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Abstract

Finding the genetic causes leading to phenotypes of mitochondrial diseases is challenging because
of heterogeneity of the disorders and variety of the underlying biochemical defects. In adults,
many of the manifestations of mitochondrial diseases cannot be distinguished from the
neurodegenerative processes associated with old age. A single mutation or mutations within the
same gene can result in a broad range of disorders. Conversely, clinically similar, monogenic
disorders may be caused by genes which are governing entirely different cellular pathways. This
study investigated the genetic etiology underlying certain symptoms which are characteristic for
mitochondrial syndromes, or mimics of the mitochondrial ones. In the first project, we presented
the contribution of genetic variation in the Wolfram Syndrome 1 gene to the risk of diabetes
mellitus and sensorineural hearing impairment. We also estimated the frequency of a rare
pathogenic variation in WFS1. The second project detected a link between the complex phenotype
of age-related hearing impairment and the WFS1 gene. Monogenic forms of ARHI are extremely
rare and we succeeded in recognizing one Mendelian form of the trait. The third project confirmed
the Mitofusin 2 gene causality in the outlier phenotype of Charcot-Marie-Tooth disease. The fourth
project described a Finnish family with two affected siblings with adult-onset ataxia, diabetes
mellitus, and hypergonadotropic hypogonadism. The found novel mutation in mtDNA,
m.8561C>G, was located in the overlapping region of two mitochondrial genes and resulted in an
impaired assembly and dysfunctional energy production of mitochondrial ATP synthase. This
thesis expands our knowledge about complex neurological phenotypes and identifies not only
some causative genes but also outlier phenotypes, which should be noted in clinical practice.

Keywords: age-related hearing impairment, mitochondrial disorders, mitochondrial
DNA, neuromuscular disorders, WFS1 gene
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Tiivistelmä

Perintötekijät mitokondriaalisten ja niiden kaltaisten tautien taustalla ovat vaikeasti tunnistetta-
vissa. Tautien kirjo on valtava, ja niihin johtavat biokemialliset syyt ovat moninaisia. Aikuisten
mitokondriotaudit voivat jäädä diagnosoimatta, koska oireet voivat peittyä vanhenemiseen liitty-
viin neurodegeneratiivisiin prosesseihin. Sama mutaatio tai eri mutaatiot samassa geenissä voi-
vat johtaa kliinisesti täysin erilaisiin ilmiasuihin. Toisaalta, kliinisesti samankaltaiset taudit voi-
vat olla geneettisesti ja solubiologiallisesti kirjavia. Tässä tutkimuksessa selvitetään geneettistä
etiologiaa tiettyjen mitokondriaalisille ja niiden kaltaisille taudeille tyypillisten oireiden taustal-
la. Ensimmäisessä osajulkaisussa tunnistetaan geneettisiä riskivariantteja Wolfram Syndrome 1 -
geenissä diabeteksen ja kuulonaleneman taustalta. Lisäksi tutkimuksessa estimoidaan harvinai-
sen tautia aiheuttavan variaation määrää kyseisessä geenissä. Toinen projekti esittelee suomalai-
sen perheen, jossa myöhään alkaneen kuulonaleneman, ikäkuulon, geneettinen syy paljastuu
WFS1-geenistä, jota ei aiemmin ole liitetty kyseiseen ilmiasuun. Yhden geenin aiheuttamat ikä-
kuulotapaukset ovat todella harvinaisia, koska ikäkuulo on monimutkainen kokonaisuus, johon
ympäristötekijöillä on suuri vaikutus. Kolmas osajulkaisu kuvaa potilastapauksia, joiden ilmi-
asu on epätyypillinen Charcot-Marie-Toothin neuropatia. Tautigeeni on tunnettu Mitofusin 2,
mutta sen aiheuttaman taudinkuvat ovat yleensä vakavampia ja varhain alkaneita. Viimeinen
osajulkaisu kuvaa suomalaisen perheen, jonka kahden oireisen sisaruksen taustalta löytyy mito-
kondriaalisen DNA:n uusi mutaatio, joka sijaitsee kahden geenin alueella muuttaen niiden
molempien lopputuotetta. Mutaation, m.8561C>G, osoitetaan vaikuttavan mitokondriaalisen
ATP-syntaasin rakentumiseen ja energiatuotantoon. Tämä väitöskirja laajentaa geneettistä tietoi-
suutta neurologisten tautien taustalla ja esittelee uusia geneettisiä syitä ja ilmiasuja, jotka tulisi
huomioida kliinisessä työssä terveydenhuollossa.

Asiasanat: ikäkuulo, mitokondriaalinen DNA, mitokondriotaudit, neuromuskulaariset
taudit, WFS1-geeni
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1 Introduction 

Mitochondria are cell organelles which were discovered by Jacob Henle as the first 

intracellular structures in the 1840s. They were named bioblasts by Richard 

Altmann in the 1890s (Altmann 1894), who described them as elementary 

organisms living inside the cell not knowing that his assumption would later be 

accepted in the endosymbiotic theory of the origin of mitochondria (Sagan 1967). 

In the 1950s, the structure of mitochondria was visualized with high-resolution 

microscopic techniques (Palade 1953, Sjostrand 1953). Mitochondria are oval-

shaped, double membranous organelles which have outer and inner mitochondrial 

membranes (OMM and IMM), an intermembrane space, and the mitochondrial 

matrix which is the inner content of the organelle. The IMM is bended into 

structures called cristae. The most important function performed by mitochondria 

is cellular respiration. Mitochondria are found in almost all eukaryotic cells but 

their abundance varies depending on the cell’s energy requirements. Some tissues 

have a high energy consumption and they are commonly the most severely affected 

when mitochondria are dysfunctional. Mitochondria have their own compact 

genome, mtDNA, consisting of 37 genes essential for the majority of eukaryotic 

cells, but they have lost a part of their genome and are thus incapable of independent 

life. 

Since mitochondria play such an invaluable role in the normal functioning of 

the cell, it is not surprising that cells are extremely vulnerable to dysfunctions of 

these complex organelles. Consequently, mitochondrial disorders are a rapidly 

expanding entity and might be a result from a defect in either of the two genomes. 

The first evidence of mtDNA causality in neuromuscular disorders was recognized 

in 1988 (Wallace et al. 1988, Zeviani et al. 1988). In addition to the mtDNA, 

nuclear genes affecting the function of mitochondria are a well-established cause 

of mitochondrial disorders. However, the recognized nuclear genes are to date only 

a fraction of the true number of mitochondrial associated genes. Mitochondrial 

disorders may appear at any age and in any organ and involve a remarkable number 

of biochemical pathways. These disorders can be fatal or simply mild defects with 

normal life expectancy.  

The goal of this thesis was to discover genetic causes underlying specific 

neurological symptoms or syndromes in the Finnish adult population. Inherited 

mitochondrial diseases in adults are among the most common inherited 

neurological disorders and these diseases pose an enormous challenge to clinicians. 

Mitochondrial dysfunction is also under of special interest in the field of 
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neurodegenerative processes of old age. Because of the variety of phenotypes and 

genotypes, mitochondria-related disorders can be difficult to recognize. Successful 

identification of genetic causes behind these disorders is required for the 

development of efficient treatments. Therefore, it is beneficial to identify every rare 

phenotype and genotype as this will increase the number of pieces in the fascinating 

interdisciplinary jigsaw puzzle picturing the mitochondria. 
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2 Review of the literature 

2.1 Mitochondria and their function 

2.1.1 Energy production 

Mitochondria are often described as the batteries or the power stations of eukaryotic 

cells. Their main function is to produce energy by forming a chemical compound, 

adenosine triphosphate (ATP). The energy of ATP is stored in bonds and it can be 

released by hydrolyzing the phosphates. Hydrolysis causes a breakdown of the 

anhydride bonds, which requires energy. However, the formation of other bonds 

releases more energy than required for the breakdown. The sequential reaction 

series which allows the substantial ATP production in mitochondria is oxidative 

phosphorylation (OXPHOS). The reactions are carried out by enzyme complexes 

I-V located in the IMM.  

2.1.2 Electron transport chain and oxidative phosphorylation 

Complex I, NADH dehydrogenase, is the largest of the complexes with a molecular 

mass of ~ 1000 kDa. The starting point of the electron transport chain, and 

OXPHOS, is the donation of two electrons in the oxidation of NADH to NAD+. 

These electrons are then transferred to ubiquinone, reducing it to ubiquinol. During 

the transfer process, protons are pumped from the mitochondrial matrix into the 

intermembrane space. The second enzyme complex is succinate dehydrogenase 

which oxidizes FADH to FAD+. Complex II is the smallest of the complexes with 

a mass of 123 kDa consisting only four subunits. The next enzyme is cytochrome 

c reductase, complex III, an enzyme of 500 kDa, which oxidizes ubiquinol and 

reduces cytochrome c molecules, helping to maintain the proton gradient between 

the membranes. Complex IV, cytochrome c oxidase, transfers the electrons to the 

final acceptor, oxygen. Oxygen is reduced to water in this reaction. Complex IV is 

the second smallest complex with a molecular mass of ~ 230 kDa. Complex IV 

ends the electron transport and it further contributes to the proton gradient. 

Mitochondrial ATP synthase, complex V, acts as the final step of the OXPHOS. The 

reaction catalyzed by complex V is phosphorylation of ADP to ATP which is carried 

out using the proton gradient as the driving force. The attachment of ADP molecule 

and orthophosphate along with the release of an ATP molecule require sequential 
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conformational changes of complex V. The size of complex V is 700 kDa, making 

it the second largest complex involved in OXPHOS. The number of ATP molecules 

produced via oxidative phosphorylation is 30-36 per single molecule of glucose. In 

contrast, glycolysis produces only two ATP molecules underlining the efficiency of 

aerobic respiration. 

The enzymes are made up of many subunits, and the assembly of the subunits 

requires many accessory proteins. Complex II is a small four-subunit enzyme 

consisting only nuclear subunits. The great majority of the subunits are encoded by 

the nuclear genome which encodes as many as 38 proteins for complex I and ten 

subunits for both complex III and IV. Complex V includes at least fourteen subunits 

of nuclear origin. MtDNA encodes seven subunits of complex I, one of complex 

III, three subunits of complex IV and two of complex V.   

2.1.3 Assembly and function of complex V  

Complex V phosphorylates ADP to ATP; it is also capable of undertaking the 

reverse reaction, i.e. ATP hydrolysis. The theory of the mechanism underlying ATP 

production was developed by Paul D. Boyer (Boyer et al. 1973) who later shared 

the Nobel Prize in 1997 with John E. Walker, the inventor of crystallized structure 

of the F1 domain from bovine heart mitochondria (Abrahams et al. 1994). The 

crystallization supported the conformation change theory of Boyer. The ATP 

synthesis requires a rotation of the gamma subunit, which leads to conformational 

changes in the nucleotide and inorganic phosphate binding sites of F1.  

Complex V includes two functional domains, F1 and Fo. MtDNA encodes two 

subunits of Fo, subunit a by MT-ATP6 and subunit A6L by MT-ATP8. The F1 domain 

is formed by five subunits α, β, γ, δ, and ε. Fo contains 11 subunits in addition to 

the mitochondrial units. Complex V can be assembled into the intermediates which 

contain the F1 domain (Carrozzo et al. 2006). The smallest intermediate includes 

only the catalytic F1 domain, and the following intermediate contains also inhibitor 

protein IF1. The largest assembly intermediate is formed with the c-ring (Carrozzo 

et al. 2006, Fujikawa et al. 2015). A recent study indicated that while the F1-c-ring 

is assembled, another major intermediate containing b, e, and g subunits of Fo is 

built (Fujikawa et al. 2015). In patients with mutation in either of the mitochondrial 

subunits have shown to result in accumulated complex V assembly intermediates 

as well as abnormal sub-assemblies (Jonckheere et al. 2008, Nijtmans et al. 2001). 

Monomeric complex V is a fully functional enzyme. However, the oligomerization 

stabilizes the complex (Wittig & Schagger 2009). Furthermore, oligomerization 
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contributes to ATP synthesis because of the structural changes that it evokes by 

bending the IMM (Strauss et al. 2008). Oligomerization of complex V is reduced 

drastically without mitochondrial subunits in rho zero cells (Wittig et al. 2010). 

However, even the tetrameric form could still be detected suggesting that subunits 

a and A6L become attached during the final phase. 

 

Fig. 1.  Assembly of mitochondrial ATP synthase, complex V. The illustration has been 

drawn based on previous articles (Fujikawa et al. 2015, Jonckheere et al. 2012). 

2.1.4 Other functions of mitochondria 

Citric acid cycle and beta oxidation of fatty acids 

The cytosolic process for releasing energy from glucose in glycolysis generates 

pyruvate as the final product. Decarboxylation of pyruvate, a reaction that is carried 

out after glycolysis, produces acetyl-CoA molecules. These molecules enter into 

the citric acid cycle in the mitochondrial matrix. During the cycle, energy-rich GTP 

and electron carriers NADH and FADH2 for OXPHOS are formed in addition to 

the waste product, CO2.  In order to use the energy stored in fatty acids, they have 

to be degraded via beta oxidation. The process is also located in the mitochondrial 
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matrix. The final product in beta oxidation is acetyl-CoA which can be further 

utilized in the citric acid cycle. 

Signaling 

Mitochondria are involved in calcium signaling, and calcium is an essential 

regulator and stimulator of OXPHOS (Rizzuto et al. 2008). Ca2+ ions are required 

for activation of three enzymes in mitochondria, alpha-ketoglutarate, isocitrate 

dehydrogenase and pyruvate dehydrogenase. The proton gradient generated via 

electron transport chain supports the calcium accumulation in the mitochondrial 

matrix. Calcium transport between the endoplasmic reticulum and mitochondria 

requires a connection; one component involved in the formation is mitofusin 2, a 

central protein in mitochondrial dynamics. Dysfunction of mitofusin 2 results in 

Charcot-Marie-Tooth disease, a common form of inherited neuropathy, which will 

be described in detail later.  

The process of programmed cell death i.e. apoptosis is another signaling entity 

in which the mitochondria have an important role (Galluzzi et al. 2012, Rizzuto et 

al. 2008). Different pathways of cell death have been identified and mitochondria 

are involved in at least three of these pathways; extrinsic apoptosis, intrinsic 

apoptosis, and regulated necrosis (Galluzzi et al. 2012). 

2.2 Mitochondrial DNA 

Mitochondria have their own DNA referred to as mtDNA, which has been found in 

the 1960s (Nass & Nass 1963). The double-stranded circular molecule consists of 

37 genes encoding 13 proteins needed in the respiratory chain complexes, 22 tRNA 

and 2 rRNA molecules. The genes are located in one or the other of the strands, 

classified as light chain (L) and heavy chain (H), which differ in their composition 

with respect to guanine. The first mtDNA sequence of 16 569 base pairs was 

published in 1981 (Anderson et al. 1981), and revised in 1999 (Andrews et al. 

1999). The latter sequence was soon recognized as the official reference for mtDNA 

analysis, and was designated as the revised Cambridge reference sequence (rCRS) 

(Andrews et al. 1999). Usually in the analysis of sequences, the used reference 

sequence is the consensus sequence, which represents the most common form of 

all sequenced individuals. That is not the case with mtDNA. All variants are named 

in relation to the position in the rCRS. Because rCRS itself contains several rare 

variants, almost every sequence differs from it in those positions. Indeed, rCRS 
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contains also one gap because of the nomenclature of the found variants. Many 

variations had already been named based on the old sequence, and to avoid 

misinterpretation concerning the positions, a gap was included in the revised 

version. In fact, the correct sequence is 16 568 base pairs in length. The genetic 

code in human mitochondria differs from the universal one (Anderson et al. 1981). 

The codons AGA and AGG code for arginine in the standard code, but in the 

mitochondria they are termination codons. The codons for methionine and 

tryptophan, AUA and UGA, in mitochondria are codons for isoleucine and 

termination in nucleus. 

According to the theory of their evolution, mitochondria had been ancient 

bacteria that had been adopted or engulfed by a cell (Sagan 1967). A unique form 

of symbiosis was created and over time, mitochondria lost their capability of 

independent life but instead they make essential contributions to the functions of 

the eukaryotic cells. Mitochondrial genes do not contain introns that are common 

among prokaryotes. Only a small fraction of mtDNA is non-coding. Remarkable 

sequence similarities can still be seen between mtDNA and bacterial genomes. 

MtDNA mutates rapidly from an evolutionary point of view. The earliest 

estimate of mutation rate in higher primates has been calculated to be 0.02 

substitutions per site in one million years (Brown et al. 1979). This equals ~ 330 

substitutions per mitochondrial genome over that period of time and it is ten-fold 

than that in the nuclear genome. Subsequent studies have reported variable 

estimates of the mutation rate and their region-specific differences; human 

population history has been shown to associate with changes in the mutation rate 

(Henn et al. 2009). Several hypotheses have been presented to explain the higher 

substitution rate of mtDNA. MtDNA molecules are located in close proximity to 

OXPHOS, which generates reactive oxygen species (ROS) as a byproduct. ROS 

have been shown to cause several types of mutations in mtDNA (Richter et al. 

1988). In addition, the error rate of mitochondrial polymerase gamma is higher 

during replication than that of the nuclear polymerases (Johnson & Johnson 2001). 

Mutations tend to accumulate in mtDNA along with ageing which have been 

demonstrated in many tissues. The repair machinery of the mutations has been 

reported to exist being however, less effective than that in the nucleus (Druzhyna 

et al. 2008). Furthermore, mtDNA lacks histones, which are protective protein 

structures present in the DNA in the nucleus. 

MtDNA is organized in structures called nucleoids that were first shown to be 

present in human mitochondria in 1991 (Satoh & Kuroiwa 1991). Nucleoids vary 

in shape and size, and their size correlates with the number of mtDNA molecules 
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that they contain (Brown et al. 2011). The number of mtDNA molecules in one 

nucleoid has been estimated to range from 1 to six, being three on average. Over 

thirty proteins are in close contact with mtDNA including several proteins with 

known disease associations (Bogenhagen et al. 2008). Nucleoids locate close to the 

IMM and they often seem to be wrapped around the cristae (Brown et al. 2011). 

2.2.1 Natural variation in mtDNA haplogroups 

Mitochondrial genomes can be divided into subgroups based on their internal 

variation. Haplogroups are groups that are determined by variants in the sequence. 

The first phylogenetic tree of European haplogroups was published in 2001 (Finnilä 

et al. 2001), and soon afterwards the first version from the other continents was 

reported (Herrnstadt et al. 2002). H is the major haplogroup in Europe. The 

haplogroups can be further divided into subhaplogroups. The rCRS belongs to a 

rare subhaplogroup H2a2 within haplogroup H. The number of haplogroups is 

expanding when more mtDNA sequences become available. Haplogroup-specific 

changes in the sequence are generally defined as neutral. However, there is 

increasing evidence supporting their role in certain traits, such as extreme longevity 

(Niemi et al. 2003, Niemi et al. 2005). These finding have been further 

demonstrated in vitro (Chen et al. 2012). Moreover, associations with morbidity 

have been described. 

2.3 Mitochondrial diseases among adults 

Mutations in mtDNA cause a wide spectrum of disorders. Genetic diagnostics is 

challenging due to several features of mtDNA. One mutation can result in distinct 

phenotypes and one similar phenotype can be caused by mutations in different 

genes. Independent replication of mtDNA and the abundance of mitochondria 

allow another unique character of mtDNA, a state called heteroplasmy. 

Heteroplasmy means a mixture of wild type (WT) and mutant genomes and it is 

measured as the proportion with respect to the mutant genome. Often mutant 

heteroplasmy correlates with clinical outcomes, but sometimes the correlation is 

totally absent (Morgan-Hughes et al. 1995, O'Callaghan et al. 2015). Heteroplasmy 

may vary remarkably between cells or tissues. Thus, the heteroplasmy of one tissue 

cannot be used to estimate heteroplasmy in other tissues. In addition, the 

heteroplasmy of the mother cannot be used to predict accurately heteroplasmy of 

her offspring. However, the heteroplasmy level of the offspring can be simulated 
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with the use of heteroplasmy of the mother (Samuels et al. 2013). According to 

these simulations, the higher the heteroplasmy level is in the mother, the higher is 

the probability that her children will have high heteroplasmy, and the upper limit 

of the confidence interval increases rapidly along with the mother’s heteroplasmy, 

even though the mother had a low level of the mutant mtDNA. Interpretation of the 

pedigrees and recognition of maternal inheritance may be demanding as well, since 

the mutation might be able to hide over several generations. 

The frequency of mtDNA mutations varies between populations. In northern 

England, the overall prevalence have been estimated to be 9.6 per 100 000 when 

all kinds of pathogenic mtDNA mutations have been included (Gorman et al. 2015). 

The estimate was calculated based on a substantial number of adult patients 

examined between 1990 and 2011 and suffering from a mitochondrial disorder. The 

most frequent point mutation was m.3243A>G in MT-TL1, the cause of the MELAS 

syndrome, with a prevalence of 3.5 per 100 000 whereas transfer RNA mutations 

had a combined prevalence of 4.3 per 100 000. Three major mutations causing 

Leber’s hereditary optic neuropathy (LHON) had a combined prevalence of 3.7 in 

100 000 while the frequency of the mutation in MT-ATP6 associated with 

syndromic ataxias such as NARP (Neuropathy, Ataxia, and Retinitis Pigmentosa) 

was much rarer, only 0.1. Patients with a single deletion in mtDNA were found at 

a prevalence of 1.5 in 100 000. If one includes also individuals at risk of mtDNA 

mutations, the overall prevalence estimate can become as high as 20 per 100 000, 

1 per 5000. In Finland, the prevalence estimate for m.3243A>G exclusively has 

been reported to be as high as 16.3 per 100 000 in northern Finland (Majamaa et al. 

1998). Mutations in mtDNA cause mitochondrial disorders in adults more often 

than in children. Among children, these kinds of disease are more likely to be 

attributable to a genetic defect in the nuclear genes. 

2.3.1 Common phenotypes and common mtDNA mutations in adult 
patients 

Diabetes mellitus (DM) and sensorineural hearing impairment (SNHI) 

Mutations in mtDNA cause variable and often severe disorders. However, certain 

mutations can result in a mild disease or a late-onset disease and this may be the 

case also for confirmed pathogenic mutations at low heteroplasmy. Point mutations 

in mtDNA can cause maternally inherited diabetes or deafness, or a combination of 
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these two phenotypes (Ballinger et al. 1992, Prezant et al. 1993, Tsukuda et al. 

1997, van den Ouweland et al. 1992). Among patients with DM, the m.3243A>G 

MELAS-mutation has been estimated to explain 1-2 % of the cases (Majamaa et al. 

1998, Martikainen et al. 2013a).  

MtDNA contains several sites that have been confirmed to cause nonsyndromic 

HI. Up to 7.5 % of the cases of post-lingual nonsyndromic deafness have been 

reported to be caused by known pathogenic mutations in mtDNA (Jacobs et al. 

2005). In Finnish adults with familial HI, the combined frequency of two deafness 

mutations was nearly 7 % (Lehtonen et al. 2000). The best known mutation is 

m.1555A>G in MT-RNR1 that has been reported in a large number of families with 

deafness (Prezant et al. 1993). The mutation has an estimated prevalence of 4.7 per 

100 000 in Finland (Lehtonen et al. 2000). Since all the individuals who have the 

confirmed disease-causing mutation do not display any signs of the disease, the 

disease penetrance is said to be incomplete. This is a common finding in the case 

of certain mtDNA mutations that cause hearing impairment. Among the carriers of 

m.1555A>G, the incomplete penetrance is common and the phenotypic variability 

has been suggested to associate with the use of ototoxic medication (Estivill et al. 

1998). 

Myopathy 

Muscle tissue must be capable of high energy production. The energy demand of 

tissues correlates with the number of mitochondria. For this reason, mitochondrial 

disorders can commonly be recognized with the use of muscle biopsy. 

Mitochondrial disorders often include myopathy in their phenotype. Specific 

changes in muscle histology may be suggestive of a mitochondrial defect. Many 

mitochondrial disorders can be identified based on the organization and structure 

of mitochondria. In fact, mitochondrial abnormalities in tissues were described 

before any genetic defect related to mitochondria had been defined (Kamieniecka 

1977). Histological stainings for succinate dehydrogenase (SDH) and cytochrome 

c oxidase (COX) were developed in 1989 (Old & Johnson 1989, Shy et al. 1966), 

and twenty-five years later, these stainings are still important tools in the 

diagnostics of mitochondrial disorders. Typical changes are COX-negativity in 

SDH and COX stainings, or aggregated mitochondria in Gomori trichrome staining. 

In electron microscopy (EM), the abnormal mitochondria differ in shape, size and 

content from the normal oval-shaped organelles. In a recent study, the EM findings 

in the biopsies from patients with different genetic defects have been classified into 
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six categories that are paracrystalline inclusions, linearization of cristae, concentric 

layering of cristae, matrix compartmentalization, nanotunneling, and donut-shaped 

mitochondria (Vincent et al. 2016). The genetic defect resulting in ultrastructural 

changes can have either a nuclear or mitochondrial origin. However, some 

mutations have rarely been shown to lead to any changes in muscle histology. Thus, 

positive changes indicate either a primary or secondary mitochondrial defect, but 

negative findings do not exclude either.   

Neuropathy 

Neuropathy is a common finding in nonsyndromic and syndromic mitochondrial 

disorders. In demyelinating neuropathy, the nerve conduction velocity decreases, 

while in the axonal type, the amplitude of the response weakens. Neuropathy may 

also present with a mixture of the two types. The prevalence of neuropathy among 

patients with genetically confirmed mitochondrial disease was estimated in a recent 

study (Luigetti et al. 2016).  Neuropathy was included in the phenotype in 49 % of 

the 109 examined patients. The highest prevalence was detected in those patients 

with mitochondrial neurogastrointestinal encephalopathy (MNGIE), who all had 

neuropathy. Neuropathy was less common in patients with progressive external 

ophthalmoplegia (PEO) but nonetheless, it was present in 28 % of these patients. A 

sensory axonal polyneuropathy, where the nerve itself is dysfunctional, was more 

common than demyelinating type, where the protective myelin shelter of the nerves 

is abnormal.  

Psychiatric disorders 

Psychiatric symptoms are commonly encountered in patients with a mitochondrial 

disorder. Some years ago, it was estimated that 60 % of adult patients with a 

mitochondrial disorder have psychiatric symptoms ranging from phobias to severe 

psychotic behavior (Mancuso et al. 2013). Psychiatric symptoms have been found 

in patients with point mutations in mtDNA, patients with single or multiple 

deletions in mtDNA as well as in patients with nuclear mutations (Fattal et al. 2006). 

In some cases, the mood disorder has been the first symptom of the developing 

mitochondrial syndrome (Horvath et al. 2005). Impaired function of complex I has 

been suggested as a pathomechanism behind the bipolar disorder (Andreazza et al. 

2010).  
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Leber’s hereditary optic neuropathy, LHON 

The first mtDNA point mutation associated with disease was found in families 

affected with maternally inherited Leber’s hereditary optic neuropathy (LHON) 

(Wallace et al. 1988). LHON is clinically characterized as an acute or subacute loss 

of central vision occurring during midlife. Three primary mutations in mtDNA have 

been reported to result in LHON in different populations. The mutations are 

m.3460A>G in MT-ND1, m.11778G>A in MT-ND4 and m.14484T>C in MT-ND6. 

Incomplete penetrance of the disease has been reported in families with LHON 

mutations and a recent study has suggested an association with mtDNA copy 

number (Bianco et al. 2015). The combined frequency of the three mutations 

causing LHON is highest being 3.7 per 100 000 in the U.K. (Gorman et al. 2015). 

The prevalence of affected carriers of LHON mutations has been estimated to be 

2.1 per 100 000 in Finland while the overall prevalence of carriers including 

nonaffected individuals was 10.69 per 100 000 (Puomila et al. 2007).  

2.3.2 Mitochondrial DNA mutations in syndromes 

MELAS 

The best known mutation in mtDNA is the m.3243A>G transition in the MT-TL1 

gene that was first found in patients with mitochondrial encephalomyopathy, lactic 

acidosis and stroke-like episodes (MELAS) (Goto et al. 1990, Kobayashi et al. 

1990). This mutation also causes maternally inherited deafness and diabetes. 

Among the patients with maternally inherited hearing impairment, the frequency 

of the MELAS mutation has reported to be 7.4 % while the frequency among 

patients with maternal diabetes was 1.6 % (Majamaa et al. 1998). These distinct 

phenotypes are not clearly associated with the level of heteroplasmy even though 

at some thresholds, the findings are quite consistent (Morgan-Hughes et al. 1995). 

Interestingly, the proportion of the m.3243A>G mutation has been shown to 

decrease over time in blood (Rahman et al. 2001, 't Hart et al. 1996). The possible 

absence of the mutation in blood underlines the need of samples from post-mitotic 

tissues in the clinical diagnostics of mitochondrial diseases. 
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Mitochondrial ataxias - from NARP to Leigh disease 

The association between an mtDNA point mutation and an ataxia syndrome was 

first described in 1990 (Holt et al. 1990). The syndrome was named as the NARP 

syndrome (Neuropathy, Ataxia, and Retinitis Pigmentosa). The underlying 

mutation m.8993T>G was located in the MT-ATP6 gene which encodes the subunit 

a of the mitochondrial ATPase, complex V. In addition, a transition from T to C in 

the same position has later been shown to lead to a similar phenotype (White et al. 

1999). Indeed, subunit a seems to be a hotspot for mutations resulting in ataxia, as 

the numbers of reports have been expanding since the initial discovery (Pfeffer et 

al. 2012). The level of heteroplasmy of the mutations in this position consistently 

correlates with the phenotype. At a very high level of heteroplasmy, the phenotype 

is usually fatal infantile encephalomyopathy, the Leigh syndrome, a syndrome with 

a substantial degree of genetic heterogeneity (Tatuch et al. 1992). 

Epilepsy with histological changes in muscle, MERRF 

Myoclonic Epilepsy with Ragged Red Fibers (MERRF) caused by a point mutation 

in the gene encoding transfer RNA of lysine, MT-TK, was first described in the 

literature in 1990 (Shoffner et al. 1990). The major mutation, m.8344A>G, is the 

second most common tRNA mutation in the U.K., however with a prevalence of 

only 0.2 per 100 000 (Gorman et al. 2015). In Finland, the major mutation is very 

rare (Remes et al. 2003). The syndrome is diagnosed by findings in muscle 

histology in addition to the clinical phenotype. A typical finding is the accumulation 

of mitochondria under the plasma membrane causing an abnormal ragged-like 

staining of the fibers.  

Mitochondrial DNA deletions - a variety of phenotypes 

In 1988, Kearns-Sayre syndrome (KSS) was the first disease phenotype that was 

reported to associate with large single deletions in mtDNA (Lestienne & Ponsot 

1988, Zeviani et al. 1988). Later another deletion syndrome, Pearson syndrome, 

has been found to result from a single mtDNA deletion (Pearson et al. 1979, Rotig 

et al. 1991). These two phenotypes start to develop during childhood or infancy. A 

variety of symptoms are common in deletion syndromes and their severity ranges 

from mild to fatal (Mancuso et al. 2015). The most common symptoms have been 

reported to be bilateral ptosis and ophthalmoplegia followed by muscle weakness 
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and hearing loss (Mancuso et al. 2015). The syndromes are progressive, leading to 

the appearance and a gradual worsening of many different symptoms. In the mildest 

form of a single deletion syndrome, the patients suffer from adult-onset PEO. In 

contrast, Pearson bone-marrow pancreas syndrome leads to death usually in infancy, 

and those subjects who survive commonly develop symptoms of KSS. These 

deletion syndromes are generally sporadic with some exceptions.  

If the mutation is autosomal and recessive, the probability of having an affected 

child is 25 % when both of the parents are carriers. For a dominant trait, one carrier 

has a 50 % probability of having an affected child if he/she has a wild-type spouse 

and 75 % if both parents are carriers. It has been estimated that only 4.11 % of the 

offspring are affected when the mother has a deletion, and the mtDNA defects may 

not be similar to that in the mother (Chinnery et al. 2004). Interestingly, the 

presence of a “common deletion” has been studied in normal oocytes; the findings 

supported the hypothesis that the deletions can be inherited even though they most 

likely disappear during fetal development because of the very low number of the 

abnormal molecules (Chen et al. 1995). 

In multiple deletion syndromes, the inheritance is Mendelian. The genetic 

defect is frequently found in nuclear genes participating in mtDNA maintenance. 

Multiple deletions accumulate with variable levels in muscle also during normal 

ageing and their clinical significance should be interpreted in relation to the 

phenotype and age. The best known nuclear genes causing multiple mtDNA 

deletions are POLG (Van Goethem et al. 2001) and TWNK (Spelbrink et al. 2001). 

A handful of other maintenance genes have been found to lead to deletions in 

mtDNA. 

As mentioned above, the numbers of different mtDNA deletions increase in 

aging tissues such as brain, heart and skeletal muscle along with other 

mitochondrial alterations such as RRFs and COX-negative fibers (Cortopassi & 

Arnheim 1990, Cortopassi et al. 1992, Pesce et al. 2001). Hence, deletions 

themselves should not be considered as solely indicative for mitochondrial 

disorders. Different species of deletions have been suggested to start to accumulate 

in muscle tissue at around the age of 40 years (Pesce et al. 2001), but according to 

the investigations in our lab, the deletions often start to accumulate in healthy 

muscle already in twenties.  
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2.3.3 Examples of nuclear defects in mitochondrial disorders 

Mitochondrial DNA maintenance 

In addition to alterations in mtDNA, mitochondrial disorders can arise from nuclear 

defects. The nuclear genome contains a substantial number (1000-1500) of genes 

associated with the mitochondria including structural subunits of the OXPHOS 

enzymes, assembly factors, transporter and signaling molecules etc. (Calvo et al. 

2016, Lopez et al. 2000, Pagliarini et al. 2008). Mutations in nuclear genes have 

been detected in a variety of disorders.  

The common nuclear gene causing mitochondrial diseases is DNA polymerase 

gamma (POLG). As mentioned earlier, multiple deletions in mtDNA are often 

found in patients carrying POLG mutations (Van Goethem et al. 2001). In addition 

to the fragmented mtDNA, the pathogenesis of certain disorders involves a 

decrease in the amount of mtDNA, referred to as mtDNA depletion, which leads to 

continuous energy deprivation. Mutations in POLG have been linked with both 

deletion and depletion phenotypes. The primary disease phenotypes in the patients 

with POLG mutations are PEO and ataxia syndromes (Hakonen et al. 2005, Van 

Goethem et al. 2001). The major POLG mutation in Finland is p.Trp748Ser, which 

is responsible for disease in homozygous subjects, while its role in the heterozygous 

state is unclear. The carrier frequency of the mutation has been estimated to be 

1:125 in Finland (Hakonen et al. 2005). Mutations in twinkle mtDNA helicase 

(TWNK) are found in similar phenotypes than it is caused by mutations in the POLG 

gene; they are also associated with mtDNA deletions and depletion (Hakonen et al. 

2007, Koskinen T et al. 1995, Suomalainen et al. 1997). Mutations in TWNK cause 

early-onset ataxia syndrome with mtDNA depletion called IOSCA (infantile-onset 

spinocerebellar ataxia) (Nikali et al. 2005, Sarzi et al. 2007), and the juvenile-onset 

mitochondrial form of Perrault syndrome characterized by HI and hypogonadism 

(Morino et al. 2014) being yet another example of a genetic defect resulting in 

distinct phenotypes.  POLG and TWNK participate in replication of mtDNA, 

explaining why they exert consequences in mtDNA. Depleted mtDNA can be 

observed also when the maintenance of the nucleotide pool of mitochondria 

becomes dysfunctional. Common examples of these genes associated with 

mitochondrial disease caused by mtDNA depletion are RRM2B, TK2 and SUCLA2. 

The depletion disorders are usually severe, starting to develop in early childhood 

and the prognoses are often fatal (El-Hattab & Scaglia 2013). 
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Mitochondrial tRNA synthetases 

All mitochondrial tRNA molecules have been found to cause disease; the 

m.3243A>G transition in MT-TL1 is the most frequent of these mutations. 

Moreover, mitochondrial translation pathology involves tRNA synthetases, 

enzymes that ensure the attachment of the correct amino acids to the corresponding 

tRNAs. The cytoplasmic tRNA synthetases have been shown to cause Charcot-

Marie-Tooth neuropathy, while mitochondrial synthetases have been linked to 

variable and more severe disorders (Yao & Fox 2013). 

OXPHOS complexes 

Pathogenic mutations in nuclear subunits of OXPHOS complexes are reported in 

many, but not in all, subunits. Indeed, nuclear mutations causing mitochondrial 

disorders accumulate in the assembly factors of the enzyme complexes (Zhu et al. 

1998). Complex I deficiency is the most common OXPHOS defect, followed by 

complex IV deficiency (Rodenburg 2011). That is not surprising when the numbers 

of the structural subunits and assembly factors are considered. One common 

mitochondrial disorder, LHON, is most frequently caused by a mutation in 

mitochondrial subunits of CI. Nuclear subunits have been reported to be mutated 

in over a hundred patients with variable phenotypes, and assembly factors of CI 

have been associated with the disease in tens of patients (Fassone & Rahman 2012). 

Complex IV deficiency is the second most prevalent OXPHOS defect. While 

pathogenic mutations in all three mitochondrial subunits of CIV have been reported, 

there are only a handful of cases where the nuclear subunits are mutated (Indrieri 

et al. 2012, Massa et al. 2008). Assembly factors such as SURF1 and COX10 have 

been more frequently reported to cause CIV deficiency (Antonicka et al. 2003, 

Valnot et al. 2000, Zhu et al. 1998). To date, some of the structural subunits and 

assembly factors of all five complexes have been found to be mutated and 

associated with some disease, highlighting the importance of functional 

mitochondrial respiration.  

2.3.4 Mitochondrial dynamics 

Mitochondria are not stable organelles. Instead, they undergo morphological 

changes and migrate constantly (Bereiter-Hahn & Voth 1994). Fusion and fission 

processes require many proteins; these are either directly or indirectly involved in 
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mitochondrial dynamics (Bertholet et al. 2016). These proteins include different 

kinds of activator, inactivator, stimulator and recruitment proteins in addition to the 

few key players in the processes (Bertholet et al. 2016).  

In 1997, the Fzo gene was found to function in the fusion process of 

mitochondria in Drosophila melanogaster (Hales & Fuller 1997). The human 

homologs, GTPases mitofusin 1 and 2 (MFN1 and MFN2), were identified in 2001 

(Santel & Fuller 2001). Human mitofusins form complexes with each other and 

with themselves, and promote mitochondrial fusion. The fusion of OMM and IMM 

occurs sequentially but separately and the mitofusins mainly promote the fusion of 

OMM (Song et al. 2009). The fusion process of IMM requires yet another GTPase, 

OPA1, but in contrast to the process in yeasts, in mammals, OMM can fuse even 

without its presence (Song et al. 2009). A deficiency of mitofusins has been 

reported to be fatal in mice during gestation, underlining the requirement of 

mitochondrial fusion in embryonic development (Chen et al. 2003). Interestingly, 

MFN2 and OPA1 have been found to be disease-associated (Alexander et al. 2000, 

Delettre et al. 2000, Zuchner et al. 2004), but to date, MFN1 has not been reported 

to be mutated. Many mutations in OPA1 have been reported mainly in association 

with dominantly inherited optic atrophy (Alexander et al. 2000, Delettre et al. 

2000). The clinical phenotype caused by mutations in MFN2 will be described in 

detail later in the text. 

The first protein affecting mitochondrial fission was identified in C. elegans 

(Labrousse et al. 1999), and yeast (Bleazard et al. 1999) followed by the 

identification of the corresponding protein, DNM1L, in a similar role in mammals 

(Smirnova et al. 2001). Underlining the balance between fusion and fission events, 

mutated DNM1L has been found to result in an abnormal pattern of elongated and 

tubular mitochondria in an infant with severe mitochondrial disorder leading to 

death at the age of 37 days (Waterham et al. 2007). The second gene involved in 

fission and found to be mutated in human disease is ganglioside-induced 

differentiation associated protein 1 (GDAP1). The gene encodes a stimulator 

protein of mitochondrial fission and mutations in this gene cause recessively and 

dominantly inherited neuropathy (Baxter et al. 2002, Niemann et al. 2005). Several 

other fission factors have been identified, but they have not been related to any 

human disease so far (Bertholet et al. 2016). 

Mitochondria merge and divide involving a complex machinery to carry out 

the processes, but they are also moving around in the cell. The capability to move 

is an important part of mitochondrial dynamics. Mitochondria interact with 

microtubules and actin filaments and so there is an involvement of several motor 
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proteins such as myosins, kinesins and dyneins (Barnhart 2016, Saxton & 

Hollenbeck 2012). Mitochondria are strictly regulated to move or to come to a halt 

and their direction of movements is balanced between retrograde and anterograde 

transport (Barnhart 2016).  

Charcot-Marie-Tooth polyneuropathy - a disease of several phenocopies 

with distinct underlying genes  

Charcot-Marie-Tooth neuropathy (CMT) is the most common inherited neuropathy. 

In a recent review, the prevalence reported in the literature has been found to vary 

widely from 9.7 per 100 000 in Serbia up to 82.3 per 100 000 in Norway 

highlighting the remarkable differences between the populations under 

investigation (Barreto et al. 2016). CMT is difficult to define because of its clinical 

and genetic heterogeneity. According to the original definition, CMT can be 

clinically classified into demyelinating and/or axonal based on upper limb motor 

nerve conduction velocity (MNCV) (Harding & Thomas 1980). In demyelinating 

CMT1, MNCV is < 38 m/s, being > 38 m/s in axonal CMT2 and between 25 and 

45 m/s in intermediate type. This classification has been turned out to be 

insufficient as the phenotypic spectrum of CMT has been demonstrated to evolve 

and its exact nature is a topic of intense debate. Typically the onset-age of CMT is 

before the age of 20 and the phenotype most commonly includes sensory loss, 

difficulties in walking and abnormalities in feet morphology. However, the 

phenotypes range from mild to severe even if individuals have the same genetic 

defect.  

CMT can be inherited dominantly, recessively, X-chromosomally, or 

mitochondrially. If one wishes to investigate the genetic causes, it is important to 

ascertain whether there are other affected members in the family. The most 

common form, CMT1, is mainly caused by a dosage defect, or a point mutation in 

the gene coding for a structural protein of peripheral myelin, PMP22. Almost every 

third CMT patient, 31.1 %, has been reported to have PMP22-related disease in the 

U.K. (Murphy et al. 2012). The pathogenic mechanism of PMP22 defects has 

recently been shown to associate with intracellular trafficking failure where the 

proteins are misfolded and they do not reach their destination in the cells, i.e. there 

is an inadequate amount of the protein in the correct location (Schlebach et al. 

2015).  The second most common CMT in the U.K. was the X-chromosomal form, 

accounting for 9.7 % of the patients (Murphy et al. 2012). These patients mostly 

belong to the intermediate CMT category and the underlying gene has been 
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identified to be GJB1 that encodes a protein which forms the gap junctions between 

the cells. The third CMT associated gene Myelin protein zero (MPZ) has been found 

to be dysfunctional in 2.3 % of the CMT patients. MPZ encodes a structural 

component of myelin shelter causing type 1 CMT. 

CMT associated with mitochondrial dysfunction has initially been reported in 

2004 when a family with CMT neuropathy type 2A was found to carry a mutation 

in the MFN2 gene (Zuchner et al. 2004). Cell lines lacking mitofusins lose their 

mitochondrial membrane potential resulting in fragmented mitochondrial network. 

A defect in MFN2 most commonly causes the dominantly inherited CMT 

phenotype (CMT2A) which is characterized by axonal, peripheral, sensorimotor 

neuropathy with an age of onset in the first or second decade. The earlier the onset, 

the more severe is the phenotype (Chung et al. 2006). An increasing number of 

distinct phenotypes, as well as recessive inheritance model, have been published 

after the first reports of the human pathology of MFN2 (Nicholson et al. 2008, 

Polke et al. 2011). Interestingly, no mutations in MFN1 have been found yet, 

indicating possibly unrecognized clinical entities or fatal consequences associated 

with MFN1 dysfunction.   

In Finland, however, a major gene causing hereditary CMT2 is GDAP1 which 

maintains the mitochondrial network inducing fission as described earlier in the 

text (Auranen et al. 2013, Niemann et al. 2005). A founder mutation p.His123Arg 

in the GDAP1 gene has been reported to be present in 14 % of Finnish patients with 

CMT2, while mutations in MFN2 are responsible for a smaller number of cases 

(Auranen et al. 2013).  

Interestingly, point mutations in MT-ATP6 have been found to cause CMT2 via 

decreased activity and impaired assembly of complex V further supporting the 

genetic heterogeneity causing the phenotype (Pitceathly et al. 2012). Years earlier, 

this CMT-linked mutation, m.9185T>C, was demonstrated to cause severe early-

onset as well as late-onset Leigh syndrome, and mild peripheral neuropathy 

(Castagna et al. 2007, Moslemi et al. 2005). Different phenotypes may exist even 

within the same family. In Finland, the subunits of CV have not been found to 

associate with CMT pathogenesis (unpublished results). 

2.4 Wolfram syndrome - a phenocopy of a mitochondrial disorder 

Wolfram syndrome (WS, type 1) is a rare neurodegenerative disorder (OMIM 

222300) with an estimated prevalence of 1 in 770 000 in the U.K. (Barrett et al. 

1995). In 1938, the first patients that have been described in the literature were 
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siblings with optic atrophy and diabetes mellitus (Wolfram & Wagener 1938). The 

syndrome has later been referred to DIDMOAD (Diabetes Insipidus, Diabetes 

Mellitus, Optic Atrophy and Deafness) because of the additional symptoms 

commonly included in the phenotype. Early-onset optic atrophy and diabetes 

mellitus are required for the diagnosis. The prevalence of other symptoms has 

varied remarkably between different studies. Dreyer et al. reviewed the studies and 

estimated that 48 % of the patients had SNHI and 35 % suffered DM (Dreyer et al. 

1982) whereas the prevalence of HI was 62 % and that of DM was 73 % in later 

study (Barrett et al. 1995). In the latest review DM was included in the phenotype 

in 98 % of the patients and optic atrophy in 82 % of the patients while hearing was 

affected in 48 % of the patients (de Heredia et al. 2013). Psychiatric findings such 

as suicide attempts, psychotic behavior or depression are also common in WS, as 

60 % of the patients have been reported to have an increased risk of requiring 

psychiatric hospitalization (Swift et al. 1990). Other symptoms include for example 

neurological and urological defects (de Heredia et al. 2013). WS has a progressive 

nature and current treatments concentrate on relieving the symptoms. WS usually 

leads to death during the fourth decade of life. Sometimes the phenotypes of WS 

patients have been reported to be misleading; these kinds of atypical WS patients 

have been described occasionally (Antenora et al. 2016, Chaussenot et al. 2015, 

Fogel et al. 2014, Lieber et al. 2012). The abnormal features include late onset-age 

and missing or additional symptoms normally required for the diagnosis. It has 

been reviewed that 15 % of the WS patients do not fulfill the current diagnostic 

criteria of WS (de Heredia et al. 2013). Type 2 of WS (OMIM 604928) has been 

reported in two families with a genetic etiology distinct from the type 1 patients 

(Amr et al. 2007, El-Shanti et al. 2000, Mozzillo et al. 2014).  

2.4.1 Inheritance and the WFS1 gene 

As healthy parents have been found to have children with WS, a recessive 

inheritance model has been strongly suggested. In 1994, the locus causing WS was 

mapped to the short arm of chromosome 4 (Polymeropoulos et al. 1994). The 

underlying gene, Wolfram Syndrome 1, encoding transmembrane protein was 

identified and the first causative mutations were discovered in 1998 (Inoue et al. 

1998). Mutations were either homozygous or compound heterozygous state in 

every patient. The mutational spectrum has expanded rapidly after these first 

reports.  
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The wolframin protein is made up of 890 amino acids and it is located in the 

endoplasmic reticulum (ER). Wolframin has been shown to regulate intracellular 

calcium homeostasis (Osman et al. 2003, Takei et al. 2006). Furthermore, 

wolframin expression has been reported to be induced by ER stress indicating that 

the protein participates in the unfolded protein response (UPR) that is the signaling 

pathway activated by ER stress (Fonseca et al. 2005, Fonseca et al. 2010). 

Moreover, inactivation of wolframin has been shown to cause ER stress in 

pancreatic beta cells, i.e. the specialized cells that synthesize and secrete insulin, 

leading to death of these cells (Fonseca et al. 2005). The pathomechanism of WS 

mutations has been suggested to be associated with the cellular depletion of 

wolframin protein regardless of the type of the mutation (Hofmann & Bauer 2006). 

Interestingly, heterozygous carriers of the WS mutations have been reported to 

have an increased risk of experiencing specific symptoms included in the syndrome. 

For example, when nonaffected family members of WS patients have been 

investigated, a remarkable increase in the risk of psychiatric illness was found 

among the mutation carriers (Swift & Swift 2000, Swift et al. 1991). A similar 

increase in the risk of HI has been found among the heterozygotes (Ohata et al. 

1998). These kinds of findings indicate that a single normal copy of WFS1 gene 

might not be enough for the normal function in certain contexts. A common 

variation in WFS1 has also been reported to be associated with diabetes or SNHI 

(Kytövuori et al. 2013, Sandhu et al. 2007, Saxena et al. 2012). Furthermore, a 

Finnish family with dominantly inherited diabetes has recently been found to carry 

a novel pathogenic mutation in WFS1 (Bonnycastle et al. 2013). 

Type 2 WS has been shown to be result from a genetic defect in the CISD2 

gene (Amr et al. 2007, Mozzillo et al. 2014). The first family had a phenotype 

consistent with a typical WS phenotype (El-Shanti et al. 2000), but the proband of 

another family had recurrent bleeding intestinal ulcers and abnormal platelet 

aggregation in addition to DM, HI, and optic neuropathy (Mozzillo et al. 2014). 

2.4.2 Dominantly inherited low-frequency hearing impairment 

(LFSNHI) 

In addition to the recessively inherited WS, the WFS1 gene has been found to cause 

a rare hearing loss, where the affected frequencies are generally below 2 kHz. The 

first findings were reported in 2001 in seven families, in which the mutation 

p.Ala716Thr had arisen independently in three families (Bespalova et al. 2001, 

Young et al. 2001). The causative mutations in LFSNHI have been suggested to be 
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milder than in WS cases when the mutations in HI are typically missense mutations 

rather than frameshift or nonsense changes (Cryns et al. 2002). Furthermore, the 

amino acid residue p.Ala716 seems to be a mutational hotspot, as it has also been 

detected in a Japanese LFSNHI family (Fukuoka et al. 2007). The HI has been 

found to progress, but the specific ascending audiogram configuration is rather 

recognizable even among the eldest patients (Lesperance et al. 2003, Pennings et 

al. 2003). 

Fig. 2.  Examples of audiograms. 

2.4.3 Genotype-Phenotype correlation in WFS1 related disorders 

As mentioned earlier, mutations causing WS might be more severe than those 

causing nonsyndromic hearing impairment (Cryns et al. 2002, Cryns et al. 2003a). 

In one family with dominantly inherited LFSNHI, a single patient was found to 

carry a homozygous HI mutation, p.Ala716Thr. The patient had DM, but OA or 

other symptoms generally associated with the syndrome were not present, 

suggesting that this mutation exerted milder effects (Young et al. 2001). The 

correlation between neurological features and WFS1 mutation type as well as its 

location has been investigated in 59 WS patients (Chaussenot et al. 2011). The 

authors reported that the onset of DM and OA was significantly later in patients 

with two missense mutations than in patients with one missense or two other kinds 

of mutations. At least one of the mutations was located in the C-terminal or 
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transmembrane region of the protein in the patients with neurologic complications. 

Furthermore, none of those patients carried two mutations in the N-terminus. In 

another study the correlation has been found between genotype and onset-age of 

DM or DI (de Heredia et al. 2013). 

One point worth mentioning is the audiological phenotype in patients with 

WFS1 mutations. The affected frequencies in the syndrome differ remarkably from 

those in dominantly inherited LFSNHI. Recently, audiological phenotypes of 11 

patients with WS were reported and six were suffering from HI (Karzon & Hullar 

2013). One patient was diagnosed to have a profound hearing loss at the age of less 

than two years and one had a mixed hearing impairment with a transient conductive 

component. The mean age of onset was 7.3 years. The hearing impairment was 

severe at the high frequencies, while three of the patients had normal hearing at the 

lowest frequencies. One patient had severe hearing impairment at all frequencies at 

the time of examination. In contrast, hearing has been mostly affected at the lowest 

frequencies up to 2 kHz in the families with LFSNHI and in addition, the youngest 

patients often have normal hearing at the high frequencies (Fukuoka et al. 2007, 

Young et al. 2001).  

Even though both of the WFS1-related phenotypes have specific features, 

patients with a remarkably distinct phenotype have been reported from time to time. 

These patients have atypical manifestations such as late onset-age of the disorder, 

additional symptoms, or some of clinical symptoms that are required for the 

original diagnosis of WS may even be missing. In France, 13.8 % of the patients 

who had recessively inherited WS have been reported to have exceptionally late 

onset-age and six patients had a dominantly inherited disorder including HI and OA 

as the core features among the total of 96 patients (Chaussenot et al. 2015). Lately, 

clinicians have been paying attention to WFS1 in patients with ataxia, because a 

few primarily ataxic patients with WS mutations or putatively pathogenic 

mutations in WFS1 have been reported within a short period of time (Antenora et 

al. 2016, Fogel et al. 2014). 

2.4.4 Mice models in WS 

The first mice model for WS has been established by Ishihara et al. in 2004 

(Ishihara et al. 2004). The mice displayed a diabetic phenotype, which included 

beta-cell loss in pancreas and an altered response to the blood glucose level. WFS1 

deficient mice have been reported to suffer from increased anxiety and to display a 

lack of behavioral adaptation to stressful environments (Luuk et al. 2009). Mice 
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with disturbed WFS1 have also been shown to have decreased social contacts and 

retardation in emotionally triggered behavior (Kato et al. 2008). In addition, the 

WFS1 deficiency has been reported to lead to growth retardation and interruptions 

of the growth hormone pathway (Koks et al. 2009). Moreover, wolframin is 

expressed in the inner ear of mice (Cryns et al. 2003b), but unfortunately hearing 

tests have not been performed in WS mice.  

2.4.5 Mitochondrial abnormalities in WS patients 

WS has several features that are commonly encountered in mitochondrial disorders. 

Mitochondrial abnormalities have often been investigated in patients with WS. In 

addition to the WFS1 gene mutations, mtDNA deletions have been detected in WS 

patients (Gomez-Zaera et al. 2001). In that study, one patient with a homozygous 

WFS1 mutation had a single deletion in mtDNA, but the same deletion segregated 

in the family and did not cause symptoms in those members who did not have the 

WFS1 mutation. In the second family, multiple deletions in mtDNA were detected 

in many members of the family including the unaffected ones. According to the 

current knowledge, the suggested causative mutations in WFS1 in that family are 

polymorphism rather than pathogenic mutations. Another two families with 

mtDNA deletions did not have confirmed molecular diagnosis of WS. Furthermore, 

activities of OXPHOS complexes and muscle histology have been found to be 

normal in patients with WS (Barrett et al. 2000).  

However, intriguing mitochondrial abnormalities have been found in wfs1-

deficient rodent neurons in a recent study (Cagalinec et al. 2016). That study 

reported a significant decrease in the number of fusion events and a reduced fusion 

rate which were accompanied with mitochondria of shorter lengths. The authors 

found also a decrease in membrane potential and increased mitophagy. 

Furthermore, the intracellular amount of ATP was reduced in the wfs1-deficient 

neurons. The disease phenotype of the neurons could be cured by overexpressing 

WT shRNA. These findings are the first convincing evidence for mitochondrial 

involvement in the Wolfram syndrome pathogenesis and explain the similarity with 

many mitochondrial disorders, but the findings should be replicated before any 

definitive conclusions can be drawn.  
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2.5 Age-Related hearing impairment (ARHI) 

Hearing impairment among older adults is a common condition. As the population’s 

demographics change and the number of older adults continuously expands, ARHI 

represents an enormous challenge to clinical practice and society as a whole. The 

prevalence of ARHI varies between studies depending on age and ethnic 

background of the population and definition of HI. In Finland, 36.8 % of men and 

18.4 % of women have been diagnosed HI in a group of 850 subjects that were 54-

66 years old and randomly sampled from the population (Hannula et al. 2010). HI 

was determined using better ear pure tone average (PTA) calculated over the 

frequencies 0.5, 1, 2 and 4 kHz using a threshold level of ≥ 20 dB. In Italy, ARHI 

has been reported to affect 64.1 % of the elderly, while the mean age of the subjects 

was 72.8 years and PTA was measured using frequencies 0.5-2 kHz with HL of ≥ 

25 dB (Quaranta et al. 2014). A similar prevalence of ARHI has been reported in 

the United States (63.1 %) among ≥ 70 years old subjects using better ear PTA at 

frequencies 0.5-4 kHz with HL of ≥ 25 dB being most prevalent among white 

elderly (Lin et al. 2011). South-African black men have better hearing in higher 

frequencies than their white counterparts, but worse in lower frequencies indicating 

that their different genetic background influences this trait (Strauss et al. 2014).  

A characteristic audiogram in ARHI has a slope in the high frequencies with 

small differences between ears and the sloping shape encompasses the great 

majority of the audiograms in both genders (Hannula et al. 2011). ARHI is 

progressive and the rate of progression has been reported to be more than 1 dB per 

year in PTA over the frequencies 0.5-4 kHz being similar between genders 

(Cruickshanks et al. 2003). However, the progression rate and the affected 

frequencies depend on age while the impairment has been found to progress faster 

at the high frequencies among middle-aged subjects and at the low frequencies 

among the ≥ 80-year-old elderly (Wiley et al. 2008). 

2.5.1 Genetic and environmental factors in ARHI 

In general, the heritability is defined as broad sense heritability, i.e. the maximum 

proportion of overall variance of a specific trait, which could be explained by 

genetic factors. Many heritability estimates rely on studies, which are carried out 

by investigating mono- and dizygotic twins. The heritability of HI at high 

frequencies (3-8 kHz) has been estimated to be 0.474 in Swedish twins of ≥ 65 

years old, being much higher, 0.95, among 46-55 years old twins and 0.584 between 
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these ages. The association between heritability and age indicates that the earlier 

the onset age of HI, the greater is the role of genetic factors (Karlsson et al. 1997). 

The heritability estimates have been reported to vary between measured 

frequencies being higher at low frequencies (0.79 at 0.5 kHz vs. 0.36 at 8 kHz) in 

a study examining families from 8 European centers including Finns (Hendrickx et 

al. 2013). These findings indicate that low-frequency HI is more likely to be 

inherited while high-frequency HI is more likely attributable to environmental 

factors. Indeed, non-genetic factors have a remarkable effect in the pathogenesis of 

ARHI. Depending on studies, a significant association has been noted between 

otological risk factors considered as environmental, and ARHI (Gopinath et al. 

2010, Hannula et al. 2012, Lin et al. 2011). These risk factors include ototoxic 

medication, smoking, education and noise exposure. However, the latter itself 

without other otological risk factors did not seem to associate with ARHI in Finns 

(Hannula et al. 2012). In contrast, a significant increase of HI was detected among 

noise-exposed gold miners in different age groups compared to the controls in a 

large study of South Africans (Strauss et al. 2014).  

2.5.2 Controversial genetics of ARHI 

There has been a vigorous debate whether common variants cause common 

diseases or not, with arguments on both sides being well validated (Gibson 2012). 

In the case of ARHI, the search for a common shared cause has led to the situation 

where large patient cohorts have been pooled for analyses. This approach has not 

been very productive, at least for tracking genes causing ARHI. Even though ARHI 

is a frequent condition, studies have failed to find a shared contributor in different 

populations. The age-related nature and the major influence of environmental 

factors hamper the situation even further.  

Among the first studies, Van Laer et al. selected 70 candidate genes which 

cause or could cause hearing impairment (Van Laer et al. 2008). A total of 768 

tagged SNPs were genotyped in 2418 subjects from 7 European countries including 

Finns and the allele frequencies were compared between the groups. Initially, the 

subjects with the best or the worst hearing were taken to the analyses, thus covering 

the two extremes of the trait. Three SNPs in the grainyhead-like 2 gene displayed 

the most convincing association and fine mapping of additional SNPs suggested 

that this association was real. Later, a genome-wide association analysis was 

performed using the same original set of samples but now genotyping them for over 

500 000 SNPs (Friedman et al. 2009). The previous associations could not be 
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confirmed but instead, a novel association was found in the gene encoding 

metabotropic glutamate receptor 7 (GRM7) and ARHI. Furthermore, functional 

studies showed that the gene product was expressed in the inner ear. The association 

has been replicated later with a different sample set (Newman et al. 2012). By using 

a familial based approach, a significant linkage has been found between a locus on 

8q24 and a trait correlating with audiogram shape (Huyghe et al. 2008). However, 

a recent genome-wide association analysis failed to replicate any of the reported 

associations (Fransen et al. 2015). Furthermore, no single association has been 

found between common genetic variation and ARHI suggesting that ARHI is 

polygenic, or rare genetic variants in a large set of different genes could result in 

ARHI (Fransen et al. 2015). Even more confusing is, that the next GWAS found 

two novel SNPs associated with ARHI (Hoffmann et al. 2016).    

Despite the contradictory findings emerging from these large studies, single 

families with hereditary late-onset hearing loss have been described to display 

similarities with ARHI. Myosin VI (MYO6) is a well-known gene causing 

hereditary nonsyndromic hearing impairment (Melchionda et al. 2001). In a large 

Dutch family with dominantly inherited midlife-onset hearing impairment, a novel 

mutation in MYO6 was identified and interestingly, the constructed audiograms of 

the affected members resembled those present in age-related hearing impairment 

(Oonk et al. 2013). Another large family has been identified with dominantly 

inherited adult-onset HI and a genomic duplication consisting of TJP2 gene (Walsh 

et al. 2010). Onset age of the HI was in the subjects’ thirties and the audiogram 

configuration was steeply sloping. Family members older than 50 years had hearing 

levels greater than 60 dB already within the lowest frequencies, pointing to a more 

severe progression than in general with ARHI.  

As mutations in mtDNA have been shown to cause both nonsyndromic and 

syndromic hearing impairments, the mitochondrial genome has been a focus when 

investigating ARHI. However, no common mutations causing HI have been found 

in subjects with late-onset HI (Jacobs et al. 2005). The results have been negligible 

also in the latest study, when independent mitochondrial variants and overall 

mutation load have been investigated (Bonneux et al. 2011). Nonetheless, 

remarkable differences in the prevalence of specific mtDNA mutations have been 

reported between populations, indicating that the causality of mutations in mtDNA 

should be investigated in different populations in an independently.  

Large gene panels have already been sequenced in patients with recessively 

inherited nonsyndromic HI. When that method was applied, a genetic defect 

resulting in HI was found in 21 of the 29 available consanguineous families (Atik 
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et al. 2015). The gene panel consisted of 2761 genes, which were causative for HI 

(N=102) or some other Mendelian disorder. As expected, the mutations were found 

in genes previously linked to HI. The development of the screening methods will 

uncover more plausible defects resulting in late-onset HI. The problem with ARHI 

is the complexity of the trait, the involvement of environmental factors and the 

patient’s previous medical history. Hereditary ARHI has been, and still is, hard to 

recognize. 

2.5.3 Modeling of ARHI in mice 

A different view of the genetics of ARHI can be obtained from experiments 

conducted in animal models. The functional defects in mice are somewhat similar 

to those encountered in humans. In mice models, the definition of age-related 

hearing loss requires that high frequencies are affected and that the trait is 

progressive. The definition has, however, led to the situation, that the type of 

hearing loss is actually early-onset in both mice and humans and therefore any 

results obtained in the mice model need to be extrapolated with caution 

(Charizopoulou et al. 2011). Even though the hearing impairment is progressive 

affecting high frequencies in mice, the confirmation in human families with late-

onset HI is still needed to show the causality in ARHI. Despite these difficulties, 

mice models are useful for identification of novel candidates causing HI, and 

therefore also causing ARHI. The conditions of mice can be standardized and 

variation between individuals can be minimized.  

The first gene causing ARHI in mice was identified in 1997 (Johnson et al. 

1997). The gene, ahl, was mapped to chromosome 10. Inbred mice developed a 

hearing impairment at the age of 12 months, while control mice had normal hearing 

at the age of 18 months. The hearing was affected in the high frequencies, similar 

to that encountered in human ARHI. Later, a human homolog of ahl, CDH23 was 

found to be responsible for both syndromic and nonsyndromic hearing loss in seven 

families (Bork et al. 2001). The syndromic form of deafness caused by CDH23 was 

early-onset, being diagnosed during the first decade of life. Furthermore, the onset 

age of nonsyndromic deafness did not resemble ARHI. Despite the evident age-

related phenotype in mice, the corresponding homologs in humans rarely cause 

late-onset HI.  

Noise exposure is a major risk factor for age-related hearing loss. Interestingly, 

mutations in P2RX2 result in progressive deafness in the second decade of life in 

humans and deafness is triggered by noise exposure (Yan et al. 2013). P2RX2 null 
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mice developed progressive hearing loss and exposure to noise accelerated the 

progression significantly. Unfortunately for our study, hearing has not been studied 

among WFS1 null mice despite the fact that they express other symptoms related 

to WS. Those mice have been found to exhibit a diabetic phenotype including loss 

of beta cells in pancreas and impaired insulin secretion (Ishihara et al. 2004). 

Moreover, they have also been found to display psychiatric symptoms (Luuk et al. 

2009). An investigation of the hearing capabilities of WFS1 mice could reveal new 

aspects for ARHI. 
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3 Aims of the study 

 

It is clear that mitochondrial disorders are not considered as “rare” any longer, but 

it is equally useful to remember that the numbers of the patients suffering from 

similar symptoms are far from rare. Identifying the genetic causes and risk factors 

associated with phenotypes occurring in mitochondrial disorders and in their 

mimics would benefit many patients all around the world. This study was planned 

to reveal the genetics of common symptoms in the Finnish population. During the 

study, the recognition of outlier phenotypes shaped the focus towards the rare 

causes associated with atypical phenotypes.  

There are no reports of patients with Wolfram syndrome in Finland even 

though WS-related symptoms are relatively common. In addition to the syndrome, 

mutations in the WFS1 gene cause a rare hearing impairment in which the affected 

frequencies differ from those involved in the typical Wolfram syndrome. Genetic 

investigations among patients with late-onset HI link represent yet another 

phenotype linked to the WFS1 gene. Indeed, monogenic forms of ARHI are 

extremely rare, which might be due to the lack of interest and resources in the field 

of medical genetics.  

The diagnostics of mitochondrial disorders is challenging due to the 

heterogeneity of phenotypes and genotypes. The disorders range from fatal early-

onset diseases to mild, late-onset phenotypes with no impact on the expected 

lifespan. Reporting of phenotypic outliers can improve the targeted diagnostics 

among such cases in the future. 

The detailed aims of the experimental studies were: 

1. To investigate if genetic variation in WFS1 could contribute to the risk of 

symptoms, which are combined in Wolfram syndrome as well as exploring if 

the known pathogenic WS mutations are present in the Finnish population. 

2. To examine genetic variation of WFS1 in late-onset HI in Finnish patients with 

age-related hearing impairment. 

3. To expand the knowledge of MFN2-related phenotypes and to reveal the 

pathomechanism of the novel splice-site mutation in MFN2. 

4. To investigate rare genetic causes of ataxia in Finland and to demonstrate the 

pathomechanism of a novel mitochondrial mutation. 
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4 Patients, materials and methods 

4.1 Patients  

The patient cohorts of this study consist of selected patients displaying the kinds of 

adult-onset symptoms which are frequently found in the mitochondrial disorders. 

A total of 1084 living patients from Finland were included in the study in addition 

to 95 suicide victims. Control subjects were 634 healthy subjects from the region 

of interest in each study. 

4.1.1 Patients with mitochondrial disease-like symptoms 

The subjects with diabetes mellitus (DM) consisted of 182 adult patients (Majamaa 

et al. 1998). Selection criteria were insulin treatment in adulthood and a reported 

family history of diabetes mellitus. The patients were residents of northern Finland. 

Furthermore, the replication set included 299 patients with DM from southwestern 

Finland, who were 18-45 years old adults whose insulin treatment or any 

hypoglycemic medication had been started in adulthood (Martikainen et al. 2013a). 

The subjects with sensorineural hearing impairment were 117 adult patients (≥ 

20 years old) who had required the installation of a hearing aid before the age of 

45 years from northern Finland (Lehtonen et al. 2000, Majamaa et al. 1998).  

Inclusion criteria for hearing impairment were bilateral and symmetric hearing 

impairment with pure tone average > 30 dB HL calculated over the frequencies 0.5-

4 kHz, and undefined etiology. 

Inclusion criteria for subjects with optic atrophy were age (≥ 20 years) and 

optic atrophy with unknown etiology when demyelinating and ischemic diseases 

were excluded (Remes et al. 2003). Samples from 44 patients were received from 

northern Finland.  

Suicide victims (SV) were 18-64 years old; were 95 deceased patients (ICD-

10: X60-X84), in which the autopsy had been performed in the Department of 

Forensic Medicine of Oulu University Hospital during the years 2002-2003. Thirty-

five of the victims had a previous diagnosis of a psychiatric disorder (ICD-10: F00-

F100). 
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4.1.2 Patients with age-related hearing impairment (ARHI) II 

Blood samples were obtained from 518 subjects who were randomly sampled from 

the population register based on their age of 54-66 years. The subjects were from 

the city of Oulu and surrounding municipalities. Subjects with a known etiology of 

HI, due to either medical or genetic causes, were excluded. Otological risk factors 

were recorded including severe head traumas, strokes, central nervous system 

infections and radiotherapy in addition to history of ototoxic medication and noise 

exposure. The subjects reported their family history as well. 

Hearing tests were carried out according to the ISO 8253-1 (1989) standard. 

The better ear hearing level (BEHL) was used in the analyses. HI was defined if 

the BEHL over the frequencies 0.5, 1, 2, and 4 kHz was ≥ 20 dB according to the 

EU expert group recommendations (Stephens & Martini 1996). The same 

recommendations were used to define an asymmetric HI as well as a mixed type 

HI. In the subsequent investigations, the definitions of high-frequency HI (BEHL 

4, 6, 8 kHz ≥ 30 dB) and low-frequency HI (BEHL 0.125, 0.25, 0.5, 1 kHz ≥ 15 

dB) were used to form subgroups based on the affected frequencies. Middle 

frequency ARHI (0.5-4 kHz ≥ 20 dB) was diagnosed in 112 subjects. High-

frequency HI was determined in 255 subjects (these were the only frequencies 

affected in 149 subjects). Low-frequency HI was present in 51 subjects (these were 

the only frequencies affected in 15 subjects). 

Family 1 with high prevalence of late-onset HI 

The proband of the family was a 76-year-old woman whose hearing had been tested 

for the first time at the age of 45 years. At that age, hearing had already started to 

deteriorate at the high frequencies so that her hearing level (4, 6, 8 kHz) was 28 dB. 

A mild HI had been diagnosed at the age of 50 years when her BEHL at frequencies 

0.5, 1, 2 and 4 kHz was 20 dB. In the latest examination at the age of 76 years, her 

hearing levels were ≥ 20 dB at all measured frequencies ≥ 0.25 kHz. The average 

was 48 dB at the frequencies 0.5-4 kHz and 82 dB at the high frequencies 4-8 kHz. 

Her eight siblings, one sister and seven brothers, were 67-85 years old at the time 

of clinical examination. One brother had asymmetric HI, but MRI did not reveal 

any abnormalities and his better ear could be included in the study. Hearing levels 

of the better ear varied from 25 dB to 75 dB among the siblings. HL at high 

frequencies ranged from 53 dB to 115 dB.   
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From the third generation, 12 members from 7 different sibships participated 

in the study. One woman had mixed type HI and an atypical audiogram shape and 

she was later excluded from the analyses. Five of the eleven members included in 

the study were women. Their ages when they were examined ranged from 41 to 61 

years. One man had HI in the middle and high frequencies being 35 dB HL over 

the frequencies 0.5-4 kHz and 77 dB HL at 4-8 kHz. His cousins did not have HI 

at the frequencies 0.5-4 kHz and the hearing level at the high frequencies varied 

between 7 and 43 dB in the third generation. All members had symmetric hearing. 

Family 2 with late-onset HI 

The proband was a 76-year old woman whose hearing was normal at the 

frequencies 0.5-4 kHz (16 dB HL) at the time of examination. She had a high-

frequency HI, 53 dB HL in 4-8 kHz. Her twin sister had impaired hearing at all 

measured frequencies 0.125-8 kHz. Hearing levels were 40 dB and 62 dB with 

respect to the middle and high frequencies. Her daughter as well as the daughter of 

the proband had no HI. The oldest sister of the proband had hearing levels of 30 dB 

(0.5-4 kHz) and 55dB (4-8 kHz) at the age of 82 years.  

4.1.3 Patients with polyneuropathy III 

The proband was a 53-year-old man whose symptoms had started to develop in his 

mid-twenties with numbness and aching in the lower limbs followed by the 

appearance of a gradually worsening gait and weakness of the legs. He had 

experienced also erectile dysfunction and sweating abnormalities since his thirties. 

In the clinical examination, bilateral pes cavus and muscle atrophy were noted in 

his feet. The ability of sensing vibration or a pinprick was decreased in the lower 

limbs. Electrophysiological examination revealed a severe axonal neuropathy. His 

22-year-old son had similar but milder clinical features which had started with 

aching of the lower limbs. Bilateral pes cavus was also noted. In the 

electrophysiological examination, a mild motor and sensory axonal neuropathy was 

detected. The standard laboratory tests were normal in both patients. The proband 

had also an affected daughter aged 20 years old, who did not want to participate in 

the study. His other two children were healthy. 
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4.1.4 Patients with ataxia IV 

Patients with spinocerebellar ataxia of unknown etiology were collected from the 

discharge register of Oulu University Hospital. The selection diagnoses were G11.9 

and R27.0 (ICD-10). Exclusion criteria were alcohol abuse, cerebellar vascular 

disease, cerebellar neoplasm, CNS inflammatory disease, CNS infection, vitamin 

deficiency, paraneoplastic ataxia, and iatrogenic ataxia. Family histories were 

received from 71 patients. The patients were first screened for the mtDNA 

mutations m.3243A>G, m.8344A>G and m.8993T>G and for the mutations 

p.Thr251Ile, p.Ala467Thr, p.Pro587Leu and p.Trp748Ser in the polymerase 

gamma gene. The patients who were negative with respect to these mutations were 

selected for further investigations (N=69). The mean age of the patients was 58 

years and their age ranged from 17 to 86 years. Two siblings who were found to 

harbor a novel mutation in the overlapping region of MT-ATP6 and MT-ATP8 were 

selected for detailed examination of mtDNA.    

Case reports IV 

Patient 1 was a 59-year-old woman with migraine and hypergonadotropic 

hypogonadism since the age of 23 years. Her first symptoms of ataxia had been 

noticed at the age of 24 years, when she had started to have dizziness. Ataxia 

developed during the following years. In the neurological examination, her score 

on the Scale for the Assessment and Rating of Ataxia (SARA) (Schmitz-Hubsch et 

al. 2006) was 15 out of 40 and the Inventory of Non-ataxia Symptoms (INAS) 

(Schmitz-Hubsch et al. 2008) count was 5 out of the maximum 16. In addition, 

diabetes had been diagnosed at the age of 49. Muscle histology did not reveal any 

mitochondrial pathology. No retinopathy was detected in fundoscopy. Family 

history with respect to the phenotype was negative. 

Patient 2 was the 64-year-old brother of patient 1. His balance difficulties had 

appeared during childhood. In addition, he had had learning difficulties in 

elementary school. Walking and balance difficulties had worsened since the age of 

20 years leading gradually to his current condition of being confined to a wheelchair. 

He had also developed dysarthria and dysphagia. At the age of 39 years, 

sensorineural hearing loss and sensorimotor neuropathy had been diagnosed. In a 

neurological examination conducted when he was 62, the SARA score was 19 and 

the INAS count was 5. Diabetes had been diagnosed in the previous year. 

Furthermore, he had indications of hypergonadotropic hypogonadism such as 
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elevated FSH and testosterone level of 9.1 nmol/l which was inside the reference 

values at the time of the measurement but with the current reference values (10-38 

nmol/l), the testosterone level would have been considered as below the normal 

range. Moreover, he had been investigated for erectile dysfunction earlier. Findings 

in fundoscopy were normal. Muscle histology did not show any signs of a 

mitochondrial disorder.  

The three older siblings in the family were unaffected with respect to the 

phenotype of their affected siblings. The children of the unaffected siblings were 

also healthy. The mother of the patients had died at the age of 70 years and the 

father at the age of 88 years. The mother had had diabetes and the father had 

suffered from memory deficits. 

4.2 Controls 

The controls in studies I, III and IV consisted of healthy blood donors from the 

Finnish Red Cross. The controls in study I (N=285) were from three neighboring 

provinces, Northern Ostrobothnia, Kainuu and Northern Savo. In study III, 200 

controls from Southern Finland were also used in addition to the 95 controls from 

Northern Ostrobothnia. 

For the subjects with ARHI, a matched control group was formed among the 

randomly sampled subjects using the individuals who did not display any signs of 

HI. Criteria for exclusion were HI (BEHL0.5, 1, 2, 4 kHz ≥ 20 dB HL), high-

frequency HI (BEHL 4, 6, 8 kHz ≥ 20 dB), or low-frequency HI (BEHL Low 0.125, 

0.25, 0.5 kHz ≥ 15 dB HL). After the exclusion, 149 subjects were used as controls.   

4.3 Ethical issues in the studies 

All living patients provided their written informed consent. The patients understood 

that the investigations were preliminary. They were aware of the benefits and 

discomforts of the study. All the samples were taken and all examinations were 

conducted by trained personnel. Samples were coded and the personal details were 

available only for research purposes under supervision. The permission for genetic 

investigations of the suicide victims was granted by the National Authority for 

Medicolegal Affairs of Finland. The samples from the suicide victims were 

encrypted and used in their coded form without any information that could reveal 

their identity. 
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Projects that form the thesis are subprojects of larger ongoing projects. The 

permissions are:  

1. “The function of Wolframin and its pathology”, 48/2003 granted by The 

Regional Ethics Committee of the Northern Ostrobothnia Hospital District. 

2. “Identification of environmental and genetic risk factors for Age Related 

Hearing Impairment (ARHI)”, 172/04/02 granted by The National Advisory 

Board on Social Welfare and Health Care Ethics ETENE, and amendment for 

segregation analyses, 29/06.00.02/2015. “Mitochondrial DNA mutations in 

ARHI”, 49/2003 granted by The Regional Ethics Committee of the Northern 

Ostrobothnia Hospital District. 

3. “Mitochondrial disease in Southwestern Finland. Molecular genetic and 

clinical studies”, 13852 amendment for K21/11 granted by Ethics Committee, 

Hospital District of Southwest Finland. 

4. “Mitochondrial encephalomyopathies in adulthood” granted in 1995 by The 

Regional Ethics Committee of the Northern Ostrobothnia Hospital District. 

4.4 Molecular methods 

4.4.1 Nucleic acids, purification 

Total DNA from whole blood, buccal mucosa, and myoblasts was extracted using 

QIAamp® DNA Mini kit (QIAGEN, Hilden, Germany). From suicide victims, the 

DNA was isolated using the standard SDS–proteinase K extraction. The DNA from 

muscle biopsies was purified using Wizard® Genomic DNA purification kit 

(Promega Corporation, Madison, WI, U.S.A.). RNA from the whole blood was 

extracted with Nucleospin® RNA Blood Midi kit (Macherey-Nagel, Düren, 

Germany).  

4.4.2 DNA amplification 

The desired region of different genes or overlapping fragments of mtDNA were 

amplified using primarily the Phire II Hotstart polymerase according to the 

provided protocols with Piko™ thermal cycler using primers at a final 

concentration of 0.5 μM, and dimethyl sulfoxide (DMSO) at a final concentration 

of 3 %. (Thermo Fisher Scientific, Waltham, MA, U.S.A.). The second polymerase 

which was used for amplification was AmpliTaq Gold® (Applied BiosystemsTM, 
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Thermo Fisher Scientific). The reaction was carried out according to the provided 

protocol with 0.5 U of polymerase, 2.5 mM magnesium chloride, 1 µM primers 

and 3 % DMSO. The reaction conditions for both polymerases followed the 

recommendations of the company. 

4.4.3 Expand-PCR (XL-PCR) 

Mitochondrial DNA deletions were investigated in the patient with c.708G>A in 

the MFN2 gene, and in the siblings with novel mutation in mtDNA. The reaction 

to amplify the mtDNA fragment spanning the nucleotides from m.10 to m.16496 

was performed using 1 U of Phusion High-Fidelity DNA polymerase (Thermo 

Fisher Scientific) in a reaction consisting of 1 x GC buffer, 0.5 µM primers, and 

200 µM dNTP (each) using recommended reaction conditions. The PCR product 

was then electrophoresed, and visualized using standard methods. Age-matched 

control muscles were used as the controls. 

4.4.4 RT-PCR 

To avoid genomic background in the RT-PCR, RNA was purified with DNase prior 

to the amplification. The mRNA of the MFN2 gene was first reverse transcribed 

(RT) to cDNA and then amplified in three overlapping fragments, or in one 

fragment covering the whole mRNA. The RT-PCR was done using QIAGEN® 

OneStep RT-PCR kit (QIAGEN) according to the provided protocols for short and 

long amplicons. The RT-PCR products were then electrophoresed and the correct 

band was excised, purified, and sequenced.  

4.4.5 PCR-based methods for screening the variants 

Conformation sensitive gel electrophoresis (CSGE) 

CSGE is a method which reveal differences in nucleotide sequences based on 

different mobility in the polyacrylamide gel. The method is efficient when the 

expected variation is low and the number of deviant samples for sequencing remain 

low. The PCR product is combined with a PCR product with a known nucleotide 

sequence. The mix is incubated at denaturing and annealing temperatures which 

allows the DNA (or RNA) fragments to become combined with each other. If the 
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nucleotide sequence is the same in the sample under interest as in the control, then 

only one band can be seen in the gel. The paired DNA fragments with matching 

sequences are designated as homoduplexes. However, if the nucleotides do not 

match (i.e. do not form a pair) with each other, then heteroduplexes are formed and 

this leads to different mobility properties resulting in the appearance of additional 

bands in the gel. Sequencing is then needed to find the variants which are 

responsible for the conformation change. Part of the WFS1 gene was analyzed using 

CSGE. CSGE was also used when exon seven of MFN2 was investigated in the 

controls. Furthermore, screening the colonies after cloning was done partly using 

CSGE in such a way that the PCR product from one colony was mixed with WT 

and mutant PCR product to decrease the amount of sequencing. It was expected 

that the product would be similar with either WT or the mutant.  

Restriction fragment length polymorphism (RFLP) 

Restriction enzymes were used to screen selected variants in three of the four 

studies. In WFS1, the analyzed common variants and enzymes were as follows. A 

synonymous polymorphism p.Arg228= in exon 6 of the WFS1 was screened with 

Fast Digest (FD) SsI (Thermo Fisher Scientific), and two nonsynonymous changes 

in exon 8, p.Arg818Cys and p.Val871Met, were analyzed using FDHhaI and 

FDTaaI, respectively. In the ARHI study, the selected variants were screened in the 

matched controls using BglI (New England Biolabs, NEB, Ipswich, MA, U.S.A.) 

for p.Thr487Ile, BtsI (NEB) for p.Tyr528His, FD XmiI for p.Val659Gly, 

FDBsh1236I for p.Arg676Cys, and FDAasI for p.Val695Asp. The controls were 

screened for the novel mutation m.8561C>G with Cac8I (NEB). 

Determining the heteroplasmy by cloning 

Cloning of the fragment including the novel mutation in the patients with 

syndromic ataxia was carried out using CloneJET PCR Cloning Kit with 

Subcloning Efficiency® DH5α competent cells (Thermo Fisher Scientific) 

according to the blunt-end cloning protocol. Heteroplasmy was determined in 

blood, buccal mucosa and muscle of the patients, and from blood of their available 

family members. Furthermore, the heteroplasmy of all daughter myoblast lines was 

determined. A hundred colonies per tissue were collected and amplified. The 

colonies were then screened either by using CSGE as mentioned earlier, or by 

sequencing.  
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Sequencing 

Sequencing was used in all four studies. All the sequencing reactions were done in 

Biocenter Oulu sequencing core facility. The reactions were carried out by using 

BigDyeTerminator v1.1 cycle sequencing kit (Applied BiosystemsTM) and 3500xL 

Genetic Analyzer. 

4.4.6 Cell cultures 

Myoblast cultures were established according to the previously released protocol 

(Shoubridge et al. 1996). A fresh biopsy taken from vastus lateralis was first 

minced into small pieces and adipose tissue was removed. The biopsy was then 

trypsinized in PBS w/o calcium and magnesium containing 0.05 % of trypsin and 

0.02 % of EDTA using a trypsinizing flask. The solution was stirred for 15 min at 

37 degrees. Three stirring steps were done. After stirring, the aliquots were 

collected and centrifuged with DMEM and 10 % FBS for 15 min using 500 g. The 

pellet was re-suspended in the commercial growth medium (Skeletal muscle cell 

growth medium with supplements, Promocell, Heidelberg, Germany). When the 

myoblasts started to grow after 7-10 days of culturing, the medium was changed 

for the first time. Then, the cells were cultured according to their growth rate. At 

every dividing step, the cells were preplated for 15 min in order to remove extra 

fibroblasts which adhere faster than the myoblasts. After 15 min adherence time, 

the medium was carefully pipetted to a new plate. Cells were grown to the 

confluence of 65-75 % before dividing them. The myoblasts were immunostained 

with myoblast-specific desmin antibody (BioGenex, Fremont, CA, U.S.A.) to 

confirm the cell type at several points during culturing. 

4.4.7 SDS-PAGE 

One dish (diameter of 10 cm) containing myoblasts at a maximum confluence of 

75 % was used in the sample preparation prior to SDS-PAGE. The cells were 

solubilized in 1.5 % n-dodecyl β-D-maltoside with protease inhibitor in 1 x PBS 

w/o calcium and magnesium. An aliquot of 20-30 µg of total protein was loaded in 

lithium dodecyl sulfate buffer in the gel. The amount of the proteins in the sample 

was measured using the Bradford assay. Commercial denaturing gels (NuPAGE® 

Novex®, Life Technologies, Carlsbad, CA, U.S.A.) were electrophoresed using 2-

(N-morpholino) ethanesulfonic acid (MES) buffer and blotted according to the 
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manufacturer’s protocol using XCell SureLock® Mini-Cell and XCell II™ Blot 

Module (Thermo Fisher Scientific). The antibodies used were 30 kDa subunit 

(A21343, Molecular Probes®, Life Technologies) of complex I, flavoprotein (A) 

subunit of complex II (ab14715, Abcam, Cambridge, UK), core protein 2 of 

complex III (ab14745), subunit 4 of complex IV (ab14744), subunits alpha 

(ab14748) and beta (ab14730) of F1 of complex V, subunit d (ab110275), subunit a 

(EB12462, Everest Biotech, Oxfordshire, UK) and subunit A6L (sc-84231, Santa-

Cruz Biotechnology, Dallas, TX, U.S.A.) of Fo of complex V. Superoxide dismutase 

(ab13533) and glutathione peroxidase 1 (ab22604) were used for investigating 

oxidative stress. Alpha-tubulin (ab6160) was used as the loading control.  

4.4.8 Blue Native-PAGE 

Sample preparation for BN-PAGE was done as described previously (Leary & 

Sasarman 2009). At least one dish (diameter of 15 cm) of myoblasts with growth 

to maximum confluence (75 %) was needed in order to obtain an optimal sample. 

The cells were first collected and suspended in 1 x PBS without calcium and 

magnesium. The dilution of the sample was sonicated and the protein concentration 

was measured using the Bradford assay. The protein concentration was used to 

estimate the need for digitonin which was used to destroy all membranes except 

the inner mitochondrial membrane (IMM) at a final concentration of 2 mg/ml. After 

centrifugation, the pellet containing IMM was resuspended in MB2 buffer (1.75 M 

aminocarproic acid, 75 mM Bis-Tris, EDTA) followed by addition of lauryl 

maltoside at a final concentration of 1 % to release the proteins attached to the 

membrane. Then the samples were centrifuged, the supernatant was collected and 

the final amount of proteins was measured. The negative charge of the sample was 

created using brilliant blue G.   

Gradient gels of 3-12 % (NativePAGE™ Novex®, Life Technologies) with 

running buffers prepared as previously were used for the first dimension gel run 

(Leary & Sasarman 2009). The blue cathode buffer (15 mM Bis-Tris, 50 mM tricine, 

0.02 % Brilliant Blue G, pH 7) was replaced with a colorless version (without 

Brilliant Blue G) after the blue line had migrated around two thirds of the gel. The 

anode buffer in use was 50 mM Bis-Tris, pH 7. The blue line migrated out from the 

gel and the gel lanes were then separated for the second dimension gel run that was 

carried out with commercial 10 % 2D gels (NuPAGE® Novex®, Life 

Technologies). The 2D SDS-PAGE gels were run and blotted as mentioned earlier. 
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Antibodies for subunits of complexes I-V were the same previously described, and 

the flavoprotein subunit for complex II was used as the loading control.  

Non-gradient BN-PAGE was used for blotting the native gels (Yan & Forster 

2009). Western blotting was done at +4 °C using nitrocellulose membrane and 

transfer buffer containing 25 mM Tris, 20 mM glycine, 0.2 % SDS and 20 % with 

90 V for 90 min. Antibodies were the loading control, flavoprotein subunit of 

complex II (ab14715), core protein 2 of complex III (ab14745), subunit 4 of 

complex IV (A21347) and alpha subunit of F1 (ab14748) of complex V. 

4.4.9 In-gel activity assay 

The previously described commercial gradient BN-gels and running conditions 

were used to investigate the in-gel activity of complex V. In this protocol, the 

activity of complex V is actually measured via its capability to hydrolyze ATP, i.e. 

the reverse reaction (Zerbetto et al. 1997). The activity assay was performed using 

40 µg and 50 µg of mitochondrial proteins. The reaction was carried out incubating 

the gel for 18 h at room temperature with gentle shaking. The reaction solution 

consisted of 35 mM Tris, 270 mM glycine, 14 mM magnesium sulfate, 0.02 % lead 

nitrate, and 8 mM ATP at a final concentration, with pH of 7.8. 

4.4.10 ATP determination 

ATP was first measured at the baseline using myoblasts proliferating in growth 

medium. The myoblasts were lysed in ATP releasing buffer (100 mM potassium 

phosphate buffer at pH 7.8, 2 mM EDTA, 1 mM dithiothreitol, and 1 % Triton X-

100) (Yang et al. 2009). The determination was done using a commercial ATP 

determination kit (Molecular Probes®, Life Technologies). The reaction was 

conducted as in the original protocol using 10 µl of the cell lysate and 90 µl of the 

reaction buffer. The reactions were incubated in the dark for 15 min in 28 ºC and 

the luminescence was measured using FLUOStar microplate reader (BMG Labtech, 

Ortenberg, Germany). A standard curve was created with ATP solutions in a 

concentration range from 2.5 pmol to 100 pmol. Twenty-two samples from each 

cell line were measured with four replicate reactions.  

In order to investigate if uncoupling of the respiratory chain in the patient 

myoblast could result in an outcome different from that in the control myoblasts, 

cells were treated with FCCP (carbonyl cyanide-p-

trifluoromethoxyphenylhydrazone, Cayman Chemical, Ann Arbor, MI, U.S.A.) at 
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a final concentration of 3 µM for 10 min. The cells were then lysed and the reaction 

was performed as in the baseline measurements using nine samples before and after 

treatment. The ATP content was then compared in relation to the baseline. The 

cellular ATP content was calculated as pmol/µg of total protein, which was 

estimated with the Bradford assay.  

4.5 Statistical methods and in silico prediction tools 

4.5.1 Statistics 

Comparisons of the allele frequencies between different groups of patients and 

controls were done using a global test of differentiation (Raymond & Rousset 1995) 

after confirmation of Hardy-Weinberg equilibrium (Guo & Thompson 1992) using 

Arlequin 3.5.1.2. software (Excoffier & Lischer 2010). The differentiation test 

produces a test-value and p-value for differentiation covering the whole data and 

also calculates the pairwise differences. Multiple testing corrections were done by 

using Benjamini and Hochberg false discovery rate (Benjamini & Hochberg 1995). 

Haplotypes were inferred and the estimated phase data was created with the ELB 

algorithm in the Arlequin software. IBM SPSS Statistics 19 (IBM, New York, NY, 

U.S.A.) was used to calculate the adjusted residuals, which were used to reveal 

differences at the allele level. Adjusted residuals are defined as statistically 

significant (p<0.05), when the value is >1.96 or < -1.96 (Everitt 1992). To estimate 

the effect of the genotype in first-degree family history, Pearson’s chi square test, 

or Fisher’s exact test were used. 

In the fourth study, the ATP levels in pmol/µg of protein were first tested by 

using Kolmogorov-Smirnov and Shapiro-Wilk tests for normality in SPSS 20. The 

differences in the ATP content of the myoblasts were then investigated using 

parametric or nonparametric tests for paired samples depending on the distribution 

of the values. The baseline ATP content was compared using paired-samples t-test. 

Since the values were not normally distributed, the effect of the FCCP treatment 

was calculated using Wilcoxon signed rank test for paired samples. 
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4.5.2 Bioinformatics 

Reference sequences, GenBank 

GenBank (http://www.ncbi.nlm.nih.gov/) reference sequences of the studies were 

as follows. For human WFS1, the genomic sequence was NG_011700.1, mRNA 

sequence for MutationTaster was NM_006005.3, and the wolframin protein 

sequence was NP_005996.2. The reference sequences for the multiple sequence 

alignment were XP_009445588.1 for Pan troglodytes (Chimpanzee), 

NP_001127593.1 for Pongo abelii (Sumatran orangutan), XP_002688446.1 for 

Bos Taurus (cattle), NP_114011.1 for Rattus norvegicus (Norway rat), 

NP_035846.1 for Mus musculus (house mouse), NP_001089845.1 for Xenopus 

laevis (African clawed frog), XP_015141308.1 for Gallus gallus (chicken), and 

XP_006563557.1 for Apis mellifera (honey bee). For predicting the MFN2 splice 

sites, the reference sequence was NG_007945.1. The mRNA reference sequences 

used for RT-PCR primer design were NM_001127660.1 and NM_014874.3. The 

revised Cambridge Reference sequence NC_012920 was used in the investigations 

of the mitochondrial genes, MT-ATP6 and MT-ATP8. 

Prediction algorithms for nonsynonymous nucleotide changes 

In study I, the evaluation of the pathogenic potential of the variants in WFS1 was 

conducted with four prediction algorithms, PolyPhen-2 (Adzhubei et al. 2010), 

SIFT (Ng & Henikoff 2001), SNAP (Bromberg & Rost 2007), and MutationTaster 

(Schwarz et al. 2010). Variants were considered as pathogenic, if all four prediction 

tools gave prediction against neutrality. If three out of four predictions predicted 

pathogenicity, the variant was defined as possibly pathogenic. In study II and IV, 

the predictions were done using a consensus classifier, PredictSNP, which 

combines six different algorithms to produce a fused evaluation (Bendl et al. 2014).  

Analyses of the protein structure and conservation 

To further analyze conservation of wolframin in a larger scale, protein sequences 

from different species were aligned using Clustal Omega alignment tool (Goujon 

et al. 2010, Sievers et al. 2011). Transmembrane segments of wolframin were 

estimated by using TMHMM v. 2.0 (Krogh et al. 2001) and the structure was drawn 

with TOPO2 (http://www.sacs.ucsf.edu/TOPO2/). In the study III, the effect of the 
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c.708G>A in MFN2 was estimated using two splice site prediction tools, the 

NetGene2 (http://www.cbs.dtu.dk/services/NetGene2/), and NNSPLICE 0.9 

(http://fruitfly.org/seq_tools/splice.html). 
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5 Results 

5.1 Common variation in WFS1 (Study I) 

We found significant differences between cases and controls with respect to the 

common variation in the WFS1 gene. After Benjamini and Hochberg correction, 

two variants displayed an association with one or more phenotypes. The frequency 

of the His allele at amino acid position 456, p.[His456], was significantly higher in 

the patients with SNHI (p=0.00008 for pairwise difference), being 11.5 % in the 

patients (95 % Confidence Interval, 8.0–16.3 %) and 3.3 % (95 % CI, 2.1–5.2 %) 

in the controls. The allele frequency was increased (p=0.036) also in the patients 

with DM, being 6.6 % (95% CI, 4.4–9.7 %), as well as in patients with OA (p=0.043) 

being 9.1 % (95 % CI, 4.5–17.2 %). A second associated variant was the His allele 

at amino acid position 611. The frequency of the p.[His611] allele was significantly 

increased in patients with DM (p=0.039). The frequency of the allele was 55.8 % 

(95 % CI, 50.6–60.8 %) in the patients with DM and 47.0 % (95 % CI, 43.0–51.1 %) 

in the controls. Inferring the haplotypes revealed that the two associated variants 

belonged to different haplotypes. An independent group of patients with DM from 

southwestern Finland was genotyped with respect to the alleles p.[His456] and 

p.[His611]. No differences in allele frequencies were detected between the two 

groups of patients with DM (p.Arg456His, p=0.85; p.Arg611His, p=0.76). The 

frequencies of the two DM-associated alleles were increased in the patients from 

southwestern Finland as well, the frequency of the p.[His456] allele was 5.9 % (95 % 

CI, 4.2–8.1 %) and that of the p.[His611] allele was 53.8 % (95 % CI, 49.8–57.8 %). 

The two patient groups with DM were combined and the family histories of 

their first-degree relatives were investigated (Figure 3). The patients with at least 

one copy of the allele p.[His611] had more first-degree relatives with DM than 

those patients who had two reference alleles. Although the difference was not 

statistically significant, a trend was observed. The carriers of the p.[His456] allele 

were excluded from the analyses because of the haplotype difference of these two 

risk alleles. The patients with p.[His456] allele and SNHI did not have more first-

degree relatives with HI than the patients with reference genotype. 
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Fig. 3. Family history of DM (N=414) of first-degree relatives classified by genotype at 

amino acid position 611. Solid columns, DM patients with first-degree relatives with DM. 

Striped columns, DM patients with no first-degree relatives with DM. 

5.2 Segregation of the rare WFS1 mutations (Study I) 

We found two novel heterozygous variants in WFS1, p.Asp389Ala and 

p.Glu403Asp. To date, both have been found in the ExAC database (Exome 

Aggregation Consortium, Cambridge, MA, U.S.A., URL: 

http://exac.broadinstitute.org, (Lek et al. 2016). The p.Asp389Ala has been found 

once and the p.Glu403Asp has been found eight times among 121410 alleles. In 

our study, the carrier of the p.Asp389Ala variant had SNHI as the only symptom. 

An unaffected sibling of the carrier had also the variant in a heterozygous form. 

Therefore, the contribution of the variant remained unclear. The possibility that it 

might be a recessively inherited WS mutation which is a risk allele for HI cannot 

be excluded. The heterozygous p.Glu403Asp was found in two patients with SNHI 

and DM. The variant segregated with the HI in the first family that included four 

affected siblings and a mother with SNHI. Two affected family members 
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participated in the study and they carried the variant. Furthermore, an unaffected 

sibling was found to carry only the WT alleles. Another family carrying the variant 

p.Glu403Asp did not want to participate in the segregation analyses. 

None of the common variants associated with the suicide victims, but the only 

confirmed WS mutation was found among these individuals. The mutation was 

p.Gln667* in a heterozygous state. To date, the number of p.[667*] alleles in ExAC 

database is 6 among 121196 alleles, all found in a heterozygous form.  

5.3 Sequence variants in the WFS1 in the patients with ARHI 

(Study II) 

Common nonsynonymous variants in the patients with ARHI were p.Val333Ile, 

p.Arg456His, p.Arg611His, p.Ile720Val and p.Val871Met in exon 8 of WFS1. The 

variants were present at similar frequencies in the subjects with different 

phenotypes of ARHI and hence, no significant differences were found. In addition 

to the common variants, 16 nonsynonymous variants were found in WFS1 in which, 

p.Glu403Asp has previously been reported to cause HI (Kytövuori et al. 2013), 

p.Val659Gly was a novel variant, and five nonsynonymous variants were very rare, 

being found at a frequency of < 0.01 % in the ExAC database (Table 1). These 

seven variants were selected for further evaluation.   
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Table 1. Rare variants in WFS1 found in patients with age-related hearing impairment. 

ExAC1 

(Finland) 

Nucleotide 

position 

AA2 Controls PredictSNP HI3 Previous findings 

ALL: 

8/121410 

(5/6614) 

c.1209G>T p.Glu403Asp ND Deleterious High Dominantly inherited HI 

(Kytövuori et al. 2013) 

ALL: 

2/121216 

(1/6612) 

c.1460C>T p.Thr487Ile ND Neutral Middle & 

High 

ALL: 

1/121222 

c.1582T>C p.Tyr528His ND Deleterious Middle & 

High 

p.Tyr528Asp and 

p.Tyr528* cause WS 

(Aloi et al. 2012, 

Colosimo et al. 2003, 

Zalloua et al. 2008) 

Novel c.1976T>G p.Val659Gly ND Deleterious High 

ALL: 

10/121020 

c.2026C>T p.Arg676Cys ND Deleterious High 

ALL: 

6/120100 

(2/6558) 

c.2084G>A p.Gly695Asp 1/149 Deleterious Middle & 

High 

p.Gly695Val causes 

WS (Inoue et al. 1998) 

ALL: 

2/114956 

c.2251G>A p.Glu751Lys ND Neutral High p.Glu751Gln is a 

polymorphism 

1ExAC database: http://exac.broadinstitute.org 2Amino acid 3Hearing impairment, Middle = BEHL 0.5, 1, 

2, 4 kHz ≥ 20 dB, High = BEHL 4, 6, 8 kHz ≥ 30 dB   

5.4 Segregation of the WFS1 mutations in families with high 

prevalence of ARHI (Study II) 

Families of the carriers of the mutations p.Tyr528His or Glu751Lys participated in 

further investigations. The p.Tyr528His segregated with the HI in family 1 

consisting of 20 members that included eight siblings of the proband, ten of their 
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children as well as a son of the proband (Figure 4). The inclusion criterion was age 

of ≥ 40 years. Among the three siblings of the second generation with the WT 

genotype, the mean hearing level was 24 dB at the frequencies 0.125-1 kHz. The 

mean hearing level was 35 dB at the same frequencies among the mutation carriers 

in the second generation. At frequencies between 0.5-4 kHz, the hearing levels were 

47 dB and 52 dB with respect to the WT and the mutation carriers. Hearing at high 

frequencies was similar between the two groups.  

When the third generation in the family with p.Tyr528His was examined, the 

hearing difference was more evident as the only carrier of the mutation at the age 

of 57 years had an obvious hearing impairment (BEHL 0.5-4 kHz 35 dB) while his 

cousins had a WT genotype and no HI. His hearing had deteriorated already at the 

age of 45 years when the HL was 48 dB at the high frequencies (4-8 kHz). At the 

age of 57 years, his hearing level at the high frequencies was 77 dB. Overall, his 

hearing was at least 40 dB worse than that of his cousins at all measured frequencies 

≥ 2 kHz. The cousin with the worst hearing had 13 dB HL at the frequencies 0.5-4 

kHz and 43 dB HL at frequencies 4-8 kHz.  

All men of family 1 had had noise exposure due to their mandatory army 

service, but there was no difference in the noise exposure between the genotypes. 

Hence, the noise burden was distributed similarly between the mutation carriers 

and the WT genotype making comparisons reliable. 

In family 2, the mutation did not segregate with HI. The proband in family 2 

with the p.Glu751Lys variant had high-frequency HI. The daughter of the proband 

had normal hearing and the WT genotype. One sister of the proband carried the 

variant and she had mildly impaired hearing covering all frequencies. The other 

sister had similarly affected hearing but she did not harbour the variant and her 

daughter had normal hearing as well. A brother of the proband had reference alleles 

and subjectively normal hearing. The findings among the members did not allow 

definite conclusions because of the small size of the family. 

 



74 

Fig. 4. Finnish family with high prevalence of ARHI and segregation of the p.Tyr528His 

mutation. (A) Pedigree of the family 1. Arrow, proband; open circle, asymptomatic 

female; open square, asymptomatic male; dark grey circle, female with hearing 

impairment (HI) and with p.Tyr528His; dark grey square, male with HI and with 

p.Tyr528His; light grey circle, female with HI; light grey square, male with HI; □■, carrier 

of p.Tyr528His; □ □, wild type. Ages are shown under the genotype symbol. (B) 

Audiograms of the family members. The audiograms of the mutation carriers and the 

subjects with WT genotype are shown separately.  

5.5 Genetic defect in MFN2 (Study III) 

The two patients with a mild CMT phenotype have been described in detail in 

Patients, Materials and Methods section. Both patients carried the heterozygous 

c.708G>A mutation in exon 7 of the MFN2 gene. According to in silico analyses, 

the mutation was predicted to result in a splice defect, where two algorithms 

predicted a loss of a donor site in the mutated region. The mutation was absent in 

295 Finnish controls. To investigate the effect of the c.708G>A mutation, the 

sequence of mRNA of the patient was investigated. In RT-PCR, amplification of 

the exons 6-12 revealed a smaller cDNA fragment having a low intensity in addition 
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to the WT fragment. The smaller amplicon was found to have a total lack of exon 

7. The exon skipping created a frameshift, resulting in an altered amino acid 

sequence followed by a premature termination codon. Furthermore, the aberrant 

mRNA sequence was found when the whole mRNA was amplified. The sequence 

was weak, indicating that some of the aberrant mRNA had been degraded. The 

deletion profile of the mtDNA of the patient did not differ from age-matched 

controls. 

5.6 Sequence analysis of the MT-ATP6 and MT-ATP8, and 

heteroplasmy (Study IV) 

A novel mutation in mtDNA was found in siblings with a complex ataxia phenotype 

with hypergonadotropic hypogonadism. The m.8561C>G mutation was located in 

the overlapping region of the genes MT-ATP6 and MT-ATP8, and resulted in an 

amino acid change in both of the encoded proteins, complex V subunit a and 

subunit A6L, respectively (Figure 5). These proteins participate in forming the 

mitochondrial ATP synthase, complex V, that is made up of two functional domains, 

F1 and Fo. Subunits a and A6L are included in the Fo domain. The amino acid change 

p.Pro12Arg in subunit a was predicted by in silico analyses to be more damaging 

than the p.Pro66Ala in the A6L. This mutation was absent in the Finnish control 

samples and in the 30 589 sequences in the MITOMAP database 

(http://www.mitomap.org/MITOMAP). 

The three unaffected family members were found to harbour the m.8561C>G 

mutation as well. Heteroplasmy was determined in all available samples and tissues. 

The affected siblings were almost homoplasmic with respect to the mutation. The 

proportion of the mutant variant was ≥ 98 %, while the corresponding proportions 

were 3-20 % among the unaffected siblings. The mother of the siblings was not 

available for the study. The myoblast cultures that were established from the biopsy 

taken from vastus lateralis of both patients were homoplasmic with respect to the 

mutation.  

Weak mtDNA deletions were noted in the XL-PCR using the DNA from the 

patients’ muscle, but the finding did not differ from controls indicating that there 

was a normal accumulation of mtDNA deletions in the ageing muscle. The 

myoblasts did not carry any mtDNA deletions. 

. 
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Fig. 5. Finnish family harbouring the m.8561C>G. (A) Pedigree of the family. Black 

symbol, affected family member; white symbol, unaffected family member. (B) Amino 

acid positions altered by m.8561C>G double mutation. 

5.7 Studies on cultured myoblasts (Study IV and unpublished 
results) 

The patients were found to have impaired assembly of complex V. An additional 

assembly intermediate V* was recognized in both patients in non-gradient BN-

PAGE (Figure 6). The amount of F1 was increased in both patients. The mean 

relative amounts of fully assembled complex V and subunit F1 were 69 % and 31 % 

in the female patient (II-5), and 66 % and 34 % in the male patient (II-4) while the 

proportions were 79 % and 21 % in the control. When all the assembly 

intermediates were considered, the proportion of fully assembled complex V was 

53 %, that of subunit F1 was 24 % and that of V* was 23 % in patient II-5. In patient 

II-4, the proportions were 53 %, 28 % and 19 %, respectively. Complex II intensity 

was used to normalize the loading. The mean quantity of fully assembled complex 

did not differ between patients and control. The normalized mean intensities of F1 

ATPase were 1.7 -fold in patient II-5 and 2.3 -fold in patient II-4 in comparison to 

that in the control (Figure 7). There were no differences in the quantities of 
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complexes III and IV. Second dimension SDS-PAGE immunoblotting revealed the 

additional assembly intermediate V* as well using antibodies for F1 alpha and beta. 

The assembly of subunits in complexes I-IV did not differ between patients and 

control. Regular SDS-PAGE did not reveal differences in the amounts of subunit a 

or A6L, or in any tested subunit of OXPHOS complexes. 

Fig. 6. Additional subcomplex of complex V in patients harbouring the m.8561C>G. (A) 

Immunoblotting of blue native PAGE. An additional assembly intermediate V* is present 

in the patient myoblasts and the amount of subcomplex F1 is increased in the patient’s 

myoblasts. C, control (30 µg of protein); II-5, 1 and 2, samples 1 (30 µg) and 2 (10 µg); II-

4, 1 and 2, samples 1 (30 µg) and 2 (10 µg), CV, fully assembled complex V; F1, 

subcomplex F1; V*, subcomplex V*. (B) Immunoblotting of second dimension SDS-

PAGE using antibodies for alpha and beta of CV and subunit A of CII showing the 

additional assembly intermediate V* and increased amount of F1 in the patient’s 

myoblasts. CII, complex II; LC, loading control. (C) Immunoblotting of regular SDS-

PAGE using antibodies for alpha and beta of CV, and tubulin as the loading control. 

Differences were not detected in the amounts of the subunits of CV. 
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Fig. 7. The intensity of subcomplex F1 and fully assembled complex V in the patients 

harbouring m.8561C>G and intracellular determination of ATP. A, relative amount of 

fully assembled complex V and subcomplex F1 in the patients in blue native PAGE. C, 

control; II-5, 1 and 2, samples 1 and 2; II-4, 1 and 2, samples 1 and 2, CV, fully assembled 

complex V; F1, subcomplex F1. Intracellular amount of ATP in relation to the control.  

In-gel activity showed a remarkable increase of free F1-ATPase in the patients, but 

the hydrolysis activity of fully assembled complex V could not be detected in any 

of the cell lines (Figure 8). A strong precipitation band was expected on the basis 

of previous findings in our study when the increased amount of subunit F1 was 

detected in immunoblotting. The 50 µg of mitochondrial protein was sufficient for 

the detection of the precipitation reaction, the loading of 40 µg resulted in a very 

weak band instead indicating the presence of a threshold effect. The normalized 

intensity of the precipitation band was 4.13 -fold in patient II-5 and 4.24 -fold in 

patient II-4 than the average intensity of the control bands. Hence, the increase in 

the activity cannot be explained by an increased amount of the subcomplex F1. The 

previously measured amounts of F1 were elevated by 1.7 -fold and 2.3 -fold in 

patient II-5 and II-4 when compared to the amount of the subcomplex in the control.  

The intracellular ATP level was significantly decreased in patient cell lines. 

The amount of ATP was calculated in picomoles per µg of protein. The mean level 

of ATP was 4.8 pmol/µg of protein in patient II-5 (paired-samples t-test, p=0.004), 

5.4 pmol in patient II-4 (p=0.023), and 6.5 pmol in the control. Moreover, the 

myoblasts obtained from patient II-5 were significantly vulnerable to the toxic 

effect of FCCP treatment. The ATP level decreased after FCCP treatment being 55-

108 % in relation to the level before treatment (related-samples Wilcoxon signed 

rank test, p = 0.028). In control myoblasts, the ATP level remained similar after 

FCCP treatment and was in the range 67-130 % of that detected before treatment. 
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The quantities of superoxide dismutase (SOD2) or glutathione peroxidase 1 (GPX1) 

did not differ between patients and control. 

Fig. 8. In-gel activity assay of complex V. The activity of subcomplex F1 is increased in 

the patient myoblasts. Lanes 1 and 4, controls; lanes 2 and 3, patients II-5 and II-4 with 

m.8561C>G. 
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6 Discussion 

6.1 Wolfram syndrome in Finland 

The prevalence of WS has been estimated to be 1 per 770 000 in United Kingdom 

(Barrett et al. 1995). Assuming a similar prevalence, we should find 5-10 cases in 

the Finnish population. However, we found only one previously confirmed 

pathogenic WS mutation in our subjects and we estimated the allele frequency of 

0.07 %. Under the expectation of random mating, the number of homozygotes in 

5.5 million people would be 2-3 in Finland based on the selected patient and control 

samples from northern Finland. Subjects in the ARHI project have been randomly 

sampled from the population registers and the prevalence estimate based on these 

subjects is less biased. Two of the rare variants in WFS1 found in subjects with 

ARHI were located in an amino acid position that has been confirmed to cause WS. 

The pathogenicity of the variants, p.Tyr528His and p.Gly695Asp, is strongly 

supported by the previous findings. If the prevalence estimate is created using the 

combined frequency of these variants, the number of WS patients in Finland could 

be as high as 46, 0.8 per 100 000. Patients with WS in Finland have not been 

reported, but dominantly inherited diabetes caused by a mutation in WFS1 has been 

recently described (Bonnycastle et al. 2013). The lack of the patients most likely 

reflects the lack of knowledge in the clinical practice since WS is very rare. 

6.2 Risk alleles in WFS1 

We replicated the association results between WFS1, nonsyndromic diabetes and 

SNHI. The risk of having SNHI was almost 4 -fold in the patients carrying the risk 

allele p.[His456] in comparison with the controls while the risk of having diabetes 

with respect to the same variant was 2 -fold among the carriers. The variant also 

increased the risk of having OA but these results should be interpreted carefully 

because there was such a small number of cases. Whether the risk variants actually 

cause the symptoms or are they simply linked with the real causative variants 

remains to be investigated. In addition to the risk alleles, we managed to link yet 

another rare mutation with SNHI and DM in a small Finnish family. The paucity of 

family members hampers the definitive evaluation of the mutation.  

Interestingly, the only WS mutation was found in a suicide victim. The 

association between WFS1 and suicidal behavior could not be confirmed in our 
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study with respect to the common variation. When these findings are assessed, we 

have to conclude that the contribution of WFS1 remained negative in suicidal 

behavior which may be because of the huge heterogeneity and complexity of the 

phenotype. Only one third of the suicide victims had received a psychiatric 

diagnosis. Hence, the circumstances leading to suicidal behavior could not be 

evaluated from the majority of the victims. 

6.3 WFS1 gene - a key for distinct hearing phenotypes 

One de novo mutation in WFS1 causing early-onset HI has been found previously 

in a small Finnish family (Häkli et al. 2014). However, among children with HI, 

WFS1 has been reported to be a very rare cause of hearing difficulties. WFS1 has 

been shown to cause dominantly inherited low-frequency HI all over the world, but 

the age of onset generally occurs during childhood. Low-frequency HI is, however, 

an uncommon phenotype among patients with HI. Among adolescents, the 

prevalence of bilateral low-frequency HI have been reported to be 2.2 %; it is much 

lower being 0.2 % when HL is 25 dB or more (Shargorodsky et al. 2010). We did 

not find any mutations in WFS1 among the patients with mild and late-onset low 

frequency HI. The prevalence of low-frequency HI with HL ≥ 15 dB was 9.8 % 

whereas it was 2.5 % using HL ≥ 20 dB among Finnish elderly individuals. 

Surprisingly, rare mutations were found among the patients with late-onset high-

frequency HI, which is a clinically totally different entity from the hearing 

phenotypes previously linked to WFS1. Unfortunately, only two of the seven 

families participated in the segregation analyses. A complete segregation of the 

mutation p.Tyr528His mutation supported the pathogenicity linking yet another 

phenotype to the WFS1 gene. The evaluation of the remaining variants rely on the 

in silico predictions and their comparison with previous findings. The p.Gly695Asp 

variant was found in a subject without signs of HI and in a patient with HI. Thus, 

the variant seems to be a recessive risk allele of HI leading to the WS syndrome in 

homozygosis. Our findings indicate that the WFS1 gene should be investigated 

always in the patients with hereditary hearing impairment regardless of the 

audiogram shape and the frequencies affected. 

A pathomechanism of ARHI has been investigated in animal models. 

Interestingly, a recent study with the ARHI mouse model has identified UPR, a 

signal pathway induced by ER-stress, as being a pathomechanism for ARHI (Wang 

et al. 2015). The finding is intriguing because previous results have shown evidence 
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that wolframin protein has a role in the UPR signaling pathway (Fonseca et al. 2005, 

Fonseca et al. 2010). 

6.3.1 Diagnostic challenges and future aspects of late-onset hearing 
impairment 

Hearing impairment has been thought to be an inevitable part of aging. Thus, the 

genetics of the trait has not been under great interest of geneticists. However, the 

relief of the impairment can be achieved by installation of a hearing aid which 

should be used as early as possible. Genetic studies in families with a high 

prevalence of HI could allow the genetic diagnostics to be targeted to the elderly. 

Commonly among the patients with high-frequency HI such as ARHI, the patients 

do not recognize the problem. However, the earlier the changes in audiogram shape 

are found, the better is the outcome of the rehabilitation with the hearing aid. The 

population structure is changing so that the proportion of elderly individuals is 

increasing rapidly. Society can support the healthy aging in many ways and genetics 

of the degenerative diseases of old age should be part of this program. 

6.4 Mutations in MFN2 - phenotypes 

The role of MFN2 in CMT2A is well established and unquestionable. However, 

reporting of phenotypic outliers is important if one wishes to clarify all possible 

phenotypes while conducting genetic investigations in clinical practice. Splice site 

mutations have been described rarely and they have been associated with a severe 

phenotype. In addition, mutations in MFN2 cause recessive inherited neuropathy 

in some cases. Only a few patients with a splicing defect have been reported 

(Boaretto et al. 2010, Brockmann et al. 2008, Kotruchow et al. 2013, Polke et al. 

2011). In a family with three severely affected siblings and a heterozygous splice 

site mutation, the age of onset was exceptionally late during middle-age (Boaretto 

et al. 2010). The first symptoms consisted of leg weakness, areflexia and gait 

problems, ultimately leading to the need for a wheelchair. Later, all three siblings 

had developed fatal encephalopathy and had died suddenly. The abnormal 

transcripts were found and interestingly, one sister carried the mutation, but she 

was asymptomatic. Another family with a heterozygous splice site mutation has 

been described; this had one severely affected son with the age of onset of seven 

years and an only mildly affected father, further suggesting that additional factors 

are associated with the expression of the phenotype (Brockmann et al. 2008). 
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Interestingly, a mild form of CMT2 associated with a splicing defect was reported 

at the same time as our study was published, but the splicing defect was only 

discussed and it was not investigated at the mRNA level (Kotruchow et al. 2013). 

Both our patients had a mild CMT2 phenotype and disease onset in their twenties 

highlighting the high variability of the consequences with respect to the altered 

splicing, and the absence of phenotype genotype correlation of the splicing defect. 

Even though mutations in MFN2 are generally thought to cause a dominantly 

inherited disorder, a recessive inheritance pattern has been reported as well 

(Nicholson et al. 2008, Polke et al. 2011). In three families, the affected children 

were found to be compound heterozygotes. Interestingly, in two siblings, the other 

MFN2 alteration was a splice site mutation and their clinical phenotype was severe 

early-onset axonal polyneuropathy. Moreover, additional features such as hearing 

loss, facial weakness and visual impairment have been associated with recessive 

inheritance (Nicholson et al. 2008, Polke et al. 2011).  

Heterozygous knockout mice develop normally, excluding the possibility that 

haploinsufficiency is the pathomechanism of the mutations in MFN2 (Chen et al. 

2003). Hence, the pathomechanism of MFN2 mutations has been suggested to be 

dominant negative. However, the presence of abnormal protein has not been 

confirmed in any of the families. The dominant abnormal function of mutant 

mitofusins is further supported by the wide spectrum of clinical phenotypes 

associated with the mutations.  

6.5 Mitochondrial DNA mutations in clinical diagnostics - to search 
the “common” ones or to investigate the whole genome 

From the historical point of view, it is thought that there are few common mutations 

in the mtDNA and these mutations clearly outnumber the frequency of other 

mutations. Indeed, the m.3243A>G and mutations causing LHON are common 

causes of mitochondrial disease (Gorman et al. 2015, Puomila et al. 2007). 

Furthermore, the highest prevalence of m.3243A>G to date, is 16.3 per 100 000 

(Majamaa et al. 1998). However, the two mutations in the position m.8993 which 

are often referred as common have the combined prevalence of 0.1 per 100 000 in 

U.K. which is one sixth of the combined prevalence of rare or new mutations 

(Gorman et al. 2015). Moreover, 25 carriers of novel or rare mtDNA mutation have 

been detected among 260 French patients with genetically confirmed mitochondrial 

disease while the m.3243A>G mutation was present in 64 patients and a single 

deletion in 109 patients (Wahbi et al. 2015). According to our unpublished data 
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from 2010-2016, the possibility of finding a novel or rare pathogenic mutation is 

much greater than the possibility of detecting other common mutations besides 

m.3243A>G. Between October 2010 and December 2015, we have found 7 patients 

with a novel or rare mutation in their mtDNA. The m.3243A>G mutation has been 

found in eight adult patients while m.8993T>G/C and m.8344A>G have not been 

detected at all among the 231 adult patients with suspected mitochondrial disease. 

In addition, we have detected one patient with LHON caused by the m.11778G>A 

mutation. In fact, our data is biased towards three positions i.e. m.3243, m.8993 

and m.8344, as the patients are screened with respect to these mutations regularly, 

and mtDNA has been sequenced more rarely. The entire mtDNA was sequenced in 

48 patients and an underlying mtDNA mutation was found in 14.6 % of the patients. 

Two of the mutations were novel and they were located in the protein coding genes. 

The other five were known, but rare, pathogenic mutations in the tRNA genes. The 

definition “common” should not be used in the case of the mutations which are 

stated as rare only because they are among the first ones reported. We strongly 

suggest mtDNA sequencing as the most important diagnostic tool after excluding 

the m.3243A>G in adult patients to reveal underlying rare mutations and the novel 

ones yet to be discovered.  

6.6 Mutations in MT-ATP6 - phenotypes 

The first point mutations in MT-ATP6 were m.8993T>G described by Ian Holt in 

1990 (Holt et al. 1990) and m.8993T>C replacement by de Vries in 1993 (de Vries 

et al. 1993). A combination of ataxia, retinitis pigmentosa and neuropathy, 

nowadays called the NARP syndrome was the first phenotype linked to the MT-

ATP6 mutation followed by an association with Leigh syndrome, a more severe 

outcome. Many other neurological phenotypes such as Charcot-Marie-Tooth 

disease and adult-onset ataxia have been linked to MT-ATP6 (Pfeffer et al. 2012, 

Pitceathly et al. 2012, Rantamäki et al. 2005). As a shared feature of MT-ATP6 

mutations, they usually do not cause significant changes in muscle histology, and 

the blood is a rather reliable screen for the mutations as the abundance of the 

mutation correlates well with heteroplasmy in other tissues (White et al. 1999). The 

heteroplasmy generally predicts to some extent the clinical phenotype quite 

accurately being low when associated with a mild phenotype and high in severe 

disorders. 
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6.7 Mutations in MT-ATP8 - phenotypes 

Mutations in the MT-ATP8 encoding subunit A6L of complex V are rarely 

associated with a disease phenotype. One family with m.8403T>C causing the 

p.Thr13Ile substitution has been described in affected siblings and their mother 

(Aure et al. 2013). The clinical features included episodes of paralysis in the lower 

limbs. Their reflexes were diminished and their perceptions of vibration and 

pinprick were decreased. Their maternal family history revealed cases with ataxia, 

pes cavus, and recurrent episodes of paralysis. Another family with the mutation 

m.8411A>G causing a severe mitochondrial disorder in two siblings has been 

described (Mkaouar-Rebai et al. 2010). The symptoms in the patients in that report 

had started in early childhood and worsened gradually. The siblings had congenital 

deafness, cerebellar ataxia and cerebellar atrophy as the main findings, leading to 

their deaths at the ages of 4 and 10 years. In addition, there are other variants with 

a putative association with a clinical phenotype, but these variants have 

subsequently been found in population samples or they have been described as 

haplogroup-specific variants. 

6.8 Rare mutations in the overlapping region of the MT-ATP6 and 
MT-ATP8 

The MT-ATP6 and MT-ATP8 genes overlap by 46 bp, spanning the nucleotides 

between 8527 and 8572 in mtDNA. Mutations in the overlapping region are very 

rare, especially those that cause an amino acid alteration in both proteins. 

Interestingly, the region seems to make a contribution to the progressive 

cardiomyopathies. The mutation m.8528T>G, that causes p.Trp55Arg substitution 

in subunit A6L and p.Met1Thr mutation in subunit a has been found in five 

unrelated patients with early-onset severe cardiomyopathy (Imai et al. 2016, Ware 

et al. 2009). Examination of a heart muscle biopsy revealed a remarkable decrease 

of both proteins and a lack of complex V in a Japanese patient who died at the age 

of 5 months in rapidly progressive phenotype (Imai et al. 2016). Another mutation, 

m.8529G>A, resulting in a premature termination of the subunit A6L but leaving 

subunit a unaltered, has been reported to associate with syndromic cardiomyopathy 

(Jonckheere et al. 2008). The childhood-onset phenotype included 

ophthalmoplegia, neuropathy, delayed gross motor skills, exercise intolerance and 

dysarthria in addition to the hypertrophic cardiomyopathy. An abnormal assembly 

intermediate and also a decreased activity of complex V were demonstrated. 
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6.8.1 Patients harbouring the m.8561C>G - rare clinical features 

Our patients presented adult-onset mitochondrial ataxia with features rarely noticed 

in such a combination. Both patients had diabetes in addition to their ataxia, which 

is a common feature in mitochondrial syndromes. The male patient suffered from 

hearing loss, and the female patient had migraine, which are rather frequent 

complaints of patients with mitochondrial disorders. Neither of the patients had 

retinitis pigmentosa, a symptom that is required for a NARP diagnosis. Muscle 

histology was normal in both patients and no changes were detected in the 

morphology of mitochondria in the ultrastructural analyses. Interestingly, the 

siblings presented with hypergonadotropic hypogonadism, a symptom that has 

rarely been associated with ataxia. The woman had an evident diagnosis of 

hypergonadotropic hypogonadism, and her brother had several indications of that 

condition, such as low normal testosterone and increased FSH. Hypogonadism has 

been found to associate with mtDNA point mutation only on a few occasions 

(Martikainen et al. 2013b, Melone et al. 2004). The type of hypogonadism is 

usually hypogonadotropic. 

6.8.2 Ataxia and hypergonadotropic hypogonadism 

Hypergonadotropic hypogonadism is a diagnostic criteria for Perrault syndrome 

which was first described in 1951 (Perrault et al. 1951). It is a disorder 

characterized by a sex-related combination of clinical features. The main features 

are hearing impairment in both genders, and hypergonadotropic hypogonadism in 

women (Pallister 1979). Progressive ataxia is evident in the phenotype in most 

patients. It has been suggested that the syndrome should be divided into two 

subtypes: type 1 syndrome without neurological symptoms, and type 2 defined as 

a progressive syndrome with neurological abnormalities (Pierce et al. 2010). 

Autosomal recessive inheritance has been confirmed in several families, being 

however, caused by homozygous or compound heterozygous mutations in different 

genes. The first gene shown to cause the syndrome was hydroxysteroid 17-beta 

dehydrogenase 4 (HSD17B4) (Pierce et al. 2010). During the following years, 

mutations in two mitochondrial tRNA synthetases, histidyl-tRNA (HARS2) and 

leucyl-tRNA synthetase 2 (LARS2), were found to cause the syndrome (Pierce et 

al. 2011, Pierce et al. 2013), as well as mutations in caseinolytic mitochondrial 

matrix peptidase proteolytic subunit (CLPP) (Jenkinson et al. 2013). Recently, 

mutations in the mitochondrial twinkle helicase have been found in two siblings 
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with Perrault syndrome (Morino et al. 2014). Interestingly, the same helicase is also 

believed to be responsible for a severe infantile-onset ataxia syndrome, IOSCA 

(Nikali et al. 2005) which has rarely been shown to associate with 

hypergonadotropic hypogonadism (Pierce et al. 2016). However, there has been a 

substantial variability in the clinical features and ages of onset among the reported 

patients with Perrault syndrome, suggesting a need for new classification of ataxia 

and hypergonadotropic hypogonadism as a totally different entity (Amor DJ et al. 

2001, Sarikaya et al. 2011). The phenotypes of our patients display a remarkable 

overlap with Perrault syndrome. The resemblance of the syndromes is, however, 

limited to the fact that the female patient does not have hearing loss, which is 

required for the diagnosis of Perrault syndrome. The combination of ataxia and 

hypergonadotropic hypogonadism without hearing loss has been reported in a few 

cases with unknown genetic etiology (Braga-Neto et al. 2010, Gironi et al. 2004, 

Mahale et al. 2015). Additional symptoms, such as a developmental delay and 

pigmentary retinopathy, have been reported (Braga-Neto et al. 2010).  

The genetic etiology of hypogonadism and ataxia is heterogenic, but many of 

the associated genes encode proteins that have function directly or indirectly 

associated with mitochondria. It has been suggested previously that the prevalence 

of hypogonadism has been underestimated in mitochondrial disorders when other 

symptoms might dominate the clinical phenotype (Schaefer et al. 2013). We have 

previously reported a patient with a tRNA mutation in mtDNA who had 

hypogonadotropic hypogonadism (Martikainen et al. 2013b). Hypogonadism 

seems to be a rather prevalent in our patients while 12.5 % of the patients with a 

causative mutation in mtDNA had hypogonadism as a core feature in their 

phenotype. 
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7 Conclusions 

1. Common variants in the WFS1 gene contribute to the risk of diabetes mellitus 

and sensorineural HI. However, WFS1 is not a major cause of these symptoms. 

No association could be detected between suicidal behavior and WFS1. 

Pathogenic variants causing Wolfram syndrome are rare in the Finnish 

population, but their allele frequencies suggest that there are patients with WS 

in Finland. These patients have been unrecognized in clinical practice so far 

leaving them without proper diagnosis or possibility of genetic counselling. 

2. In addition to WS-related HI and dominantly inherited low-frequency HI, 

mutations in WFS1 may cause dominantly inherited age-related HI. Monogenic 

forms of ARHI are extremely rare as only a few families have been described 

before our findings in Finnish families. We found that WFS1 caused high-

frequency HI in a large family and the findings were confirmed in a segregation 

study. Several rare variants with possible pathogenic natures were also found, 

but the contribution of these variants remained unclear. 

3. MFN2-related Charcot-Marie-Tooth disease is a clinical entity in which the 

majority of patients have childhood-onset dominantly inherited CMT. 

According to the recent studies, the milder form of the disease could also be a 

result from a MFN2 mutation. Splice site mutations are rare in MFN2 and there 

is no genotype-phenotype correlation among the patients.  

4. MT-ATP6/8 mutations are a rare cause of unspecified ataxia in Finland. In 

patients with primary hereditary ataxia, 1-2 % of the cases might be attributable 

to a mitochondrial defect resulting from mutated subunits of mitochondrial 

ATP synthase, complex V. The catalog of disease-causing mtDNA variation 

was expanded by a novel double mutation. An interesting phenotype involving 

a rare combination of ataxia and hypergonadotropic hypogonadism was 

confirmed to result from an extremely rare type of mutation. The double 

mutation in the region of two genes was demonstrated to alter both, the 

assembly and function of complex V. Indeed, the study highlights the fact that 

novel mutations are more prevalent findings in patients with mitochondrial-

like disorder than the so-called common mutations.  
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