Aurelio et al. 2004) and in human skeletal muscle (Zsurka et
al. 2005). Despite these expectations, mtDNA recombination operates at a low rate in
humans and thus cannot overturn the paradigm that maintains that mtDNA is maternally
inherited and that mtDNA lineages are clonal.

2.1.3.3 Threshold effect
In normal subjects all the mtDNA in a cell and at the tissue level is healthy (wild-type)
and identical (homoplasmy). If some of the mtDNA in a cell, a tissue or a mitochondrion
carries a mutation, the situation is known as heteroplasmy. Before a mutation in mtDNA
can cause a MRC defect and clinical signs become apparent, a critical level of mutant
mtDNAs must be present. This phenomenon is called the threshold effect. The threshold
level varies between individuals due to different nuclear backgrounds and also between
tissues, being lower in tissues with a high energy demand, such as the brain, heart,
skeletal muscle, retina, renal tubules and endocrine glands. Neutral polymorphisms are
typically homoplasmic, although heteroplasmic polymorphisms in the D-loop and
pathogenic homoplasmic mutations associated with LHON and non-syndromic
sensorineural hearing impairment have been described. Heteroplasmic mtDNA point
mutations are known to cause a more severe disease as the level of heteroplasmy
increases, especially in post-mitotic tissues such as skeletal muscle. When a mother
carries a heteroplasmic mutation, the precursor germline produces oocytes with relatively
broad fluctuations in the ratio of mutant mtDNA to healthy mtDNA genomes, which
explains the rapid shift to homoplasmy of mutations within one or a few generations. This
process is called mitotic segregation and implies that heteroplasmy can vary between
matrilineal family members and between daughter cells in the case of cell division,
shifting the mtDNA genotype to homoplasmy (wild-type or mutant). This latter process is
called replicative segregation. Replicative segregation occurs in a tissue-specific manner
and under nuclear genetic control. (DiMauro & Schon 2003, Korpelainen 2004,
McKenzie et al. 2004.)

2.1.3.4 High mutation rate
MtDNA is highly susceptible to damage, and this has led to a high mutation rate. The rate
of evolution is clearly (10 to 20 times) faster in mtDNA than in nDNA (Brown et al.
1979, Wallace et al. 1987). MtDNA is susceptible to damage because it is not coated with
protective histones like nDNA, and because it is tethered to the IM (Bogenhagen et al.
2003), located close to the MRC, which is a potent source of ROS (Bohr et al. 2002), and
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has a poorly developed or inefficient DNA repair mechanism (Croteau et al. 1999,
Dianov et al. 2001, Mason et al. 2003). The most vulnerable part of mtDNA to damage is
the D-loop, because it lies in the immediate vicinity of the IM and thus of the ROSproducing MRC. Mitochondria are though to form organized structures, nucleoids, with
protective proteins (Bogenhagen et al. 2003, Garrido et al. 2003), but these mtDNA
binding proteins have been found in yeasts to be packed loosely compared with the
nuclear chromatin, leaving the mtDNA vulnerable to damage (Brewer et al. 2003).
Cumulative somatic mutation accumulation is hypothesized to play a role in ageing
(Golden & Melov 2001, Van Remmen & Richardson 2001, Bohr et al. 2002) and in
neurological degeneration (Golden & Melov 2001).

2.1.3.5 Substitution rate
Substitution rates are derived from the numbers of homoplasmic and heteroplasmic
mutations per transmission per million years (Parsons et al. 1997), where one
transmission is defined as an event by which mtDNA is transferred from a mother to her
child (Cavelier et al. 2000). The substitution rate is usually expressed as mutations/base
pairs/million years (mutations/bp/MYR). Phylogenetic studies have estimated that the
divergence rate is 7%-22%/MYR in the mtDNA control region (Pesole et al. 1992,
Stoneking et al. 1992, Tamura & Nei 1993, Horai et al. 1995), this being much higher
than that in the mtDNA coding region (~2%-4%/MYR) (Kocher & Wilson 1991, Torroni
et al. 1994). A similar observation has been made in mtDNA pedigree studies, where the
substitution rate has been 0.21-2.5 mutations/bp/MYR in the mtDNA control region
(Howell et al. 1996, Parsons et al. 1997, Cavelier et al. 2000, Sigurðardóttir et al. 2000,
Howell et al. 2003) and 0.06-0.54 mutations/bp/MYR in the mtDNA coding region
(Cavelier et al. 2000, Howell et al. 2003). The rate of divergence for the mtDNA coding
region in a pedigree is higher than the phylogenetically derived rate (Howell et al. 2003),
possibly because phylogenetic studies yield a fixation rate for mtDNA mutations at the
population level while pedigree studies produce estimates of the rate of mtDNA
divergence or novel mutations. It has been assumed that maternal relatives have identical
mtDNA, but mtDNA sequence studies have revealed differences in mtDNA between
maternal pedigree members (Howell et al. 1995, Howell et al. 1996, Parsons et al. 1997,
Cavelier et al. 2000, Sigurðardóttir et al. 2000, Howell et al. 2003).

2.1.3.6 Haplogroups
Two properties, its maternal inheritance and its high sequence evolution rate, make
mtDNA a useful tool for human evolutionary studies (Torroni et al. 1996). As humans
migrated out of Africa, their mtDNA accumulated variations from the mtDNA of our
ancestral “mitochondrial Eve”. These variations and their combinations divide humans
into haplogroups that are characteristic of certain ethnic groups. (Torroni et al. 1996,
Richards et al. 1998, Wallace et al. 1999.) Only one or a few site changes in mtDNA
detected by restriction fragment length polymorphism (RFLP) analysis can distribute
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mtDNA into haplogroups and on into numerous subgroups. MtDNA haplogroups show a
geographical and continental distribution, in that European (H, I, J, K, T, U, V, W and X),
African (L1, L2 and L3) and Asian or Native American haplogroups (A, B, C and D) can
be identified. (Niemi et al. 2003, Herrnstadt & Howell 2004.) The African L0 haplogroup
is regarded as the common ancestor for modern human mtDNAs. All non-African
mtDNA sequences belong to the superclades M and N and appear to be descendents of
haplogroup L3. All the European haplogroups belong to superclade N, whereas the Asian
or Native American haplogroups belong to both the M and N superclades. It has been
shown that the European haplogroups H and V, and correspondingly, J and T, are sister
clades and that haplogroup K is actually a subgroup of haplogroup U. Additional
haplogroups and subhaplogroups are still likely to be identified, e.g. in Asian and Native
American populations. (Herrnstadt & Howell 2004.)
It has been proposed that the different haplogroups may modulate the function of the
MRC, so that certain haplogroups may predispose individuals to or protect them against
certain diseases (Wallace et al. 1999), such as type 2 diabetes mellitus (Tanaka et al.
2004). Haplogroups have also been associated with physiological conditions, including
ageing (Niemi et al. 2003), intelligence quotient (Skuder et al. 1995) and adaptation to
cold climates (Ruiz-Pesini et al. 2004).

2.1.3.7 Mitochondrial diseases
Mitochondrial diseases entail a wide variety of clinical signs and symptoms, in which the
age of onset can be variable. Mitochondrial dysfunction can cause almost any phenotype
and can affect almost all organs. In addition to genes, environmental factors may
influence mitochondrial disease expression. Mitochondrial diseases are mtDNA or
nDNA-inherited and thus under the influence of maternal or Mendelian inheritance.
(DiMauro 2004a.) About 75-90% of patients with mitochondrial diseases have mutations
in nDNA transmitted in an autosomal recessive, or to a lesser extent dominant or Xlinked manner, while about 10-25% have family histories of maternal inheritance.
Spontaneous mutations and drug-associated mitochondrial defects, e.g. caused by
chemotherapy for cancer, may also lead to severe mitochondrial diseases. (Naviaux
2004.)
A number of epidemiological studies of mitochondrial diseases have been published
since the beginning of mitochondrial medicine in 1988. In Finland, 16.3/100,000 adults
were found to carry the 3243A>G mutation (Majamaa et al. 1998), and the prevalence of
mitochondrial diseases among children was 3/100,000 (Uusimaa et al. 2004). In Northern
England, 12.48/100,000 of individuals under retirement age (all males <65 years of age
and females <60 years of age) carried a mutation in mtDNA (Chinnery et al. 2000a),
while in Sweden, the prevalence of mitochondrial encephalomyopathies in children <16
years of age was 1/21,000 (Darin et al. 2001). Although the incidence of mitochondrial
diseases is still not known precisely, it can be estimated by combining data on children
and adults that about 1/2,000 to 1/5,000 children will be diagnosed with a mitochondrial
disease and that 50% of these cases will present with symptoms before 5 years of life and
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50% after that. The estimated mortality is 10-50% per year after diagnosis in childhood
and 5-20% per year after clinical onset in adults. (Naviaux 2004.)
The process of diagnosing mitochondrial disease is systematic, including a careful
medical and family history, physical and neurological examinations, diagnostic
laboratory tests (serum lactate and pyruvate levels, elevated cerebrospinal fluid protein or
lactate) and imaging (basal ganglia calcification, focal lesions after stroke-like episodes,
cerebral atrophy and leukoencephalopathy). A muscle biopsy may show RRFs, COXnegative fibres, MRC deficiencies, enlarged, abnormal mitochondria with dense cristae
and paracrystalline inclusions. Electromyography may show a myopathic pattern and
electroencephalography spikes. Genetic mtDNA and nDNA examinations may reveal a
genetic cause for a mitochondrial disease. (Bernier et al. 2002, Wolf & Smeitink 2002,
DiMauro et al. 2004, Taylor et al. 2004, Morava et al. 2006.) Unfortunately, there is no
curative therapy currently available for the treatment of mitochondrial diseases, although
various therapies have been attempted (Chinnery et al. 2006).
Mitochondrial diseases are caused by mutations in either mtDNA or nDNA, but the
site of a mutation in mtDNA does not have any clear correlation with the clinical
phenotype, not even when the mutation is in a single gene. Characteristically different
tissues harbouring the same mtDNA mutation may be affected to different degrees due to
heteroplasmy and the threshold effect, and this means that carriers of a mutation within a
family can have variable symptoms or none at all. Point mutations in tRNA, rRNA and
protein-coding genes in mtDNA are maternally inherited, whereas deletions are usually
sporadic. (DiMauro & Schon 2003.) Mitochondrial diseases attributable to mutations in
mtDNA can be divided into defects in mitochondrial protein synthesis and in proteincoding genes. The latter include diseases such as neuropathy, ataxia and retinitis
pigmentosa (NARP) and also Leber hereditary optic neuropathy (LHON). Defects in
mitochondrial protein synthesis can be further divided into diseases associated with
mtDNA rearrangements (deletions and duplications), such as chronic progressive external
ophthalmoplegia (CPEO), and mtDNA point mutations, such as mitochondrial
encephalopathy, lactic acidosis and stroke-like episodes (MELAS) and myoclonus
epilepsy with ragged red fibres (MERRF). Mendelian inheritance nDNA-encoded
mitochondrial diseases are caused by mutations in genes encoding subunits of the MRC,
the most common being isolated complex I deficiency. In addition, the nDNA-encoded
mitochondrial diseases include diseases caused by mutations in genes encoding ancillary
proteins of the MRC (e.g. Leigh-like syndrome), defects in inter-genomic signalling (e.g.
autosomal dominant progressive external ophthalmoplegia and mitochondrial depletion
syndrome), and defects in other constituents of mitochondria, e.g. Mohr-Tranebjaerg
syndrome. (Schmiedel et al. 2003, DiMauro 2004a, Janssen et al. 2004, McKenzie et al.
2004, Zeviani & Di Donato 2004.)

2.1.3.8 Consequences of mitochondrial dysfunction for cell function,
especially the functioning of the cytoskeleton
Unquestionably there are numerous mtDNA and nDNA mutations yet to be found behind
mitochondrial diseases, but there has been a gradual shift of interest in recent years from
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mitochondrial genetics to the consequences of mitochondrial dysfunction. It is now quite
easy to identify mutations and their effects on the MRC, and likewise the pathological
and clinical findings associated with mitochondrial diseases, but there is still a wide gap
in our understanding, especially at the cellular level, of why and how mitochondrial
dysfunction results in such variable clinical manifestations. Some consequences of
mitochondrial dysfunction at the cellular level have nevertheless been unravelled.
Mitochondrial DNA depletion in ρ0 cells, which lack mtDNA-encoded MRC protein
subunits, causes defects in MRC activity and ATP production, and it has been shown that
the mitochondrial reticulum appears to be disrupted in ρ0 cells and the mitochondrial
membrane potential is significantly lowered. (Gilkerson et al. 2000.) Increased
expression of IM proteins, ribosomes and intermediate filaments (IFs) has also been
demonstrated in ρ0 cells (Li et al. 1995). Meanwhile, studies on myoblasts with the
3243A>G (MELAS) mutation have pointed to increased SOD activities as an adaptive
response to increased ROS production (Rusanen et al. 2000). The organization of
mitochondrial network and actin cytoskeleton in cybrid cells (immortalized cells with
mitochondria from a patient) containing 98% mitochondria with 8993T>G, associated
with NARP, and in ρ0 cells, has been shown to be disturbed, and Ca2+ influx rates are
significantly lower than that in control cells. (Szczepanowska et al. 2004.) Furthermore,
higher proportions of fibroblasts with granular mitochondria and of those with fine,
thread-like mitochondria have been observed in a patient with KSS (Kanazawa et al.
1997). Actin filaments are in close association with mitochondria, and it has been shown
that increased mitochondrial ROS production, e.g. in ageing, reduces filamentous actin
turnover. A reduction in ATP shifts cells towards an apoptotic fate, and it has been shown
that a decline in the ATP/ADP ratio reduces filamentous actin turnover and leads to the
production of actin-containing aggregates. (Gourlay & Ayscough 2005a, Gourlay &
Ayscough 2005b.)
In addition, drugs and toxins can affect mitochondria and cause changes in cell
function. Loss and disruption of the microfilaments, microtubules and vimentin
intermediate filaments has been observed in neurons subjected to oxidative stress with
tertiary butylhydroxyperoxide (t-BuOOH) (Allani et al. 2004). Sodium azide, a chemical
used as a preservative, for example, and known to be a potent MRC complex IV inhibitor,
has been found to lead to collapse of the vimentin network in human fibroblasts
(Klymkowsky 1988). In addition, the cytostatic drugs etoposide, doxorubicin and taxol, a
chemical that stabilizes microtubules and inhibits cell division, lead to dose-dependent
reorganization of vimentin, F-actin and tubulin, and these changes have been shown to be
concentrated at the site of apoptotic bodies in leukaemia cells (Grzanka et al. 2003).

2.2 The cytoskeleton
The nature of the cytoplasm as a highly structured cell compartment is attributable to the
cytoskeleton, which is composed mainly of three types of filament common to all
eukaryotic cells: actin filaments (microfilaments, MFs), microtubules (MTs) and
intermediate filaments (IFs) (Figure 3). The name “cytoskeleton” is slightly misleading,
since this is in fact a highly dynamic and adaptable system that allows the cell to
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transform according to intrinsic and extrinsic signals. Its functions include maintenance
of the cell morphology under various physiological conditions, cell motility (e.g.
swimming of sperm), phagocytosis, intracellular transport (e.g. organelles and proteins),
localization of cytoplasmic organelles such as mitochondria, and formation of the mitotic
spindle during cell division. The cytoskeleton enables the cells to organize themselves in
space according to their needs and to interact mechanically with their environment. The
cytoskeleton also takes part in growth, differentiation and maturation processes and
possibly in the modulation of signal transduction (Leung et al. 1992, Alberts et al. 2002).
Highly specialized examples of the cytoskeletal functioning are the striated muscle and
the neuron cell with its dendrites and an axon up to one metre in length.
The MFs (see section 2.2.1) determine the shape of the cell surface and are needed for
cellular locomotion, the MTs (see section 2.2.2) constitute rails for intracellular transport
and determine the positions of membrane-enclosed organelles, while the IFs provide
mechanical strength and resistance to stress (see section 2.2.3). In addition to these three
major proteins, the cytoskeleton contains a wide variety of accessory proteins (see section
2.2.4), such as those that link the cytoskeletal filaments to each other to form networks
and to other cell components and motor proteins that move organelles along the filaments
or move the filaments themselves. (Alberts et al. 2002.) Although the functions of the
cytoskeletal elements have been well defined, they are in fact overlapping (e.g. axonal
transport of mitochondria along both MFs and MTs). The cytoskeletal elements function
in a co-ordinated manner, a perfect example being cell motility. (Etienne-Manneville
2004.)
The connection between the mitochondria and the cytoskeleton is well established
(Jacobs et al. 2000) and it is known that the cytoskeleton plays a role in the distribution
of mitochondria and in the functioning of the MRC (Milner et al. 2000, Carré et al.
2002). The movement and distribution of mitochondria is an essential part of normal cell
function and is important for mitochondrial inheritance and morphological changes in
response to physiological conditions and for co-ordinated mitochondrial function in cell
development (Knowles et al. 2002). The cytoskeleton is also thought to have a role in
mitochondrial signalling processes such as apoptosis (Carré et al. 2002). The precise
mechanisms of the interaction between the cytoskeleton and mitochondria are not well
known, however.
The proper and continuous functioning of the cytoskeleton according to the cells needs
requires energy that is mainly provided by the mitochondria in the form of ATP. The
organization of the cytoskeleton varies between cell types and changes according to the
differentiation state of the cell. The organization of the cytoskeleton in a muscle cell
precursor, a myoblast, differs from that of a differentiated skeletal muscle myofibril, for
example. A myoblast contains one nucleus and the basic high-order structures formed by
the main three filamentous structures, MFs, MTs and IFs, whereas a myofibril is a large
single cell that is formed during development by fusion of many separate myoblasts, thus
containing many nuclei. In myofibrils, the cytoskeleton forms small contractile units,
sarcomeres, giving them a striated appearance. At the both ends of a sarcomere are the Zdisks to which the actin filaments are attached, whereas in the middle is the M-line that
links the adjacent myosin II filaments to one another. The location of myosin filaments is
often referred to as a dark band and that of the actins as a light band. (Alberts et al. 2002,
Pollard & Earnshaw 2002.)
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Fig. 3. Model of the cytoskeletal architecture of a eukaryotic cell. Each of the networks cover
the entire cell. MT = microtubule, MTOC = microtubule-organizing centre.

2.2.1 Actin filaments
Actin and the motor protein myosin (see section 2.2.4.1) were first discovered as
actomyosin in 1861, whereas actin itself was isolated in 1939-1942 (Szent-Györgyi
2004). Actin is well conserved among all eukaryots (Alberts et al. 2002, Disanza et al.
2005), as many proteins have to be able to interact with this most abundant of the
cytoskeletal protein components. Furthermore, as actin is highly conserved and involved
in many cell functions, it is not surprising that many natural toxins are targeted at the
actin polymerization reaction. (Alberts et al. 2002.) Humans have six actin-encoding
genes that have arisen by duplication of a primordial actin gene, and three isoforms, of
which α-actin is expressed only in muscle cells, γ-actin in non-muscle cells, and β-actin
in both (Alberts et al. 2002, Pollard & Earnshaw 2002).
The actin subunit monomer (globular actin, G-actin), a single 43 kDa globular
polypeptide chain, has a binding site for ATP (or ADP) deep in its structure (Alberts et al.
2002, Disanza et al. 2005, Winder & Ayscough 2005). Actin monomers assemble headto-tail, generating filaments with structural polarity. The actin filaments (filamentous
actin, F-actin) consist of two parallel protofilaments twisted around each other in a righthanded helix and are held together by lateral contacts (Alberts et al. 2002, Winder &
Ayscough 2005). F-actins are flexible structures with a diameter of 5-9 nm and they are
organized into linear bundles, two-dimensional networks and three-dimensional gels.
Actin forms contractile bundles in stress fibres and tight parallel bundles in the microvilli.
F-actins also form microfilaments (MFs) that are concentrated in a gel-like network in the
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cortex beneath the plasma membrane, but they are also dispersed throughout the cell.
MFs are not usually as polarically oriented as MTs. (Alberts et al. 2002.)
The two ends of an actin filament polymerize at different rates, the fast-growing end
being the plus end (barbed end) and the slow-growing one the minus end (pointed end)
(Alberts et al. 2002, Winder & Ayscough 2005). F-actin nucleation catalyzed e.g. by
formins, occurs mostly at the plasma membrane and is regulated by external and internal
signals. In addition, F-actins can nucleate from the side of another F-actin, creating a
tree-like web. This nucleation is catalyzed by a conserved protein complex Arp2/3 (see
section 2.2.4.1) (Mullins & Pollard 1999), which nucleates F-actins from the minus end
allowing rapid elongation at the plus end. (Alberts et al. 2002.)
The continuous actin dynamics can account for up to 50% of ATP turnover in a cell
(Daniel et al. 1986, Bernstein & Bamburg 2003). The ATP molecule of G-actin is
hydrolyzed to ADP soon after the assembly of ATP-G-actin at the plus end of the
polymer, so that actin assembly is coupled to continuous ATP hydrolysis (Alberts et al.
2002, Disanza et al. 2005). The binding affinity of ADP-G-actin is reduced, making it
more likely to dissociate from the F-actin. In a steady state ADP-G-actin is released from
the polymer, after which the ADP is exchanged to ATP, restoring the ATP-G-actin, which
in turn can assemble at the plus end to form an ATP cap, which protects the plus end from
depolymerization. (Disanza et al. 2005, Winder & Ayscough 2005.) The property of Factin for losing subunits from the minus end and simultaneously acquiring subunits at the
plus end is called treadmilling (Alberts et al. 2002). A growing number of versatile
proteins has been identified that regulate the dynamics and organization of the F-actins
(see section 2.2.4.1) (Alberts et al. 2002, Winder & Ayscough 2005).
MFs generate and maintain cell morphology and polarity (Gourlay & Ayscough
2005a) and are necessary for cell motility (Alberts et al. 2002, Gourlay & Ayscough
2005a). Macroscopic contraction is driven by the interaction between myosin and F-actin
in striated muscle (see section 2.2.4.1), whereas microscopic movement is generated by
direct polymerization of actin (Aguda et al. 2005). F-actins also form cell-surface
projections of many types, such as the stereocilia that tilt in response to sound on the
surface of hair cells in the inner ear (Alberts et al. 2002). F-actins can also form transient
structures in the cytoplasm, such as the contractile ring that is needed for cell division
during cytokinesis (Alberts et al. 2002, Gourlay & Ayscough 2005a, Boldogh & Pon
2006). The MFs are also involved in the trafficking of organelles, endocytosis (Wanka &
Van Zoelen 2003, Gourlay & Ayscough 2005a, Boldogh & Pon 2006), and mediate cell
responses to both internal and external signals (Gourlay & Ayscough 2005a). There is
evidence that nuclear actin has a role in gene transcription (Pederson & Aebi 2005).
Although MFs have many connections with mitochondria and their functioning, actin
has not been detected inside mitochondria or in direct contact with them. They
nevertheless take part in the intracellular transportation of mitochondria, at least in
neuronal axons (Morris & Hollenbeck 1995, Ligon & Steward 2000, Alberts et al. 2002,
Hollenbeck & Saxton 2005). The slow axonal transport of mitochondria is thought to be
mediated by the MF bundles (Alberts et al. 2002, Wanka & Van Zoelen 2003), since MFs
are not as polarically oriented as MTs and thus some movement of mitochondria can
occur towards the cell body rather than the axon terminals. Furthermore, the MF network
attends to mitochondrial transport just beneath the plasma membrane (Alberts et al.

35
2002). Mitochondria also move along axons by plasma streaming, which is partially
caused by myosin movement along F-actins (Wanka & Van Zoelen 2003).
Actin has a role in mitochondrial ROS production and apoptosis (Atkinson et al. 2004,
Breitenbach et al. 2005, Gourlay & Ayscough 2005a, Gourlay & Ayscough 2005b), and
its network is known to regulate oxidative stress (Gourlay and Ayscough 2005a), which
has been shown to lead to MF network disruption in neurons (Allani et al. 2004).
Furthermore, the exposure of cells to 900 MHz GSM mobile phone radiation leads to an
increase in the stability of actin stress fibres (Leszczynski et al. 2004). Increased actin
stress fibre formation has also been demonstrated in heat stress (Welch & Suhan 1985). A
low level of ATP will lead to aggregation of actin (Atkinson et al. 2004), which may
further promote stabilization of the MFs, increased production of ROS (Posey & Bierer
1999, Odaka et al. 2000, Gourlay et al. 2004), VDAC opening, a reduction in
mitochondrial function and a decrease in mitochondrial membrane potential, which in
turn can lead to reduced cell viability and the induction of apoptosis (Gourlay &
Ayscough 2005a, Gourlay & Ayscough 2005b). Furthermore, the increase in bright
staining of actin at sites of apoptotic body formation and of chromatin remodelling in
apoptotic leukaemia cells treated with cytostatic drugs, suggests an active role for actin in
apoptosis (Grzanka et al. 2003).

2.2.2 Microtubules
Microtubules (MTs), composed of tubulin, which is found in all eukaryots, were
discovered by electron microscopy in the 1950s (Manton & Clarke 1952, Fawcett &
Porter 1954). To illustrate the abundance of MTs in a cell, it has been calculated that their
surface area of MTs is about the same as that of the plasma membrane (Gundersen &
Cook 1999). There are at least six α-tubulins in mammals, and a similar amount of βtubulin forms, each encoded by a different gene. The different forms are very similar and
can polymerize to MTs in a test tube, whereas they have different functions and locations
in the cell. Most of the amino acid sequence variation is found near the C-terminus,
which faces outwards at the MT surface, so that the variation may affect association with
other proteins, mainly the microtubule-associated proteins (MAPs) (see section 2.2.4.2).
The putative reason for the strict conservation of tubulin is the same as for actin: various
proteins must be able to attach to and interact with it, since it is a major protein
component of the cytoskeleton. (Alberts et al. 2002.)
The tubulin subunit is a heterodimer of 100 kDa composed of guanosine triphosphate
(GTP)-bound α-tubulin and β-tubulin monomers (Cassimeris et al. 1987, Alberts et al.
2002). The α-tubulin-bound GTP is never hydrolyzed, due to its physical position,
whereas the β-tubulin can bind and exchange guanosine diphosphate (GDP) or GTP
(Avila 1990, Alberts et al. 2002). MTs are structurally polar, as each of the 13
protofilaments is assembled from heterodimer subunits pointing in the same direction, the
α-tubulins exposed at minus end and the β-tubulins at the plus end. MTs are long,
straight, hollow cylinders of diameter 25 nm and break much more easily than IFs, but
are more rigid than F-actins.
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MTs are frequently found in a star-like cytoplasmic array emanating from near the
nucleus. They are attached at the slow-growing minus end to a microtubule-organizing
centre (MTOC), a centrosome, leaving the fast-growing plus end facing the cell
periphery. MTs can rearrange themselves to form a bipolar mitotic spindle during cell
division, and can also form the core of motile cilia and flagella on the cell surface and
assemble into tight bundles that serve as tracks for intracellular material transportation.
(Alberts et al. 2002.) Tubulin has also been detected in the nuclear matrix (Walss et al.
1999) and in association with many cellular organelles, such as the Golgi apparatus
(Chabin-Brion et al. 2001).
Nucleation of a MT usually begins from the MTOC (Bayley 1990, Brinkley 1985),
where a γ-tubulin ring complex is thought to serve as a template. After nucleation, MT
starts to elongate, a process in which nucleotide hydrolysis (GTP to GDP) is coupled with
the polymerization process. (Alberts et al. 2002.) Polymerization depends on the amount
of tubulin and GTP, on the absence of calcium and on numerous accessory proteins (see
section 2.2.4.2) (Avila 1990, Alberts et al. 2002). MT treadmilling resembles a process to
that observed in F-actins (Alberts et al. 2002). MTs depolymerize about 100 times faster
from the end containing GDP-tubulin than from that containing GTP-tubulin (the GTP
cap), and individual MTs can alternate between a period of slow growth and a period of
rapid disassembly, a phenomenon called dynamic instability (Mitchison & Kirschner
1984). According to external and internal signals in the cell, MTs can switch between
growth and shrinkage a few times per minute, or on the other hand remain stable for long
periods. Thus it is not surprising that nature has developed many natural toxins and
science many anticancer drugs (e.g. nocodazole and taxol) against MTs. (Alberts et al.
2002.)
MTs can rapidly accommodate to the ever-changing cytoplasm and are crucial for
many functions in eukaryotic cells. They are involved in mitosis (Carré et al. 2002),
where highly oriented MTs form polar asters and the mitotic spindle, which mediates
chromosome migration (Brinkley 1985), and they are also involved in the maintenance of
cell shape (Carré et al. 2002). They similarly provide architectural support and a means
for material transport in neurons (Baas 2000), as they serve as the “rails” for vesicle and
organelle trafficking (Alberts et al. 2002). Efficient, fast transport of material in a neuron
is possible due to the polar orientation of the MTs (Baas 2000). In addition, cytoplasmic
streaming, created partly by motor protein movement along the MTs, displaces material
in the cells (Brinkley 1985, Wanka & Van Zoelen 2003). MTs provide means for mRNA
and membrane-enclosed organelle localization (Alberts et al. 2002, Carré et al. 2002).
They also take part, together with MFs, in protrusive and contractile forces in the cell
(Etienne-Manneville 2004), where cells can use MT polymerization and
depolymerization to push or pull attached material (Alberts et al. 2002). MTs are also
involved in cell movement (Alberts et al. 2002) and they enable flagella-mediated cell
motility (Avila 1990) and ciliary function, which is important especially in the upper
respiratory tract (Gerdes & Katsanis 2005). Furthermore, they may mediate signals
(Gundersen & Cook 1999) for numerous cell processes such as gene expression and
apoptosis (Mollinedo & Gajate 2003).
It has been known for decades that mitochondria are associated with MTs (Heggeness
et al. 1978, Ball & Singer 1982, Bernier-Valentin & Rousset 1982, Baumann & Murphy
1995) and move along these tracks in many higher eukaryotic cells (Vale & Fletterick
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1997, Yaffe 1999b). This is supported by observations of disruption of MTs leading to
localization of mitochondria in a perinuclear fashion, close to the putative remaining MT
network (Hales 2004). Long-distance fast axonal transport of mitochondria is also
mediated by MT tracks (Morris & Hollenbeck 1995, Ligon & Steward 2000, Hollenbeck
& Saxton 2005), in which the high mitochondrial membrane potential leads to
mitochondrial movement towards the cell periphery and a low potential towards the cell
body (Miller & Sheetz 2004). Loss and disruption of MTs has been observed in neurons
subjected to oxidative stress (Allani et al. 2004), which, interestingly, also leads to the
increased expression of α-tubulin (Paron et al. 2004). It has been found that
depolymerization of MTs inhibits mitochondrial mass increase and mtDNA replication,
whereas stabilization leads to an increase in mitochondrial mass and to two
subpopulations of mitochondria, ones with a high membrane potential and others with a
low membrane potential. These observations suggest that MTs may have a role in the
regulation of mitochondrial biogenesis in interphase mammalian cells. (Karbowski et al.
2001.) MTs have also been observed in mitochondria, so that this mitochondrial tubulin
accounts for about 2% of total cellular tubulin and is located in the mitochondrial
membrane in association with VDAC, and may thus play a role in apoptosis (Carré et al.
2002).

2.2.3 Intermediate filaments
Intermediate filaments (IFs) were discovered in the late 1960s, but their existence had
already been noted a century ago (Fuchs & Weber 1994). They are found in all
vertebrates, but are not required in every cell type (e.g. oligodendrocytes). All
cytoplasmic IF proteins are derived from a common ancestor, the nuclear lamins, which
are IFs lining the inner side of the nuclear envelope (Alberts et al. 2002). At this moment
about 70 functional IF-transcribing genes are known (Alberts et al. 2002, Toivola et al.
2005). All IF proteins are encoded by their own gene, with the exception of lamins A/C
and peripherin, for which differential splicing of a common precursor mRNA occurs
(Coulombe & Wong 2004). The N-terminal and C-terminal portions of the conserved
central rod domain of IF proteins possess conserved motifs that contain biologically
functional elements. Most IF diseases are caused by mutations in these motifs. (DePianto
& Coulombe 2004.)
IF proteins are expressed in cell, tissue and differentiation-specific fashions and can be
classified into five types (Table 1) according to their domain and sequence homology
(Toivola et al. 2005) and into three groups according to their assembly properties
(Coulombe & Wong 2004, DePianto & Coulombe 2004). The list of orphan IFs is
growing constantly, and only the two best characterized are shown in Table 1. Assembly
groups 1 (IFs of types I and II) and 2 (types III and IV) include cytoplasmic IFs and
assembly group 3 (type V) nuclear IFs. Keratins I and II form heterodimers in a tissuespecific manner, whereas type III IFs can self-associate into homodimers and then form
heterodimer complexes with other type III IFs. NFs form heterodimers in which NF-L is
paired with either NF-M or NF-H, whereas α-internexin forms homopolymers.
(Coulombe & Wong 2004, DePianto & Coulombe 2004.)
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IFs are rope-like filaments of diameter 10-12 nm. The lamins form nuclear lamina
beneath the inner nuclear membrane, whereas the other IFs extend across the cytoplasm.
Although the exact assembly mechanisms are not fully understood, it is clear that the IFs
are highly dynamic. (Alberts et al. 2002.) This dynamics can be altered by
phosphorylation, for example (Omary et al. 1998). There are not many drugs that can
alter it, although at least the common laboratory reagent and potent neurotoxin
acrylamide is known to cause aggregation (Durham et al. 1983) and disruption (Eckert
1985) of IF networks, and some other compounds such as actinomycin D, emetine and
oligomycin are thought to have a similar effect (Klymkowsky 1988). IFs differ from MFs
and MTs in a variety of properties: they lack structural polarity, their mode and turnover
in the cell is quite different, they do not have a nucleotide binding site, they have only a
small soluble pool in vivo, and they can associate with distinct adhesive structures
(Coulombe & Wong 2004).
Table 1. The IF family (modified from Coulombe & Wong 2004 and DePianto &
Coulombe 2004).
IF type

Protein name

Number of genes

Size (kDa)

I

Acidic keratins

>25

40-64

Main tissue distribution
K9-20 and K23, soft epithelia
Ha1-Ha8, hard epithelia
Irs1-Irs4, inner root sheath of a hair

II

Basic keratins

>24

52-68

K1-K8, soft epithelia
Hb1-Hb6, hard epithelia
K6irs1-K6irs4, inner root sheath of a
hair

III

IV

V

Orphan

Vimentin

1

55

Fibroblasts, endothelium, leucocytes

Desmin

1

53

Muscle

GFAP

1

52

Astrocytes/glia

Peripherin

1

54

PNS neurons

Syncoilin

1

54

Muscle

NF-L

1

61

CNS neurons

NF-M

1

90

CNS neurons
CNS neurons

NF-H

1

110

α-internexin

1

61

CNS neurons

Nestin

1

240

Neuroepithelial cells

Synemin

1

180 (α) and 150 (β)* Muscle and lens

Desmuslin

1

160

Lamins A/C

1

62-78

Differentiated tissues (nucleus)

Lamin B1

1

62-78

Ubiquitous (nucleus)

Lamin B2

1

62-78

Ubiquitous (nucleus)

Phakinin

1

46

Lens

Filensin

1

83

Lens

Skeletal and cardiac muscle

Abbreviations: CNS = central nervous system, GFAP = glial fibrillary acidic protein, H = heavy, L = light, M =
medium, NF = neurofilament, PNS = peripheral nervous system
*

splice variants
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IF polypeptide monomers are elongated molecules with a central α-helical rod domain
of 310-352 amino acids that forms a parallel coiled-coil with another monomer kept
together by strong lateral hydrophobic contacts. The α-helical domain is well-conserved
(Alberts et al. 2002), but the non-α-helical N-terminal head and C-terminal tail domains
that flank the rod domain are variable in size and primary structure, giving rise to the
unique qualities of each IF protein (DePianto & Coulombe 2005, Toivola et al. 2005). A
pair of parallel dimers arranged in an antiparallel fashion form a staggered tetramer,
which is the soluble non-polar subunit of an IF. The cross section of a mature IF has 32
individual α-helical coiled coils, a structure that makes IFs easy to bend but difficult to
break and much more tolerant of mechanical forces than F-actins or MTs. (Alberts et al.
2002.) Nuclear lamin differs in its assembly from that described above (Stuurman et al.
1998). IFs are synthesized as short filaments in the cell body and then transferred to the
periphery, where they are assembled into long IFs (Al-Chalabi & Miller 2003). In
addition, long, mature IFs are assembled in the cell body. After assembly, IFs are
regulated by IF associated proteins (IFAPs) (see section 2.2.4.3) and several posttranslational modifications, such as farnesylation, phosphorylation, glycosylation and
transglutamination.
IFs have functions at the cellular, organelle and molecular levels. They are involved in
maintaining and shaping the cytoarchitecture, in cell migration and in the movement
needed in wound healing, for example. Cellular functions include coping with
mechanical (e.g. skin abrasion) and non-mechanical stress (e.g. oxidative injury) and cell
specific functions (Alberts et al. 2002). IFs act as stress sensors by undergoing stressinduced hyperphosphorylation (Liao et al. 1995) and by increasing the expression levels
of IF proteins (Li et al. 1995). The mechanical properties provided by them are extremely
useful to soft-bodied animals and cells that are subjected to mechanical stress (Alberts et
al. 2002), and they regulate organelle function and protein targeting in addition to
organelle location (Almahbobi et al. 1992, Shah et al. 2004), shape (Fuchs et al. 1992,
Sarria et al. 1994, Toivola et al. 2001, Reichelt & Magin 2002) and stability (StraubeWest et al. 1996). IFs have been connected with the Golgi apparatus (Katsumoto et al.
1991, Gao & Sztul 2001), mitochondria (Almahbobi et al. 1992), nucleus (Stuurman et
al. 1998) and vesicle transport between the endosomal and lysosomal compartments
(Toivola et al. 2005). At the molecular level, they regulate cell signaling, leading to
transcriptional, translational and post-translational effects. In addition, they form a
dynamic scaffolding (Toivola et al. 2005) that regulates associated proteins such as
cytoskeletal, organelle and other proteins (e.g. chaperones, motors). IFs also have
inherent mechanical and polymerization properties that influence molecular functions.
IFs and IFAPs are important components in mediating cytoskeletal crosstalk. (for
reviews, see Alberts et al. 2002, Coulombe & Wong 2004, DePianto & Coulombe 2004,
Toivola et al. 2005.)
Mitochondria are attached to IF networks such as the vimentin network, which is
thought to anchor this organelle to the cell periphery (Almahbobi et al. 1992). This
connection is dynamic, but not direct, as mitochondria are linked to IFs via an unknown
accessory protein (Toivola et al. 2005). Mitochondria seem to have an effect on IFs and
vice versa. The expression of vimentin IF protein is increased in mtDNA-less ρ0
osteosarcoma cells (Li et al. 1995), and perinuclear collapse of the vimentin network has
been observed upon a decrease in mitochondrial membrane potential (Evans & Simpkins
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1998). Defects in IFs can lead to altered mitochondrial proliferation and function and to
the delocalization of mitochondria (Toivola et al. 2005). IFs respond to various cell
stresses such as oxidative injuries, in which IF network disorganization and changes in
the expression of IF proteins have been observed (Allani et al. 2004, Paron et al. 2004).
Furthermore, IFs are involved in apoptotic cascades (Nakanishi et al. 2001) and are
thought to act as agents in cell stress and apoptosis. In addition to mitochondria, lipid
droplets also co-occur with IFs (Almahbobi et al. 1992), and in fact IFs are thought to
control fatty acid translocation to liver mitochondria (Guzmán et al. 2000).

2.2.3.1 Desmin
Desmin, originally named skeletin, is evolutionarily highly conserved (Bär et al. 2004).
The desmin gene, located on chromosome 2, encodes an IF type III family protein of 470
amino acids and 53 kDa in size (Schröder et al. 2003, Bär et al. 2004, Costa et al. 2004,
DePianto & Coulombe 2004, Omary et al. 2004). Several isoforms of desmin have been
described (Costa et al. 2004). Its expression is strictly regulated during development, and
skeletal muscle desmin is one of the earliest marker proteins for muscle (Bär et al. 2004).
Desmin is the main IF of a mature skeletal, cardiac or smooth muscle cell (Paramio &
Jorcano 2002), accounting for up to 2% of the smooth muscle mass (Costa et al. 2004),
so that it is not surprising that its expression is crucial for maintaining the
cytoarchitecture and functional integrity of muscle (Milner et al. 2000).
Desmin IFs are seen in cultured myoblasts to be spread throughout the cell (Costa et
al. 2004). In mature striated muscle, desmin forms a network across myofibres, where it
connects various Z-disks in a lateral or longitudinal fashion and associates with
mitochondria, the sarcolemma (in particular costamers), T-tubules, neuromuscular
junctions, the myotendinous junctions of skeletal muscle and the nucleus (Paramio &
Jorcano 2002, Schröder et al. 2003, Bär et al. 2004, Paulin & Li 2004). Desmin links Zdisks to the plasma membrane at intercalated discs in cardiac muscle (Paramio & Jorcano
2002) and is found mainly in the dense bodies of smooth muscle cells (Paulin & Li
2004). It is also connected with nuclear DNA (Capetanaki 2000) and various other
macromolecules such as lamins, vimentin, plectin, GFAP and dynein (Costa et al. 2004).
The function of desmin is to maintain structural integrity and to allow normal
functioning of the contractile apparatus in muscle cells (Milner et al. 2000, Paramio &
Jorcano 2002, Paulin & Li 2004). Interestingly, it is not necessary for the early stages of
muscle development or for the maturation of muscle fibres (see section 2.2.3.2) (Paulin &
Li 2004). Desmin IFs take part in the generation of stiffness in the cytoskeletal structure
and in muscle contraction, by supporting sarcomere alignment or force transmission
(Milner et al. 2000, Paulin & Li 2004). Desmin is thought to provide the elastic
properties and resistance to stretch found in muscle (Costa et al. 2004). In addition, it
maintains mechanochemical signalling and works as a signal transductor between the
contractile apparatus, mitochondria, nucleus and plasma membrane (Milner et al. 2000,
Paramio & Jorcano 2002). The support of desmin for the position of nuclei is essential,
since desmin null mice have misplaced nuclei (Costa et al. 2004). It is important in cellmatrix interactions acting via its anchorage points on dense bodies, membrane-associated
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dense bands and costamers in the sarcolemma, and it has also a role in tissue repair and
regeneration (Paulin & Li 2004). Finally, desmin is a substrate for calpain/caspase during
apoptosis (Costa et al. 2004). Although its function is still under investigation, desmin
null mice have given us an idea of its importance, as they show normal initial muscle
development, whereas abnormalities can be found in the neonatal period. The adult mice
are viable and fertile, but they have a variety of muscle cell abnormalities, including
misaligned muscle fibres (Alberts et al. 2002, Paramio & Jorcano 2002).
Desmin IFs are important for mitochondrial positioning, distribution, integrity and
function (DePianto & Coulombe 2004, Omary et al. 2004, Paulin & Li 2004). They are
believed to serve as linkers that convey the influences of contractile activity on the
metabolic functioning of mitochondria (Milner et al. 2000). Plectin, a linker protein,
associates desmin with mitochondria (Reipert et al. 1999). The mitochondria in skeletal
muscle fibres are localized in pairs at the Z-disk of the sarcomere throughout the length
of the myofibril, whereas in cardiac muscle the mitochondria are arranged in packed
strands running between the myofibrils (Milner et al. 2000). The importance of desmin
for mitochondria is seen in desmin null mice, where the muscle shows disturbed
mitochondrial positioning, distribution, morphology and progressive matrix degeneration.
Furthermore, mitochondrial proliferation increases and the mitochondria accumulate to
form subsarcolemmal clumps, especially after muscle workload. These effects lead to
changes in mitochondrial function: decreased maximal respiration rate, lower ADPstimulated oxygen consumption, loss of creatine kinase and adenine translocation
coupling and decreased cytochrome c levels in association with relocation of the antiapoptotic Bcl-2 protein from the IM to the cytoplasm near the OM. These defects are
thought to be pro-apoptotic. (Milner et al. 2000, Lindén et al. 2001, Paramio & Jorcano
2002, Toivola et al. 2005.) Supporting these findings in desmin null mice, desmin
aggregation and a focal clustering of mitochondria have been demonstrated in a patient
with truncated desmin (Schröder et al. 2003). Thus mutations in desmin encoding gene
leading to desmin-related myopathy (Omary et al. 2004) may cause mitochondrial
aberrations.

2.2.3.2 Vimentin
Vimentin was discovered more than 40 years ago. The vimentin gene on chromosome 10
is conserved and encodes a protein of 466 amino acids and 55 kDa in size (Herrmann &
Aebi 2004, Omary et al. 2004). Vimentin is expressed in many cells of mesenchymal
origin (Alberts et al. 2002), such as fibroblasts and endothelial cells (Paramio & Jorcano
2002). Furthermore, its expression precedes the expression of other type III IF proteins
during the differentiation and development of neural cells (later replaced by GFAP) and
muscle (later replaced by desmin) (Paramio & Jorcano 2002).
The vimentin network is motile, with the filaments constantly changing shape.
Vimentin moves along the MTs bi-directionally through the action of kinesin and
cytoplasmic dynein (see section 2.2.4.2), and it is balanced movement along MTs that
enables its extended cytoplasmic network to develop. (Clarke & Allan 2002.) Vimentin is
associated with various cell compartments: the plasma membrane, the Golgi apparatus
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via linker proteins (FTCD, MICAL), endosomes and lysosomes via the AP-3 linker
protein, actin via fimbrin and plectin, tubulin via plectin, dynein and kinesin, and the
nucleus, mitochondria, autophagosome and lipid components via an unknown linker
protein (Toivola et al. 2005). Vimentin is also associated with a wide variety of proteins
such as cross-linking proteins (e.g. plectin), chaperones (e.g. hsc70), and kinases (e.g.
protein kinase C) (Evans 1998). These findings support the idea that vimentin works as a
scaffolding protein involved in signal transduction (Paramio & Jorcano 2002, Schietke et
al. 2006). It is known to form cross-linkages with nDNA and mtDNA (Tolstonog et al.
2001a) and vimentin IFs can also enter the nucleus with the help of a transporter
molecule (Hartig et al. 1998). Being the most intensively studied of the IF proteins, it is
no surprise that vimentin has been used for studying the mechanism of IF assembly. It has
been suggested that in the course of IF assembly vimentin forms numerous nonfilamentous, non-membrane-bound protein aggregates, called particles, dispersed
throughout the cytoplasm. These particles in turn form short vimentin filaments, or
squiggles, which further assemble into long vimentin filaments. (Clarke & Allan 2002,
Helfand et al. 2004.)
Although the specific function of vimentin is said to be unknown, the literature
contains countless descriptions of putative functions. Its most solid role is regarded as
being that of a cytoskeletal safeguard which protects cells against physical or chemical
stresses (Nishio et al. 2001). Vimentin is required for protecting the structural integrity of
a cell and it has a role in the motility of various cells (Wang & Stamenovic 2002).
Vimentin synthesis responds to alterations in cell spreading, where the level of vimentin
synthesis is high in a sparse monolayer culture and low in suspension cultures (BenZe’ev 1984). Vimentin also has a regulatory role (Paramio & Jorcano 2002) and is
involved in various cell signalling processes (Chang & Goldman 2004). In support of
this, it is known to be associated with several kinases such as protein kinase C (Murti et
al. 1992, Chang & Goldman 2004), and phosphorylation by these kinases regulates its
function (Inagaki et al. 1996). Vimentin also plays a role in lipoprotein-derived
cholesterol metabolism (Sarria et al. 1992), lipid stability during adiposyte differentiation
(Lieber & Evans 1996), neuritogenesis (Shea et al. 1993), vascular tuning, wound repair
(Omary et al. 2004), maintenance of the shape of the nucleus, intracellular protein
targeting (Toivola et al. 2005) and protection against genetic damage (Tolstonog et al.
2001b). Furthermore, it is involved in glycolipid transport (Toivola et al. 2005),
prostaglandin biosynthesis (Murakami et al. 2000), immune modulation (Toivola et al.
2005), and lymphocyte adhesion and transcellular migration (Nieminen et al. 2006).
For some time vimentin was not thought to be indispensable for normal cell function,
since vimentin null mice developed and bred normally and the structure and function of
their organs was not affected (Colucci-Guyon et al. 1994). Further studies with vimentin
null mice and cells have proved otherwise, however. The GFAP fails to form a network in
the astrocytes of vimentin null mice (Galou et al. 1996), fibroblasts display reduced
motility (Eckes et al. 1998), leading to impaired wound healing (Eckes et al. 2000), cell
proliferation is retarted and there is a decrease in contractility and cell-cell physical
interaction (Paramio & Jorcano 2002). Furthermore, vimentin deficiency leads to
cerebellar defects with impaired motor co-ordination and to necrosis of Purkinje cells
(Colucci-Guyon et al. 1994). Deficiency also leads to impaired sustained vasodilatation
of the renal vasculature due to an endothelin-nitric oxide imbalance (Terzi et al. 1997).
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Mutant vimentin is thought to lead to more severe consequences than the absence of
vimentin, since mutant IFs may accumulate, thereby impairing the normal cell
functioning. In fact, mutations in vimentin cause disruption of the cytoskeleton and delay
apoptosis (Schietke et al. 2006).
The vimentin network plays a role in cells under stress conditions. Changes in
vimentin expression and filament organization have been observed in response to stress
of different kinds, e.g. heat shock (Welch & Suhan 1985), oxidative stress (Choi et al.
2003, Allani et al. 2004, Paron et al. 2004) and 900 MHz GSM mobile phone radiation
(Nylund & Leszczynski 2004). In addition, changes in vimentin expression have been
connected with several diseases (Valkova et al. 2005, Waldburg et al. 2004), senescence
(Berciano et al. 1995, de Miguel et al. 1997, Nishio et al. 2001) and various types of
cancer (Hwa et al. 2005, Sitek et al. 2005, Kellner et al. 2002), where increased vimentin
expression seems to enhance tumour malignancy (Wang & Stamenovic 2002).
Furthermore, heat-resistant mutant CHO cells produce two to three times as much
vimentin as parental cells (Lee et al. 1992). IFs such as vimentin also serve as stress
sensors, by undergoing stress-induced hyperphosphorylation (Toivola et al. 2005). It has
been shown that phosphorylation of vimentin leads to alterations in its filament structure
and collapse of its network (Inagaki et al. 1996, Sin et al. 1998). Furthermore, vimentin
has been found to be a substrate of caspase 9, which is involved in the apoptosis
activation cascade (Nakanishi et al. 2001).
Although no direct connection between vimentin IFs and mitochondria has been
found, there is ample evidence that vimentin is an important factor influencing
mitochondria and vice versa. IFs also play a structural role by anchoring mitochondria at
specific cytoplasmic locations (Yaffe 1999b). Heat stress is known to lead to a collapse of
vimentin filaments and their aggregation around the nucleus, while the mitochondria
show a modest swelling and subtle alterations in the packing of the cristae (Welch &
Suhan 1985). The mitochondria of vimentin null cells are extremely swollen with low a
membrane potential, and have weak respiratory activity (Tolstonog et al. 2001b).
Furthermore, the mitochondrial genome of immortalized vimentin null fibroblasts is
prone to large-scale rearrangements due to insufficient control over mtDNA repair and
recombination processes (Bannikova et al. 2005). MtDNA copy number control is
deregulated in a high passage of these cells, leading to a disproportionally higher number
of mtDNA molecules per cell and per unit of mitochondrial mass (Bannikova et al. 2005).
The effect of mitochondria on vimentin IFs has been demonstrated in cells, where a
decrease in mitochondrial membrane potential leads to perinuclear collapse of the
vimentin network (Evans & Simpkins 1998). In addition, it has been shown that
apoptosis in response to oxidative stress is connected with the oxidation of vimentin,
indicating an anti-apoptotic role for vimentin itself (Choi et al. 2003, Toivola et al. 2005).

2.2.4 Accessory proteins
The cytoskeleton is an integrated network of MFs, MTs and IFs, and there are structural
and functional interactions between these components (Safiejko-Mroczka & Bell 1998).
The highly dynamic behaviour and complex spatial distribution of the cytoskeleton
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would not be possible without hundreds of accessory or associated proteins, as these
mediate the control of extracellular and intracellular signals, enabling cells to maintain a
highly organized, but flexible internal structure. The accessory proteins bind to the three
major filaments and their subunits to determine the sites of assembly of new filaments, to
regulate the partitioning of polymer proteins between filament and subunit forms, to
change the kinetics of filament assembly and disassembly, to harness energy for the
generation of force, and to link filaments to one another or to other cellular structures
such as organelles and the plasma membrane. (Alberts et al. 2002.) While numerous
accessory proteins have been identified, new candidates are emerging at an increasing
rate.

2.2.4.1 Actin-binding proteins
The F-actins are regulated by over 160 actin-binding proteins (ABPs), which can be
divided into three groups, the first of which contains proteins that regulate F-actin
assembly and disassembly. These ABPs take part in F-actin nucleation (see section 2.2.1)
and branch formation (e.g. the Arp2/3 complex), elongation (monomer-binding proteins,
e.g. thymosins), growth (e.g. tropomodulin, gelsolin), depolymerization (e.g. cofilins),
stability (e.g. tropomyosins) and the interaction of F-actin with other proteins (e.g.
vinculin). The second group of ABPs includes proteins that regulate higher-order F-actin
structures: the Arp2/3 complex, F-actin-bundling proteins (e.g. α-actinin) and F-actin
cross-linking proteins (e.g. spectrin), and the third group is composed of a wide variety of
proteins that use actin as a scaffold, physical support or track, including proteins such as
the myosins (see below) and plectin (see section 2.2.4.3). MFs are connected to the IFs
by spectrin, to the IFs and MTs by plectin, BPAG, MACF, MAP2, and to the MTs by tau.
(Alberts et al. 2002, Disanza et al. 2005, Winder & Ayscough 2005.)
Myosin. Myosin, first extracted from muscle in 1864, was considered to be responsible
for the rigor state in muscles (Szent-Györgyi 2004). The constantly growing myosin
super family of actin-based motor proteins is divided according to structure into 15-18
classes of conventional types (class II) and non-conventional ones (other classes)
(Brigdman & Elkin 2000, Winder & Ayscough 2005). Over 40 myosin genes have been
found in humans (Berg et al. 2001). Myosins are expressed in all eukaryots and in most
cell types, but some myosin families are restricted to limited parts of the phylogenetic
tree (Oliver et al. 1999, Pollard & Earnshaw 2002). All myosins share similar conserved
motor domains, whereas their C-terminal tails and N-terminal extensions of the head
domain vary greatly. Most of the myosins form dimers in which the head domain
contains the motor function and ATPase activity and is connected to F-actin, while the tail
domain captures cargo or bundles with other myosin tails. (Alberts et al. 2002.) Myosin
activity can be regulated by phosphorylation (Cheney & Rodriguez 2001, Alberts et al.
2002).
The most familiar function of myosin is the energy consuming muscle contraction.
The power stroke is created by binding of the myosin head to F-actin, while the head
domain simultaneously hydrolyses ATP (Alberts et al. 2002, Szent-Györgyi 2004). All
myosins except myosin VI move towards the plus end of F-actin (Alberts et al. 2002).
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Myosins also play roles in many forms of eukaryotic motility, signal transduction, the
establishment of polarity and the polymerization of actin (Berg et al. 2001). Myosins are
involved in many processes in neurons, such as intracellular transport (Bridgman & Elkin
2000). Myosin movement along F-actins also generates slow axonal transport (Bridgman
& Elkin 2000, Hollenbeck & Saxton 2005), and myosin I is involved in the generation of
cytoplasmic streaming (Yaffe 1999b). Interestingly, myosin classes I, II, V and VI are
involved in mitochondrial transport along MFs, giving the mitochondria access to the
most peripheral parts of the cell, which are not reached by the fast microtubule transport.
Myosin is thought to be connected to the mitochondria by a linker complex. (Hollenbeck
& Saxton 2005.)

2.2.4.2 Microtubule-associated proteins
MTs are nucleated by an evolutionarily conserved protein complex containing γ-tubulin
and accessory proteins (Alberts et al. 2002) (see section 2.2.2). Microtubule-associated
proteins (MAPs) can be divided into five main groups: stabilizers, destabilizers, severin
MAPs, linkers and motors. Microtubule-stabilizing MAPs (e.g. ACF7, MAP1, MAP2,
MAP4 and tau) bind along the sides of MTs (Honore et al. 2005). MAP4 is the most
ubiquitous, whereas MAP1, MAP2 and tau are distributed in neurons (Pollard &
Earnshaw 2002). MAP2 connects the MTs with the IFs and ACF7 connects them with
MFs. Binding of MT destabilizers such as stathmin or the kinesin-13 family of proteins to
MTs leads to MT depolymerization. (Honore et al. 2005.) Katanin severs MTs in an ATPdependent manner and is thought to release them from MTOC and to be responsible for
their rapid depolymerization, e.g. during mitosis (Alberts et al. 2002, Pollard & Earnshaw
2002). In addition to the stabilizers, the linkers attach MTs to other cytoskeletal structures
(Pollard & Earnshaw 2002). Motor proteins that function in material transport along the
MT track and in mitotic spindle formation include a large plus-end-directed kinesin
family (see below) and a minus-end-directed dynein family (see below) (Alberts et al.
2002).
Kinesin. Kinesin is an MT-based ATP-dependent motor protein that has a common
evolutionary origin with the myosin motor protein (Alberts et al. 2002). Kinesin was first
characterized as a cytosolic ATPase in squid axons in 1985 (Vale et al. 1985). The human
genome contains over 45 kinesin genes. Kinesins constitute a large superfamily divided
into three groups according to the position of the motor domain in the peptide sequence:
C-kinesis (C-terminal motor domain), N-kinesins (N-terminal motor domain), and Mkinesins, where the motor domain resides in the middle of the amino acid sequence.
(Yildiz & Selvin 2005.) These groups are further divided into 14 families with respective
subgroups. Kinesins are expressed in all eukaryotes, but some of them are restricted to
limited parts of the phylogenetic tree. (Miki et al. 2005.) All kinesins have a wellconserved globular motor domain (the head) that contains a catalytic core for the
hydrolysis of ATP and binding sites for MTs. The head is followed by a highly divergent
stalk, and further down by the tail domain. (Pollard & Earnshaw 2002, Miki et al. 2005.)
The head powers movement, whereas the tail binds cargo and interacts with other parts of
the kinesin holoenzyme (Miki et al. 2005). The kinesins function as monomers,
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homodimers, heterodimers, homotetramers, or heterotetramers (Alberts et al. 2002, Miki
et al. 2005), and their function can be regulated by phosphorylation (Alberts et al. 2002).
Kinesins co-localize with MT trails, which they move along just as humans walk.
Their movement is connected to the hydrolysis of ATP and is created by a series of steps
in which one of the two kinesin heads, the leading head, is bound to MT while the trailing
head is detached. (Alberts et al. 2002, Yildiz & Selvin 2005.) N-kinesins walk toward the
plus end of the MT, whereas C-kinesins are directed towards the minus end (Miki et al.
2005). Eukaryotic cells depend on MT-based motility for survival. Kinesins function in
the segregation of chromosomes in connection with mitosis and meiosis, the transport of
intracellular membrane organelles (e.g. the Golgi apparatus), protein complexes, mRNAs
or other filaments, and intracellular sorting. (Vale & Fletterick 1997, Alberts et al. 2002.)
Kinesins are also responsible for fast anterograde axonal transport of mitochondria
(Alberts et al. 2002). Several different kinesins have been localized to the mitochondria,
e.g. KIF1B (Yaffe 1999b), and anterograde transport of mitochondria in the axons is
mediated by the kinesin-1 and kinesin-3 families (Hollenbeck & Saxton 2005). The
means by which mitochondrial movement along MTs is regulated is unknown, though
mitochondrial membrane potential (Miller & Sheetz 2004) (see section 2.2.2) and
phosphatidylinositol lipids (Hales 2004) are thought to regulate the direction of
movement. Cells derived from KIF5B null mice, which suffer embryonic death, display a
mitochondrial distribution around the nucleus rather than throughout the cytoplasm, and
these mitochondria remain attached to the MTs (Yaffe 1999b).
Dynein. Dynein was discovered in 1965, first as an ATPase needed for ciliary and
flagellar beating (axonemal dyneins) (Gibbons & Rowe 1965) and later also in the
eukaryotic cytoplasm (cytoplasmic dyneins) (Vale & Fletterick 1997, Alberts et al. 2002).
The dynein family is not related to the kinesin or myosin families and has a much more
complex subunit composition than these (Goldstein & Yang 2000, Alberts et al. 2002). At
1-2 MDa, the dyneins are the largest known motor protein complexes (Goldstein & Yang
2000, Alberts et al. 2002). The cytoplasmic dyneins are homodimers with two large
motor head domains (Alberts et al. 2002). The highly conserved C-terminal globular head
domain of the dynein heavy chain (HC) contains an ATPase and a MT motor domain
(Goldstein & Yang 2000, King 2000), while the dynein HC stalk contains an MT binding
site (Asai 1995, Oiwa & Sakakibara 2005) and the variable N-terminal part interacts with
other parts of the dynein holoenzyme (Asai 1995, King 2000). The regulative
intermediate and light chains are involved in binding dynein to its cargo (Pfister 1999,
Hollenbeck & Saxton 2005). Dynein attachment to MTs and efficient movement of
specific cargo are mediated by a protein complex called dynactin that is composed of
parts that bind MTs, dynein and a short, actin-like filament Arp1 (Alberts et al. 2002).
The cytoplasmic dyneins accomplish diverse functions through the complex array of
associated proteins (Goldstein & Yang 2000).
Dyneins are minus-end-directed MT motors (Alberts et al. 2002), the activity of which
can be regulated by phosphorylation of the dynein itself (Dillman & Pfister 1994, King
2000) and partly by the phosphorylation state of the stronger kinesin motor in such way
that when kinesin is phosphorylated, and thus inactivated, the dynein motor takes control
of cargo movement (Alberts et al. 2002). The overall ATP-coupled movement of dynein
may be described by an inchworm model in which the leading head first extends and the
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rear is then brought up to meet it (Oiwa & Sakakibara 2005). The cytoplasmic dyneins
function in mitosis, vesicle trafficking, transportation of proteins, neutrophins, mRNA
and mitochondria, and the localization of the Golgi apparatus near the centre of the cell
(Asai 1995, Yaffe 1999b, Goldstein & Yang 2000, Alberts et al. 2002, Levy & Holzbaur
2006). Furthermore, dyneins are involved in neuronal migration (Levy & Holzbaur
2006). They are responsible for the retrograde axonal transport by which old components
from the axon terminals are carried back to the cell body for degradation and recycling
(Alberts et al. 2002, Hollenbeck & Saxton 2005). Mitochondria are also transported by
dynein towards the centre of the cell (Yaffe 1999b, Alberts et al. 2002, Hollenbeck &
Saxton 2005). Inhibition of dynein motor activity can alter the movement and distribution
of the mitochondria (Hollenbeck & Saxton 2005).

2.2.4.3 Intermediate filament accessory proteins
The list of IF accessory proteins (IFAPs) is growing, although it is much shorter than that
of F-actins or MTs. The main reason may be that IFs self-associate and their dynamics do
not require energy, so that IFAPs are mainly proteins that cross-link or anchor IFs to
various cell compartments. IFAPs are expressed in a tissue-specific manner as IFs (Fuchs
& Weber 1994). Filaggrin bundling of keratin IFs, for example, gives toughness to skin
(Alberts et al. 2002). Cross-linking proteins, e.g. synemin, link IFs into loose networks
(Steinert & Roop 1988), while plectin bundles vimentin and links IFs with many
cytoskeletal structures (Alberts et al. 2002) (see below) and other plakin IFAPs link IFs to
desmosomes (Fuchs & Karakesisoglou 2001). Another cross-linker, bullous pemphigoid
antigen-1 (BPAG1), binds keratins to hemidesmosomes in epithelial cells and links IFs to
MFs in neurons. Nuclear membrane-associated IFAPs, e.g. emerin, anchor lamin IFs to
the nuclear membrane. (Pollard & Earnshaw 2002.)
Plectin. Plectin, the most versatile cytolinker protein of the plakin family, was first
isolated over 25 years ago (Pytela & Wiche 1980, Leung et al. 2002). It is expressed in
almost all mammalian tissues except for most neurons (Leung et al. 2002). Plectin is
encoded by the PLEC1 gene on chromosome 8 (Ruhrberg & Watt 1997, Leung et al.
2002), and alternative splicing at the 5’ end creates many tissue-specific isoforms. Plectin
is a homodimer (Pollard & Earnshaw 2002), containing an actin binding domain (ABD)
and a plakin domain at the globular N-terminal head, which is followed by a central rod
domain. The globular C-terminal tail includes domains that can bind IFs or MTs. (Leung
et al. 2002.) The functioning of plectin is regulated by phosphorylation (Wiche 1998).
Plectin has an important role in the organization of the cytoskeletal network,
orchestration of cellular development and maintenance of tissue integrity (Wiche 1998,
Leung et al. 2002). Cells need plectin in order to tolerate mechanical stress (Alberts et al.
2002). Thus it is not surprising that it is prominent in cells forming tissue layers at the
interface between tissues and fluid-filled cavities (Wiche 1998). Plectin is found in the
cytoplasm, and it associates with focal adhesions, hemidesmosomes and desmosomes
(Leung et al. 2002). Plectin bundles IFs and links them with MTs, MFs, myosin II
filaments and MAPs (Alberts et al. 2002, Leung et al. 2002). Plectin is also enriched in
actin stress fibres (Andrä et al. 1998, Leung et al. 2002) and is thought to be a linker of
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MF-MT connections in the cell periphery, where the cargo is transferred from the MT
trail to MFs or vice versa (Fuchs & Karakesisoglou 2001). In muscle, plectin resides in
Z-disks, dense plaques and intercalated discs (Leung et al. 2002). Interestingly, plectin
also has a role in apoptosis (Schröder et al. 2002) and associates desmin with the
mitochondria (see section 2.2.3.1) (Reipert et al. 1999). A mutation close to the IF
binding site of plectin leads to severe disorganization of the myogenic desmin IF
cytoskeleton. In addition, this mutation has been shown to lead to attenuated or absent
COX and/or succinate dehydrogenase (SDH) staining in multiple muscle fibres and
decreased activities of complex I and COX in skeletal muscle homogenate. This mutation
also leads to subsarcolemmal and intermyofibrillar proliferation of normal and
abnormally shaped mitochondria displaying paracrystalline or hyperosmiophilic
inclusions. (Schröder et al. 2002.)

2.3 Diseases
2.3.1 MELAS
2.3.1.1 Genetics and clinical features
Mitochondrial encephalomyopathy, lactic acidosis and stroke-like episodes (MELAS,
OMIM #540000) was first reported in 1984 (Pavlakis et al. 1984, DiMauro 2004a). It is a
maternally inherited (see section 2.1.3.2) mitochondrial disease in which the
heteroplasmy state of the mutation (see section 2.1.3.3) contributes to the clinical
phenotype in addition to the threshold effect (see section 2.1.3.3). A correlation has been
shown between the occurrence of common clinical features of MELAS and the mutation
load in the muscle (Chinnery et al. 1997), but the level of heteroplasmy cannot solely
explain the pathogenesis, since patients with homoplasmic 3243A>G have been shown to
present with a mild phenotype (Hammans et al. 1995) and a patient with low 3243A>G
heteroplasmy has exhibited the disease (Chinnery et al. 2000b). The genetic cause of
MELAS in the majority of the cases is a heteroplasmic 3243A>G mutation in the MTTL1
gene (Goto et al. 1990, Goto et al. 1992), although many other point mutations associated
with MELAS have been described (Table 2) as well as large-scale deletions and
rearrangements (Thambisetty & Newman 2004). 16.3/100,000 adults have been reported
to carry 3243A>G in Finland (Majamaa et al. 1998).
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Table 2. MtDNA point mutations and a deletion leading to MELAS or MELAS overlap
syndromes (Janssen et al. 2004, DiMauro & Davidzon 2005, Iizuka & Sakai 2005,
Mitomap, www.mitomap.org, June 2006, Vanniarajan et al. 2006).
Location

Gene

tRNA

MTTF

Substitution(s) or deletion
583G>A

MTTV

1642G>A, 1644G>A

MTTL1

3243A>G, 3244G>A, 3252A>G, 3256C>T, 3258T>C, 3260A>G,
3271T>C, 3291T>C

MTTQ

rRNA
Coding and control region

4332G>A

MTTS1

7512T>C

MTTK

8296A>G, 8316T>C, 8356T>C

MTTH

12147G>A

MTRNR2

3093C>G

MTND1

3308T>C, 3376G>A, 3697G>A, 3946G>A, 3949T>C

MTCO3

9957T>C

MTND5

12770A>G, 13042G>A, 13045A>C, 13084A>T, 13513G>A,
13514A>G, 13565C>A

MTND6

14453G>A

MTCYB

14787del4

The clinical symptoms of MELAS are highly variable, since the mutations causing it can
affect every system in the body (Schmiedel et al. 2003, DiMauro 2004a). Furthermore,
the symptoms reflect the tissues in which a specific mutation surpasses the pathogenic
threshold (see section 2.1.3.3) (DiMauro 2004b). The age of onset of the clinical features
varies greatly in patients with 3243A>G. Most MELAS patients have a normal early
development, but the phenotype deteriorates gradually after onset. (DiMauro 2004a,
McKenzie et al. 2004, Thambisetty & Newman 2004, Majamaa-Voltti et al. 2006.)
Sensorineural hearing impairment (SNHI) is common, occurring in 74% of patients with
3243A>G (Uimonen et al. 2001) and affecting higher frequencies first (Karkos et al.
2004). Clinically these patients resemble presbyacusis, but the rate of progression is
faster than that in normal ageing. Age, the degree of mutant heteroplasmy and male
gender have been shown to contribute to the severity of SNHI. (Uimonen et al. 2001.)
Furthermore, skeletal myopathy (Kärppä et al. 2005), diabetes mellitus (Majamaa-Voltti
et al. 2006) and left ventricular hypertrophy of the heart (Majamaa-Voltti et al. 2002) are
present in about half of the MELAS patients with 3243A>G. Peripheral neuropathy is
also common in MELAS patients, where polyneuropathy has been shown in 22% of
patients with 3243A>G. A higher age and male gender will increase the risk of
neuropathy. (Kärppä et al. 2003, Kaufmann et al. 2006.) Classical, but infrequent features
of MELAS associated with 3243A>G are stroke-like episodes (Thambisetty & Newman
2004), migraine-like headache, lactic acidosis and cortical blindness (DiMauro 2004a,
McKenzie et al. 2004, DiMauro & Davidzon 2005). Furthermore, MELAS may be
represented by epilepsy, ataxia, dystonia and occasionally myoclonus (DiMauro et al.
2004, DiMauro 2004b, DiMauro & Davidzon 2005), and may affect the eye (e.g. optic
atrophy), the endocrine system (e.g. short stature), the heart (conduction blocks), the
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gastrointestinal tract (e.g. exocrine pancreas dysfunction) and the kidney (Fanconi’s
syndrome) (DiMauro 2004a, DiMauro & Davidzon 2005).
Laboratory investigations may show lactic acidosis in the blood and cerebrospinal
fluid (CSF) of patients with MELAS (Thambisetty & Newman 2004, DiMauro &
Davidzon 2005), and the level of CSF protein may be increased (Thambisetty & Newman
2004). Demonstration of decreased activities of complexes I and IV and RRFs with
normal or increased SDH staining and decreased or absent COX staining in skeletal
muscle point to MELAS (Schmiedel et al. 2003, McKenzie et al. 2004, DiMauro &
Davidzon 2005). Brain MRI may show occipital strokes that do not correspond to the
distribution of major vessels, unilateral or bilateral basal ganglia calcifications and
cerebellar and cerebral atrophy (Schmiedel et al. 2003, Finsterer 2006). Brain magnetic
resonance spectroscopy can show abnormally increased lactate/creatine and decreased Nacetyl-aspartate/creatine ratios in the stroke-like lesions (Thambisetty & Newman 2004).
Electromyography (EMG) may show myopathy and electroencephalography (EEG) may
also be pathological (Schmiedel et al. 2003). Computed tomography (CT) may show
muscle abnormalities in the pelvic area (Kärppä et al. 2004). Focal cortical
hyperperfusion suggesting hyperexcitability and increased ATP demand may be seen by
single photon emission computed tomography (SPECT). Furthermore, impaired glucose
uptake, especially in the temporal and occipital lobes, can be seen with positron emission
tomography (PET). (Thambisetty & Newman 2004.)
The brain and muscle of patients with MELAS show typical histopathological
findings. The blood vessels in muscle biopsies are highly SDH reactive and contain RRFs
and a proliferation of mitochondria in the subsarcolemmal regions of the RRFs.
(Thambisetty & Newman 2004.) The RRFs have hypernormal to completely deficient
COX activity (Tanji et al. 2001), and variation in the size of type 1 and 2 muscle fibres
(Thambisetty & Newman 2004) and neurogenic muscle atrophy may be seen (Sarnat &
Marin-Garcia 2005). MELAS mutations are abundant in the walls of the cerebral
arterioles (DiMauro 2004b), where they lead to mitochondrial angiopathy as abnormal
mitochondria accumulate in the smooth muscle cells and endothelium of the cerebellar
blood vessels (Zeviani & Di Donato 2004). These mitochondria are pyknotic, contain
occlusions and stain extensively for SDH (Wallace et al. 1997). Neuropathological
findings include infarct-like lesions in the cerebral cortex associated with diffuse
fibrillary gliosis in the cerebral and cerebellar white matter and also in the thalamus and
basal ganglia (Tanji et al. 2001, Zeviani & Di Donato 2004). The stroke-like lesions are
not defined in terms of vascular territories and they may be transient and resolve after
few months. Recurrence of the stroke-like episodes will lead to permanent lesions,
however (Zeviani & Di Donato 2004). Calcification of the basal ganglia can be seen, and
multiple focal lesions with demyelination and numerous spheroids in the pontocerebellar
fibres, together with marked degeneration of the posterior columns and spinocerebellar
tracts has been demonstrated (Zeviani & Di Donato 2004). Structural abnormalities and
proliferation of mitochondria in choroid epithelial cells are suspected to lead to defects in
the choroid plexus, in addition to which the blood-brain barrier does not function
properly (Tanji et al. 2001). Another common histopathological finding in patients with
MELAS and SNHI is atrophy of the stria vascularis, which is sensitive to mitochondrial
dysfunction, since it has a high metabolic rate and its cells do not divide (Karkos et al.
2004).
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2.3.1.2 Pathophysiology of the MELAS syndrome
The pathogenesis of MELAS is unclear, but the following mechanisms have been
proposed, among others. The mutation in tRNA leads to decreased protein synthesis
(DiMauro 2004a) due to an RNA processing defect (Wallace et al. 1997). The 3243A>G
mutation leads to a decreased rate of mitochondrial translation, lower levels of
mitochondrial translation products and an increased level of 19S RNA (16S rRNA +
tRNALeu(UUR) + ND1) (King et al. 1992). Decreased 5’ and 3’ processing of tRNALeu has
been observed in MELAS cybrids. 3243A>G leads to diminished affinity for the
mitochondrial transcription termination protein (mTERM), which is related to
impairment of transcription termination for the 16S rRNA gene, suggesting that
3243A>G may be lead to perturbation in the type and amount of mRNAs relative to
rRNAs. (Wallace et al. 1997.) Post-transcriptional tRNA modification is also affected by
the 3243A>G mutation (McKenzie et al. 2004), which is also known to lead to reduced
respiratory chain function (Schon et al. 1992), decreased production of ATP (Brown &
Wallace 1994) and increased production of ROS (see section 2.1.2.1) (Wallace et al.
1997). Oxygen consumption rates and mitochondrial membrane potential are also
decreased in cells with MELAS (James et al. 1996, Wallace et al. 1997). These cells are
larger than control cells and contain more secondary lysosomes and residual bodies
(James et al. 1996), and furthermore, they exhibit elevated levels of ionized calcium and
a decreased ability to sequester calcium influxes (Moudy et al. 1995). Impairment of
mitochondrial ATP production is thought to lead to adenylate catabolism, causing a
decrease in the adenylate pool. The increased SOD and catalase activities may be an
adaptive response to increased production of ROS in cells with 3243A>G. (Rusanen et al.
2000.) At the tissue level, apoptosis is thought to contribute to mitochondrial myopathies,
including MELAS, and it is tightly linked to mitochondrial proliferation and a high
mutation load (Aure et al. 2006). In brain tissue, mitochondrial dysfunction in the
capillary endothelial cells, or in the neurons or astrocytes, leads to stroke-like episodes,
which are characterized by neuronal hyperexcitability, neuronal vulnerability, increased
capillary permeability and focal hyperaemia (Iizuka & Sakai 2005). Axonal nerve
conduction abnormalities have been reported in neuropathic MELAS patients (Kaufmann
et al. 2006), suggesting that mitochondrial dysfunction may have an effect on the axonal
transport of material to the periphery of neurons (Droz & Leblond 1962).

2.3.2 CADASIL
2.3.2.1 Genetics and clinical phenotype
An autosomal dominant multi-infarct dementia was described in Sweden in 1977
(Sourander & Wålinder 1977) and given the name cerebral autosomal dominant
arteriopathy with subcortical infarcts and leukoencephalopathy (CADASIL, OMIM
#125310) in 1993, when it was linked to chromosome 19 (Tournier-Lasserve et al. 1993).
Mutations in the NOTCH3 gene were found in CADASIL in 1996 (Joutel et al. 1996),
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and well over a hundred such mutations have been reported since then (e.g. Federico et
al. 2005). Most of these are missense point mutations, but four deletions and one splice
site mutation have also been detected (Mykkänen et al. 2004, Opherk et al. 2004). Some
sporadic cases have also been diagnosed (Kalaria et al. 2004). The CADASIL phenotype
has been reported in about 500 families worldwide (Kalaria et al. 2004), but the precise
prevalence is unknown, since CADASIL is underrecognized and underdiagnosed (Kalaria
et al. 2004). Thus it may be surprisingly common (Viitanen & Kalimo 2000). Its
prevalence in Finland is estimated to be at least 4/100,000 (Kalimo et al. 2002), and the
prevalence of genetically proven CADASIL among adults in the west of Scotland is
1.98/100,000 (Razvi et al. 2005).
The genotype to phenotype correlation in the case of CADASIL is poor. A
retrospective study has shown that male sex is a risk factor for early immobilization and
death form this disease. Furthermore, the C117F mutation has been associated with a
lower age at death. (Opherk et al. 2004.) A typical CADASIL case begins with migraine
in the third to fourth decade, when MRI abnormalities are also seen. This is followed by
ischaemic strokes in the fifth decade, subcortical dementia by the sixth decade and death
during the seventh decade. The overall course of CADASIL is highly variable. An early
onset does not predict rapid progression, and the disease usually progresses slowly and in
a stepwise manner in association with recurrent strokes. The mean duration of CADASIL
from the onset of symptoms is about 20 years. (Viitanen & Kalimo 2000, Dichgans 2002,
Chabriat & Bousser 2003, Gladstone & Dodick 2005.)
The first manifestation of CADASIL in one-third of patients is migraine with aura, but
the frequency of migraine declines after the first ischaemic attack. The second clinical
hallmark is ischaemic strokes in the absence of vascular risk factors. These may take the
form of transient ischaemic attacks (TIA), reversible ischaemic neurological deficits or
completed lacunar infarcts. Altogether 85% of symptomatic patients are affected by
ischaemia in one form or another. Lacunar infarcts are usually subcortical in the white
matter, basal ganglia and brain stem. CADASIL patients also suffer from slowly
progressing or stepwise deteriorating cognitive decline and dementia. One-third of
symptomatic patients are eventually demented. No significant cognitive impairment is
found in patients younger than 35 years, whereas two-thirds are demented by 65 years,
and 90% by the time of death. Patients present with a subcortical type of cognitive
deficit, frontal symptoms and memory impairment. The third main clinical sign of
CADASIL is psychiatric symptoms, including mood disturbances, especially depression,
in about 20% of patients. Pyramidal signs, pseudobulbar palsy, gait difficulties and/or
urinary incontinence are also common. Furthermore, CADASIL patients exhibit various
other symptoms that are not so common: SNHI, sudden SNHI (Phillips et al. 2005),
peripheral neuropathy (Sicurelli et al. 2005), coma, spinal cord signs or infarcts and
intracerebral haemorrhages, epileptic seizures and myocardial infarction. (Viitanen &
Kalimo 2000, Dichgans 2002, Chabriat & Bousser 2003, Gladstone & Dodick 2005.)
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2.3.2.2 The Notch3 receptor protein
The NOTCH3 gene belongs to the highly conserved NOTCH gene family, which
regulates the differentiation of cells during development. The human NOTCH3 gene has
33 exons, with the mutation occurring in exons 3-4 in 70% of patients. The mutation
usually leads to an odd number of cysteine residues, and eventually to an abnormal threedimensional structure of the extracellular part of the Notch3 receptor. (Viitanen & Kalimo
2000.) Notch3 is a single-pass transmembrane receptor with a large extracellular domain
containing 34 epidermal growth factor (EGF)-type repeats (Joutel et al. 2004). It is
expressed only in vascular smooth muscle cells (VSMCs) in adults (Joutel et al. 2000).
The Notch3 signalling pathway is thought to undergo a series of proteolytic cleavages,
eventually mediating transcriptional activation of the target gene (Campos et al. 2002,
Joutel et al. 2004, Peters et al. 2004). The pathogenesis of NOTCH3 mutation remains
unknown, but a gain or loss in function is suspected (Viitanen & Kalimo 2000, Donahue
& Kosik 2004). One suggestion is that mutant Notch3 forms protein deposits due to
protein misfolding and aggregation (Donahue & Kosik 2004) and may have a toxic effect
(Peters et al. 2004). A mutation in the NOTCH3 gene may also affect cell survival, since
unaffected Notch3 protein may inhibit apoptosis (Kalimo et al. 2002).

2.3.2.3 Diagnosis and histopathological findings
The diagnosis of CADASIL is based on clinical and imaging features and a family
history. Symptomatic individuals will always have an abnormal MRI, and changes can be
already seen by the age of 20 years. (Chabriat & Bousser 2003.) These changes involve
punctiform or nodular abnormalities in the basal ganglia and white matter, whereas the
cortex is spared (Viitanen & Kalimo 2000, Chabriat & Bousser 2003), and they increase
dramatically in severity with age (Chabriat et al. 1998). Other findings include raised
protein levels in CSF, increased CSF-to-serum albumin ratio (Dichgans 2002), decreased
cerebral blood flow in the white matter, a lower cerebral metabolic rate for glucose
(Tuominen et al. 2004) and reduced retinal capillary blood flow (Harju et al. 2004).
CADASIL leads to non-amyloid, non-arteriosclerotic arteriopathy (Federico et al.
2005). Post-mortem neuropathological examinations show small multiple infarcts in the
white matter, basal ganglia or deep grey matter and in the brain stem (Viitanen & Kalimo
2000, Chabriat & Bousser 2003, Gladstone & Dodick 2005). The small and mediumsized arteries in almost all organs are affected (Dichgans et al. 1998, Viitanen & Kalimo
2000), showing VSMC degeneration (Viitanen & Kalimo 2000, Chabriat & Bousser
2003), progressive wall thickening and fibrosis (Gladstone & Dodick 2005). The arterial
walls also feature granular osmiophilic material (GOM) and positive Notch3
immunostaining (Viitanen & Kalimo 2000, Kalaria et al. 2004, Gladstone & Dodick
2005) at VSMCs located in close vicinity to, but not within the GOM (Joutel et al. 2000).
A muscle biopsy will show myopathy and neurogenic atrophy (Schröder et al. 2005). A
few observations of cytoskeletal changes have also been made, and a strong
subendothelial smooth muscle myosin immunoreaction has been reported (Malandrini et
al. 1996). In addition, muscle biopsy immunohistochemistry shows less positive actin and
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desmin in CADASIL patients than in controls, whereas laminin and vimentin are more
marked in CADASIL patients (Ruchoux et al. 1995). Furthermore, the endothelial cells
of the skin arterioles contain compact bundles of MFs (Ruchoux & Maurage 1998).

2.3.2.4 Mitochondrial aberrations
Patients with mitochondrial diseases and CADASIL present with a variety of similar
symptoms, such as SNHI, hemiparesis and dementia. It has been interesting to note that
mitochondrial aberrations do exist in patients with CADASIL although the exact reason
for these is unclear. Several swollen mitochondria were shown in muscle vessel VSMCs
in the early 1990s (Ruchoux et al. 1994), and a study of a Spanish CADASIL family
showed that there was a significant decrease in complex I activity in muscle, together
with a muscle histology involving RRFs with deficient COX staining (de la Peña et al.
2001). Furthermore, a decrease in complex V activity was seen in fibroblasts. The same
study also reported that a spontaneous loss-of-function mutation in the NOTCH gene in
Drosophila leads to decreased activities of complex I and complex V. (de la Peña et al.
2001.) Since then several other reports have suggested mitochondrial abnormalities in
CADASIL. Core-like lesions in mitochondria and subsarcolemmal accumulations of
mitochondria were observed in muscle in addition to COX-negative muscle fibres
(Malandrini et al. 2002), and a muscle biopsy from one CADASIL patient showed
subsarcolemmal aggregation of mitochondria, some of which had paracrystalline
inclusions, while the MRC activity was normal. Parenchymal brain lactate was increased.
(Dotti et al. 2004.) Again myopathy was shown, with RRFs having abnormally large
mitochondria. Sequence analysis performed on one patient in this study did not reveal
any pathogenic mtDNA mutations. (Schröder et al. 2005.) Only one patient with the
R133C mutation in NOTCH3 leading to CADASIL has been reported to have a
pathogenic mutation in mtDNA, a novel heteroplasmic 5650G>A mutation in the
mitochondrial MTTA gene. This patient showed myopathy with RRFs and mitochondrial
aberrations in muscle. (Finnilä et al. 2001a.) Furthermore, transgenic mice expressing
mutant Notch3 develop VSMCs that show an abnormal accumulation of mitochondria
and abnormalities in the cytoskeleton in the form of an increased number of dense
plaques and dense bands (Ruchoux et al. 2003).

3 Aims of the research
Changes in the expression of cytoskeletal proteins and in the organization of the
cytoskeletal network have been observed upon mitochondrial dysfunction both in
manipulated cells and in cells from patients with a mitochondrial disease. The importance
of cytoskeletal changes for the pathophysiology of mitochondrial diseases is unknown.
Mitochondrial aberrations have been reported in patients with CADASIL, but this
connection has not been studied further. The purpose of this work was to study the
changes in cell phenotype caused by disturbances in mitochondrial energy production and
the connection between mtDNA and NOTCH3.
The specific aims were:
1. to study the organization of cytoskeletal proteins, especially vimentin, in cells with the
3243A>G MELAS mutation in mtDNA and in osteosarcoma cells with an
experimentally inhibited mitochondrial respiratory chain,
2. to study the total cell proteome, the expression of vimentin, the organization of the
vimentin and tubulin networks and the distribution of mitochondria in OXPHOSdeficient osteosarcoma cells,
3. to study muscle histology, the organization of cytoskeletal proteins and the distribution
of mitochondria in cells from a patient with CADASIL caused by the R133C mutation
in NOTCH3 and with a concomitant myopathy caused by a 5650G>A mutation in the
MTTA gene in mtDNA, and
4. to study mtDNA sequence variation in patients with the R133C mutation in the
NOTCH3 gene leading to CADASIL.

4 Patients and methods
More detailed descriptions of the patients and methods are presented in the original
papers I-IV.

4.1 Patients and controls (I, III, IV)
We obtained DNA from 77 Finnish CADASIL patients belonging to 20 unrelated
pedigrees and 41 maternal lineages (IV: Table 1) (Mykkänen et al. 2004). Pedigree F
harboured the R182C mutation, while all the remaining pedigrees carried the R133C
mutation. Seventeen pedigrees originated from the provinces of Central Ostrobothnia or
Northern Savo. The controls consisted of 480 healthy anonymous blood donors recruited
at Finnish Red Cross offices in these two provinces and in the neighbouring provinces of
Northern Ostrobothnia and Kainuu (Finnilä et al. 2001b) (IV).
Cultured myoblasts (MP) and fibroblasts (FP) were established from a 51-year-old
man with a R133C mutation in the NOTCH3 gene and with a 5650G>A mutation in the
MTTA gene (III). Control myoblast cultures (MC1-MC3) and fibroblast cultures (FC1,
FC2) were established from eligible subjects (III). Myoblast cultures (Me1, Me3-Me5
and Me7) were established from five patients with the 3243A>G mtDNA mutation (P1,
P3-P5 and P7, respectively) and six controls (Co2-Co7) (I).
The research protocol was approved by the ethical committees of the Medical Faculty,
University of Oulu (I), Oulu University Hospital (III, IV), Turku University Hospital (IV)
and the Finnish Red Cross (IV). Informed consent was obtained from the patients and
controls (I, III, IV).

4.2 Molecular Methods (IV)
To study the mtDNA sequence in CADASIL patients, total DNA was extracted from
blood with a Nucleon BACC3 kit (Amersham Biosciences, Amersham, UK) or QIAamp
Blood Kit (Qiagen, Hilden, Germany) and the coding region of the mtDNA (nts 577-
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16023) was amplified with a standard polymerase chain reaction (PCR) protocol as
previously (Finnilä et al. 2000). The amplified fragments were then subjected to
conformation-sensitive gel electrophoresis (CSGE) (Finnilä et al. 2000). Fragments
differing in mobility in CSGE from the homologous reference fragment were sequenced
(ABI PRISM 377 Sequencer using DYEnamic ET Terminator Cycle Sequencing Kit,
Amersham Biosciences) with the same primers as used in the amplification reactions and
sequence variants were identified by comparison with the revised Cambridge reference
sequence (rCRS) (Andrews et al. 1999).
The mtDNA sequence data on the CADASIL patients were imported into the
previously constructed phylogenetic network based on a series of 192 Finns (Finnilä et al.
2001b). All variants that had not been reported previously were confirmed by sequencing
or by RFLP. All novel substitutions were also evaluated with respect to heteroplasmy by
reference to CSGE, sequencing and RFLP results. The consequences of all the novel
substitutions for the secondary structures of proteins or tRNA molecules were examined
using the information available in databases (compilation of mammalian mitochondrial
tRNA genes, http://mamit-trna.u-strasbg.fr) (Rost 1996, Berman et al. 2000, Martz 2002).
The discrepancies in mtDNA coding region sequences between maternal relatives
were examined by sequencing or by RFLP (3954C>T, 12630G>A, 13928G>C). In
addition, allele status at nt 13827 was determined by allele-specific amplification of both
the wild-type and mutant DNA in the presence of locked nucleic acid (LNA)
oligonucleotides (Proligo LCC, Paris, France). The population samples harbouring the
mutant or wild-type alleles were used as controls in all RFLP analyses and allele-specific
amplifications. The presence of 3954C>T (patients 47 and 48 in pedigree Nb) and the
presence of 12630G>A and 13928G>C (patients 15 and 16 in pedigree H) in blood DNA
were also verified by cloning of mtDNA into a pCR2.1-TOPO vector (TOPO TA Cloning
Kit, Invitrogen, Leek, Netherlands) (Finnilä et al. 2001a). The variants of the positive
colonies were detected as described above and by sequencing some of the clones using
insert-specific forward primers. In addition, DNA from two healthy controls harbouring
the 12630G allele or the 12630A allele and from two other controls with the 13928G
allele or the 13928C allele were cloned and analysed. It would have been informative to
verify the allele status of positions 12630 and 13928 by cloning in the other available
mother-offspring pair in family H (patient 18 and patient 19 or patient 20), but the lack of
a sample from patient 18 prevented these analyses.
The 77 Finnish CADASIL sequences have been deposited in the EMBL database
(accession numbers AM260558–AM260634, latest versions).

4.3 Analysis of 3243A>G (I) and 5650G>A (III) heteroplasmy
In order to study heteroplasmy in cells with 3243A>G or 5650G>A, total DNA was first
extracted with the QIAmp Blood Kit (Qiagen, Hilden, Germany) from cultured myoblasts
established from patients with the 3243A>G mutation (P1, P3-P5, P7) (I) and cultured
myoblasts (MP) and fibroblasts (FP), blood and skin samples and muscle sections
containing thousands of fibres from a patient with R133C and 5650G>A (III), and the
degree of 3243A>G mutant heteroplasmy was measured by RFLP (Kobayashi et al.
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1990) (I). To analyse the proportions of mutant and wild-type mtDNA, a fragment
spanning nucleotides (nts) 5577 and 5680 of mtDNA was amplified (III). The last cycle
of amplification was carried out in the presence of a FAM-labelled oligonucleotide
covering nts 5587-5607. The labelled fragment was then digested with DdeI, which
cleaves wild-type mtDNA into two fragments of 60 bp and 34 bp, while the mutant
mtDNA remains as an uncleaved fragment of 94 bp (Kärppä et al. 2005). The digestion
products were analysed as previously (Moslemi et al. 1998, Kärppä et al. 2005).

4.4 Comparison of nucleotide diversity between CADASIL
pedigrees and controls (IV)
The statistical estimates of nucleotide sequence diversity among the CADASIL and
control sequences included the average number of pairwise sequence differences (Tajima
1983), the number of segregating (polymorphic) sites (Watterson 1975) and the number
of singleton (private) mutations (Fu & Li 1993).
The coding-region sequences (nts 577-16023) of the haplotypes of 41 unrelated
maternal lineages were aligned with 192 sequences (GenBank accession ids. AY339402AY339593, latest versions) (Finnilä et al. 2001b) by assuming that indel events changing
the length of a repeat sequence had occurred at the 3' end of the repeat sequence. The
sites with alignment gaps representing indels were excluded from the analyses.
Nucleotide sequence diversity indices were then estimated for the 41 CADASIL
sequences. As the frequencies of haplogroups among these sequences differed from those
among the 192 control sequences, the expected distributions of the diversity indices for
the CADASIL sequences were estimated by a resampling procedure in which the 41
haplogroup-matched control sequences were sampled 20,000 times from the 192 control
sequences without replacement and diversity indices were estimated for each
permutation. The proportion of permutations having the test statistic equal to or higher
than that for the CADASIL sequences represents the probability of such a value occurring
by chance if the same number of individuals from the same haplogroups were taken
randomly from the control population.

4.5 Estimates of the mutation rate in CADASIL patients (IV)
The mtDNA coding region mutation rates in CADASIL patients were calculated as
described previously (Parsons et al. 1997). These were derived from the number of
homoplasmic and heteroplasmic mutations per transmission per million years, where one
transmission was defined as an event by which mtDNA was transferred from a mother to
her child (Cavelier et al. 2000). The mutation rate was expressed as mutations/base
pairs/million years (mutations/bp/MYR).
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4.6 Muscle histochemistry of a patient with the R133C mutation in
NOTCH3 and with a concomitant 5650G>A
mutation in MTTA (III)
Frozen sections of muscle from a patient with the R133C in NOTCH3 and 5650G>A in
MTTA were stained for COX and SDH (Sciacco & Bonilla 1996). RRFs were identified
(Kärppä et al. 2005) and their proportion was determined by counting 200-300 muscle
fibres. Muscle histology was evaluated under a Nikon Eclipse E600 microscope (Nikon,
Tokyo, Japan). The single muscle fibres were isolated and samples of these were prepared
as previously (Oldfors et al. 1995, Kärppä et al. 2005).

4.7 Fibroblast, myoblast and osteosarcoma cell culture (I, II, III)
The muscle samples were first dissected free of visible connective tissue and cut into
pieces of diameter 1 mm, which were inoculated onto plates (Becton Dickinson Labware,
Bedford, MA). The primary cultures were grown for 2 to 3 weeks and the myoblasts were
detached with trypsin-EDTA. The cells were plated for 10 minutes to remove possible
contaminating fibroblasts, and the myoblasts were then transferred to new cell culture
plates (Nunclon®, NalceNunc, Roskilde, Denmark) and grown to confluency in Eagle’s
minimum essential medium (MEM) (Sigma, St. Louis, MO, U.S.A.) supplemented with
fetal bovine serum, glutamine, pyruvate, amphotericin B and antibiotics. The myoblasts
for paper III were pre-plated in every passage in order to remove contaminating
fibroblasts. The fibroblasts were cultured in Dulbecco’s modified Eagle’s medium
(DMEM) (Biochrom Ag, Berlin, Germany) supplemented with fetal bovine serum,
ascorbate, amphotericin B and antibiotics (III).
Human osteosarcoma cells (CRL-8303, Manassas, VA, U.S.A.) were obtained from
the American Type Culture Collection (Rockville, MD, U.S.A.). MtDNA-less 143B206
ρ0 osteosarcoma cells prepared from the same CRL-8303 cell line (King & Attardi 1996)
were received as a gift from Professor Brian Robinson (Toronto, Canada). The cells were
cultured in tissue culture flasks containing Dulbecco’s modified Eagle’s medium
(DMEM) (Life TechnologiesTM, GibcoBRL, Rockville, MD) with glucose and
supplemented with fetal bovine serum, bromodeoxyuridine, amphotericin B, and
antibiotics (I, II). For the ρ0 cells uridine, pyruvate and glucose were added to otherwise
similar media (I, II).
For the fluorescence microscopy in paper I, 1.2 x 104 myoblasts with the 3243A>G
mutation were plated onto collagenated glass coverslips on a 24-well plate (Becton
Dickinson Labware) and cultured until 70-80% confluent. The coverslips were collected
on days 3, 7, 14 and 21 after plating. The proliferation medium for the MELAS
myoblasts culture was changed for a differentiation medium on day 14 to induce
differentiation from myoblasts to myotubes. The myoblasts with 3243A>G were grown
for one to two weeks in this differentiation medium containing MEM with insulin and
dexamethasone together with conventional supplements as above. The myoblasts and
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fibroblasts for paper III and the osteosarcoma cells for papers I and II were grown on
glass coverslips to near confluency for immunolabelling.
The effect of complex I inhibition the vimentin network and the distribution of
mitochondria in the osteosarcoma cells was studied in paper II using rotenone (Sigma).
500 nM rotenone was used in the vimentin enzyme-linked immunosorbent assay (ELISA)
and immunodetection experiments in order to obtain a maximal inhibition of complex I,
while the cells for two-dimensional gel electrophoresis (2-DE) were incubated with 100
nM rotenone, which readily inhibits complex I but has only minor apoptotic effects
(Barrientos & Moraes 1999). The effect of complex IV inhibition on the vimentin (I, II)
and tubulin networks (II) and the distribution of mitochondria (II) was studied with 10
mM sodium azide (Fluka Chemika, Buchs, Switzerland). The organization of the
vimentin network in the presence of a depolymerized tubulin network was examined in
an experiment where osteosarcoma cells were incubated with 10 mM sodium azide and
with the MT depolymerizing agent nocodazole (5 μM) added simultaneously with the
sodium azide or after 23 h (I). Osteosarcoma cells with or without sodium azide were also
collected for vimentin ELISA and 2-DE (II). Vimentin and tubulin networks, the
distribution of mitochondria, vimentin ELISA and 2-DE were also studied in ρ0 cells
cultured in a conventional ρ0 cell culture medium (ρ0+) or in an osteosarcoma cell culture
medium (ρ0-) (II).

4.8 Detection of population growth and death rate of cultured
myoblasts with 3243A>G (I)
The population growth and death rate of myoblasts with the 3243A>G mutation were
studied by harvesting cells at near confluency, inoculating 1,200 cells per well onto 96well plates and removing the proliferation medium at the desired time points, after which
the cells were washed carefully with PBS and frozen at -70°C. Cellular nucleic acids in
the myoblasts were quantified with the Cyquant® Cell Proliferation Assay Kit (Molecular
Probes Inc., OR, U.S.A.) and the fluorescence of the 96-well plates was measured with a
microplate reader (Victor 2, Wallac Oy, Turku, Finland) with filters of 485 nm for
excitation and 530 nm for emission.
Apoptotic cell death was detected with the Cell Death Detection ELISA kit (Roche
Molecular Biochemicals, Basel, Switzerland) (Burgoyne et al. 1974, Duke & Cohen
1986). Myoblasts at near confluency were detached and inoculated at a density of 1 x 105
per well onto 24-well plates (Becton Dickinson Labware), harvested with a rubber
policeman at 1, 2 and 11 weeks and samples prepared according to the manufacturer's
instructions. The ELISA assays were read at 405 nm using a spectrophotometer equipped
with a microplate reader (Victor 2). Total DNA was quantified in the same samples by
measuring the fluorescence of DNA binding to Hoechst 33258 dye (Amersham
Biosciences) (Brunk et al. 1979, Cesarone et al. 1979) at an excitation wavelength of 365
nm and an emission wavelength of 460 nm with a Dynaquant 200 fluorometer
(Amersham Biosciences). The proportion of dying cells was expressed as the ratio of the
absorbance observed in cell death detection to the total amount of DNA.
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4.9 Immunodetection of cytoskeletal proteins and
mitochondria (I, II, III)
The organization of the cytoskeletal network was studied in cells with the 3243A>G
mutation, osteosarcoma cells and cells with the R133C mutation in NOTCH3 and
5650G>A in MTTA. The distribution of mitochondria was also studied in the latter two
cases. The myoblasts and osteosarcoma cells for paper I were fixed in 4% (w/v)
formaldehyde and 10% (v/v) Triton X-100, washed with PBS and post-fixed in methanol
(or ethanol for actin labelling). In some cases the cells were fixed only with ethanol.
Similar results were obtained by both methods. For the later papers the cells were fixed
with ethanol for immunolabelling of α-tubulin and vimentin (II, III), with methanol for
pan-cadherin immunolabelling (III), or with 3.7% (w/v) paraformaldehyde and 0.2%
(v/v) Triton X-100 for F-actin staining (III). The cells used for the detection of
mitochondria were fixed with 2% (v/v) formaldehyde (Merck KGaA, Darmstadt,
Germany) and post-fixed with acetone (II, III).
Table 3. Primary and secondary antibodies and a phalloidin conjugate used in the
immunolabelling experiments.
Antibody or conjugate

Dilution and incubation time
Paper I

Paper II

Paper III

1:200, 30 min

1:200, 1 h

1:200, 1 h

Primary antibody
Vimentin*, SCB#
Desmin*, B

1:80, 1 h

Muscle specific actin*, B

1:80, 1 h

α-tubulin*, S

1:200, 1 h

Mitochondria*, C

1:250, 1 h

1:200, 1 h

1:100, 1 h

1:100, 1 h

Pan-cadherin**, Z

1:25, 1 h

Secondary antibody
FITC-labelled rabbit anti-mouse antibody***,

1:100, 1 h

B
Alexa Fluor 488 goat anti-mouse IgG

1:100, 1 h

1:100, 1 h

conjugate, M
Alexa Fluor 488 goat anti-rabbit IgG

1:150, 1 h

conjugate, M
Other
Alexa Fluor 488 phalloidin, M

5:200, 30 min

Abbreviations: B = Biogenex (San Ramon, CA, U.S.A), C = Chemicon International (Termecula, CA, U.S.A), h
= hour, M = Molecular Probes (Leiden, Netherlands), min = minutes, S = Sigma, SCB = Santa Cruz
Biotechnology Inc. (Santa Cruz, CA, U.S.A), Z = Zymed® Laboratories Inc. (South San Francisco, CA, U.S.A)
#

The manufacturer of the vimentin antibody in paper I was Biogenex

*

Monoclonal mouse antibody

**

Polyclonal rabbit antibody

***

Fluorescein isothiocyanate
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After blocking the cells, the samples were incubated with the primary antibodies
(Table 3), washed with PBS and incubated with secondary antibody (Table 3). For the
staining of F-actin, the cells were incubated only with Alexa Fluor 488 phalloidin (Table
3) (III). Immunolabelled cells were mounted in Glysergel (DAKO, Copenhagen,
Denmark) or in Immu-Mount (Thermo Shandon, Pittsburgh, PA, U.S.A.). The
immunolabellings were examined with a Leitz Aristoplan fluorescence microscope
(Wetzlar, Germany) (I, III) or an Olympus BX51 fluorescence microscope (II, III).
Digital imaging was performed with an Olympus DP50 CCD camera using Viewfinder
Lite (version 1.0, Olympus, Melville, NY, U.S.A.) and Studio Lite software (Olympus)
(II, III). The AnalySIS® software (Soft Imaging System GmbH, Münster, Germany) was
used to measure the cell areas in the pan-cadherin immunolabellings (III).

4.10 Two-dimensional gel electrophoresis and protein
identification (II)
The total cell proteome in the osteosarcoma cells with inhibited respiratory chain
complex I or complex IV or without mtDNA was studied by 2-DE. Cells were collected
as pellets in triplicate. For the 2-DE, the thawed cells were resuspended in urea buffer (8
M urea, 2 M thiourea, 4% [w/v] CHAPS, 20 mM DTT, 2% [v/v] carrier ampholytes 3-10,
Complete Mini protease inhibitor cocktail [Roche Applied Science, Mannheim,
Germany]), disrupted in an ultrasonic bath for 10 minutes and centrifuged. The protein
concentration in the supernatant was determined with a RotiNanoquant kit (C. Roth
GmbH, Karlsruhe, Germany). Protein aliquots of 100 μg were stored at -20ºC.
Protein separation was performed for each sample in triplicate as described previously
(Ohlmeier et al. 2004). The 2-DE gels were silver stained (Blum et al. 1987), analysed
with the 2-D PAGE image analysis software Melanie 3.0 (GeneBio, Geneva,
Switzerland) and reproducible changes in spot intensity (at least 2-fold) were marked on
the gel. Phosphorylated proteins were stained with Pro-Q® Diamond Phosphoprotein Gel
Stain according to the manufacturer’s protocol (Molecular Probes). For protein
identification, excised spots were digested in the gel as described (Ohlmeier et al. 2004).
Peptide masses were measured with a VOYAGER-DETM STR (Applied Biosystems,
Foster City, CA, U.S.A.) and proteins identified with ProFound database version
2005.02.14 (http://prowl.rockefeller.edu/prowl-cgi/profound.exe), employing the
following parameters (20 ppm; 1 missed cut; MH+; +C2H2O2@C [Complete], +O@M
[Partial]).
Information on the function, subcellular location and specific variables of the proteins
identified was obtained from the NCBI database (www.ncbi.nlm.nih.gov/entrez/
query.fcgi?db=Protein), SWISS-PROT (www.expasy.org/sprot/) and the Compute pI/Mw
tool (http://au.expasy.org/tools/pi_tool.html).
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4.11 Vimentin quantification by enzyme-linked
immunosorbent assay (II)
The concentration of soluble vimentin in the osteosarcoma cells with inhibited respiratory
chain complex I or complex IV or without mtDNA was measured with a sandwich-type
ELISA. Both the cell cultures and the vimentin ELISA were performed in triplicate. The
cells were washed with PBS, detached with trypsin-EDTA and resuspended in PBS,
followed by low-speed centrifugation for 5 minutes at RT. The supernatant was carefully
removed and this step was repeated. The cell pellet was dipped in liquid nitrogen and
stored at -70ºC until analysed. For analysis, the samples were lysed on ice by suspending
the cell pellet in modified RIPA (RadioImmunoPrecipitation Assay) lysis buffer (1% [v/v]
NP-40, 1% [w/v] sodium deoxycholate, 0.1% [w/v] SDS, 0.15 M NaCl, 0.01 M sodium
phosphate, pH 7.2, 2 mM EDTA). The disrupted cells were centrifuged at 13,000 rpm for
30 minutes at 4ºC and the supernatant was collected and used fresh to determine the
protein concentration (Micro BCA™ Protein Assay Reagent Kit, Pierce Biotechnology,
Inc., Rockford, IL, U.S.A.). Protein aliquots were stored overnight at –20ºC and then
used for ELISA. The effect of the lysis buffer on vimentin acquisition was studied by
processing cells collected at time points 0 and 48 hours with various lysis buffers: 1%
(w/v) sodium deoxycholate, 4% (v/v) NP-40 or 6 M urea. The highest yield of vimentin
was achieved with the 1% (w/v) sodium deoxycholate buffer (II: data not shown).
A sandwich-type ELISA was developed for the quantitative measurement of vimentin
in cell extracts. Microplate wells (96-well, Greiner Bio-One, Frickenhausen, Germany)
were coated with 2 μg of goat polyclonal anti-vimentin antibody (Santa Cruz
Biotechnology, Inc.) in 5 mM PIPES buffer (pH 7.0) at RT overnight. The plate was
washed with PIPES-T (5 mM PIPES [pH 7.0], 0.5% [v/v] Tween-20), and then the Syrian
hamster recombinant vimentin (Cytoskeleton, Denver, CO, U.S.A.) or the cell samples
diluted in PIPES-FT buffer (PIPES 5 mM [pH 7.0], 20% [v/v] inactivated FBS, 2% [v/v]
Tween-20) were added and the plate incubated at RT overnight. The wells were washed
with PIPES-T, after which 1 μg of mouse monoclonal antibody to vimentin (Santa Cruz
Biotechnology, Inc.) in PIPES-FT was added and the plate was incubated at 37°C for 1 h
followed by washes with PIPES-T. 100 μl of horseradish peroxidase conjugated
polyclonal rabbit anti-mouse immunoglobulins (DakoCytomation Denmark A/S,
Glostrup, Denmark), diluted to 1:2000 in PIPES-FT, was then added and the plate was
incubated at 37°C for 1 h. After washes with PIPES-T, the enzyme reaction was initiated
by adding 100 μl of 0.07% (w/v) TMB (3, 3’, 5, 5’-tetramethylbenzidine) (Fluka
Chemica) in 0.02 M citric acid/0.06 M sodium phosphate buffer (pH 5.5) containing
0.3% hydrogen peroxide (Merck KgaA) and incubating at RT in the dark for 3 minutes.
The reaction was stopped by adding 100 μl 1 N HCl per well. Optical densities at 450 nm
were collected with a plate reader (Multiscan EX, version 1.0, Labsystems, Vantaa,
Finland) with Multiscan Transmit software (Revision 4.5, Labsystems). All the samples
were analysed in duplicate. The vimentin concentrations were assessed from a Syrian
hamster recombinant vimentin calibration curve.
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4.12 Statistical analysis (I, II, IV)
The differences in the frequencies of mtDNA haplogroups between the maternal lineages
with CADASIL and the controls were evaluated using the exact test of population
differentiation (Rousset & Raymond 1995) as implemented in ARLEQUIN 2.0
(Schneider et al. 2000) (IV). Otherwise, the data were analysed using the SPSS software.
Comparisons between groups were carried out using the Mann-Whitney rank sum test (I)
or a Wilcoxon test (II).

5 Results
5.1 Degree of 3243A>G heteroplasmy in myoblasts (I)
Myoblast cultures were established from five patients with the 3243A>G mutation who
were moderately or severely affected, with the exception of patient P1 (I: Table 1). In
each case the degree of mutant heteroplasmy was lower in the cultured myoblasts than in
the muscle. Furthermore, the mutant genome could not be detected in two out of four
plates representing the Me4 cell line, although the degree of mutant heteroplasmy in the
muscle was 62%.

5.2 Population growth and apoptotic death in cultured
myoblasts with 3243A>G (I)
Growth was reduced in the myoblast population with 3243A>G, as the total amount of
intracellular DNA was only 35% of that in the controls on day 6 (P <0.001) and 70% (P
<0.05) on day 12, whereas no significant difference was observed in the cell population
on days 1 and 18 (I: Figure 1). No significant difference in the proportion of dying cells
was found between the myoblasts with 3243A>G and the controls when cultured for 1, 2
or 11 weeks (I: Table 2), suggesting that the differences in growth were not caused by
different rates of apoptotic cell death.
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5.3 Cytoskeletal structure in respiratory chain
deficient cells (I, II, III)
5.3.1 Cytoskeletal structure in myoblasts with 3243A>G (I)
As the growth rate of myoblasts with 3243A>G was slower than that in the control
myoblasts, we examined the possibility that the cytoskeletal framework of these cells
might be affected by the disturbance in energy metabolism. Vimentin filaments were
found to be evenly distributed within the cytoplasm of the control myoblasts, whereas
disorganization of the vimentin filament structure was observed in all the cell lines with
3243A>G (Me1, Me3, Me5 and Me7) (I: Figure 2). This disorganization took the form of
focal randomization of filament direction and length and was most obvious on days 3 and
7, but was also present on days 14 and 21 of culture. Immunolabelling for desmin, actin
and α-tubulin (I: Figure 3) revealed no alterations compared with the controls.

5.3.2 Cytoskeletal structure of OXPHOS-deficient
osteosarcoma cells (I, II)
The vimentin network in control osteosarcoma cells was distributed evenly throughout
the cytoplasm and formed few bundles (II: Figure 1g), whereas thick bundles of vimentin
surrounding the nucleus were detected upon complex IV inhibition with 10 mM sodium
azide (I: Figure 4, II: Figure 1h, i). Similar results were observed at all time points (II).
No changes were observed in the tubulin network (I, II: data not shown). The effects of
disruption of the tubulin network on the vimentin network structure were examined in
paper I by incubating the osteosarcoma cells in the presence of nocodazole, which is
known to depolymerize tubulin filaments (Karbowski et al. 2001). Similar vimentin
network disorganization was also observed in osteosarcoma cells treated with 10 mM
sodium azide and 5 μM nocodazole, and this was independent of the nocodazole
incubation time (I: Figure 4). Upon complex I inhibition with 500 nM rotenone (II:
Figure 1m, n) the vimentin formed bundles that were thinner than those in the control
osteosarcoma cells (II: Figure 1g), this finding being most obvious after 48 hours (II:
Figure 1n). Studies with osteosarcoma cells, ρ0+ and ρ0- cells indicated that the vimentin
network had collapsed around the nucleus (I, II) and was disorganized (I) in the ρ0 cells
(I: Figure 4, II: Figure 1j-l). Vimentin also formed thicker bundles and appeared to be
more abundant in the ρ0 cells as compared with the control osteosarcoma cells (II: Figure
1g). This finding was observed at all time points, but was most obvious in the ρ0- cells at
48 hours (II: Figure 1l). No differences in the tubulin network were detected between the
osteosarcoma and ρ0 cells, however (I: Figure 4, II: data not shown).
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5.3.3 Cytoskeletal structure of cells with R133C in NOTCH3
and 5650G>A in MTTA (III)
We established fibroblast (FP) and myoblast (MP) cultures from a CADASIL patient with
a mitochondrial myopathy and verified that these cells harboured the 5650G>A mutation.
The MP cells grew more slowly than the control myoblasts (MC1-MC3), whereas no
difference in growth rate was found between the FP cells and control fibroblasts (FC1,
FC2). Immunolabelling of the plasma membrane with pan-cadherin antibody revealed
that the FP and MP cells did not differ in size from the control fibroblasts and myoblasts
(FC1, FC2, and MC1-MC3, respectively) (III: data not shown). Immunolabelling for
tubulin showed that the network was sparse, and star-like aster formation was seen in
85% of the FP and MP cells (III: Figure 1a, c), being more distinct in the fibroblasts than
in the myoblasts. In contrast, the tubulin network was evenly distributed in the control
fibroblasts (FC1, FC2) and myoblasts (MC1-MC3) and extended radially from the
perinuclear region toward the plasma membrane (III: Figure 1b, d). No differences in the
tubulin network were seen between the individual control fibroblast lines (FC1, FC2) or
between the control myoblast lines (MC1-MC3). Immunolabelling of FP and MP cell
lines for actin and vimentin revealed no distinctive alterations compared with the controls
(FC1, FC2, and MC1-MC3, respectively) (data not shown).

5.4 Distribution of mitochondria in respiratory chain
deficient cells (II, III)
The distribution of mitochondria was studied in OXPHOS-deficient osteosarcoma cells.
Upon complex IV inhibition with 10 mM sodium azide the mitochondria were clustered
around the nucleus and located predominantly on one side of the cell, creating a crescentlike formation (II: Figure 1b, c). The mitochondria were less uniformly spread in the ρ0
cells (II: Fig. 1d-f) than in the control osteosarcoma cells (II: Figure 1a). A dense
accumulation of mitochondria was detected around the nucleus, and only a few seemed to
be distributed throughout the cytoplasm. No change in the distribution of mitochondria
was observed upon rotenone incubation, however (II: data not shown).
The FP and MP cells with R133C and 5650G>A differed from the corresponding
control cell lines (FC1, FC2, and MC1-MC3) in that the mitochondria were less
uniformly spread and the branches of the mitochondrial network were more prominent
but reduced in number (III: Figure 1e-h). Immunolabelling of the mitochondria showed
similar results in the control fibroblast lines (FC1, FC2) and the control myoblast lines
(MC1-MC3) (III: data not shown). Furthermore, mitochondria were less abundant in the
FP and MP cell lines, these changes being more conspicuous in the MP cells.
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5.5 Vimentin in OXPHOS-deficient osteosarcoma cells (II)
Since the organization of vimentin was altered in the OXPHOS-deficient osteosarcoma
cells and in the myoblasts with 3243A>G, we set out to study the quantitative changes in
vimentin in osteosarcoma cells with OXPHOS deficiency. The proportion of
vimentin/total protein decreased slightly, but not significantly, with culture time in the the
osteosarcoma cells both with and without OXPHOS deficiency (II: Figure 2). Incubation
with 500 nm rotenone or 10 mM sodium azide caused no changes in the proportion of
vimentin (II: Figure 2a, b), whereas a higher proportion (P = 0.05) was observed in ρ0+
and ρ0- cells (II: Figure 2c). No difference was observed between the latter cell types,
however.

5.6 The total proteome in osteosarcoma cells (II)
As changes in mitochondrial distribution, organization of the cytoskeletal components
and the amount of vimentin had been seen in the osteosarcoma cells due to OXPHOS
deficiency, we then studied the total proteome of osteosarcoma cells lacking in mtDNA
and osteosarcoma cells in which OXPHOS was inhibited by rotenone or sodium azide by
2-DE. Proteins were separated out in 2-DE at pH 3-10 (II: data not shown) or pH 4-7 (II:
Figure 3) resulting in the detection of about 1,600 protein spots in a silver-stained 2-D gel
(pH 4-7). A general overview of the protein changes detected upon OXPHOS inhibition is
presented in Table 1 and Figure 4 of paper II.

5.6.1 The proteome of osteosarcoma cells upon inhibition
of complex I or complex IV
We first analysed protein patterns in osteosarcoma cells after incubation with 100 nM
rotenone or 10 mM sodium azide for 48 hours (II: Figure 3c, d). Whilst inhibition of
complex I by rotenone caused only the induction of DLAT, a component of the pyruvate
dehydrogenase complex (II: Figure 5, Table 2), inhibition of complex IV by sodium azide
resulted in changes in the expression of eight proteins within 13 spots (II: Figure 5, Table
2). Increased expression of the translation elongation factor EEF1D and the pyruvate
kinase PKM2 was observed, whereas the phosphorylated form of cytoskeletal protein
KRT8, the MRC proteins of complex I (NDUFV2) and complex II (SDHA) and the sterol
biosynthesis protein HMGCS1 showed decreased expression.
In addition, we detected a spot shift with respect to pI and molecular weight for the
dynein intermediate chain 2 (DNCI2) and the heterogeneous nuclear ribonucleoprotein K
(HNRPK), indicating post-translational modification or the presence of different
isoforms. Interestingly, alternative splicing causes the formation of two HNRPK isoforms
- a protein which was detected within four spots at 62 kDa that differed mainly by their pI
in the 2-D gel. Examination of the corresponding mass spectra revealed no isoformspecific peptides, but two spots were localized at pI 5.3 and two were detectable at pI 5.1,
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indicating the presence of isoform 1 (theoretical pI 5.39) and isoform 2 (theoretical pI
5.19). Both isoforms can therefore be assumed to have shifted upon complex IV
inhibition.

5.6.2 The proteome in mtDNA-less osteosarcoma cells
Since human mtDNA encodes 13 proteins of the mitochondrial respiratory chain
complexes I, III, IV and ATP synthase, we studied protein expression of the total
proteome in osteosarcoma cells that lacked mtDNA (ρ0+ cells) (II: Figure 3). We also
studied the total proteome from ρ0- cells that were severely starved for 48 and 72 hours.
In contrast to the slight differences observed in ELISA, no change in vimentin expression
was detected in silver-stained 2-D gels of the cells with and without mtDNA (II: data not
shown).
Comparison of the protein patterns from osteosarcoma cells and ρ0+ cells revealed
changes in the expression of 23 proteins within 27 spots (II: Figure 6, Table 2). Seventeen
proteins were changed at both time points, including nine with decreased expression in
ρ0+ cells: a MRC protein of complex III (UQCRC1), cytoskeletal proteins
(phosphorylated and unphosphorylated form of KRT8, STMN1, ZYX), translation
elongation factors (EEF1G, EIF4A1), threonyl-tRNA synthetase (TARS), the cell cycle
progression 2 protein (TBRG4) and HMGCS1, which is involved in sterol biosynthesis.
Increased expression at 48 and 72 hours was detectable in ρ0+ cells in the case of the
cytoskeletal or cytoskeleton-associated proteins ACTB/ACTG, ACTL8, CAPG, LMNB1,
a heat shock protein (mortalin-2) and proteins involved in intracellular protein breakdown
(CTSD), anaerobic glycolysis (LDHB) and redox regulation of the cell (PRDX3).
Interestingly, an additional six proteins were changed only after 72 hours of growth. Here
the MRC protein NDUFV2, the proliferation-associated protein PA2G4, the
triosephosphate isomerase TPI1, which is involved in several metabolic pathways, and
the mitochondrial translation elongation factor TUFM showed decreased expression,
while expression of the ribosomal protein RPLP0 was increased. A shift of the DNCI2
spot similar to that observed with osteosarcoma cells treated with sodium azide was also
seen at 72h in the case of the ρ0+ cells, but comparison of the ρ0+ and ρ0- cells revealed no
differences in the protein pattern after 48 and 72 h of growth (II: data not shown).

5.7 Changes in muscle histology suggesting a mitochondrial
aberration in the patient with R133C in NOTCH3
and 5650G>A in MTTA (III)
Double staining of muscle sections for SDH and COX allowed determination of the
proportion of RRFs and COX-negative fibres. Histochemical analysis of muscle from the
CADASIL patient with R133C in NOTCH3 and 5650G>A in MTTA showed ~3% RRFs
and <3% COX-negative fibres. The 5650G>A mutation was heteroplasmic and its
proportion was 88% in muscle, 85% in skin and 67% in blood. The mean proportion of
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mtDNA with 5650G>A was lower in histologically normal muscle fibres than in the
COX-negative fibres and the RRFs (data not shown).

5.8 MtDNA coding region sequence variation
in CADASIL patients (IV)
In order to study whether mutations in NOTCH3 predispose the mtDNA to mutations, the
nucleotide sequence of the entire coding region of mtDNA was determined for 77 Finnish
CADASIL patients. A total of 179 mtDNA sequence variants relative to the revised
Cambridge reference sequence were found in these patients. Haplogroups H, U and V
comprised 85% of the maternal lineages (IV: Table 2), and the frequencies of the
haplogroups among the 41 separate maternal lineages differed from those among the
controls (P = 0.038), haplogroups H and V appearing to be more frequent and
haplogroups U and W less frequent.
The sequences were then imported into the previously constructed phylogenetic
network based on mtDNA sequences from 192 healthy Finnish subjects. This enabled the
detection of sequencing errors and the visualization of differences in mtDNA sequence
variation between the patients and controls (IV: Figure 1). For example, a phylogenetic
analysis revealed a discrepancy at nt 3954 in lineage Na and lineage Nb in pedigree N. An
analysis of cloned fragments spanning nts 3706-4055 from a sample apparently
harbouring 3954C>T confirmed, however, that this was a phantom mutation (Bandelt et
al. 2001) and it was excluded from the sequence data and from further analysis.
A comparison of the 179 variants with those reported in previous papers or in
databases revealed four novel synonymous substitutions, two novel nonsynonymous
substitutions and one novel tRNA substitution (IV: Table 3). These were confirmed by
sequencing or by RFLP. CSGE, sequencing and RFLP results indicated that the seven
novel substitutions were homoplasmic, although the presence of a small proportion of the
wild-type allele could not be excluded.

5.9 MtDNA nucleotide diversity among the CADASIL pedigrees (IV)
The mean number of pairwise differences in mtDNA coding region sequences among the
41 unrelated matrilineal CADASIL pedigrees was 15.4, whereas the corresponding
number among the haplogroup-matched control sequences was 15.0 (range 13.3-16.8, P =
0.187 for difference) (IV: Figure 2). The mean number of polymorphic sites was 170
among the CADASIL sequences and was 148 (range 112-185) among the controls (P =
0.016). The number of polymorphisms that were present in single sequences was 110
among the CADASIL sequences and 83 (range 41-126) among the control sequences (P =
0.015).
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5.10 Mutation rate of the mtDNA coding region in the matrilineal
CADASIL pedigrees (IV)
Cases were found in two pedigrees where closely related maternal members differed in
their mtDNA. In pedigree C, patient 7 harboured the heteroplasmic 5650G>A mtDNA
mutation while two maternal relatives (patients 5 and 6) lacked this mutation (IV: Figure
3). This patient 7 was the one with R133C and 5650G>A who was examined in paper III.
In pedigree H, restriction fragment analysis probing the nts at positions 12630 and 13928
and allele-specific amplification probing the nt at position 13827 showed that the
substitutions 12630G>A, 13827A>G and 13928G>C were present in five maternal
relatives (patients 15, 16, 19, 20 and 21) while another two (patients 17 and 18) lacked
these mutations (IV: Figure 3). Cloning of DNA from patients 15 and 16 verified the
presence of the substitutions 12630G>A and 13928G>C and showed that they were
homoplasmic in patient 15 but heteroplasmic in patient 16 (IV: Table 4).
We identified 56 mtDNA transmission events in the 41 matrilineal CADASIL
pedigrees. Altogether four nt positions were found to vary among members of matrilineal
pedigrees C and H. All the newly arising mutations, both heteroplasmic and
homoplasmic, were included in the estimates of the mutation rate. These calculations
yielded a rate of 0.23 mutations/bp/MYR, based on the assumption that the mtDNA
coding region is 15,392 bp in length and that the generation time is 20 years.

6 Discussion
6.1 In vitro growth of MELAS myoblasts
MELAS is a mitochondrial disease in which the heteroplasmy of the mutation and the
threshold effect contribute to the clinical phenotype. Furthermore, a correlation has been
shown between the occurrence of the common clinical features of MELAS and the
mutation load in the muscle (Chinnery et al. 1997). The MELAS patients in paper I were
selected from a group ascertained in the MELAS epidemiology study (Majamaa et al.
1998) and represented a clinical spectrum of patients with the 3243A>G mutation varying
from healthy to severe forms of the MELAS syndrome. There was a correlation between
severe and common clinical features and the mutation load, and the healthy persons and
patients with mild symptoms carried a low level of mutant heteroplasmy. It was thus
possible to establish five representative myoblast cell lines (I: Table 1). Population
growth was slower in the myoblasts with 3243A>G than in the controls between days 1
and 12 of culture, but the similar numbers of cells on day 1 of culture suggest that plating
efficiency did not differ between the cell lines. Both lines reached confluency between
days 12 and 18 of culture suggesting that the growth potential of the myoblasts with
3243A>G had not decreased. It is likely that the control cells reached confluency earlier
due to faster growth and therefore started cell fusion earlier, with the result that the cells
with 3243A>G were able to catch up in population growth between days 12 and 18. The
decrease in observed population growth was not due to any increase in apoptotic cell
death, which would point to slower proliferation than in the controls. Interestingly, the
growth of the MP cell line (myoblasts with R133C in NOTCH3 and 5650G>A in MTTA)
seemed to be markedly slower than that of the control myoblasts. This finding was not
explored any further, however.
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6.2 Cytoskeletal organization in OXPHOS deficiency
6.2.1 MELAS myoblasts
The myoblasts with 3243A>G showed disorganization of the vimentin structure, whereas
no change was observed in the desmin, actin or tubulin network. Disturbances in
vimentin organization (Welch & Suhan 1985, Klymkowsky 1988, Evans 1998) and an
absence of vimentin filaments (Colucci-Guyon et al. 1994, Holwell et al. 1997) do not
have any major influence on the organization of other cytoskeletal structures, and
therefore disruption of IFs can occur without any disturbances to other cytoskeletal
networks. There is evidence that the organization of vimentin IFs is regulated by
phosphorylation during mitosis and in interphase cells (Inagaki et al. 1996, Sin et al.
1998). Many kinases, e.g. the β and δ isoforms of protein kinase C (Spudich et al. 1992,
Murti et al. 1992, Owen et al. 1996), have been reported to coincide with vimentin IFs
(Tsujimura et al. 1994, Pryzwansky et al. 1995, Cheng & Lai 1998, Sin et al. 1998,
Marganski et al. 2005, Tang et al. 2005, Li et al. 2006). Since oxygen consumption and
ATP production increase when cells approach mitosis (Skog et al. 1982), the cause of the
decreased proliferation may have been the lack of ATP that has been demonstrated in
fibroblasts (James et al. 1999) and myoblasts (Rusanen et al. 2000) in the presence of the
3243A>G mutation. Thus it is possible that the MRC deficiency and lowered ATP
production may cause disturbances in the assembly and disassembly of vimentin IFs in
the cells of patients with the MELAS syndrome.

6.2.2 OXPHOS-deficient osteosarcoma cells
In addition to cells obtained from patients with MELAS and CADASIL, CRL-8303
osteosarcoma cells were used to study the effect of OXPHOS deficiency on the steady
state distribution of cytoskeletal proteins and mitochondria and on the total cell proteome.
The choice of cell type was the result of a search for a valid model for use in OXPHOS
deficiency studies, as it has the advantages that culture and manipulation is
straightforward, the cells are highly viable, they have been used in numerous studies and
they are commercially available.
The IF protein vimentin is involved in the activation cascade for apoptosis execution
(Nakanishi et al. 2001) and has an antiapoptotic role in oxidative stress-linked apoptosis
(Choi et al. 2003, Toivola et al. 2005). In the present study the vimentin network formed
thinner bundles upon complex I inhibition, whereas the expression of cytoskeletal
proteins was not affected, suggesting that inhibition of complex I has little effect on the
cytoskeletal network. By contrast, inhibition of complex IV and the lack of mtDNA
caused a collapse of the vimentin network around the nucleus but no change in vimentin
expression as assessed by 2-DE. This is in agreement with a previous observation of a
perinuclear collapse of the vimentin network upon a decrease in the mitochondrial
membrane potential (Evans & Simpkins 1998, Dey & Moraes 2000). Vimentin undergoes
stress-induced hyperphosphorylation (Toivola et al. 2005), which leads to alterations in
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its filament structure and a collapse of its network (Inagaki et al. 1996, Sin et al. 1998).
We detected no change in the phosphorylation status of vimentin by 2-DE, however, upon
collapse of the network. Interestingly, the vimentin network seemed more abundant in ρ0
cells and, accordingly, a quantitative increase was observed in vimentin ELISA, a method
that was developed during this work. The difference in sensitivity between 2-DE and
vimentin ELISA may explain why no change in vimentin expression was observed in 2DE.
A severe defect in MRC function, such as that in the ρ0 cells, appears to lead to
collapse of the vimentin network, whereas a mild or moderate MRC deficiency in
myoblasts with 3243A>G leads only to vimentin network disorganization. These findings
suggest a correlation between the degree of vimentin disorganization and the severity of
the MRC defect. The collapse of the vimentin network was independent of the
distribution of the tubulin network, however, as immunolabelling for α-tubulin did not
reveal any changes and incubation with nocodazole, which depolymerises microtubules
(Karbowski et al. 2001), did not prevent the collapse of the vimentin network. MtDNAless ρ0 cells depend on glycolysis for their energy production, but it is unclear whether
the cytoskeletal changes are due to a decrease in cellular ATP, inhibition of protein
synthesis or some other cause. Interestingly, the transcription of vimentin, but not of other
cytoskeletal components, has been shown to increase in the ρ0 cells (Li et al. 1995).
These data suggest that a specific compensatory nuclear response is involved.
In addition to vimentin, two other components of IFs were found to be changed in ρ0
cells. The expression of lamin (LNMB1), localized on the nucleoplasmic side of the inner
nuclear membrane, was induced, whereas, both phosphorylated and an unphosphorylated
form of keratin 8 (KRT8) decreased. This suggests a higher level of oxidative stress upon
OXPHOS inhibition, since oxidative stress is known to cause the induction of lamin
(Petrak et al. 2006) and a decrease in cytokeratins (Chan et al. 2005, Kulawiec et al.
2006). Interestingly, complex IV inhibition affected only keratin 8 phosphorylation, while
the lack of mtDNA reduced its expression. Phosphorylation of keratin IFs affects their
state of assembly and organization and may play a role in cell signalling (Ku et al. 1996,
Ridge et al. 2005) during cell stress and apoptosis (Liao et al. 1995, He et al. 2002, Ku et
al. 2002, Ridge et al. 2005).
A shift in the dynein spot was detected in ρ0 cells upon complex IV inhibition,
indicating that it must be caused by complex IV dysfunction. Immunofluorescence
revealed no change in the tubulin network, however, and 2-DE showed no change in
tubulin upon either complex IV inhibition or a lack of mtDNA in osteosarcoma cells. It
was interesting to note that stathmin was decreased in the ρ0 cells. This protein is
involved in the regulation of MTs, preventing their assembly and promoting their
disassembly (Cassimeris 2002). These findings are somewhat surprising, since oxidative
stress is known to lead to a decrease in β-tubulin expression (Vorum et al. 2004) and
stathmin deficiency to increased MT polymerization (Howell et al. 1999, Iancu et al.
2001, Mistry & Atweh 2001).
Cell stress has been found to increase the stability of F-actin stress fibres and induce
vimentin (Leszczynski et al. 2004). Interestingly, only the lack of mtDNA caused
changes in actin filament proteins in the present study, as actin and its related proteins
were induced in the ρ0 cells. Reduced actin turnover leads to opening of the voltagedependent anion channel, reduction in mitochondrial function, decreased mitochondrial
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membrane potential, increased ROS production and oxidative stress (Posey & Bierer
1999, Odaka et al. 2000, Gourlay et al. 2004, Gourlay & Ayscough 2005a, Gourlay &
Ayscough 2005b), and a low level of ATP also leads to the aggregation of actin (Atkinson
et al. 2004). Thus, the induction of β-actin/γ-actin observed here indicates reduced actin
turnover and decreased ATP and mitochondrial membrane potential upon the lack of
mtDNA. Increased expression of β–actin has also been detected in MERRF cybrids
(Tryoen-Tóth et al. 2003) and that of γ-actin in oxidative stress (Petrak et al. 2006). Thus
the lack of mtDNA, and to some extent complex IV inhibition, may be said to affect actin
and IFs but to have no significant effects on MTs.

6.2.3 Cells with R133C in NOTCH3 and 5650G>A in MTTA
The present material provided an opportunity to study one of a kind fibroblast (FP) and
myoblast (MP) cell lines derived from a patient with CADASIL caused by an R133C
mutation in NOTCH3 and concomitant mitochondrial myopathy caused by 5650G>A in
MTTA. As cytoskeletal changes have been reported previously in CADASIL (Ruchoux et
al. 2003) and we had found cytoskeletal changes in cells with OXPHOS deficiency, we
set out to study the organization of the cytoskeleton in these cells. To avoid artifacts in
the immunolabelling, the cells were allowed to recover for 24 hours after detachment
before fixation and additional attention was paid to the temperature conditions.
Furthermore, as a myoblast cell culture grown from satellite muscle cells may carry wildtype mtDNA even though muscle from the same patient harbours a mutant variant (Fu et
al. 1996, Weber et al. 1997, Hanna et al. 1998, Rahman et al. 1999), care was taken to
verify that the MP cell line did indeed harbour the 5650G>A mutation.
No changes were found in the actin or vimentin networks in the FP and MP cells (III),
whereas the tubulin network was sparse and formed asters, as previously detected in cells
exposed to the anti-mitotic drug colcemid or to low temperature (Osborn & Weber 1976).
Microtubules form a network in which the minus end is anchored at the MTOC, whereas
the more dynamic plus end faces towards the cytoplasm (Honore et al. 2005). During
mitosis two microtubule asters form a mitotic spindle (Rosenblatt 2005), whereas we
detected only one aster in each FP and MP cell. Furthermore, the rate of cell division in
FP and MP cells was similar to or slower than that in the control cells, suggesting that our
findings cannot be explained by an increased rate of mitosis. A putative decrease in ATP
level in the FP and MP cells may have caused increased depolymerization of the MTs or
MT instability, leading to aster formation and the sparse tubulin network. These results
suggest that the asters in the FP and MP cells are a consequence of cellular stress caused
either by the decrease in the activity of the MRC or by a direct effect of the NOTCH3
mutation. Interestingly, the rate of cell division was slower in the MP cells than in the FP
cells, although the changes in the tubulin network were not as severe as in the latter. This
suggests that MP cells are more prone to suffer from MRC deficiency and that the
compensatory intracellular organelle trafficking was not efficient enough for the highenergy-demand myoblasts.

76

6.3 Distribution of mitochondria in cells with OXPHOS deficiency
Mitochondria are connected with MTs and IFs (Heggeness et al. 1978, Couchman &
Rees 1982, Almahbobi et al. 1992, Baumann & Murphy 1995, Yaffe 1996b, Hollenbeck
& Saxton 2005), and it has been shown that upon complex III inhibition the
mitochondrial potential is depolarized, mitochondrial ATP production decreases and
retrograde mitochondrial transport along the MTs increases (Miller & Sheetz 2004). It
was therefore logical to study the organization of mitochondria in the present connection.
Since treatment of cells with 500nM rotenone leads to disruption of the MT network
(Barrientos & Moraes 1999), it was surprising that no changes in the distribution of
mitochondria were found upon complex I inhibition. Alternative mechanisms may be
suggested that could compensate for CI dysfunction such as the actin cytoskeleton in the
movement of mitochondria, and complex II in energy production via the TCA cycle. This
is in agreement with the observed induction of dihydrolipoamide S-acetyltransferase
(DLAT), a component of the pyruvate dehydrogenase complex, upon complex I
inhibition.
Inhibition of complex IV led to a crescent-like formation of mitochondria near the
nucleus, indicating a mitochondrial distribution dysfunction. Furthermore, a disorganized
distribution and accumulation of mitochondria predominantly around the nucleus could
be detected in the ρ0 cells, as previously (Gilkerson et al. 2000, Margineantu et al. 2002).
The movement of mitochondria is inhibited by drugs that uncouple the proton gradient
across the inner membrane and inhibit ATP synthase (Rintoul et al. 2003, Miller & Sheetz
2004). It may be suggested that the decrease in mitochondrial membrane potential led to
collapse of the vimentin IFs and affected the mitochondrial distribution. In addition, the
decrease in the mitochondrial membrane potential upon complex IV inhibition and the
lack of mtDNA may have induced dynein-mediated retrograde transport of mitochondria
towards the nucleus along the microtubules (Yaffe 1999b), since the direction of
mitochondrial dynein-mediated transport has been shown to be dependent on the
mitochondrial membrane potential (Miller & Sheetz 2004). The dynein spot shift in the 2D gel due to post-translational modification or different isoforms, as observed here, might
also be connected with disturbed mitochondrial movement. Interestingly, the
phosphorylation of dynein is thought to act as a switch for dynein-based motility of
organelles (King 2000). Our results nevertheless point to the induction of different
isoforms, as the spot shift occurred not only in the pI, but also in the molecular weight.
It was significant that the mitochondria were less uniformly spread and less abundant
in the FP and MP cells with R133C in NOTCH3 and 5650G>A in MTTA than in the
corresponding control cell lines. Mitochondria are transported along microtubule rails
from the centre of the cell to the periphery in a process that requires the hydrolysis of
ATP (Yaffe 1999b). If organelle trafficking along the tubulin network is compromised,
the actin network can assume this role (Morris & Hollenbeck 1995). Even though the
mitochondria were sparse, the branches of the mitochondrial network were more
prominent in the FP and MP cells, suggesting that they were still distributed along the
sparse tubulin network. Consistent with this proposal, no changes in the actin network
were observed in the FP and MP cells. Although the FP cells expressed more prominent
changes in the tubulin network than the MP cells, the higher energy demand of the latter
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may explain their more distinct changes in mitochondrial distribution. These findings
suggest that a decrease in the level of ATP may be the cause of the cytoskeletal changes
in the FP and MP cells.

6.4 The proteome in OXPHOS-deficient osteosarcoma cells
Two-dimensional gel electrophoresis is a powerful method to study quantitative changes
in several hundred proteins at once and it enables the study of post-translational
modifications, e.g. phosphorylation, of these proteins. 2-DE was used here to perform
comparative proteomics in order to enlarge insight into unexpected consequences of the
OXPHOS dysfunction in the osteosarcoma cells. In addition, 2-DE was used as a
reference method to see whether changes in the vimentin expression demonstrated by the
vimentin ELISA could also be detected by this method. This study showed that while 2DE is a feasible method for large scale proteomic screening, it is not as sensitive method
as ELISA for detecting small changes in the protein expression. A critical step during 2DE analysis seemed to be the adjustment of the conditions so that all changes in the
studied proteome could be detected without losing information on any of the proteins.
Furthermore, a drawback of 2-DE was that it did not differentiate the changed proteins to
the ones contributing to the OXPHOS dysfunction and to the ones just compensating.
Rotenone treatment is known to cause a mild decrease in mitochondrial membrane
potential, cell respiration and the ATP level and an increase in ROS production and
apoptotic cell death (Barrientos & Moraes 1999, Li et al. 2003). Induction of the DLAT
subunit of pyruvate dehydrogenase was observed after complex I inhibition and in the
mtDNA-less ρ0 cells, indicating compensation for complex I dysfunction via the TCA
cycle and complex II. Induction of pyruvate dehydrogenase subunits has also been
detected in MERRF cybrids (Tryoen-Tóth et al. 2003) and in cells subjected to oxidative
stress (Seong et al. 2002). No changes were detected in the expression of subunits of
complex I and complex II upon complex I inhibition, whereas their expression was
influenced by inhibition of complex IV. Decreased expression of complex I and complex
II subunits indicates that the upstream complexes may also be inhibited upon complex IV
dysfunction. Interestingly, decreased expression of complex I and complex IV subunits
has been observed in MELAS and MERRF cybrids (Rabilloud et al. 2002, Tryoen-Tóth
et al. 2003). These results suggest that osteosarcoma cells with mild or moderate
OXPHOS deficiency have compensative pathways to cope with mitochondrial
dysfunction.
The induction of proteins involved in translation and RNA processing, such as
elongation factor Tu and eukaryotic initiation factors, was observed, and also a decrease
in triosephosphate isomerase, as previously reported in oxidative stress (Seong et al.
2002, Chan et al. 2005, Douette et al. 2005). In addition, there was a shift of HNRPK, a
pre-mRNA binding protein, in the 2-DE gel due to the induction of two of its isoforms.
Interestingly, oxidative stress has also been shown to cause the induction of HNRPK
(Seong et al. 2002). Complex I inhibition causes an increase in ROS production and
mitochondrial membrane lipid peroxidation (Barrientos & Moraes 1999), while a lack of
mtDNA results in the inhibition of various mitochondrial respiratory chain complexes,
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increasing ROS production. Oxidative stress leads to the induction of redox regulators
such as peroxiredoxins (Seong et al. 2002, Chan et al. 2005), and accordingly
peroxiredoxin 3 induction was observed here in the ρ0 cells, accompanied by a decrease
in proteins involved in apoptosis control and translation and an increase in the heat shock
protein mortalin-2, in agreement with previous observations (Joseph et al. 2004,
Chevallet et al. 2006). In some cases partial or complete loss of mtDNA makes cells
more resistant to apoptosis (Dey & Moraes 2000), but the present results suggest that the
mtDNA-less ρ0 cells were subject to severe oxidative stress and putatively apoptosis.

6.5 Mitochondrial aberrations in the patient with R133C
in NOTCH3 and 5650G>A in MTTA
A muscle biopsy may reveal a number of findings applying to mitochondrial diseases,
such as RRFs, COX-negative fibres, MRC deficiencies and enlarged, abnormal
mitochondria with dense cristae and paracrystalline inclusions (Taylor et al. 2004).
Recent studies have suggested a mitochondrial aberration in the muscle of CADASIL
patients (de la Peña et al. 2001, Malandrini et al. 2002, Dotti et al. 2004). In the present
work COX-negative muscle fibres and RRFs were identified in the patient with R133C in
NOTCH3 and 5650G>A in MTTA, suggesting a mitochondrial dysfunction. The
frequency of RRFs was 3% in the muscle of this patient, clearly higher than the
frequency of <1% that may be detected in a healthy person over the age of 50 years
(Bernier et al. 2002). Single-fibre analysis of muscle from patients with 3243A>G has
revealed differences in mutation load among the cells (Larsson & Oldfors 2001), with the
RRFs usually displaying a higher proportion of the mutant mtDNA than the histologically
normal fibres (Petruzzella et al. 1994, Houshmand et al. 1996, Mita et al. 1998, Ozawa et
al. 1998, Houshmand et al. 1999). The same method was employed here to confirm the
pathogenic potential of the 5650G>A mutation, and the mutation heteroplasmy was
indeed found to be higher in the COX-negative fibres and RRFs than among the
histologically normal fibres. A contribution from the 5650G>A mutation to these
cytoskeletal aberrations in myoblasts was thus possible.

6.6 MtDNA sequence variation in patients with CADASIL
Mitochondrial aberrations have been observed in CADASIL (see sections 2.3.2.4 and 6.5)
and a connection between NOTCH3 and mitochondria has been suggested previously
(Finnilä et al. 2001a). NOTCH3 gene expression in adults is restricted to VSMCs and
pericytes alone (Dichgans et al. 2002, Joutel et al. 2004), and the precise function of the
Notch3 protein in human adult tissues has not yet been elucidated. The mutant Notch3,
however, may affect the mtDNA or the functioning of the mitochondria (de la Peña et al.
2001) in all tissues, since the NOTCH3 gene is expressed in all human cells in the
embryonic phase (Artavanis-Tsakonas et al. 1999, De Strooper et al. 1999, Brou et al.
2000, Mumm et al. 2000).
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The present work set out to test the hypothesis that NOTCH3 contributes to mtDNA
maintenance and that mutations in it increase the frequency of mutations in mtDNA. Here
the Finnish health care system enabled us to study all 77 Finnish CADASIL patients from
20 pedigrees identified at that time. Since this series included only adults, and since
CADASIL is underrecognized and underdiagnosed, it is very likely that not all the
possible Finnish carriers of a mutation in the NOTCH3 were included. The prevalence of
CADASIL in Finland is estimated to be 4/100,000 (Kalimo et al. 2002), and so far, over a
hundred individuals with a mutation in NOTCH3, belonging to 21 pedigrees, have been
identified.

6.6.1 Increased mtDNA sequence variation in CADASIL patients
The present study showed that mtDNA haplogroups H and V were more frequent in the
41 maternal CADASIL lineages than among the controls. An ascertainment bias is
unlikely, as the number of cases and controls was fairly large and the majority of the
cases originated from the same geographical area as the controls (Finnilä et al. 2001b,
Mykkänen et al. 2004). Interestingly, haplogroups H and V have been found to be less
frequent in Finnish nonagenarians than among middle-aged subjects and infants (Niemi
et al. 2003), suggesting that they may harbour a mildly deleterious variation.
The mtDNA sequence variation in CADASIL patients included the pathogenic
heteroplasmic mutation 5650G>A and the putatively pathogenic homoplasmic mutations
5618T>C in MTTA and 9777G>A in MTCO3. The 5618T>C mutation affected
nucleotide position 41 in the anticodon stem of tRNAAla, a position which is considered
to be conserved (compilation of mammalian mitochondrial tRNA genes, http://mamittrna.u-strasbg.fr). Furthermore, an analysis of tRNA sequences in 477 Finns and 435
European subjects has shown that the anticodon stem is the most conserved of the various
tRNA domains (Vilmi et al. 2005) and an evaluation of pathogenic tRNA mutations listed
on MITOMAP has shown that the anticodon stem is a hot spot (McFarland et al. 2004).
The second putatively pathogenic mutation was 9777G>A in MTCO3, leading to the
replacement Gly191Ser in the COX III subunit. The amino acid in position 191 is
conserved and is located within an N-myristoylation site and adjacent to the C-terminal
end of a CK2 phosphorylation site. Another novel non-synonymous mutation was in the
MTATP6 gene, but the respective amino acid is located in a non-conserved region, and
therefore the mutation is likely to be non-pathogenic.
The maternal lineages in the CADASIL pedigrees showed more nucleotide sequence
diversity than their haplogroup-matched healthy controls, suggesting that mtDNA
sequence variation is increased in CADASIL patients. The discrepancies observed could
be due to differences in haplogroup frequencies between CADASIL patients and controls,
since lineage-specific differences in sequence diversity have been demonstrated in
European mtDNA (Moilanen et al. 2003). The resampling procedure should have
accounted for such differences, however. Further consideration should be given to the
possible contribution of the case finding methods to the differences in nucleotide
sequence diversity, since the CADASIL patients were ascertained in a pedigree setting,
whereas the controls were anonymous blood donors. Thus each matrilineal CADASIL

80
pedigree in the analysis of sequence diversity was represented by a single haplotype,
whereas it is possible, although implausible, that multiple samples were obtained from
some pedigrees among the controls assuming that the habit of donating blood runs in
families. Such a difference in the case finding methods would nevertheless tend to
underestimate the nucleotide diversity indices of the CADASIL patients, because the
sequence differences between pedigree members (IV: Figure 3) were ignored.

6.6.2 MtDNA mutation rate in CADASIL patients
As comparison of partial coding region sequences has previously revealed differences in
mtDNA between maternal pedigree members (Howell et al. 1995, Howell et al. 1996),
the complete mtDNA coding region sequence was determined here for the 77 CADASIL
patients from 41 maternal lineages, leading to the detection of 4 newly arising mutations
in 56 transmissions. These figures enabled us to calculate the mtDNA mutation rate,
which was found to be 0.23 mutations/bp/MYR. A similar study of complete coding
region sequences in patients with LHON has yielded four newly arising mutations in 170
transmissions, giving a considerably lower rate of 0.07 mutations/bp/MYR (Howell et al.
2003). Only partial coding region sequences have been determined in healthy subjects so
far (Cavelier et al. 2000), and thus no comparable mutation rate is available. Estimates
for the mutation rate in the mtDNA control region of healthy subjects vary between 0.21
and 2.5 mutations/bp/MYR (Parsons et al. 1997, Cavelier et al. 2000, Sigurðardóttir et al.
2000), but that in the control region is known to be higher than that in the coding region
(Howell et al. 2003), and thus these estimates cannot be used for comparison.
The heteroplasmic change 5650G>A was included in our mutation rate estimate, while
some have included only homoplasmic changes (e.g. Cavelier et al. 2000). It is not clear
how to weight heteroplasmy in the derivation of an estimate for the substitution rate,
however, as individuals may display somatic heteroplasmy and the fate of heteroplasmic
changes in descendents is not well understood. Furthermore, it seems that the pedigree
mutation rate is higher than the phylogenetically derived rate (Howell et al. 2003). Most
pedigree mutation rates seem to be based on results obtained by mtDNA sequencing,
suggesting that some part of the difference between these and phylogenetically derived
rates could be due to phantom mutations (Bandelt et al. 2001). Thus it would be
recommendable to verify the status of each nucleotide position that differs between
matrilineal family members by some other method in addition to sequencing in order to
obtain a more reliable pedigree mutation rate.
Three substitutions were found here to vary among maternal members of pedigree H:
12630G>A, 13827A>G and 13928G>C (IV: Figure 3). The presence of 12630G>A and
13928G>C was verified by cloning of DNA from patients 15 and 16. An analysis of the
fragments cloned from patient 16 revealed a small proportion of the wild-type allele and,
interestingly, an analysis of cloned fragments from a control subject harbouring the wildtype allele revealed a similar small proportion of the mutant allele. Such a finding may
suggest instability in these nt positions, and wobbling in their status could provide a
mechanism for the variation observed in pedigree H. Interestingly, the three variant nts
were all located in the MTND5 gene. Evolutionary analyses of human mtDNA have
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shown that the carboxyterminal end of this gene is fairly non-conserved (Moilanen &
Majamaa 2003), suggesting that positions 13827 and 13928 may be less constrained. The
presence of the three mutations within 1,300 nucleotides of mtDNA may also suggest that
a recombination event has taken place in pedigree H. Recent data have shown that
recombination occurs in human mtDNA, although rarely (Kraytsberg et al. 2004, Sato et
al. 2005, Zsurka et al. 2005).

6.7 Interaction between the nucleus and mitochondria
in OXPHOS deficiency
The function of vimentin is not well known, although it evidently plays a role in
lipoprotein-derived cholesterol metabolism (Sarria et al. 1992), neuritogenesis (Shea et
al.1993) and formation of the GFAP network (Galou et al. 1996). It is predominantly
expressed in mesenchymal cells, but vimentin knockout mice develop and reproduce
normally (Colucci-Guyon et al. 1994). The pathophysiological consequences of a lack of
vimentin and disorganization of the vimentin network are probably different, however.
Ageing is thought to be caused by a gradual increase in ROS production and
mitochondrial dysfunction (Wickens 2001). Interestingly, ageing also leads to increased
expression of vimentin (Nishio et al. 2001). Previous studies (e.g. Welch & Suhan 1985,
Klymkowsky 1988) and the present one suggest that the vimentin network may have an
important role in cells under stress conditions.
In the present work, studies on three OXPHOS deficiency events in human
osteosarcoma cell lines pointed to distinct alterations in protein expression and
modification and in the organization of cytoskeletal components and distribution of
mitochondria. Osteosarcoma cells with complex I or complex IV deficiency are likely to
have compensative pathways to cope with mitochondrial dysfunction. Furthermore, our
results regarding mtDNA-less ρ0 cells suggest that these suffered from severe oxidative
stress. Remodelling of the cytoskeleton is a fundamental process in many eukaryotic cells
(Gourlay & Ayscough 2005a), especially under oxidative stress, which leads to disruption
and loss of MFs, MTs and vimentin IFs (Allani et al. 2004), collapse of mitochondria and
vimentin IFs around the nucleus (Welch & Suhan 1985) and induction of vimentin
(Nishio et al. 2001). Interestingly, the present changes in the cell proteome were similar
to those reported previously in oxidative stress, e.g. changed expression of vimentin,
lamin B1, β-actin, γ-actin, keratin 8, elongation factor 1A, HNRNP-G, dynein,
triosephosphate isomerase, threonyl tRNA synthase and peroxiredoxin 3 (Clarkson et al.
2002, Goswami et al. 2003, Paron et al. 2004, Petrak et al. 2006). The present findings in
OXPHOS-deficient osteosarcoma cells suggest a connection between cytoskeletal
changes and deficiency in the energy converting system under oxidative stress.
The results point to two hypotheses for how NOTCH3 may lead to an increase in
mtDNA mutations. The first proposes that a mutation in NOTCH3 may lead to decreased
mitochondrial oxidative phosphorylation and an increased amount of oxidative radicals
and secondary mutations in mtDNA. Interestingly, mitochondrial SOD is upregulated in
cultured human VSMCs from CADASIL patients (Ihalainen et al., personal
communication). If such secondary mutations were to arise in germline cells, they would
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lead to an increase in mtDNA sequence variation in CADASIL patients. The second
hypothesis suggests that NOTCH3 mutation changes the size of the genetic bottleneck
during oogenesis and increases the chance of new mutations emerging in the offspring. A
bottleneck between the ovum and embryo allows only a minority of maternal mtDNAs to
populate the foetus (DiMauro & Schon 2003). Studies on mice with heteroplasmic
mtDNA mutations have shown that at least three loci on chromosomes 2, 5 and 6 are
linked to mtDNA segregation (Battersby et al. 2003), and errors in such mechanisms
could result in a leakage of novel mutations into the germ line. Furthermore, these may
include pathogenic mutations such as 5650G>A, which could explain the mitochondrial
aberrations and changes in the distribution of the tubulin network and the mitochondria.
A decrease in mitochondrial oxidative phosphorylation may compromise cell functions
that depend on a continuous energy supply, such as the intracellular transportation of
mitochondria. Furthermore, cytoskeletal changes have been observed in cells with
decreased MRC activity (Barrientos & Moraes 1999, Allani et al. 2004). Intriguingly, the
activities of mitochondrial respiratory chain complexes I, IV and V have been shown to
have decreased in a Spanish family with CADASIL and with no common mtDNA
mutation (de la Peña et al. 2001), suggesting that decreased OXPHOS in CADASIL
patients may be due to NOTCH3 mutation. In consequence, the changes in the tubulin
network and mitochondrial distribution in FP and MP cells cannot be explained solely by
the 5650G>A mutation in mtDNA. Furthermore, mitochondrial tubulin has been shown
to be connected with MPTP (Carré et al. 2002) and it has been suggested that MTs may
have a role in the regulation of mitochondrial respiration (Appaix et al. 2003). It therefore
remains to be elucidated whether NOTCH3 affects the mitochondria via MTs or vice
versa.

7 Conclusions
The cytoskeletal organization was studied in myoblasts with a known 3243A>G mutation
leading to MELAS. The vimentin filaments were found to have been disturbed by
randomization of their direction and length, whereas no changes were observed in the
actin, desmin or tubulin networks. Population growth was decreased in these cells, but
there was no increase in apoptotic cell death. The findings suggest a role for vimentin in
the pathogenesis of mitochondrial diseases, although the role of the findings in
postmitotic tissues was not elucidated here.
Cellular responses to OXPHOS deficiency are described in osteosarcoma cells upon
complex I or complex IV inhibition (with or without nocodazole), and in cells lacking
mitochondrial DNA. The organization of the vimentin network was altered in these
situations, and the distribution of vimentin upon the inhibition of complex IV was
independent of the tubulin network. Furthermore, the amount of vimentin increased only
in mtDNA-less osteosarcoma cells. The mitochondria were situated perinuclearly upon
complex IV inhibition and lack of mtDNA, whereas complex I inhibition had no effect on
their distribution. Analysis of the total proteome revealed that a lack of mtDNA or
inhibition of complex I or complex IV led to changes in the expression of cytoskeletal
proteins and proteins involved in apoptosis, OXPHOS, glycolysis, the tricarboxylic acid
cycle and oxidative stress response. These data suggest that a specific compensatory
nuclear response is involved in OXPHOS deficiency, and that a correlation exists
between the degree of vimentin disorganization, the distribution of mitochondria and the
severity of the OXPHOS defect.
Previous observations of mitochondrial aberrations in CADASIL patients led us to
examine further the pathogenic roles of 5650G>A and R133C on the basis of a unique
patient with CADASIL caused by R133C and a concomitant myopathy caused by
5650G>A. Muscle histology findings and single-fibre analysis supported the
pathogenecity of 5650G>A. Immunolabelling showed that the tubulin network was
sparse and formed asters in cells with R133C and 5650G>A, whereas no changes were
found in the actin and vimentin networks. Furthermore, mitochondria were less abundant
and the branches of the mitochondrial network were reduced in number. However, as
both R133C and 5650G>A may affect the function of OXPHOS, it was impossible to
elucidate whether these findings were attributable to one or the other of these two
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mutations or both together. Further investigations would be needed to distinguish the
cytoskeletal changes caused by R133C and 5650G>A. Interestingly, the cells with R133C
and 5650G>A differed from those with 3243A>G and from the osteosarcoma cells with
OXPHOS deficiency, where changes in vimentin and perinuclearly situated mitochondria
were the predominant findings.
Since a connection had been suggested previously between NOTCH3 and mtDNA,
mtDNA sequence variation was studied here in CADASIL patients. The nucleotide
diversity indices showed that this variation was higher in such patients than among
controls, and the mtDNA coding region mutation rate was also increased by comparison
with previously observed rates. Also, the maternal relatives in two CADASIL pedigrees
differed in their mtDNA. These findings further suggest an association between
NOTCH3 and mtDNA, and it may be proposed that NOTCH3 increases mtDNA
sequence variation, including neutral substitutions as well as pathogenic ones, e.g.
5650G>A.
The main goal of this work was to study the changes in cell phenotype caused by
disturbances in mitochondrial energy production, and to examine the connection between
mtDNA and NOTCH3. All in all, this thesis emphasizes that every stress event or
dysfunction in OXPHOS has a unique cellular response, a “fingerprint”, in terms of
protein expression, the organization of the cytoskeleton and distribution of the
mitochondria. Further studies would be needed to establish the diagnostic role of these
“fingerprints” in mitochondrial diseases.
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